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Preface

We have envisioned this textbook to be a current reference that highlights the 
use of 3D imaging through Cone Beam CT technology with emphasis on 
orthodontics and oral and maxillofacial surgery. We would like to recognize 
and present those areas that are impacted by 3D imaging by either changing 
the way one thinks about conventional orthodontic diagnosis and treatment 
planning or through the various types of tooth and surgical jaw movements. 
Our goal is to demonstrate planning and execution with emphasis on the lim-
its of the alveolar bone, airway and temporomandibular joints. These areas of 
interest will be demonstrated not only by recalling the available science but 
also employing current translational research findings that our distinguished 
authors and editors have been executing in their respective disciplines, 
whether in departments, clinics and hospitals.

We have judiciously selected an outstanding group of authors whom we 
strongly believe will have a positive impact for any reader, directing their 
thought processes during diagnosing and treatment planning of their patients.

Oklahoma City, OK, USA Onur Kadioglu 
 G. Fräns Currier 
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History, Technique, and Safety

Farah Masood, Onur Kadioglu, 
and G. Fräns Currier

Abstract
The scope of dental imaging has been greatly 
expanded with the invention of cone beam 
computed tomography (CBCT). The everyday 
functionality of dental practice, especially for 
dental specialties like orthodontics and oral 
surgery, has certainly changed with this radio-
graphic technology for treatment planning and 
evaluation. The discovery of X-rays was made 
by Wilhelm Conrad Rontgen in 1895, who 
was a known physicist for his work. He won a 
Nobel Prize in 1901 for this discovery. Ever 
since this revolution, constant technologic 
advancements have been made in the field of 
dental radiology that had resulted in improv-
ing the diagnostic accuracy and reducing the 
radiation exposure in every day dental prac-
tice. In dentistry, conventional two-dimen-
sional (2-D) radiographic imaging has been 
widely used. However, the conventional radio-

graphic images have limitations like inherent 
magnification, distortion, superimposition of 
structures, and lack of depth for three-dimen-
sional anatomical objects. Over the years, the 
technology has improved tremendously in 
terms of image quality and radiation dose. 
With CBCT, the visualization of structures is 
possible with much clarity and without super-
imposition. The technology has shown a pro-
found impact on the dental practice with its 
widespread applications.

1.1  Introduction

Computed tomography (CT) imaging was origi-
nally called computed axial tomography (CAT) 
scan. Researchers started the development of med-
ical CT scanners in the 1960s. Later around 1970–
1972, Dr. Godfrey Hounsfield (electrical engineer 
at EMI Central Research Laboratories, England) 
and another physicist Allan Cormack of Tufts 
University (Boston, MA) introduced the CT imag-
ing modality for clinical applications. The Nobel 
Prize was awarded to both of them in 1979 for the 
development of computerized tomography, as the 
technology had a profound impact in improving 
the diagnostic methodology. The technology was 
patented by Dr. Hounsfield in 1973 [1]. In the mid-
1970s, a full-body scanner was developed by a 
dentist-physicist Dr. Robert Ledley of Georgetown 
University (Washington, DC).
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To capture the data, the medical CT scanner 
uses an X-ray beam and image detectors, mounted 
and fixed on a rotating gantry, which rotates 
around the patient to capture the region of inter-
est. During the rotational movement of the gan-
try, the X-ray beam passes through the patient, 
and the remnant X-ray photons remaining after 
the attenuation are captured by the image detec-
tors. The “raw data” acquired by this process is 
reconstructed by a computer algorithm, and the 
end result is generation of cross-sectional images 
of the patient’s tissues. The process uses a series 
of radiographic images to create sequential 
images, and virtual slices of body tissues are 
produced.

Initially, the first-generation CT scanners 
acquired the data in the axial plane by “slice-by-
slice” scanning with a narrow fan-shaped X-ray 
beam and a single array of detectors. Eventually, 
the development of spiral CT (1989) and the mul-
tislice image detector systems (1988) leads to the 
acquisition of volumetric data [2]. Modern CT 
scanners are much faster as they use array of mul-
tiple detectors with the rotating fan-shaped X-ray 
beam and capture multiple slices of data simulta-
neously, in a short period of time. This has 
resulted in shorter scan times and lesser radiation 
dose to the patient as well [3].

With this technique, information about the 
internal structures is obtained by reformatting of 
the data and production of cross-sectional 
images, and the structures are visualized without 
superimposition. For image display, the compo-
nents of the gray images are pixel and voxels. A 
voxel defines a point in three dimensions, 
whereas the pixel defines a point in two dimen-
sions. Pixel or picture element represents the 
smallest single module of an image in a two-
dimensional (2-D) framework. The attenuation 
of X-ray photons or signal by the patient’s tis-
sues determines the value and intensity of each 
individual pixel that is captured by the detector, 
and the information is displayed on the computer 
screen. Pixel size effects the image resolution. 
Voxel adds detail and third dimension (3-D) or 
depth to the image.

Medical multi-detector computed tomography 
(MDCT) units use Hounsfield units (HU) to dis-

play relative density values of various body struc-
tures according to a calibrated gray value scale.

For viewing, the reconstruction of data pro-
duces images in multiple imaging planes. During 
the CT scanning process, the data is captured in 
the axial or transverse plane. Axial plane is an 
imaginary plane that divides the structure or body 
into upper and lower portions. From this axial 
data set, the computer software programs can 
generate multiplanar reformatted images in axial, 
sagittal, and coronal planes by combining the 
information. The sagittal plane sections the struc-
ture or body into right and left, and the coronal 
plane divides the structure or body into anterior 
and posterior sections. Also, 3-D computer-gen-
erated models of the structures can be made. 
MDCT units have superior contrast resolution 
and can display soft tissues with more superior 
quality. Medical- or hospital-based CT units have 
large footprints and are supine gantry-style units 
with considerably high radiation exposure to the 
patient. Before the introduction of CBCT for 
dental needs, MDCT units were utilized for diag-
nosis and treatment planning for only limited 
cases in dentistry. Factors like lower radiation 
dose and ease of use in dental setting lead to the 
development of cone beam computed 
tomography.

1.2  What Is Cone Beam 
Computed Tomography 
(CBCT)?

CBCT was introduced in the early 2000s to the 
main market. As stated earlier, before CBCT was 
introduced to the main market, the conventional 
CT and MDCT scanners were used by the dental 
specialties to obtain cross-sectional views for 
pathology, maxillofacial trauma, and in limited 
number of dental implant cases. However, the 
utilization of MDCT was very limited due to 
higher radiation doses as compared to CBCT. Cost 
of the procedure was also very high. Many CBCT 
systems are available (Fig. 1.1).

Cone beam computed tomography (CT) has 
the potential to reduce the size and cost of CT 
scanners. Because this emerging technology 
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 produces images with isotropic submillimeter 
spatial resolution, it is ideally suited for dedi-
cated dentomaxillofacial CT scanning. When 
combined with application-specific software 
tools, cone beam computed tomography can pro-
vide dentomaxillofacial practitioners with a com-
plete solution for performing specific diagnostic 
and surgical tasks, such as dental implant 
planning.

The other terms used to describe this technol-
ogy include cone beam volumetric imaging 
(CBVI) and cone beam volumetric tomography 
(CBVT).

The introduction of low-dose CBCT scanning 
systems has changed this approach for everyday 
dental practice. It is specifically designed to pro-
duce three-dimensional images of the maxillofa-
cial region. The computer software programs are 
designed for dental needs.

CBCT scanners are connected to a computer, 
and the data or the region of interest is acquired 
with a single full 360° or partial rotation of the 
cone-shaped X-ray beam and reciprocal rotating 
single image detector around the patient’s head. 
The scan times are usually less than 15–20 s. The 
system uses back-projection reconstruction 
tomographic technique. MDCT acquires image 
data using multiple rows of detectors, where mul-

tiple slices must be stacked to obtain a complete 
image [3].

The CBCT technology exposes the whole 
region of interest or the head of the patient with 
one flat-panel detector. This baseline data are 
then used to generate individual image slices in 
different planes. In CBCT image acquisition, 
there is no additional mechanism needed to move 
the patient during the scanning, and also the use 
of cone-shaped beam in CBCT increases the uti-
lization of the X-ray energy by lowering the 
X-ray tube heat capacity required for volumetric 
scanning as compared to a fan-shaped beam in 
MDCT [4]. CBCT units have isotropic (equal in 
all three dimensions) voxel resolution in which 
images with isotropic submillimeter spatial reso-
lution are produced [3]. Image detectors with 
smaller pixels tend to capture fewer X-ray photon 
per voxel and thus result in more noise. Higher 
radiation doses are required for a reasonable sig-
nal-to-noise ratio, which improves the image 
quality. The following factors also effect the spa-
tial resolution and image quality: focal spot of the 
X-ray generator, patient-to-detector distance, 
X-ray source-to-patient distance, and patient 
movement. Smaller focal size, reduced patient-
to-detector distance, and increased X-ray source-
to-patient distance minimize the geometric 
unsharpness of the images. In practice, move-
ment of the patient’s head is a big factor that will 
deteriorate the image quality [4]. Many CBCT 
machines have artifact reduction tools that allow 
minimization of the noise due to metal streaking 
after acquiring the images. One company offer-
ing a tool which helps reduce movement related 
artifact after acquisition of the data. The rotation 
of the cone-shaped X-ray beam and the detector 
around the patient’s head generates large amount 
of data that is rapidly transferred from the rotat-
ing scanning system to the external computers for 
further processing for visualization in axial, sag-
ittal, and coronal planes, and 3-D reconstruction 
is done. Images are produced with isotropic sub-
millimeter spatial resolution, and the application-
specific software tools are available for use by the 
dentists.

With advancements, the modern CBCT 
 systems have integrated very well in the dental 

Fig. 1.1 Picture of currently available ProMax 3D CBCT 
scanner (Courtesy of Planmeca Oy, Helsinki, Finland)

1 History, Technique, and Safety
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practice. Smaller footprint of the machine, sim-
plicity of operator training procedures, ease of 
use, short exposure time, easy patient position-
ing for scanning, integration into the workflow 
of the practice, accuracy of information, and 
availability of relatively simple viewing soft-
ware have led to the popularity of CBCT sys-
tems. However, the CBCT cost and radiation 
dose are considered to be higher as compared to 
the conventional 2-D dental imaging proce-
dures. As with any other radiographic technique, 
the aim is to achieve optimal image quality with 
the lowest possible radiation dose, which could 
be challenging. CBCT units are smaller in size 
and can fit in a dental office with some modifi-
cation. In majority of the CBCT machines, the 
patient sits in the chair for the short exposure 
time.

CBCT digital imaging produces 3-D data of 
the area of interest with diagnostically acceptable 
spatial resolution, much lower radiation dose, 
and cost as compared to the MDCT. For dental 
practice the first CBCT machine, NewTom 9000 
(Quantitative Radiology, Verona, Italy), was 
developed and introduced in the European mar-
ket in the late 1990s.

This technology was brought to the market in 
the United States in 2001. For scanning in the 
NewTom 9000, the patient had to be in supine 
position and the X-ray tube and the detector 
rotated 360° around the patient’s head to obtain a 
relatively larger field of view (FOV) 
15 cm × 15 cm volume. The system utilized an 
image intensifier and a charge-coupled device. 
The sensor was 8-bit displaying 256 shades of 
gray. Later developments were made to fabricate 
CBCT machines with smaller, adjustable FOVs. 
Later Ortho-CT based on Scanora stand (Soredex 
Corporation, Helsinki, Finland) made it possible 
where patient would sit in a chair during the scan. 
In 2002, 3D Accuitomo unit (J.  Morita 
Corporation, Japan) became available in the 
European market. In this scanner the patient sat 
in a chair for exposure, and the FOV size was 
reduced to 3 cm × 4 cm cylinder [5].

Since then, tremendous improvements have 
been made in image quality. Currently the CBCT 
systems offer different sizes of FOVs and 12-bit 

sensors or more, displaying 4096 shades of gray 
with 12-bit. CBCT machines use single flat-
panel detectors with amorphous silicon. Various 
FOVs, image acquisition parameters, image 
reconstruction algorithms, and viewing software 
programs have become available, providing 
choices for the user. It has been reported that, at 
this time in the market, there are around 50 
CBCT devices available from 20 manufacturers, 
which are operating in 20 different countries 
around the world (Table 1.1) [5]. Today’s CBCT 
units are equipped with head restraining/posi-
tioning devices that help better position the 
patient during the scan to reduce movement arti-
facts. Software programs have post-processing 
tools that can be used to minimize image noise 
artifacts after data acquisition. It is important 
that the whole dental team be knowledgeable 
about the availability of these tools in the soft-
ware. This will potentially reduce the number of 
re-exposures.

1.3  Acquisition of CBCT Volume

CBCT devices consist of X-ray source (cone-
shaped divergent beam) and a 2-D image detec-
tor. The X-ray source and the image detector are 
connected by an arm that rotates around the 
patient’s head during the scan. Rotation varies 
from 180° to 360°. Typically, the volumetric data 
is captured with single rotation around the 
patient’s head as the transmitted beam of radia-
tion is aimed at the image detector. Beam colli-
mators either match the size of the detector and 
the beam size or can be used to further reduce or 
collimate the field of view.

With most CBCT units, a series of 2-D raw 
base images or projections are captured. The 
number of raw images varies from 180 to 600 or 
up to 1000  in some machines. Exposure times 
vary from 6 s to 40 s. Many machines have pul-
sating radiation, which helps reduce the patient 
dose. The ranges for tube current (mA) and peak 
voltage (kVp) are 1–15  mA and 85–120  mA, 
respectively. After processing axial, coronal, and 
sagittal planes, images appear on the computer 
monitor as an Explore screen (Fig. 1.2).

F. Masood et al.
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Table 1.1 Selected CBCT systems available with larger fields of view (FOVs)

Model Manufacturer Voxel mm3 Detector size/field of view cm
3-D Accuitomo 170 J. Morita 0.125–0.2 4 × 4–17 × 12
Galileos Comfort Plus Sirona Dental systems 0.25/0.125 15 × 15
I-CAT FLX Imaging sciences 0.125–0.4 8 × 8–17 × 23
CS 9300 Carestream 90 to 500 μm 5 × 5–17 × 13.5
NewTom 3D Quantitative radiology 0.08 6 × 6–10 × 10
i3D-Premium Vatech 0.2, 0.3, 0.4 8 × 8 × 21 × 19
PaX-i3D
Pano + CBCT + Ceph

Vatech 0.12–0.3 8 × 8–12 × 9

Picasso Pro Vatech 0.2–0.3 5 × 5–12 × 9
ProMax3D Max Planmeca 0.1, 0.2, 0.4 5.5 × 5–17 × 22
KaVo OP 3D Vision KaVo Dental 0.125–0.4 5 × 8–17 × 23
SCANORA 3D Soredex 0.13–0.35 5 × 5–24 × 16.5

Fig. 1.2 Explore screen from a CBCT machine with large field of view is shown. This is a typical image display in 
coronal, sagittal, and axial planes

1 History, Technique, and Safety
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1.4  Image Detectors Used 
in CBCT Units

The image detector or receptor converts the 
incoming remnant X-ray photons from the patient 
into electrical signals. Later computer processing 
converts these signals into visible images. CBCT 
machines are equipped with either image intensi-
fier tubes/charge-coupled device (II-CCD) or a 
flat-panel detector (FPD). II-CCD units are usu-
ally bulkier as compared to the FPD.  FPD is 
made up of scintillation crystal screen on a matrix 
of photodiodes embedded in a solid-state amor-
phous silicon layer with thin-film transistors. The 
signal intensity is proportional to the stored 
charges. The advantages of FPD include higher 
radiosensitivity, lesser radiation exposure, and 
better image quality.

1.5  Field of View (FOV)

FOV is the anatomical volume that can be cap-
tured by the detector. FOV varies in size. The 
machines come with various detector sizes. 
Machines with larger detectors offer larger FOV, 
with ability to collimate the X-ray beam to a 
small area or FOV. With collimation of the X-ray 
beam, the FOV can be reduced to suit the needs, 
and this reduces the amount of exposure to the 
patient. Multiple FOV options, ranging from few 
centimeters to full head size, are available for 
various clinical scenarios.

Larger detectors tend to be more expensive. 
Due to the cost factor, some CBCT systems offer 
smaller detectors with limited FOV. When there 
is need to acquire the larger FOV, two or more 
adjacent scans can be made, and the volumes can 
be stitched together by the computer software to 
produce a larger FOV.

Decreasing the size of FOV or beam collima-
tion improves image quality by decreasing scatter 
artifacts in the image. The extent of anatomic 
coverage should be based on clinical evaluation 
by the treating clinician. Over collimation or too 
narrow collimation to achieve smaller FOV may 
result in excluding essential anatomic structures 

needed for evaluation, and thus a “not needed” 
retake of CBCT may be needed. Scarfe and 
Farman [6] published a FOV categorization of 
the different CBCT systems according to the 
CBCT volume height and provided examples of 
coverage as follows:

• Craniofacial region: Height > 15 cm (extend-
ing from the head vertex to the inferior man-
dibular border).

• Maxillofacial region: 10–15  cm in height 
(nasion to inferior mandibular border).

• Interarch region: 7–10 cm (extending from the 
inferior nasal concha to the mandible).

• Single arch/jaw: 5–7  cm (maxillary or man-
dibular arch only).

• Localized to region of interest: 5 cm or less in 
height (1–2 teeth and surrounding bone, tem-
poromandibular joints).

FOV can also be classified large for craniofa-
cial coverage (>10  cm in height) and small to 
medium for dentoalveolar coverage (variable 
depending on the region of interest <10  cm in 
height). Smaller volume or FOV should be con-
sidered if it addresses the diagnostic needs [7].

1.6  Reconstruction Process 
and Display of CBCT Images

With a single rotational movement of the CBCT 
machine used for exposure of 20  s or less, 
approximately 100 to more than 600 individual 
frames may be captured by the acquisition com-
puter. A volumetric data set is created with the 
individual basic frames by a series of algorithms 
or reconstruction process at the processing com-
puter or the workstation. Both computers are 
connected via an Ethernet connection for transfer 
of the acquired individual frames from acquisi-
tion computer to the workstation for processing.

For image display, the CBCT units also use 
HU units. However, in CBCT, the measured den-
sity numbers correspond to the grayscale values 
and do not directly represent HU units. Smaller 
field of view scans have more discrepancies 

F. Masood et al.
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related to the density values as the contributing 
structure may be located outside the area of inter-
est. After exposure, the raw data set is recon-
structed with the computer software to produce 
cross-sectional images in axial, coronal, and 
 sagittal planes (orthogonal planes). Sectional or 
reconstructed panoramic image can also be 
obtained with multiplanar reconstruction from 
the same data set. Furthermore, cross-sectional 
images of a region of interest can also be obtained 
perpendicular to the curve of the dental arch, 
which are widely used for implant treatment 
planning.

The operator can change the cross section or 
slice thickness. With this data, lateral cephalo-
metric images can also be generated. Other 
advantages of CBCT images include no image 
magnification or distortion, and the software 
designed for dentistry is equipped with tools such 
as ruler for accurate 1:1 linear and angular 
measurements.

The CBCT data can be displayed in various 
formats such as volume rendering and maximum 
intensity projection (MIP). Spatial relationship 
between structures can be visualized by volume 
rendering, which gives a three-dimensional 
impression of the volume with different colors 
and transparency levels, based on attenuation or 
gray values. In a MIP, only the highest voxel 
value is displayed within the selected thickness in 
area of interest.

The contrast and brightness can be easily 
adjusted (changing the window width and win-
dow level) to improve the display. Bit depth of 
the system determines the number of shades of 
gray available to display the attenuation. Display 
of the images depends on the ability of the sys-
tem to display the variations in attenuation and 
the capability of the image detector to show the 
subtle contrast variances.

Most newer machines offer 14-bit or 16-bit 
image detectors, which translates to 214 (16,384) 
and 216 (65,536) shades of gray or contrast dis-
play, respectively. Higher bit-depth systems 
require more processing time and considerably 
larger data set files, which may require greater 
storage capability.

Segmentation of an area of interest is a very 
useful tool when separation of certain structures 
is desired from the volume for in-depth analysis.

CBCT machines from the most major manu-
facturers have the capability to export data in 
standard DICOM (digital imaging and communi-
cations in medicine) format. With DICOM data, 
the user can use a third-party software to view 
and analyze the data set.

Some CBCT machines offer “volume stitch-
ing,” where a larger field of view can be obtained 
by stitching the data sets obtained by a smaller 
detector.

1.7  Factors Influencing Image 
Quality in CBCT

In order to understand the image quality, the 
noise, scatter, spatial, and contrast resolution of 
an image must be discussed. Image noise and 
scatter are factors that are often encountered. 
Image noise occurs due to inconsistent distribu-
tion of signal and inconsistent attenuation or gray 
values and is visualized as “grainy appearance” 
of an image. Image noise can potentially degrade 
the image display and obscure the structure of 
interest. In order to decrease noise, the exposure 
time has to be increased.

Scatter in the images is produced by diffrac-
tion of X-ray photons from the original pathways, 
and upon interaction with the image detector, 
these photons end up producing nonuniformed 
increased intensities of structures. This interac-
tion results in inferior contrast resolution on the 
resultant image. Changes of scatter are more with 
larger image detector or field of view. As CBCT 
machines use a single 2-D image detector with a 
cone-shaped beam, scatter is more seen with 
CBCT as compared to medical CT scanners [5]. 
Scatter is also produced by the patient from ana-
tomical structures or existing restorations. 
Current CBCT systems have software tools to 
minimize the scatter after running the artifact 
reduction algorithm.

The spatial resolution is measured in line pairs 
per millimeter (lp/mm). It is the ability to distin-
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guish fine detail or structures that are located 
very close together. Higher spatial resolution 
means clear or sharp distinction between the 
shades of gray or structures on the image. Higher 
spatial resolution can be attained with smaller 
voxel size. However, this requires higher 
 exposure time. Scans with smaller field of view 
also have superior spatial resolution.

Ability of an image to display subtle differ-
ences between tissues of different radiodensities 
is the contrast resolution. In other words, clear 
distinction in various shades of gray is seen on 
the image. Following factors tend to decrease the 
contrast resolution: image noise, scatter, larger 
fields of view, reduced milliamperes, and kilo-
voltage settings of the X-ray generator.

1.8  Imaging Protocols for CBCT 
and Indications

Utilization of CBCT imaging has certainly 
increased over the last decade, and many research 
studies have been published that document that 
its use enhances the diagnosis in a significant 
number of clinical cases and thus has shown to 
improve treatment outcomes [7]. The clinician 
may choose to this technology if it is believed 
that there will be benefit in the patient care. 
However, the factors like higher radiation expo-
sure, greater cost, and cost of interpretation must 
be considered.

Only after detailed clinical examination, the 
need for any radiographic imaging must be deter-
mined. Following main parameters influence the 
imaging protocol and image quality: exposure 
settings, voxel size, scan time, and field of view. 
The operator must understand that change in the 
exposure setting will effect the image quality and 
radiation dose to the patient. Spatial resolution is 
the ability of an image to display detail. Different 
voxel sizes are offered with CBCT machines. 
Voxel size should be specified for acquisition or 
reconstruction stage.

Longer scan times acquired more basic 
frames. The advantage is fewer artifacts and bet-

ter image quality. One must remember that using 
the longer scan time protocol will result in longer 
reconstruction times and more radiation dose to 
the patient [8].

Some CBCT machines are equipped with low-
dose or ultralow-dose exposure modes.

CBCT may be advocated for patients in situa-
tions where plain conventional radiographic 
images are not adequate for addressing the diag-
nostic issues [9].

General common reasons for obtaining CBCT 
scan in orthodontics would include localization 
of unerupted teeth, resorption of root, bone graft-
ing, and assessment of cleft palate [10–12].

Depending on the indication or the region of 
interest, the CBCT field of view (small, 
medium, or large) may be selected. The fields 
of view and possible indications are listed in 
Table 1.3. Once the data set is acquired, the cli-
nician should screen through the full volume 
systematically in all three dimensions. The 
region of interest should be evaluated in axial, 
sagittal, and coronal planes. It must be kept in 
mind that the CBCT data must be evaluated in 
entirety or the complete volume by the clinician 
prescribing the scan. The scan can be read by 
an oral radiologist to get an additional report on 
the region of interest and incidental findings of 
significance and to rule out pathologic 
conditions.

After gathering this information, the practitio-
ner can refine or change the initial diagnosis and 
the proposed treatment plan, as needed.

The CBCT volumetric data is usually backed 
up in the proprietary format. The data export is 
usually done as DICOM v3 (digital imaging and 
communications in medicine standard version 
v3) format, so that the data can be imported and 
viewed in third-party software applications as 
needed.

The following guidelines for the use of CBCT 
imaging can be recommended for the orthodontic 
clinical practice:

• Anomalies of the teeth, especially marked oli-
godontia and supernumerary teeth, impactions 
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(esp. permanent incisors and canines), 
transpositions. 

• Anomalies of the craniofacial complex, espe-
cially craniofacial syndromes, including cleft 
lip and palate. Class II division 2 
malocclusions.

• Orthodontic treatment involving functional 
orthopedics (fixed or removable functions), 
maxillary orthopedics, self-ligating non-
extraction protocols, extractions of permanent 
teeth, multiple TADs (temporary anchorage 
devices) and orthognathic surgery.

• Airway obstruction, including constant mouth 
breathing, snoring, obstructive sleep apnea.

• Class II division 1 malocclusions with man-
dibular retrognathia Class III malocclusions 
with mandibular prognathia and/or maxillary 
hypoplasia.

• Early treatment cases involving facebow 
headgear, facemask, lip bumpers.

• Cases prone to root resorption, especially 
those involving trauma, previous history of 
root resorption, marked intrusion/extrusion 
cases.

• Advanced periodontitis.

A task force was formed by the American 
Association of Oral and Maxillofacial Surgeons 
to study the possible indications for CBCT, clini-
cal use, radiation exposure, safety, and legal 
issues in oral and maxillofacial surgery practices. 
The published applications and usage of CBCT 
at the clinical practitioner level were reviewed. 
They identified the current position of academic 
leaders in the field. A nationwide survey was 
done to determine how CBCT was being used 
and adopted by institutions and private practices. 
According to this published paper, the best prac-
tices supported evaluation of the entire CBCT 
volume with a written report with the findings, 
patient exposure, and FOV. The use of ALARA 
(“as low as reasonably achievable”) principle was 
emphasized. They reported that the third-party 
patterns for reimbursements varied widely and 
seem to lack consistency [13].

As there has been a marked increase in the use 
of CBCT imaging in dentistry and especially in 
specialties like orthodontics, the American 

Academy of Oral and Maxillofacial Radiology 
published a paper [14] supporting the safe use of 
CBCT in practice. The paper summarized the 
potential benefits and risks of this technology in 
orthodontic diagnosis, treatment planning, and 
outcomes to aid the clinicians. The recommenda-
tion was to use the principle of justification based 
on clinical exam for each individual patient. The 
benefits must overweigh the potential risks asso-
ciated with radiation exposure. The position 
paper provides the following guidelines for using 
CBCT in orthodontics: (a) image selection crite-
ria and recommendation should be used, (b) radi-
ation risks and dose to the patient must be taken 
into account, and (c) the clinician must maintain 
professional competency in acquisition and 
interpretation.

1.9  Benefits and Risks of CBCT

CBCT imaging offers many obvious advantages 
over the conventional 2-D extraoral imaging 
modalities like lateral cephalometric imaging, 
which is widely used. It must be emphasized 
that CBCT utilizes ionizing radiation and thus 
involves known potential risks that are associ-
ated with the use of radiation. The use of radio-
graphic imaging should not be considered 
routine for practice. Like with any other radio-
graphic  imaging modality, the clinician must 
weigh in potential benefits that will be gained 
by the CBCT exposure versus risks to the 
patient.

According to the known principle of ALARA 
(as low as reasonable achievable), the radiation 
exposure should be kept to the minimum to pro-
tect the patient from any unnecessary radiation 
exposure.  Based on guidelines for CBCT in 
Orthodontics14, it has been recommended that 
following viewpoints must be taken into consid-
eration in determining the need and potential 
benefits of a radiographic modality such as 
CBCT for an orthodontic patient:  

 1. Is the operator obtaining the images  trained 
adequately and is using the best exposure 
parameters under the circumstances?

1 History, Technique, and Safety
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 2. Will this procedure provide additional useful 
information that will further aid in clinical 
diagnosis and treatment planning? 

 3. Is the practitioner competent in the interpreta-
tion of CBCT images?

Before prescribing any radiographic images, it 
should be kept in mind that ionizing radiation can 
potentially lead to genetic mutations and carcino-
genesis. The risk of potential side effect is more 
with greater exposure. Unnecessary radiographic 
imaging such as CBCT may contribute to an 
increased risk in the patients. The three guiding 
principles of justification, optimization, and dose 
limitation must be considered when ordering 
radiographic images [8].

Clinician’s professional judgment is essential 
to justify every radiographic exposure. The deci-
sion to expose a patient must be made after a 
detailed clinical examination and only if the cli-
nician thinks the findings from the acquired 
images will provide additional information that 
will benefit the patient. It is important for the cli-
nician to understand the functioning of the cho-
sen imaging modality including the advantages 
and the limitation. This will result in gaining the 
adequate and best quality images with minimum 
exposure to the patient, using the optimal expo-
sure parameters. After the images are attained, 
the suitable formatting should be done.

The interpretation should not be limited to the 
region of interest only. The entire CBCT volume 
must be evaluated.

CBCT imaging is an excellent tool for the 
orthodontists and oral surgeons and helps to 
improve diagnosis, treatment planning, and out-
come assessment in appropriate cases. Literature 
shows that CBCT is a powerful imaging modality 
and provides orthodontists with 3-D images of 
the craniofacial osseous structures, dentition, and 
soft tissue (Figs. 1.3 and 1.4). A virtual cephalo-
metric image can also be made (Fig. 1.5). This 
information is important for diagnosing maloc-
clusion. “While orthodontists await the American 
Association of Orthodontists’ position paper on 
identifying appropriate cases for CBCT imaging, 

case selection using current evidence-based crite-
ria suggest that complex craniofacial and surgical 
cases and cases of missing or impacted teeth may 
be the most suitable candidates for CBCT imag-
ing (Fig.  1.6) although the absolute need for 
CBCT imaging must be determined on a case-by-
case basis.” [15]

Other common uses for CBCT evaluation of 
anatomical structures such as maxillary sinuses 
(Fig.  1.7), inferior alveolar canal and foramen 
(Fig. 1.8), and evaluation of periapical pathology 
(Fig.  1.9). Advantages of CBCT technology 
include lower cost, faster acquisition, and lower 
radiation dose to the patient as compared to 
MDCT. A personal computer is utilized for data 
reconstruction and viewing with an interactive 
software designed for dental applications. As 
compared to MDCT, the limiting factors for 
CBCT technology may include greater image 
noise and noticeably poor soft tissue contrast.

1.10  CBCT Radiation Doses

A variety of CBCT machines are available in the 
market (Table 1.1). The radiation doses with each 
machine are going to be different due to variabil-
ity in device type, imaging protocols including the 
field of view, and exposure parameters (mA, Kv). 
Due to this, the effective dose, which is used to 
estimate the risk in humans, from CBCT may be 
similar or greater as compared to the  conventional 
intraoral full-mouth radiographic survey or pan-
oramic image. The effective dose from medical 
CT is more substantial to the patient as compared 
to CBCT. Variability in doses has been found in 
the previous printed literature. Therefore, effec-
tive doses for the various modalities are listed in 
(Tables 1.2 and 1.3) from two different sources.

Ludlow et al. [16] published with meta-analy-
sis of the published data analyzing the effective 
doses of nine dental CBCT units. Dentists prefer 
high-resolution images and high signal-to-noise 
ratios. This technique is associated with higher 
radiation dose. In many clinical situations, such 
absolute high-quality image may not be needed 
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as lower dose data may provide sufficient infor-
mation for diagnostic tasks (Fig. 1.10).

1.11  Artifacts on CBCT Images

An artifact can be described as any distortion in 
the image which is unrelated to the patient. These 
are volumetric data set errors and do not repre-
sent the corresponding region of the patient’s tis-

sues. It has been reported that CBCT images 
inherently have more artifacts due to the use of 
lower energy spectrum and beam geometry as 
compared to the medical CT units [8]. Many arti-
facts result from discrepancies between the phys-
ical imaging process and mathematical 
assumptions in the data reconstruction algo-
rithms. One has to be careful during the 
 interpretation process. The noise level is found to 
be more in CBCT. Artifacts or errors on CBCT 

a

b

Fig. 1.3 (a) Hard tissue renderings from CBCT data are shown. (b) Example of another type of rendering with soft 
tissue is shown
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images are often seen as dark or white areas or 
streaks. The following artifacts may be encoun-
tered in the CBCT images:

Beam hardening artifact occurs when there is 
more attenuation in the center of the structure as 
compared to the edges. Structures located adjacent 
to high-density metallic objects like amalgam res-
torations, dental implants, and orthodontic brackets 
may appear missing or burnt-out. Streak artifacts 
are commonly seen around the amalgam restora-
tions and cast metal restorations, as these metals 

have a higher atomic number. Radiographically, 
they appear as dark or white streaks (Fig. 1.11).

a b

Fig. 1.4 (a) Enhanced depth 3-D model. (b) Enhanced depth with soft tissue

Fig. 1.5 Virtual cephalometric image from a CBCT unit

a

b

Fig. 1.6 Reconstructed panoramic image (a) and cross-
sectional images (b) from CBCT data showing the rela-
tionships of the forming tooth with the surrounding 
structures

F. Masood et al.
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Scatter may also cause streak artifacts. Scatter 
occurs when X-ray photons are diffracted from 
the original path after interaction with the matter 
or patient’s tissues (Table 1.4).

Partial volume averaging artifacts are seen 
when an image voxel contains more than one 
type of tissue. Thus, after attenuation, the gray 
value is not representative of any specific tissue. 
It appears as hazy or blurred tissue outlines. This 
artifact is more associated with larger-sized vox-
els, where the object being imaged is smaller and 
the voxel is larger in size. If both hard and soft 
tissues are included in one voxel, the end result 
will be an average of brightness values of differ-
ent tissues. The region may have a “step appear-
ance,” and the displayed pixel may both be 
representative of either tissue.

Ring artifacts are seen on the displayed images 
due to a faculty pixel in the detector.

Motion artifact is usually caused by the 
movement of the patient during the scanning 
process. Movement of the patient can be easily 
recognized by double margins or blurry cortical 
outlines (Fig.  1.12). In case of severe move-

ment, the resultant scan is of no diagnostic value 
and must be acquired again. To reduce the 
chance of patient movement during the expo-
sure, the operator should educate the patient 
about the procedure, use head-restraining 
devices available with the CBCT unit, and use 
shorter exposure time.

Scanner-related artifacts have been described 
as round or ring artifacts, which result from 
problems associated with improper scanner cal-
ibration. Example of another type of machine 
calibration-related artifact is shown as black 
line in the middle of the scan (Fig. 1.13). After 
discussion with the manufacturer, it was con-
cluded that either the detector or beam was off-
centered. Realignment and calibration was 
needed as the corrective action. Some of the 
machines with smaller detector operate by 
acquiring two scans to cover the full skull, and 
thus the data sets have to be overlapped cor-
rectly and “stitched” by the computer program. 
Imperfections in overlap before stitching can 
also appear as stitching artifacts that show a step 
formation (Fig. 1.14).

1.12  Training for Using CBCT

The practicing dentist should be aware of the 
state laws and requirements before purchasing 
the unit. It is best to check with the governing 
agency directly to rule out any restrictions that 
may be in place for purchasing the CBCT unit. 
In the United States, certain states do require a 
“certificate of need.” Legal ramifications should 
also be understood. Radiographic images may 
be acquired in a dental office or independent 
dental radiology imaging centers. In the United 
States, any licensed dentist may own and oper-
ate a CBCT unit. Non-dentists, who own an 
imaging center, can also own and operate these 
units. In both cases, adequate training is 
required, which is typically provided by the 
manufacturer [17].

Before operating the unit for the patient care, 
the training is critical for the whole dental office. 
After the installation of the unit, the manufac-

a

b

Fig. 1.7 CBCT maxillary images produced for dental 
implant treatment planning with an opaque radiographic 
marker in the left posterior maxilla. (a) Reconstructed 
panoramic image. (b) Cross-sectional images. 
Pneumatization of the maxillary sinus is also visible in the 
region of interest (red arrow)
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turer is responsible for hands-on training on how 
to use the machines, proper patient positioning, 
and the various modes of image capture. This 
will enable the operator and the referring dentist 
to acquire the best quality images to fulfill the 

diagnostic aim and also will keep the radiation 
dose as low as possible for the patient.

Referring Dentist: The referring dentist has to 
clearly indicate why the CBCT images are 
needed and justify the use. Other conventional 

a

b

c d

Fig. 1.8 CBCT images produced for dental implant treat-
ment planning. (a) reconstructed panoramic and (b) cross-
sectional views. Inferior alveolar nerve marking is also 

shown by red line. (c and d) Coronal CBCT views show 
corticated inferior alveolar canal (green arrows) and the 
mental foramen (red arrows)
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imaging alternates may be considered before pre-
scribing CBCT.  It is important to select the 
appropriate cases and understand the associated 
risks with the use of radiation. The region of 
interest or field of view must be identified before 
exposure. The dentist must be trained in the 
proper use of the viewing software program for 
manipulating the CBCT data. Different software 
tools are provided to help the clinician in the pro-
cess of visualization of the region of interest in 
different enhancement modes.

He or she should have sufficient knowledge of 
anatomy, variation of anatomy, incidental find-
ings, and other pathologic conditions, in order to 
correctly interpret the CBCT data. The referring 
dentist is responsible for evaluation of complete 
CBCT data set to rule out abnormalities. Finding 
of the significance should be reported. Many 
practitioners choose to send CBCT for interpreta-
tion by an oral and maxillofacial radiologist. 

Fig. 1.9 Cross-
sectional views show 
root resorption with 
periapical low-density 
lesion with corticated 
borders (red arrow)

Table 1.3 Effective doses from different imaging modal-
ities [4]

Modality

Effective 
dose range 
(μSv)

Equivalent 
background 
exposure (days)

Multislice CT 
(conventional head 
protocol)

860–1500 101–177

CBCT
Large FOV
Medium FOV
Smaller FOV

68–1073
45–860
19–652

8–126
5–101
2–77

Panoramic image 9–24 1–3
FMX
Round collimation:
FMX: CCD sensor 
(estimated)
FMX: PSP 
plates/F-speed film

85
171

10
20

Full-mouth intraoral 
survey FMX
Rectangular 
collimation:
FMX: CCD sensor 
(estimated)
FMX: PSP plates or 
F-speed film

17
35

2
4

Cephalometric 2–6 0.3–0.7

FMX full-mouth intraoral survey, CCD charge-coupled 
device, PSP photostimulable phosphor plate, FOV field of 
view
Source of information [4]

Table 1.2 Effective doses from CBCT systems [5]

Field of view (FOV) Effective dose range
Small and medium FOV
Volumes <10 cm

11–674 μSv

Large FOV
Volumes >10 cm

30–1073 μSv
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This is similar to other procedures, where a pro-
cedure may be referred to a specialist if the gen-
eral dentist or the specialist does not feel 
competent to perform the task or to seek a second 
opinion.

Machine Operator: It is the responsibility of 
the referring dentist to convey the region of inter-
est and the diagnostic aim to the person exposing 
the patient or the operator of the CBCT unit. A 
written prescription from the referring dentist is 

advised for clear directions to the operator and 
documentation. This will result in dose optimiza-
tion and will reduce or eliminate the need for 
retaking the images.

Quality assurance is very important. If any 
errors are noted on the images, corrective actions 
must be taken. It is recommended that the 
machines should be calibrated annually by the 
factor certified maintenance staff to maintain the 
proper functioning of the machine and the image 

a

c d

b

Fig. 1.10 Ultralow-dose CBCT scan: Images appear slightly grainy. CBCT images also show cleft palate (red arrows)
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quality. Therefore, training should be done for 
the whole dental team. Dawood et al. [1] stated 
that the comprehensive training should include 
training from the manufacturer by a training spe-
cialist on how to operate the particular CBCT 
machine, an update on radiation risks and imag-
ing pitfalls, and the selection criteria. Training 
should also include the use of the viewing soft-

ware tools, to help in the interpretation process of 
cross-sectional and three-dimensional CBCT 
images.

1.13  Summary

CBCT technology has come a long way. 
Technically, the CBCT technology has evolved 
momentously over the past decade and thus is 
considered indispensable for many diagnostic 
scenarios. The image quality has improved tre-
mendously; the cost of the CBCT machines and 
the scanning time has decreased. Various compa-
nies have developed task-specific software tools 
which are aimed for orthodontists and oral sur-
geons. As the technology is being integrated in 
the dental practice more and more, it is important 
that the principles of patient selection for imag-
ing and radiation protection guidelines must be 
followed.

a b

Fig. 1.11 Scatter artifacts (blue arrows) due to metal are 
seen on large field of view CBCT image. Other findings 

include unilateral concha bullosa (red arrow) and mucus 
retention pseudocyst (yellow arrow) on the floor of the left 
maxillary sinus

Table 1.4 Indication for different CBCT fields of view 
(FOVs)

Small 
FOV

1–2 impacted teeth. Localized area for bone 
quality and quantity assessment. 
Morphology of tooth crown and root, 
localized supernumerary teeth. Single 
quadrant

Medium 
FOV

Partial or complete maxillary or mandibular 
arches. Limited TMJ region. Partial view of 
the maxillary sinuses

Large 
FOV

Whole head for both skeletal and dental 
structures. Orthognathic surgery. 
Craniofacial anomalies. Facial deformities
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20

a b

Fig. 1.12 Bony outlines appear double or blurry due to movement artifacts

Fig. 1.13 Images show a solid black line in the midline (red arrows). It was reported as calibration error of the machine
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Abstract
With the introduction of cone beam computed 
tomography (CBCT), the practice of dentistry 
has taken a new approach. Before the emer-
gence of this technology, most of the dental 
professionals depended on the conventional 
two-dimensional (2-D) radiographic imaging 
for treatment planning and evaluation. 
Previously, the multi-detector computed 
tomography or medical CT scanners were uti-
lized for assessment of pathology and trauma 
cases in dentistry. CBCT technology has 
found its way into the dental offices and offers 
many advantages and specific clinical applica-
tions for both specialist and general dentists. 
CBCT image quality is superior as compared 
to 2-D as structures can be viewed without 
superimposition and distortion, in three 
dimensions.

2.1  Utilization of Cone Beam 
Computed Tomography 
in Orthodontics and Oral 
Surgery

Since the discovery of X-rays, without a doubt, 
the conventional two-dimensional (2-D) radio-
graphic imaging has remained an integral part of 
the diagnostic process in dentistry and also in its 
specialties like orthodontics, oral surgery, peri-
odontics, and implantology. For the practice, 
depending on the need and the treatment stage of 
the patient, the appropriate radiographic imaging 
modality should be selected and used, if there is 
adequate reason to believe that this exposure will 
effectively aid the clinician in the initial diagno-
sis, better treatment planning, on-going evalua-
tion, and also with the posttreatment assessment 
of the cases. Imaging serves as an important 
adjunctive tool and provides baseline information 
about the patient. Pretreatment understanding of 
the relationships of underlying osseous struc-
tures, soft tissues, and dentoalveolar components 
is essential in order to form a treatment plan of 
the various craniofacial abnormalities, malocclu-
sion, and other dental anomalies. During the 
treatment phase, the follow-up imaging allows to 
evaluate the effectiveness of the treatment admin-
istered. After the completion of the treatment, 
with appropriate radiographic imaging, the clini-
cian is able to assess the outcome.
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With the introduction of cone beam computed 
tomography (CBCT), the clinicians were faced 
with new challenges in terms of usage, effective-
ness, benefits, and financial issues. It was espe-
cially difficult as initially no evidence-based 
systemic guidelines or position papers were 
available.

The American Academy of Oral and 
Maxillofacial Radiology (AAOMR) [1] pub-
lished a position paper in 2013. Both board- 
certified orthodontists and oral and maxillofacial 
radiologists contributed in development of this 
paper to establish orthodontic-specific clinical 
guidelines for practice. According to this pub-
lished position paper, the utilization of CBCT in 
different phases of orthodontic treatment should 
be justified on an individual basis and should be 
based on clinical signs and presentation of the 
patient. The panel established that “there was no 
clear indication to support the routine use of ion-
izing radiation in standard orthodontic diagnosis 
and treatment planning, including the use of 
CBCT.” This position paper by AAOMR sup-
ported the position of the American Dental 
Association Council of Scientific Affairs [2] in 
the selection of CBCT imaging, which suggested 
that imaging should be based on clinical exami-
nation and must be decided on the individual 
patient needs.

Hodges et  al. [3] evaluated the impact of 
CBCT on the orthodontic diagnosis and treat-
ment planning. They reported that changes in the 
diagnosis and treatment plan varied widely with 
patient characteristics. The results supported 
obtaining a CBCT scan before orthodontic diag-
nosis and treatment planning when a patient had 
an unerupted tooth with delayed eruption or a 
questionable location, suspected severe root 
resorption, or a severe skeletal discrepancy. They 
also concluded that “CBCT scans should be 
ordered only when there was clear, specific, indi-
vidual clinical justification.” No advantage was 
found in terms of changes in treatment plan for 
patients when the reason for obtaining a CBCT 
scan was to assess the temporomandibular joint 
abnormalities or airway analysis. However, the 
participating orthodontists in the study who used 

the CBCT imaging frequently in practice were 
more confident in the diagnostic process and in 
forming a treatment plan after viewing the CBCT 
scans during the study [3].

This new 3-D technology made it possible, in 
a dental office setting, to have superior quality 
structural images in three planes (axial, sagittal, 
and coronal) without superimposition and with a 
radiation dose much less then medical CT units at 
a lesser expenditure.

According to some practicing orthodontists, 
most of the orthodontic practices are no longer 
using full-mouth intraoral radiographic surveys. 
Even the conventional extraoral posterior- 
anterior cephalometric views are not made as 
CBCT provides all the needed information 
required for outcome assessments for orthodontic 
and oral surgery procedures. Thus, it has been 
suggested that conventional 2-D images may not 
be needed, if CBCT imaging is available and the 
radiation dose of CBCT is similar to conventional 
imaging, as CBCT provides more in-depth 
information.

For the needs of the oral surgery and the 
orthodontic procedures, typically CBCT 
machines with a larger sensor or image detec-
tor are used to capture the craniofacial region. 
A smaller sensor or a more collimated smaller 
region of interest is sometimes utilized for 
localized problems such as impacted teeth. 
Most common uses of CBCT would include 
diagnosis and treatment planning, skeletal 
evaluation, tooth localization for impacted 
teeth, assessment of root shape and condition 
in suspected external apical root resorption, 
evaluation of alveolar bone thicknesses, 
treatment planning for alveolar bone grafting 
in cleft lip and palate, pre-orthognathic sur-
gery, and evaluation of airway patency and 
size.

2.2  Tooth Impactions

Most common impacted teeth are third molars 
and permanent maxillary canines. CBCT 
imaging is often done to localize the posi-
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tion, angulation, and effect of the impacted 
teeth on the surrounding structures, as the 
technology has been shown to improve diag-
nosis and contribute in treatment modifica-
tions in such cases in a significant number of 
subjects [4, 5].

CBCT is considered very helpful in planning 
surgical access and assessing the direction of 
extrusion of the impacted canines in the oral cav-
ity and provides a 3-D insight for proximity of 
these impacted canines to adjacent teeth and 
structures, extent of resorption of adjacent teeth, 
size of the follicular space, and the presence of 
pathology [6, 7].

Visualization of 3-D root structure of a tooth 
with CBCT is substantially superior as compared 
to the conventional 2-D radiographic imaging 
(Fig.  2.1). It has been suggested that the small 
field of view may be used for CBCT imaging of 
impacted maxillary canines if the canine inclina-
tion in the arch on a conventional 2-D panoramic 
radiograph exceeds 30° relative to a perpendicu-
lar midline and also in cases where adjacent root 
resorption and/or dilaceration of the root is in 
question [8].

2.3  Osseous or Bony Evaluation

Condition of the buccal and lingual alveolar 
bone and thickness is determined by the dentoal-
veolar anatomy prior to start of the treatment and 
by the bone’s morphology and adaptability dur-
ing tooth movement during the treatment and its 
morphology following the final positioning of 
teeth after completion of the process. Kapila 
et al. [9] described alveolar boundary conditions 
in orthodontics, which included the depth, 
height, and morphology of alveolar bone relative 
to tooth root dimensions, angulation, and spatial 
position. They stated that for orthodontic tooth 
movements, alveolar boundary conditions can be 
considered dynamic and determined by the 
patient’s pretreatment bone condition and gingi-
val biotype as well as bone physiology (see 
Chap. 10 and 11).

Alveolar bone is not static in shape as 
remodeling of the alveolar bone occurs, with-
out which the orthodontic tooth movement 
would not be possible. However, use of exces-
sive orthodontic forces to a tooth can affect 
alveolar boundary conditions unfavorably and 

a

b c

Fig. 2.1 CBCT-reconstructed panoramic image (a) and 
cross-sectional views (b and c). Impacted tooth is noted 
on the right mandibular premolar region (black arrow). 

Idiopathic osteosclerosis also noted periapical to tooth # 
19 (arrowhead)
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may result in dehiscences and fenestrations. 
The cross-sectional views from the CBCT are 
very useful in verifying the thickness of the 
buccal and lingual cortex (Fig. 2.2) not visual-
ized on conventional 2-D radiographic images, 
both before and after the treatment.

CBCT can also be a useful tool for evaluation 
of the bone quantity, quality, the underlying 
 trabecular bone pattern, and thus stability of the 
bone [10]. Temporary Anchorage Devices (TADs) 
have been used in orthodontic procedures to pro-
vide a stable anchor for the application of orth-
odontic forces. TADs can be placed nearly 
anywhere in the oral cavity, but it is important that 
there is no impingement on the complex surround-
ing anatomical structures, such as roots or vessels 
and nerves. CBCT may be used to determine the 
optimal site and treatment plan for the placement 
of TADs, as the proximity and relationship to the 
surrounding structures such as roots, nasal fossa, 

maxillary sinuses, and vasculature can be visual-
ized beforehand to avoid complications.

2.4  Orthognathic Surgery

CBCT 3-D volumetric reconstructions provide 
detailed information for treatment planning of 
orthognathic surgery (Fig.  2.3). Volumetric 
analysis can help predict the procedure. CBCT 
data can be used to create stereolithic models 
of the area of interest as well (Fig. 2.4). One 
cannot emphasize enough the usefulness of 
this 3-D technology in orthognathic surgery to 
visualize the relationship between hard and 
soft tissues [11]. To a large extent, CBCT has 
replaced lateral cephalometric imaging for 
diagnosing skeletal and dental deformities like 
hemifacial macrosomia and Treacher Collins 
syndrome.

a

b c

Fig. 2.2 CBCT-reconstructed panoramic image (a) and axial (b) and cross-sectional view (c) images show buccally 
located impacted mandibular right canine (black arrow). Thinning of the buccal cortex is evident (black arrowhead)
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a b

Fig. 2.3 (a) Large field-of-view CBCT coronal image (a) 
and a 3-D view (b). Changes after the orthognathic sur-
gery are seen. Images show disruption of the bone due to 

surgery (black arrow) and opacification of the maxillary 
and ethmoid sinuses (black arrowhead). Surgical pins are 
also noted in the maxilla in the 3-D view

a

c

b

Fig. 2.4 Three different stereolithic models (a–c) are shown, which were fabricated to simulate the surgical treatment 
planning. Courtesy Dr. Kevin Smith and Dr. Steven Sullivan
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2.4.1  Cleft Lip and Palate

This anomaly is commonly encountered and 
adversely effects the involved human beings. 
CBCT provides unique useful information for 
patients with cleft lip and palate. It is very useful in 
pretreatment and posttreatment planning phases, 
providing information about the cleft defect site, 
eruption status and position of the canines in the 
involved sites, and pre- and post- graft bone width 
and height. Timing of alveolar cleft repair is often 
determined based on conventional panoramic and 
occlusal imaging. In such cases, CBCT allows bet-
ter evaluation of dental age, arch segment posi-
tioning, and cleft size compared with traditional 
radiography. Volumetric analysis with CBCT pro-
vides better prediction in terms of the cleft defect 
morphology (Fig.  2.5) as well as the volume of 
graft material needed for repair. After the surgery, 
the stability of the arch after grafting, the quality of 
the bone graft over time, and the effect on overall 
facial growth can be evaluated with CBCT [12]. 
Other uses include evaluation of impacted teeth 

for potential complications such as root resorption 
of adjacent roots. With CBCT the relationship 
between the impacted and supernumerary teeth 
and the surrounding structures such as the walls of 
the maxillary sinuses, cortical borders of the infe-
rior alveolar canals, and mandibular cortices can 
be studied before the actual procedures to avoid 
potential postsurgical complications. Surgical pre-
diction and treatment planning have become eas-
ier. However, it is important to understand the data 
manipulation, software tools along with normal 
anatomy, and anatomical variations for maximum 
treatment planning and surgical accuracy  (see 
Chap. 13).

2.4.2  Temporomandibular Joints 
(TMJ)

If included in the field of view, TMJ region can 
be visualized in detail, without superimposition 
on CBCT. Cortical outline and the position of the 
condyles, glenoid fossae, articular eminence, and 

a

b c

Fig. 2.5 CBCT-reconstructed panoramic image (a) and 
axial (b) and sagittal cross-sectional views (c) made along 
the axis of the impacted canine are shown. Cleft palate is 
visible on the left anterior maxilla on reconstructed pan-

oramic image and axial image (red arrows). Buccal-
lingual position of the impacted canine within the arch is 
visible on the images
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joint spaces can be evaluated. Radiographic pro-
gressive changes include condylar flattening 
(Fig. 2.6), irregular and/or thickened cortical out-
lines, osteosclerosis, cortical erosions, osteo-
phyte formation, subchondral cysts, and 
narrowing of the joint space [13]. Referring the 
patients to the appropriate specialists prior to 
commencing orthodontic treatment is recom-
mended [7].

It has been emphasized that although CBCT 
provides diagnostic information about the TMJ 
disorders, it does not reveal if the disease process 
is active or not. Kapila et  al. [7] stated that 
“CBCT images allow the concurrent visualiza-
tion of the TMJs and assessment of the maxillo- 
mandibular- spatial relationships and occlusion 
and provide the opportunity to visualize and 
quantify the local and regional effects associated 
with the TMJ abnormalities” [7].

2.4.3  Airway Analysis

Factors like mandibular growth, function of the 
soft tissues and the jaw musculature, dentoalveo-
lar development, and airway morphology affect 
development of vertical malocclusions. It has 
been reported that in children with mouth breath-
ing issues, vertical malocclusions may develop 
with a constricted pharyngeal airway considered 

a potential contributing factor [14]. Although 
constricted airways, especially in children with 
enlarged adenoids and tonsils, are often diag-
nosed clinically with conventional 2-D lateral 
cephalometric images [15], the volume or cross- 
sectional area without superimposition may be a 
better measure of airway narrowing, which 
requires CBCT, rather than conventional 2-D 
images [16].

Earlier it was suggested that a constricted pha-
ryngeal airway may contribute to mouth breath-
ing and to the development of a steep mandibular 
plane angle with anterior open bite tendency, [14] 
but later studies have generated conflicting results 
with one study showing no relationship between 
facial pattern and airway volume, while the other 
study demonstrated the existence of such a rela-
tionship [16, 17]. Kapila et al. [18] stated that the 
discrepancies in the findings of the two studies 
highlight the need to use a standardized protocol 
for measuring airway volumes. An example of 
visualization of narrow airway is shown from a 
CBCT scan in Fig. 2.7.

2.5  Incidental Findings

In addition to the diagnostic information from 
the region of interest, CBCT scans can present 
with a variety of incidental findings. A thorough 

Fig. 2.6 CBCT sagittal cross sections show degenerative 
joint disease in a 52-year-old female. Severe flattening of 
the condylar head (red arrow) and possibly a small osteo-

phyte formation are observed on the anterior aspect (red 
arrowhead)
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knowledge of anatomical structures and their 
variations is of utmost importance. It is the 
responsibility of the clinician to evaluate and 
interpret the complete CBCT data set to rule out 
any abnormalities and potentially pathology. 
Clinician must also recognize incidental findings 
encountered in these images. Incidental findings 
are abnormal findings, unrelated to the problem 
in question, encountered in images unintention-
ally as the image was not made for that purpose. 
Findings should be reported and discussed with 
the patient. Appropriate actions or recommenda-
tions should be made as needed.

The frequency of incidental findings on CBCT 
images has been reported in several research papers 
with a high range between 25% and 54% by Cha 
et al. [19] They evaluated the location, nature, and 
occurrence of incidental findings in maxillofacial 

structures on 500 CBCT scans done for various 
diagnostic reasons. They also assessed association 
between these findings and symptoms in orthodon-
tic patients. They reported the overall rate of inci-
dental findings as 24.6%, and the highest was in the 
airway area (18.2%), followed by TMJ findings 
(3.4%), endodontic- related findings (1.8%), and 
others (1.2%). Specifically in the orthodontics, the 
airway- related incidental findings were 21.4%, 
TMJ findings 5.6%, and endodontic lesions 2.3%. 
However, only 22% of the airway findings, such as 
mucosal thickness, polyps, and retention cysts, 
were correlated with clinical signs and symptoms. 
It was recommended that for clinical diagnosis, the 
CBCT data should be interpreted with a full history 
of clinical signs and symptoms and with detailed 
communications with specialists to comprehen-
sively evaluate possible underlying diseases.

Fig. 2.7 Airway analysis shows narrow airway (region outlined in red on coronal and sagittal images). Axial image 
also shows the narrow airway. Outline of the airway is also observed in the 3-D model
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Another study [20] reported the incidental find-
ings in CBCT scans done for orthodontics. They 
reported at least one such finding in 66% of the 
patients; most common were retained primary root 
tips, followed by periapical disease. According to 
the results of this study, the overall orthodontic 
treatment was not altered. However, a high propor-
tion of these cases required further follow-up or 
intervention (72.5%). Orthodontic treatment was 
altered in two cases. The first case involved root 
resorption of a premolar due to an ectopic maxil-
lary permanent canine, which changed the pro-
posed extraction plan. Dilaceration of the poorly 
positioned central incisor was also detected. In the 
other case, resorption and pulpal involvement 
were observed that changed the prognosis of the 
tooth and thus the extraction pattern.

Avserver et al. [21] evaluated 691 CBCT scans 
for incidental findings outside the primary region 
of interest. They reported 1109 incidental findings 
in the paranasal sinuses in 79.3% of the scans. 
The majority of the findings were in the maxillary 
sinus (mucosal thickening, polypoid mucosal 
thickening, air-fluid level, partial to complete 
opacification, hypoplasia mucus retention pseu-
docyst, aplasia, and tooth in the sinus), followed 
by the nasal cavity (deviated nasal septum, con-
cha bullosa, and onodi cells). Most of the inciden-
tal findings required no treatment, but the authors 
recommended that the clinicians should be aware 
of the incidental findings and possible anatomic 
variations. Corrective action should be taken if 
needed to avoid future complications.

Edwards et al. [22] evaluated the rater agree-
ment between the orthodontic clinicians in the 
assessments of reported incidental findings with 
regard to both the need for additional follow-up 
and the impact on future orthodontic treatment in 
large-field maxillofacial CBCT scans. Raters 
demonstrated higher levels of agreement for den-
toalveolar findings as compared with all other 
extragnathic regions when assessing clinical sig-
nificance of the findings. Fair to excellent rater 
agreements were discovered for the need for fur-
ther follow-up and their potential impact on 
future orthodontic treatment.

Allareddy et al. [23] assessed the number of 
incidental findings on CBCT scans inside and 

outside the primary region of interest. The review 
of 1000 scans showed that 943 (94.3%) scans had 
findings within and outside  the primary regions 
of interest. They reported 77 different conditions 
that were observed in these scans, both in the pri-
mary region of interest and outside the area. 
Larger study samples of this paper have provided 
a better clarification of the importance of analyz-
ing the CBCT data completely to rule out any 
significant disease.

Edwards et al. [24] reported a higher frequency 
of incidental findings in large field of view maxil-
lofacial CBCT scans of an orthodontic sample. 
The majority of the finding may be outside the 
regions of interest of many dental clinicians. 
Specifically, incidental findings in the airway and 
paranasal air sinuses were the most frequent. Other 
findings were found in the dentoalveolar region 
and the surrounding hard and soft tissues. This 
study underscores the importance for comprehen-
sive review of the entire CBCT volume and the 
requisite to properly document all findings, regard-
less of the region of interest. The authors empha-
sized the importance of comprehensive review of 
the entire CBCT volume and documentation of the 
findings, regardless of the area of interest.

In orthodontics and oral surgery practices, 
often a larger field of view is used, and thus the 
probability of the incidental findings is some-
what more. Price et  al. [25] also evaluated the 
type and prevalence of incidental findings from 
CBCT of the maxillofacial region. For reporting, 
the findings were divided into the following 
groups: (1) needed intervention/referral, (2) 
monitoring only, and (3) no further evaluation. 
Assessment of 300 CBCT revealed findings that 
were categorized into airway, soft tissue calcifi-
cation, bone, temporomandibular joint (TMJ), 
endodontic, dental developmental, and patho-
logical findings. A total of 272 scans revealed 
881 incidental findings, and the most prevalent 
were airway findings (35%) followed by soft tis-
sue calcification (20%), bone related (17.5%), 
TMJ (15.4%), endodontic (11.3%), dental devel-
opmental (0.7%), and pathological findings 
(0.1%). Intervention/referral was needed for 
16.1% cases, 15.6% required monitoring. and 
the remaining (68.3%) required neither. This 
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study also underscored the need to thoroughly 
examine all CBCT volume for significant find-
ings within and beyond the area of interest.

Mutalik and Tadinada [26] reported a high 
prevalence (58%) of pineal gland calcifications in 
patients who were referred for CBCT for implant 
therapy. The pineal gland is located between the 
two cerebral hemispheres and produces a hor-
mone called melatonin that affects sleep patterns. 
With age, the pineal gland calcifications increase. 
However, calcifications in the pineal gland have 

been reported in younger population as well. 
Most studies have considered these calcifications 
as physiologic, but a thorough medical history 
and clinical exam are recommended to rule out 
neurodegenerative disorders.

Incidental findings are listed according to the 
region where they are more commonly detected 
(Table  2.1). Paranasal sinuses and nasal fossae: 
Very common incidental findings in the paranasal 
sinuses are the mucosal thickening (Fig. 2.8) and 
mucus retention pseudocyst (Fig.  2.9). These 

Table 2.1 Region of occurrence and common incidental findings

Maxillary and mandibular arches Impacted and supernumerary teeth, periapical inflammatory lesions, incisive 
canal cysts, idiopathic osteosclerosis, Stafne bone defect, periapical cemental 
dysplasia. Retained primary roots, crown and root anomalies

Paranasal sinuses Mucosal thickening, mucus retention pseudocysts, polyps, antroliths, dystrophic 
calcifications, osteomas, hypoplasia of the sinuses, irregularity of cortical outline

Nasal fossa Anatomical variations, concha bullosa, septum deviation, inflammatory changes
Airway Narrow airway, enlarged adenoids
TMJ Abnormal shape, flattening, sclerosis, erosion, subcondylar pseudocysts, 

osteophytes, and bifid condyle
Intracranial calcifications Intracranial pineal gland calcifications
Soft tissue calcifications Sialoliths, tonsilloliths, calcified carotid artery atheroma, ossification of 

stylohyoid ligament
Cervical spine Developmental variations and anomalies such as clefts in the arch of the atlas 

and degenerative changes
Ear Debris or wax in the external auditory canals, opacification of the middle ear, 

cholesteatoma/keratosis, and dehiscence of the jugular bulb, soft tissue lesions
Skull Opacification of the mastoid air cells, large jugular foramen, possible jugular 

diverticulum, and underdeveloped mastoid air cells

Source: Drage et al. [20]

a b

Fig. 2.8 Coronal CBCT views. (a) shows mild unilateral 
mucosal thickening on the left floor of the left maxillary 
sinus (red arrow) and large frontal sinuses (red arrow-

heads). Some deviation of the nasal septum is also noted. 
(b) shows opacification/air-fluid level in the right maxil-
lary sinus (yellow arrow)
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changes can occur due to chronic inflammation. 
These findings may be suggestive of chronic 
sinusitis. When only sinuses are involved, the term 
sinusitis may be used. The term rhinosinusitis is 
used when the changes also extend to the nasal 
cavity. Inflammation can be viral, bacterial, or fun-
gal. Clinical symptoms associated with chronic 
sinusitis are nasal congestion, discharge, and pain 
and discomfort. The diagnosis of chronic sinusitis 
is based on endoscopy or if the radiographic find-
ings have been present for longer than 12 weeks.

Mucosal thickening can lead to obstruction 
of the passages between the paranasal sinuses 
and nasal cavity, and this causes a blockade. If 
other findings such as moderate to severe opaci-
fication within the paranasal sinuses and air-
fluid levels are noted, acute sinusitis may be 
suspected. Mucosal thickening can be noted in 
any of the sinuses. Attention should be paid to 
the frontal sinus due to its proximity to the 
brain. While interpreting the images, one should 
look for any signs of bone changes such as scle-
rosis or erosion. Rosenfeld et al. [27] have rec-
ommended that acute bacterial rhinosinusitis 
must be distinguished from acute rhinosinusitis 
caused by viral upper respiratory infections and 
noninfectious conditions. Clinician should con-
firm a clinical diagnosis of acute bacterial rhino-
sinusitis with objective documentation of 

sinonasal inflammation, which may be accom-
plished using anterior rhinoscopy, nasal endos-
copy, or computed tomography. Although rare, 
complications may arise like osteomyelitis, 
orbital and periorbital cellulitis, and intracranial 
abscesses. Other abnormal radiographic find-
ings associated with the sinus disease include 
air-fluid level and nonhomogeneous opacifica-
tion (Fig. 2.10). Less common incidental find-
ing associated with the maxillary sinus is 
hypoplasia of the maxillary sinus (Fig. 2.11).

Other incidental findings include concha 
bullosa (Fig. 2.9), asymmetry of the nasal struc-
tures (Fig. 2.12), opacity in the ethmoid sinus 
such as osteoma and mucosal thickening 
(Fig. 2.13), and mucosal thickening in the sphe-
noid sinus (Fig. 2.14). While using larger fields 
of view in CBCT images, the cervical spine is 
often captured. Degenerative changes in the 
cervical spine can be noted as osteosclerosis, 
pseudocysts, and flattening and ligament calci-
fications (Fig. 2.15).

Maxillary and mandibular arches can also 
have pathologic conditions not related to the pri-
mary region of interest. A case of incisive canal 
cyst vs. large incisive or nasopalatine foramen is 
shown in Fig.  2.16. The presence of incisive 
canal cyst is presumed if the width of the foramen 
is greater than 1 cm or enlargement is noted on 

Fig. 2.9 CBCT images show a relatively large homoge-
neous rounded opacity, possibly a mucus retention pseu-
docyst, in the left maxillary sinus (yellow arrows). Concha 

bullosa (pneumatization of the middle concha) is noted on 
the right side (red arrow)
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successive radiographic images. Oral-antral com-
munication or  fistulae can also be found 
(Fig. 2.17). Incidental calcifications in the maxil-
lary sinus have also been reported (Fig.  2.18). 
Intrasinus calcifications can be idiopathic in 
nature or due to chronic inflammatory or  fun-
gal diseases.  Calcifications may appear as dense 
and well-defined masses, with irregular, nodular 
or linear  shapes.  Differential diagnosis  may 
include dystrophic calcifications,  anthrolith, 
osteoma, polyp or foreign material. Stafne’s bone 
defect or lingual salivary gland depression may 
also be visualized.  This is extraosseous and  is 
located often below the inferior alveolar canal 
and anterior to the angle of the mandible  (Fig. 
2.19).

Airway: Narrowing and asymmetry of the air-
way or the pharyngeal space can be noted on the 
CBCT images. Hypertrophy of the adenoids can 
lead to narrowing (Fig. 2.20). Causes may include 
sleep apnea, asymmetry of structures, and tumors. 
One must keep in mind, like other scenarios, imag-
ing findings should be correlated with the clinical 
evaluation for a more definitive diagnosis.

Carotid artery calcifications: Plaque forma-
tion can occur within the artery due to disease. 
These calcifications with the vessel lumen can 
diminish in the size, causing reduction of the 
blood flow. Loose plaque deposits can cause con-
ditions such as pulmonary embolism. The end 
result can be life-threatening and debilitating 
conditions, such as myocardial infarction or 

a b

c

Fig. 2.10 CBCT axial (a), coronal (b), and sagittal (c) 
images show inflammatory changes in the right maxillary 
sinus (red arrow). Note the bubbly-appearing (dark) fluid 
in the right maxillary sinus. No inflammatory changes are 

visible in the left maxillary sinus. Cortical outline of the 
maxillary sinuses appear to be within normal limits. 
Normal nasal septum is also noted
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Fig. 2.11 A comparison of the right and left maxillary sinuses shows unilateral hypoplasia of left maxillary sinus (red 
arrows)

a b

Fig. 2.12 Coronal view (a) shows mild mucosal thicken-
ing on the floor of the left maxillary sinus (yellow arrow), 
hyperplastic left inferior nasal turbinate (red arrow). Left 

inferior nasal meatus appears minimized. Axial (b) view 
shows deviation of the nasal septum to the left side (green 
arrow)
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stroke. This can occur extracranially and 
intracranially.

Calcifications of the carotid artery can present 
as single or multiple, high-density structures, 
with generally defined outline. Extracranially, the 
calcifications can occur at the bifurcation point of 
the common carotid artery (C3–C4 vertebrae 
level). The appearance may be ringlike on axial 
CBCT images and may appear linear on sagittal 
and coronal images. In the axial CBCT images, 
the calcifications are located medial and anterior 
to the sternocleidomastoid muscle. Within the 
cranium, these calcifications may be located on 
either sides of the sella turcica or the sphenoid 
sinus area. Other structures that may be confused 
with calcified carotid atheromas may include 

a

c

b

Fig. 2.13 CBCT coronal (a), axial (b), and sagittal (c) images show a well-defined small opacity, possibly an osteoma 
(red arrows) and mucosal thickening (yellow arrows) within the ethmoid sinuses

Fig. 2.14 Sagittal view shows mucosal thickening in the 
ethmoid (yellow arrows) and sphenoid sinuses (red arrow)

F. Masood et al.
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 calcified triticeous cartilage, superior cornu of 
calcified thyroid cartilage, and greater cornua of 
the hyoid bone due to the location of these struc-
tures. Further medical evaluation is recom-
mended as this may be an indicator of arterial 
stenosis and stroke (Fig. 2.21).

Tonsilloliths: Dystrophic calcifications, pos-
sibly due to previous inflammation and infec-
tion, are present in the crevices of the palatine 
and pharyngeal tonsils and are often seen radio-
graphically. On CBCT images, these calcifica-
tions may appear as single or multiple small 
high- density somewhat rounded structures 
(Fig. 2.22).

Sialoliths: Calcification or mineralization can 
occur in the salivary glands. On CBCT images, 
single or multiple, unilateral or bilateral high- 
density calcifications can be noted within the 
salivary glands (Fig. 2.23). Further evaluation is 
recommended.

Pineal gland calcifications: The pineal gland is 
located in the center intracranially between the two 
hemispheres of the brain. It is also known as pineal 
body or pineal organ. This small gland produces 
melatonin hormone that regulates sleep patterns 
and body metabolism. In large field of view CBCT 
scans, calcifications may be noted in the pineal 
gland region. These calcifications may present as 

a b

c

Fig. 2.15 CBCT views show normal unobstructed airway 
on sagittal view (a) and axial view (b). Enlarged adenoids 
causing narrowing of the airway are shown by the yellow 

arrow on sagittal view (c). Cortical changes (red arrow) are 
also noted in the cervical vertebrae (C1 and C2) with pos-
sibly a calcification of a ligament (green arrow)
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single opacification or a group of small higher den-
sity rounded to irregular structures (Fig. 2.24). The 
size is variable. However, if the calcifications 
appear larger than 1 cm in size, further evaluation 
for pathology is recommended. Presence of sleep 
disorders has been also linked to presence of calci-
fications, especially in very young children.

Extradermal and intradermal opacifications 
and calcifications: Facial jewelry, soft tissue 
esthetic implants, cosmetic surgery, and foreign 
bodies may be seen on CBCT images. Obtaining 
a clinical history would certainly guide the clini-
cian in better radiographic interpretation. 
Calcifications within the skin may be seen on 

a

c

b

Fig. 2.16 Coronal (a), axial (b), and sagittal (c) images 
show midline incisive canal cyst vs. enlarged incisive 
foramen in a 62-year-old male. CBCT scan was taken for 
implant treatment planning. Diameter of the well-defined 

corticated entity was more than 5 mm. Lingual cortex was 
partially missing (red arrow). Recommendation was a 
clinical examination to determine the need for biopsy and 
to rule out pathology
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CBCT images due to various reasons such as 
idiopathic or dystrophic conditions, trauma, pre-
vious surgical procedure, systemic diseases, or 
metastatic condition. Elevation of serum calcium 
or phosphate levels should be considered. On 
CBCT images, high-density single or multiple 
calcifications of various shapes may be observed. 

Examples of smaller dispersed extradermal calci-
fication are seen in Fig. 2.25.

Intradermal shunts and catheters: For manage-
ment of various systemic diseases, shunt systems 
and catheters are used. Shunts provide alternative 
pathways through which cerebral-spinal fluids 
bypass obstructions and may run from the sub-

c

a b

Fig. 2.17 Coronal (a) and sagittal (b) images show an oroantral communication (red arrows) with mucosal thickening 
on the floor of the right maxillary sinus. Coronal image (c) also shows displaced root into the maxillary sinus

a b

Fig. 2.18 Linear  calcifications  /  foreign material is 
shown by yellow arrows in the maxillary sinus on coronal 
(a) and sagittal (b) CBCT images. Irregularly shaped 
high-density structure appears to be embedded in the 

thickened mucosal covering on the floor of the left maxil-
lary sinus. Discontinuity of the bone is also noted in the 
left lateral aspect of the maxilla maybe due to previous 
surgical procedure
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arachnoid spaces or the ventricles within the 
brain. Shunts and catheters divert CSF to another 
body region where it will be absorbed to restore 
the physiological balance between CSF produc-
tion, flow, and absorption when one or more of 
these functions have been impaired. These are 
used to relieve the pressure on brain due to fluid 

accumulation. These tubes appear hyperdense on 
CBCT images (Fig. 2.26).

Soft tissue calcification of external auditory 
canal (EAC): The EAC is an important part of the 
temporal bone and is involved in conduction of 
the sound waves. It is approximately a 1-in.-long, 
slightly (S-shaped) curved dermal-lined passage-
way from the outside of the head or auricle 
toward the tympanic membrane or the eardrum, 
which separates it from the middle ear; the outer 
one-third is cartilaginous and inner two-third 
osseous. Soft tissue abnormalities or growths that 
may be incidentally seen on CBCT images, taken 
for dental needs, in the EAC, include cerumen or 
earwax, atresia (narrowing), posttraumatic or 
infection-caused keloid, external otitis  (infection), 
hemangioma, lymphangioma, papilloma, kerato-
sis obturans, acquired cholesteatoma, adenoma, 
fibroma, mixed tumor, and carcinomas. The most 
common lesion is congenital atresia. Wax accu-
mulation is considered a physiological process 
unless clinical symptoms are reported. 
Cholesteatomas are not common in EAC but 
arise as a result of ingrowth of the stratified squa-
mous epithelium of the EAC into the middle ear. 
Cholesteatoma can involve the tympanic mem-

a

c

b

Fig. 2.19 Stafne bone defect is shown by the yellow 
arrows on reconstructed panoramic (a), axial (b), and 
coronal (c) images, which is well-defined, unilateral 
rounded area extending from the medial surface  of the 

mandible or on the lingual aspect of the mandible. Red 
arrow on image b shows loss of mandibular buccal cortex 
due to an osseous inflammatory lesion

Fig. 2.20 Sagittal CBCT view shows the narrowing of 
airway due to enlarged adenoids (yellow arrow)
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brane, the middle ear, and mastoid process. On 
the CBCT, the soft tissue lesion within EAC will 
show as hypodense asymmetric growth of vari-
able size. Differential diagnosis must be made to 
avoid complications, and thus a consultation with 
otolaryngologist is recommended (Fig. 2.27). As 
emphasized earlier, a thorough medical history 

will aid in radiographic interpretation. If unsure, 
communication with the medical team is 
essential.

 Elongated styloid process: The styloid pro-
cess projects down and forward from the infe-
rior aspect of the temporal bone, below the 
ear.  Elongated styloid process is a common 

a

c

b

Fig. 2.21 Carotid artery calcifications are noted bilater-
ally (yellow arrows) as circular high densities on the axial 
image (a). Sagittal view (b) shows somewhat linear 
appearance of the calcifications. Coronal image (c) also 

shows irregular calcification at the level of C3–C4 (yellow 
arrow) on the left side of the partially visible cervical 
spine. Courtesy: Dr. Hui Liang
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a b

Fig. 2.22 CBCT images show smaller multiple tonsilloliths (yellow arrows)

a

c

b

Fig. 2.23 CBCT coronal (a), axial (b), and sagittal (c) images show sialoliths (yellow arrows). Courtesy: Dr. Hui Liang
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a b

c

Fig. 2.24  Pineal gland calcifications are noted on sagittal (a), coronal (b), and axial (c) views by the red arrows. 
Narrow airway is also noted on the sagittal view (a)

Fig. 2.25 Extradermal calcifications are shown on the CBCT images (yellow arrows). Axial, coronal and sagittal 
images show multiple smaller rounded calcifications on the buccal aspect of the mandible within the soft tissue
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Fig. 2.25 (continued)

radiographic finding. The normal length of sty-
loid process ranges from 20 to 
30 mm. Elongation may be unilateral or bilat-
eral. Example of an elongated styloid process 
is shown in  Fig. 2.28.  Foreign mate-
rial:  Nowadays, several injectable midface 
augumentation materials are available in the 
market.  Facial filler may be visualized on 
radiographic images incidentally and should 
not be mistaken as a disease process.  These 
materials appear as hyper-attentuated numer-
ous rounded foci or as linear opaque structures 
dispersed  within subcutaneous facial tissues 
(Fig. 2.29).

It is essential for the clinician, obtaining a 
CBCT scan, to have proper training for interpre-
tation of normal anatomy, variation of anatomy, 
and other abnormalities in these images. Most 
incidental findings are encountered in larger 
field of view scans. Entire data volume should 
be comprehensively evaluated. It is vital to 
understand the importance of identification of 
the incidental findings, frequency of occurrence, 
and the medicolegal implications. It is also 

worth stating that the clinician or diagnostician 
who opts to interpret those radiographic images 
carries the medicolegal and ethical responsibil-
ity for identification of all variations and abnor-
malities in the entire data set of images. The 
need for further follow-up or assessment should 
be recognized when incidental findings are 
encountered that appear to be outside the area of 
expertise of the practicing dentist or specialist 
(Kapila SD book [28], Turpin [29]). Some cases 
may require referral for further clinical assess-
ment and follow-up imaging to confirm the 
diagnosis or to rule out pathology. Although the 
type and frequency of the follow-up imaging 
vary, many clinicians advise a 6- to 12-month 
period. It is not justified to expose the patient 
for the purpose of identifying incidental 
 findings. It should be noted that while dental 
 clinicians are not expected to treat conditions 
outside of their professional expertise, it is their 
responsibility to identify abnormalities and 
deviations in the complete CBCT data set. If 
there are concerns, then the patient should be 
referred to the relevant specialist [30].
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a

c

d

e

b

Fig. 2.26 Catheter is shown by the red arrows on sagittal 
(a) and axial (b) views (sagittal view shows the length and 
axial view shows the diameter of the catheter tunneled 
under the skin  within neck tissues).  Sagittal image (c) 
shows intracranial ventricular catheter (red arrow) and 

calcification of the falx cerebri (green arrows). Sagittal 
image (c), axial image (d) and coronal image (e) show 
calcification of the falex cerebri (green arrows) and intra-
cranial catheter (red arrow). Courtesy:  Dr, Kevin Smith 
and Dr. Steven Sullivan
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Fig. 2.27 Calcification are noted on CBCT images in ear canal with an opaque foreign object

Fig. 2.29 Cheek filler material is noted buccal to the 
zygomatic arches on axial and coronal images bilater-
ally (yellow arrows). Maxillary sinuses also show moder-
ate to advanced mucosal thickening and asymmetry of the 
nasal structures.Courtesy: Dr. Kevin Smith and Dr. Steven 
Sullivan

Fig. 2.28 3-D model of elongate styloid process is visi-
ble (yellow arrow)
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Abstract
Cone beam computed tomography (CBCT) is 
a three-dimensional imaging mechanism that 
is being used more frequently in dentistry and 
across many dental specialties for diagnostic 
and treatment planning purposes. Additionally, 
CBCT may be used to evaluate growth and 
treatment changes in individual patients over 
time when accurate and precise superimposi-
tion techniques are applied appropriately.

3.1  Introduction

For several years and continuing today, the super-
imposition of lateral cephalograms has been used 
to measure growth and assess treatment outcomes 
in orthodontics. These superimpositions can be 
used for the whole craniofacial complex by 
superimposing on the cranial base or be limited 
to regions such as the maxilla or mandible. These 
techniques are widely known and used by ortho-
dontists and are even part of the American Board 

of Orthodontics’ clinical examination process. 
However, two-dimensional (2D) evaluations have 
many limitations including magnification, super-
imposition of bilateral structures, and errors due 
to head rotation. Advancements in digital tech-
nology, especially in cone beam computed 
tomography (CBCT), provide new insights 
regarding how craniofacial growth and treatment 
outcomes can be understood in three dimensions 
(3D). More dramatically, questions that were 
answered previously in 2D studies are being 
asked again, and new studies are reassessing 
older and possibly outdated concepts with the aid 
of CBCT. Some of the answers remain the same. 
However, others have changed. This has direct 
implications for orthodontics and may result in 
changes to the protocols used to treat patients.

Because of its importance in understanding 
growth and treatment changes, several experts 
around the world have tried to establish protocols 
to superimpose CBCT images accurately. After 
almost 20 years of CBCT use, there is research 
showing how accurate CBCT superimposition 
can be using different methods or software pro-
grams. There is a significant increase in the num-
ber of publications in this area with more studies 
using CBCT superimposition to show changes in 
growth and treatment. It is important to under-
stand how the process works to fully appreciate 
what CBCT can offer for longitudinal 
assessment.
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3.2  History of 3D Superimposition 
and Different Methods

A key feature that makes 2D images easy to 
understand is their relative simplicity. A 3D 
structure is summarized as one 2D image. 
Therefore, after tracing two sequential cephalo-
grams, the operator can superimpose them 
quickly using the desired areas as references. A 
CBCT image, on the other hand, is a digital 
image that is visualized on a computer screen and 
is composed of several different layers or slices 
that depend on the voxel size and the field of view 
(FOV). These images can be seen in 2D by check-
ing each one of the cross sections, axial, coronal, 
or sagittal, or in 3D by virtual rendering or seg-
mentation. In other words, it is more complicated 
to read and understand one CBCT than one ceph-
alometric image. The difficulty is increased when 
different scans are being superimposed because 
there are more details in the 3D images and, 
hence, more chances for error.

Even before CBCT was available, the research 
that proposed 3D superimposition used medical 
CT scans and landmarks as references [1, 2]. This 
method, using landmarks, has been used with 
many software applications despite its lack of 
accuracy. For many years, popular commercial 
products, such as Dolphin Imaging and InVivo, 
offered this method as the only technique for 
superimposition. Years later, research [3] showed 
that, despite the excellent reproducibility in iden-
tifying landmarks on a 3D image, small errors 
from each one of them resulted in a compounding 
effect that jeopardized the quality of the final 
superimposition. Even a small linear error in one 
dimension can lead to several degrees of rota-
tional error that substantially affect distant areas.

In 1998, a method to superimpose CT scans 
based on visual assessment was proposed [4] in 
which the observers tried to match semitranspar-
ent models digitally between timepoint 1 (T1) 
and timepoint 2 (T2). This idea was very similar 
to the landmark-based method, except that the T2 
image was rotated manually to fit the T1 image 
by matching the landmarks chosen. Although 
innovative for its time, this idea was not good 
enough to resolve the problem since minor dis-

crepancies were still enough to reduce accuracy 
of the superimposition. It became more evident 
that significant advancements were needed as the 
manual methods were not good enough to address 
the complex problems of 3D superimpositions.

The two most recent and more accurate meth-
ods for 3D superimposition are mostly auto-
mated, requiring less human interaction and, 
therefore, diminishing the chance of error. First, 
the voxel-based superimposition method pub-
lished in the journal Dentomaxillofacial 
Radiology, in 2005 [5], remains the gold standard 
for modern superimposition. In summary, this 
method compares the voxels from two different 
scans and tries to match them for optimal results. 
Given that the cranial base remains essentially 
unchanged once it is finished growing, adult 
patients were the first in which CBCT scans were 
superimposed successfully, because it was easier 
to check for accuracy. The second type of super-
imposition achieved was by using the cranial 
base for growing patients, followed by regional 
maxillary and mandibular superimposition meth-
ods for nongrowing patients and, finally, regional 
applications for growing patients.

In 2005, there was only one software product 
available to perform accurate cranial base super-
impositions. Today, there are several software 
applications available that perform voxel-based 
superimposition with two of them commonly 
used by orthodontists and oral and maxillofacial 
surgeons. The free software available today is 
called “Slicer 3D” and can be downloaded 
quickly through the Internet at cmf.slicer.org. 
OnDemand 3D, Dolphin Imaging, and Maxilim 
are examples of commercially available software 
that can be used for voxel-based superimposition. 
The process can take a few seconds and up to 
40 min [6–9], depending upon the software used 
and the clinician’s experience using it. It is 
beyond the scope of this chapter to discuss in 
detail the advantages and disadvantages of each 
software product. However, the one that has had 
the highest number of studies testing accuracy or 
reproducibility is OnDemand 3D [6, 7, 9, 10].

The last and latest technique developed for 
superimposition of CBCT images is the 
 surface- based superimposition method. It still 
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has some limitations compared to voxel-based 
superimposition techniques. However, while 
voxel-based superimposition is complicated and 
has a steeper learning curve, surface-based super-
imposition is accessible through a variety of non-
medical software application products. In fact, 
several 3D engineering software programs are 
great for performing this type of superimposition. 
Although today the voxel-based technique is 
much simpler than in the past, there was a time 
when surface- based techniques were more user-
friendly, and this is most likely why it remains a 
popular method of superimposition used in many 
studies. The surface-based technique requires 
creation of a 3D model from a CBCT scan. The 
most common file extension used is .stl which 
stands for stereolithography. After creation of the 
models at T1 and T2, the software tries to match 
the areas to the best of its ability. Instead of using 
voxels as a reference, this method matches sur-
faces. One of the disadvantages of this method is 
that it requires the creation of a surface model, 
which could be time-consuming and usually 
requires more than one program since the 3D 
models are created in one program and the super-
imposition is subsequently accomplished in 
another program. Another major disadvantage is 
that multiplanar reconstruction cannot be seen, 
because only the 3D models are superimposed. 
Therefore, if inner structures are of interest for 
examination, their visualization is not possible.

Overall, the voxel-based technique for CBCT 
superimposition is simple, fast, and should be 
considered as the gold standard for superimposi-
tion. Surface-based techniques are very good and 
show results comparable to voxel-based methods 
[11]. However, some of the advantages that it had 
in the past have been surpassed by the advance-
ments in the voxel-based technique. Although it 
is commonly still in use today, it is probable that 
surface-based methods will be used less fre-
quently in the future. Landmark-based superim-
position should not even be considered an option 
given its severe limitations, but it is more a 
method to approximate two different 3D scans in 
space. Despite some landmarks being suggested 
as reproducible to superimpose two images [12], 
as mentioned previously, a small error in each 

landmark can lead to a compounding effect that 
affects the final quality of the resultant 
superimposition.

3.3  Current Status of Voxel- 
Based Superimposition

Voxel-based superimposition has improved 
significantly since it was first developed. With 
the development of different techniques used 
to superimpose and more software products 
available for use today, this method can be 
accomplished in as fast as 10–15 s, depending 
on the voxel size and the software used. For 
this reason, the remainder of this chapter will 
focus on the current status of voxel-based 
superimposition.

Although superimposition can be accom-
plished using many different areas of reference, 
there are four main types of superimposition that 
interest orthodontists and oral and maxillofacial 
surgeons. These include (1) cranial base for non-
growing patients, (2) cranial base for growing 
patients, (3) regional (maxilla or mandible) for 
nongrowing patients, and (4) regional (maxilla or 
mandible) for growing patients. Each one of 
these will be discussed specifically.

3.4  Cranial Base Superimposition 
for Nongrowing Patients

Cranial base superimposition for nongrowing 
patients has been extensively studied by several 
research groups and validated using different 
software programs [8–11]. This type of superim-
position is very easy to achieve because the whole 
cranial base remains stable in adult patients and, 
therefore, the area used to match the T1 and T2 
images is large. By default, when the cranial base 
is superimposed in an adult, the maxilla will be 
superimposed as well, unless there has been some 
intervention applied, such as surgery, to move it. 
The mandible, however, because it is not rigidly 
connected to the rest of cranium, may have 
 different positions between scans and is the main 
reason why studies that assess mandibular 
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changes following orthognathic surgery, for 
example, should report changes as “displacement 
and/or remodeling” rather than as remodeling 
alone. It is very unlikely that the mandible would 
remain in exactly the same position relative to the 
cranial base before and after orthodontic or surgi-
cal treatment.

3.5  Cranial Base Superimposition 
for Growing Patients

Cranial base superimposition for growing patients 
is more challenging than in nongrowing patients, 
because the cranial base itself changes during 
growth. There are not many studies previously 
published that have used this technique. However, 
there are enough data available to support that 
superimposition can be achieved successfully 
using the voxel-based technique [9, 13]. To 
accomplish cranial base superimposition in grow-
ing patients, the region of interest used as a refer-
ence should only be the anterior cranial base. 
Therefore, it is very important in growing patients, 
as opposed to nongrowing patients, that the T1 
and T2 scans are placed manually so that the ante-
rior cranial base structures are close to one another 
to achieve optimal results (Fig.  3.1). This tech-
nique is very useful to visualize overall changes in 

the craniofacial complex resulting from facial 
growth and orthodontic, dentofacial orthopedic, 
and/or orthognathic surgical treatment.

3.6  Regional Superimposition 
for Nongrowing Patients

Regional superimposition for nongrowing 
patients was introduced in dentistry by Koerich 
et al. [6] and is relatively new compared to cra-
nial base superimposition. Given the novelty of 
the technique, not many studies are available 
from different research groups for comparison. 
However, this type of superimposition is predict-
able and easy to achieve as reproducibility by dif-
ferent operators was shown to be almost perfect 
[6]. Similar to cranial base superimposition for 
growing patients, in which the area on which 
sequential images will be superimposed must be 
limited to the anterior cranial base, the key for 
successful regional superimposition in nongrow-
ing patients is to approximate the T1 and T2 
images of the maxilla and mandible to achieve 
optimal results. When the goal is to superimpose 
the mandible, part of the maxilla will be present 
in the scan as well, and vice versa. This is why it 
is so important to approximate the area of interest 
on the T1 and T2 images manually to indicate to 

a b c

Fig. 3.1 Overlay of T1 (gray) and T2 (red) CBCT of a 
growing patient. (a) Before approximation of the cranial 
base, the T1 and T2 are far away. This could lead to failure 
during the superimposition process. (b) After manual 

approximation to optimize the superimposition. (c) After 
superimposition was done using the anterior cranial base 
as the reference
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the program where it should look for voxels on 
which to superimpose. This is key to the success 
of this method. One of the main advantages of 
regional superimposition is the ability to reduce 
the FOV of the scan, thereby reducing the radia-
tion dose to the patient. This technique can be 
applied to understand bone remodeling that has 
occurred in the maxilla or mandible and to track 
changes in tooth position over time due to orth-
odontic treatment, late eruption, or pathologic 
migration. Also, it can be used following bone 
grafting to assess changes in quality of bone for 
implant planning and placement and to track pro-
gression of condylar hyperplasia or resorption.

3.7  Regional Superimposition 
for Growing Patients

The latest area for development of techniques for 
CBCT superimposition in dentistry is in regional 
superimposition for growing patients. Because 
growth is different between the maxilla and man-
dible, they will be discussed separately.

The first two studies exploring regional super-
imposition of the mandible in growing patients, 
by Ruellas et al. [14] and Koerich et al. [7], both 
showed small differences in reliability between 
operators. More importantly, Ruellas et  al. [14] 
found that some of the areas shown to be reliable 
for 2D mandibular superimposition in growing 
subjects by Bjork [15] using cephalometric films 
may not be stable enough for 3D superimposition. 
Changes in the mandibular canal and crypts of the 
developing third molars apparently occurred and 
made it difficult to superimpose sequential CBCT 
images reliably. These recent studies presented 
new findings that bring into question some of the 
old views that were once considered absolute 
truths. Today, it is reasonable to doubt whether the 
mandible has any areas that can be considered 
truly stable during periods of active growth so that 
they can be used reliably for superimposition pur-
poses. Ideally, metallic implants, such as those 
used by Bjork [16, 17] in developing his original 
theories of growth, would help in developing how 
sequential images of growing mandibles might be 
accurately superimposed. Because of ethical con-
cerns, however, this is not possible. Since mini-

plates and miniscrews are often used for 
orthodontic and orthopedic treatments, it may be 
possible to use these as references for superimpo-
sition. However, miniplates are malleable and 
bend easily as shown in Fig.  3.2. While minis-
crews are believed to move sometimes in response 
to applied forces [18], a recent study has shown 
they are stable enough to be used as references for 
sequential 3D image superimposition at least over 
a short time interval [19].

The only study published on regional super-
imposition of the maxilla in growing patients was 
by Ruellas et al. [20]. They compared maxillary 
superimpositions in growing patients using two 
different areas of reference. The results showed 
good intra- and inter-examiner reproducibility. 
They did not attempt to test accuracy of the 
method nor to find stable structures within the 
maxilla to be used for superimposition. Half of 
the sample used were patients that had rapid 
maxillary expansion. Given the elaborate method 
used and the intense calibration of the examiners 
in this study, the technique used is not easily 
accomplished, testing by other centers using dif-
ferent techniques is still necessary.

In summary, the voxel-based technique is 
well-established for superimposition of sequen-
tial CBCT images, except for regional superim-
position in growing patients. There are still 
improvements needed, and it is questionable 
whether or not there are stable reference areas 
that can be used to achieve reliable superimposi-
tion of the maxilla or mandible in growing 
patients. Rather than continuing to search for 
stable areas that may not exist, an alternative may 
be to find areas that are easier to use in order to 
achieve techniques with greater reproducibility 
of superimposition among different operators.

3.8  Evaluation 
of Superimpositions

Reviewing the classic longitudinal studies 
accomplished in orthodontics and oral surgery, 
there is a common pattern evident in the presen-
tation of the methodology and analysis used. 
Generally, superimposition is accomplished and 
the results are presented by comparing the 

3 3D Imaging to Assess Growth and Treatment Effects



56

 location of landmarks, distances, and angles 
identified before and after treatment. From a clin-
ical standpoint, visual assessment of a superim-
position can provide a rough estimate of the 
changes from treatment quickly. While 3D 
images are superior to a 2D representation, the 
complexity of new technology has provided 
opportunities for numerous studies to be under-
taken just for proposing new methods of evalua-
tion. CBCT scans are much more detailed, 
extremely precise, and rich in data when com-
pared to 2D cephalograms. However, there are 
two important disadvantages that should be 
understood. First, from a research standpoint, 
longitudinal studies using 3D data lack standard-
ization in methodology, making comparison 
among studies more challenging. Second, for a 
clinician wanting to evaluate treatment outcomes, 
the learning curve for reading a 3D image is 
steeper compared to 2D.  With that in mind, 

insights are presented on how to interpret 3D lon-
gitudinal changes from a research and clinical 
perspective.

3.9  Research and Clinical Evaluation

There have been several studies using different 
methods of 3D evaluation including volumetric 
changes [21], shape correspondence [22], 
landmark- based measurements [23], closest point 
technique [6, 7], and combinations [24], as well as 
other methods that may be found in the literature. 
The most commonly used ones have been mea-
surements made directly on the multiplanar recon-
struction or surface model (either landmarks, lines, 
or angles) or the closest point technique.

The closest point technique method has been 
used in the literature extensively to provide an 
easy way to communicate and visualize changes. 

Fig. 3.2 Frontal, lateral, and superior view of segmented 
mandibular plates used for bone-anchored maxillary pro-
traction. The CBCTs were taken 1  year apart, and the 
models were superimposed using the surface-based tech-

nique. Note that the plates were bent during the year that 
the patient used elastics for Class III correction. This 
makes it more difficult or invalid to use this type of plates 
as stable references to assess growth
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In fact, the first study done using voxel-based 
superimposition also used the closest point tech-
nique for evaluation [5]. This technique is rela-
tively easy to use and can be done using several 
different software applications. However, it first 
requires that a reliable superimposition be 
accomplished prior to measurements being made. 
It provides a simple and fast method to visualize 
all the changes based on color-coded maps, with 
each color representing a certain degree of 
change. On the other hand, this technique has 
limitations with the outcomes needed to be evalu-
ated carefully. As mentioned by Jabar et al. [25], 
the closest point technique can underestimate 
changes, sometimes significantly. The reason for 
this is that the closest point technique measures 
the smallest distance between two surfaces rather 
than corresponding surfaces. Therefore, the 
researcher needs to fully understand the limita-
tions of the method in order to minimize those 

limitations. A great aid to understanding the out-
comes is to have a semitransparency in addition 
to the color-coded map (Fig. 3.3). Another disad-
vantage of this method is that only the external 
surfaces can be used for measurement.

The landmark-based technique has also been 
used extensively in the literature and is even eas-
ier to learn and perform than the closest point 
technique. Almost any software available can be 
used to provide this type of assessment, and it can 
be done according to the researcher’s prefer-
ences. This means that landmarks, angles, and 
lines can be “created” according to the needs of 
the research being performed. The advantage is 
that it is a flexible technique that allows a 
researcher to use the best way to make measure-
ments; however the disadvantage is that there is 
nonuniformity among the methods used in vari-
ous studies, making it more difficult to compare 
results.

Fig. 3.3 Lateral semitransparency and frontal view of the 
color maps together help to communicate a more com-
plete understanding of the treatment outcome. The color 
map by itself only shows inward or outward movement. 
Therefore, based on the color map alone, both the maxilla 
and mandible were advanced. When the color maps are 

visualized with the semitransparency, it is clear that the 
maxilla is not only advanced, but it was intruded posteri-
orly, while the incisal edges had a very small vertical 
change. The mandible was not advanced but rotated coun-
terclockwise following the new maxillary position

3 3D Imaging to Assess Growth and Treatment Effects



58

Results from studies using landmark-based 
evaluation techniques are numbers from mea-
surements made at T1 and compared to numbers 
from measurements made at T2. For example, if 
SNA were 80° at T1 and 78° at T2, then the 
change from T1 to T2 could be reported as −2°. 
This makes changes easy to communicate and 
provides numbers that can be used for statistical 
comparisons. Since the accuracy and reliability 
of the measurements are not influenced by differ-
ent head orientations [26] as they might be using 
2D cephalometrics, prior superimposition of the 
T2 onto the T1 images is not necessary if the 
measurements do not include obtaining oriented 
coordinates. However, given the easy access to 
voxel-based superimposition and the relative 
standardization of the procedure, it would be rec-
ommended that superimposition of the images be 
accomplished so that the slices of the T1 and T2 
images also have the same common coordinates.

For purposes of clinical evaluation, sequential 
CBCT changes can also be interpreted using the 
methods already presented. However, in many 
circumstances, the clinician is looking for a very 
quick and simple way of understanding changes 
that have occurred over time. As clinical time is 
valuable, techniques for clinical interpretation 
need to be easy to learn and able to provide the 
answer a clinician seeks without needing to make 
additional measurements, plotting landmarks, or 
making other complex manipulations. Clinicians 
would like to look at the before and after images 
and have an answer quickly in a few seconds or 
minutes. Such clinical evaluation would not be 
suitable for research purposes where precision 
and accuracy are mandated. However, a quick 
evaluation would suit the needs of thousands of 
providers who want to translate the research 
advancements in 3D technology to their private 
practice environment.

In order to make it easier to understand the 
changes between two longitudinally acquired 
CBCT scans, the first step required is the reorien-
tation of the T2 scan to the T1 scan position. In 
this way, the two images will have the same coor-
dinates and spatial orientation. The area of 
 superimposition needs to be chosen according to 
the clinician’s needs. As mentioned previously, a 

voxel-based superimposition can be accom-
plished in as little as 10–15 s using commercially 
available software such as OnDemand 3D. Once 
this step is done, the software enables the clini-
cian to view the two scans side-by-side, and they 
are linked together. This means that, as the clini-
cian goes through the slices in any direction on 
the T1 image, the slices in the T2 image will also 
change, so the same slice in both images can be 
compared easily. Figures 3.4, 3.5, and 3.6 show 
an example of the slices shown side-by-side. The 
method of evaluation is subjective, and no mea-
surements need to be made, but measurements 
can be displayed if desired. This protocol can fit 
the needs of a dentist that does not want to spend 
hours and weekends learning complicated meth-
ods of performing a thorough 3D evaluation.

The decision of which method to use for eval-
uation of superimposed CBCT images depends 
on several factors including the final goal of the 
evaluation, the area to be measured, the knowl-
edge of the examiner, and the availability of 
appropriate software. Given the underestimation 
of changes evident using the closest point tech-
nique, the selection of appropriate cases is the 
most important factor when using this type of 
evaluation. Landmark-based measurement 
always presents a great potential for successful 
evaluation in any case, but it is important to 
remember that standardization of measurements 
is a problem when comparing results among dif-
ferent studies. In addition, the three-dimensional 
aspect of the CBCT scan is not fully appreciated 
when only landmark changes are reported since 
landmarks themselves represent only a very 
small portion of the total 3D scan.

3.10  Interaction with Other  
3D Modalities

Although many dentists think of 3D diagnosis as 
the latest development in the profession, there is 
evidence in the literature to suggest that attempts 
were made to obtain true 3D patient records more 
than a century ago. Dental casts themselves have 
been in use for more than 100 years, and Calvin 
Case touted the advantages of relating them to 
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a b c

d e f

Fig. 3.4 Regional superimposition of the maxilla show-
ing the alveolar changes after bone grafting. T1 and T2 
have the same spatial coordination. Axial and coronal 

slices of presurgery (a and d) and 4 months after surgery 
(b  and e). c and f show the overlay of both T1 and T2. 
Courtesy of Dr. Janina Golob Deeb (Richmond, VA, USA)

a b c

Fig. 3.5 Cranial base superimposition showing the con-
dylar displacement after surgery. T1 and T2 have the same 
spatial coordination. Sagittal slices of presurgery (a) and 
3 years after surgery (b). Overlay of the images is shown 

in (c). Despite posterior movement of the condyle, the 
posterior articular space was maintained. Surgery per-
formed by Dr. Jonathas Claus (Florianópolis, Brazil)
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full facial plaster casts in his book published in 
1908 [27]. In 1915, Van Loon [28, 29] proposed a 
method for attaching facial models to dental casts 
and, by reproducing head orientation, creating a 
full 3D record. Likely, due to the laborious nature 
of this method, it was not used commonly. 
Advancements in digital technology have allowed 
a revival of these forgotten ideas. Obtaining an 
intraoral dental scan in a matter of minutes and a 
CBCT scan in a few seconds, using 3D stereo-
photogrammetry to create a facial image in a split 
second, and merging all that data together to cre-
ate a full 3D representation of a patient are what 
make 3D imaging such an interesting field 
(Fig. 3.7). The merging of two or more types of 

data is commonly called image fusion and can be 
accomplished using CBCT and 3D stereophoto-
grammetry [30], CBCT and digital models [31], 
3D photogrammetry and digital models [32], and 
all of them together [33].

The method of image fusion varies among the 
modalities involved. If it involves 3D stereopho-
togrammetry, then it will be surface- or landmark- 
based, since there are no voxels available for 
fusion in this type of image. In the literature, the 
fusion between CBCT and digital models can 
also be done using a voxel-based method since 
conventional impressions can be scanned by a 
CBCT machine and merged with the patient’s 
CBCT scan [31]. In addition, fiducial markers are 

a b c

d e f

Fig. 3.6 Regional superimposition of the mandible 
showing the condylar changes after orthognathic surgery. 
T1 and T2 have the same spatial coordination. Sagittal and 
axial slices of presurgery (a and d) and 3 years after sur-
gery (b and e). c and f show the overlay of both T1 and T2. 

Please note the areas of bone resorption (yellow arrows) 
and bone deposition (green arrows). The image overlay 
makes it easier and faster to understand the changes in the 
condyle. Surgery performed by Dr. Jonathas Claus 
(Florianópolis, Brazil)
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sometimes used in this technique to improve 
accuracy [34, 35]. This may be necessary since 
surface-based registration of the dental area may 
be compromised in cases where the patient has 
fixed orthodontic appliances in place, or if there 
is gutta-percha, metallic crowns, implants, or 
other materials present that create scatter in the 
CBCT image.

The application of the latest technology in pri-
vate practice such as guided implant surgery [36], 

guided temporary anchorage device placement 
[37], and virtual orthognathic surgery [38] is only 
possible because of advancements in image 
fusion. Another groundbreaking advancement is 
the ability to track tooth root movement with one 
CBCT scan and multiple dental casts that can be 
made at various timepoints during orthodontic 
treatment [39, 40]. This technique allows the cli-
nician to evaluate root position at any point dur-
ing treatment without the need of an additional 

a b

c d

Fig. 3.7 (a) 3D stereolithographic photo, (b) CBCT scan reconstruction, (c) scanned model of the teeth in occlusion, 
and (d) superimposition of the three images

3 3D Imaging to Assess Growth and Treatment Effects



62

radiograph or CBCT, thus achieving the best 
clinical outcome without additional radiation.

Interaction among 3D modalities will become 
easier in the future as the equipment required to 
obtain these images becomes more accessible. 
As of today, despite being quite expensive, the 
cost- benefit of having a 3D intraoral scanner 
and CBCT machine justifies their purchase in 
the eyes of many clinicians. On the other hand, 
3D stereophotogrammetry does not have the 
ability to improve diagnostic accuracy or opti-
mize the workflow of the dental office. Recent 
studies have shown that the ability to predict 
soft-tissue changes following orthognathic sur-
gery is limited even in 2D [41, 42]. In the future, 
if studies can determine the individual charac-
teristics that make it possible to predict soft-tis-
sue treatment outcomes more accurately, then 
3D stereophotogrammetry will become a more 
helpful tool for comparing possible treatment 
options.

3.10.1  Case Reports

This section shows different treatment modalities 
from different dental specialties and how 
 superimposition can improve the quality of diag-
nosis and follow-up.

3.10.2  Case 1

The patient had an implant placed at the site of 
the maxillary right lateral incisor by the general 
dentist. The implant angulation was incorrect, 
with almost two-thirds of the implant not covered 
by bone. From a functional standpoint, the crown 
was properly positioned, but the patient did not 
want to remove the implant and place a new one 
to correct the angulation. The patient was referred 
to the periodontist for a bone graft to avoid fenes-
tration and progression of bone loss. Figure 3.4 
shows the before and after surgery with the grafted 
bone around the implant. In this particular case, if 
any problem happens, a small field-of- view 

CBCT can be taken and superimposed to accu-
rately assess the bone remodeling around the 
implant.

3.10.3  Case 2

The patient had bimaxillary advancement sur-
gery to correct the malocclusion. A bilateral sag-
ittal split osteotomy was done in the mandible 
and the patient did not have any problems after 
surgery. The patient was part of a study and, 
3  years after two-jaw surgery, had a second 
CBCT taken for evaluation. Cranial base super-
imposition (Fig.  3.5c) showed that the condyle 
moved posteriorly in the glenoid fossa but the 
posterior articular space was maintained. This 
happened because the condyle was slightly 
resorbed 3 years after surgery as can be seen in 
the ramus superposition (Fig. 3.6b yellow arrow). 
Also, bone deposition occurred on the anterior 
part of the condyle (Fig. 3.6b green arrow). The 
different images complement each other to com-
municate a full understanding of the changes.

3.10.4  Case 3

This case report illustrates how emerging tech-
nology is being applied to optimize digital 
orthodontic treatment planning. A 28-year-old 
patient presented with a chief complaint of 
crooked teeth and deep bite (Fig. 3.8). A CBCT 
scan and digital models were obtained, and an 
initial virtual setup was generated using only 
the digital models (Fig.  3.9a). The teeth 
(including roots) were segmented from the 
CBCT scan and superimposed onto the crowns 
of the initial virtual setup using the surface-
based method (Fig. 3.9b). Superimposition of 
the CBCT teeth and virtual setup allowed for 
assessment of root angulation and inclination 
in the virtual setup and, for this patient, several 
root angulation issues were found in the initial 
virtual setup. To obtain excellent root parallel-
ism, a final setup was generated taking into 
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account the root position (Fig. 3.9c). INBRACE 
lingual braces were virtually positioned onto 
the final virtual setup, and the crowns with 
brackets of this final setup were converted back 
to the malocclusion maintaining the same 
bracket position relative to the crown 
(Fig. 3.10a). An indirect bonding tray was 3D 
printed based on the virtual bracket placement 
and was used to bond INBRACE lingual braces 
onto this patient’s teeth (Fig. 3.10a). To check 
the accuracy of the bracket placement, an intra-
oral scan was obtained after bonding, and this 
scan was superimposed onto the malocclusion 
digital model with virtually positioned brack-
ets (Fig.  3.10b). Color displacement maps 
found that the physical and virtual bracket 
placements were within 0.1  mm accuracy of 
each other (Fig.  3.10c). At 5  months, both 
maxillary and mandibular arches had custom- 
fabricated 0.016” NiTi archwires in place and 
the alignment of the teeth had improved dra-
matically. The patient’s mandibular anterior 
teeth were in occlusion with maxillary anterior 
brackets on the lingual resulting in a bite turbo 
effect that caused opening of the deep bite 
from day one. The resulting bilateral posterior 
open bite was closed partially due to simulta-
neous extrusion of the molars. Light cross elas-
tics were used from the buccal buttons on the 
mandibular right first and second molars to the 

lingual interdental loop between the maxillary 
right first and second molars to address the 
right-side molar crossbite problem (Fig. 3.11). 
To monitor root position in three dimensions 
during treatment for this patient, the segmented 
pretreatment CBCT teeth were superimposed 
onto a progress intraoral scan (Fig. 3.12). This 
method of root tracking can be done at any 
stage of orthodontic treatment without the need 
for additional CBCT scans. The treatment was 
finished in 18 months (Fig. 3.13).

3.11  Conclusion

Cone beam computed tomography (CBCT) for 
evaluating longitudinal changes is a rapidly 
changing and exciting area in dentistry. There 
are several techniques and methods of evalua-
tion available to accomplish superimposition. 
As radiation dosages continue to decrease with 
the development of new technologies, CBCT 
evaluations will be more commonly 
performed.

There is a need for clinicians to understand 
how to assess the quality of the many studies 
being done in this area and also to learn how to 
evaluate their own cases in a simple and efficient 
manner. The learning curve in 3D technology is 
much steeper compared to that used when 

Fig. 3.8 Pretreatment intraoral pictures. Case courtesy of Dr. Hongsheng Tong (Chino, CA)
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a
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Fig. 3.9 (a) Pretreatment CBCT showing the tooth posi-
tion and root angulation. On the right side showing a setup 
done using the scanned model. (b) Showing left and right 
side of the initial setup. The roots from the CBCT were 

merged with the teeth from the scanned model. The setup 
shows the improper root angulation when the digital setup 
takes into account the crowns only. (c) Final setup after 
considering the root position for each individual tooth
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Fig. 3.10 (a) On the left side, the scanned teeth with the 
virtual brackets in place. On the right side, after bonding. 
(b) Surface-based superimposition performed using the 
models, and the color map shows the distance between 
the planned bracket position and the final bracket posi-

tion. This serves to measure the accuracy of the indirect 
bonding technique. (c) Closeup view of the upper left 
side showing the accuracy of bracket placement (3D 
images courtesy from Drs. André Weissheimer, Robert 
Lee and John Pham)
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Fig. 3.11 Initial and 5 months’ progress of the case treated with INBRACE

 interpreting 2D images. Additionally, more 
changes have occurred in the 3D world in the 
last 10 years compared with all of the develop-
ments in 2D imaging over its lifetime. As seen in 
the last few years, the barrier between clinicians 
and the knowledge necessary to comprehend 
these developments will be reduced as the soft-
ware programs become more automated and 
user-friendly.

Overall, the current literature suggests that 
longitudinal superimposition of CBCT images 
should be done using the voxel-based technique. 
No consensus currently exists about how the 
evaluation should be accomplished or inter-
preted, and there is room for improvement in this 
area. Therefore, there is a need to stay up-to-date 
with the latest innovations in this cutting-edge 
technology.

L. Koerich et al.



67

a

b

Fig. 3.12 (a) Scan taken during treatment. (b) The crown and roots from the pretreatment CBCT were merged into the 
new position so the doctor can track root position without additional radiation

Fig. 3.13 Final pictures after 18 months of treatment
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Imaging and Analysis 
for the Orthodontic Patient

Jae Hyun Park and Dawn P. Pruzansky

Abstract
Cone-beam computed tomography (CBCT) 
has become an integral component of orth-
odontic diagnosis and treatment planning. The 
leap from 2D to 3D analysis has allowed for a 
more comprehensive evaluation before, dur-
ing, and after orthodontic therapy. CBCT has 
been instrumental in  localizing impacted 
teeth; evaluating asymmetry, airway, and tem-
poromandibular joint anatomy; selecting sites 
for temporary skeletal anchorage; and assess-
ing root length and alveolar bone dimensions. 
In this chapter, CBCT imaging and analysis of 
the orthodontic patient will be discussed.

4.1  Introduction

Cephalometric analysis is an important compo-
nent of orthodontic diagnosis and treatment plan-
ning. Together with diagnostic casts and 
photographs, an accurate problem list can be 
determined. The information in the radiographs 
gives practitioners important insights that cannot 
be seen with models or photographs alone. One is 
able to determine the position of the maxilla and 
mandible in relation to the cranial base and to one 
another in addition to the position of the teeth, 
alveolar bone support, and temporomandibular 
joint anatomy. Treatment planning may vary 
greatly with a dental versus skeletal disharmony, 
and the radiographs allow us to make that 
assessment.

4.2  History

A combination of the Broadbelt-Bolton cepha-
lometer, developed in 1931, and long-term 
anthropomorphic data is the basis of the current 
practice of cephalometric diagnosis [1]. The 
cephalometer allows for reproducibility of patient 
positioning, which in turn has allowed for serial 
cephalometric studies. From these radiographic 
images, points and structures within craniofacial 
anatomy can be located and measured.

A cephalometric radiograph is obtained using 
a fixed frame, so that the projections are 
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 standardized and can be compared. Patients are 
positioned while standing, with the sagittal plane 
of their head 5  ft from the actual source of the 
x-rays and the axis of the two ear plugs aligned 
with the point source of the x-rays [2]. A distance 
of 15 cm from the midsagittal plane to the film 
cassette increases reproducibility, as a greater 
distance will magnify the image.

The limitations and problems associated with 
two-dimensional (2D) lateral cephalograms 
include magnification, superimpositions of bilat-
eral anatomic structures, foreshortening, and 
elongation. There is also a “differential magnifi-
cation” of structures on the right versus left side, 
given the difference in the distance to the film. 
The inability to view these bilateral structures 
may create an error in diagnosing certain 
asymmetries.

Cone-beam computed tomography (CBCT), 
although growing in popularity and usage, has 
been considered an adjunct when 2D imaging 
does not provide enough information for clinical 
diagnosis. Computed tomography (CT) has been 
used successfully in the medical field since 1971 
[3]. In 1979, the Nobel Prize was awarded to 
Allan M.  Cormack and Godfrey N.  Hounsfield 
for the development of computer-assisted tomog-
raphy [4, 5]. This later came to be known as com-
puted axial tomography (CAT), and these images 
contributed vastly to the medical diagnostic field, 
since organs and systems could be viewed. 
Although CAT scans have increased in use for 
diagnostic purposes, the risks associated with 
radiation dosage outweighed the potential benefit 
to the dental field [6, 7]. In 1998, CBCT was 
introduced to the dental community as a lower 
radiation dose and lower scanning cost option to 
diagnostics [8, 9].

In dentistry and orthodontics, high-resolution 
CBCT is used to acquire a low-distortion digital 
image of the hard and soft tissues of the craniofa-
cial structures. Unlike conventional CT which 
uses a fan-shaped beam to create multiple thin 
slices, CBCT machines have a cone-shaped 
beam. In addition, the resolution is measured in 
voxels instead of pixels, which results in a sharper 
image. These images are most commonly stored 
as a digital imaging and communications in med-

icine (DICOM) file. Panoramic and cephalomet-
ric projections that are produced by CBCT are 
transformed into a three-dimensional (3D) for-
mat after the data has been reformatted in a vol-
ume by computer software, the most common of 
which is multiplanar reconstruction (MPR) 
[10–12].

These images can be used to gather diagnostic 
information on temporomandibular joints, ana-
tomic features of the craniofacial bones, to mea-
sure the width of alveolus and the position of 
teeth within the bone, to determine the position 
of supernumerary and impacted teeth, and to 
identify sites for implant placement or osteoto-
mies [13, 14]. CBCT imaging is also used to plan 
for orthodontic and orthognathic surgery treat-
ment, to assess skeletal displacements after oste-
otomies, to verify treatment outcomes, and to 
determine stability [15].

4.3  3D Cephalometric Image 
Preparation

Often, the 3D data is converted to a 2D image for 
analysis, yet the ability to perform a true 3D anal-
ysis may be a key to overcome all the traditional 
cephalometric disadvantages. A systematic 
method to digitize and analyze 3D radiographic 
images has not yet been well established, 
although much research has been devoted to this 
task. Kochel et al. [16, 17] developed a 3D soft 
tissue analysis based on the data derived from 3D 
stereophotogrammetric images. All the measure-
ments were taken from the projections of the 
digitized points and were used to evaluate corre-
lation of the 3D soft tissue data to variables 
retrieved from 2D lateral cephalometric analysis. 
Farronato et al. [18] proposed a 10-point 3D anal-
ysis of CBCT images directly digitized on the 
rendered view. They reported the reliability and 
the reproducibility of their method and compared 
it to 2D data, but the sample size prevented nor-
mative values. Bayome et al. [19] proposed a new 
3D cephalometric analysis and evaluated the 
relationships among skeletal and dentoalveolar 
variables. Their study has also provided the 
norms of the 3D variables of a Korean normal 
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occlusion population. As 3D analysis becomes 
more commonplace, normative data will be more 
readily available. Continued research should 
focus on a systematic and repeatable approach to 
analysis that can be integrated into diagnosis and 
treatment planning protocols.

4.3.1  Reorientation of Head 
Position

The reorientation process depends on placing the 
image of the head into a known, repeatable posi-
tion in the coordinate system through defining 
the origin point and the X, Y, and Z planes. These 
definitions should be based on landmarks that are 
least susceptible to asymmetry and least affected 
by treatment procedures to strengthen the reli-
ability and validity of the required planes. Nasion 
(N) and anterior nasal spines (ANS) tend to fall 
on or very close to the midsagittal plane in 90% 
of the population [20]. Therefore, Bayome et al. 
[19] selected N as an origin of the 3D coordinate 
system. The horizontal plane (X) was defined 
through the right and left orbitales (Or) and the 
left porion (Po), while the midsagittal plane (Y) 
was defined as the perpendicular plane passing 
through N and ANS. The vertical plane (Z) was 
perpendicular to both X and Y (Fig. 4.1).

Swennen et al. [21] proposed a reorientation 
method with the origin at Sella (S). Park et  al. 
[22] suggested the use of the right and left zygo-
matic suture points or the orbitale (Or) as a stable 
transverse line to guide the construction of the 
horizontal plane in 3D coordinate systems. Kook 
and Kim [23] proposed a clinical method to eas-
ily reorient the head using frontal facial and intra-
oral photographs. Interestingly, Gupta et al. [24] 
studied the effect of landmark identification with 
and without orientation of the CBCT image and 
found no statistically significant differences 
between the two images.

4.3.2  Segmentation of CBCT Images

Volume segmentation, the allocation and separa-
tion of an anatomical structure or region of inter-

est from the 3D volumes, should be considered 
prior to landmark identification. The difficulty of 
segmentation is attributed to the variability and 
complexity of the biological tissues, the large 
size of the data sets, and the limitations of imag-
ing techniques, such as low contrast, motion, and 
noise, which may result in indistinct boundaries 
of the adjacent structures. Thresholds must be set 
to filter data depending on voxel intensities to 
allow for differentiation of soft tissue, bone, etc.

4.4  3D CBCT Superimposition

3D superimposition methods are based on either 
registration points or mathematical algorithms 
[25]. In the registration point approach, certain 
landmarks are registered on two volumetric 
images, which will coincide when the superim-
position is made. With mathematical algorithms, 
the initial 3D CBCT scan is considered to be the 
volume of interest (VOI) or the reference volume 
[12]. Software, based on probability and infor-
mation theory, then superimposes the second 
scan over the VOI in its best-fit position, and the 
fusion process of the two images occurs automat-
ically. It is not dependent on an operator skill and 
is faster than manual methods [26].

X

N

Y Z

Fig. 4.1 Reorientation of the head and coordinate sys-
tem. N, nasion; X, the horizontal plane; Y, the midsagittal 
plane; Z, the vertical plane (Reproduced with permission 
from Sem Orthod)
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4.4.1  3D Superimposition Methods

Superimposition methods used for clinical diag-
nosis and treatment evaluation purposes in orth-
odontic treatment and craniofacial surgeries vary 
in their benefits and limitations. With most soft-
ware programs, a clinician does the initial align-
ment of the landmarks or anatomic structures of 
the two images to be superimposed; then the 
computer software measures the changes in other 
anatomic structures relative to the registered 
points or structures. The final superimposed 
image shows changes that have resulted from 
growth or treatment [27–30].

With the iterative closest point (ICP) method, 
a more accurate measurement can be made by 
using the same points on the same surface with 
fusion at different time points [31, 32]. The accu-
racy of linear measurements in 2D cephalograms 
and 3D scans are not the same because of a dif-
ference in the size and location of the objects in 
the two imaging systems [33]. When utilizing 
CBCT data, the ICP method allows for the pre-
cise fusing of two 3D images from growing 
patients [31, 32]. With the ICP technique, an 
operator manually defines a certain domain on 

the surface of the CBCT scans such as the outline 
of the anterior cranial base from the superior 
view (Fig. 4.2). Then the software automatically 
matches and registers the identical landmarks of 
the selected domains on the two scans and com-
pletes the superimposition process. The operator 
can evaluate and measure the changes relative to 
the registered surfaces. After mastering the use of 
the software, image measurements can be made 
with great repeatability [29]. With the ICP 3D 
superimposition technique, registration of the 
scans over the cranial base is reported to be an 
accurate method for superimposition [34–36]. 
This method can be used for a valid and repro-
ducible assessment of treatment outcomes for 
growing subjects. ICP is also considered to be 
clinically valuable because of the manageability 
and 3D accuracy of data compared with MPR 
images (Fig. 4.3) [35].

Gianquinto et al. [37] introduced a reproduc-
ible CBCT superimposition method based on the 
posterior cranial base in a single software pack-
age using a step-by-step manual technique. With 
this method, the craniofacial volume for each of 
the patients is imported to 3D CBCT superimpo-
sition software. The software resamples the scans 
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Fig. 4.2 The iterative closest point (ICP) method. 
(a) Cranial base superimposition performed on all areas of 
the cranial base except the peripheral growing zone. 

(b)  Merged image of pre- (T0) and posttreatment (T1) 
CBCT scans, superimposed at the cranial base 
(Reproduced with permission from Sem Orthod)
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to a 0.5 mm voxel size and then superimposes the 
images with a mutual information algorithm. At 
this stage, the operator uses a semiautomatic 
technique to extract posterior cranial base surface 
data, which results in a colored map based on the 
distance between the two volumes relative to the 
cranial base [38].

The other method is voxel-based image regis-
tration, which is an accurate and reproducible 
semiautomated technique for 3D CBCT superim-
position [39, 40]. For example, when a patient is 
fully grown and developed, registration of the 
superimposed CBCT images of the zygomatic 
arches can be considered as an alternative to the 
anterior cranial base [41]. After superimposition, 
the differences between the two surfaces are 
mapped with about 600,000 color-coded surface 
distances in millimeters, which helps a practitio-
ner quantify and visually assess the hard and soft 
tissue changes between the two scans relative to 
the cranial base [27, 42].

4.4.2  Photographs and CBCT 
Superimposition

More recently, CBCT has been used with the reg-
istration of skin surface images [34], so clinicians 
can quantitatively assess 3D maxillofacial 

 morphology and evaluate linear and angular 
changes in facial soft and hard tissues in clinical 
procedures. Standard normative 3D values for the 
craniofacial hard and soft tissues of normal women 
were calculated by Terajima et al. [43] and were 
then compared with 3D CT measurements before 
and after patients had orthognathic surgery. They 
reported that with this method, they were able to 
quantitatively assess deviations of craniofacial 
structures from the norm before surgery and the 
changes in the hard and soft tissues after surgery. 
Cevidanes et al. [27] also reported that because 3D 
surface models superimposition is currently time 
consuming and computing intensive, its use in 
routine clinical practice is not very practical at this 
time. Therefore, simpler analytical techniques are 
required for 3D superimposition techniques to be 
viable in routine daily practice.

Clinicians, scientists, and engineers have 
developed techniques for superimposing facial 
2D photographs [44], 3D photographs [42, 44–
46], and digital models [47–50] over CBCT 
scans. It is reported that the integration of 3D 
photographs and CBCT images has shown mini-
mal errors in the assessment of bone and soft tis-
sue [46]. Therefore, this process can be used as 
an objective tool for diagnosis and treatment 
planning in orthodontics and orthognathic 
surgery.

a b

Fig. 4.3 Superimposition using the iterative closest point 
(ICP) method. (a) The combined images, pre-(gray) and 
(light blue) images, with illustration of an arbitrary coro-

nal plane (green). (b) To facilitate measurement, the 3D 
sections were converted to 2D data (Reproduced with per-
mission from Sem Orthod)
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4.5  3D Analysis Procedures

Several software programs have been developed 
to view, digitize, measure, and analyze CBCT 
data. Ludlow et al. [51] recommended the identi-
fication of landmarks on the MPR slices due to 
the method’s high accuracy. Another study found 
that digitizing landmarks on the rendered view is 
preferable due to its ease and shorter analysis 
time [19]. Several studies reported high accuracy 
of linear and angular measurements in 3D vol-
ume render CBCT images compared to physical 
measurements [52–55]. With the continued 
improvement of 3D cephalometric analysis, new 
landmarks and reference planes have been made 
possible [56]. The ability to section the 3D data 
allows practitioners to place landmarks accu-
rately on structures that were not available on the 
2D cephalograms. In turn, the 3D Cartesian sys-
tem facilitated the creation of new reference 
planes and the evaluation of curvatures as well as 
their linear and angular relationships.

4.5.1  Asymmetry

Two-dimensional methods to diagnose asymme-
try can often contain errors due to superimposi-
tion and magnification. CBCT allows for a more 
precise evaluation combining volumetric data 
with distance and surface area [57]. There are 
several techniques to identify facial asymmetry 
including stereophotogrammetry, 3D dynamic 
models, surface scanning, and CBCT [58].

Stereophotogrammetry is utilized in 3D sur-
face imaging to assess the soft tissue morphol-
ogy. Two photographs are captured to form a 
stereo pair which can then be reconstructed. Ras 
and colleagues [59] used this method to identify 
the best reference plane to assess facial asymme-
try, which they concluded as a plane perpendicu-
lar to and bisecting the line that connects the 
landmarks Exocanthion.

Laser surface scanning of the right and left 
halves of the face simultaneously can be merged 
in the overlap area when the data is matched. 

Djordjevic and colleagues [60] compared the 
original facial image to a mirrored facial image 
and mapped the areas where symmetry deviated. 
They also divided the face into upper, middle, 
and lower thirds for a more detailed analysis.

Kook and Kim [23] suggest a stepwise pro-
cess to evaluate asymmetry using CBCT data 
(using iCAT with Invivo5 software) (Fig. 4.4):

 1. Establish the midsagittal plane in the axial 
section using the bottom view. Clip the axial 
section for better visibility, and adjust the 
maxillary dental midline relative to the facial 
midline.

 2. Reorient to the frontal view, and clip the ante-
rior part of the face to better visualize the orbital 
floors. Orient the image to a horizontal plane 
through the lower borders of the orbital floors.

 3. Use the grid to identify any asymmetry in all 
planes. Clip images at each tooth to check for 
any occlusal plane canting and buccal/lingual 
posterior tipping in the transverse dimension.

4.5.2  Root Length and Alveolar 
Bone Density

Evaluation of bony housing is an important step 
in orthodontic diagnosis and treatment planning. 
Limitations to treatment may be identified if cer-
tain teeth, particularly the mandibular incisors, 
are unable to move due to risk of fenestration or 
dehiscence. The ability to visualize the alveolar 
process three-dimensionally is an advantage of 
CBCT imaging (Fig.  4.5). Evaluation of root 
proximity is also an important application of 
CBCT, since an 89% false-positive rate is seen 
when evaluating roots with panoramic radio-
graphs. In a study by Wood and colleagues [61], 
when soft tissue is removed from the scan, alveo-
lar bone height measurements had similar accu-
racy with 0.2 mm and 0.4 mm voxel sizes. In the 
presence of soft tissue, however, the 0.2  mm 
voxel-size scans were more accurate than with 
0.4 mm. There is a risk of overestimating fenes-
trations and dehiscences on CBCT since a thin 
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Fig. 4.4 Reorientation of CBCT for asymmetry analysis using axial and frontal views (Reproduced with permission 
from J Clin Orthod)

Fig. 4.5 Evaluation of thin labial alveolar bone at the mandibular incisor area
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cortical labial bone layer may not be detected. 
Patcas et  al. reported that if the mandibular 
 anterior alveolar bone cannot be visualized on 
CBCT, it is less than 1 mm thick [62].

In addition, CBCT is a valuable tool in detect-
ing early stages of root resorption and has proven 
to be more effective than periapical radiographs. 
A study by Da Silveira et  al. [63] studied the 
influence of field of view (FOV) and voxel size in 
detecting resorption. They found that smaller 
voxel size leads to more efficient measurements, 
despite the FOV.

4.5.3  Temporomandibular Joint 
Evaluation

CBCT and newer software technologies allow for 
improved 3D imaging of the temporomandibular 
joint [11]. Bony changes such as flattening or 
beaking of the articular surfaces and sclerosis can 
be seen in degenerative diseases (Fig. 4.6). The 
axial slice is most useful for comparing the right 
and left condylar symmetries, while the sagittal 
slice is selected for condyle-fossa relationship 
evaluation [64]. CT has demonstrated 87–96% 

accuracy in detecting degenerative changes [65]. 
In addition, the joint space measurements may 
change to reflect the change in condylar position. 
Scott et al. [66] used CBCT to evaluate the con-
dylar position in patients with temporomandibu-
lar joint dysfunction and found an increase in 
anterior joint space and decrease in posterior 
joint space when compared to the norms found 
by Ikeda and Kawamura [67].

4.5.4  Localization of Impacted 
Teeth

Before the use of CBCT, two periapical radio-
graphs were recommended to localize the posi-
tion of an impacted tooth using the buccal object 
rule. This method would identify whether the 
tooth was palatal or buccal, so that the appropri-
ate exposure method could be identified. 
However, there are limitations to periapical 
radiographs including superimposition error, 
indiscernible lateral incisor root resorption in the 
case of impacted canines, and imprecise location 
of the apex of the impacted tooth. CBCT allows a 
full analysis of an impacted tooth in all planes of 

Fig. 4.6 CBCT image showing TMJ pathology. Note the flattening of the condylar heads
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space, eliminating the errors encountered when 
using traditional radiographs, and in some cases, 
the treatment plan may change with the introduc-
tion of new information seen on the CBCT 
(Fig. 4.7). In addition to overcoming the limita-
tions listed above, the full anatomy of the 
impacted tooth, surrounding teeth, and skeletal 
structures can be observed.

4.5.5  Evaluation of Sites 
for Temporary Skeletal 
Anchorage

CBCT can quantitatively evaluate cortical bone 
thickness and bone depth. The ideal length and 
diameter of a miniscrew for anchorage can be 
determined by measuring the distances between 
roots of premolars or molars and the distance 
from the intercortical bone surface to the root 
surface (Fig. 4.8) [11].

4.5.6  Surgical Treatment Planning

Virtual surgical planning with 3D software is 
becoming more popular among oral surgeons in 
support of surgical simulation, predicted out-
comes, and surgical splint fabrication [68]. This 

type of software promotes inter-specialty collab-
oration of the final product to achieve the best 
surgical and orthodontic outcomes. Development 
of 3D imaging and models as well as virtual sur-
gery has allowed for a more precise surgical plan 
(Fig. 4.9). 3D superimposition allows postsurgi-
cal evaluation to validate the predicted outcome 
and stability. CBCT images are a useful patient 
education tools to illustrate predicted surgical 
outcomes.

4.5.7  Airway Evaluation

Increased awareness of breathing disorders has 
propelled the improvement of diagnostic tools in 
this area. 2D cephalometric radiographs have 
been used in the past to evaluate the airway, but 
CBCT has made it possible to obtain volumetric 
analysis of the airway. Attempts have been made 
to correlate airway size and dimension to 
increased risk of obstructive sleep apnea (OSA) 
or other sleep breathing disorders (SBD) [69]. 
The minimum cross-sectional area (MCA) of the 
airway, to date, shows the highest correlation 
with OSA.  A study by Sparks and colleagues 
[70] evaluated the relationship between airway 
and skeletal patterns. They found that Class II 
subjects had smaller airway volumes than Class 

Fig. 4.7 Full visualization of an impacted maxillary canine, including proximity to adjacent lateral incisor
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Fig. 4.8 Evaluation of cortical bone for temporary implant placement

a b

Fig. 4.9 (a) In this image, segmentation of CT dataset 
was done, and scanned images of the dental cast were 
transferred and merged to the CT images. (b) Virtual sur-

gery was performed, and the final position of the maxilla 
and mandible was confirmed (Reproduced with permis-
sion from Sem Orthod)
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III subjects, possibly due to tongue position. 
They also found Class II subjects to have the 
smallest MCA when compared to both Class I 
and Class III subjects. Airway analysis can be a 
useful adjunctive aid during diagnosis and may 
alert certain treatment plans that could poten-
tially decrease the airway volume of a patient at 
high risk for OSA.  In addition, posttreatment 
analysis can be performed to assess any effect of 
orthodontics on the airway dimension (Fig. 4.10).

4.6  Summary

Advanced imaging techniques, both in radiology 
and photography, have evolved orthodontic diag-
nosis and treatment planning. A thorough pre- 
treatment evaluation allows for the most stable 
and predictable end product and enhances patient 
education and interdisciplinary communication.
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Abstract
Cone beam computed tomography (CBCT) is 
increasingly popular when gathering initial 
patient imaging records for diagnosis and treat-
ment planning. Although traditional two- 
dimensional panoramic or cephalometric 
radiographs can provide sufficient information 
to perform treatment in most cases, clinicians 
have become aware of the distortion inherent 
with these radiographs that can affect angular 
and linear measurements and, more importantly, 
tooth location and tooth-bone- jaw relationships.

A problem with CBCT technology is that 
its routine use poses a health risk as a source 
of ionizing radiation, especially in orthodontic 
patients who are mostly growing patients, pre-
adolescent, and adolescent.

But what if there was a way to reduce the 
radiation dose and still reap the benefits of this 
technology to better serve our patients? This 
chapter will discuss dose adjustment methods 
used in the medical arena and their applica-
tions in the dental profession, with special 
focus on orthodontics.

There are many benefits of CBCT as com-
pared to traditional two-dimensional (2D) 
imaging. In orthodontics, the additional accu-
racy of three-dimensional (3D) images elimi-
nates common discrepancies, such as image 
magnification and the distortion that are typi-
cally encountered in 2D radiographs. This 
becomes particularly useful when localizing 
supernumerary or impacted teeth, estimating 
unerupted tooth sizes, measuring tooth roots, 
airway assessment, and treatment planning for 
skeletal asymmetries.

To address concerns about radiation dose, sev-
eral dental organizations, including the American 
Association of Orthodontists (AAO), the 
American Dental Association (ADA), and the 
American Academy of Oral and Maxillofacial 
Radiology (AAOMR), have formulated clinical 
guidelines, essentially enforcing the universal “as 
low as reasonably achievable” ALARA tenet. In 
other words, the use of the CBCT should be per-
formed on an as-needed basis [1–3].

The CBCT manufacturers have also imple-
mented various technological advancements over 
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the years, improving image quality and, more 
importantly, addressing concerns about radiation 
dose [4].

In medical radiology, much research has been 
conducted on reconstruction algorithms (RA) 
and their application in CBCT scan analysis [5]. 
For example, utilization of an ultralow-dose 
CBCT RA integrating the Barzilai-Borwein gra-
dient method limits the radiation dose while pre-
serving image quality [6]. These algorithms have 
recently been applied specifically in orthodon-
tics, showing that it is possible to decrease patient 
exposure while ensuring the diagnostic value of 
the orthodontic CBCT.

5.1  Clinical Significance 
and Applications

One of the most common orthodontic problems 
to benefit immensely from CBCT imaging is 
impacted/ectopic eruption of teeth, particularly 
the maxillary permanent canine. Several prob-
lems are linked to this diagnosis, such as the 
resulting adjacent root resorption and even subse-
quent loss of the maxillary permanent incisors. 
Further complications arise with the fact that an 
impacted canine does not follow a predictable 
pattern of impaction. The inclination can be hori-
zontal, vertical, or a combination of the two [7]. 
Thus, the orthodontic treatment is often extended 
due to various maneuvers undertaken to mini-
mize hazardous outcomes.

Although traditional orthodontic imaging, 
such as 2D panoramic or cephalometric radio-
graphs, can provide sufficient information to 

perform treatment in most cases, clinicians 
should be aware of the distortion inherent in 
those radiographs that can affect angular and lin-
ear measurements [7, 8]. CBCT scanning cir-
cumvents this issue and aids in creating a 
treatment plan as it provides a more accurate, 
precise, and detailed view of both the bone and 
teeth [9, 10]. The information provided from a 
CBCT scan can be used to determine the exact 
position and relationships between teeth, which 
is particularly useful in the case of impacted 
teeth. The position of the impacted tooth in rela-
tion to other teeth can be clearly visualized with 
the use of CBCT technology. Figure  5.1 illus-
trates a patient with multiple missing teeth. This 
same patient’s CBCT (Fig.  5.2) exhibits the 
exact location and position of those missing/
impacted teeth. In cases when two teeth are in 
close proximity, as is often the case with canine 
impactions, CBCT technology is crucial in order 
to view the exact anatomical position of the 
impacted tooth. This helps both the orthodontist 
in planning the most efficient biomechanics to 
be utilized in bringing in the impacted tooth/
teeth without damaging adjacent teeth and bone 
and the oral surgeon in locating the best access 
in cases that need surgical exposure. Figure 5.3 
illustrates various examples of impacted canines, 
and how they can be visualized in CBCT images 
in terms of their exact location and even the 
extent of damage, when it exists, on adjacent 
teeth pre-treatment. In such cases, CBCT scans 
are utilized so that the best and most efficient 
treatment plan can be determined [11].

One may argue that traditional, full-mouth 
series radiographs and occlusal radiographs, 
when properly read, will lead to determining 

Fig. 5.1 Intraoral photos of a patient with multiple impacted/missing teeth
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Fig. 5.2 CBCT image 
capture of patient’s 
anterior dentition 
showing the number and 
location of the impacted 
teeth

a b c

d e f

Fig. 5.3 Examples of CBCT image captures of various 
impacted teeth. (a) and (b) Show different views of 
impacted canines from various angles captured from a 
CBCT image. (c) Illustrates severe crowding sometimes 

typically associated with impacted teeth. (d) Shows a 
supernumerary tooth in the patient’s midline. (e) Shows 
impacted posterior teeth. (f) Illustrates impacted teeth 
with associated incisor root resorption
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proper access of impacted teeth (whether facial 
or palatal in the case of impacted maxillary 
canines), but troubles arise when the crown to be 
exposed lies directly above the alveolar crest or 
directly above a tooth root, as illustrated in 
Figs. 5.1–5.3.

The range of potential problems associated 
with an impacted canine suggests that the use of 
radiography at an early age may be beneficial to 
assist in interceptive orthodontic treatment, thus 
preventing the occurrence of actual damage. 
Because CBCT scanning is useful in determining 
the exact position of the impacted canine with 
respect to the surrounding teeth, interceptive 
treatment such as expansion, or even extraction 
of primary teeth, may prevent the development of 
any damage to adjacent structures.

One CBCT image alone may not be sufficient 
when considering the above scenario in a patient 
with an impacted tooth. During treatment, peri-
odic assessments are necessary to assess the out-
comes of the treatment mechanics implemented 
and to verify if the planned treatment is being 
executed correctly. Progress records, i.e., 
 radiographs, are taken to evaluate treatment in its 
various stages in order to modify or amplify tech-
niques accordingly. The use of radiographic 
imaging at multiple time points before, during, 
and/or after any planned dental or orthodontic 
treatment, needless to say, results in increased 
radiation exposure for the patient.

The increase in ionizing radiation exposure 
with the use of CBCT scanners has resulted in an 
argument against CBCT as the imaging tech-
nique of choice for comprehensive orthodontic 
assessment. This has led to the development of 
general guidelines to deal with justification, opti-
mization, and referral criteria for users of dental 
CBCT [1–3, 12, 13].

Canine impaction, or impacted teeth in gen-
eral, is just one of the various uses of dental 
CBCT imaging, yet it illustrates the undeniable 
benefits of this technology at multiple time points 
during treatment of these types of cases. Not to 
mention the other uses of CBCT, such as precise 
localization of unerupted teeth and better assess-

ment of unerupted tooth sizes, assessment of root 
resorption, identifying and quantifying asymme-
try, visualizing airway abnormalities, assessment 
of periodontal structures, identifying specific 
endodontic problems, viewing condylar positions 
and temporomandibular joint bony structures, 
planning for dental implant placement, assessing 
bone density, visualizing root proximity and 
resorption, and even providing the imaging data 
to support treatment simulation, surgical guid-
ance, and dental appliance construction [12]. 
Surely the need for CBCT will increase for dental 
practitioners and specialists. Though many 
enhancements to reduce radiation exposure have 
been incorporated in more recent generations of 
CBCT machines, much improvement is still 
needed for early intervention methods in growing 
children, adolescents, and young adults who 
require repetitive imaging and follow-up.

5.2  Algorithm-Enabled Imaging 
Dose Reduction

Because of the potential risk to patients with fre-
quent use of CBCT dental imaging, the develop-
ment of innovative scanning configurations for 
dose reduction is an interesting research topic. In 
the past decade, dose reduction has been an active 
area of research in many medical imaging appli-
cations of CBCT, including diagnostic CBCT, 
image-guided surgery, and image-guided radia-
tion therapy [14–25]. In general, there are four 
approaches to reducing the CBCT imaging dose, 
(1) sparse-view imaging, in which fewer projec-
tions are taken over the same angular range; (2) 
low-exposure imaging, in which the radiation 
exposure per projection view is reduced; (3) 
short-scan imaging, in which the scan is taken 
over a smaller angular range; and (4) region-of- 
interest (ROI) imaging, in which the illuminated 
volume is reduced. The discussion below will 
address each of the four imaging configurations, 
the current challenges, and the potential impact 
of advanced RA in dental CBCT applications.

M. T. S. Galang-Boquiren et al.
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5.2.1  Approaches for Low-Dose 
Dental CBCT Imaging 
and Current Challenges

 Sparse-View Imaging
One can reduce imaging dose by reducing the 
total number of projection views over one rota-
tion while maintaining the same imaging dose 
per view. However, when the projection views 
are sparsely sampled, the clinically used, 
analytic- based RAs, which require densely sam-
pled projection views, can result in prominent 
streak artifacts [26–28]. Efforts have been made 
to interpolate additional projection views from 
measured data. Such an approach may be useful 
for certain scanning configurations and particular 
subjects; however, it often results in additional 
artifacts that blur the reconstructed images along 
the angular direction.

 Low-Exposure Imaging
Another way to reduce the X-ray dose is to lower 
the exposure, or mAs, in dental CBCT data 
acquisition protocols; however, this approach 
often results in an insufficient number of detected 
X-ray photons and hence elevates the noise level 
in the projection data. Accordingly, the quality of 
the CBCT images reconstructed with the clini-
cally used, analytic-based algorithm will be 
degraded by the low-dose, high-noise data [29].

 Short-Scan Imaging
Short-scan imaging, in which the patient is 
scanned with a short-scan angular range (180° 
plus the fan angle), is an existing protocol in most 
commercial dental CBCT scanners. By employ-
ing the short-scan configuration, the imaging 
dose can be significantly reduced by maintaining 
the same angular sampling density as in a full 
scan. Clinically used RAs offer exact reconstruc-
tion from short-scan data for the middle plane but 
approximate reconstructions for off-middle 
planes. In particular, clinical reconstruction from 
short-scan data often leads to artifacts in off- 
middle planes depending upon the data quality, 
subject structure, and distance of the off-middle 

plane from the middle plane [30]. To date, there 
is no effective approach for solving this problem 
for clinically used, analytic-based algorithms.

 ROI Imaging
In dental clinical practice, it is common to be 
interested in detailed information only within an 
ROI. For example, the clinician may only require 
an image of a single root canal. In this scenario, 
the X-ray beam’s field of view (FOV) can be con-
fined to illuminate only the ROI in an attempt to 
reduce the radiation dose. Regions outside the 
ROI are thus scanned partially, resulting in 
incomplete, truncated projection data. Direct 
application of clinically used analytic-based 
algorithms produces bright shading artifacts near 
the edge of the FOV.  Extrapolation is often 
applied to the data to help reduce such truncation 
artifacts. While this method may help reduce arti-
facts in some cases, it is known to have limited 
utility for subject sizes considerably larger than 
the FOV [31].

5.2.2  Optimization-Based Image 
Reconstruction

In the past decade, a great body of work has been 
dedicated to the investigation of optimization- 
based, iterative algorithms [26–39] for image 
reconstruction from medical CBCT data. 
Optimization-based algorithms generally possess 
a higher degree of flexibility than clinically used, 
analytic-based algorithms and accommodate 
image reconstruction for a wide variety of imag-
ing conditions of practical significance. Among 
all the algorithms, those seeking solutions to 
optimization problems with image total-variation 
(TV) constraints have attracted considerable 
attention because of their potential to exploit 
image sparsity and improve image quality.

The adaptive-steepest-descent (ASD)-
projection-onto-convex-set (POCS) algorithm 
[26–28, 40–43] and a primal-dual algorithm 
developed by Chambolle and Pock (CP) [30, 31, 
37, 44–46] are two such algorithms that have 
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been studied extensively in simulation and real- 
data studies. Use of the ASD-POCS or CP algo-
rithms has shown that reconstructions (Fig. 5.4) 
from sparse-view data using half of the projec-
tions collected in a clinical protocol can have 
comparable quality to clinical images recon-
structed using all of the collected data; those 
from one quarter of projections, although slightly 
degraded in image quality, can also be useful in 
certain practical applications [42].

Optimization-based reconstruction has shown 
the capability to suppress the noise in images 
reconstructed from low-dose CBCT data due to 
low X-ray exposure (or low mAs). A recent study 
(Fig. 5.5) found that the ASD-POCS reconstruction 
with appropriately selected reconstruction param-
eters appears to preserve better contrast while sup-
pressing noise, yielding a relative high utility for 
the task of low-contrast visualization [29].

Another study indicates that, in a scenario 
where data contain severe noise, a CP algorithm 
that solves an optimization problem with an 

image-TV constraint and Gaussian blur operator 
may further suppress the image noise while 
 preserving the low-contrast region and fine 
 structures [47].

Optimization-based algorithms also provide a 
way to reduce or eliminate the artifacts in off- 
middle planes of clinical images reconstructed 
from short-scan data. A recent study (Fig.  5.6) 
showed that the CP and ASD-POCS algorithms 
can effectively reduce FDK-reconstruction arti-
facts in CBCT with a short-scan configuration 
[30]. A direct benefit of such an artifact reduction 
is improved contrast of low-contrast anatomic 
structures.

Optimization-based algorithms can handle 
reconstruction from truncated data without data 
extrapolation since they do not typically show 
significant bright shading artifacts near the edge 
of the FOV. In addition, recent studies (Fig. 5.7) 
using the CP algorithm show that reconstruction 
of the solution of an image-TV constrained opti-
mization program with a weighted data fidelity, 

Fig. 5.4 A transverse image of a patient’s roots. Top 
left, clinical FDK image; top right, ASD-POCS image 
reconstructed from 300-view data; bottom left, ASD-
POCS image reconstructed from 151-view data; bottom 

right, ASD-POCS image reconstructed from 76-view 
data. Data were acquired by use of an iCAT dental CBCT 
scanner over a 2π angular range. Display window: 
[0, 1800] HU
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including a data-derivative term, can further sup-
press truncation artifacts [31]. Moreover, such 
reconstructions can reveal more details of the 
anatomic structures outside the FOV in both the 

transverse and axial directions by comparison to 
clinical images. This may provide more useful 
information to dentists/orthodontists and increase 
their confidence in treatment planning.

Fig. 5.5 Clinical FDK (left) and ASD-POCS (right) 
reconstructions for a large-size breast. Data were acquired 
by use of a dedicated breast CT scanner at low-radiation 
exposure with 500 projection views over 2π angular 

range. Beneath each of the reconstructions, we display the 
corresponding zoomed-in view of the ROI within the box 
depicted in the clinical FDK reconstruction. Display win-
dow: [0.15, 0.25] cm−1
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5.3  Conclusion

CBCT imaging is truly beneficial in a subset of 
patients. The main issue is determining when these 
benefits outweigh the health risks. As discussed 
above, these concerns have led to vast research and 
development of clinical techniques to lower radia-

tion exposure. The next logical step is for the 3D 
CBCT manufacturers to implement these research 
findings into the development of their instruments, 
which might lead to significant reduction of 
 radiation level while obtaining full 3D diagnostic 
capability, thus improving patient care with con-
siderably less radiation risk to the patient.

Fig. 5.6 Clinical FDK (left) and CP (right) reconstruc-
tions of a RANDO phantom within a transverse slice at 
7.32 cm from the middle plane. Data were acquired by use 
of Varian On-Board Imager (OBI) with 347 projection 
views over short-scan angular range (196°). Two ROIs 

images enclosed in the FDK image are displayed in 
zoomed-in views below. Arrows in the CP reconstruction 
highlight the low-contrast structures in the RANDO phan-
tom. Display window: [0.22, 0.30] cm−1
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The Upper Airway

Aaron M. Laird, Enver Yetkiner, Onur Kadioglu, 
and G. Fräns Currier

Abstract
The upper airway is one of the essentials for 
healthy respiration. Anatomically, it can be 
evaluated in three sections; nasopharynx, oro-
pharynx and laryngopharynx. These structures 
are affected by several factors such as growth 
and development, gender variability and body-
mass index. In this chapter; normal dimen-
sions of the upper airway, methods for its 
evaluation along with factors affecting its 
anatomy, volume and minimal correctional 
area will be discussed.

The upper airway is a structure responsible 
for one of the main vital functions in the 
human organism—breathing.

6.1  Airway and Associated 
Anatomy

The normal pharynx is a 12- to 14-cm-long mus-
culomembranous tube extending from the cranial 
base to the lower border of the cricoid cartilage or 
the level of the sixth cervical vertebra where it 
transitions into the esophagus. The width of the 
pharynx varies constantly, because it is depen-
dent on muscle tone, especially the constrictors. 
Volume and dimension may also fluctuate 
throughout the day and night as a result of head 
position, sleep cycles, or the activity of the auto-
nomic nervous system. The pharynx lies poste-
rior and is continuous with the regions of the 
nasopharynx, oropharynx, and laryngopharynx.

6.1.1  Nasopharynx

The nasopharynx lies above the soft palate but 
behind the posterior nares, which allows for respi-
ratory passage through the nasal cavity into the 
nasopharynx. The nasal septum separates the two 
posterior nares and within these air spaces exist 
the inferior and middle nasal conchae. The walls 
of the nasopharynx are rigid, with the exception 
of the soft palate, with its cavity much less fluctu-
ant in size and shape unlike the oro- and laryngo-
pharynx. The nasal and oral portions of the 
pharynx communicate through the pharyngeal 
isthmus, which lies between the posterior border 
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of the soft palate and the posterior pharyngeal 
wall. The soft palate is a mobile flap suspended 
from the posterior border of the hard palate, slop-
ing downward and backward between the oral and 
nasal portions of the pharynx. Their sides blend 
with the pharyngeal wall. Elevation of the soft 
palate and constriction of the palatopharyngeal 
sphincter close the isthmus during swallowing.

6.1.2  Oropharynx

The roof and posterior wall form a continuous con-
cave slope from the nasal septum to the oropharynx. 
It is bounded above by mucosa overlying the poste-
rior part of the sphenoid and further posterior by the 
basilar part of the occipital bone. A mass of lym-
phatic, adenoid tonsillar tissue lies in the mucosa of 
the upper portion of the roof and posterior wall near 
the midline. It protects the tissues of the upper respi-
ratory tract. The size of the tonsil is largest at 5 years 
of age relative to the volume of the nasopharynx. 
This can account for the frequent problems in nasal 
breathing of preschool children besides a higher 
incidence of adenoidectomy in this age group. The 
oropharynx extends from the soft palate to the upper 
border of the epiglottis. It opens into the mouth 
through the oropharyngeal isthmus and faces the 
pharyngeal aspect of the tongue.

6.1.3  Laryngopharynx

The laryngopharynx, also known clinically as 
the hypopharynx, extends from the superior 
border of the epiglottis to the inferior border of 
the cricoid cartilage where it becomes continu-
ous with the esophagus. At rest, the laryngo-
pharynx extends posteriorly from the lower 
portion of the third cervical vertebral body to 
the upper part of the sixth. During deglutition, 
the hyoid elevators may elevate it considerably. 
The laryngeal inlet lies in its incomplete ante-
rior wall, while the posterior surfaces of the 
arytenoid and cricoid cartilages, which encase 
the extending airway, lie just below this open-
ing further constituting the anterior wall of the 
laryngopharynx.

The main muscles of the pharyngeal tube are 
the constrictors. The superior ones possess 
attachment points on the mandible, the tongue, 
the pterygomandibular raphe, the medial ptery-
goid, and the medial pharyngeal raphe on the 
posterior aspects of the pharynx. The middle con-
strictors possess attachment points to the greater 
and lesser cornus of the hyoid bone, the pharynx, 
and the pharyngeal raphe posteriorly. The infe-
rior constrictors possess minimal direct or indi-
rect attachment to structures in the oral cavity. 
However, they can be readily observed with 
changes in the skeletal position of the maxilla 
and mandible during orthognathic surgery that 
will either directly or indirectly influence the 
musculature that attach to, support, and direct the 
shape of all regions of the pharynx [1].

6.2  Upper Airway Evaluation 
Methods

There are two general methods to evaluate the 
upper airway: the clinical examination and the 
radiological evaluations.

6.2.1  Clinical Examination

The physical examination begins with observations 
of craniofacial morphology, skin color, use of acces-
sory muscles of respiration, nasal flaring, chest wall 
retractions, and level of consciousness. The profile 
of the mandible should be evaluated for the presence 
of retrognathia or micrognathia, both of which may 
lead to airway obstruction, especially during sleep.

 (a) Posterior rhinoscopy: This procedure is used 
to examine the posterior part of the nasal 
cavity and nasopharynx.

 (b) Nasopharyngoscopy: It is the procedure 
which enables the examination of the inter-
nal surfaces of the nose and nasopharynx. It 
provides a direct view of every part of the 
upper airway from the nasal passages down 
to the throat to the larynx.

 (c) Esophageal manometry: It is a complex tech-
nique, which may be affected by the place-
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ment of the probe and the position of the 
catheter. Moreover, it is time-consuming, 
may affect the patient’s sleep, and is not 
widely available. The correct positioning of 
the esophageal catheter requires experience 
and clinical practice. The use of a small cath-
eter has improved tolerance to the procedure.

 (d) Plethysmography: It measures changes in 
volume in different areas of your body with 
blood pressure cuffs or other sensors. These 
are attached to a machine called a plethysmo-
graph. Plethysmography is especially effec-
tive in detecting changes caused by blood 
flow. It helps the clinician to calculate the air 
volume that the lungs can hold.

 (e) The simultaneous nasal and oral respiromet-
ric technique (SNORT): A custom-fitted face 
mask with separate valves to the nose and 
mouth that is attached to a flowmeter, air 
pressure transducer, recorder, and computer. 
It can give the nasal versus the oral inspira-
tions, expirations, and their ratios.

 (f) Acoustic rhinometry (AR): This technique is 
based on the principle that a sound pulse 
propagating in the nasal cavity is reflected by 
local changes in acoustic impedance. 
Acoustic rhinometry is a quick, painless, 
noninvasive method that can be used to esti-
mate the dimensions of nasal obstructions, 
evaluate nasal cavity geometry, monitor 
nasal disorders, and assess surgical results 
and response to medical treatment. However, 
lack of standardization is one of the main 
problems with this method [2].

 (g) Fluoroscopy: It can be used to clarify uncer-
tain radiographic findings or to study func-
tional aspects. Furthermore, fluoroscopic 
examination can be used to evaluate children 
suspected of foreign-body aspiration. The 
amount of radiation delivered, even in a short 
fluoroscopy, is considerable and thus limits 
this technique except in exceptional circum-
stances. Somnofluoroscopy is a lateral fluo-
roscopic examination of the upper airway 
with synchronous polysomnography that 
provides information about the dynamic 
function of the airway and the level of steno-
sis or occlusion during sleep.

6.2.2  Radiographic Examination

Traditional radiographic cephalometry, magnetic 
resonance imaging (MRI), and computed tomogra-
phy (CT) are widely used static imaging modalities 
for the assessment of airway anatomy and volume.

 Cephalometric Airway Analysis
For the last century, the gold standard method for 
analysis of craniofacial development has been 
cephalometry with linear and angular measure-
ments made from lateral headfilms. Serial cephalo-
graphs were used to assess both growth and 
outcomes of orthodontic and surgical interventions. 
Airway studies predate the use of radiographic 
images; digital examination and interpretation of 
facial phenotype led Meyer in the 1870s to remove 
adenoid vegetations (tonsils) from the nasopharynx 
of patients who were mouth breathers with reduced 
pulmonary function [3]. In the years that followed, 
lateral cephalographs were incorporated into air-
way studies to determine anteroposterior measure-
ments at defined landmarks according to the 
author’s specific objectives. Advantages of cepha-
lometric analyses include its wide availability, sim-
plicity, low expense, and ease of comparison to 
extensive normative data and other studies [4]. 
Studies by Winnberg et al. [5], Muto et al. [6], Pae 
et al. [7], Saitoh [8], and many others have utilized 
the cephalographs to evaluate the changes in 
airway- related structures as a result of head posi-
tion, breathing pattern, and orthognathic surgery.

Studies by Mehra et al. [9] and Saitoh [8] uti-
lized defined, reproducible reference points and 
planes to examine anteroposterior changes in air-
way structures. By orienting head films to Frankfort 
horizontal (FH—an imaginary line connecting 
porion to orbitale) and establishing a reference 
plane that ran perpendicular to Frankfort through 
porion, anteroposterior measurements on the ceph-
alograph could be made. The soft palate, posterior 
nasal spine, base of the tongue, and epiglottis were 
all utilized to determine the changes in linear mea-
surements occurring within these regions.

A thorough examination of the anatomy of 
pharynx and its regions within the head and neck 
is necessary to understanding the potential effects 
that may occur as a result of skeletal and dental 
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manipulation of the maxilla and mandible. The use 
of landmarks on the lateral cephalometric images 
has allowed clinicians to define regions of the air-
way within the head and the neck and examine the 
effects that occur within these spaces as a result of 
treatment. However, as a two- dimensional repre-
sentation of three-dimensional (3D) structures, lat-
eral cephalographs offer limited information about 
the airways [10]. Information regarding axial 
cross-sectional areas and overall volumes can only 
be determined by 3D imaging modalities [11].

 Magnetic Resonance Imaging (MRI)
MRI is accurate and reliable; and in comparison 
to radiographs that are two-dimensional projec-
tions, MRI provides an intrinsically scaled, three- 
dimensional image of all tissues composing the 
structure of the upper airway. Moreover, MRI 
provides superior resolution for soft tissues as 
compared with other techniques commonly used 
to assess the upper airway structures both in nor-
mal children and in children evaluated for 
obstructive sleep apnea (OSA) [12].

 Three-Dimensional Analysis
Early two-dimensional claims of the effects on 
airway have been challenged with the introduc-
tion of three-dimensional tomographic evalua-
tions. The ability to perform precise measurements 
of various cross-sectional areas, three- 
dimensional (3D) reconstructions, and volumet-
ric measurements of the upper airway are some 
of the advantages of CT technology when com-
pared with cephalometric techniques.

Medical computed tomography is a 3D imag-
ing modality used in medicine but not as a routine 
method for airway analysis because of its high 
cost both financially and in terms of radiation. 
These drawbacks have been overcome with the 
introduction of cone-beam computed tomogra-
phy (CBCT). Following the introduction of 
CBCT in 1998, this technology has improved 
with lower costs, less radiation exposure to 
patients, and better accuracy in identifying the 
boundaries of soft tissues and air spaces [13]. The 
CBCT allows for the segmentation and visualiza-
tion of hollow structures, such as the airway in 
three dimensions, permitting the transition from 
lengths and angles to volumes and cross-sectional 

areas [14]. Although MRIs operate without the 
need for ionizing radiation, an MRI requires sig-
nificantly longer operating times that result in 
decreased airway image quality due to motion 
artifacts [15]. CBCTs have led to a better under-
standing of upper airway anatomy and physiol-
ogy. The CBCT machine completes a 360° 
rotation around the patient’s head, acquiring the 
digital images which provide the raw data for the 
reconstruction of the examined volume.

The upper airway has been an area of interest, 
because the oropharyngeal and nasopharyngeal 
structures play important roles in the growth and 
development of the craniofacial and orodental com-
plex [16]. The upper airway is an irregular lumen. 
As a result of individual differences, the volume of 
the upper airway cannot reflect the narrowest posi-
tion of the airway. Thus, cross- sectional area is a 
better indicator than volume with which to evaluate 
changes in the size of the upper airway [17].

Studies have evaluated the accuracy of CBCT 
images in performing linear measurements of land-
marks on dry skulls and have found them to be 
accurate to the submillimeter level with error less 
than 1% [18, 19]. The accuracy of CBCTs for mea-
suring the airway has also been evaluated. Aboudara 
et al. [11] utilized plastic tubes of known volume to 
test the accuracy of volumetric measurements and 
found that after six repeated measurements, the 
volume assessment by CBCT was accurate and 
repeatable. Similar findings utilizing soft tissue 
phantoms for volumetric measurements by 
Yamashina et  al. [20] found that the volume 
acquired from CBCT is nearly a 1:1 representation 
of the real volume. Stratemann et  al. [21] con-
cluded that the CBCT is suited to improving under-
standing of the upper airway by evaluation of the 
cross-sectional area, volume, three-dimensional 
form, and a more accurate review of the anatomy 
than the two-dimensional lateral view, defining key 
characteristics that modify airway flow.

To visualize a CBCT scan, Digital Imaging 
and Communications in Medicine (DICOM) 
viewer software is necessary and is the accepted 
file format (see Fig.  6.1). The evaluation of the 
size, shape, and volume of the upper airway starts 
by defining the volume corresponding to the air-
way passages, a process called segmentation. The 
software allows for viewing, measuring, segment-
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ing, and completing analysis of the CBCT scan. 
To segment and structure the airway means to 
delineate and remove all other surrounding struc-
tures for a clearer analysis and visualization [14]. 
This segmentation can be performed manually by 
the user or automatically by the software pro-
gram. The manual approach, a slice-by-slice anal-
ysis by the user, is time-consuming and impractical 
for clinical application [22]. With the semiauto-
matic approach, the computer differentiates the 
air space and surrounding soft tissues by using the 
differences in density values of these structures. 
In some programs, the semiautomatic segmenta-
tion includes two user-guided interactive steps: 
placement of initial seed regions in the axial, cor-
onal, and sagittal slices and selection of an initial 
threshold. Density values are called Hounsfield 
units. Because the airway is radiolucent, the 
Hounsfield units for the airway are lower than the 
values for the surrounding soft tissues, allowing 
easy and automatic differentiation.

The studies by El and Palomo [14] and 
Weissheimer et  al. [22] examined the reliability 
and accuracy of imaging software programs in air-
way volumetric analysis. They concluded that all 
major software programs were reliable in repeated 
measurements of a given volume but showed poor 
accuracy. Serial measurements of the same patient 
utilizing popular software programs with defined, 
repeatable landmarks delineating the boundaries 
of the airway should give a reliable assessment of 
the changes occurring in airway volumes.

The effectiveness of using CBCTs to analyze 
the pharyngeal airway has been investigated in 

several studies. Souza et  al. [23] and Guijarro- 
Martinez et  al. [10] found 3D analysis using 
CBCT to be accurate and reliable when measur-
ing volumes and areas, even the narrowest areas, 
within the pharyngeal airway. Between examin-
ers with different backgrounds, Mattos et al. [24] 
observed that airway assessments were reliable in 
linear and volumetric measurements in 
CBCT. Aboudara et al. [11] compared nasopha-
ryngeal airway size between lateral cephalo-
grams and CBCT and stated that the CBCT is a 
simple and effective method to accurately ana-
lyze the airway with only 0–5% error.

The reliability of three-dimensional CBCT 
scans has been compared to two-dimensional lat-
eral cephalometric radiographs as a tool for mea-
suring airway size and shape. The results of 
studies have shown that 3D analysis provided 
multiple measures (airway length, cross-sectional 
area, and volumetric measurements) that are not 
available from two-dimensional lateral cephalo-
metric radiographs. It has also been shown that 
volumetric airway estimates from two- 
dimensional lateral cephalometric radiographs 
are questionable and that three-dimensional 
CBCT scans offer a simple and effective method 
to accurately analyze the airway [11].

6.3  The Factors Affecting 
the Dimensions of the Upper 
Airway

The upper airway is a complex structure that is out-
lined by the soft tissues forming the nasopharynx 
and oropharynx within the skeletal boundaries of 
the mid- and lower face. The effect of growth 
should play a role when evaluating dimensions of 
the pharyngeal airway. It undergoes morphologic 
changes as the result of growth of the skeleton and 
surrounding tissues as well as the functional 
changes throughout childhood. It has been found 
that greater rate of changes in the soft tissue mea-
surements of the posterior pharyngeal wall occurred 
between 6 and 9 years of age as well as between 12 
and 15 years [25, 26]. Vogler et al. [27] found that 
the adenoid pad continued to grow linearly through-
out the first decade of life and was at maximum 
size between 7 and 10 years of age and then pro-

Fig. 6.1 Lateral view of a CBCT scan with reference 
lines for various measurements 
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gressively diminishing until 60 years of age. Mislik 
et al. [28] reported that the smallest distance from 
the soft palate to the posterior pharyngeal wall and 
the retroglossal dimension showed high inter- 
individual variations. The retroglossal dimension 
decreases slightly between 6 and 12 years of age 
and then slightly increases up to 17 years of age. 
The smallest distance from the soft palate to the 
posterior pharyngeal wall displayed a slight con-
tinuous increase of about 1.03 mm between 6 and 
17 years of age. Laird [29] also found, when evalu-
ated cross-sectionally, that the chronologic age 
demonstrated a statistically significant effect on all 
aspects of the airway. In each aspect of the airway, 
except for nasopharynx volume, the mean value 
increases from the ≥7 to <10 age group to the ≥16 
to <18 age group and then decreases in the ≥18 age 
group. With nasopharynx volume, the mean con-
tinues to increase throughout all age groups. The 
skeletal age displayed a statistically significant 
effect on all aspects of the airway as well. This 
finding signifies an increase in the airway as one 
matures skeletally (see Fig. 6.2).

Sexual dimorphism in craniofacial dimensions is 
a fact that has been established in various analyses. 
In general, women are smaller in stature than men 
(with less muscle mass and smaller heads) and sub-

sequently requiring less oxygen. If airways in 
women were similar dimensions to those in men, it 
follows that their airways must be larger in relative 
terms, and this may be one of the reasons that 
women would be less prone to obstructive sleep 
apnea (OSA) than men. It may be important that 
females have smaller cross- sectional areas of the 
tongue than males as measured from lateral cepha-
lograms and that females reach adult values earlier 
[30]. Laird [29] also found that gender had a statisti-
cally significant effect on the airway in selected 
areas. The mean values of total airway volume, oro-
pharynx volume, MCA (most constricted area), and 
MCA-AP (most constricted area-anteroposterior) 
were all found to be greater in males than in females 
(see Tables 6.1 and 6.2). However, in the studies of 
Değerliyurt et al. [31] and Kim et al. [32], no differ-
ences were observed between genders.

Laird [29] also evaluated the body mass index 
(BMI) and showed a statistically significant effect 
on four aspects of the airway: total airway volume, 
oropharynx volume, nasopharynx volume, and FH 
to MCA (see Tables 6.3 and 6.4). The mean total 
airway volume was highest in the normal category 
and lowest in the underweight category with over-
weight and obesity categories displaying similar 
mean values. The mean oropharynx volume was 
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Table 6.1 Gender univariate ANOVA on all aspects of the airway

Dependent Levels N Mean Std Min Max Pr > F
Total airway volume (mm3) F 488 17,094.09 6506.31 4485.00 47,386.00 0.0233

M 371 18,268.43 8639.02 5332.00 59,599.00
Oropharynx volume (mm3) F 488 12,872.50 5453.23 2333.00 39,004.00 0.0052

M 371 14,100.14 7388.99 3686.00 51,955.00
Nasopharynx volume (mm3) F 488 4221.59 1900.41 236.00 12,775.00 0.6865

M 371 4168.29 1936.65 248.00 12,232.00

Table 6.2 Gender univariate ANOVA on all aspects of the airway

Dependent Levels N Mean Std Min Max Pr > F
MCA (mm2) F 488 164.21 85.07 12.30 488.20 0.0674

M 371 175.77 99.59 13.60 574.80
FH to MCA (mm) F 488 47.10 17.97 0.00 78.88 0.0172

M 371 50.12 18.87 2.39 85.06
MCA-AP (mm) F 488 8.84 3.53 1.28 27.49 0.0058

M 371 9.52 3.66 1.36 23.48
MCA-Trans (mm) F 488 23.58 6.11 5.06 39.87 0.8665

M 371 23.66 6.89 5.87 45.64

Table 6.3 BMI univariate ANOVA on all aspects of the airway

Dependent Levels N Mean Std Min Max Pr > F
Total airway volume (mm3) Underweight 178 16,484.06 7421.19 4529.00 45,174.00 0.0399

Normal 424 18,301.81 7804.79 4485.00 59,599.00
Overweight 155 17,282.08 7286.28 5283.00 51,337.00
Obesity 102 17,124.04 6570.50 5739.00 44,433.00

Oropharynx volume (mm3) Underweight 178 12,693.22 6301.78 2333.00 37,992.00 0.0228
Normal 424 14,083.46 6723.90 3359.00 51,955.00
Overweight 155 12,781.44 5987.41 4076.00 44,730.00
Obesity 102 12,755.18 5393.56 4089.00 32,201.00

Nasopharynx volume (mm3) Underweight 178 3790.83 1704.91 415.00 10,467.00 0.0050
Normal 424 4218.35 1910.67 236.00 12,775.00
Overweight 155 4500.64 2074.47 1039.00 11,263.00
Obesity 102 4368.86 1936.75 838.00 12,232.00

Table 6.4 BMI univariate ANOVA on all aspects of the airway

Dependent Levels N Mean Std Min Max Pr > F
MCA (mm2) Underweight 178 163.29 89.77 13.60 574.80 0.0652

Normal 424 177.61 94.30 12.30 491.70
Overweight 155 159.50 89.82 29.80 457.70
Obesity 102 159.33 85.09 31.80 485.10

FH to MCA (mm) Underweight 178 48.28 18.36 0.00 80.47 0.0213
Normal 424 48.92 19.24 0.00 83.22
Overweight 155 50.42 17.21 8.00 85.06
Obesity 102 43.42 15.99 6.04 80.81

MCA-AP (mm) Underweight 178 8.85 3.43 1.74 23.48 0.4723
Normal 424 9.29 3.58 1.59 21.99
Overweight 155 8.94 3.98 1.28 27.49
Obesity 102 9.25 3.37 2.64 18.87

MCA-Trans (mm) Underweight 178 23.29 6.38 7.78 40.26 0.1019
Normal 424 24.16 6.57 5.87 45.64
Overweight 155 22.91 6.43 5.06 39.85
Obesity 102 23.00 6.03 6.80 37.52
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greatest in the normal category and lowest in the 
underweight category. The means for overweight 
and obesity followed closely behind that of under-
weight. The mean nasopharynx volume was high-
est in the overweight and lowest in the underweight 
categories. Lastly, the mean FH to MCA value was 
greatest in the overweight group and lowest in the 
obesity group.

Obstructive processes of morphologic, phys-
iologic, or pathologic nature, such as hypertro-
phy of adenoids and tonsils, chronic and allergic 
rhinitis, irritant environmental factors, infec-
tions, congenital nasal deformities, nasal trau-
mas, polyps, and tumors, are predisposing 
factors to a blocked upper airway. When that 
happens, a functional imbalance results in an 
oral breathing pattern that can alter facial mor-
phology and dental arch forms, generating a 
malocclusion. Laird [29] reported that the vari-
able, adenoidectomy/tonsillectomy, appeared to 
have a statistically significant effect on the naso-
pharyngeal volume and MCA (p  <  0.05). The 
mean for nasopharynx volume in those patients 
who did not state having received an adenoidec-
tomy or tonsillectomy procedure was revealed 
to be higher than in those patients who con-
firmed having undergone the procedure. The 
same finding was noted with MCA. The mean 
for MCA was higher in those who did not 
receive the adenoidectomy or tonsillectomy 
procedure than in those who did.

Considering the functional matrix theory pro-
posed by Moss, the association of respiratory and 
masticatory functions and swallowing might act 
on craniofacial development [33].

Since Angle [34] showed that Class II Division 
1 malocclusion was associated with obstruction 
of the pharyngeal airway space (PAS) and mouth- 
breathing subjects, multiple studies have exam-
ined the pharyngeal airway and its dimensions 
among the three dentofacial skeletal classes.

According Laird [29], no statistically signifi-
cant differences were noted among the mean val-
ues of the four different Angle’s classifications of 
malocclusion (Table  6.5). The mean value for 
MCA-Trans was noted to be the highest in the 
Class II Division 2 group, whereas those for the 
other groups were fairly equivalent (Table 6.6).

Considering skeletal classification, Laird 
reported that ANB was found to have a statisti-
cally significant effect on the total airway vol-
ume and oropharynx volume. The mean values 
for all three aspects of the airway were highest in 
the ANB Class III patient subjects and lowest in 
the Class II subjects. In the remaining aspects of 
the airway, a significant difference was not illus-
trated among the mean values for the three dif-
ferent skeletal classification groups, according to 
the ANB variable. As SNB and facial angle 
increased by 1°, the mean total airway increased 
by 225.27  mm3 and 252.39  mm3, respectively. 
On the other hand, the mean total airway volume 

Table 6.5 Angle’s classification univariate ANOVA on all aspects of the airway

Dependent Levels N Mean Std Min Max Pr > F
Total airway volume (mm3) Class I 360 17876.54 7808.77 4485.00 51337.00 0.1189

Class II 352 16992.47 6567.87 5283.00 47386.00
Class II
Div. 2

27 19968.07 8889.66 5615.00 43311.00

Class III 120 18028.84 8746.23 4682.00 59599.00
Oropharynx volume (mm3) Class I 360 13690.13 6651.15 3359.00 44730.00 0.1275

Class II 352 12830.27 5545.28 2333.00 39004.00
Class II
Div. 2

27 14880.15 6929.59 5379.00 33521.00

Class III 120 13887.23 7584.53 3508.00 51955.00
Nasopharynx volume (mm3) Class I 360 4186.41 1983.56 248.00 12775.00 0.1081

Class II 352 4162.20 1818.55 417.00 10467.00
Class II
Div. 2

27 5087.93 2421.97 236.00 9875.00

Class III 120 4141.62 1831.31 549.00 10104.00
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Table 6.6 Angle’s classification univariate ANOVA on all aspects of the airway

Dependent Levels N Mean Std Min Max Pr > F
MCA (mm2) Class I 360 173.16 96.17 13.60 574.80 0.1252

Class II 352 161.50 83.53 12.30 488.20
Class II
Div. 2

27 195.77 111.34 27.90 434.60

Class III 120 173.94 95.36 29.90 441.80
FH to MCA (mm) Class I 360 49.24 18.40 0.00 84.72 0.1370

Class II 352 48.56 18.10 0.00 83.22
Class II
Div. 2

27 50.75 17.24 9.89 79.79

Class III 120 44.91 19.39 3.24 85.06
MCA-AP (mm) Class I 360 9.15 3.49 1.28 23.48 0.4897

Class II 352 9.04 3.67 1.59 27.49
Class II
Div. 2

27 10.16 4.48 3.72 21.99

Class III 120 9.12 3.51 2.33 17.65
MCA-Trans (mm) Class I 360 23.88 6.53 5.87 45.64 0.0473

Class II 352 23.23 6.42 5.06 39.87
Class II
Div. 2

27 26.60 5.83 15.92 41.02

Class III 120 23.29 6.36 6.80 39.85

Table 6.7 ANB univariate ANOVA on all aspects of the airway

Dependent Levels N Mean Std Min Max Pr > F
Total airway volume (mm3) 0 < ANB < 5 509 17,443.02 7281.11 4529.00 51,337.00 0.0261

ANB >= 5 216 17,010.63 6682.48 4485.00 39,552.00
ANB <= 0 134 19,154.56 9329.69 5425.00 59,599.00

Oropharynx volume (mm3) 0 < ANB < 5 509 13,316.71 6189.62 2333.00 44,730.00 0.0047
ANB >= 5 216 12,658.20 5455.81 3359.00 30,259.00
ANB <= 0 134 14,929.53 8089.31 3490.00 51,955.00

Nasopharynx volume (mm3) 0 < ANB < 5 509 4126.32 1844.81 236.00 12,232.00 0.3427
ANB >= 5 216 4352.42 2068.40 248.00 12,775.00
ANB <= 0 134 4225.03 1920.55 549.00 10,807.00

Table 6.8 ANB univariate ANOVA on all aspects of the airway

Dependent Levels N Mean Std Min Max Pr > F
MCA (mm2) 0 < ANB < 5 509 168.46 90.58 13.60 574.80 0.0128

ANB >= 5 216 158.96 88.35 12.30 454.00
ANB <= 0 134 188.56 98.98 21.60 488.20

FH to MCA (mm) 0 < ANB < 5 509 47.89 18.34 0.00 84.72 0.5966
ANB >= 5 216 49.33 17.35 2.39 83.22
ANB <= 0 134 48.87 20.35 0.00 85.06

MCA-AP (mm) 0 < ANB < 5 509 8.98 3.47 1.28 21.99 0.1381
ANB >= 5 216 9.15 3.68 2.57 22.69
ANB <= 0 134 9.68 3.90 1.36 27.49

MCA-Trans (mm) 0 < ANB < 5 509 23.46 6.38 6.80 45.64 0.5124
ANB >= 5 216 23.62 6.64 5.87 39.87
ANB <= 0 134 24.19 6.48 5.06 39.85
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decreased by 224.23, 122.57, and 130.76  mm3 
for each 1° increase in ANB, FMA, and angle of 
convexity, respectively (see Tables 6.7 and 6.8). 
In the study, regarding oropharynx volume, 
Class III subjects were shown to have a larger 
oropharynx volume compared to both Class II 
and Class I subjects. For each 1 mm increase in 
transverse, A pt. horizontal, A pt. vertical, D pt. 
horizontal, D pt. vertical, and PNS vertical, the 
mean oropharynx volume increased in a positive 
direction [29].

Concerning nasopharynx volume, a statisti-
cally significant association was indicated with 
SNA, SNB, Witts, FMA, facial angle, IMPA, U1 
to NA (mm), L1 to NB (degrees and mm), and all 
six skeletal linear measurements (A pt. horizontal 
and vertical, D pt. horizontal and vertical, PNS 
vertical, and a transverse dimension). For each 1° 
increase in SNA, SNB, facial angle, IMPA, and 
L1 to NB, the mean nasopharynx volume 
increased by 48.80 mm3, 46.09 mm3, 40.47 mm3, 
30.66  mm3, and 24.85  mm3, respectively. For 
each 1 mm increase in Witts and L1 to NB, the 
mean nasopharynx volume increased by 
42.51  mm3 and 95.62  mm3, respectively. The 
mean nasopharynx volume decreased by 
25.56 mm3 for each 1° increase in FMA. As with 
total airway and oropharynx volumes, the same 
observation was noticed in nasopharynx volume 
in relation to the six skeletal linear measure-
ments. The mean oropharynx volume increased 
in a positive direction for each 1 mm increase in 
transverse, A pt. horizontal, A pt. vertical, D pt. 
horizontal, D pt. vertical, and PNS vertical [29].

Considering MCA, a statistically significant 
relationship was detected with SNA, SNB, ANB, 
FMA, facial angle, angle of convexity, and all six 
skeletal linear measurements. The mean MCA 
increased by 2.06, 3.68, and 3.41 mm2 for each 1° 
increase in SNA, SNB, and facial angle, respec-
tively. Conversely, the mean MCA decreased by 
3.56, 1.73, and 1.75 mm2 for each 1° increase in 
ANB, FMA, and angle of convexity, respectively.

Looking at FH to MCA, a statistically signifi-
cant correlation was revealed with Witts, FMA, 
facial angle, and all six skeletal linear measure-
ments. For each 1 mm increase in Witts, the mean 
FH to MCA increased by 0.45 mm. For each 1° 

increase in facial angle, the mean FH to MCA 
increased by 0.40 mm. In contrast, the mean FH 
to MCA decreased by 0.39 for each 1° increase in 
FMA. For each 1 mm increase in the transverse, 
A pt. horizontal, A pt. vertical, D pt. horizontal, 
D pt. vertical, and PNS vertical skeletal linear 
measurements, the mean FH to MCA increased 
in a positive direction. Thus, the location of MCA 
became more inferior from FH as each skeletal 
linear measurement augmented [29].

Grauer et al. [35] assessed differences in air-
way shape and volume using CBCTs and found 
that both varied between Class II and III facial 
patterns. For Class II, the airway was inclined 
forward, and for Class III it was oriented more 
vertically. Iwasaki et  al. [36] further observed 
that Class III malocclusions were associated with 
a large and flat oropharyngeal airway as com-
pared with Class Is. They also reported that 
changes in facial growth resulted from respira-
tory obstruction caused by enlarged adenoids or 
tonsils, and obstructions of different parts of the 
upper airway caused by adenoids and enlarged 
tonsils were associated with different forms of 
malocclusion. However, nasal airway resistance 
can result from not only adenoids and enlarged 
tonsils but also nasal airway shape and tongue 
position. The same authors, in 2017, evaluated 
the influences of other factors of nasal airway 
ventilation state, adenoid size, tonsil size, tongue 
posture (inferior and anterior), and airway form 
from CBCT data. They investigated the relation-
ships among upper airway factors (i.e., nasal 
obstruction, adenoids, enlarged tonsils, and infe-
rior and anterior tongue posture) and maxillofa-
cial form difference between Class II and Class 
III children. Nasal obstruction and adenoids were 
confirmed as upper airway features of Class II 
children. Relative constriction of the maxillary 
dentition correlated with nasal obstruction, 
enlarged tonsils, and an inferior and anterior 
tongue posture. The upper airways of Class III 
children were characterized by no nasal obstruc-
tion and a large pharyngeal airway diameter. 
Protrusion of the mandibular incisors was associ-
ated with enlarged tonsils and an anterior tongue 
posture [37]. Primozic et  al. [38] reported that 
Class III subjects had a significantly inferior 
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tongue posture when compared with Class I sub-
jects, and an inferior tongue posture was also 
associated with increased mandibular arch width.

Subjects with a Class II skeletal pattern have 
a narrower anteroposterior pharyngeal dimen-
sion, and this narrowing was specifically noted 
in the nasopharynx area at the hard palate level 
and in the oropharynx at the level of the tip of the 
soft palate and the mandible. Ceylan et al. [39] 
 investigated the pharyngeal size on lateral ceph-
alograms in adolescents and stated that as the 
oropharynx area became smaller, the ANB 
increased. Similarly, Kim et  al. [40] perceived 
the mean total airway volume in subjects with a 
larger ANB to be significantly smaller than a 
normal AP skeletal relationship. The oropharyn-
geal airway volumes in Class II patients were 
significantly smaller than Class I as well as Class 
III patients, according to two separate studies 
conducted by El et  al. [14, 41]. The uvulo-
glosso- pharyngeal dimensions in subjects with 
different anteroposterior (AP) jaw relationships 
were investigated by Abu Alhaija et  al. [42]. 
They found that the AP skeletal pattern showed a 
weak but significant correlation with the inferior 
pharyngeal airway space. They also observed 
that the vertical airway length (VAL) was 
reduced in Class II males. Claudino et  al. [43] 
further discovered that in Class II subjects, the 
lower pharyngeal portion, velopharyngeal, and 
oropharyngeal areas all displayed a decreased 
airway volume as compared airways in Class I 
and III subjects.

Other studies have found no differences in 
pharyngeal airway dimensions between Class I 
and II types. Comparing upper and lower pharyn-
geal widths, de Freitas et al. [44] determined that 
Class I and II patients with vertical growth pat-
terns had significantly narrower upper pharyn-
geal widths. Shigeta et  al. [45] examined the 
influence of aging and BMI on oropharynx con-
figuration and noticed that although larger in 
length and volume in males, the airway lengthens 
and collapses with age. Regarding AP as well as 
gender variables, Mislik et al. [28] concluded that 
there were no significant differences between 
genders and significant correlations with AP 
variables.

An initial airway assessment and understand-
ing changes of the desired volume should be 
relayed to the treating orthodontist so that a 
proper orthodontic plan can be devised that will 
complement desired objectives. Once a thorough 
treatment plan defining skeletal and orthodontic 
movements has been prepared, predictions can be 
made about the effects on the airway and its man-
agement. However, controversial findings on the 
relationship between vertical craniofacial pat-
terns and pharyngeal airway were also demon-
strated [35, 46].

6.3.1  Orthodontic Treatment Effects 
on Airway

The upper airway has an important role in respi-
ration, swallowing, and pronunciation. The size 
of the tongue, soft palate, and parapharyngeal fat 
pads and the position of the lateral pharyngeal 
walls in the mandible and maxilla are all impor-
tant determinants of upper airway morphology 
[47, 48]. Narrowing in one or more segments of 
the upper airway may induce breathing problems. 
Therefore, many studies have shown a possible 
relationship between pharyngeal airway and 
skeletal structures, soft tissues, and the muscula-
ture after orthodontic treatment mechanother-
apy.  Orthodontists and oral surgeons have long 
been in the forefront of airway evaluation and 
related concerns. 

Rapid maxillary expansion (RME) and face-
mask (FM) were further introduced as a treat-
ment option for increasing the pharyngeal airway 
dimension and diversifying the paradigms of 
clinical orthodontic treatment [49]. In addition, 
changes in the size of nasopharyngeal airway 
have been reported following RME [50]. Many 
studies have reported that rapid maxillary expan-
sion improves nasal airway ventilation [51–53]. 
Christie et al. [54] concluded in their cone-beam 
computed tomography study that nasal cavity 
increases significantly (2.73 mm) following max-
illary expansion. Baratieri et al. [55] performed a 
meta-analysis evaluating at the effects of RME 
on airway volume of the nasopharynx and found 
that RME therapy during the growth period 
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caused increases in the width of the nasal cavity 
and in the posterior nasal airway with an associ-
ated reduced nasal airway resistance and 
increased total nasal flow with the stability last-
ing at least 1  year. The nasopharyngeal airway 
was increased with maxillary protraction in skel-
etal Class III children [56].

In growing children, intraoral appliances such 
as mandibular advancement devices (i.e., activa-
tors) have been used for many decades to modify 
mandibular growth in skeletal Class II patients. 
In contrast to these devices used in adults, activa-
tors are considered to enhance skeletal growth of 
the mandible. There are numerous studies that 
have examined skeletal changes with functional 
orthopedic treatment in Class II children. There 
appears to be a few studies that have investigated 
pharyngeal airway dimension changes caused by 
these devices. Hanggi et  al. [57] reported that 
activator-headgear therapy had the potential to 
increase pharyngeal airway dimensions, such as 
the smallest distance between the tongue base 
and the posterior pharyngeal wall, or the pharyn-
geal area.

Extractions of permanent teeth have long 
been a part of the orthodontic treatment. Most 
common indications for extractions in orthodon-
tics are due to excessive crowding or anteropos-
terior changes, as in Class II or Class III dental 
camouflages. Depending on the diagnosis and 
treatment planning, two or four premolars are 
usually extracted. Dental extractions have been a 
topic of discussion and a cause of clinical dis-
agreement ever since they were introduced to 
orthodontics. The debate on permanent tooth 
extractions is ongoing. Only now, it is not only 
the esthetics [58] and stability [59] that are dis-
cussed but also temporomandibular joint consid-
erations and upper airway volumes. One of the 
main issues of the current dispute is the dilemma 
on whether extracting teeth, therefore reducing 
the length of the dental arch, would deprive the 
tongue of its essential space and affect the upper 
airway. Thus, the mechanobiological response of 
the upper airway should be taken into consider-
ation during large incisor retraction. Germec-
Cakan et al. [60] reported a decrease of airway 
space behind the tip of soft palate and tongue in 

subjects with extraction orthodontic treatment. 
Wang et al. [61] also evaluated the effects of four 
premolars’ extraction in bimaxillary protrusive 
patients; they found that the dimension of the 
velopharynx, glossopharynx, and hypopharynx 
was decreased after maximal retraction of ante-
rior teeth. Chen et al. [4] also observed the great-
est changes in the hypopharynx. This can be 
explained by the supportive bone and cartilage 
of the nasopharynx and hypopharynx, while the 
antetheca of the palatopharynx and glossophar-
ynx was made up from the soft palate and tongue, 
which were easily affected by the change in the 
surrounding tissues. These studies confirmed 
that maximal retraction of the anterior teeth did 
influence pharyngeal airway dimension in adults. 
Retraction of incisors with extraction of four 
premolars and use of miniscrews decreased the 
oral volume, which in turn reduced the tongue’s 
space in terms of the sagittal plane, and then the 
tongue retracted to press the soft palate. This 
movement resulted in an adaptation leading to 
the diminution of the upper airway [62]. In addi-
tion, they also found a backward and downward 
movement of the hyoid bone. Other studies by 
Valiathan et al. [62] and Maaitah et al. [63] indi-
cated that orthodontic treatment with extraction 
of four premolars did not influence oropharyn-
geal airway volume in adolescents. The authors 
attributed the negative finding mainly to the 
pharynx growth [62].

Combined orthodontic and orthognathic sur-
gical treatment is a common treatment modality 
for the correction of facial deformities. An impor-
tant aspect of orthognathic surgery is the effect of 
skeletal movements and changes in the position 
of the hyoid bone, tongue, soft palate, and pos-
ture (thus, pharyngeal airway). The pharyngeal 
upper airway has attracted much attention 
because snoring and sleep apnea are known to be 
closely associated with its volume. Many authors 
have reported a decrease in airway dimensions 
after Class III orthognathic surgery and, accord-
ingly, extension of the head posture [6, 64]. In 
some studies, posterior and inferior movements 
of the hyoid bone were detected after surgery in 
the short term. However, this movement returned 
to its original position in the long term [65].
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With isolated mandibular setback surgery or 
bimaxillary surgery, it is generally accepted that 
the position of the hyoid bone and the tongue is 
changed and the pharyngeal airway space is nar-
rowed [8, 65]. Most reports have stated that the 
pharyngeal airway space is narrowed immedi-
ately after orthognathic surgery and then changes 
continually over time [66, 67]. However, bimax-
illary surgery rather than isolated mandibular set-
back surgery enables better airflow, because 
clockwise rotation of the maxilla and maxillary 
advancement may make the pharyngeal airway 
space wider, whereas mandibular setback causes 
narrowing of the pharyngeal airway space [4, 
68]. When the maxilla and mandible are pro-
truded, widening occurs in the velopharyngeal 
airway with the elevation of the tissues attached 
to the maxilla, mandible, and hyoid bone [69]. 
Kim et al. [32] found that the volume of pharyn-
geal airway sections decreased significantly after 
surgery for both genders. Hart et al. [70] showed 
that the negative effects of posterior skeletal 
movements could be minimized when both jaws 
were simultaniously operated to compansate for 
possible diminishing effects of single jaw 
surgeries.  

Snoring and OSA are described as two aspects 
of the same basic disorder, namely, sleep-related 
narrowing of the upper airways, which differ 
only in severity  [71]. The patency of the upper 
airway depends on the balance between the neg-
ative intrapharyngeal pressure developed during 
inspiration and its counteraction by dilating 
muscles [72]. It is clear that upper airway col-
lapse most often results from a combination of 
anatomical factors that predispose the airway to 
collapse during inspiration, plus neuromuscular 
compensation that is insufficient during sleep to 
maintain airway patency [73]. Therefore, it is 
possible that small pharyngeal dimensions estab-
lished early in life may predispose to OSA and 
snoring later when subsequent soft tissue 
changes [74] caused by age, obesity, or genetic 
background further reduce the available oropha-
ryngeal airway. Consequently, it can only be 
regarded as beneficial if functional orthopedic 
treatment in children [75] or surgical mandibular 
advancement [64] results in a permanent increase 

in pharyngeal airway dimensions. The mechano-
biological response of the upper airway should 
be taken into consideration during orthodontic 
treatment.
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Abstract
The digital volumetric tomography era has 
begun, and we now have access to significant 
additional diagnostic information. When mov-
ing from 2D to 3D, distances and angles turn 
into areas and volumes, and more information 
may take orthodontics to the next level, 
increasing the scope of what can be done clin-
ically. This chapter shows some simple ways 
of incorporating 3D analysis into a busy orth-
odontic office, without the need for special 
software.

7.1  Introduction

Cone beam computed tomography (CBCT) has 
completely revolutionized orthodontic imaging 
allowing the clinician to see the patient as what 
they really are, three-dimensional (3D) struc-
tures. However, the clinician should not treat 3D 
images like 2D images. A 3D image allows the 
individual to evaluate valuable information, not 
possible with traditional 2D imaging, and this 
may significantly impact the type of treatment 
plan and potentially the results. This chapter 
describes how a clinician can use all three dimen-
sions for a more comprehensive diagnosis.

7.2  Patient Head Positioning

The first effort, in terms of radiological examina-
tion for orthodontic diagnosis and treatment plan-
ning, is to precisely position the head as was 
initially started with the invention of the Bolton- 
Broadbent cephalometer in 1925 [1]. Since then 
similar apparatus have been used in cephalomet-
ric radiology to orient the head for a standardized 
position between acquisitions. The change in 
head position, especially in 2D radiological 
examinations, is known to complicate landmark 
identification and thus can cause significant mea-
surement error [2]. Currently, in order to keep 
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pace with the rapidly changing technology, ortho-
dontists are transitioning from 2D radiographs to 
3D CBCT images. This is an understandable 
change since the field of interest of orthodontics 
itself is oriented toward 3D.  Although CBCT 
technology has many shortcomings, the applica-
tion of strict head positioning for 2D lateral head 
films has been mostly eliminated, but still there is 
a requirement to compare older 2D films with the 
new 3D images to justify this transition [3, 4]. 
Therefore, this alone means that we cannot com-
pletely omit the head positioning step before 
acquiring a CBCT image.

CBCT image acquisition starts with the posi-
tioning of the patient’s head while seated, stand-
ing, or in a supine position, depending upon the 
CBCT machine being used. Most have used head 
postures in the literature while taking extraoral 
photographs or during a radiologic examination 
such as the natural head position [5] or Frankfort 
horizontal (FH) plane parallel to the floor [6, 7]. 
Natural head position is considered the most bal-
anced, natural position of the head when some-
one views an object at eye level [8]. Several 
methods have been described to obtain the natu-
ral head position for 2D [9–12] and 3D [13–18] 
image acquisition. However, regardless of which 
head position is used, the head should be oriented 
in three planes of space in order to evaluate all 
soft tissue, skeletal, and dental characteristics in a 
standardized way. While this suggestion should 
be applied strictly for 2D image acquisition sys-
tems, the same does not hold true for 3D imaging 
as several post-processing software programs can 
give the operator the ability to orient the head in 
the desired position.

The Ackerman-Proffit classification can be 
used as a reference in order to position the head 
in three planes of space [19]. This method is 
based on the maneuverability of an airplane in 
the air and can be described as 6 degrees of free-
dom. As seen in Fig.  7.1, all six of the move-
ments occur on or around the x, y, and z Cartesian 
coordinate system. Straight positional move-
ments on the x-, y-, and z-axes are mediolateral, 
superoanterior, and anteroposterior movements, 
respectively. Furthermore, rotational movements 
of the head such as pitch, yaw, and roll can occur 
around the x-, y-, and z-axes, respectively.

Most distinct head positioning errors that may 
be encountered in the sagittal plane are linear 
movements alongside the z-axis and rotational 
movements around the x-axis (pitch). Alongside 
the z-axis, protruded/retruded positions of the 
head may cause anterior/posterior sloping of the 
cervical vertebral column, respectively. 
Furthermore, the patient can bite in a different 
way than usual [20]. This change in the cervical 
vertebral column and occlusion cannot be cor-
rected with the current segmentation programs 
during the post-processing stage of images. 
Craniocervical angulation and posture have been 
used mainly for the temporomandibular joint, 
craniofacial growth, and several malocclusion 
studies [20–22]. Therefore, it is important to 
obtain the correct position of the cervical verte-
bral column. The anteroposterior position of the 
head can be adjusted using the headrest, laser 
aligners (shading on older CBCT devices), and 
chin cup or lip rest of the CBCT device. However, 
for orthodontic purposes, it is not advisable for 
the patient to lean against the chin cup or the lip 
rest piece [23]. It may cause a change in the 
occlusion or, even worse, a deformation of the 
relevant soft tissue if the patient rests on them 
firmly. Therefore, instead of using the chin cup or 

Fig. 7.1 Positioning of the head with 6-degrees of free-
dom. Straight movements on the x-, y-, and z-axes may 
cause positioning errors on coronal, sagittal, and/or axial 
planes. Pitch, yaw, and roll types of rotations occur around 
the x-, y-, and z-axes, respectively, and may lead to ana-
tomic changes, especially on cervical vertebrae and upper 
airway that cannot be corrected with software orientation
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the lip rest, head straps around the forehead or, if 
available, ear rods in a reversed direction (with-
out inserting the rods into the acoustic meatus) 
can be used to stabilize the head [8]. Laser align-
ers, on the other hand, can be considered as an 
industrial standard for contemporary CBCT 
devices and help the operator significantly during 
positioning by dropping a cross-reference mark 
on the head (Fig. 7.2). Around the x-axis, pitch 
errors, such as overflexion or overextension of 
the head, can also cause measurement errors. 
These positional inaccuracies may similarly lead 
to a change in the cervical vertebral column and 
occlusion as well as the oropharyngeal region 
[24]. If the head is overextended or overflexed, 
the change in the position of the hyoid bone due 
to suprahyoid muscles is especially known to 
cause a change in the dimensions of the oropha-
ryngeal airway [25, 26]. Yet again, pitch errors 
are corrected using the laser aligners and scout 
images prior to image acquisition. Since the 
c-arm (gantry) of the CBCT device is adjusted to 
the height of the patient (either sitting or stand-
ing) before image acquisition, it is less likely to 
encounter a linear positional error on the y-axis. 
The vertical position of the head can easily be 

adjusted with the horizontal marker of the laser 
aligner according to the desired head position. 
Yaw rotations around the y-axis may cause a dou-
ble image if a lateral cephalogram is going to be 
obtained from CBCT scans, but this can be easily 
adjusted with the orientation feature of the seg-
mentation programs (see “Orientation of CBCT 
Images for the Orthodontic Patient”) [27].

On the other hand, the positional errors that 
may be encountered in the coronal plane are rota-
tional movements around the x-, y-, and z-axes. It 
is much less likely for patients to position their 
heads linearly to one side on the x-axis. Even so, 
this can be detected with the vertical marker of 
the laser aligners and corrected accordingly. 
The  vertical laser marker is positioned on the 
midsagittal plane of the head. Using the vertical 
marker also aids in correcting the yaw and roll 
rotations. Especially yaw rotation is known to 
cause more linear measurement errors as com-
pared to pitch and roll rotations [6, 28]. However, 
it should also be noted that since a 3D image is 
under question, minimal positional errors will 
have no effect on the accuracy of linear or angu-
lar measurements as all points will move in the 
same direction [27] and can be corrected during 

Fig. 7.2 Laser aligners of the CBCT device. Vertical line 
is mainly used to define the midsagittal plane and to cor-
rect roll and yaw types of rotations of the head. Horizontal 
line is mainly used to define Frankfort horizontal plane 

(or  true horizontal plane in case of the natural head 
 position) and to correct pitch type of rotations such as 
overextension or overflexion

7 Diagnostic Value of 3D Imaging in Clinical Orthodontics



116

the software orientation stage. The horizontal 
laser marker on the coronal plane can also be 
effectively used to correct the roll type of 
rotations.

It is clear in the literature that minimal changes 
in the orientation of the head do not affect the 
accuracy and reliability of CBCT measurements 
as long as a stable and a repeatable head position 
is obtained [23]. The most important consider-
ation here is to avoid extreme head positions that 
may affect the true anatomical representation of 
the region of interest [23, 28]. Furthermore, it is 
advised to standardize or orient the head position, 
especially to compare previous 2D records with 
the new 3D images.

7.3  Orientation of CBCT Images 
for the Orthodontic Patient

Head orientation plays an important role when 
measuring distances and angles on any radio-
graphic evaluation of the orthodontic patients 
[29–33]. Since the current patient positioning 
tools in CBCT machines are not sufficient to pro-
duce a reproducible head position that can be 
used for longitudinal assessments of the patients, 
image analysis software also provides tools to 
adjust and correct the patients’ head position 
after image acquisition. Keep in mind that after 
image acquisition, any extracranial reference that 
might be used during acquisition is not trans-
ferred to the 3D volume.

In 3D imaging, dental and skeletal displace-
ments and bone remodeling can be quantified by 
3D linear and angular measurements or by 3D 
linear surface distances (color-coded maps). 
Although 3D linear distances are a simplification 
of the complex nature of morphologic changes, 
they provide relevant clinical evaluations of 
changes in space. Clinical questions require 
more precise information regarding the location 
and amount of changes in the three dimensions 
of space (x-, y-, and z-axes). Quantification of 
directional differences in each plane of space can 
be obtained by decomposing the distances 

between projections of the 3D landmarks in the 
x, y, and z coordinate system. For any study sam-
ple comprising scans with different head orienta-
tions, the understanding of the direction of the 
changes for all patients depends on the establish-
ment of a common coordinate system. The 
inconsistency of head orientation across patients 
in a study sample can lead to inconsistent 
measurements.

Multiple orientation methods have been 
proposed in the literature. The CWRU orienta-
tion method uses five anatomical structures 
and one plane. In the coronal view the axial 
plane is set through the center of the left and 
right optical foramina to adjust the roll of the 
volume. In the axial view the coronal plane is 
set through the center of left foramen ovale to 
the center of right foramen ovale to adjust any 
jaw of the volume. In the sagittal view, the 
axial plane overlaps McRae’s plane denoted 
by the anterior border of the foramen magnum 
(Basion) to the posterior border of the fora-
men magnum (Opisthion) to adjust the pitch 
of the volume (Fig.  7.3) [34]. Ruellas et  al. 
recommended the use of transporionic plane, 
the Frankfort horizontal plane, and the mid-
sagittal plane, which are coincident with the 
x-, y-, and z-axes, respectively (Fig. 7.4). They 
found the method to be reproducible and con-
sidered this orientation closest to natural head 
position [35]. In the same study, they evalu-
ated how head orientation interfered with the 
amount of directional change in three-dimen-
sional space and concluded that the 3D dis-
tances were not affected by head orientation, 
while the amount of directional change in 
each plane of space was strongly influenced 
by head orientation [35].

Extra care should be taken during patient posi-
tioning and head orientation after image acquisi-
tion if the image evaluation involves the use of 
measurements based on the 3D components in the 
x-, y-, and z-axes or if two-dimensional images are 
reconstructed from a 3D data set. The head orien-
tation should be saved so that every image of 
every subject has the same reference planes.
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7.4  Acquisition of 2D 
Orthodontic Records 
from 3D CBCT Scans

7.4.1  Acquisition of Cephalograms

2D cephalograms in the orthodontic practice 
from the most used to the least are lateral, 
anterior- posterior (AP), posterior-anterior (PA), 
and submentovertex (SMV) radiographs for 
diagnostic purposes and evaluation of treatment 

progress. Cephalometry has been a very valuable 
tool that changed the way we think about orth-
odontic diagnosis and treatment planning since 
the day it was introduced [36]. It has given great 
insight from evaluating craniofacial growth to a 
better understanding of skeletal discrepancies, 
from calculating response to our treatments to 
assessing long-term stability after orthodontic 
treatment [37]. Although there are attempts to 
improve novel 3D analyses to better understand 
the skeletal and dental relationships, there still 

Fig. 7.3 CBCT head orientation using the three planes of space (following Wu et al. orientation method)

a b c

Fig. 7.4 Figures illustrating Ruellas et al.’s head orienta-
tion method: (a) frontal view; (b) lateral view; and (c) 
superior view. The midsagittal plane of the 3D model was 
oriented vertically and coincident with the yellow (sagit-

tal) plane; the Frankfort horizontal plane was oriented 
horizontally to coincide with the red (axial) plane; and the 
transporionic line was oriented to match with the intersec-
tion of the axial and coronal planes
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exists significant differences between conven-
tional 2D and 3D cephalometry [38]. When 2D 
cephalometry is considered to be under develop-
ment for a period longer than 80  years, it is 
understandable why orthodontists still prefer to 
generate 2D cephalograms from 3D images for 
analysis purposes.

It has been emphasized that 3D cephalometry 
produces similar results to direct skull measure-
ments [3, 39]. Moreover, 2D cephalograms that 
are generated from CBCTs are comparable with 
measurements obtained directly from dry skulls 
and from conventional cephalograms of patients 
[37, 40, 41]. The main reason for this phenomena 

a

b c

a

Fig. 7.5 (a) Illustration of perspective projection. Please 
note that the image on the detector is magnified causing a 
slight change over the proportions of the head. (b) 
Simulated perspective projection and the 2D lateral ceph-
alogram obtained with the preadjusted setting (Dolphin 1) 

of Dolphin 3D imaging software (Dolphin Imaging & 
Management Solutions, Chatsworth, CA) with fictitious 
built-in 7% magnification. (c) The same lateral cephalo-
gram with raysum settings providing a closer look to con-
ventional 2D lateral head films
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is the ability to eliminate the radiographic distor-
tion and magnification factor in CBCT images 
that are seen in conventional 2D radiograms. 
Radiographic distortion may occur if the midsag-
ittal plane of the head is not parallel to the image 
sensor and not perpendicular to the x-ray beam 
[42]. As discussed in this chapter earlier, this can 
easily be corrected for an acquired 3D volumetric 
image with the orientation tools of various soft-
ware. Indeed, post-image processing orientation 
of the head correctly is the very first step of 
obtaining 2D cephalograms in order to minimize 
duplication and distortion of anatomic structures.

Magnification, on the other hand, presents 
another error factor in measurement for conven-
tional 2D films. X-rays, emanating from a source, 
have a divergent pattern [43]. This pattern is the 
main reason for an object to be magnified on the 
sensor (Fig. 7.5a). Furthermore, since a 3D object 
as the cranium is under question, it has been 
reported that magnification of craniofacial struc-
tures varies from 0% to 24%, depending upon the 
related structure’s proximity to either the sensor 
or the x-ray source [44]. The structures closer to 
x-ray source tend to magnify more compared to 
the structures closer to the sensor. The magnifica-
tion factor of a conventional 2D cephalogram is 

calculated by using the simple formula below 
where a is the distance between the sensor and 
the midsagittal plane of the face and b is the dis-
tance between the x-ray source and the midsagit-
tal plane of the face:

 
Magnification rate = ´

a

b
100

 
The magnification factor of conventional lat-

eral cephalometric radiographs varies from 0.6% 
to 7.5% depending upon the device used [37, 43]. 
It is particularly important to know the magnifi-
cation of a conventional cephalometric film if a 
comparison/superimposition is going to be per-
formed with a CBCT-generated cephalogram. 
Most of the segmentation software in the market 
today present a feature where the operator can 
choose to simulate a perspective or an orthogonal 
x-ray projection while adjusting the magnifica-
tion rate. Therefore, in order to create a 2D ceph-
alogram from CBCT data for comparison with an 
older 2D conventional film, perspective projec-
tion and the relevant magnification setting should 
be adjusted (Fig. 7.5b). Programs also offer sev-
eral reconstruction parameters to create 2D 
images by means of multiplanar reformation 
(MPR) such as the ray sum method (Fig. 7.5c). 

a

Fig. 7.6 (a) Illustration of orthogonal projection. Please 
note that the image on the detector reflects more concor-
dant proportions of the head without magnification. (b) 
Simulated orthogonal projection and the 2D lateral cepha-
logram obtained with the preadjusted setting (Dolphin 1) 

of Dolphin 3D imaging software (Dolphin Imaging & 
Management Solutions, Chatsworth, CA) with 0% magni-
fication. (c) The same lateral cephalogram with raysum 
settings providing a closer look to conventional 2D lateral 
head films

7 Diagnostic Value of 3D Imaging in Clinical Orthodontics



120

The ray sum processing algorithm, rather than 
averaging the data, simply adds all values to cre-
ate the closest result to a conventional radiograph 
[45]. As a result, a more reliable and a compara-
ble 2D sample can be obtained [37]. However, if 
the aim is only to generate a 2D image from 3D 
data, it is recommended to use the orthogonal 
projection feature. Orthogonal projection simu-
lates as if the entire x-ray beam travels parallel to 
each other and perpendicular to the midsagittal 

plane (Fig. 7.6a–c). This way it can be assumed 
that no magnification occurs and comparable 
results to direct skull measurements can be 
obtained [37]. Furthermore, volumetric images 
can also be used for purposes of cephalometric 
analysis giving the operator the ability to work 
with actual dimensions of the skull. For this pur-
pose, maximum intensity projection (MIP) and 
the grayscale view can be preferred instead of ray 
sum. However, MIP images are achieved by 
 displaying only the highest attenuation value 
from the data. Therefore, deeper structures may 
not be detected properly. One way to overcome 
this problem is to insert marks prior to analysis 
on the deeper landmarks such as Sella, Basion, 
etc. on the 3D volumetric view and use these 
inserted marks while performing a cephalometric 
analysis (Fig. 7.7).

The preparation of AP (Fig.  7.8) and SMV 
(Fig. 7.9) films are also a straightforward proce-
dure. For the production of such films, the opera-
tor only needs to select the proper feature, 
borders, projection type (perspective/orthogo-
nal), and the preferred imaging modality.

7.4.2  Acquisition of Panoramic 
Radiographs

Panoramic radiographs provide a full coverage of 
the dentition, giving valuable diagnostic informa-
tion about the axial inclinations of the teeth, the 
surrounding structures, attachments, anomalies/

Fig. 7.7 Lateral cephalometric film obtained directly 
from 3D volumetric view using the maximum intensity 
projection (MIP) and grayscale setting with Invivo 5 soft-
ware (Anatomage, San Jose, CA). The red marks are 
inserted on the relative landmarks using the 3D volume 
render view

b c

Fig. 7.6 (continued)
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pathologies, and general information about tem-
poromandibular joints. Therefore, it becomes one 
of the routinely used orthodontic records. 
Although the CBCT provides an immersive 
experience for the operator, evaluating all previ-

ously mentioned structures in one 2D general 
view is still appealing to orthodontists.

CBCT-generated panoramic radiographs are 
obtained by identifying an arch curve using the 
axial slices (Fig.  7.10a). The orientation of the 

a

b

Fig. 7.8 (a) Simulated orthogonal projection and the 2D 
anterior-posterior (AP) cephalogram obtained with the 
preadjusted setting (Dolphin 1) of Dolphin 3D imaging 
software with 0% magnification. Note that the orientation 

of the head changed to sagittal compared to coronal orien-
tation while obtaining lateral cephalograms. (b) The same 
AP cephalogram with raysum settings providing a closer 
look to conventional 2D AP head films
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head, especially eliminating the yaw and roll type 
of rotations, is important since this will affect the 
axial slice views, restrain forming a better projec-
tion trajectory, and cause a change in the axial 
inclinations of the teeth. The second step is to 
define the superior and inferior limits of the pan-

oramic view. Middle cranial fossa and/or the base 
of the orbit as the superior limit and base of the 
mandible and/or hyoid bone as the inferior limit 
usually meet the requirements (Fig.  7.10a). 
Following, it is recommended to position the 
axial slice indicator line on the occlusal plane in 

a

b

Fig. 7.9 (a) Simulated orthogonal projection and (b) the 
2D submentovertex (SMV) cephalogram obtained with 
the preadjusted setting (Dolphin 1) of Dolphin 3D imag-
ing software with 0% magnification. Note that the orienta-

tion of the head is same compared to previous figure, but 
the projection trajectory changed from anterior-posterior 
direction to the inferior-superior direction (small red 
arrows represent projection trajectory)
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order to create a path, which will serve as the pro-
jection trajectory. If there is a clockwise or coun-
terclockwise rotation of the occlusal plane on the 
oriented image, then reorienting the image (pitch 
rotation) to make the occlusal plane parallel to 
the ground can be advised (Fig. 7.10b). Forming 
the path using the view of the occlusal plane on 
the axial slice makes it impossible to locate the 
TMJs. However, this is not a concern because 
after creating the dental arch form, the axial slice 
indicator line can be carried superiorly to also 
visualize and add the condylar and coronoid pro-
cesses to the previously drawn path by carrying 
the posterior points accordingly (Fig.  7.10c). 
This way, the lateral boundaries of the panoramic 

radiograph are also determined. The final and 
most important step to obtain a panoramic radio-
graph is to adjust the simulated focal trough. The 
focal trough is the anterior and posterior bound-
aries around the originally drawn path in which 
the structures are well defined. Most of the pro-
grams allow the operator to increase or decrease 
the focal trough size. The decision to increase or 
decrease its size can be given by inspecting the 
axial slices carefully starting from the upper limit 
to the lower limit. This way, one can see what 
will be included in the final view and what will 
not. All teeth with their root apices, mandibular 
bone, maxillary alveolar bone, and condyles must 
fall fully in the focal trough for a diagnostic qual-

a

e

b c d

Fig. 7.10 Showing the necessary steps to acquire a 
CBCT-generated panoramic radiograph. (a) The high-
lighted region on top image represents the superior and 
inferior borders of the panoramic film. The head is ori-
ented to coincide the axial slice (red line marked with 
arrow) with the occlusal plane so that all the teeth on den-
tal arch is visible. (b) Defining path using the dental arch 
as a reference (bottom image). Note that the condyles are 

not present in the current axial view. (c) The line repre-
senting the axial slice (red line marked with arrow) has 
been carried superiorly where the condyles are located. 
The path formed previously has been extended posteriorly 
to also include the condyles (bottom image). (d) Adjusting 
the focal trough in order to include region of interest com-
pletely. (e) Resultant CBCT-generated panoramic image
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ity final image. Any discrepancies detected can 
be corrected by changing the path points and/or 
changing the size of the focal trough (Fig. 7.10d).

It should be kept in mind that CBCT-generated 
panoramic radiographs (Fig.  7.10e) cannot be 
trusted completely as they present distortions 
such as shortening, elongation, and magnifica-
tion, especially if the curve is not identified prop-
erly. Since the reconstructed panoramic image is 
susceptible to operator error, it is important to 
confirm the panoramic radiographic findings 
with 2D MPR views of the volume [46, 47].

7.4.3  Acquisition of TMJ 
Tomograms

CBCT provides an extensive 3D view of the bony 
parts of the TMJ that offers valuable diagnostic 
information to the clinician. However, due to 
anatomic contiguities, it is only possible to evalu-
ate the condyle-fossa relationship clearly from 
the lateral aspects in 3D view. Thus, the 2D 
tomographic sections come to aid, providing a 
better understanding of the condyle-fossa rela-
tionship and the anatomy [48].

After orienting the head, using the 3D sagittal 
view, the operator selects the upper and lower 
limits where the condyle-fossa complex is fully 
contained (Fig. 7.11a). Condyles rest in the fossa 
slightly rotated mediolaterally. When an imagi-
nary line is drawn from the lateral pole to the 
medial pole, the lines generally intersect on the 
anterior border of foramen magnum close to the 
Basion point [49]. This is important, because 
while adjusting the slice orientation to obtain the 
best possible tomographic sections of the TMJ, 
these anatomic landmarks come in handy. 
Consequently, the line representing the axial slice 
is carried onto the sagittal view to the point where 
the condyle is the widest in the mediolateral 
direction on the axial view so that a perpendicu-
lar projection trajectory can be formed. Thus, 
condyles can be evaluated without getting 
affected due to the inclined placement in the 
articular fossa. The tomographic sections can be 
taken from the coronal (Fig.  7.11a), sagittal 
(Fig. 7.11b), and circular (Fig. 7.11c) directions, 

depending on the software in use. In each case, 
the lines representing the sections can be adjusted 
to pass from the mediolateral, anteroposterior 
long axes of the condyles or according to the 
needs of the operator. If a circular projection is 
selected, then 0° and 90° intervals will represent 
the condyle-fossa relationship from two different 
perpendicular views, either from sagittal and cor-
onal, respectively, or from coronal and sagittal, 
respectively (Fig. 7.11c). If it is desired to evalu-
ate the condyle-fossa relationship at different lev-
els, then a linear projection (sagittal or coronal) 
along the condyles must be selected. Finally, the 
sections that are obtained can be viewed from 
 different angles and different levels to check for 
symmetry, shape, size, and condylar position to 
gather information about the anatomy and 
condyle- fossa relationship.

As can be understood, we still need the 2D 
images during the transition to the third dimen-
sion, which is the most important advantage of 
the CBCT. With the development of 3D analyses 
and segmentation programs, the need for 2D 
images will also decrease. But until then, the 
orthodontic practitioner should be familiar with 
2D image acquisition methods.

7.5  Visualization of Impacted 
Teeth

CBCT is not a routine orthodontics record yet 
due to its respectively higher radiation doses 
compared to cephalograms and panoramic and 
periapical films [50]. Impacted or ectopically 
erupting teeth, especially the maxillary canines, 
have been traditionally evaluated using the tube 
shift method (parallax technique) [51]. This 
method, however, gives the clinicians a relative 
idea about the position and difficulty of the 
impaction. Therefore, maybe one of the situa-
tions that require a 3D evaluation, without ques-
tion, is ectopically erupting or impacted teeth 
[52]. It has been shown that CBCT gives the abil-
ity to think three dimensionally for complexly 
positioned canines and thereby render the treat-
ment easier, reducing treatment time [53]. 
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Following third molars, maxillary permanent 
canines are the second most frequently impacted 
teeth ranging from 0.8% to 2.8%, and they are 
more often palatally located [54]. In such sce-

narios, using a smaller field of view (FOV) and 
lower resolution settings are recommended [55, 
56]. A field of view (FOV) of about 10 cm or less 
generally produces excellent results as compared 

Fig. 7.11 (a) The highlighted region on top left image 
represents the superior and inferior borders of the region 
of interest (condyles). The axial slice line (red line 
marked with arrow) is on the condyles where they are 
widest mediolaterally by inspecting the axial cross sec-
tion (bottom left image). The lines (yellow) passing 

from the lateral and medial poles of the condyles meet 
approximately on the anterior border of foramen mag-
num (Ba). Slices are formed according to desired direc-
tion as (a) coronal, (b) sagittal, or (c) circular. Also the 
thickness, width, and number of cross cuts can be 
adjusted by the operator

a

b
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to a panoramic radiograph in evaluation of the 
position and the geometry of the impaction, rela-
tionships with adjacent teeth and to decide on the 
force directions to be applied to erupt these teeth 
into the dental arch. The mentioned FOV pro-
duces approximately 18–333 microsieverts 
(mSv) of effective radiation dose, depending on 
the selected resolution and the type of device in 
use which comes close to a combination of pan-
oramic radiographs (6–50  mSv) and cephalo-
grams (2–10 mSv) [57]. But still, the concern for 

ionizing radiation should always be kept in mind, 
especially for children whose tissues present a 
higher radiosensitivity [58].

When screening is performed for an impac-
tion, the volume rendering view is the one to give 
a general idea about the situation (Fig. 7.12). It 
must be kept in mind that the 3D surface render-
ing mode is only for visualization purposes, not 
for diagnosis and analysis [59]. Using this view 
informs the clinician about the general position 
and location of the impacted teeth, possible 
 damages to adjacent teeth, the path to move the 
teeth into the dental arch most efficiently, and 
how a minimally invasive surgical approach can 
be applied [60]. One of the least desirable situa-
tions is root resorption that can be seen on teeth 
 adjacent to the impaction. According to several 
studies, the rate of maxillary canines to cause 
root resorption on lateral incisors varies from 
48% to 66.7% [54, 61]. In such cases, it is 
required to use the cross-section views to evalu-
ate the amount of root resorption. For this 
 purpose, it is necessary to reorient the image con-
sidering the long axis of the tooth. First, the axial 
slice where the suspected crown of the tooth is 
the widest mesiodistally is determined 

Fig. 7.12 Volume rendering view of an impacted canine

c

Fig. 7.11 (continued)
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(Fig. 7.13a). For this purpose, the axial slice can 
be rotated (yaw) to match the widest mesiodistal 
width of the corresponding crown with the line 
representing the coronal slice. Then using the 
sagittal view, the corresponding long axis of the 
tooth can be coincided (pitch) with the line repre-
senting the coronal slice (Fig. 7.13b). Finally, on 
the coronal view, the tooth’s long axis is aligned 
(roll) with the line representing the sagittal slice 
(Fig. 7.13c). Now, the tooth under investigation 
can be evaluated in detail along its long axis from 

every aspect by moving the respective lines 
(axial, coronal, and sagittal) to visualize the 
amount of resorption. The resorption amount can 
be evaluated by using the grading system sug-
gested by Ericson and Kurol as no resorption, 
slight resorption, moderate resorption, or severe 
resorption [62].

It is also necessary to evaluate the position of 
the canine to establish a proper treatment proto-
col. There are several classifications today, most 
of which have been adopted from previous 2D 
studies to judge the severity of the impaction. For 
this purpose, CBCT-generated 2D panoramic 
films and 3D volume rendering views can be 
used. The most used evaluations include the fol-
lowing: the distance of canine crown and root 
from the occlusal plane and/or the palatal plane 
[63, 64], the mesiodistal space available for 
canines [65], the canine overlap with adjacent 
teeth (sector) [66, 67], deviation from the  occlusal 
arch [67], and the angulation of canines with 
respect to the midline, lateral incisor, and occlu-
sal plane [53] (Fig. 7.14a–d). All of these tasks 
can be performed with ease using the linear and 
angular measurement tools of available segmen-
tation programs.

It is apparent that 3D visualization of impacted 
teeth has improved the diagnostic capabilities of 
the orthodontist and thus led to faster treatment 
times by means of better treatment planning. 
However, although CBCT is considered a golden 
standard in terms of impacted teeth, it should be 
preferred primarily for complex impactions to 
lower the risks of ionizing radiation.

7.6  Assessment of Root 
Resorption

External root resorption is a relatively common 
unpredictable and idiopathic adverse effect of 
orthodontic treatment. Fortunately, in most cases, 
we see apical root shortening or surface resorp-
tion that does not decrease the functional capac-
ity or longevity of the affected tooth [68]. In less 
than 5% of orthodontically treated anterior teeth, 
there is loss of more than one-third of the original 
root length [69].

a

b

c

Fig. 7.13 (a) Orientation of the axial slice to coincide the 
widest mesiodistal width of the maxillary lateral incisor to 
the coronal slice (blue line). (b) Orientation of the sagittal 
slice to coincide the long axis of the maxillary lateral inci-
sor to the coronal slice (blue line). (c) Orientation of the 
coronal slice to coincide the long axis of the maxillary 
lateral incisor to the sagittal slice (green line). It is appar-
ent on the sagittal slice (b) that on the labial side of the 
root of the maxillary lateral incisor, there is a wedge- 
shaped severe resorption due to the impacted canine
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Panoramic and periapical radiographs, as well 
as lateral cephalograms, have been used for many 
decades to detect root resorption. However, the 
inability to see anything but root shortening or 
mesiodistal surface resorption diminishes their 
diagnostic value [70]. Moreover, the projection 
of 3D structures onto a 2D medium, superimposi-
tion of anatomical structures, improper patient 
positioning, geometric distortion, differential 
magnification, and lack of reproducibility further 
limit the information obtained from these records, 
especially in terms of the evaluation of quantita-
tive root resorption [70–78]. Many anatomical 
and pathological details cannot be seen on tradi-
tional radiographs [73]. It has also been reported 
that conventional radiographs underestimate, or 
overestimate, the amount of resorption [69, 77, 
79–83]. Finally, 2D intraoral radiography is not 
reliable for detecting early stages of external root 
resorption [81, 84–86].

Low radiation doses, multidirectional presen-
tation, 1:1 ratio, high spatial resolution, and 

 relative affordability are some of the reasons why 
cone beam computed tomography (CBCT) has 
become an essential diagnostic tool in dentistry 
[51, 87–89]. CBCT provides distortion-free slice 
images of roots and more accurate information 
about root resorption than 2D radiographs [90–
92]. We can manipulate CBCT in the axial, sagit-
tal, and coronal planes, reconstruct images in 
such a way that eliminates the overlying noise, 
zoom in and out of specific areas, and adjust 
brightness and contrast, which enables us to 
obtain more accurate and reliable measurements 
of anatomical structures [81, 93], in this case 
roots (Fig. 7.15). The difference between CBCT 
measurements and actual root lengths has been 
established to be around 0.1 mm, which is clini-
cally insignificant [89, 94]. Furthermore, with the 
CBCT one can see highly detailed images and 
easily detect even the early stages of root resorp-
tion [73]. It has been reported that CBCT images 
give false-positive results in less than 10% of 
cases with no lesions, as opposed to 2D modali-

a

b

c

d

Fig. 7.14 (a) The grid-like scale used to grade the diffi-
culty of canine impaction [67]. The horizontal and vertical 
lines are used to define the vertical and horizontal position 
of the impacted canine, respectively. The evaluation is 
done separately for both the cusp tip and the root tip. For 
the horizontal regions, red numbers and blue numbers are 
for the cusp tip and root tip, respectively. For the vertical 
regions, the numbering system is used for both the cusp 
tip and root tip. Depending on the anatomic location of the 

cusp and root tips, a number is given on a 0–5 scale. The 
sum of scores decides the anticipated difficulty of treat-
ment. (b) Canine cusp tip is located in the fourth region 
both horizontally and vertically. The root tip is located on 
area 0 vertically and on area 5 horizontally. (c) The lines 
on the axial view represent the deviation from the occlusal 
arch with 2 mm. increments. (d) The canine tip for the 
same patient is located on area 2 and root tip on area 5 
(yellow spots)
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ties, where false positives are present in slightly 
over 20% of cases [73].

The quality of CBCT images is affected by the 
scanning unit, field of view (FOV), scanning 
time, tube amperage, tube voltage, voxel size, 
and spatial resolution [95]. Different voxel sizes 

have no effect on the accuracy and reliability of 
measurements of teeth and root lengths [89]. 
Different commercially available settings of a 
CBCT scanner can give similar accuracy and 
spatial resolution in the whole field of view [94]. 
There is no difference in the precision of volumes 

a

b

Fig. 7.15 Assessing root resorption. (a) In order to avoid 
misrepresentation due to the inclination, image orienta-
tion is done according to the long axis of teeth (top left). 
Root resorption visible on the Dolphin Imaging standard 

panoramic reconstruction from a DICOM dataset (top 
right). (b) More detailed information can also be obtained 
using MIP view
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obtained with 360° or 180° of rotation when all 
other parameters are the same [81, 96]. Reducing 
the number of image projections does not result 
in reduced dimensional accuracy of 3D measure-
ments [97]. No statistical differences in the diag-
nostic ability of the small and medium FOV 
CBCT machines have been found [98].

We can say that linear CBCT measurements 
are highly accurate [99–102]. CBCT images are 
considered exceptionally precise in identifying 
and qualifying root resorption [83, 103]. Their 
sensitivity and specificity are excellent, which 
makes them superior to digital intraoral and pan-
oramic radiographs in detecting external root 
resorption [73, 81, 92, 104–107]. A systematic 
review and meta-analysis from 2017 concluded 
that CBCT could be a reliable diagnostic tool in 
clinical practice for detecting the presence of 
external root resorption [108] with a higher 
 diagnostic efficacy than periapical radiographs. 
Furthermore, to put things in perspective, we 
need to mention the fact that orthodontic 
 treatment planning probably would not vary 
much if external apical root resorption were diag-
nosed on 2D or CBCT images but would differ 
significantly if buccal or lingual root resorption 
were identified, which is only possible using 
CBCT [109]. Likewise, enhanced information 
regarding root resorption associated with 
impacted teeth [98, 103, 104] may be critical in 
changing extraction treatment plans and eventu-
ally extracting a resorbed lateral incisor instead 
of a healthy premolar [109].

7.7  Assessment of Tooth 
Position

Almost half a century ago, Andrews [110] defined 
the six keys of normal occlusion and explained 
the importance of proper mesiodistal and labio-
lingual inclination of the teeth. Moreover, proper 
axial inclination and root parallelism are impor-
tant for good occlusion, incisal function, and 
treatment stability [111–115]. Therefore, assess-
ment of tooth position is an essential part of orth-
odontic diagnosis, treatment planning, and 
treatment progress and outcome evaluation. 

Orthodontists traditionally use study models, 
panoramic radiographs, and cephalograms for 
this purpose. Root parallelism and mesiodistal 
tooth angulations are commonly assessed with 
panoramic radiographs, while lateral cephalo-
grams are used for evaluating labiolingual angu-
lation of anterior teeth [115–121].

Both panoramic radiographs and lateral ceph-
alograms are very convenient but not precise and 
reliable enough for assessing tooth position [120, 
122]. Panoramic radiography is technique and 
operator sensitive [123] and gives a distorted 2D 
representation of a 3D object [124]. Most errors 
occur in patient positioning [125]. Discrepancies 
between optimal and actual beam directions are 
especially present in the premolar area [126]. An 
x-ray beam that is not horizontally perpendicular 
to the surface of the jaw when imaging adjacent 
teeth that have different torque values (labiolin-
gual angulations) creates a false perception of the 
root tip (mesiodistal angulation), especially in 
the canine and premolar regions. Increased lin-
gual root torque usually appears as more mesial 
root tip and labial root torque as more distal root 
tip. This phenomenon is inconsistent and 
extremely variable [119, 127]. Limitations of lat-
eral cephalograms come from relative inaccuracy 
in tracing cephalometric points on incisors and 
canines, as well as from radiographic superimpo-
sitions [117, 122].

Cone beam computed tomography scans give 
us the DICOM datasets from which we can single 
out axial, sagittal, and coronal slices, as well as 
reconstruct 3D images of individual teeth and 
craniofacial structures. This allows orthodontists 
to fully explore the patient’s dental and skeletal 
features before, during, and after treatment [116, 
120, 128]. When assessing tooth position using 
CBCT datasets, conventional axial, sagittal, and 
coronal slices, as well as custom sections, are 
used (Fig. 7.16) [116, 120, 128–131]. However, it 
has been suggested that 3D volume renderings 
might provide a more powerful and simplified 
tool for the visualization of root angulation and 
proximity but would not be an effective way for 
measuring mesiodistal tooth indications because 
of the difficulty to accurately select and localize 
measuring points in the same plane [129].
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7.8  Assessment of Alveolar Bone 
Heights and Volume

Orthodontic tooth movement is always related to 
the remodeling of the surrounding periodontal 
ligament (PDL) and alveolar bone. Bone remod-
eling is achieved through bone resorption and 
bone apposition formation. Optimal force sys-
tems initiate adequate biological responses of the 
PDL and the alveolar bone [132, 133]. However, 
heavy orthodontic forces in a limited area can 
cause contact between a tooth and the alveolar 
cortical plate, which may lead to the resorption of 
the cortical bone, subsequent alveolar bone 
defects (fenestrations and dehiscences), root 
exposure, and decreased bony support for the 
teeth [134–138]. Fenestrations are isolated areas 
where the root is denuded of the bone with only 
periosteum and gingiva over it, and dehiscences 
are bony defects in which denuded areas involve 
the alveolar bone margin [139]. Transverse 
movements can create dehiscences and fenestra-
tions in the buccal and lingual cortical plates 

[135, 136, 140–142]. Excessive palatal move-
ment of maxillary incisors brings their roots 
closer to the palatal cortex, which bends and 
remodels to some extent until contact is made but 
with further movement leads to penetration of the 
cortical plate accompanied by bone loss, root 
resorption, and finally relapse. Orthodontic pro-
clination of maxillary incisors can also lead to 
dehiscences [143]. Too much lingual movement 
of mandibular incisors may cause irreversible 
distraction of the lingual cortex and decrease 
bone support [134–136, 140–142, 144–146]. 
There is no consensus on whether excessive pro-
clination of mandibular incisors causes periodon-
tal recession [147–154]. However, inflammation 
during orthodontic treatment and initial lack of 
bony support will possibly damage teeth and the 
periodontium [145, 148, 149, 155–160]. In sum-
mation, the amount and type of orthodontic tooth 
movement and patient features, such as boundary 
conditions before treatment and bone ability to 
remodel, affect bone quality and quantity after 
orthodontic treatment [109]. This is why analyz-
ing alveolar bone characteristics, measuring the 

a b

Fig. 7.16 Mesiodistal angulations are measured using 
the occlusal plane as a reference line. The occlusal plane 
is oriented parallel to the lower border of the display win-
dow for the sagittal and coronal views. The long axis of 
the single-rooted tooth is defined by the midpoint of the 

incisal edge or the facial cusp tip and the root apex (a). 
The long axis of the multi-rooted tooth is determined by 
the occlusal aspect of the buccal groove and the depth of 
the bi- or trifurcation (b)
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height, thickness, and volume of the alveolar 
bone, may be valuable in certain patients, like 
those presenting with thin alveolar bone pheno-
types or pre-existing periodontal disease, as well 
as cases requiring tooth movement past another 
tooth or obstruction. Patients in need of extensive 
orthodontic movement close to or beyond alveo-
lar limits, like the borderline non-extraction cases 
or orthodontic-surgical patients, would also ben-
efit from detailed exploration of the alveolar bone 
[109, 116, 161]. Undiagnosed defects of the buc-
cal alveolar bone before orthodontic treatment 
may increase the risk for dental relapse [162, 
163] or gingival recession [156–158, 160].

Traditional 2D radiography, mostly periapical 
and panoramic radiographs, has been used for 
this purpose for quite some time, but superimpo-
sition of structures and lack of information from 
the third dimension make it very difficult to obtain 
precise values and visualize bony defects, such as 
dehiscences and fenestrations [146, 164, 165]. 
High spatial resolution, relative affordability, low 

radiation doses, and the fact that it provides dis-
tortion-free images that can be viewed in all three 
planes of space as well as in a 3D reconstruction 
make cone beam computed tomography the diag-
nostic tool of choice once more [51, 81, 87–89, 
93]. The accuracy and reliability of alveolar bone 
measurements on CBCT images and its suitabil-
ity for examining alveolar bone morphology have 
been confirmed by many authors [89, 94, 101, 
103, 166–173]. Nevertheless, possible overesti-
mations of up to 2 mm (bone thickness greater 
than voxel size) and underestimations of up to 
1  mm (bone thickness smaller than voxel size) 
have also been reported, as well as limits of 
agreement in the mandibular incisor area of up to 
2 mm [169, 171, 174]. These inconsistencies are 
probably a consequence of research design and 
sample variations, but still they suggest that the 
accuracy of alveolar bone CBCT measurements 
might depend on different factors. Comparing 
different numbers of projections (153, 306, and 
612 projections) or different scanning times 

a b c

Fig. 7.17 Measuring facial alveolar bone height on 
CBCT sections from the center of the mesial (a), middle 
(b), and distal (c) third and facial bone thickness on CBCT 
sections from the center of the cervical (d), middle (e), 

and apical (f) third of the maxillary central incisor. These 
measurements can also be obtained on posterior teeth, as 
well as in the palatal/lingual region
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showed no statistical differences in measurement 
accuracy [97, 175]. Reducing the rotation arc of 
the CBCT scanner from 360° to 180° has resulted 
in comparable measurements of periapical 
lesions [81, 96]. Voxel size alone has almost no 
effect on linear measurement accuracy [89, 176–
178], but some authors claim it might when soft 
tissues are present [171, 174].

When analyzing alveolar bone morphology, 
orthodontists and other dental specialists measure 
the alveolar bone heights and thicknesses in order 
to identify bone defects (Fig.  7.17). One can 
obtain accurate and reliable buccal alveolar bone 
dimensions from CBCT images; however, mea-
suring bone height is more accurate then measur-
ing bone thickness. This may be due to easier 
landmark identification. Landmarks for buccal 
bone height are placed on the incisal edge or cusp 
of a tooth and the border between the alveolar 
crest and gingival soft tissue, whereas for buccal 
bone thickness one needs to distinguish between 
the cementum and bone that have similar 
radiodensities [165, 167, 172, 175]. Looking into 
dehiscences and fenestration, when a defect is 
found on a CBCT image, it is a true dehiscence 
about 50% of the time and a true fenestration 
about 25% of the time. When no defect is found 

on a CBCT image, most likely there was no defect 
to be found in the first place. The low prevalence 
of dehiscences and fenestrations makes identifica-
tion of true negatives more important than identi-
fication of actual defects. This is why the CBCT is 
still a good tool in diagnosing these buccal bony 
defects [165].

7.9  Chapter Conclusions

A relatively new technology, such as CBCT and 
3D imaging, sees annual improvements of hard-
ware and software. The clinical basics of what 
needs to be analyzed may remain the same, but 
the methodology above described may change.

It seems that 3D imaging is here to stay with 
its incorporation in clinical orthodontics not only 
important but perhaps essential for the currently 
practicing orthodontist.
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Abstract
The cone-beam computed tomography scan 
provides additional information that can be 
used not only for diagnosis but also for treat-
ment planning and outcome assessment. This 
chapter will introduce some novel methods of 
3D analysis not possible with 2D radiography, 
which can be easily incorporated right away in 
clinic orthodontics. Some of these measure-
ments, such as the transverse analysis, have 
been shown to significantly improve the qual-
ity of treatment. In other words, the more we 
know, the more control we have, and the better 
result we can achieve.

8.1  Introduction

Cone-beam computed tomography (CBCT) is 
about more information. Unlike traditional two- 
dimensional radiography, all the information pro-
vided by a 3D CBCT cannot be seen at once and 
at the same time. A CBCT image provides layers 
of information, which not only display the current 
state of the patient but also give insight that may 
be essential in the orthodontic treatment planning. 
The additional information is also useful when 
assessing changes and evaluating results, so out-
come assessments also can be more comprehen-
sive. This chapter will address certain techniques 
that go beyond the regular diagnosis and provide 
further information for the treatment planning and 
outcome assessment of the orthodontic patient.

8.2  Imaging of Upper Airway

Imaging of the upper airway using CBCT is a very 
promising area which may be able to provide sound 
scientific data and added diagnostic value for treat-
ment planning [1]. The pathological conditions 
present in the upper airway have far-reaching effects 
on the dentofacial region [2] and have been dis-
cussed over a period of more than a hundred years 
[3, 4]. However, this crucial and vital function is 
often overlooked in the name of better esthetic 
results and the establishment of a better occlusion.

Currently, with the state-of-the-art devices, 
hard and soft tissues, as well as the upper airway, 
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can be displayed, providing a different perspective 
on the treatment plans of our patients. The upper 
airway has been evaluated using many techniques 
among which lateral cephalograms have been one 
of the most preferred modalities by orthodontists. 
However, the evaluation of the upper airway from 
only the sagittal view on a superimposed image 
does not properly portray the airway and has led to 
certain problems [5]. CBCT imaging, on the other 
hand, has helped us to identify the nature of air-
way-related problems, especially for obstructive 
sleep apnea syndrome (OSAS) by also visualizing 
the coronal view [6, 7].

In contrast to solid structures, the upper air-
way is a functional space surrounded by soft and 
hard tissues. The radiodensity of air under 
 standard pressure and temperature using conven-
tional CT has measured as −1000 Hounsfield 
units (HU) [8]. The reason for this low estimate is 
due to the very low attenuation of X-rays while 
passing from a hollow structure. The same holds 
true for CBCT devices, but there are some limita-
tions due to beam hardening artifacts, more scat-
ter radiation compared to conventional CT, the 
limited dynamic range of the X-ray area detec-
tors, and the inability to show the actual HU val-
ues [9]. These unfavorable conditions cause the 
upper airway to receive an HU roughly in 
between −500 and −1000. This is particularly 
important since a well-defined segmentation of 
the upper airway depends on defining the correct 
threshold intervals. Thresholding is for discrimi-
nating the image according to gray values and is 
a highly preferred method for segmentation pur-
poses [10]. All voxels above and below a defined 
limit are grouped together to discriminate the 
region of interest (ROI) apart from other tissues. 
This way, the upper airway can be segmented like 
a solid structure using correct threshold settings.

In terms of airway segmentation, current soft-
ware can be categorized as manual, automatic, or 
semiautomatic segmentation programs. Manual 
segmentation programs give the greatest operator 
control by allowing the user to define the bound-
aries of the airway slice by slice. However, it is a 
very time-consuming procedure and not intended 
for clinical use. Automatic segmentation depends 
on correct thresholding capabilities and thus 
more prone to errors, but it can be performed 

within a couple of minutes. Semiautomatic seg-
mentation provides both capabilities to segment 
the airway. Unfortunately, at this point, there is 
not a consensus for volumetric measurements 
between different programs due to the use of dif-
ferent algorithms. However, the correlation of 
volumetric measurements and intraoperator reli-
ability is high [11]. The more important consider-
ation here is to define the minimum cross-sectional 
area (MCA) and not the volume.

As the name suggests, MCA is the most con-
stricted axial slice area within a defined airway vol-
ume (Fig.  8.1). Several studies also show that the 
MCA is a variable that can be used to explain the 
airway volume [12]. When the upper airway is 
assumed as a long cylindrical pipe, it is more signifi-
cant to define the radius for determining the airflow 
resistance than knowing the volume of this canal 
according to Hagen-Poiseuille equation: [13, 14].
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where RAW is the airway resistance, μ dynamic vis-
cosity, l length, and r radius. As can be seen from 
this equation, radius is inversely proportional in 
fourth power to airway resistance. This means that 
even if there is a small decrease in radius, this will 
be reflected as a dramatic increase in airway resis-
tance that makes defining the MCA, especially for 
OSAS patients, a mandatory task.

On the other hand, this equation cannot be fully 
trusted as the upper airway, more specifically the 
oropharynx part, constantly displays a change in 
shape (or radius if we come to think of it as a cylin-
der) during inspiration and expiration phases [15]. 
Since CBCT is a static imaging technique, then a 
question comes to mind: in which phase of respira-
tion should we acquire the image in order to stan-
dardize the records? In individuals with normal 
respiration, the upper airway contracts during early 
inspiration due to the formation of negative intralu-
minal pressure and begins to expand with the activa-
tion of dilator muscles toward the end of inspiration. 
In the early stages of expiration, the airway reaches 
its maximum dimensions due to the positive intralu-
minal pressure and narrows toward the end [16]. 
Since it is more important to define the areas of con-
striction, it may be suggested to acquire the images 
during the end of the expiration period.
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One of the other most important considerations 
of upper airway imaging is the positioning of the 
patient. It has been reported that there is a 20–40% 
more contraction in the upper airway in supine 
position as compared to upright or sitting position 
[17]. Furthermore during sleep, the collapsibility 
of pharyngeal region tends to increase as com-
pared to wakefulness [18]. Therefore, in the case 
of an OSAS screening, supine position is recom-
mended during image acquisition in order to bet-
ter evaluate the constricted regions. For other 
purposes, the sitting or upright positions will cer-
tainly give an idea about the constricted regions 
for the orthodontist to establish a treatment plan.

3D upper airway imaging has been a great addi-
tion to the orthodontists’ armamentarium. It should 
always be kept in mind that we cannot diagnose or 
perform risk assessment for OSAS with radio-
graphic imaging techniques. However, defining the 
areas of constriction in the upper airway and know-
ing what modifications can occur during the imple-
mentation of various orthodontic/orthopedic/

orthognathic treatments can provide valuable infor-
mation in the treatment planning of patients with an 
anatomical predisposition to OSAS.

8.3  3D Surgery

One of the other main fields to support the use of 
CBCT for patients presenting with skeletal defor-
mities is the planning of orthognathic surgery. 
Preparation of a patient for orthognathic surgery 
has always presented a challenge for the clini-
cians. The use of 2D radiographs and analyses of a 
3D entity have always left a question mark, espe-
cially in asymmetrical situations. Furthermore, in 
order to confirm the planning on 2D radiographs 
and to prepare the splints to guide the surgeon dur-
ing the surgery, mandatory use of articulators [19] 
has presented another challenge and with loss of 
time and work power.

The reliability and accuracy of CBCT devices 
have been tested with several studies and found to 

a

b

c

Fig. 8.1 Visualization of the oropharyngeal airway. (a) 
Determination of volume and minimally constricted axial 
area between defined limits using InVivo5 software. The 
color-coding also helps to visualize areas of constriction. 
(b) Determination of volume and minimally constricted 
axial area between defined limits using Dolphin Imaging 
software. Note that the same patient with the same head 
orientation is used for both programs. Although volumet-

ric differences are more distinct (8.2 cc for InVivo5 and 
7.2  cc for Dolphin), the MCA readings are closer 
(65.3 mm2 for InVivo5 and 64 mm2 for Dolphin) and at the 
same anatomical level for both programs. (c) A new fea-
ture of InVivo5 also provides users to visualize mediolat-
eral and anterior-posterior widths and the cross-sectional 
areas all along the defined limits
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reflect true dimensions of anatomical structures 
[20–22]. Although the resolution of maxillary and 
mandibular bones is in the range of acceptable/
good quality for a surgical simulation, teeth reso-
lutions are not sufficient for producing a surgical 
splint to be able to use in the mouth. Furthermore, 
it is almost an impossible task with the current seg-
mentation programs to separate upper and lower 
teeth apart since CBCT images are taken while the 
patient is biting for orthodontic purposes.

Parallel to the rapid development of CBCT 
devices, there have also been favorable develop-
ments in the 3D field, such as 3D scanners and 
printers becoming more widespread and accessi-
ble. Following these developments, software 
developers have incorporated the 3D surgical 
modules to their programs. Patient’s dental mod-
els are now scanned with the aid of 3D laser scan-
ners, and the digital models are placed accurately 
overlaying the teeth on CBCT images [23]. Thus, 
the fabrication of a reliable surgical splint is pos-
sible by using the highly detailed upper and lower 
teeth that can be separated.

CBCT can capture the facial soft tissue and 
display it correctly to an extent. However, the 
resultant image lacking many features of the face 
makes it expressionless and hard to create a real-
istic simulation. Stereophotogrammetry is a tech-
nique to measure accurately certain anthropometric 
dimensions [24]. This method refers to combining 
multiple views of photos to form a 3D image [25]. 
Structured light technique is also a system used 
for capturing 3D information based on the trian-
gulation principle [25]. There are systems avail-
able as of today incorporating the benefits of 
stereophotogrammetry and structured light tech-
nique in one device in order to capture photo-real-
istic 3D facial soft tissue images [26]. Also, some 
manufacturers are adding this functionality to 
their CBCT devices so that in addition to a CBCT 
scan, a 3D facial photo is also captured, simulta-
neously. The 3D photos acquired from such 
devices can easily be overlaid manually or auto-
matically on the CBCT scan soft tissue profile to 
create a virtual patient [23]. This image fusion 
process includes merging facial soft tissues, facial 
skeleton, and dentition and is an accurate and a 
realistic tool for treatment planning [27]. 

Segmentation programs also offer a feature called 
“2D photo wrapping.” With this method, the oper-
ator can wrap a 2D frontal photograph of the 
patient to his/her CBCT-generated soft tissue pro-
file. However, although this method creates a 
photo-realistic look, some deformation may occur 
inevitably. Hence, 2D wrapping must be handled 
with a specific technique and diligence.

After creating the “virtual patient,” 3D surgi-
cal procedures can be applied according to the 
specific software’s user guides. Generally, it is a 
step-by-step procedure consisting of defining the 
borders of the maxilla, mandible (corpus and 
ramus), and teeth, deciding on which surgical 
cuts to perform (maxillary, mandibular, or both) 
and performing the movements of the jaws with 6 
degrees of freedom (yaw, pitch, roll, supero- 
inferior, anteroposterior, and lateral) according to 
the cephalometric surgical plan. In the final stage, 
3D digital splint(s) can be created depending on 
single or double jaw surgery, and a hard copy can 
be printed using 3D printers (Fig. 8.2).

It is apparent that 3D digital world has much 
to offer for the clinicians. Incorporation of 3D 
surgery modules to various software is allowing 
the operator to work more accurately and decreas-
ing significantly the amount of time spent for sur-
gical preparation. With the advances in CBCT 
devices and related industry, it can be assumed 
that we are approaching the end of an important 
era; the era of articulators.

8.4  Temporary Anchorage 
Device Planning

Temporary anchorage devices (TADs), also known 
as orthodontic mini-implants, miniscrews, or 
miniscrew implants, have become very popular 
over the past 20  years for providing skeletal 
anchorage and improving orthodontic mechanics 
[28–31]. As the name suggests, TADs are tempo-
rarily fixed to the jaw bone in order to enhance 
orthodontic anchorage and are removed after they 
have served their purpose [28]. Stability of TADs 
during orthodontic treatment is essential for their 
clinical effectiveness in minimizing anchorage 
loss [31–34]. Before placing a TAD, detailed clini-
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cal and radiographic assessment of the placement 
site should be performed [35]. Surrounding bone 
quality, such as bone density, depth and cortical 
bone thickness, characteristics of the mucosa and 

attached gingiva, soft tissue thickness and mobil-
ity, proximity of the roots, interradicular distances, 
proximity of nerves and blood vessels, the location 
of the inferior alveolar nerve, and sinus morphol-

a
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Fig. 8.2 Workflow of Dolphin Imaging software for 3D 
surgery. (a) 2D segmentation of the hard tissues using the 
panoramic view. (b) 3D segmentation of the mandible 
(top and bottom left images) and maxilla (top and bottom 
right images). (c) Laser-scanned upper and lower models 
(.STL files) are inserted on respective jaws, adjusted and 
unwanted parts cropped out. (d) Definition of surgical 

cuts. (e) 3D landmark identification for hard and soft tis-
sues. (f) 3D surgery performed according to the treatment 
plan. Soft and hard tissue changes are verified. It is also 
possible to visualize new teeth contacts using the vertical 
collision map. (g) Comparison of pre- and post-op soft 
and hard tissue changes. (h) Preparation of splints
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ogy, should be evaluated [32, 36, 37]. The impor-
tance of considering these factors before TAD 
placement has been stressed in the literature. 
However, it seems that most orthodontists conduct 
blind placements or use periapical or panoramic 
radiographs or lateral cephalograms [35, 38–42]. 
Two-dimensional radiographs used for planning 
TAD placement are limited due to the lack of 
information from the third dimension, superimpo-
sition of anatomical structures, geometric distor-
tion, and differential magnification [35, 38, 41, 
42]. Neither visual inspection nor periapical or 
panoramic radiographs exhibit reliability for eval-
uation of potential sites for TAD placement. Root 
perforations have been reported in 55% of blind 
placements, 50% of placements based on pan-
oramic radiographs, and even 60% of placements 
based on periapical radiographs [35].

Adequate information needed for predictable 
TAD placement can be obtained from 3D images 
(Fig. 8.3) [35, 38, 41, 42]. Namely, CBCT scans 

can be used for evaluating the quality and quantity 
of the cortical and underlying trabecular bone, 
which is very important for TAD stability. This is 
especially important when placing TADs near 
complex anatomical structures where quality and 
quantity of bone might be compromised [40, 43]. 
Determining these alveolar bone features could be 
valuable for finding optimal sites for TAD place-
ment and improving rates of success [44]. CBCT 
images are considered superior to 2D radiography 
when identifying best sites and giving positional 
guidelines for TAD placement [32, 38, 45–52], as 
well as for determining the proximity of the TAD 
to the root [53]. Small- volume CBCT is more 
accurate and convenient for preparation of TAD 
placement than other imaging techniques, while 
using it in treatment planning leads to fewer root 
perforations [35]. Furthermore, bone density can 
also be measured using CBCT scans if the X-ray 
attenuation coefficient is corrected [53].

In summation, CBCT images give better visu-
alization and accuracy for evaluating TAD place-
ment sites, therefore reducing the chances of 
potential damage to vital structures and prevent-
ing failure [38].

8.5  Transverse Analysis

Thorough diagnosis and treatment planning in 
all three planes of space is the key to a successful 
orthodontic treatment. The introduction of 
CBCT has revolutionized our diagnostic tools, 
by allowing us to inspect all three planes more 
accurately [54].

Until recently, most clinicians would base 
their diagnosis on lateral cephalograms, which 
are a 2D representation of a 3D structure, and 
that caused the transverse dimension to be over-
looked and lacking in accurate diagnostic mea-
sures. However, orthodontists agree that 
transverse deficiencies are an essential compo-
nent of diagnosis, and it has been incorporated 
in the American Board of Orthodontics (ABO) 
Cast- Radiograph Evaluation (C-R evaluation), 
where the buccolingual inclinations of poste-
rior teeth are measured by comparing height 
differences between buccal and lingual cusps 
on dental casts [55]. Measures such as dental 

Fig. 8.3 Linear (cortical bone thickness) and angular 
(TAD angulation) parameters important for TAD stability 
were measured on the coronal view of the maxillary molar 
area. Cortical bone thickness was measured on the facial 
side as the faciolingual distance between the cortical and 
cancellous bone. TAD angulation was determined by the 
angle between the long axis of the TAD and the long axis 
of the tooth

J. M. Palomo et al.



147

casts and posteroanterior cephalograms have 
been used, but these measures lacked reliability 
and consistency [56]. Other clinicians base 
their decision on the presence or absence of 
crossbites, which is flawed because the cross-
bite could be of dental nature or an absence of 
it could be due to an excessive molar angulation 
compensating for an underlying skeletal defi-
ciency. Moreover, experienced clinicians can 
diagnose the transverse dimension with a com-
bination of measures that evaluate the presence 
of crossbites, the degree of crowding, arch 
width, perceived buccolingual inclinations of 
teeth, and the shape and height of the palatal 
vault [57, 58]. However, this requires experi-
ence, and the multiple measurements increase 
the potential for errors.

Enlow and Hans discussed dentoalveolar 
compensations and stated that “Intrinsic adjust-
ments during growth are an important biological 
concept, as they allow regional parts to stay in a 
state of functional and structural equilibrium.” 
[59] Moreover, Solow discussed how transverse 
skeletal jaw discrepancies are partly compen-
sated for through adjustments of the buccolingual 
molar angulations [60]. In a CBCT study, it was 
shown that where a transverse deficiency exists 
without crossbites, it was usually due to molar 
inclinations beyond one standard of deviation 
from the mean, exhibiting a compensation for 
skeletal transverse deficiencies [61].

Using CBCTs, one is able to inspect the 
transverse dimensions more accurately and 
develop objective, reliable diagnostic norms and 
guidelines to help in diagnosis and treatment 
planning. The significant superiority of CBCTs 
over posteroanterior cephalograms was proven 
when both techniques were compared to dry 
skull measurements [62]. Moreover, Streit has 
shown low agreement among experienced clini-
cians when diagnosing “transverse deficiencies” 
using photographs, models, and frontal radio-
graphs alone [63]. This supports the need for 
developing more reliable, standard measures to 
diagnose the transverse dimensions, which 
become even more important in identifying 
whether the deficiency is skeletal or dental, 
especially when dental compensations mask 
underlying skeletal deficiencies.

A few methods have been developed to utilize 
CBCTs to measure buccolingual inclinations of 
molars with the goal of developing norms and 
guidelines to aid in treatment decisions that 
include the transverse dimensions (such as 
whether to use dental versus skeletal expansion 
to correct deficiencies). Although the different 
methods used different landmarks, they all had 
high reliability [63–65].

8.5.1  The Case Western Reserve 
University (CWRU) Method

To address the need for measuring the buccolin-
gual inclination of teeth, CWRU used a sample of 
78 to develop a technique to measure buccolin-
gual inclinations using CBCT and establish norms 
for “The CWRU Transverse Analysis” by averag-
ing the buccolingual inclinations of first molars in 
individuals showing ideal posterior occlusion and 
intermaxillary relationships. The average maxil-
lary first molar angulation was 100  ±  4°, while 
that of mandibular first molars was 77 ± 5°. These 
numbers were chosen to be the molar angulation 
norms for ideal occlusion. The method is simple 
to use and quick and can be done in any commer-
cially available DICOM viewer that permits angu-
lar measurements. It provides an objective and 
quantifiable method to analyze the transverse 
dimension [63, 64, 66–69].

First, the head should be oriented with internal 
landmarks (the CWRU orientation method), as 
described in the previous Chap. 7 (Sec. 7.3). 
Then, the buccolingual inclinations of each max-
illary first molar are measured through the angle 
outlined between the palatal long axis of the 
tooth (the line joining the mesiopalatal cusp tip 
with the palatal root apex) and a tangent to the 
inferior border of the nasal cavity (Fig. 8.4). The 
buccolingual inclination of each mandibular first 
molar is measured through the angle formed 
between the long axis of the tooth (the line con-
necting the central groove with the apex of the 
mesial root) and a tangent to the inferior border 
of the mandible (Fig. 8.5).

This method has shown an intra-rater reliabil-
ity of 98.7% and an inter-rater reliability of 
89.2% [69].

8 Treatment Planning, Outcome Assessment, and Upper Airway Imaging Using CBCT in Clinical Orthodontics



148

8.5.2  Interpretation 
of the Measurements

The angulations are categorized as normal, defi-
cient, or excessive. Excessive angulations indi-
cate that the molars are tipped buccally beyond 
one standard of deviation from the norm, while 
deficient angulations indicate a lingual inclina-
tion below one standard of deviation from the 
norm.

For example, a maxillary molar with an exces-
sive buccal inclination (above one standard of 
deviation) and/or a mandibular molar with a defi-
cient inclination (below one standard of devia-
tion) can indicate a possible dental compensation 
for a skeletally narrow maxilla. This suggests that 
using a rapid palatal expander (RPE) and expand-
ing the maxilla can be beneficial for harmonious 
occlusion. On the other hand, a deficient maxil-

lary molar inclination could possibly be a com-
pensation for a wider maxilla, and thus RPE 
should be avoided.

A decision tree (Fig.  8.6) was developed to 
aid in decision-making. Normal molar angula-
tions in absence of crossbites indicate a harmo-
nious transverse relationship, and thus the 
transverse dimension should be maintained, 
while those with normal angulations in presence 
of crossbites exhibit a transverse skeletal defi-
ciency without dental compensations, indicating 
a need for RPE [69].

For subjects that exhibit dental compensations 
for a skeletal transverse deficiency (excessive 
maxillary molar angulation, deficient mandibular 
molar angulation, or a combination), RPE is the 
treatment of choice to achieve a balanced occlu-
sion, regardless of the presence or absence of 
crossbites. Meanwhile, subjects with deficient 
maxillary molar angulations should be treated 

a b

c d

Fig. 8.4 Measuring maxillary molar angulation. (a) In 
axial view, position the line representing the sagittal plane 
through the maxillary first molars. (b) In sagittal view, 
position the line representing the coronal slice along the 
mesiopalatal cusp tip and the palatal root apex. (c) In coro-

nal view, draw a reference line tangent to the nasal floor in 
coronal view. (d) Measure the inclination which is the 
angle between the reference line and the line passing 
through the long axis of the molar (the line passing through 
the apex of the palatal root and the mesiopalatal cusp tip)
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with dental expansion (utilizing archwire expan-
sion (AWE) or cross-elastics), regardless of the 
presence or absence of crossbites.

8.5.3  Objectivity and Clinical 
Implications

To measure the clinical implications and the effect 
of utilizing the CWRU transverse analysis on the 
quality of treatment, Mostafa et  al. conducted a 
study that utilized the American Board of 
Orthodontics (ABO) Cast-Radiograph evaluation 
(C-R evaluation), which is the grading system for 
the ABO clinical examination, to study the clini-
cal significance of this method objectively [69]. 
The CWRU transverse analysis was performed 
retrospectively, and the sample was divided into 
two groups, based upon whether the subjects fol-
lowed what the CWRU transverse analysis would 

have suggested or not. The results showed a statis-
tically significant improvement in the C-R evalu-
ation score in the group that followed the CWRU 
transverse analysis method. This significance was 
even stronger in the buccolingual inclination 
component of the C-R evaluation, indicating that 
utilizing the analysis significantly enhances the 
overall quality of orthodontic treatment, as mea-
sured by the ABO criteria (Table 8.1) [69].

Case A shows an example of correctly utiliz-
ing the CWRU transverse analysis. Figure  8.7 
shows the pre-treatment pictures and molar angu-
lations, where maxillary right and left molars are 
excessively tipped buccally, at 105.9̊  and 105.4̊ , 
respectively, which is over one standard of devia-
tion above the norm of 100 ± 4° and the mandibu-
lar molars lingually tipped at 68.1° and 65.9° 
(below the norm of 77 ± 5°), indicating a dental 
compensation for a maxillary transverse skeletal 
deficiency.

a b

c d

Fig. 8.5 Measuring mandibular molar angulation. (a) In 
axial view, position the line representing the sagittal plane 
through the mandibular first molars. (b) In sagittal view, 
position the line representing the coronal slice along the 
long axis of the molar (mesial cusp tip to mesial root 

apex). (c) In coronal view, draw a reference line tangent to 
the inferior border of the mandible in the coronal view. (d) 
Measure the inclination which is the angle between the 
reference line and the long axis of the molar (the line pass-
ing the root apex and central fossa of the molar)
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Although the patient did not have a posterior 
crossbite, the treatment plan included a RPE to 
account for the skeletal transverse deficiency. 
Figure 8.8 shows the posttreatment results, with 
improved posterior segment relationships. 

Maxillary molar angulations are improved, as 
they are now within one standard of deviation 
from the norm, at 103.2° and 102.7°. The treat-
ment duration was 20 months, and the final ABO 
C-R evaluation score was 15, indicating a good 

Excess maxillary
angulation

Deficient mandibular
angulation

Skeletal deficiency
(RPE)

Excess maxillary and
deficient mandibular

angulation

Abnormal angles

Deficient maxillary
angulation

Dental deficiency

(dental expansion:
AWE or cross elastics)

Crossbite
Skeletal deficiency

(RPE)

Normal angles

No crossbite

No expansion

( maintain
transverse)

Fig. 8.6 Decision tree describing different molar angulations and suggested treatment plan

Table 8.1 Independent sample Mann-Whitney U-test between the CWRU’s transverse analysis, the ABO’s (C-R Eval), 
BL component of (C-R Eval), and active treatment duration

Followed, n = 46 Did not follow, n = 39
P-valueMean ± SD Range Mean ± SD Range

ABO (C-R Eval) 18.7 ± 5.9 7–34 21.5 ± 6.2 12–39 0.041*
BL component of (C-R Eval) for posterior teeth 2.9 ± 1.7 0–7 4.6 ± 2.3 1–10 0.001*
Treatment duration (months) 25 ± 5.4 13–40 27.3 ± 6.4 16–48 0.106NS

n = 85, followed = 46, did not follow = 39
NS not statistically significant
*Statistically significant at P-value of <=0.05, using independent sample Mann-Whitney-U test.
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final treatment result. None of the molars scored 
any points on the buccolingual inclination aspect 
of the C-R evaluation.

On the other hand, Case B shows a subject 
where the CWRU transverse analysis was not fol-
lowed. The patient had a right unilateral cross-
bite, but the maxillary right first molar had a 
deficient angulation of 91.5°. Moreover, the man-
dibular right first molar had an excessive angle 
(91.2°) (Fig. 8.9). This indicates that the crossbite 

was dental or even a compensation for a wider 
maxilla. Here, RPE would not be indicated. 
However, he was treated with RPE, but the 
 crossbite was not resolved and the maxillary 
molar angulations became even more deficient 
(Fig. 8.10). The total final C-R evaluation score 
was 37, which indicates a poor final result, which 
can be largely attributed to a misdiagnosis of the 
transverse dimension. If the CWRU transverse 
analysis was followed, the mechanics would have 

Fig. 8.7 Case A—pre-treatment pictures and molar angulations
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included dental expansion rather than RPE, and 
the final C-R evaluation score may have been 
better.

The transverse dimension is an important 
aspect of orthodontic case diagnosis. Vanarsdall 
emphasized the critical importance of the skeletal 
differential between the width of the maxilla and 
the width of the mandible, where he stated that: 
“Undiagnosed transverse discrepancy leads to 

the adverse periodontal response, unstable dental 
camouflage, and less than optimal dentofacial 
esthetics.” [70] The CWRU transverse analysis is 
another tool that can be added to the  orthodontist’s 
armamentarium, supplementing other diagnostic 
information for evaluating the nature of the trans-
verse discrepancy. It is a relatively simple method 
that, when used appropriately, can significantly 
enhance the quality of orthodontic treatment.

Fig. 8.8 Case A—posttreatment pictures and molar angulations
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8.6  Three-Dimensional 
Superimposition Methods 
Using CBCT

In 1931 Birdsall Holly Broadbent published a 
technique for superimposition of successive 
cephalometric films to study the physical 
changes that occurred during facial growth with 
time [71]. This imaging approach also became a 
standard part of orthodontic records for confirm-

ing diagnosis and evaluating treatment 
outcomes.

Several methods have been proposed for 
superimposing serial cephalograms in 2D [72, 
73]. Cephalometric superimpositions allow clini-
cians to evaluate growth and treatment by evalu-
ation of changes in the maxillary and mandibular 
displacement through a general superimposition 
on the cranial base, evaluation of changes in the 
maxillary dentoalveolar complex through local 

Fig. 8.9 Case B—pre-treatment pictures and molar angulations
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maxillary superimposition, and evaluation of 
dentoalveolar mandibular changes through local 
mandibular superimposition. However, cephalo-
metrics was limited to viewing three-dimensional 
(3D) craniofacial structures in only two dimen-
sions (2D).

The importance of the third dimension for 
orthodontic and surgical purposes has been 
emphasized for decades, and several attempts 
have been made to be able to view the third 
dimension [74–76]. Recently, advancement of 

CBCT devices and abundant development of 
software packages have led not only to better 
diagnosis and treatment planning but also in eval-
uation of treatment outcomes in 3D.

The resolution of CBCT imaging is deter-
mined by the individual volume elements (vox-
els) produced from the volumetric dataset [20]. 
The size of a voxel is defined by its height, width, 
and depth, and CBCT voxels are generally isotro-
pic  – equal in three dimensions [7]. The voxel 
size of a 3D image is equivalent to the pixel reso-

Fig. 8.10 Case B—posttreatment pictures and molar angulations
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lution in 2D images, and each voxel contains an 
intensity or density of the grayscale level. This 
grayscale level can be analyzed to identify areas 
of stability within an image when comparing two 
images.

The superimposition of CBCT volumes in 3D 
space after changes of the craniofacial structures 
over time due to growth or orthodontic/surgical 
treatment requires understanding different types 
of 3D superimpositions. With the development of 
software packages, different methods have been 
proposed for superimposition of volume images 
from a CBCT scan.

8.6.1  Landmark-Based 
Superimposition

Landmark-based superimposition requires accu-
racy in anatomical landmarks identification [77]. 
Landmark superimposition works by calculating 
the difference between selected anatomical land-
marks on two CBCT images, and accordingly the 
software overlays the two images. Grauer et al. 
discussed registration and superimposition of 3D 
images from DICOM files using different com-
mercial software packages. Most software pro-
grams provide superimposition tools for 3D 
images using anatomical landmarks [78].

 Steps for Landmark Superimposition
The initial (T1) and the final (T2) CBCT images are 
uploaded to the software, and landmarks are placed 
on anatomically stable structures to serve as regis-
tration references. Each software requires a differ-
ent number of landmarks, varying between 3 and 7.

Landmark superimposition works by calculat-
ing the difference between selected anatomical 
landmarks on the two CBCT images, and the 
software overlays the two images accordingly. 
Once the two images are overlaid, a position- 
refining tool can be used to manually refine the 
registration of the two images to reach the best fit 
or match of the cranial bases. Changes between 
two images can be evaluated through the ren-
dered superimposed volumes or through super-
imposed slices. There is also an option to adjust 
image segmentation for soft tissue evaluation.

Landmark superimposition methods using 
Dolphin Imaging software version 11.9 (Dolphin 
Imaging & Management Solutions, Chatsworth, 
CA) are shown in Fig.  8.11, and the one using 
InVivo version 5.1 (Anatomage, San Jose, CA) is 
shown in Fig. 8.12.

8.6.2  Surface-Based 
Superimposition

Surface-based registration implies separately 
selecting corresponding unchanged surfaces in 
two images. Once surfaces are selected, a manual 
approximation is performed by translating one of 
the two images to align the two surfaces. Finally, 
the software program performs a surface-to- 
surface registration to refine the initial manual 
registration.

8.6.3  Voxel-Based Superimposition

Cevidanes et  al. introduced the voxel-based 
superimposition method to the dental field [79, 
80]. It has been widely used previously in the 
medical field for superimposing CT, CBCT, and 
MRI images. Voxel-based registration method 
measures the unchanged grayscale intensity 
within each voxel in a defined volume of interest 
of two scans to register the images. This makes it 
a fully automated superimposition method, which 
can overcome the drawbacks of the previously 
described ones that mainly depend on accurate 
landmark identification.

It can be performed using the Slicer open- 
source software (www.slicer.org), for which 
video tutorials are available at https://www.you-
tube.com/user/DCBIA/playlists [81]. The image 
analysis steps include (1) 3D registration and 
construction of segmentations, (2) construction 
of surface models, and (3) quantification of 
changes.

The voxel-based superimposition is consid-
ered the most advanced one and has been used in 
the literature for superimposition in both growing 
and nongrowing patients for assessment of facial 
soft tissues, orthognathic surgery procedures, and 
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temporomandibular joint in osteoarthritis patients 
[82–85]. However, it is not ideal. The major 
drawback is that it requires several steps per-
formed using more than one software, which take 
about 1 h for a well-trained user. Recently, com-
mercial software packages started to offer a new 
tool for cranial base superimposition that is also 
voxel based and does not require the construction 
of surface models prior to superimposition. This 
tool is user-friendly in most of the software pack-
ages, and superimposition can be performed in 
30–40 s.

Several studies have compared fast 3D voxel- 
based superimposition using commercial soft-
ware programs with the Cevidanes method, 
which is considered the gold standard for voxel- 
based superimposition. Bazina et al. [86] com-

pared the fast 3D voxel superimposition on the 
cranial base using Dolphin 3D software (version 
11.9, Dolphin Imaging & Management 
Solutions, Chatsworth, CA) to the Cevidanes 
method using a sample of nongrowing surgical 
patients to assess the accuracy of the software. 
No clinically significant differences were found 
between the two programs [86]. Ben Nasir et al. 
compared the same software packages in 
another study using a sample of growing patients 
and reached the same conclusion that the fast 
3D voxel-based superimposition was an accu-
rate method which can be used for clinical and 
research purposes [87]. Another study validated 
the method for fast 3D superimposition of 
CBCT images of growing patients and adults 
using commercial software (OnDemand3D; 

a b

c d

Fig. 8.11 Landmark-based superimposition using 
Dolphin 3D software. (a) Two CBCT images uploaded to 
the software. Same landmarks are placed on the two 
images as a registration reference. (b) The two images are 
overlaid together by the software after calculating the dif-

ference between the selected anatomical landmarks. (c) 
Manually refine the registration of the two images to reach 
the best fit or match of the cranial bases using the refining 
tool. (d) Final outcome after superimposition
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Cybermed, Seoul, South Korea) and concluded 
it was reproducible in different clinical condi-
tions and applicable for research and clinical 
practice [88]. After validation of commercial 
software packages against the gold standard 
method, a new study compared the fast commer-
cial software packages (Fig. 8.13). It was con-
cluded that there were no clinically significant 
differences between the programs [89].

 Steps for Fast 3D Voxel-Based 
Superimposition on the Cranial Base
The base volume and the second volume CBCT 
images are uploaded to the software and are 
approximated using at least three landmarks 
placed on each volume. Different software pro-
grams require different numbers of landmarks, 
usually a minimum of 3 and maximum of 7. After 
approximation, a position-refining tool is used to 
manually refine the registration of the two images 
to reach the best fit or match of the cranial bases. 
Anatomical structures of the anterior cranial base 

are then selected on different slice views of the 
used volumes by placing a size adjustable box on 
the area of interest. Next, the automated registra-
tion tool is performed to align the volumes using 
the unchanged voxels within the superimposition 
box of the two CBCT volumes. Figure  8.14 
shows the voxel-based superimposition method 
using Dolphin software program.

8.6.4  Superimposition Assessment

Color maps: After complete registration of the 
two volumes, the outcome can be assessed based 
on the absolute value of the maximum distance 
between surfaces and then graphically displayed 
as color maps. Colored segments corresponding 
to the distance (mm) are used to highlight the dif-
ferences between the two surfaces in the regions 
of interest (Fig. 8.15).

Another method to assess the superimposition 
is by visualizing of the semitransparent surface 

a b

c d

Fig. 8.12 Landmark-based superimposition using InVivo software. Same steps as Dolphin 3D
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Fig. 8.13 Voxel-based superimposition on the cranial base for one patient using three different software programs 
(Ondemand 3D, Dolphin 3D, and InVivo)
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models, axial, sagittal, and coronal cross- 
sectional slices of the base and second volumes 
(Fig. 8.16).

Figures 8.17 and 8.18 show different views of 
3D superimposition that can be assessed in vol-
ume rendering and different slices to allow clini-
cians to evaluate and assess their treatment 
outcome.

8.7  Chapter Conclusions

CBCT is not only useful as a static diagnostic 
tool. CBCT is changing the way an orthodontist 
treatment plans a case and provides the orthodon-
tist a more comprehensive outcome assessment 
tool. With all this additional information, we 

a

b

c

Fig. 8.14 Voxel-based superimposition. (a) 
Approximation of the two CBCT images using at land-
marks placed on each volume. (b) Selection of the ante-
rior cranial base on different slice views of the used 

volumes by placing a size adjustable box on the area of 
interest. (c) Final superimposition image after aligning the 
volumes using the unchanged voxels within superimposi-
tion box of the two CBCT volumes

Fig. 8.15 CBCT superimposition of an adult patient had 
an orthognathic surgery. 3D models color maps showing 
the surface distances between presurgical and 6-month 

postsurgical. The areas in red and orange are changed due 
to surgical movements. The green color represents the 
areas with no changes
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a b c

Fig. 8.16 CBCT superimposition of the same patient showing the presurgical surface in white and the postsurgical 
surface in semitransparent green color, showing the changes after mandibular advancement and maxillary rotation

a b c

d e f

Fig. 8.17 3D superimposition allows clinicians to assess 
the craniofacial structures in different views. This figure 
shows 3D superimposed volume render of an orthogna-
thic case (the red color represents the postsurgical vol-

ume) in (a) frontal view, (b) complete sagittal view, (c) 
clipped sagittal view, (d) submentovertex view, (e) oblique 
view, and (f) view presenting only soft tissue changes
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hope that advanced imaging can help the spe-
cialty of orthodontics to further evidence-based 
treatment.
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Abstract
Orthognathic surgery is one of the most 
important treatment options available to an 
orthodontist, especially in cases of significant 
skeletal malocclusions. In order to accurately 
measure any changes that may have occurred 
following orthognathic surgery, data regarding 
shape changes occurring in the temporoman-
dibular joint is necessary. CBCT imaging can 
provide more complete three-dimensional 
information related to these changes than has 

been possible in the past. The use of three- 
dimensional CBCT data has allowed for a 
more complete analysis of changes that have 
taken place in the TMJ with orthognathic sur-
gery, with changes primarily taking place 
bilaterally in posterior, superior, and lateral 
aspects of the condylar heads and posterior 
regions of the fossae.

9.1  Introduction

Orthognathic surgery is one of the most impor-
tant treatment options available to an orthodon-
tist, especially in cases of severe skeletal 
malocclusion where conventional orthodontics 
will not be able to achieve an acceptable result. In 
these cases, the patient’s occlusion, function, and 
esthetics are dependent on a combination of 
orthodontics and orthognathic surgery, but there 
is still uncertainty about relapse and changes that 
may occur in the temporomandibular joint fol-
lowing surgery.

Orthognathic surgery originated in the United 
States in 1849 when Hullihen’s procedure was 
reported to be the first successful operation to 
correct a malocclusion [1]. However, the combi-
nation of orthodontics and orthognathic surgery 
was pioneered in St. Louis by orthodontist 
Edward Angle and surgeon Vilray Blair, who 
reported the first successful mandibular subcon-
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dylar vertical ramus osteotomy for mandibular 
prognathia in 1898 [1]. From these early pio-
neers, the field has continuously advanced with 
new procedures to correct a variety of different 
malocclusions and adverse facial patterns.

Today, orthognathic surgery remains an 
acceptable and effective way to treat a spectrum 
of skeletal and dental irregularities to improve 
speaking, breathing, and occlusion [2, 3]. 
Although techniques have improved over the 
years, postsurgical relapse is still a major con-
cern and varies greatly depending on the type of 
surgery performed [2, 4]. Two-jaw orthognathic 
surgery has been shown to be a stable and reli-
able means for the correction of skeletal discrep-
ancies occurring in both arches. However, 
successful two-jaw orthognathic surgery is 
dependent on the movements being stable, the 
use of rigid fixation, and completion of skeletal 
growth of the patient [2].

Clinically, two-jaw surgeries to correct Class 
II or III malocclusion have shown excellent 
results in nearly 90% of patients when rigid fixa-
tion was used [5]. After the first year, however, a 
different pattern appeared. For example, approxi-
mately 20% of patients who had undergone man-
dibular advancement showed decreases in 
mandibular length 1–5  years after surgery [3]. 
Initial changes in mandibular stability have been 
attributed to the musculature, while longer-term 
stability problems have been attributed to remod-
eling of the condyles [3]. There are multiple risk 
factors for relapse and lack of stability following 
orthognathic surgery, including the amount of the 
advancement or the setback, counterclockwise 
rotation of the mandible, the presence of a high 
mandibular plane angle, fixation devices, preex-
isting pathologic conditions of the TMJ, gender 
of the patient, and skill of the surgeon [6–9].

Orthognathic surgery may lead to changes in 
condylar position during surgery, which may lead 
to adaptive changes in the temporomandibular 
joint, including remodeling of both the condyle 
and the fossa [6]. In order to accurately measure 
any changes that may have occurred following 
orthognathic surgery, accurate information 
regarding the positional and shape changes 
occurring in the temporomandibular joint is 

needed. CBCT imaging can provide more com-
plete three-dimensional data related to these 
changes than has previously been possible. It is 
important that both orthodontists and oral sur-
geons fully understand the changes that may 
occur following orthognathic surgery so that 
patients can be fully informed of the risks and 
benefits of such a significant procedure before 
agreeing to undergo orthognathic surgery.

9.2  Effects of Orthognathic 
Surgery 
on the Temporomandibular 
Joint

9.2.1  Condylar Position

When repositioning the mandible during a man-
dibular setback or advancement, it initially needs 
to be segmented. Currently, the most commonly 
used procedure is the bilateral sagittal split oste-
otomy, or BSSO [10]. In this procedure, the man-
dible is segmented into an anterior portion and 
two posterior portions which are then reposi-
tioned and fixed according to whether a mandibu-
lar advancement or a setback is needed. This 
procedure is often performed in conjunction with 
a maxillary osteotomy [2]. Mandibular advance-
ment procedures are considered to be predictable 
and very stable, while mandibular setbacks are 
less predictable and stable [3]. Regardless of the 
procedure, some positional changes of the con-
dyle are expected to occur, leading to concerns 
that these positional changes may predispose the 
patient to relapse or TMJ issues following 
surgery.

Numerous studies have evaluated positional 
changes of the condyles after performing BSSO 
procedures. These studies have shown that con-
dylar displacement may occur during or immedi-
ately after surgery [11, 12].

One of the most common positional changes 
that occurs after surgery is postoperative condy-
lar displacement or sag [10, 13]. Noncontact con-
dylar sag occurs when condyles are displaced 
inferiorly or anterior-interiorly, which does not 
allow B-point to be held, leading to relapse [6].
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It has also been shown that when displace-
ments occur, they most commonly occur after the 
sagittal split and are a combination of 
 displacement and rotation or tilting of the axes of 
the condyles [14]. During sagittal split osteotomy 
procedures using rigid fixation, the condyle may 
be torqued if interferences are not relieved, which 
may lead to later instability [8, 13, 15, 16].

Freihofer and Petreśevié [17] in 1975 fol-
lowed 38 patients for at least 2 years following 
BSSO procedures and found that the most com-
mon displacement was anterior in the fossa. 
Marmulla and Mühling in 2007 found that the 
median malposition of the condyles during sur-
gery was 2.4 mm without any computer-guided 
assistance to the surgeon. Due to this displace-
ment, TMJ pain and dysfunction can develop fol-
lowing surgery, along with short-term relapse 
that could occur because of the intrinsic tendency 
of the condyle to return to its original position in 
the fossa [16].

9.2.2  Remodeling

Remodeling has also long been identified as a 
reason for instability and relapse after orthogna-
thic surgery. Condylar resorption is the primary 
form of remodeling that has been examined in 
the literature. There are a variety of risk factors 
for condylar resorption including mandibular 
deficiency with high mandibular plane angles, 
counterclockwise rotation of the mandible dur-
ing surgery, the gender of the patient, fixation 
type, compression of the condyles, and presence 
of an anterior open bite [7, 9, 18–24]. Condylar 
resorption and its risk factors should be taken 
into account prior to planning orthognathic sur-
gery [25].

The shape of the condylar head has also been 
identified as a cause for relapse due to resorption. 
Hwang et al. in 2004 found that patients with pre-
existing mandibular hypoplasia, posteriorly 
inclined condylar necks, high mandibular plane 
angles, and short posterior face heights were at 
the highest risk for condylar resorption. Moore 
et al. in 1991 also found that condylar resorption 
occurred more in young women with condyles 

that tended to be slender and have a posterior 
incline, which may give them less ability to adapt 
to the additional load that often occurs during 
oral surgery [7].

Mobarak et al. in 2001 explained that counter-
clockwise rotation of the proximal segment leads 
to instability and relapse due to altered muscle 
orientation. If compression of the condyles and 
retrodiscal tissues occurs during surgery, remod-
eling will occur. If the compression occurs 
against the posterior wall of the glenoid fossa, the 
condyles will seat superiorly as the remodeling 
occurs, which will cause horizontal relapse. If the 
compression occurs against the medial or lateral 
walls of the glenoid fossae, similar reseating of 
the condyles can occur [20].

Arnett in 1990 explained that condylar sag can 
also occur if the condyles are displaced posteri-
orly, medially, or laterally. In such cases, the con-
dyles can be seated inferiorly while still contacting 
the fossae, thus supporting B-point. However, this 
compression of the condyles and retrodiscal tis-
sues can cause remodeling to occur beginning 
from 9 to 18  months following surgery. As the 
condyles remodel, they will begin to seat more 
superiorly, leading to additional relapse [6].

Kerstens et  al. in 1990 found that the most 
common factor contributing to condylar atrophy 
following orthognathic surgery was a high man-
dibular plane along with a retrognathic mandible. 
They recommended avoiding rotational move-
ments in these cases to prevent atrophy. Similarly, 
Bouwman et  al. in 1994 evaluated condylar 
resorption following orthognathic surgery and 
found that increased loading occurred in cases 
with larger advancements or when counterclock-
wise rotations of the mandibular plane 
occurred [18].

Hoppenreijs et al. in 1998 found similar risk 
factors for condylar resorption as previously 
mentioned. Their study found that resorption pri-
marily occurred at the anterior portion of the con-
dyles. The remodeling continued beyond the first 
postoperative year, particularly in the superior 
and anterior regions of the condyles. Additionally, 
they found that rigid internal fixation led to a 
lower incidence of progressive condylar resorp-
tion but a higher incidence of remodeling [9].
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Studies by Merkx and Van Damme in 1994 
and Huang et al. in 1997 both found that condylar 
resorption was much more likely to be found fol-
lowing mandibular surgery as opposed to maxil-
lary surgery alone [26].

Joss and Vassalli in 2009 found that condylar 
distraction occurred if the condyles were posi-
tioned inferiorly or anteriorly in the glenoid fos-
sae and was unable to support the new 
mandibular position set by the surgeon, leading 
to relapse. They found that condylar resorption 
could occur if the condyles were pushed poste-
riorly into the fossae or torqued during fixation. 
These localized forces could lead to condylar 
resorption [8].

9.3  Methods of Evaluating TMJ 
Changes

9.3.1  Conventional Imaging 
Modalities

The vast majority of previous studies evaluating 
the effects of orthognathic surgery on the TMJ 
have done so using conventional radiographs, 
computed tomography, and magnetic resonance 
imaging. Conventional radiographs have 
included linear tomograms, submentovertex 
radiographs, lateral oblique radiographs, lateral 
cephalograms, and PA cephalograms [11, 14]. 
Most of these studies have used linear or angular 
measurements to evaluate TMJ changes. While 
these radiographs were the best technology 
available at the time, they are limited due to their 
technique sensitivity, magnification error, and 
distortion error [27].

Additionally, Moyers and Bookstein in 1979 
argued that cephalometric conventions had little 
basis in biology or biometrics. They are based on 
landmarks and straight lines, so they cannot truly 
capture form. They argued that future conven-
tions need to include tangents, curvatures, and 
biorthogonal grids. Many of these limitations 
have since been overcome with the advent of 
medical CT imaging, MRI, and cone beam com-
puted tomography, although each of these still 
have limitations [28].

Kundert and Hadjianghelou in 1980 used 
posterior- anterior cephalograms, linear tomo-
grams, and lateral oblique radiographs to analyze 
condylar position and found that condylar dis-
placements were frequently found following sag-
ittal split osteotomies. They reached the 
conclusion that the majority of the displacements 
were due to rotation and tilting of the condylar 
neck during surgery  [14]. Spitzer et al. in 1984 
reached similar conclusions in their study using 
computed tomography, finding that rotational 
movements of the condyles were the most com-
mon malpositions following surgery [29].

Sund et al. in 1983 used axial, frontal, and lat-
eral radiographs to identify changes in the TMJ 
after oblique sliding osteotomies. They deter-
mined that the condyles were displaced in an 
anteroinferior direction, that a superior rotation 
of the lateral portion of the condyle occurred, and 
that the condyles rotated in both anterior and pos-
terior directions. However, they also found that 
after 18 months, the TMJ often normalized [30].

Will et al. in 1984 used submentovertex radio-
graphs, lateral cephalograms, and left and right 
TMJ tomograms to look at condylar position. 
During surgery, they found no significant rota-
tional changes or changes in the anteroposterior 
position of the condyles. Counterclockwise incli-
nation and inferior movement of the condyles 
were seen but were not statistically significant. 
During fixation, both the condyles moved superi-
orly and the left condyle having additional poste-
rior movement. After fixation and removal of the 
splint, no significant movement was noted. 
Overall, the right condyle showed significant 
superior movement, and the left condyle showed 
significant counterclockwise rotation and poste-
rior displacement. They noted no significant 
overall differences in displacements of the con-
dyles with regard to the amount of movement 
taking place during surgery and found very little 
movement had been observed overall. Differences 
between the left and right condyles were attrib-
uted to the positioning of the surgeon during the 
procedure or due to more edema occurring in 
whichever side was split first [11].

Woodside et al. in 1987 looked into remodel-
ing changes of the condyle and glenoid fossa in 
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primates during Herbst treatment using cephalo-
metric analysis and histologic assessment of the 
TMJ.  They found that a large volume of new 
bone was formed along the anterior border of the 
postglenoid spine and resorption along the poste-
rior border of the postglenoid spine, indicating an 
overall anterior remodeling of the fossa [31].

Hackney et al. in 1989 looked at intercondylar 
width and angular changes after BSSO with rigid 
fixation and found no significant differences 
before and after the surgery. They also found that 
symptoms of TMD did not increase following 
surgery, indicating that the TMJ was able to adapt 
to any displacement that did occur during 
surgery [32].

Rotskoff et  al. in 1991 found displacement 
immediately after surgery in the sagittal, trans-
verse, and long axes of the condyles when evalu-
ating linear full-head tomograms and 
submentovertex radiographs. They also com-
pared lateral cephalograms to assess superoinfe-
rior and anteroposterior condylar 
displacements [16].

Stroster and Pangrazio-Kulbersh in 1993 stud-
ied condylar position in patients undergoing 
BSSO for mandibular advancement using sub-
mentovertex and transcranial radiographs. They 
found no correlation between the amount of 
advancement and condylar displacement and 
concluded that rigid internal fixation results in a 
greater degree of condylar displacement than 
wire fixation [33].

Cutbirth et  al. in 1998 evaluated panoramic 
radiographs and cephalometric tracings to deter-
mine correlation between amount of mandibular 
advancement and condylar changes. They found 
that condylar resorption usually occurred unilat-
erally on patients with previous TMJ symptoms 
as well as those who had underwent large man-
dibular advancements [34].

Kawamata et  al. in 1998 used computed 
tomography to evaluate condylar displacement 
after BSSO and found inward rotation of the con-
dylar long axis. Alder et  al. in 1999 also used 
computed tomography to evaluate changes in 
condylar position associated with rigid fixation. 
They found a variety of changes in condylar posi-
tion including displacements in all directions, 

condyle angle changes, and rotations of the prox-
imal segments. The most common displacements 
noted were posterior and superior in 67% and 
60% of the patients, respectively. Overall, the 
most frequently seen condylar positional changes 
following surgery were more lateral, with 
increased angle, higher coronoid processes, and 
more superior and posterior positions of the con-
dyles in the fossae [35].

Ruf and Pancherz in 1999 analyzed the adap-
tive mechanisms of the TMJ using magnetic res-
onance imaging in patients being treated with the 
Herbst appliance. They took MRIs before treat-
ment when the appliance was placed, 6–12 weeks 
after the appliance delivery, and at the end of 
treatment, with remodeling analyzed visually. 
They found that remodeling of the condyles and 
glenoid fossae during Herbst treatment contrib-
uted to the increase in mandibular prognathism. 
They also concluded that MRI was an excellent 
method to visualize the growth and remodeling 
of the TMJ [36].

Hu et  al. in 2000 studied changes in TMJ 
function and condylar position following man-
dibular setback surgeries with rigid fixation. 
They used lateral oblique radiographs 6 months 
before and after surgery and found an anteroinfe-
rior displacement of the condyle after oblique 
ramus osteotomy. The displacement was attrib-
uted to intracapsular edema, manipulation of the 
segments, and the alteration to the direction of 
pull of the lateral pterygoid muscles and pterygo-
masseteric sling [37].

Voudouris et  al. in 2003 looked at condyle- 
fossa changes that occurred in primates during 
Herbst treatment using EMG, computerized his-
tomorphometry, tetracycline staining, and cepha-
lometry using the Björk implant method. They 
determined that the glenoid fossa normally grows 
downward and backward in untreated primates. 
They found that Herbst treatment caused signifi-
cant 1.2 mm average bone formation in the fossa 
over 12  weeks in a downward and forward 
direction [38].

Katsumata et al. in 2006 compared computed 
tomography, conventional radiographs, and MR 
imaging as a method for evaluation of condylar 
remodeling after mandibular setback surgery. 
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They found that after setback, a bone layer 
formed on the posterior medial aspect of the con-
dyle, usually after 6 months or more post-surgery. 
New bone formation usually occurred in cases 
where the condylar head underwent an anterior- 
inferior displacement. Also noted was a limita-
tion of the CT scan, in that it uses a fan-shaped 
beam to acquire axial slices, so structures parallel 
to the beam tended to be deficient. Therefore, 
remodeling on the superior aspect of the condylar 
heads would be more difficult to detect. Overall, 
all imaging modalities showed high agreement 
on remodeling, and a correlation was found 
between the degree of rotation of the condylar 
long axes and remodeling [39].

Cortez and Passeri in 2007 analyzed condylar 
position after Le Fort I osteotomies using sub-
mentovertex radiographs and tomographic 
images and found that the procedure did not 
cause any significant changes to condylar posi-
tion following surgery [40].

Ueki et  al. in 2012 evaluated changes to the 
TMJ and ramus after sagittal split ramus osteoto-
mies in patients with and without asymmetrical 
development using magnetic resonance imaging 
and CT scans. Their study found that the anterior 
joint space was significantly larger postopera-
tively in all groups, indicating posterior displace-
ment during surgery [41].

Han and Hwang [15] looked at condylar dis-
placement using computed tomography scans 
and found that immediately after surgery, the 
condyles were displaced laterally but did not find 
any significant anterior-posterior or superior- 
inferior movement. Additionally, they found that 
in the postoperative period, the condyles tended 
to move in a medial and superior direction back 
toward its original position.

9.3.2  Evaluating TMJ Changes 
with CBCT

 History of CBCT
Cone beam computed tomography was com-
mercially introduced in 1998  in Europe and in 
the United States in 2001 with the NewTom 
9000 [42–44]. In 2004, there were four primary 

CBCT machines in use; by 2008, there were 16 
companies making 23 different machines; and 
by 2013, 20 companies were producing 47 dif-
ferent machines [44]. It has since been used 
throughout the dental field for implant place-
ment, pain diagnosis, visualization of impacted 
teeth, fractures, TMD, and orthognathic surgery 
[44]. During a scan, the x-ray source emitting a 
cone-shaped beam and sensor rotate 360 degrees 
around the object of interest, capturing multiple 
images. Scan times are variable depending on 
the machine but generally range from 5 to 
40 seconds [42, 44]. After image acquisition, an 
algorithm generates a viewable three-dimen-
sional image.

CBCT imaging has a variety of advantages 
compared to conventional radiographs as well 
as medical CT and MRI. Lateral cephalograms 
have limitations such as the overlap of struc-
tures, magnification differences between the 
left and right sides, and distortion, all of which 
are mostly mitigated through the use of the 
CBCT [45, 46]. Additionally, CBCT allows for 
rapid volumetric data acquisition while need-
ing a significantly smaller radiation dose than 
fan-beam CT to obtain a high-quality image 
[47, 48].

While CBCT imaging has significant advan-
tages over many other imaging modalities, it also 
has important drawbacks. The machines are 
costly with a relatively high amount of radiation 
as problematic [42, 44, 46]. While the radiation 
doses have decreased over the years, the clinician 
must still find a balance between diagnostic qual-
ity and radiation dose [42, 44, 48]. CBCT images 
also tend to present with scatter, noise, truncated 
view artifacting, and artifacts from beam harden-
ing [43, 48, 49]. Additionally, any motion distor-
tion will affect the entire image due to the nature 
of the beam [49]. Finally, CBCT imaging cannot 
be used to estimate bone density due to distortion 
of Hounsfield units that are normally used to 
determine bone density [49].

 Accuracy of CBCT
Multiple studies have examined the accuracy of 
CBCT imaging and have come to the consensus 
that it is highly accurate. Mozzo et  al. in 1998 
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found good accuracy and a 1:1 representation of 
the volume scanned  [43]. Similarly, Kobayashi 
et al. in 2004 found CBCT images to be accurate 
and useful due to their high resolution and field 
size [50].

Lascala et al. in 2004 examined the accuracy 
of linear measurements in CBCT imaging. To do 
this, CBCT images of dry skulls were obtained 
and measurements compared to actual measure-
ments taken on the skulls using high-precision 
digital calipers. They found that the CBCT 
images underestimated the real distances but that 
the differences were only significant at the base 
of the skull. Therefore, they found that CBCT 
images were reliable for measuring structures 
commonly associated with dental and maxillofa-
cial imaging [47].

Hilgers et al. in 2005 looked at the accuracy 
of linear TMJ measurements made on CBCT 
images as compared to conventional cephalo-
metric radiographs. Dry skulls were used in 
order to take accurate measurements with digital 
calipers. Their findings showed that CBCT 
images were highly accurate when compared to 
direct measurements, whereas conventional 
radiographs, on the other hand, were much more 
inconsistent even when calibrated. The CBCT 
images allowed measurements to be taken on a 
2D plane without the superimposition of struc-
tures and noise that often accompany lateral 
cephalograms [51].

Honey et al. in 2007 compared the accuracy 
of observers viewing images from CBCT, pan-
oramic radiographs, and linear tomography to 
detect erosion of the condylar head. Greater 
intraobserver reliability was found with the 
CBCT images as compared to the other radio-
graphs. Additionally, they concluded that 
CBCT imaging was more accurate in detecting 
condylar defects than conventional radiographs 
and that the CBCT images were more accurate 
and reliable in detecting condylar erosion than 
TMJ panoramic projections or angle linear 
tomography [52].

Zhang et al. in 2012 used dry skulls to mea-
sure joint spaces using CBCT imaging and found 
that CBCT images were accurate in measuring 
temporomandibular joint spaces [53].

 Findings from CBCT Studies
Studies using CBCT images to evaluate various 
aspects of the TMJ have been undertaken since 
the early 2000s. Due to CBCT imaging being a 
relatively new technology, various studies have 
used different methods for examining changes in 
the TMJ. For example, Cevidanes et al. in 2005 
evaluated CBCT images before and after maxil-
lary orthognathic surgery to assess mandibular 
anatomy and position. In order to visualize 
changes in condylar position, they used 3D color- 
coded mapping [54].

Cevidanes et al. again used similar color map-
ping techniques in a 2007 study looking at con-
dylar changes after orthognathic surgery. Only 
small condylar displacements were found for 
both one- and two-jaw surgeries. Small posterior 
and lateral displacements were noted following 
surgery. None of the changes noted were found to 
be significant [55].

Ikeda and Kawamura [56] sought to determine 
optimal condylar position using CBCT.  They 
used linear measurements to determine condylar 
position. No gender differences were noted in 
optimal condylar position, and they found that 
optimal condylar position had an anterior to 
superior to posterior joint space ratio of 1.0 to 1.9 
to 1.6.

Kim et  al. in 2010 studied short- and long- 
term changes in condylar position following 
orthognathic surgery using CBCT imaging. They 
found that the condyles started in a more anterior 
position in the glenoid fossae before surgery, 
moved to a concentric position immediately after 
surgery, and then tended to return to their original 
positions after surgery [57].

Kim et al. in a later study in 2011 used CBCT 
imaging to evaluate changes in condylar position 
after two-jaw orthognathic surgery. They found 
no significant skeletal changes but significant dif-
ferences in axial condylar angles and anteropos-
terior condylar position. Furthermore the 
condylar axes were rotated inward after 
surgery [58].

Motta et  al. in 2011 evaluated positional 
changes to the condyles, mandibular rami, and 
chin 1  year after surgery using CBCT image 
superimposition and 3D color mapping to 
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 visualize changes. Their findings included lateral 
displacement of the condyles in 35 of 54 patients. 
Patients with larger displacements after surgery 
had significant condylar adaptations to the dis-
placement. They also found an association 
between the position of the chin and the postop-
erative adaptation of the condyles and rami. 
Overall, 17% of patients had condylar displace-
ments greater than 2 mm remaining 1 year after 
surgery [59].

De Clerck et al. in 2012 evaluated changes to 
the mandible and glenoid fossa in skeletal Class 
III patients treated with bone-anchored intermax-
illary traction. CBCT scans were superimposed 
on the anterior cranial base along with color map-
ping to visualize changes. They found that the 
use of CBCT imaging allowed better visualiza-
tion of changes to the condyles and glenoid fos-
sae and found a high correlation between 
modeling of the anterior and posterior eminences 
of the glenoid fossae and displacement of the 
condyles [60].

Park et  al. in 2012 used CBCT volumetric 
superimposition to evaluate remodeling of con-
dylar heads following bimaxillary orthognathic 
surgery and found that condylar heights decreased 
after surgery. Resorption occurred primarily in 
the anterior, posterior, superior, and lateral por-
tions of the condylar heads. They also found bone 
formation occurring primarily on the anterome-
dial portion of the condylar heads [61].

Chen et al. in 2013 evaluated short- and long- 
term changes in condylar positions using CBCT 
imaging. No significant differences were detected 
between the left and right condyles. Immediately 
after surgery, the condyles tended to move infero-
posteriorly, which then changed to an anterosupe-
rior movement 3 months later. The final condylar 
positions after surgery were posterosuperior as 
compared to the presurgical position [46].

LeCornu et al. in 2013 aimed to analyze skel-
etal changes using CBCT imaging in subjects 
with treated with the Herbst appliance versus 
control patients treated with elastics. All images 
were taken before treatment, then after Herbst 
removal or after treatment in the control group. 
The CBCT images were superimposed on the 
anterior cranial base, and changes were visual-

ized using 3D color mapping. The study found 
anterior displacement of the glenoid fossae and 
condyles in the Herbst patients. The control 
patients, however, showed posterior displace-
ment of the condyles and fossae [62].

Chen et al. in 2015 used CBCT superimposi-
tion to evaluate remodeling of the condyles 
before and after mandibular advancement. Their 
study found that remodeling of the condylar 
heads primarily occurred as resorption on the 
posterior of the condyles and apposition on the 
anterior surfaces of the condyles [63].

Xi et al. in 2015 analyzed volumetric changes 
of the condyles using CBCT imaging following 
orthognathic surgery. They used C-point, which 
is the most caudal point of the sigmoid notch as a 
landmark to define condylar volume. They found 
a correlation between skeletal relapse and 
decreased condylar volume, indicating that 
resorption had occurred following surgery and 
may have contributed to skeletal relapse follow-
ing orthognathic surgery [64].

Beginning in 2015, in an effort to more effec-
tively measure changes to the condyles and fos-
sae, studies evaluating the TMJ were published 
using a new method of condylar mapping using 
Stratovan Checkpoint software (Stratovan 
Corporation, Davis, CA). The software allows for 
the condyles and fossae to be evaluated individu-
ally for morphological changes such as resorp-
tion and apposition or study the TMJ as a unit to 
evaluate positional changes.

Ikeda, in her 2014 dissertation, and Ikeda et al. 
in a 2016 article based on the dissertation estab-
lished the use of checkpoint to evaluate the 
TMJ.  Their study determined the optimal patch 
density used to accurately map condylar morphol-
ogy was 11  ×  11. Lower density did not show 
minor changes in morphology, as well as higher 
densities not adding significant information. They 
also found that Checkpoint was a reliable method 
of evaluating TMJ form and joint space [65, 66].

Contro in 2015 used Stratovan Checkpoint to 
study condylar head morphology using CBCT 
images, with the goal of seeing if there were mor-
phological differences of condylar form based on 
the skeletal pattern of the subjects (dolichofacial, 
mesofacial, and brachyfacial). He found 
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Checkpoint to be a reliable method of mapping 
condylar morphology with a coefficient of varia-
tion of 1.81%, as well as finding morphological 
differences between skeletal classes [67].

None of these previous studies compared data 
collected with Stratovan Checkpoint software to 
evaluate condylar head and fossae remodeling 
before and after orthognathic surgery. The soft-
ware has been shown to be accurate and reliable 
for mapping the TMJ, so comparing the data col-
lected within, the software can provide valuable 
information to orthodontists and surgeons on 
some of the effects of orthognathic surgery on 
condyles and fossae.

9.4  Example Study

9.4.1  Materials and Methods

This study began with a selection of 69 patients 
treated at the University of Oklahoma Department 
of Oral and Maxillofacial Surgery with the fol-
lowing inclusion criteria: (1) initial skeletal Class 
II or Class III malocclusion; (2) orthognathic jaw 
surgery in conjunction with orthodontic treat-
ment; (3) CBCTs at time points prior to surgery, 
immediately after surgery, and at least 3 months 
after surgery; (4) CBCTs of adequate size and 
quality to fully and accurately visualize entire 
TMJ in Stratovan Checkpoint software; and (5) 
CBCTs taken on the same machine with the same 
settings and technique. Subjects were excluded 
from the study if they met any of the following 
exclusion criteria: (1) history of TMD or joint 
dysfunction, (2) craniofacial deformities, (3) 
CBCTs with subject not in maximum intercuspa-
tion, (4) patients undergoing treatment with a 
Class II functional appliance, (5) poor quality 
CBCTs, and (6) inadequate time between CBCTs. 
Following exclusion of subjects that did not meet 
the criteria for the study, 31 subjects remained, 
with 22 female and 9 male subjects. There were 
13 Class II (11 female, 2 male) and 18 Class III 
(14 female, 4 male) individuals.

Stratovan Checkpoint was used in order to 
plot the morphology of the TMJ; and a modified 
protocol was developed based on Ikeda [65].

 Step 1: Import DICOM file and Crop 
Image
The CBCT DICOM file was imported into 
Checkpoint software, and the window and level 
settings were adjusted to best visualize the TMJ, 
which was then cropped to include the most cau-
dal point of the sigmoid notch as the inferior bor-
der, just anterior to the most caudal point of the 
sigmoid notch as the anterior border, the poste-
rior border of the external auditory meatus, and 
the entire roof of the glenoid fossa as the superior 
border (Fig. 9.1).

The TMJ file was then exported as a NIfTI 
file, which allowed for a smaller file size and 
eliminated unnecessary data. With less data 
included in the image file, less computer resources 
were needed, allowing for faster processing of 
the image.

 Step 2: Import TMJ, Adjust, and Orient
The TMJ file was loaded back into Checkpoint, 
and the level and width settings were again 
adjusted to best visualize the bony outline of the 
TMJ while minimizing noise. The isosurface was 
then adjusted using the histogram on the right 
side of the screen to find the best representation 
of the cortical outlines of the articular surface 
(Fig. 9.2).

The TMJ was then oriented following the pro-
tocol developed by Ikeda et al. [66].

The axes were then adjusted beginning with 
moving the avatar to the widest part of the condy-
lar head mediolaterally in the coronal slice. The 
sagittal axis was then rotated so that it passed 
through the long axis of the condyle (Fig. 9.3).

 Step 3: Determine Boundaries 
of the Condylar Head
Next, it was necessary to determine the bound-
aries of the condylar head. Here, the protocol 
from Ikeda et  al. was modified in order to 
include the entirety of the condylar head rather 
that only the superior portion. First, a landmark 
was added at the most caudal point of the sig-
moid notch or C-point [64]. A second landmark 
was then added and moved to the most poste-
rior point of the angle of the condyle using the 
axial window in order to keep it in the same 
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plane as the first landmark. Then, a third land-
mark was added and moved to the most supe-
rior point of the condylar head using the sagittal 
window to again maintain the points’ orienta-
tion in the same plane. From there, the angle 
measurement tool was used to move the third 
landmark in the sagittal window until a 90° 
angle was formed. Using the linear measure-

ment tool, the distance between points two and 
three was determined, and the third landmark 
was moved inferiorly to one half the distance 
found, while maintaining the 90° angle. This 
point was then moved perpendicularly to the 
lateral aspect of the condylar neck using the 
axial window, which determined the inferior 
border of the joint overlay (Fig. 9.4).

Fig. 9.1 Import DICOM file and Crop image

Fig. 9.2 Note histogram at right side outlined in red
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Step 2: In the axial view, rotate the coronal
plane to the long axis of the condyle

Step 1: In the coronal view, move the avatar
to the point of the condyle with the widest
medio-lateral width

Fig. 9.3 Orientation of 
the TMJ

Fig. 9.4 Example of condyle after inferior boundary of the condyle was determined
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 Step 4: Plot Joint Primitive
After the inferior border was determined, a joint 
primitive was added to the condyle. The joint 
primitive contains the data points for the 13 × 13 
overlays of both the condyles and fossae, allow-
ing them to be spatially related in later data anal-
ysis (Fig. 9.5).

The joint primitive includes three primary 
landmarks, or anchor points, along with a vari-
able number of semi-landmarks. The red land-
mark was moved to the most medial aspect of the 
condylar neck in the same plane as inferior bor-
der of the condylar head that was previously 
determined. The yellow landmark was placed on 
top of the previously mentioned point three at the 
most lateral aspect of the condylar neck. Finally, 
the white landmark was placed on the posterior 
of the condylar neck in the same plane as the red 
and white landmarks using the “snap to sagittal 
slice” option in the joint primitive window to 
automatically move the white landmark to the 
desired location.

With the anchor points moved to their proper 
place, it was possible to plot the joint primitive. A 

field size of at least 9 × 9 semi-landmarks was 
determined in the previous study to be the mini-
mum effective density, but 11 × 11 field size was 
determined to be optimal [66]. However, because 
a larger surface area was being measured in this 
study, a larger 13 × 13 semi-landmark field size 
was used to ensure adequate semi-landmark den-
sity. The software automatically placed the semi- 
landmarks at the chosen density over the condylar 
head along with a matching set for the fossa. 
From there the semi-landmarks were individually 
checked and adjusted as needed (Fig. 9.6).

Any semi-landmarks that were not accurately 
placed on the cortical outline of the condyle or 
fossa were moved by hand as needed. 
Additionally, any landmarks that fell outside of 
the fossa or condyle were marked as missing and 
disregarded (Fig. 9.7).

 Step 5: Export and Statistical Analysis
After all semi-landmarks were adjusted, the data 
was exported in CSV format for each TMJ for 
each subject at all three timepoints. These datasets 
were then imported into MATLAB (Mathworks, 

Fig. 9.5 A joint primitive with three anchor points was 
added. The yellow point is the most lateral point of the 
condylar neck, the red point is the most medial point of 

the condylar neck, and the white point is placed on the 
posterior of the condylar neck equidistant to the yellow 
and red points
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Inc., Natick, MA), where they were able to be 
visualized and checked for completeness 
(Fig. 9.8). A generalized Procrustes analysis was 
then used to compare the condyle and the fossa 
separately. The Procrustes analysis removes ori-
entation and positional data so that the condyles 
can be superimposed based on their shape [65]. 
The condyles from T1 were compared to T2 and T1 
compared to T3. The same process was completed 
for the fossa. In order to evaluate regional differ-

ences that may or may not exist, the condyles and 
fossae were divided into regions based on the 
positioning of the semi-landmarks. For the con-
dyle the regions were anterior, posterior, superior, 
lateral, and medial. For the fossa, the regions were 
anterior, posterior, superior, and medial. Due to 
the lack of a bony lateral wall of the fossa, no lat-
eral region was defined.

9.4.2  Statistical Analysis

For the statistical analysis, comparisons were 
planned to determine if there were differences 
between left and right sides in order to maximize 
final sample size (Fig. 9.9). If no differences were 
found between left and right condyles and fossae, 
they could be treated as separate samples for our 
analysis. After it was determined that no side dif-
ferences were present, the main analysis was 
 performed to see if any regional differences in 
remodeling were detected. Class, gender, and 
time effects were also analyzed using a repeated 
measures design. The within-subject factors were 
region and poststate (time), and the between- 

Fig. 9.6 Example of joint primitive including anchor 
points and semi-landmarks for the condyle and fossa

Fig. 9.7 Example of an overlay of a condylar head before (left) and after (right) adjustment of semi-landmarks
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subject factors were class and gender. Finally, 
when regional differences were found, a final 
analysis was performed to determine if the bony 
changes were resorptive or appositional in nature. 
All statistical analysis was performed using JMP 
and SAS (JMP, Cary, NC).

9.5  Results

Coordinates of the semi-landmarks from the 
13 × 13 plot of the condyles and fossae were 
recorded for each TMJ at each timepoint for 
all 31 subjects included in the study. Overall, a 

total of 62,868 semi-landmarks were analyzed. 
To begin, potential left and right side differ-
ences were evaluated using a repeated mea-
sure design. No differences were found 
between the left and right sides, allowing all 
TMJ’s to be pooled and analyzed separately 
for differences between Class II and Class III 
subjects, gender, and time. Again, a repeated 
measure design was applied to the condyles 
and fossae separately. For the condyles, 
regional differences were found (p  <  0.0001; 
Table 9.1a). For the fossae, no regional differ-
ences were found, but there were time differ-
ences (Table 9.1c).
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Fig. 9.8 Example of condylar head comparison of T1–T3 using generalized Procrustes analysis. The blue circles indi-
cate the T1 position, and the red arrows indicate direction of movement of the semi-landmarks between timepoints

T1: Before surgery
T2: Immediate after
surgery

T2: At least three
months after surgery

Fig. 9.9 Timepoint comparisons
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After it was determined that regional differ-
ences were found in the condyles, the regions 
were further analyzed to determine where the 
changes occurred. It was found that significant 
changes occurred in the lateral, posterior, and 
superior regions. Additionally, a slight interac-
tion (p = 0.0487) was found between T3 and the 
superior region (Table 9.2a).

In order to determine if the regional changes 
were resorptive or appositional, a repeated mea-
sures design was applied with the data separated 
by the direction of the movements of each semi- 
landmark to determine what types of remodeling 
were occurring. When remodeling took place in 
the condyles, there were regional differences 

(Table 9.1b), with the resorption occurring in the 
posterior and superior regions (Table 9.2b). When 
appositional condylar remodeling took place, it 
occurred in the lateral, posterior, and superior 
regions (Table 9.2c).

For the fossae, when resorption was detected, 
there were both regional differences and time 
differences (Table  9.1d). Additionally, when 
resorption was detected in the fossae, it occurred 
in the posterior regions, and there were time dif-
ferences between T1 and T3 (Table 9.2d). Finally, 
in subjects where apposition took place in the 
fossae, only a time difference was noted with a 
slight interaction between time and region 
(Table 9.1e).

Table 9.1 The statistically significant differences (*) for the condyles and fossae by region and time

Source Permutations DF DFDen F ratio Prob > F
A: Repeated measures for condylar regional differences
Region 4 4 141.4 12.028 <0.0001*
B: Repeated measures for condyle resorption regional differences
Region 4 4 138.5 6.2199 0.0001*
C: Repeated measures for fossa time differences
Time 1 1 34.91 7.4371 0.0099*
D: Repeated measures for fossa resorption differences
Time 1 1 34.66 4.6119 0.0388*
Region 3 3 97.77 7.1388 0.0002*
E: Repeated measures for fossa apposition differences
Time 1 1 35.29 7.4204 0.0100*
Time × region 3 3 96.22 4.0215 0.0096*

Table 9.2 The statistically significant differences (*) for the specific regions of the condyles and fossae with pertinent 
time interactions

Source Estimate Std error DFDen T ratio Prob > |t|
A: Repeated measures for condylar specific regions
Lateral region −0.00615 0.002339 152.4 −2.63 0.0094*
Posterior region −0.0083 0.002286 139.1 −3.63 0.0004*
Superior region 0.014371 0.002279 137.3 6.31 <0.0001*
T3 × Superior region interaction 0.002797 0.001406 133.4 1.99 0.0487*
B: Repeated measures for condylar resorption-specific regions
Posterior region −0.00887 0.003636 137.5 −2.44 0.0160*
Superior region 0.016877 0.003619 134.9 4.66 <0.0001*
C: Repeated measures for condylar apposition-specific regions
Lateral region −0.00566 0.002547 149.1 −2.22 0.0279*
Posterior region −0.00667 0.002462 130.9 −2.71 0.0076*
Superior region 0.008063 0.002465 132 3.27 0.0014*
D: Repeated measures for fossa resorption region (posterior)
Posterior region −0.00805 0.002284 101.4 −3.53 0.0006*
T3 −0.00403 0.001875 34.66 −2.15 0.0388*
T3 × Posterior region interaction 0.004519 0.001678 105.6 2.69 0.0082*
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After determining that statistically significant 
amounts of remodeling were taking place, the 
mean amounts of apposition and resorption over 
the sample were evaluated. An ANOVA analysis 
was completed with the effects contrasted to the 
medial region. It was found that in the condyles, 
posterior resorption averaged 0.56 mm, superior 
resorption averaged 0.80 mm, lateral apposition 
averaged 0.48 mm, posterior apposition averaged 
0.44  mm, and superior apposition averaged 
0.63 mm. In the fossae, the only statistically sig-
nificant regional change occurred with posterior 
resorption with an average of 0.53 mm (Table 9.3).

9.6  Discussion

9.6.1  Technique and Methodology 
Assessment

Using Stratovan Checkpoint to plot the TMJ has 
been used in previous studies by [66, 67]. The 
majority of the protocol used in this study was 
adapted from the protocol developed by Ikeda 
et  al. in 2016. Unlike previous CBCT studies 
which have evaluated TMJ changes using three- 
dimensional color mapping [2, 54, 55, 59, 60, 62] 
or volumetric superimposition [61, 63], 
Checkpoint allows for both the accurate analysis 
of condylar positions relative to the fossae in 
addition to any morphological changes of the con-

dylar head and fossa individually. Modifications 
to the protocol from Ikeda et al. [66] were made in 
order to capture the entirety of the condylar head, 
rather than only the superior portion. While that 
study had determined that the ideal field size to 
accurately detect morphological changes was 
11 × 11, because a larger portion of the condylar 
head was being mapped in this study, a field size 
of 13 × 13 was used to compensate for the great 
area.

This modification led to difficulties in attempt-
ing to standardize the region of the condyle being 
measured. The most caudal point of the sigmoid 
notch was used as the primary landmark to 
attempt to ensure that the portion of the condyle 
being measured remained consistent across time-
points. This was determined to be the best method 
available considering the limited size of the 
CBCT image after cropping. Ideally, it would be 
possible to map both joints simultaneously along 
with the placement of points on non-changing 
structures within the skull that could be used for 
accurate superimposition.

The software is designed to be semiauto-
mated with the placement of the semi-land-
marks. The three main anchor points are meant 
to be manually adjusted to their correct place-
ment, at which point the semi-landmarks would 
be automatically placed over the cortical surface 
of the condyle along with the fossa. In practice, 
however, a high percentage of the semi-land-
marks would be placed a significant distance 
away from the cortical surface of the condyle. 
For the fossa, the lack of a lateral wall led to 
many of the landmarks being projected into 
space. These misplaced landmarks had to be 
either manually adjusted to the cortical surface 
or marked as missing when there was no bony 
surface to map. This not only significantly 
increased the time it took to map the TMJ’s, but 
it also increased error as the placement was 
based on the best visualization. Much of this 
will likely improve over time as the image qual-
ity from the CBCT machines improves, noise 
reduced, and the software further refined. If the 
semi-landmarks did not have to be manually 
adjusted, it would be much more feasible to 
greatly increase sample size.

Table 9.3 Mean resorption and apposition by region

Region
Mean resorption 
(mm)

Mean apposition 
(mm)

Condyle 
anterior

0.61 0.56

Condyle 
lateral

0.58 0.48

Condyle 
posterior

0.56 0.44

Condyle 
superior

0.80 0.63

Condyle 
medial

0.62 0.51

Fossa anterior 0.57 0.64
Fossa 
posterior

0.53 0.70

Fossa superior 0.61 0.63
Fossa medial 0.68 0.66
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9.6.2  Evaluation of Condylar 
Changes

Condylar changes have been evaluated in a mul-
titude of previous studies. The majority of these 
studies primarily examined positional changes of 
the condyle, likely due to difficulty in accurately 
measuring morphological changes with two- 
dimensional radiographs, whereas positional 
changes can be more easily evaluated using lin-
ear and angular measurements on conventional 
radiographs. With the advent of three- dimensional 
imaging, studies have begun analyzing morpho-
logical changes to the condylar head after orthog-
nathic surgery.

The findings of this study show that there are 
significant differences in the amount of change 
between the fossa and the condyle. No previous 
studies have been found evaluating the difference 
in these types of changes between the condyles 
and fossae. Further examination found regional 
differences in the condyles in the lateral, poste-
rior, and superior regions. Unlike previous stud-
ies, no significant differences were found with 
regard to gender, classification, or left and right 
sides. Previous studies have found that females 
were more likely to undergo resorption than 
males [7, 9] and that large mandibular advance-
ments tended to most commonly cause resorption 
[7, 18, 19, 34]. Previous studies have found that 
often resorption will occur unilaterally [34].

When condylar resorption was detected, it 
occurred in the posterior and superior regions of 
the condyle. This is contradictory to the study by 
Hoppenreijs et  al. [9], where resorption was 
found to primarily occur at the anterior site of the 
condyle. They also found that morphologic 
changes continue beyond 1  year following sur-
gery, which is supported by this study. Mobarak 
et al. [20] found that medial or lateral resorption 
of the condyle can occur if medial or lateral com-
pression occurs during fixation. Park et al. [61] 
used CBCT superimposition to evaluate remod-
eling after mandibular advancement and found a 
statistically significant amount of remodeling 
1 year after surgery. They found that resorption 
occurred primarily in the anterior, posterior, 
superior, and lateral portions of the condylar 

head. However, Chen et al. [63] found that resorp-
tion primarily occurred on the posterior of the 
condyle, with the overall differences in condylar 
head dimensions before and 1 year after surgery 
at 0.37 ± 0.11 mm. Finally, Xi et al. [64] exam-
ined volumetric changes of the condyles using 
CBCT imaging and found that condylar resorp-
tion occurred following surgery and contributed 
to skeletal relapse. While there have been a num-
ber of discordant results, most studies seem to 
agree that posterior resorption is a common find-
ing. This makes sense because, as previously dis-
cussed, the condyle is often displaced in a 
posterior and superior direction during surgery, 
with compression leading to resorption. In this 
study, posterior condylar resorption averaged 
0.56 mm, and superior condylar resorption aver-
aged 0.80 mm.

When apposition was detected on the condyle, 
it primarily occurred in the lateral, posterior, and 
superior regions. Yamada et al. [23] found condy-
lar bone changes in 35.7% of subjects, which 
most frequently presented at osteophyte forma-
tion. Katsumata et al. [39] found that after man-
dibular setback, a bone layer formed on the 
posterior medial aspect of the condyle and that 
condylar remodeling was found in 51.1% of 
intraoral vertical ramus osteotomy (IVRO) 
patients and 10.3% of BSSO patients. Park et al. 
[61] found that condylar apposition primarily 
occurred on the anteromedial region of the con-
dyle, which is opposite of the findings of this 
study. Chen et al. [63] also found that apposition 
tended to occur on the anterior aspect of the con-
dyle, which was not found in this study. In this 
study, condylar apposition was 0.48  mm in the 
lateral region, 0.44 mm in the posterior region, 
and 0.63 mm in the superior region.

Overall, the resorptive condylar changes 
observed in this study seem to mostly agree with 
previous studies, while the appositional changes 
conflict with previous studies.

9.6.3  Evaluation of Fossae Changes

The fossae has not been as heavily evaluated as 
the condyles in previous studies, likely due to 
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the difficulty in accurately identifying it with 
traditional radiographs and also the difficulty in 
accurately measuring it with three-dimensional 
imaging. The primary findings here are that 
there are time differences in the fossa between 
timepoints. It was also found that some cases 
exhibited significant resorption of the fossa; 
and when this resorption occurred, there were 
both regional differences and time differences. 
It was determined that the resorption was only 
significant in the posterior region between the 
initial and the final CBCT’s. In that case, the 
posterior resorption was averaged 0.53 mm. In 
other cases, apposition occurred within the 
fossa. However, in these cases, there were only 
generalized differences over time. No signifi-
cant regional differences were able to be 
detected.

Studies on morphological changes of the gle-
noid fossa after orthognathic surgery have been 
very limited. Sanromán et al. [68] found no sig-
nificant changes in the condyle of glenoid fossa 
using both CT and MR imaging at any timepoint 
up to 1 year following orthognathic surgery. De 
Clerk et al. [60] used CBCT imaging and three- 
dimensional color mapping to visualize changes 
to the condyles and glenoid fossae in Class III 
nonsurgical cases and found evidence of remod-
eling changes on both the anterior and posterior 
eminences of the glenoid fossae. Woodside et al. 
in 1987 evaluated remodeling changes of the 
condyle and glenoid fossa in primates during 
Herbst treatment and found that a large volume of 
new bone was formed along the anterior border 
of the postglenoid spine and resorption along the 
posterior border of the postglenoid spine, indicat-
ing an overall anterior remodeling of the fossa. 
Finally, LeCornu et  al. [62] found anterior dis-
placement of the glenoid fossae and condyles in 
Class II patients undergoing treatment with 
Herbst appliances.

The findings of this study regarding fossa 
remodeling are interesting, because, unlike the 
Sanromán et al. [68] study, remodeling was found 
after orthognathic surgery. Additionally, both 
resorption and appositional changes were 
detected within the glenoid fossae.

9.6.4  Study Limitations

This study presented a number of challenges that 
needed to be overcome. One of the biggest chal-
lenges in the study was the quality of the CBCT 
images. Many images were noisy in the TMJ 
region, leading to issues in accurately identifying 
the cortical outlines of the condyles and fossae. 
This issue alone was the greatest contributor to 
the reduction in our initial sample size of 69 
down to the final sample size of 31. A large part 
of this was the fact that three timepoints were 
analyzed. If any one of the three timepoints was 
noisier or distorted, the entire subject had to be 
removed from the study. Therefore, it would have 
been beneficial to begin with a larger initial sam-
ple, knowing that over 50% would be lost due to 
issues with the CBCT images.

Additionally, the manual adjustment of semi- 
landmarks may lead to error. Ideally, the software 
would automatically place all of the semi- 
landmarks accurately, and minimal manual 
adjustment would be needed. In actuality, how-
ever, a high number of the semi-landmarks had to 
be manually adjusted, which could have led to 
higher error in the measurements. Again, much of 
this was due to noise and difficulty identifying 
cortical outlines of the condyle and fossa in the 
CBCT images. Although the investigators were 
calibrated and completed the placement of semi- 
landmarks for the entirety of each subject at all 
timepoints, the fact that manual adjustment was 
needed could have led to higher error. It should 
also be noted that the window, level, and isosur-
face settings had to be changed not only for each 
subject but also for each timepoint within the 
study, as the settings that led to the best represen-
tation of the cortical outline of the condyle and 
fossa varied greatly between each CBCT. Ideally, 
standardized settings could have been determined 
and used across all subjects, but in this study, the 
settings were adjusted based on the best visual 
reference of the cortical outline.

The use of Checkpoint also led to difficulty in 
the superimposition of the CBCT data to allow 
for an analysis of any positional changes of the 
condyle that may have occurred after surgery. 
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Ideally, the data would have been accurately 
superimposed on the fossae so that condylar 
movement could be evaluated. However, this was 
not possible in this study. Additional anchor 
points would need to be placed to better allow for 
the superimposition of the fossae, which would 
allow for an extremely accurate analysis of any 
positional changes that may have occurred with 
surgery. Then, the positional data could have 
been compared to the large number of previously 
completed studies evaluating positional changes.

Similarly, for statistical analysis, the general-
ized Procrustes analysis was adequate for show-
ing that remodeling changes did occur in the 
condyles and fossae, but again, a more ideal solu-
tion would have been to superimpose both the 
condyles and fossae based on an unchanging 
structure elsewhere in the mandible or cranial 
base. By including more of the condylar head and 
using a larger 13 × 13 field size, we believe that 
we were able to still gain valuable information 
using the generalized Procrustes analysis, but this 
could be improved upon by identifying unchang-
ing structures that could be used for more accu-
rate superimposition in future studies.

9.7  Summary and Conclusions

This was a retrospective study of 31 subjects 
treated by the University of Oklahoma 
Department of Oral and Maxillofacial Surgery 
from July 2013 to July 2015. All of the subjects 
presented with skeletal Class II or Class III mal-
occlusions. Of these 31, 22 were female and nine 
were male with 13 Class II and 18 Class III mal-
occlusions. All subjects had CBCT images taken 
at three timepoints which were prior to surgery 
(T1), immediately after surgery (T2), and at least 
3 months after surgery (T3). The TMJ’s of all sub-
jects were plotted using Stratovan Checkpoint 
software with a 13 × 13 semi-landmark field size 
to obtain the three-dimensional morphology of 
the condyles and the fossae. The data was then 
imported into MatLab where it was able to be 
visualized and checked for accuracy. Statistical 
analysis was performed using SAS and JMP soft-

ware to analyze if changes occurred over time 
and in what regions the changes occurred in both 
the condyles and the fossae. The use of three- 
dimensional CBCT data allowed for a more com-
plete analysis of changes taking place in the 
TMJ. Stratovan Checkpoint software is useful in 
evaluating morphological changes to the TMJ 
and holds a great deal of potential for future stud-
ies regarding morphological and positional 
changes.

The conclusions of this study were:

 1. There were no statistically significant differ-
ences between left and right TMJ structures in 
both the condyles and fossae over the three 
timepoints.

 2. Remodeling of the condylar head primarily 
occurred on the posterior, superior, and lateral 
regions similar to previous studies.

 3. Resorption of the condylar head occurred in 
areas of the posterior and superior regions, 
while apposition occurred in areas of the 
superior, posterior, and lateral regions.

 4. Resorption in the glenoid fossae was primar-
ily seen in the posterior regions with a signifi-
cant difference seen over time. When 
apposition occurred in the fossa, only time 
differences were detected with no specific 
regional differences.
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Anterior Limit of the Mandibular 
Dentition as Evaluated by Cone-
Beam CT

Sercan Akyalcin, Jeremy Scarpate, 
and Jeryl English

Abstract
One of the most common limiting factors in 
correcting dental and skeletal deformities is 
the limited ability to orthodontically move the 
teeth within the buccal and lingual cortical 
plates of the mandibular symphysis. In this 
chapter, we will define the anatomic character-
istics of the mandibular symphysis area and 
review the relationships between mandibular 
incisors and their bony support. Since cephalo-
metric radiographs overestimate the width of 
the buccal bone due to superimposition errors, 
a cone-beam computed tomography (CBCT) 
evaluation of the anterior mandibular dentition 
was presented in a group of individuals with 
varying growth patterns (hypodivergent, nor-
modivergent, and hyperdivergent) and incisor 
inclinations (retroclined, upright, and pro-
clined). Using the CBCT data, the relationship 
between mandibular incisors and their struc-
tural support was presented for each group of 

the mandibular incisors. Normative data and 
imaging methods presented in this chapter can 
be utilized to enhance the clinicians’ treatment 
planning strategies by providing a template on 
the limits of mandibular anterior teeth.

10.1  Background

Since the advent of lateral cephalometric radi-
ography, the mandibular symphysis area has 
been a focus of investigation in search of critical 
clues that may improve orthodontic diagnosis 
and treatment planning. Anatomy of the area has 
also served as a predictive tool for the evalua-
tion of the facial growth pattern. From a clinical 
point of view, the buccal and lingual cortical 
plates of the mandibular symphysis define the 
anatomic limits of orthodontic tooth movement 
that can rationally be expected. Since the corti-
cal plates provide a physical boundary for tooth 
movement that cannot be exceeded without 
expecting deleterious effects, they can be con-
sidered “orthodontic walls” [1].

Traditionally, clinicians have relied upon the 
use of cephalometric analyses to determine the 
most stable position of the mandibular incisors as 
part of their treatment plans. Tweed [2] was an 
early outspoken proponent of establishing a defin-
itive position and angulation of the incisors within 
the mandibular symphysis, as well as emphasiz-
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ing the importance the mandibular incisors have 
in long-term stability and esthetics. In his experi-
ence, he found that patients with excessive crowd-
ing often suffered iatrogenic periodontal issues or 
significant relapse after the teeth were aligned 
orthodontically, without the presence or creation 
of space. He stated the necessity of positioning 
the incisors over basal bone and subsequently 
emphasized that incisors within 5° of 90° pro-
vided optimum esthetics. He included this mea-
surement as a critical tenant to his diagnostic 
triangle. Likewise, other early pioneers in cepha-
lometrics, such as Steiner [3] and Ricketts [4], 
also held that the mandibular incisors were a key 
component to both stability of the dentition and to 
the patient’s overall esthetics. While modern orth-
odontic treatment philosophies often utilize the 
maxillary incisor position to dictate the profile 
and smile esthetics, the mandibular arch and final 
position of the mandibular incisors remain of pri-
mary diagnostic importance.

In essence, conventional cephalometric stud-
ies evaluating the ideal position for mandibular 
incisors are hampered by the inherent limita-
tions of this radiographic method. The lateral 
cephalogram utilizes a divergent x-ray beam 
that enlarges the anatomical structures; thus, 
minute measurements are rendered relatively 
inaccurate. Additionally, the natural superimpo-
sition of anatomic landmarks formed by the lat-
eral cephalogram creates an inherently flawed 
image and prevents accurate assessment of the 
symphysis [5–8].

With the introduction of cone-beam computed 
tomography (CBCT), the inherent shortcomings 
of the lateral cephalogram have been overcome. 
Through software reconstruction, the CBCT 
three-dimensional properties obtained are true to 
form. Investigators can utilize the CBCT images 
to measure localized areas in all dimensions with 
high accuracy that was not available with the lat-
eral cephalogram or any previous radiographic 
method, except medical-grade computed tomog-
raphy (CT) [9, 10]. However, the CT exposes the 
patient to a high amount of radiation, and the 
risk/benefit for the patient was only acceptable in 
fairly extreme cases, such as pathological identi-
fication. With the reduced radiation exposure that 

now approaches that of routinely taken orthodon-
tic x-rays and its increased availability, the CBCT 
has become more acceptable as a diagnostic 
adjunct. The research that has emerged from the 
CBCT scans continues to expand our understand-
ing of the anatomical features of the mandibular 
symphysis and incisors and how these features 
correlate with the patterns of facial growth in the 
individual patient.

In this chapter, we will define the anatomic 
characteristics of the mandibular symphysis area 
and review the relationships between mandibular 
incisors and their structural support in length. 
Additionally, effects of facial growth patterns on 
the osseous support of the mandibular anterior 
teeth will be presented as a guide to enhance cli-
nicians’ treatment planning strategies by provid-
ing guidelines on the limits of anterior movement 
of mandibular incisors.

10.2  Growth Effects 
on the Mandibular 
Symphysis and Incisors

The mandible does not simply grow. It remodels 
in the entire outline, except for the periosteal con-
tour of the chin just below the pogonion. The 
chin area is one of the most variable areas in the 
entire mandible as seen among the different basic 
facial types and patterns. The anterior chin is a 
resorptive area, while the bone is added on the 
lingual side at a variable rate. As a result, there 
are correspondingly marked variations in the 
shape and the size of the chin among different 
individuals [11]. The mandibular symphysis 
undergoes morphological changes and modifica-
tions throughout growth as well. The only excep-
tion is the inner contour of the cortical plate at the 
lower border of the symphysis located at the most 
inferior aspect of the trabecular bone. This area is 
a primary landmark for adjusting mandibular 
superimpositions vertically [12].

Aki et al. [13] demonstrated that with age the 
symphysis increases in height and width with the 
height increasing at a greater intensity, thus 
increasing the height to width ratio. Similar find-
ings were shown by Gutermann et al. [14] with 
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less increase in the symphysis width and most of 
the vertical growth of the symphysis occurring 
superior to the B point. The depth of the symphy-
sis (measured at B point) was shown to decrease 
over time and had a high correlation with the 
lower incisor to the mandibular plane angle [14]. 
Ricketts [4] showed that a thick, heavy symphy-
sis was associated with the forward rotation of 
the mandible. Similarly, a thin symphysis was 
observed in individuals with a dolichocephalic 
growth pattern. In essence, the anterior growth 
direction of the mandible would cause a shorter 
height and larger depth in the mandibular sym-
physis resulting in a smaller height to depth ratio 
in both males and females. On the contrary, in 
cases with a posterior growth direction, the sym-
physis would exhibit a taller height, a smaller 
depth, and a larger ratio [13, 15]. The angular 
relationship of the symphysis to the mandibular 
plane is larger in the hypodivergent patient, 
whereas it is more acute in the hyperdivergent 
patient [15].

Cortical plate thickness increases in low-angle 
subjects and decreases in high-angle subjects [16, 
17]. According to Swasty et al. [17], while keep-
ing age constant, for every 1° increase in man-
dibular plane angle, the cortical bone would get 
thinner, accordingly. According to Yamada et al. 
[18], as the tooth becomes more upright, or lin-
gually inclined, the supporting alveolar bone 
becomes thinner. When the relationship of teeth 
to the anterior wall of the symphysis is consid-
ered, central incisors seem to be closer to the cor-
tical plates in hyperdivergent facial growth 
patterns compared to hypodivergent patterns 
[15]. There is a negative correlation between the 
incisor mandibular plane angle (IMPA°) with 
IMPA° lower in individuals with increased man-
dibular divergence [14, 19]. This is a direct result 
of compensatory growth in hyperdivergent indi-
viduals. The increase in the anterior facial height 
would require the incisors to erupt to maintain 
overbite. As a consequence the alveolus becomes 
attenuated with thinning of the width between 
labial and lingual walls [1].

Position of the mandibular incisors seems to 
be affected with the anterior-posterior (A-P) 
growth as well. In less than ideal A-P skeletal 

growth patterns, a natural dentoalveolar compen-
sation often occurs to help improve the malrela-
tionship between the basal bone of the maxilla 
and the mandible [20–27]. This compensation is 
typically expressed as proclined mandibular inci-
sors when the skeletal relationship is Class II and 
retroclined mandibular incisors when in Class III 
[24, 27, 28]. Accordingly, significant differences 
in the bone width labial or lingual to the apices 
are reported as a result of osseous compensation 
to A-P discrepancies [1]. While the position of 
the incisors may change as a result of the differ-
ential A-P growth, the shape of the symphysis is 
more likely dependent on the degree of vertical 
divergency in any given malocclusion.

10.3  Prediction of Mandibular 
Growth Pattern by 
the Symphysis

Because mandibular symphysis remodeling is 
affected by the growth pattern, in an early inves-
tigation, Bjork [21] used the inclination of the 
mandibular symphysis in predicting mandibular 
rotation. He stated that in a vertical condylar 
growth pattern, the symphysis will swing for-
ward in the face and with increased chin promi-
nence, while in the horizontal type, it is swung 
back with a receding chin. Similarly, it was 
deemed as possible to retrospectively predict 
mandibular growth rotations by attributing 86% 
of the variance to changes in certain mandibular 
structures including the inclination of the man-
dibular symphysis [29]. These reports included 
individuals with extreme mandibular rotations. 
It was not until much later that these early obser-
vations were deemed as not applicable to mild 
to moderate rotations of the mandible [30, 31]. 
In fact, a study proved that clinicians could not 
predict mandibular rotation better than chance 
itself using cephalometric variables [32]. On the 
contrary, Gutermann et al. [14] observed a sig-
nificant to highly significant negative correla-
tion between the mandibular divergence and the 
angulation of the lower incisor. They noted that 
this correlation was best observed late in 
puberty, which might be the reason why other 
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studies had not found any link in the prediction 
of growth rotation of the jaws.

10.4  Clinical Significance

A 2008 report demonstrated that only 18% of 
orthodontic cases presenting with arch-length 
deficiency are treated with extractions [33]. 
This number has been on a decline in the United 
States. The primary goal of orthodontic case 
management is to achieve proper articulation of 
teeth that are ideally aligned along a functional 
occlusal plane with adequate axial and bucco-
lingual inclinations. Having an accurate under-
standing of the anatomic and/or physiologic 
distance in which teeth can be moved through 
the alveolar bone while ensuring long-term sta-
bility and minimal iatrogenic effects is critical 
for proper treatment planning in orthodontics. 
Proffit [34] argues that anterior movement of 
the mandibular incisors is limited to 2 mm from 
a stability point of view. In cases with moderate 
to significant space discrepancies, the funda-
mental decision that needs to be made by the 
clinician is whether there would be a need for 
tooth extractions in the individual’s treatment 
planning.

Extraction decision may not be straightfor-
ward in all orthodontic cases. Even though the 
soft tissue profile following orthodontic treat-
ment is primarily a result of the biomechanical 
management of the case, most orthodontists are 
still concerned about extractions. This is espe-
cially true for individuals with flattened profiles 
and retrusive lips. The 13-year-old female pre-
sented in Fig. 10.1a–d was cognizant of her soft 
tissue profile and smile. She presented with bilat-
eral Class II molar and canine relationships. Both 
maxillary and mandibular incisors were pro-
clined. She had an OJ of 6.2 mm and virtually no 

crowding in the mandibular arch. However, the 
maxillary right canine was partially blocked out, 
and there was 6.1 mm crowding in the maxillary 
arch. While she did not present with any signifi-
cant A-P skeletal discrepancies, she possessed a 
horizontal growth pattern and a dental OB of 
4 mm. The main problems of treating a case like 
this lie in the facial appearance. She had a slightly 
convex soft tissue profile with increased nasola-
bial angle (125°) and a relatively prominent nose 
with thin lips.

From a diagnostic point of view, the lower 
arch did not warrant any extractions. Because of 
the maxillary arch crowding and moderate 
increase in overjet, upper premolar extractions 
were considered. However, soft tissue examina-
tion, mainly the prominence of the nose and flat 
retrusive lip profile, made this treatment option 
a bit challenging. Maintaining the upper lip 
position by maintaining the maxillary incisor 
position seemed to be a better treatment objec-
tive for the facial esthetics. Expansion of the 
upper arch and interproximal enamel reduction 
would easily provide space for the resolution of 
crowding. The remaining problems were the 
correction of inter- arch A-P discrepancy and 
overjet. Considering that she did not have much 
remaining growth, using a fixed-type Class II 
corrector to advance the lower dentition was 
considered. This thought brought the attention 
to the mandibular incisors.

She was presenting with proclined mandibular 
incisors situated in a fairly thick and short man-
dibular symphysis, which are common in the 
brachyfacial growth type. Careful examination of 
the symphysis and bone support using radiologi-
cal data supported with clinical evaluation led to 
the decision to allow for 1–2 mm advancement in 
the incisor position in the treatment plan. Class II 
mechanics could potentially cause more than 
2  mm of incisor advancement. Therefore, her 
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Fig. 10.1 (a) Case, pretreatment extraoral photographs. (b) Case, pretreatment intraoral photographs. (c) Case, pre-
treatment cephalometric analysis. (d) Case, pretreatment panoramic radiograph

a

b
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treatment plan included interproximal enamel 
reduction, using a negative 6° torque prescription 
and installing the Class II corrector on a full-size 
heat-treated stainless steel archwire to fully 
express the torque prescription. A fixed Class II 
corrector was used for a total of 4 months until 
A-P correction was achieved. Detailing of the 
case was achieved through bracket repositioning 
and heat-activated NiTi wires. At that time, seat-
ing elastics began to be used. Final settling of the 
case was achieved by segmenting the maxillary 
archwire distal to the incisors and 10 more days 
of multiple triangle seating elastics followed with 
a tooth positioner.

At the end of the treatment, all of the treat-
ment objectives were met (Fig. 10.2a–e) without 
significantly flaring the mandibular incisors. 
Cephalometric evaluation of the mandibular inci-
sor area revealed that there was adequate bone 
covering the incisors. The short and thick nature 
of the symphysis allowed for advancement of 
mandibular incisors (1  mm; 2°) as a result of 
Class II mechanics. Cephalometric evaluation of 
the mandibular incisors in the classical sense did 
not serve as a limitation to the treatment plan-
ning. While this case report serves an example of 
“treat according to the face” approach, the ulti-

mate clinical decision was supported by many 
factors including the anatomy of the symphysis, 
growth pattern, and clinical examination of peri-
odontal tissues. As judged by the quality of final 
occlusion and improvement of the facial profile, 
the treatment was deemed as successful. 
However, this type of approach may not be appli-
cable in a random orthodontic patient.

As the facial growth becomes more divergent, 
the mandibular incisors become more upright. 
Yamada et al. [18] found that as the mandibular 
incisors become more upright, the supporting 
bone becomes thinner. Thus, in high-angle 
patients, incisors are typically observed to be 
closer to both cortical plates, which hypotheti-
cally reduces the distance an incisor can move 
without encountering detrimental sequelae. 
Understanding the position of the incisors, spe-
cifically the apices, in the mandibular alveolus 
provides context to what orthodontic movement 
may successfully be accomplished. Advancement 
of the mandibular incisors would require the api-
ces to follow the crowns for excellent torque 
control as exemplified in the clinical case.

In the following study, we aimed to evaluate 
mandibular incisor position and morphological 
measurements of the mandibular symphysis in a 

c d

Fig. 10.1 (continued)
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Fig. 10.2 (a) Case, posttreatment extraoral photographs. 
(b) Case, posttreatment intraoral photographs. (c) Case, 
posttreatment cephalometric analysis. (d) Case, posttreat-

ment panoramic radiograph. (e) Cranial base and local 
superimpositions

a

b
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group of orthodontic patients classified in accor-
dance with the growth pattern (high-angle, 
normal- angle, and low-angle) and incisor inclina-
tion (retroclined, normal, and proclined) using 
cone-beam computed tomography. Our data 
should provide the clinicians with additional 
insight adjunct to cephalometric analysis when 
planning their cases.

10.5  The Sample

The sample was selected from an existing data-
base of patients who had received a lateral 
cephalometric x-ray and cone-beam computed 

tomography (CBCT) as part of their orthodon-
tic evaluation at the University of Texas Health 
Science Center School of Dentistry at Houston. 
To be enrolled in the study, subjects had to be 
between 11 and 18 years of age with minimal 
incisor crowding and no previous orthodontic 
treatment, trauma, syndromes, craniofacial 
malformations, surgical intervention, or large 
dental restorations that would interfere with a 
CBCT evaluation of the dentition. A total of 
510 patients were identified. Individuals with 
ANB values <0° and >6° were excluded from 
the study. Ninety subjects (48 boys, 42 girls) 
who met the inclusion and exclusion criteria 
were included in the study. The study sample 

c d

e

Fig.10. 2 (continued)
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was categorized into three divergent facial 
growth patterns utilizing Frankfort horizontal 
to mandibular plane angle (FMA): hypodiver-
gent (n  =  30, FMA  <  21°), normodivergent 
(n  =  30, FMA 21°–29°), and hyperdivergent 
(n = 30, FMA > 29°). The subjects were then 
subcategorized within the growth pattern 
groups utilizing the lower incisor to mandibular 
plane angle: retroclined (n = 29 L1-MP < 86°), 
upright (n  =  37, L1-MP  =  87°–99°), and pro-
clined (n  =  24, L1-MP  >  100°) (Table  10.1; 
Fig. 10.3).

Cone-beam computed tomography (CBCT) 
were obtained using the Galileos Comfort 
(Sirona Dental Systems GmbH, Bensheim, 
Germany) x-ray unit at the following exposure 
parameters: 85  KVp; 21  mA; exposure time, 
14 s; 0.3 mm voxel size; and volume dimensions 

of 15 cm × 15 cm × 15 cm. CBCT scans were 
evaluated by the same examiner using Invivo 
5 (version 5.1, Anatomage, San Jose, CA) for 
analysis. Each of the mandibular central and lat-
eral incisors was analyzed individually. Images 
were oriented using sagittal, coronal, and axial 
slices. The sagittal alignment was through a 
straight line from the midpoint of incisor tip to 
the apex. The coronal and axial alignments were 
through a straight line that bisected the incisor in 
half along the long axis of the tooth (Fig. 10.3). 
The resulting sagittal slice (0.5  mm thickness) 
was used for analysis. On the sagittal slices, the 
center of resistance (Cres) was marked on half dis-
tance of the root from the apex to the marginal 
bone level. Then a full circle was drawn on the 
Cres to perform the measurements. Measurements 
(Table  10.2, Fig.  10.4) were repeated for each 
mandibular incisor.

Two-way analysis of variance (ANOVA) 
was utilized for comparing the measurements 
with the two main effects: growth pattern and 
incisor inclination. Multiple comparisons 
were made using the Bonferroni post hoc tests. 
Level of significance was established at 

Table 10.1 Sample distribution

Groups Retroclined Upright Proclined
Hypodivergent n = 8 n = 12 n = 10
Normodivergent n = 10 n = 13 n = 7
Hyperdivergent n = 11 n = 12 n = 7

Fig. 10.3 Orientation 
of the symphysis area 
for image analysis: 
axial, sagittal, and 
coronal slices were 
arranged for each 
individual incisor to 
target the center along 
the long axis of the tooth 
to display the bony 
support and symphysis 
area

10 Anterior Limit of the Mandibular Dentition as Evaluated by Cone-Beam CT
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p < 0.05. All  statistical analyses were accom-
plished using the SPSS for Mac (version 21; 
IBM, Armonk, NY).

To determine reproducibility of the data, 
Dahlberg’s formula was used [35]. The method 

error was calculated from the equation, 

ME =
Sd
nx

2

2
, where d is the difference between 

duplicated measurements and n is the number of 
replications. All measurements were repeated 
after 4 months for ten randomly selected individ-
uals (Fig. 10.4).

Our results indicated that the error of method 
varied between 0.09 and 0.62 for the linear mea-
surements used in this study.

10.6  Findings

Mean values, standard deviations, and compari-
sons between the groups were individually 
listed for mandibular right lateral (Table 10.3), 

right central (Table  10.4), left lateral 
(Table 10.5), and left central (Table 10.6) inci-
sors. Alveolar width and buccal medullary 
width showed decreases and symphysis height 
increased in mean values as the mandibular 
divergence increased. Significant differences 
occurred mostly between low- and high-angle 
followed by low- and normal- angle individuals 
(p < 0.05). Alveolar width to symphysis height 
ratio also showed decreases as the downward 
mandibular plane rotation increased. Similarly, 
hypodivergent and hyperdivergent individuals 
demonstrated significant differences in their 
W/H ratio.

Incisor inclination, as a main effect, yielded 
variable findings. Symphysis height was not 
affected by incisor inclination. As a general trend, 
alveolar width was thinnest in individuals with 
retroclined incisors and got thicker as proclina-
tion increased. No significant growth pattern and 

Fig. 10.4 Measurements used in the study: buccal med-
ullary bone width (yellow), alveolar width (orange + yel-
low), symphysis height (blue)

Table 10.2 Measurements

Alveolar 
width

Thickness of the alveolar bone at the 
apex as measured along the arc centered 
on the hypothetical center of rotation to 
the external cortical plates on a sagittal 
slice

Buccal 
medullary 
width

Thickness of the facial (F) medullary 
bone segment at the apex as measured 
along an arc centered on the hypothetical 
center of rotation from the apex to the 
internal cortical plate on a sagittal slice

Symphysis 
height

Height of the mandibular symphysis as 
measured from the most superior portion 
of the mandibular alveolar process to the 
most inferior border of the cortical plate 
on a sagittal slice parallel to the NB line 
(Sp-Ca)

W/H ratio Ratio of the alveolar width to symphysis 
height

S. Akyalcin et al.
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incisor inclination interactions were found for 
any of the variables (Table  10.7). In general, 
these findings showed that varying degree of inci-
sor inclination caused similar trends in the growth 
pattern groups.

When the averages from all incisors were 
combined (Table 10.8), the trends became more 
evident. As the incisor proclination increases, 
alveolar width increases in all growth pattern 
groups. In general, individuals with retroclined 
incisors have less buccal medullary bone and 
alveolar widths.

10.7  Clinical Interpretation 
and Discussion

In less-than-ideal growth patterns, natural dento-
alveolar compensations often occur to help 
improve the relationship between the maxilla and 
mandible. The findings from our study showed 
that the low-angle group had a wider alveolar and 
medullary width compared to the normal-angle 
and high-angle groups. Corresponding to these 
measurements, the overall ratio of width to height 
was greatest in the low-angle group. This was in 

agreement with the findings of a previous CBCT 
study [15] that identified a shorter and thicker 
symphyseal pattern in a low-angle patient. When 
looking at the high-angle group, the height of the 
symphysis was significantly greater compared to 
the other two groups, which was also consistent 
with findings of Swasty et al. [17] and Molina- 
Berlanga et al. [26].

Overall, it appears that as the facial growth 
pattern becomes more divergent, there is a com-
pensatory symphysis growth mechanism to 
lengthen and narrow, which masks the underly-
ing discrepancy and improves the occlusion. 
Clinically, this mechanism can severely limit the 
abilities of the clinician to treat high-angle cases 
with sagittal discrepancies. In our study, buccal 
medullary width exhibited differences, with the 
low-angle group demonstrating a greater width 
than the other two groups. In analyzing the man-
dibular incisor inclination patterns, several find-
ings were significant. The upright incisor groups 
demonstrated a fairly consistent pattern of having 
a narrower medullary width at the incisor apices 
compared to the other two groups. This is in 
agreement with the findings of Yamada et al. [18] 
and Gutermann et al. [14].

In our study, the subjects were divided into 
three incisor inclination groups (retroclined, 
upright, proclined) within the divergence facial 
growth pattern groups (hypodivergent, normodi-
vergent, and hyperdivergent). It appeared that the 
dimensions of the symphysis were influenced by 
both the mandibular incisor inclination and 
growth pattern. Therefore, both of these factors 
should be accounted for in the final positioning of 

Table 10.7 Growth pattern interaction with incisor 
inclination

LR2 LR1 LL1 LL2
p p p p

Alveolar width-S 0.78 0.74 0.39 0.99
Buccal medullary width 0.07 0.71 0.57 0.55
Symphysis height 0.33 0.46 0.29 0.41
W/H ratio 0.65 0.77 0.21 0.92

Table 10.8 Means and standard deviations of measurements for all four incisors

Growth pattern Incisors
Alveolar width Buccal medullary width Symphysis height W/H ratio
Mean SD Mean SD Mean SD Mean SD

Hypodivergent Retroclined 9.94 2.46 3.13 0.94 27.99 2.39 0.36 0.12
Upright 10.69 1.97 3.49 1.48 28.39 2.03 0.38 0.08
Proclined 10.89 1.66 3.76 0.92 30.41 1.61 0.36 0.07

Normodivergent Retroclined 8.24 1.17 2.81 0.57 29.87 2.75 0.28 0.06
Upright 9.63 2.28 3.28 1.05 30.61 2.06 0.32 0.08
Proclined 10.48 1.66 3.35 0.69 30.08 1.42 0.35 0.06

Hyperdivergent Retroclined 8.27 1.30 2.47 0.78 32.13 1.81 0.26 0.04
Upright 9.06 1.05 2.72 0.86 31.53 3.04 0.29 0.04
Proclined 9.10 2.75 2.66 1.19 32.35 3.24 0.28 0.08

10 Anterior Limit of the Mandibular Dentition as Evaluated by Cone-Beam CT
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the mandibular incisors. In individuals with 
Angle Class I malocclusions and mild to moder-
ate crowding, the distance between the cemento-
enamel junction and the alveolar crest around the 
mandibular incisors was about 1.7  mm and 
increased to 2.2 mm at the end of the orthodontic 
treatment [36]. According to Garlock et al. [37], 
marginal alveolar bone loss following nonextrac-
tion therapy was 1.1  mm. These numbers are 
derived from study samples without accounting 
for growth pattern and initial incisor inclination. 
Correction of deep curve of Spee, mesially 
directed forces from Class II mechanics, and the 
addition of other discrepancies could possibly 
cause more problems as the anterior limit of the 
dentition would be compromised.

Historically, orthodontists relied on cephalo-
metric variables to control for the incisor position 
and inclination. However, appreciation of bony 
support around the incisors before and after the 
orthodontic treatment might not be evident from 
the cephalogram since all four incisors superim-
pose on each other. Figure 10.5 demonstrates a 
digitally scanned dry mandible displaying uneven 
marginal bone around the mandibular incisors. It 
is clear that a two-dimensional cephalogram 
would not be able to reproduce the actual clinical 
scenario adequately. Cone-beam computed 

tomography (CBCT) and the associated render-
ing software are free of magnification and super-
imposition errors with the ability to isolate areas 
through custom slices. Methods described in this 
chapter could be used to determine whether or 
not required anterior dental movement and con-
sequent uprighting would cause any periodontal 
sequelae in borderline cases using CBCT.  It is 
demonstrated in Fig. 10.6a–d how the orthodon-
tist could visualize the bone support around the 
anterior teeth step by step.

Using the sagittal slice, orthodontists can 
measure the buccal medullary width and com-
pare it to the norms provided in Table 10.8 for 
the individual patient. One should be cognizant 
of the fact that these are averages from a norma-
tive sample. Additionally, individuals included 
in our study had minor mandibular incisor 
crowding. Therefore, if the initial buccal medul-
lary width is smaller than the averages provided 
in Table 10.8 for the initial malocclusion, main-
taining the incisor position at the very least 
would be indicated for a healthy and stable bony 
support at the end of the treatment. Even though 
the CBCT provides much better detail than the 
cephalogram, it is still limited by factors such as 
the voxel size and spatial resolution. Therefore, 
the findings reported in our study should be used 

Fig. 10.5 Marginal bone levels around mandibular incisors shown on a dry skull
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cautiously. There is always a possibility of a thin 
layer of the bone covering the incisors that is not 
captured due to the voxel size of the scan. In 
some circumstances, scanning the entire buccal 
surface of the tooth by adjusting the sagittal 
plane (green) mesiodistally could also provide a 

thorough visual evaluation of the buccal bone. 
Mandibular right central incisor shown in 
Fig. 10.7 demonstrates the lack of bony support 
on the buccal aspect of the tooth toward the dis-
tal. These local dehiscences might never be 

a b

c
d

Fig. 10.6 (a) Start with the tooth in question. Mandibular 
left central incisor is viewed in this example. (b) On the 
axial slice, at about where the marginal bone starts, adjust 
the frontal (blue) and sagittal (green) planes to intersect 
on the center of the root as shown. (c) Frontal slice: con-
firm the level of axial plane (orange), and readjust accord-

ing to the CEJ and marginal bone level. Confirm that the 
sagittal plane is along the long axis of the tooth. (d) 
Resulting sagittal slice, which was utilized for the mea-
surements used in our study, would display the bone sup-
port around the tooth individually. This view was used for 
all the measurements in our study

10 Anterior Limit of the Mandibular Dentition as Evaluated by Cone-Beam CT
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noticed by conventional radiography and could 
worsen with orthodontic treatment.

10.8  Conclusions

Anterior limit of the mandibular dentition is 
affected by both the initial incisor inclination and 
the growth pattern. During the initial diagnosis 
and treatment planning phase, cephalometric 
measurements can be supported by measure-
ments obtained from CBCT images. Visual and 
analytic inspection of the mandibular symphysis 
and the bony support around the mandibular inci-
sors can help with the decision-making process 
of the orthodontist so as to prevent violation of 
the anterior limit of the dentition.
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Abstract
The alveolar bone has always been a factor in 
the decision-making process of the orthodon-
tists, and there has recently been an increasing 
interest in the dental profession for evaluating 
the effects of orthodontic treatment on the 
alveolar bone. Both medical computed tomog-
raphy (CT) and cone-beam computed tomog-
raphy (CBCT) have made such evaluations 
possible under circumstances where direct 
observation was not practical or feasible.

CBCTs provide accurate imaging of the alve-
olar bone and other anatomical structures sur-
rounding the teeth. Unlike on conventional 2D 
radiographs, both the facial and the lingual sur-
faces of the alveolar bone can be observed and 
measured on CBCT images. This yields much 
needed data for clinical in-vivo studies that 
intend to evaluate alveolar bone changes during 
and after orthodontic treatment. Several studies 
have been completed assessing bone changes 
both in the anterior and posterior segments, as 
well as in the presence or absence of expansion 
devices, and in the presence or absence of extrac-

tions. Along with these studies, methods have 
been developed for the purpose of measuring 
facial and lingual alveolar bone.

11.1  Introduction

Bonding agents and pre-adjusted appliances are 
probably ranked on the top of the list of things 
that have revolutionized the practice of orthodon-
tics in the twentieth century, but the introduction 
of digital imaging technology in the 1990s has 
led, without a doubt, to many breakthroughs in 
orthodontics. The way patients are treated today, 
how diagnosis is approached, and what we are 
able to understand about the human body have 
remarkably evolved over the first part of the 
twenty-first century.

An evidence-based discipline is currently 
regarded as the standard of care delivery. 
Evidence-based density (EBD) is the application 
of an evidence-based approach to dental care. 
The American Dental Association defines EBD 
as “an approach to oral health care that requires 
the judicious integration of systematic assess-
ments of clinically relevant scientific evidence, 
relating to the patient’s oral and medical condi-
tion and history, with the dentist’s clinical exper-
tise and the patient’s treatment needs and 
preferences” [1]. EBD requires gathering of data 
and available evidence, assessing its validity, and 

A. Romero-Delamstro · G. F. Currier · O. Kadioglu (*) 
Division of Orthodontics, Department of 
Developmental Sciences, University of Oklahoma 
Health Sciences Center College of Dentistry, 
Oklahoma City, OK, USA
e-mail: alejandro-romerodelmastro@ouhsc.edu; 
frans-currier@ouhsc.edu; onur-kadioglu@ouhsc.edu

11

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-00722-5_11&domain=pdf
mailto:alejandro-romerodelmastro@ouhsc.edu
mailto:frans-currier@ouhsc.edu
mailto:frans-currier@ouhsc.edu
mailto:onur-kadioglu@ouhsc.edu


208

using quality evidence to make informed 
 decisions and provide care. According to Harrel 
[2], 3D imaging and its use over the fourth dimen-
sion—time—provide the true anatomical data 
necessary to expand clinical practice and 
researchers into EBD.

11.2  Cone-Beam Computed 
Tomography (CBCT)

CBCT is a relatively low-risk, noninvasive 
method for assessment of craniofacial structures 
in situations where direct measurements are not 
possible or the burden on the patient would be 
greater than the benefit they would receive from 
the procedure. CBCT scans currently offer the 
possibility of observing teeth and bone in ways 
never thought before.

Tomography was developed in 1967 by Sir 
Godfrey Hounsfield. The CT was developed in 
the 1970s as an evolutionary process resulting 
from the demand for 3D information obtained by 
conventional computerized tomography (CT) 
scans. Custom-built craniomaxillofacial CBCTs 
started appearing in the market place over the last 
decade of the twentieth century, and since then a 
variety of applications to the facial and dental 
environments have been established [3].

Medical CTs create images from multiple 
slices which are “stacked” to obtain a final com-
plete image, making it time-consuming and less 
cost-efficient. With dental CBCTs, an entire 
region of interest is captured with a single rota-
tion of the source as the radiation emitted falls 
onto a 2D detector. CBCT images are captured 
utilizing a relatively more focused beam, with 
lower exposure and acquisition times, consider-
ably less scattered radiation, more X-ray utiliza-
tion, and at a lower cost than medical CTs 
[4–11].

The 3D images from a scan are composed of a 
series of isotropic voxels equal in width, thick-
ness, and height with sizes commonly ranging 
between 0.1 and 0.4 mm. The reconstruction of 
these images provides secondary perpendicular 
axial, coronal, and sagittal slices [9, 12–17]. The 
raw data obtained from a CBCT is stored in the 

computer as DICOM files (Digital Imaging and 
Communications in Medicine files are the stan-
dard for handling, storing, printing, and transmit-
ting information in medical imaging). It is the 
reconstructions of those files what allows for dif-
ferent views to be created from one scan. All of 
the views are accurate and not subjected to geo-
metric projection errors that are inherent with tra-
ditional 2D images as sophisticated computer 
algorithms correct for the geometric distortions 
that are inherent in 2D imaging.

Without a doubt, CBCT has rapidly gained 
popularity as a tool that allows for versatile visu-
alization for diagnosis, comparison, and treat-
ment simulation. It offers views that were not 
possible with conventional radiographic tech-
niques. The errors related to patient positioning 
are not present as the data acquired represents a 
volume that can be oriented as needed.

11.2.1  Radiation and Dental CBCT

Radiation remains a general concern with 
CBCTs; although its dose is up to four times 
lower than that of a medical CT, it is still higher 
than digital 2D panoramic or lateral cephalomet-
ric radiographs [12, 18].

The American Association of Orthodontists 
(AAO) developed in 2010 a set of general guide-
lines for the optimization, justification, and refer-
ral criteria for users of CBCT.  The use of this 
type of technology was still not required for rou-
tine orthodontic radiographs, but it is certainly 
increasing as the third dimension and volumetric 
measurements can be added to the diagnosis and 
treatment planning.

Background exposure comes from naturally 
occurring radiation. People are exposed to radia-
tion from sources in the nature, with the average 
person in the United States receiving an effective 
dose of about 3000 μSv per year (+/− 8 μSv per 
day) from natural sources. The soil and cosmic 
radiation from outer space are the most common 
sources of naturally occurring radiation, and peo-
ple living in high altitudes are more exposed to 
cosmic radiation than people living at sea level. 
The largest source of radiation comes from radon 
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gas in homes, which constitutes about 2000 μSv 
per year. A round trip from Paris to Tokyo adds 
139 μSv of effective dose to each passenger due to 
exposure to cosmic radiation. Most dental radio-
graphs are equivalent to 1 day to 2 weeks of back-
ground radiation. The radiation dose for a complete 
volume of the maxillofacial area is usually more 
than a panoramic image but less than a periapical 
survey. The effective radiation dose from a CBCT 
machine is between 40 and 135 μSv which is about 
5–17 days of equivalent natural background radia-
tion (ENBR). One bitewing adds 1 μSv of effec-
tive radiation dose, while an occlusal film adds 
5 μSv. A cephalometric radiograph adds 5–7 μSv 
which is less than one day of ENBR; a panoramic 
radiograph adds between 3 and 24 μSv which is 
between less than half to 3 days of ENBR. A TMJ 
series adds 20–30 μSv or 3–4 days of ENBR, and 
a full mouth series adds 30–170 μSv or 4–21 days 
of ENBR. A chest X-ray adds 100 μSv or about 
10–12 days of ENBR, and a mammography adds 
700 μSv or about 88 days of ENBR. A medical CT 
adds 8000  μSv or about 1000  days of ENBR 
[19–23].

The amount of radiation depends greatly on 
the specifications of the particular equipment. 
Until some years ago, the factors known to 
affect radiation dose were (1) scan time, (2) 
voxel size, (3) FOV size which determines the 
overall amount of ionizing radiation, (4) kVp 
and mA, (5) rotation as full 360° vs 180°, (6) 
pulsed vs continuous beam, and (7) radiation fil-
ter (type and shape) [24]. The use of lower mAs 
and collimation are some of the ways to reduce 
the amount of radiation the patient receives. The 
main concern with decreasing radiation dose 
has always been concomitant decrease in image 
quality. In this regard, some mathematical algo-
rithms appear to be very promising, as they 
allow for the reconstructions of reliable 2D 
images at a relatively lower radiation dose and 
with fewer projections. This means that clini-
cians should be able to reduce the amount of 
radiation when obtaining diagnostic radiographs 
with CBCT [25].

Gamache et  al. [26] demonstrated that the 
radiation exposure dose can be reduced while 
maintaining adequate image quality and diagnos-

tic accuracy, by performing scans using low kV 
and moderate-to-high mA settings. In their study, 
low kV (60 kV) in combination with 4.0–15 mA 
(moderate-to-high mA settings) produced the 
best image quality. These settings resulted in a 
56% reduction in total radiation amount, from 
898 to 396 mGy cm2. They also showed that even 
the low image quality settings were able to pro-
duce images that presented high levels of accu-
racy in the detection of root resorption volume as 
compared to actual physical volume. 
Manufacturers have recommended settings that 
do not necessarily need to be labeled as the best 
settings possible. In general, these are just rec-
ommendations or suggestions, giving the ability 
to control kVp and mA settings on the CBCT to 
the operator with slight differences from one 
manufacturer to another.

The ADA Council on Scientific Affairs recom-
mends the use of techniques that would reduce 
the amount of radiation received during dental 
radiography. Known as the “as low as reasonably 
achievable” (ALARA) principle, this includes 
taking radiographs based on the patient’s needs 
as determined by an examination, using the fast-
est film compatible with the diagnostic task, col-
limating the beam to a size as close to that of the 
film as feasible, and using leaded aprons and thy-
roid shields.

Currently, the duration of CBCT scans varies 
from roughly 5 to 75 s. The shorter the exposure, 
the lower the radiation dose will be. In general, 
the longer the duration of the scan, the higher the 
potential for distortion due to possible head 
movement. Short exposures decrease the total 
cumulative radiation dose for the patient and are 
considered beneficial for young patients or those 
who have a difficulty remaining stationary.

11.3  CBCT in Orthodontics

Custom dental CBCTs appeared in the market 
place over the first decade of the twenty-first cen-
tury, and a variety of applications for dentistry 
have been established since then. In 2005 Kau 
et al. [3] reported four main system providers, but 
by 2011, 23 different providers and more than 40 

11 The Alveolar Bone and Its Limits



210

different CBCT scanners were available repre-
senting an interest in developing digital technol-
ogy for dental purposes.

The drastic increase in number of manufactur-
ers and devices will hopefully translate into more 
options that will offer better image quality and, 
hopefully, lower prices. Three-dimensional imag-
ing has become more accessible and popular dur-
ing the second decade of the twenty-first century, 
which has helped close the gap between the edu-
cational environment and the private practice set-
ting [27].

One of the most important features to consider 
when buying a CBCT scanner for orthodontic 
purposes is the scanner’s field of view (FOV). 
This determines how much of the patient’s anat-
omy may be visualized in one scan. If one is to 
replace all other forms of 2D images, then the 
largest FOV needs to be considered that would 
include the areas necessary for cephalometric 
analyses. Scanners with large FOV—height 
equal to or greater than 16 cm—are useful for tra-
ditional orthodontic surveys based on a typical 
adult male. Medium FOV scanners capture the 
middle of the orbits down to menton (vertically) 
and from one condyle to the contralateral con-
dyle (horizontally). Scanners with a medium 
FOV are useful for panoramic radiographs and 
implant surveys, but are not suitable for cephalo-
metric analysis. Scanners with a small FOV cap-
ture a user-defined region, usually symmetrical in 
shape. These scanners are useful for implant 
placement, TMJ surveys, and the localization of 
impacted teeth [27].

CBCT technology has helped in providing 
new discoveries in orthodontic research. As the 
images obtained can show density variations on 
bone surfaces, it appears to be the tool that was 
for so long needed to clinically study in live 
patients the changes associated with growth and 
clinical orthodontic care.

11.3.1  CBCT Accuracy and Image 
Quality

Advances in CBCT technology have produced 
the capability of rendering high-quality 3D 

images at a submillimeter level that allow 1:1 
views along any plane. Therefore, morphologic 
changes can be evaluated and quantified over 
time using a relatively low dose of radiation [16, 
19, 21, 28].

Still, there is some discrepancy in the litera-
ture between the agreements of CBCT measure-
ments and direct measurements. For the most 
part, it is widely accepted that CBCT can be used 
to assess bone heights with a high level of accu-
racy and reliability, but the thickness evaluation 
is a source for a wider discrepancy.

When comparing CBCT and multi-slice spiral 
CT (MSCT) measurements, Loubele et  al. [29] 
found that CBCT provided a better visualization 
of small bony structures, whereas MSCT pro-
vided better visualization of cortical bone and the 
gingival tissues. They found no statistical differ-
ences between the accuracy of alveolar bone 
measurements using CBCT and MSCT, with 
both showing accuracy to submillimeter levels.

Timock et al. [7] investigated the accuracy and 
reliability of buccal alveolar bone heights and 
thicknesses derived from CBCT images. The 
author used 12 embalmed human cadaver heads 
(five female and seven male with a mean age of 
77 years) that were scanned with an i-CAT®17–
19 unit (Imaging Sciences International, Hatfield, 
Pennsylvania) at 0.3 mm voxel size. Buccal bone 
height and thickness measurements of 65 teeth 
were made in standardized radiographic slices 
and compared to direct measurements made by 
dissection. Agreement between the direct and 
CBCT measurement methods was higher for 
measurements of heights than thicknesses, but 
the results showed that CBCT measurements did 
not differ significantly from direct measurements, 
with no identifiable patterns of under- or overes-
timation. The authors concluded that the CBCT 
could be used with high accuracy and reliability 
to quantitatively assess buccal bone heights and 
thicknesses.

Creed et al. [30] evaluated the accuracy of lin-
ear measurements obtained from CBCT images 
and compared them to images acquired from 
digital models to determine if cone-beam digital 
models were as accurate as OrthoCAD digital 
models. Their results showed that linear 
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 measurements obtained from CBCT images had 
a good level of accuracy when compared with 
OrtoCAD models, with this accuracy adequate 
for diagnosis and treatment planning.

CBCTs are accurate over long distances, but 
they may not be when measuring an object in 
close proximity such as buccal bone width [31]. 
While CBCTs are capable of producing views of 
alveolar bone to the submillimetric levels with 
high levels of reproducibility, the use of CBCT to 
view buccal bone is not infallible as there might 
be a small amount of error when comparing 
direct measurements to CBCT measurements 
[32, 33].

CBCT measurements are very accurate for 
short linear distances. They have been shown to 
be reliable when compared to direct measure-
ments as these two do not differ significantly. The 
accuracy is higher for measurements of buccal 
bone heights than thickness and with the differ-
ences between physical measurements and CBCT 
ones being as low as 0.1 mm. There is robust lit-
erature supporting the fact that distances can be 
accurately measured using CBCT and it is ade-
quate for observation of mandibular bony struc-
tures, including interproximal, facial, and lingual 
bone levels [34–37].

Some authors have reported that CBCTs are 
detailed enough to show dehiscences and fenes-
trations and have accuracy compatible to peri-
odontal probing for detecting bony defects and 
identifying root fenestrations and dehiscences. 
The CBCTs have the highest sensitivity and diag-
nostic accuracy for detection of multiple peri-
odontal defects among multiple radiographic 
modalities [38, 39]. On the other hand, others 
have reported a discrepancy in the identification 
of dehiscences and fenestrations on CBCTs as 
compared to direct observations [40].

Currently, there is no difference in accuracy of 
measurements among scanners with deferring 
arcs of rotation (360° vs 180°) and number of 
projection images. Additionally, Kusnoto et  al. 
[25] showed that landmark identification on 2D 
cephalometric radiographs derived from recon-
structed CBCTs at different projection views 
(300, 150, 70, and 39 projections) did not exceed 
the clinical 1.5  mm acceptable reference mea-

surement for accuracy of tracings. This means 
that CBCT could be used with significantly 
reduced radiation in circumstances when only 
conventional 2D views are needed.

CBCT has proven to be successful for assess-
ment of alveolar bone grafting [41]. According to 
Pan and Kau [28], the CBCT is a reliable method 
for evaluation of interradicular bone mass. One 
of the biggest advantages of CBCTs is that prac-
titioners can get much more accurate information 
from one scan than from multiple 2D views that 
are traditionally used with less radiation. When it 
comes to precision, it seems that this improves 
with higher-resolution scans, but this possibly 
should be reserved for research purposes when 
high precision is desired.

11.4  CBCT Analysis

The introduction of CBCT has improved the 
quality of radiographic data and has overcome 
disadvantages of conventional 2D radiographs. 
The precision of angular and linear measure-
ments on 2D images and 3D volumes, as well as 
the ease and reliability of landmark identifica-
tion, and the precision of superimposition of 
images have been extensively evaluated [37, 
42–49].

CBCT analyses may allow the orthodontist to 
plan the individual torque needs of a specific 
patient or tooth, as well as to evaluate the alveolar 
bone widths and heights that may limit orthodon-
tic tooth movement. Posterior cross sections can 
allow for buccolingual skeletal and dental evalu-
ations of individual teeth or pairs of teeth. 
Individual or multiple teeth angulations can be 
observed and assessed from CBCT images as 
they offer views that are not possible with any 
other routinely used radiographic technique. The 
error related to patient positioning that is present 
in 2D images commonly used for diagnostic pur-
poses in orthodontics is not present in CBCT 
images as the data acquired represents volume 
and can be oriented as needed due to the isotropy 
of voxels.

The 3D data has expanded the possibilities 
of measurements for evaluation and compari-
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sons. Previously known 2D linear and angular 
measurements can now be complemented by 
volumetric measurements and curvature mea-
surements. This allows for a better understanding 
of certain conditions, such as a true mandibular 
asymmetry, that can be better evaluated on a 3D 
volumetric image rather than on a conventional 
2D lateral cephalometric X-ray and/or photo-
graphic images. In order to achieve a sound 
method for analysis of 3D CBCT images, vol-
ume segmentation and image reorientation are 
paramount and need to be done before the iden-
tifications of landmarks. Volume segmentation 
is the allocation and separation of an anatomical 
structure or area of interest from the three-dimen-
sional volumes to be able to individually view it. 
Although a relatively simple concept, the actual 
segmentation of an individual structure or region 
can be complicated due to biologic and anatomic 
reasons. Also, the quality of the scan has a large 
role in this process; low contrast between struc-
tures, noise on the images, and movement during 
image acquisition, all play a role in the ease of 
identification of boundaries [24].

The current recommendation for assessment 
of alveolar bone levels via CBCT images is to 
limit the movement during the scan as much as 
possible, the use of smallest FOV suitable for the 
area to be assessed, the use of a small voxel size 
and the highest gray-scale bit depth, and, when 
measuring facial or lingual bone, images viewed 
through the long axis of the tooth to avoid mis-
takenly measuring interproximal bone [31, 50]. 
The importance of accurate landmark identifica-
tion is inversely proportional to the initial thick-
ness of the tissue to be evaluated or compared. 
For example, a difference of 0.5 mm in the thick-
ness of the lip or the tip of the nose may be negli-
gible. Thus, accuracy of landmark identification 
for superimposition may not be as critical, but the 
same difference may be unacceptable for assess-
ment of thicknesses of alveolar bone.

Bone level measurements on CBCTs can be 
accurate and precise, but the methods are tech-
nique sensitive, with very thin alveolar bone 
missed or underestimated [50, 51]. Also tooth 
orientation on the multiplanar reconstruction def-
initely plays a role on circumstances where bone 

coverage is irregular. Take, for example, in 
Fig. 11.1, one can imagine that the bone height 
measurements are going to be significantly dif-
ferent, depending upon where the cuts are made. 
Also, the presence of alveolar bone on a specific 
CBCT cut does not necessarily correspond or 
translate into coverage around the whole facial or 
lingual surface of a tooth.

11.5  CBCT Assessment of Alveolar 
Bone

11.5.1  Tooth-Based Superimposition 
Method

Until the introduction of three-dimensional 
(3D) imaging in dentistry, it was not possible 
for orthodontists to assess facial and lingual 
alveolar bone by means other than direct obser-
vation that required reflecting flaps in the area 
of interest. Currently, the use of a digital 
method allows for longitudinal assessment of 
alveolar bone levels, and the reader can follow 
a step-by-step guide outlining how to measure 
and compare alveolar bone levels on the basis 
of user-defined reference points long. The 
examples shown were obtained with an ILUMA 
Ultra (IMTEC, 2401 North Commerce, 

Fig. 11.1 Notice the level of dehiscence present on the 
teeth. The “relative” presence of alveolar bone coverage 
around a root on a CBCT image should not be interpreted 
as coverage around the whole surface
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Ardmore, OK 73401) with a 16 × 22 cm FOV 
on 20-s scans at 3.8 mA and 120 kVp.

Once a scan is obtained, and in order to 
reduce image processing time, only the area 
of interest is reconstructed to the desired voxel 
size, e.g., 0.1 mm (Fig. 11.2). The spatial reso-
lution is then measured following manufac-
turer’s instructions. In the examples shown, 
the spatial resolution was determined to be at 
0.1922  mm. Therefore, one can only identify 
differences greater than 0.19 mm. The DICOM 
files obtained from the reconstructions were 
imported to OsiriX software (http://www.
osirix-viewer.com/Osirix-64bit.html, Pixmeo 
SARL, 266 Rue de Bernex, CH-1233 Bernex, 
Switzerland). OsiriX is an open-source, multi-
dimensional image navigation and display soft-
ware developed on a Macintosh platform as a 
stand-alone application for OSX [52, 53].

The 3D multiplanar resolution (MPR) is 
selected, and the target tooth is oriented through 
the long axis of the tooth using 3D triangulation, 

with all three planes set perpendicular to the arch 
(Fig.  11.3). The images can be viewed at the 
desired slice thickness, e.g., 0.19 and 0.29  mm 
slices, using linear table opacity and the color 
lookup table (CLUT) of choice. These CLUTs 
help in distinguishing bone and tooth structure by 
illustrating different color saturations for struc-
tures of different density. The numerical range 
between the white and black levels (window 
width) and the theoretical midpoint of this range 
(window level) are selected for best visualization 
of alveolar bone and tooth structure.

Due to anatomical reasons, distobuccal roots 
have more bone coverage and might show less 
bone changes longitudinally; the mesiobuccal 
roots are usually more prominent and more likely 
to exhibit changes than the distobuccal roots [54]. 
Therefore, mandibular molars are bisected 
through the mesiobuccal and mesiolingual cusps. 
For maxillary molars, the slices can include the 
mesiobuccal root and the lingual root if this does 
not cause a rotation greater than 45° on the slice. 

Fig. 11.2 Example showing the selection of the ROI on the ILUMA software. ROIs are reconstructed at the desired 
spatial resolution
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When the anatomy of a particular maxillary 
molar does not allow for this, only the mesiobuc-
cal cusp and root should be bisected following 
the canal (Fig. 11.4).

With the tooth properly oriented, the coronal 
(frontal) view is saved as a DICOM files, using 
the “DICOM Export” tool, and the regions of 
interest (ROIs) are identified on this new file. The 
first ROI is defined using the “Closed Polygon” 
tool to trace the contour of the tooth. The con-
tours of the buccal and lingual bone are traced 

using the “Opened Polygon” tool. A reference 
line (RL) is created with the “Length” tool, fol-
lowing the long axis of the tooth. By double 
clicking the ROI or its info box, the options box 
is accessed. Here the ROI is labeled, and a differ-
ent color is selected for easier identification. 
Once the contour of the tooth and the RL are 
traced, two lines are constructed perpendicular to 
the RL marking the buccal and lingual alveolar 
bone crest heights; they are called the buccal per-
pendicular line (BPL) and lingual perpendicular 

Fig. 11.3 From the 3D Viewer menu on the top, the 3D MPR option is selected. The axial, coronal, and sagittal images 
can now be oriented following the long axis of the tooth

Fig. 11.4 Example of 
an image for evaluation 
of bone height and 
thickness of a maxillary 
right permanent first 
molar (UR6). Including 
the lingual cusp in this 
cut would have caused 
the cut to be at a more 
than 45° angle to the 
arch circumference, 
thus, mistakenly 
capturing interproximal 
bone as facial bone for 
the mesiobuccal root. 
The lingual root was not 
included
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line (LPL). To make these perpendicular to the 
RL, first the RL and the tooth template are 
grouped; this can be done by pressing the <s> 
key and drawing a selection area, by pressing 
<COMND-A> (shortcut for “select all”), or by 
individually selecting the ROIs. The ROIs are 
then made nonselectable; this step is repeated as 
needed to make sure that previous ROIs will not 
be altered. Then, with the “Dynamic Angle” tool, 
90° angles are drawn following RL and tangent 
to the crests (Fig. 11.5).

Following the same procedure used for BPL 
and LPL, more lines are drawn as desired on each 
side of RL.  These lines can be at any height 
desired (3 and 5  mm are commonly used). To 
make sure the lines are at the right height, the 
“Length” tool is used to mark the desired heights 
apical to BPL and the LPL on RL. Tracing these 
lines allows the bone widths to be measured api-
cal from the crest heights (Figs. 11.5 and 11.6). 
Name the ROIs accordingly.

At this point, the “Length” tool is used to 
measure heights and thicknesses. The buccal 
alveolar crest height (BACH) is the distance 
from the most incisal or occlusal point on the 
RL to the intersection with BPL.  The lingual 
alveolar crest height (LACH) is the distance 
from the most incisal or occlusal point on the 

RL to the intersection with LPL.  The buccal 
alveolar thickness (BAT) and the lingual alveo-
lar thickness (LAT)  represent the thicknesses of 
the buccal and lingual surfaces of the alveolar 

Fig. 11.5 The “Closed Polygon” tool is used to trace the 
tooth template at the initial time point (T1) (green). The 
“Opened Polygon” tool is used for tracing the bone con-
tour at T1 (orange). The “Length” tool is used to make a 
reference line (RL) following the long axis of the tooth 

(lilac). Four lines overlap each other on top of the RL and 
are placed at 3 and 5 mm apical to the BPL and LPL. The 
“Dynamic Angle” and “Length” tool are used to draw 
lines perpendicular to the RL: BPL, BPL3 and BPL5 
(blue), and LPL, LPL3 and LPL5 (red)

Fig. 11.6 Reference lines are shown on this example on 
a mandibular right first premolar (LR4). The tooth contour 
is traced (green). The RL (green line) bisects the tooth 
following the long axis. B1 and L1 (red) indicate the most 
coronal points of the alveolar crest heights. B3 and L3 
(orange) are drawn 3 mm apical to B1 and L1, perpen-
dicular to RL. B5 and L5 (purple) are drawn 5 mm apical 
to B1 and L1, perpendicular to RL.  Note that for this 
example, the long axis of the tooth goes from cusp tip to 
root apex. Therefore, the deepest portion of the central 
fossa was projected to the RL at 90° (occlusal cyan line)
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bone and are measured from the outer contour 
of the bone to the tooth silhouette on each of the 
perpendicular accessory lines apical from the 
crest (Figs. 11.7 and 11.8).

All the structures that are identified on the ini-
tial cut are used as a template for a digital tooth-
based superimposition on T2 or subsequent 
images generated following the same guidelines 
described above. The template for the superim-
position is composed by the tooth contour, the 

RL, and the buccal and lingual perpendicular 
lines. When the new DICOM file is opened, the 
ROI template file can either be imported or cop-
ied and pasted (Fig. 11.9). The template is then 
placed over the silhouette of the tooth and moved 
as needed to find the best fit with the tooth con-
tour. Once the superimposition is completed, the 
examiner can draw the new bone contour for the 
new time point if desired. The new perpendicular 
lines for buccal and lingual crest height are drawn 
following the same procedure used for BPL and 
LPL, or the original markers can be moved along 
the RL as needed if any change had taken place 
(Fig.  11.10a–c). All the ROIs are then grouped 
and made nonselectable to measure the new 
heights and thicknesses, labeling them accord-
ingly, e.g., BACH 2, LAT5, T2, etc. (Figs. 11.11 
and 11.12). Once the desired measurements are 
obtained, the data is extracted to run any 
 calculations needed. OsiriX shows the values for 
each ROI directly on the screen, and these can be 
entered manually into a spreadsheet or data pro-
cessing software.

According to Baumgaertel [35], when looking 
at alveolar bone levels, the examiner must orient 
the images the same way at every time point 
through the long axis of the tooth. If this principle 
is not followed, bone levels might be mistakenly 
measured. The tooth template allows one to con-
firm that the cuts are being made in the same 
plane and that the alveolar bone thicknesses on 
the lingual and buccal plates are measured at 
same level on every time point.

Fig. 11.7 Buccal and 
lingual crest heights 
(BACH and LACH) are 
represented here by 
green lines on the long 
axis. The buccal and 
lingual thicknesses at 3 
and 5 mm apical to the 
crests (BAT3, BAT5, 
LAT3, and LAT5) are 
represented by the 
yellow lines. The 
measurements in mm 
are on the highlighted 
boxes

Fig. 11.8 Example images showing measurements for a 
mandibular right first premolar. BACH (brown), LACH 
(lilac), and BAT3, BAT5, LAT3, and LAT5 (blue). The 
ROI information boxes have been selected and high-
lighted only for demonstration purposes. The ROI infor-
mation boxes for all the other ROIs have been excluded 
from this example to make the image and its information 
easier to read. As shown, this image contains all the ele-
ments used in the template for superimposition at T2 or 
subsequent time points
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Fig. 11.9 At the 
subsequent time points, 
the template is imported 
from the ROI menu for 
superimposition of the 
tooth contour to the best 
fit. The bone contour and 
the linear measurements 
for BACH, LACH, 
BAT3, BAT5, LAT3, and 
LAT5 are not necessary 
for superimposing. Once 
imported, the ROIs are 
moved and rotated as 
needed to find the best fit

a b

c

Fig. 11.10 Example images showing all measurements 
at T1; these ROIs form the template that will be used for 
superimposition (a). Template imported into a T2’s cut of 
LR4 (b); the tooth contour and RL are used to superim-
pose the image at T2 to the best fit. The template at T2 is 
moved as needed until the best fit is found over the tooth. 

Once the template has been superimposed, the T2 values 
could be recorded (c). Notice the change in the buccal 
crest height from initial (red) to retention (white) (the red 
lines were kept in this example just for illustration pur-
poses). Note that BAT3 and BAT5 were coronal to the new 
buccal crest
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This digital method for superimposing tooth 
contours allows comparing alveolar bone levels 
longitudinally. With this method, there is no 
need to convert DICOM files to other formats 
such as JPEG or TIFF with no need for printouts, 
hand superimposition, hand tracings, or hand 
measurements. Currently, one can use this tech-
nique to perform cross-sectional assessments of 
buccal and lingual alveolar bone levels, as well 
as longitudinal assessments. Our research has 

shown that this protocol can be used with low 
intra- and interexaminer error [33]. A standard-
ization of methods is needed in orthodontics for 
the assessment of bone levels. Still, clinicians 
might wonder to what extent it really matters 
identifying height or width changes within a mil-
limeter, a tenth of a millimeter, or a hundred of a 
millimeter; this is a question that needs to be 
answered with further research.

11.5.2  Evaluation of Interdental 
Angle (IDA)

The IDA is defined as the relationship of buc-
colingual axial inclination of contralateral 
teeth. It is a parameter that can used to evaluate 
the amount of dental tipping as a consequence 
of orthodontic therapy. The IDA can be mea-
sured using the “Dynamic Angle” tool in OsiriX 
by drawing two lines through each one of the 
long axes of contralateral teeth. The IDA can be 
obtained using the 0.3 mm CBCT scan recon-
struction on OsiriX’s 3D MPR viewer. From the 
axial view, a linear cut bisecting each pair of 
teeth is obtained. For the mandibular molar, the 
cut includes the mesial root and cusps; for the 
maxillary molars, the cut includes the lingual 
and mesiobuccal roots and cusps. The 0.3 mm 
reconstruction is used for the IDA as the amount 

Fig. 11.11 Example of mandibular right first premolar at 
T2. All measurement values that could be recorded at this 
time point are shown in the image. As the crest has moved 
apically past the 3 and 5 mm reference lines, no thickness 
can be recorded

Fig. 11.12 The 
template from the initial 
time point (T1) is 
superimposed 
posttreatment (T2). The 
bone contour from T1 is 
not included as part of 
the template. The yellow 
lines represent T2 
measurements and the 
new alveolar bone 
contour
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of scattered is lower than the higher-resolution 
reconstruction, and it is considered that the ren-
dering speed of lower size files allows for better 
use of the software. At the same time, the reso-
lution obtained does not sacrifice image quality 
or important information needed. The slice 
thicknesses used should allow adequate inclu-
sion of cusp tips and root apices of contralateral 
teeth (Fig.  11.13). To verify this, the cut is 
moved from side to side, and it is confirmed on 
the sagitatal view that the slice encompasses 
the cusp tips and root apices (Fig.  11.14a, b). 
The coronal view derived from these slices is 
saved as a DICOM file and the Dynamic Angle 
tool is used to calculate the IDA by drawing 
lines that bisect the teeth following the long 
axis of each tooth (Fig. 11.15a, b).

OsiriX seems to allow efficient navigation 
through large sets of data without the need for 
high-end expensive hardware or software or a 
highly experienced user. Our method allows 
superimposing dental contours on the CBCTs, 
and bone levels are measured directly on the 
images without sacrificing image quality or reso-

lution. This superimposition method represents a 
viable way to assess alveolar bone levels longitu-
dinally. The method has been satisfactorily tested 
with the 32-bit version of the software; and even 
though the image manipulation was efficient with 
both versions, we observed a decrease in the ren-
dering speed with the 32-bit version. The 32-bit 
version is not intended as a commercial medical 
device for primary diagnostic imaging and is not 
FDA/CE-1 certified. In the United States, it can 
only be used as a reviewing, research, or teaching 
software but not for primary diagnostics or for 
patient care [52].

This technique is far from infallible, and 
some limitations do exist. Sometimes, some 
measurements cannot be recorded on certain 
teeth due to image quality, stage of eruption, 
anatomical variances, or greater than 45° dental 
rotations. The quality of the images will depend 
on the factors such as contrast, movement during 
acquisition, presence of metal, signal-to-noise 
ratio, threshold filters applied, spatial resolution, 
volume averaging, and properly setting window 
width and level.

Fig. 11.13 Example of image orientation on 3D MPR. The slice thickness was set at 2.8 mm. Upper left, sagittal view; 
lower left, axial view; right, coronal view
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11.6  The Limits of the Alveolar 
Bone

The degree to which buccal and lingual tooth 
movement stimulates new bone formation still 
appears to be a matter of debate in orthodon-
tics. Orthodontic tooth movement is based on 

the ability of the bone to adapt and remodel. 
The stress and strain applied to the periodontal 
ligament (PDL) and the bone promote bone 
resorption and deposition [55]. Some clinicians 
defend the theory that facial movement of teeth 
with the use of light continuous forces stimu-
lates new bone formation; some claim that bone 
adaptation takes places and not new bone for-

a

b

Fig. 11.14 In this example, the image is moved to the 
mandibular right premolar on the sagittal view to verify 
that the cusp tips and root apices are included in the cut 

(a). The image is then moved to the mandibular left pre-
molar on the sagittal view to verify that the cusp tips and 
root apices are included in the cut (b)
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mation; others state that buccal or lingual 
movement of teeth does not generate new bone 
and that in the absence of bilateral crossbites, 
expansion of the dental arches is an undesirable 
and deleterious effect of orthodontic treatment. 
The evidence currently available seems to favor 
the use of rapid palatal expanders (RPEs) for 
orthopedic correction of posterior crossbites of 
skeletal origin.

It certainly seems very unlikely that the design 
of brackets or the composition of the brackets 
and archwires would have a major effect in stim-
ulating formation of new facial or lingual alveo-
lar bone. In any case, if tooth movement was to 
trigger new bone formation on the facial or lin-
gual aspect of a tooth, then CBCT imaging is cur-
rently the best, and least invasive, approach to 
assess these changes.

11.6.1  Rapid Palatal Expansion (RPE) 
and CBCT

Over the last 50 years, RPE has become a widely 
accepted method for overcoming transverse defi-
ciencies in the maxilla. Garib et al. [54] evaluated 
the periodontal effects of RPE using spiral CT 
scans. In their comparison of tooth versus tissue-

borne expanders, they measured the changes in 
buccal alveolar heights and thicknesses for max-
illary anchor teeth. Their results showed a 
decrease in buccal bone thickness of 0.6–0.9 mm, 
an increase in the lingual bone plate thickness of 
0.8–1.3 mm, and a loss of alveolar bone height or 
bone dehiscences on the anchorage teeth’s buccal 
aspect of 7.1 mm (±4.6 mm) at the first premolars 
and 3.8 mm (±4.4 mm) at the mesiobuccal area of 
the permanent first molars. Based on studies by 
Zachrisson [56], a loss of 0.5 mm of interproxi-
mal bone height is considered to be clinically sig-
nificant. Then, a similar loss on facial and lingual 
aspects should also be clinically significant and 
maybe even more critical as the bone is consider-
ably thinner than in the interproximal areas.

CT studies have shown the effects of RPE 
include not only widening of the palatal suture 
but dental tipping as part of the dental expansion. 
With this tipping, alveolar bone loss has been 
observed on the buccal marginal bone, both verti-
cally (height) and horizontally (thickness). 
Rungcharassaeng et al. [57] used CBCT to deter-
mine buccal bone changes of anchorage teeth 
during RPE and found a loss in thickness of 
1 mm and a decrease in bone height of 3–4.4 mm. 
In 2009 Ballanti et al. [10] used low-dose multi-
slice CT scans to study the periodontal effects of 

a b

Fig. 11.15 IDA measurements done with the Dynamic Angle tool. An example of mandibular second premolars IDA 
before orthodontic treatment (a) and after (b)
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RPE and observed in their study that soon after 
active palatal expansion, the buccal plate thick-
nesses decreased but recovered after 6 months of 
retention. The authors concluded that this therapy 
induced a significant increase in the transverse 
dimension of the maxillary arch in growing sub-
jects without causing permanent injury to the 
periodontal bony support of anchor teeth.

A study from 2013 [58] evaluated the effects 
of RPE expansion on the buccal plate of maxil-
lary permanent first molars and premolars via 
CBCT.  Four-tooth expanders (RPE with bands 
on maxillary first molars and first premolars) 
or two-tooth expanders (bands on maxillary 
first molars only) were used in rapid (0.5  mm/
day) and slow (0.25  mm/day) expansion pro-
tocols on 14 patients. The CBCT images were 
obtained on an ILUMA Ultra CBCT Scanner 
(Imtec Corporation, Ardmore, OK) on a 20-s 
scans at 3.8 mA and then reconstructed into 0.3 
and 0.1 mm voxel size on the region of interest. 
The authors evaluated the variations in the inter-
dental angle, interdental distance, buccal crest 
height (BCH), and buccal plate thickness at 3 
and 5  mm from the most coronal aspect of the 
alveolar crest. They found the total expansion for 
molars and premolars to be significant, and the 
changes in crest height were significant only for 
the premolars. Their results also showed that the 
thicknesses at 3 and 5 mm from the alveolar crest 
were less 6  months after orthodontic treatment 
than before treatment. A recession of 2.4  mm 
on buccal alveolar bone on the premolars was 
reported, and the changes in crest height in the 
premolars appear to have been related to the sig-
nificant tipping experienced by the premolar at 
14.4°. While taking into consideration that these 
results are lower than those reported from Garib 
et al. [54] and Rungcharassaeng [57], the authors 
concluded that buccal crown tipping of teeth can 
lead to recessions on buccal alveolar bone.

When measurements are done during active 
treatment, the thicknesses appear to be less, as 
opposed to measurements repeated during the 
retention periods. Ballanti et al. [10] reported a 
recovery after retention on the alveolar bone 
thicknesses of the maxillary first molars. These 
findings could represent a “healing effect” during 

retention or could be associated with the 
 limitation of the CBCT (or the human eye) to 
pick up the differences in density between 
cementum and alveolar bone during active tooth 
movement.

11.6.2  Extraction 
and Non-extraction

There is no room for a “one-size-fits-all” 
approach regarding extraction or non-extraction 
treatment. The orthodontist needs to consider, 
among many other things, the individual condi-
tion of each patient, the result of past experi-
ences, and the currently available literature. It is 
known that when teeth are moved outside of the 
cortical plane, no bone is observed after 1 month, 
but after 3 months the osteoblast start reforming 
the cortical plate. Still, encroaching into the cor-
tical plate can result in unintended adverse conse-
quences [59].

In 2012 Lund et al. [17] evaluated mesial, dis-
tal, buccal, and lingual alveolar bone levels mea-
sured from the CEJ before and after orthodontic 
treatment with extraction of four premolars. The 
authors reported a reduction of bone levels fol-
lowing orthodontic treatment and found decreases 
in bone heights to be larger at the lingual surfaces 
of the anterior teeth in the mandible and the max-
illa. Similarly, a study by Cook et al. [60] on 39 
non-extraction patients and 20 four-premolar 
extraction cases that presented moderate-to-
severe crowding demonstrated that both extrac-
tion and non-extraction protocols produced 
statistically significant bone loss in the anterior 
segments. Both protocols showed similar pat-
terns of alveolar bone loss, and no location with 
either protocol showed statistically or clinically 
significant increases in bony support.

In non-extraction treatment, one would expect 
to see a reduction of alveolar bone levels on the 
facial surfaces of teeth following expansion and 
incisor proclination, but the literature currently 
available seems to suggest that both extraction of 
four premolars and non-extraction treatments 
may lead to reduced marginal bone levels on the 
lingual sides of the anterior teeth. While the loss 
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on the lingual aspect of anterior teeth could be 
related to the distance the teeth were retracted or 
to the retroclination of lower incisors on extrac-
tion cases, this does not explain the loss seen in 
non-extraction cases where the dental effects are 
usually the opposite, e.g., proclination of anterior 
teeth. Maybe this bone loss is not necessarily cor-
related to the treatment modality but to the indi-
vidual traits of certain patients that could present 
with thinner bone plates or a higher predisposi-
tion to alveolar bone loss.

11.6.3  The Importance of a Retention 
Period for Bone Levels

The forces that create tooth movement have 
a repercussion on the alveolar bone. As teeth 
move, osteoblasts, osteoclasts, and their asso-
ciated activation factors and cofactors take part 
in bone remodeling and bone turnover. Newly 
formed bone matrix is deposited by osteoblasts, 
and after about a week of maturation, it becomes 
mineralizable osteoid. Osteoblasts deposit 
approximately 85% of the bone mineral content 
by primary mineralization [55]. Mineral matura-
tion is completed at approximately 6–8 months, 
and it is referred to as secondary mineraliza-
tion [61]. As the bone becomes more mature, 
it becomes more mineralized, thus more radi-
opaque. The use of a retention period of about 
6–8 months after orthodontics treatment is sup-
posed to allow this process to be completed, thus 
allowing teeth to be in more mature bone. This 
enhances the possibilities of detecting thin bone 
as it is more mineralized than it was during orth-
odontic treatment [31, 50, 62].

Starnbach et al. [63] studied palatal expansion 
in monkeys and found that animals that were 
scarified immediately after the palatal expansion 
showed remodeled buccal plates and extensive 
areas of localized bone resorption, whereas the 
animals sacrificed 3  months after treatment 
showed progressive improvement of supporting 
structures and recent alveolar bone formation. In 
the same study, animals scarified at 6  months 
after treatment presented near normal alveolar 
bone and dental supporting structures. This gives 

credibility to the theory that facial bone may 
regenerate after active treatment, but it certainly 
supports the idea that radiographic evaluation of 
bone levels will be more adequate after at least 
6 months post-active orthodontic treatment.

11.7  Conclusions

Orthodontics, as a dental science, is constantly 
presented with new advancements in technology 
that aim at expanding the capacities of clinicians 
and improving patient care. This is why it is 
important for orthodontists, as well as other den-
tal practitioners, to stay up-to-date on these new 
advancements and developments and to be aware 
of the need for scientific validation of claims.

In the years to come, with further reduction of 
the radiation levels from CBCT units and with 
continuous improvements in computer hardware 
and software, 3D imaging will eventually substi-
tute 2D imaging devices in the orthodontic office, 
just like 2D digital radiography that has slowly, 
but steadily, replaced conventional 2D films in 
most parts of the United States. The cost associ-
ated with CBCT units and the hardware and soft-
ware necessary to use these devices will continue 
to be, without a doubt, the major limitation for a 
more rapid spread and adoption of this technol-
ogy worldwide. While 3D imaging technology is 
continuously improving, practitioners should be 
striving for excellence, not utopic perfection, and 
should continue to keep in mind the patient’s best 
interest, respecting their autonomy, and not 
imposing on them undue burdens but rather let-
ting the patients and/or their families make edu-
cated decisions.

The use of CBCT imaging has opened up the 
doors to new questions in orthodontics as it 
allows for views that were not possible with con-
ventional two-dimensional radiographic tech-
niques. The advances in the hardware and 
software, as well as the development of new 
mathematical algorithms, have allowed for better 
images to be obtained during shorter exposure 
times and with lower radiation doses. While the 
dose of radiation of a CBCT is greater than that 
of other more conventional radiographic meth-
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ods, its use is currently the state-of-the-art 
method for longitudinal or cross-sectional indi-
rect assessment of facial and lingual alveolar 
bone levels. Even though the limitations of CBCT 
should be kept in mind, according to Silva et al. 
[64], its usefulness must not be underestimated as 
3D imaging, and its use over time can provide the 
data necessary to expand our clinical research for 
evidence-based dentistry.

The effects of orthodontic treatment on the 
alveolar bone have been a topic for debate for 
most part of the twentieth and twenty-first cen-
tury. Research supports the idea that both extrac-
tion and non-extraction protocols can have 
adverse effects on both lingual and facial bone 
levels if the biologic limits of the alveolar bone 
are not respected. The decision to treat patients 
with or without the removal of permanent teeth, 
then, depends on careful individual consider-
ations that the orthodontist needs to make on 
every case, e.g., “will the treatment increase or 
decrease the alveolar bone levels around certain 
teeth?”

The versatility of CBCTs should not be, by 
any means, underestimated. It seems unlikely 
that CBCT will be replaced as the technology of 
choice for 3D imaging in dentistry any time 
soon. This will certainly not happen unless a bet-
ter and safer technology is developed; only then 
will the profession experience the next para-
digm-shift in imaging technology. There is no 
question in our minds that CBT is here to stay, 
and we will most likely witness many more 
improvements to this technology during our pro-
fessional lifetime, as well as an expansion of its 
uses and applications in both research and every-
day dentistry.
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Virtual Surgical Planning (VSP)
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12.1  Introduction

Orthognathic surgery has seen many develop-
ments and advances throughout its evolutionary 
history. Recent trends have seen a shift away 
from traditional model surgery and have sought 
to embrace more contemporary methods of vir-
tual surgical planning (VSP) [1]. Since its incep-
tion, orthognathic surgery has successfully and 
predictably been planned and performed by 
means of traditional, analytical model surgery. 
Introduction of the cone-beam CT in 1998  in 
Europe and then in the USA in 2001 provoked 
the beginnings of a paradigm shift [2, 3]. The lit-
erature has since been replete with studies 
focused on providing evidence that virtual surgi-
cal planning is as effective and predictable as tra-
ditional model surgery [4–6].

Virtual surgical planning is a process that inte-
grates both computer-aided design (CAD) and 
computer-aided manufacturing (CAM) with sur-
gery. Xia et  al. first published a protocol for 
transposing the orthognathic surgery workup to a 

digital platform. This protocol was termed com-
puter-assisted surgical simulation (CASS) [7]. 
CASS consists of four distinct phases: data 
acquisition, planning, surgical, and assessment. 
In recent years, several authors have contributed 
techniques and proprietary technology to facili-
tate more accurate digital records [6, 8–10]. 
While the accuracy of VSP is no longer disputed, 
many surgeons must now reconcile its practical-
ity and cost with traditional office workflows and 
expenses during this transformative phase in the 
history of surgery [1, 11, 12].

Both analytical model surgery and virtual sur-
gical planning begin with a detailed presurgical 
evaluation. This includes extraoral and intraoral 
photography; anthropometric measurements; 
analysis of occlusal discrepancies as they relate 
to overbite, overjet, canine, and molar relations; 
two-dimensional and three-dimensional radio-
graphs; dental impressions; and bite registra-
tions. Following acquisition of this information, 
predictive tracings are performed. The occlu-
sion is evaluated. If necessary, segmentalization 
is performed to obtain a proper final occlusion. 
Correction of the patient’s unique dentofacial 
deformity is attempted by proposing calculated 
jaw movements. The feasibility of these three-
dimensional movements is assessed during a vir-
tual surgical planning meeting with a software 
engineer or during traditional model surgery. 
Surgical movements are facilitated intraopera-
tively via splints which are either 3-D printed 
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or manually fabricated. Precision and accuracy 
of surgical results are assessed during follow-up 
by obtaining two-dimensional and three-dimen-
sional imaging and clinical photographs.

12.2  Case Presentation

By way of example, this 14-year-old male was 
referred by his pediatric rheumatologist for eval-
uation of his marked right temporomandibular 
joint degeneration with a resulting dentofacial 
deformity (Fig.  12.1). The patient’s chief com-

plaint was an inability to chew as well as pro-
nounced snoring and daytime somnolence. Past 
medical history was significant for juvenile rheu-
matoid arthritis with degeneration of the right 
condyle. At the time of consultation, the patient 
had been in remission for several months. Past 
surgical history was significant for third molar 
removal. Medications included methotrexate and 
etanercept which were being managed and 
weened by his pediatric rheumatologist.

Initial evaluation revealed a remarkable ante-
rior open bite on the left side with severe canting 
of the maxilla and mandible and attendant facial 

Fig. 12.1 Intraoral and extraoral photographs at the time of consultation
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asymmetry. Radiographs were obtained showing 
significant degenerative changes of the right 
mandibular condyle, resulting in profound facial 
asymmetry, mandibular hypoplasia, and a 
retruded and collapsed oropharyngeal airway. 
The patient was referred to an orthodontist for 
full-banded orthodontic treatment and dental 
decompensation with leveling and alignment of 
the dental arches. Due to the degree of facial 
asymmetry as well as degeneration of the right 
TMJ, the patient was deemed an ideal candidate 
for virtual surgical planning and right total joint 
replacement with TMJ Concepts® (Figs.  12.2, 
12.3, 12.4, 12.5, 12.6, 12.7 and 12.8).

His presurgical orthodontic phase included 
digital planning using SureSmile® by OraMetrix. 
This system permitted very rapid and precise pre-

surgical orthodontics requiring only 10 months. 
Prior to surgery, standard clinical measurements 
were obtained as well as extraoral and intraoral 
photographs, dental impressions, and radio-
graphs which included a medical-grade CT for 
fabrication of his TMJ Concepts® prosthesis and 
VSP.

Dental impressions were poured in a type IV 
dental plaster. Occlusal analysis was performed, 
and selective enameloplasty was performed 
where indicated. A stable final occlusion neces-
sitated the maxilla be segmentalized between 
canines and lateral incisors creating a three-piece 
maxilla. The maxilla was stabilized in its antici-
pated final position, and a final bite registration 
was captured with Blu-Mousse®. Original and 
altered dental models were provided to MedCad® 

Fig. 12.2 Preoperative intraoral and extraoral photographs following a 10-month period of orthodontics
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Fig. 12.3 Preoperative AP cephalometric radiograph

Fig. 12.4 Preoperative lateral cephalometric radiograph

Fig. 12.5 Preoperative orthopantomogram

Fig. 12.6 3D rendering obtained from preoperative CBCT

Fig. 12.7 3D rendering obtained from preoperative CBCT

Fig. 12.8 3D rendering obtained from preoperative CBCT
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with respective bite registrations. Models were 
laser scanned and digitally integrated with the 
patient’s CT to obtain accurate dentofacial anat-
omy. Predictive two-dimensional tracings were 
performed in standard fashion using the patient’s 
lateral cephalogram.

A MedCad® software engineer aided with vir-
tual surgical planning. Key anatomic landmarks 
which included A point, B point, anterior nasal 
spine, posterior nasal spine, pogonion, central 
incisors, canines, and first molars were refer-
enced as the maxilla was repositioned. Three-
dimensional correction necessitated an almost 
5 mm cant correction on the right side, counter-
clockwise rotation of the maxillomandibular 
complex with a 4° alteration of the occlusal plane 
and approximately 2° of yaw correction. A left 
sagittal split osteotomy and right total joint pros-
thesis were planned for the mandible. The man-

dible was virtually set to the new maxillary 
position and evaluated for interferences. A 4 mm 
genioglossus advancement was planned. A man-
dible-first surgical sequencing was communi-
cated as it is imperative that this sequence be 
adhered to when joint replacement is required. 
Appropriate intermediate and final surgical 
splints were 3-D printed and provided to the sur-
geons (Figs. 12.9 and 12.10).

The data sets of the planned surgical move-
ments facilitated the 3-D printing of the stereo-
lithic model necessary for fabrication of the 
patient’s fitted TMJ prosthesis by TMJ Concepts®. 
Right-sided TMJ ramal and fossa components 
were waxed into place taking care to avoid vital 
structures (Figs. 12.11 and 12.12). This custom 
prosthesis was then verified by the surgeons prior 
to its final fabrication.

Fig. 12.9 VSP with MedCad® showing the final maxillary position. The maxilla has been segmentalized between the 
lateral incisors and canines. Note the almost 5 mm cant correction on the right side
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Fig. 12.10 VSP with MedCad® showing the final mandibular position with genioplasty. BSSO is planned for the left 
side with total joint replacement planned for right side

Fig. 12.11 Stereolithic model outlining right TMJ 
Concepts® ramal and fossa total joint components

Fig. 12.12 Stereolithic model with wax-up of TMJ 
Concepts® right ramal and fossa total joint components
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Surgery was performed in standard fashion 
without complications. In the weeks following 
surgery, the patient reported compliance with all 
postoperative instructions including a strict non-
chew diet. Guiding elastics were transitioned as 

needed. The patient was followed for a period of 
1 year at which time final records were obtained 
(Figs. 12.13, 12.14, 12.15, 12.16, 12.17, 12.18, 
and 12.19). The patient was most recently seen 
for his 36-month follow-up (Fig. 12.20).

Fig. 12.13 Postoperative AP cephalometric radiograph

Fig. 12.14 Postoperative lateral cephalometric radiograph

Fig. 12.15 Postoperative 
orthopantomogram
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12.3  Discussion

The workhorse of traditional orthognathic sur-
gery treatment planning has been the superimpo-
sition of two-dimensional predictive tracings in a 

1:1 ratio with the patient’s cephalometric radio-
graphs. This two dimensionally weighted 
approach to treating a three-dimensional dentofa-
cial deformity works remarkably well in most 
cases. However, facial asymmetries of pitch, roll, 
and particularly yaw can be difficult to accurately 
predict and may yield themselves more amenable 
to VSP. At our institution, we continue to draw 
two-dimensional predictive tracings even for 
cases treated with VSP. The vast majority of these 
predictions are remarkably accurate.

There are many other inaccuracies with tradi-
tional model surgery. There are inherent inaccura-
cies with the facebow transfer, dental impression 
deformities, errors obtaining an accurate bite reg-
istration, mounting errors on a semi-adjustable 
hinge articulator, occlusal wear during splint fab-
rication, and general operator error at any num-
ber of points during the preoperative planning. 
Additionally, there can be error in identification of 
cephalometric landmarks as well as tracing errors.

VSP has several limitations as well. 
Currently, it is not FDA approved for segmental 
orthognathic surgery. CT scanned images have 
not reliably captured dental occlusal surfaces. 
This limitation requires dental impressions and 
a bite registration be obtained in a traditional 
fashion. However, new technology is emerging 

Fig. 12.16 Final CBCT left profile view

Fig. 12.17 Final CBCT frontal view

Fig. 12.18 Final CBCT right profile view
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Fig. 12.19 Intraoral and extraoral final records

Fig. 12.20 Intraoral and extraoral photographs at 36-month follow-up
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obviating the need for laser-scanned models [6, 
13, 14]. Currently, VSP must be planned with a 
software engineer and cannot be done alone. 
Intraoperative splints are printed at outside 
facilities and mailed causing a delay between 
splint fabrication and surgery [1]. Lastly, the use 
of stereolithic splints incurs additional costs 
which are not insurance covered benefits. Prices 
for each splint can be in excess of $800. Recent 
research comparing the cost differential between 
standard and virtual surgical planning reported 
that VSP took significantly less time and was 
less expensive for all types of cases analyzed. 
This conclusion was derived by evaluating and 
comparing the cumulative time and cost for all 
steps of the orthognathic surgery planning pro-
cess [12].

Many limitations of VSP are likely to dimin-
ish with time. Technology is likely to soon obvi-
ate the need for laser-scanned dental models. 
Routine use of software may empower the sur-
geon to virtually plan cases without the need for 
a software engineer. Accessibility to 3-D printing 
is likely to improve. Costs for VSP and splint fab-
rication are likely to decrease making VSP an 
appealing and accessible alternative to traditional 
model surgery.

Acknowledgement Special thanks: The authors would 
like to thank Dr. J. Peter Kierl for the orthodontic compo-
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Abstract
Craniofacial anomalies (CFAs) can arise from 
any type of abnormal growth or deformity of 
the structures of the craniofacial skeleton. The 
variations of these anomalies arise from a 
number of different factors, including genetic 
factors, environmental factors, and folic acid 
deficiencies, and can range from very mild to 
severe, requiring surgery. Some of the most 
common types of craniofacial anomalies 
include cleft lip/cleft palate, craniosynostosis, 
hemifacial microsomia, vascular malforma-
tions, hemangioma, and deformational or 
positional plagiocephaly. Three-dimensional 
imaging of these CFAs continues to evolve 
with advances in technology. While cone- 
beam computed tomography (CBCT) is often 
considered the workhorse for imaging of 
CFAs, it is not without its own limitations. 
Indications for alternative or adjunctive imag-
ing modalities include soft tissue detail, 
inflammatory processes, and temporomandib-
ular joint morphology. This chapter provides a 
review of three-dimensional imaging tech-
niques most commonly used for the diagnosis 
and management of craniofacial anomalies.

13.1  Computed Tomography

There are a multitude of methods one can utilize 
when studying craniofacial anomalies. The first 
is computed tomography (CT) or computerized 
axial tomography (CAT) imaging. This uses spe-
cific X-ray equipment to generate cross-sectional 
images of the body. CT can be further divided 
into two groups: fan beam and cone beam. 
Originally described in the late 1960s by Sir 
Godfrey Hounsfield, fan beam computed tomog-
raphy utilizes sequential axial scans obtained 
from the tissues of interest [1]. These cross- 
sectional images, or “slices,” allow detailed anal-
ysis of internal anatomy in an atraumatic fashion 
(Fig.  13.1). The craniofacial bones are readily 
visualized using computed tomography, which is 
considered the gold standard for analysis of the 
skeletal variations encountered in craniofacial 
anomalies (Fig. 13.2). Furthermore, the addition 
of IV or enteral contrast materials to the CT scan-
ning protocol broadens its utility and allows for 
more accurate study of soft tissue and pathophys-
iologies which may otherwise be difficult to 
image.

Cone-beam computed tomography (CBCT) 
was first introduced in the early 1980s and uti-
lizes X-ray technology in a similar but unique 
fashion. Unlike the fan-shaped X-ray beam uti-
lized in traditional CT, cone-beam computed 
tomography relies on a three-dimensional diver-
gent “cone” of X-rays. This allows image capture 
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in a single rotation around the patient without 
the need for overlapping slices. CBCT machines 
overcome many limitations of conventional 
CT scanning devices. Some of the advantages 
include ease of patient positioning, decreased 
scan time, improved spatial resolution or sharp-
ness, clinical ease of use, fewer space and equip-
ment requirements, and lower radiation doses [2, 
3]. Qu et  al. reported CBCT effective radiation 
doses to be anywhere from several up to ten times 
smaller than traditional computed tomography 
[4]. These factors have allowed CBCT machines 
to become commonplace in outpatient clinics and 
a vital tool with which craniofacial abnormalities 
are diagnosed and treated. Figure 13.3 presents 
the case of an 18-year-old female with bilateral 
idiopathic condylar resorption. This condition, 
which typically presents with a retrognathic 

Fig. 13.1 Cone-beam computed tomography axial image 
visualizing unilateral cleft lip and palate deformity

a b

c

d

Fig. 13.2 Three-dimensional imaging in a 15-year-old 
patient with hemifacial microsomia. (a) Smile highlight-
ing marked asymmetry of the mandible. (b) Intraoral view 
showing noticeable cant associated with patient’s cranio-

facial anomaly. (c, d) 3D reconstruction and sagittal slice 
detailing the extent of hypoplasia in the right mandibular 
ramus/condyle
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a b

c e

d

Fig. 13.3 Eighteen-year-old patient presenting with 
bilateral idiopathic condylar resorption. (a–c) 
Retrognathia, class II skeletal malocclusion, and anterior 

open bite tendency commonly associated with this condi-
tion are demonstrated. (d, e) Preoperative lateral cephalo-
metric and panoramic imaging
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presentation of an anterior open bite tendency, 
is evident from the preoperative clinical photos. 
CBCT was used to guide the treatment planning 
and for fabrication of bilateral custom temporo-
mandibular joint prostheses which were success-
fully implanted in conjunction with orthognathic 
surgery. Figure  13.4 demonstrates the accuracy 

with which CBCT technology restored proper 
3D position of this patient’s maxillo-mandibular 
complex. This patient’s postoperative photos, 
shown in Fig. 13.5, exhibit the excellent esthetic 
and functional results that can be obtained by 
using CBCT technology to aid diagnosis and 
surgery.

a b

c

Fig. 13.4 The same eighteen-year-old patient following 
accurate repositioning of her maxillo-mandibular com-
plex viewed from the (a) frontal, (b) axial, and (c) sagittal 

planes. CBCT technology was used during the preopera-
tive planning and prosthesis fabrication stages to ensure 
ideal postoperative outcomes
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a b

c d

e

Fig. 13.5 (a–c) CBCT-based planning and surgery facilitated excellent cosmetic and functional improvements. (d, e) 
Postoperative lateral cephalometric and panoramic imaging
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Modern CBCT machines continue to intro-
duce new technology that tailors each scan for 
optimization of treatment planning. One example 
of these advancements is the increased resolution 
that contemporary scans are able to achieve. 
Voxels are values which are assigned a specific 
point within three-dimensional space. Analogous 
to a pixel in two-dimensional space, voxels are 
frequently used to describe the resolution of a 3D 
image. The voxel sizes used in CBCT have pro-
gressively decreased since the introduction of 
this technology. While CBCT originally relied on 
voxel sizes of several hundred micrometers, 
modern CBCT units allow sizes under 100 μm 
and can be customized from one scan to another 
[5]. While this advancement seems to be largely 
beneficial, clinical applications should be evalu-
ated on a patient-to-patient basis, as a smaller 
voxel size increases not only the spatial resolu-
tion but also increases image noise and radiation 
exposure.

Modern CBCT has provided a better ability to 
choose where scans are positioned. For instance, 
you can choose to scan the entire head or only 
focus on the chin area (Fig. 13.6). Customization 
of the field of view even allows one to offset the 

center of rotation, enabling only one rotation of 
the X-ray detector around a patient rather than 
two. Eliminating multiple passes not only 
decreases the chance for patient movement to 
alter the image reconstruction but also decreases 
the amount of ionizing radiation exposure. 
Recent studies have shown reductions in radia-
tion exposure of up to 25% and 60% in the man-
dible and maxilla, respectively, when CBCT is 
tailored to a region of interest rather than includ-
ing the entire head [6, 7]. This feature is particu-
larly useful when treatment planning growth 
abnormalities or pathology that affects specific 
areas of the craniofacial skeleton. The case pre-
sented in Fig. 13.7 illustrates the selective capa-
bilities of CBCT technology in a 24-year-old 
female with right mandibular ameloblastoma. 
Much less exposure to ionizing radiation was 
achieved by limiting the field of view on the 
patient’s CBCT exam to her lower facial third. 
This feature becomes particularly useful in situ-
ations where multiple CBCT volumes are neces-
sary over time, such as monitoring of this 
patient’s pre- and postoperative progression.

Cited disadvantages of CBCT include 
increased presence of artifacts, more image scat-
ter, and decreased ability to differentiate low 
contrast visibility tissues [2, 3, 8]. Furthermore, 
when compared to traditional 2D imaging 
modalities, CBCT is still more expensive, emits 
more radiation, and is very susceptible to motion 
and metal artifacts. Metal artifacts in particular 
are a common problem associated with CBCT 
imaging in dentistry. These metal artifacts are 
the result of high X-ray absorption by high-den-
sity metallic elements. Beam hardening and 
streak artifacts around dental restorations can 
render diagnosis and treatment planning a chal-
lenge. Figure 13.8 demonstrates just how prob-
lematic these artifacts can be to postoperative 
evaluation.

Fig. 13.6 Field of view customization allows 3D imag-
ing of isolated portions of the facial skeleton. Focused 
imaging on a portion of the facial skeleton can drastically 
reduce ionizing radiation exposure
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a b

c

d e

Fig. 13.7 (a) Patient with right mandibular ameloblas-
toma. (b) Intraorally, notable expansion of right posterior 
mandible with confirmation of bony lesion on (c) pan-

oramic radiograph. (d and e) Lower levels of ionizing 
radiation were achieved by customizing the CBCT field of 
view to include only the lower facial third
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13.2  Micro- and Nano-computed 
Tomography

A more recently developed method of imaging 
is micro- and nano-computed tomography 
(MCT/NCT). This is essentially the same as CT 
scanning except for the fact that the recon-
structed cross sections are bounded to a much 
smaller area. These devices can have 10,000 
times more resolution than medical CT scanners 

do. Nano-CT in particular utilizes 3D pixel 
“voxel” sizes as small as 25 nm and allows spa-
tial resolutions of 400 nm [9]. This has in turn 
allowed the study of tissue nano-architecture in 
a way not previously possible. This technology 
is currently restricted to animal modeling and 
in vitro studies due to the high radiation doses 
required [10]. However, imaging of atheroscle-
rotic plaques, cerebral microcirculation, lung 
tissue architecture, and trabecular bone to name 
a few have all been successfully applied to NCT 
technology [9, 10].

13.3  3D Laser Scanning

Three-dimensional laser scanning is a less inva-
sive method of capturing the face in comparison 
to many imaging modalities. Perhaps most impor-
tantly, 3D laser scanning avoids the potentially 
harmful ionizing radiation encountered with tra-
ditional X-ray techniques. Laser scanning can 
supply 3D images for treatment planning or eval-
uating effects of many orthodontic and surgical 
procedures [11, 12]. In particular, 3D laser scans 
have been successfully applied to analyze soft tis-
sue changes following orthognathic surgery [13, 
14]. Drawbacks of this method can include diffi-
culty in capturing fine soft tissue detail and tex-
ture, having to close and protect eyes during 
scanning, and relatively lengthy 10-plus second 
duration of image acquisition [15].

13.4  Structured Light

Structured light imaging is a technique that 
enables capturing of the three-dimensional shape 
of the face without the use of ionizing radiation. 
Following light illumination of the face, position-
ing of illuminated points is integrated with points 
on 3D cephalometric tracings. The result is a 3D 
shape of the patient’s face, viewable on a com-
puter screen. The aim of this technique is to com-
bine the facial shape and underlying radiographic 
data from other sources to study 3D structures for 
diagnosis, treatment planning, and evaluation of 
treatment results. This technique has traditionally 
been applied to intraoral imaging in orthodontics, 

a

b

c

Fig. 13.8 (a) Preoperative and (b) postoperative pan-
oramic radiographs showing successful implant restora-
tion of multiple edentulous spaces in a 67-year-old patient. 
(c) Postoperative axial CBCT cut illustrating the image- 
degrading effect of streak artifacts and beam hardening 
around this patient’s metallic restorations
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cleft lip analysis, and both cosmetic and orthog-
nathic surgery. Cited limitations have included 
the inability of some patients to remain still for 
the necessary length of time, the need for multi-
ple light sources and patterns to ensure accuracy, 
and the difficulty in reconstructing anatomy in 
areas of undercut profile. The use of multiple 
cameras, or a single camera using multiple views 
at different angles, is often necessary for accurate 
assessment of the entire face. The emergence of 
handheld structured light devices has improved 
accuracy, particularly for intraoral scanning pur-
poses [16–18].

13.5  Stereophotogrammetry

Stereophotogrammetry is the process of photo-
graphing a 3D object from two different coplanar 
planes in order to acquire a 3D reconstruction of 
the images. While clinical application of stereo-
photogrammetry was initially used to analyze the 
effects from orthodontic therapy, the technology 
is now applicable to imaging in many areas of 
dentistry and craniofacial surgery [19]. Namely, 
pre-surgical rendering of 3D facial soft tissue 
movements can have great benefit to craniomax-
illofacial surgeons. Photogrammetric scanning in 
combination with CBCT has recently been shown 
by multiple authors to accurately simulate 3D 
soft tissue changes after orthognathic surgery 
[20, 21]. In addition, comparison of soft tissue 
morphologic variations in different patterns of 
cleft lip and palate deformity has been success-
fully performed [22]. Because of its ability to 
help surgeons visualize predicted soft tissue 
movements, this modality can be valuable for 
patient acceptance and understanding of possible 
postoperative results.

Facial cosmetic surgery is often complicated 
by differing expectations between the surgeon 
and patient. Interpretation of surgical results can 
be quantified in a more predictable and repro-
ducible manner through the use of stereophoto-
grammetric technology. One recent example 
uses stereophotogrammetry as a way to classify 
changes in volume distribution following fat 
grafting and other cosmetic rejuvenation proce-
dures [23]. As this technology has improved 

over the years, 3D surface scanning is now able 
to be integrated into modern CBCT units 
(Fig. 13.9). This allows providers the ability to 
capture both 3D photos and a CBCT volume in 
the same imaging session. Should CBCT and its 
radiation be unnecessary to the treatment plan, 
3D soft tissue scans can be acquired separately 
in a radiation-free manner for use in dedicated 
orthodontic, maxillofacial, or cosmetic surgery 
planning [24–26]. Structured light, for example, 
can be used in combination with stereophoto-
grammetry for this kind of three- dimensional 
analysis (Fig. 13.10).

Unfortunately, the ability to obtain noncontact 
3D imaging is still often limited by patient com-
pliance with younger age groups. Modern 3D 
digital stereophotogrammetry, with acquisition 
times as short as 0.0015 s, does require much less 
patient compliance to capture a successful image 
[27]. Stereophotogrammetry, like any maxillofa-
cial imaging technology, is not without its own 
disadvantages. Postural changes between images, 
hair intervention, soft tissue glare or reflection, 
and poor detail on curved surfaces such as the 
submental and subnasal regions will continue to 
challenge the accuracy and ease with which this 
technology can be implemented into craniofacial 
treatment plans (Fig. 13.11).

13.6  Three-Dimensional Facial 
Morphometry

Three-dimensional facial morphometry (3DFM) 
is a process that can be used following other 
imaging procedures, particularly as a supple-
ment to the lateral cephalometric analysis. 
Landmarks are positioned on the face and later 
covered with 2  mm semispherical reflective 
markers. An ultraviolet stroboscope is then used 
to light up the projective markers. Analysis of 
multiple facial angles is generally needed to 
acquire a complete mapping of the face. While 
simplistic in concept, the landmarks for this 
method are often located through palpation and 
hand tracing [15, 28]. This can be an elaborate 
and time-consuming process that fails to match 
the accuracy found in other modern craniofacial 
imaging technologies.
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a b

c

d

e

Fig. 13.9 (a) 3D image created from a CBCT study showing soft tissue contours of a 17-year-old patient. (b–e) There 
are multiple degrees of adjustable soft tissue overlay which can be viewed on the patient’s underlying facial skeleton
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a b

Fig. 13.11 The same 17-year-old patient further demon-
strating limitations in image quality using combined 
CBCT/stereophotogrammetry. (a, b) Both images illus-
trate the lack of detail common to the forehead and auricu-

lar regions. Additional interference is noted from the 
bilateral sidebar appliances used to discourage patient 
motion and maintain proper head positioning

Fig. 13.10 Eight-year-old patient with Treacher Collins 
syndrome showing several limitations of 3D stereophoto-
grammetric imaging. (a) Motion artifacts (particularly on 
the patient’s right), poor soft tissue detail around the chin, 
and obstructive forehead brace all contributing to dimin-

ished image quality. (b) Obstructive forehead brace and 
poor detail around the chin are visualized. Additional lack 
of detail is often noted around the ears with this imaging 
modality

a b
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13.7  Tuned-Aperture Computed 
Tomography

Tuned-aperture computed tomography (TACT) is 
a 3D imaging system that uses a calibration or 
reference marker in the area of interest to permit 
synthetic reconstruction of the desired image. 
TACT utilizes a series of 2D periapical radio-
graphs taken from different angles to retrospec-
tively generate tomographic slices [29, 30]. 3D 
data is then produced from these collections of 
two-dimensional images. Interestingly, overall 
radiation dose is no more than two times that of a 
conventional PA film, and artifacts such as star-
burst patterns seen around metallic restorations 
on conventional CT, do not appear using this 
technique. TACT has been suggested as a diag-
nostic tool for evaluation of healing in both man-
dibular and calvarial defects. However, studies 
supporting this technique have only been per-
formed in  vitro at this time [31–33]. Currently, 
TACT seems to have a greater diagnostic value in 
its ability to detect dental caries, visualize verti-
cal root fractures, and assist in pre-implant treat-
ment planning [34–36].

13.8  Magnetic Resonance 
Imaging

Magnetic resonance imaging (MRI) is a pro-
cess that works by detecting a resonance signal 
from the hydrogen nucleus. Therefore, it can 
essentially be considered as imaging of water 
within the tissue. MRI is the highest contrast 
resolution medical imaging technique. Radio 
waves are sent to the desired location for exam-
ination in a magnetic field. The energy pro-
duced from hydrogen atoms in the cells 
stimulated by radio waves is converted to 
numerical values which are processed on a 
computer and then converted to an image. MRIs 
are helpful for the study of skeletal physiology, 
tumors, and healing of grafts. Advantages of 
MRI include its ability to provide valuable 
information about the position and morphology 
of the temporomandibular joint (TMJ) disc, 

detailed soft and hard tissue resolution, and 
radiation-free imaging. It also provides an 
opportunity to examine inflammatory processes 
and scar tissue formation. TMJ abnormalities, 
such as disc derangements, synovial thicken-
ing, joint space effusions, osseous degenerative 
changes, and bone marrow edema, can all be 
accurately diagnosed using MRI [37–39] 
(Fig. 13.12). Furthermore, it can be safely used 
in patients who are allergic to contrast agents, 
and the images can be obtained without reposi-
tioning the patient. Because of these numerous 
advantages, MRI is considered as the gold stan-
dard for imaging of the TMJ. Treatment plan-
ning for craniofacial anomalies commonly 
involving the TMJ is greatly aided by this 
modality, in particular, hemifacial microsomia 
and other variations of the oculo-auriculo-ver-
tebral spectrum [38]. Several disadvantages of 
MRI include its reliance on expensive and 
advanced medical equipment, its unavailability 
in certain medical centers and most dental 
offices, and the extended length of time it takes 
to evaluate joints such as the TMJ. Additionally, 
it can be contraindicated in patients with claus-
trophobia and those with ferromagnetic 
implants [37].

13.9  Cine Magnetic Resonance 
Imaging

Another unique way of observing and studying 
processes within the skull is phase contrast 
cine MRI. A cine MRI is used to observe cere-
brospinal fluid (CSF) flow in order to demon-
strate if there is an abnormality present. With 
each heartbeat CSF is forced out of the ventri-
cles of the brain into the subarachnoid cisterns 
and down the spinal canal. When the heart 
relaxes, the CSF flow reverses. The movie-like 
cine MRI captures this fluid movement. Phase- 
contrast cine MRIs can be used to study vari-
ous types of hydrocephalus, arachnoid cysts, 
and other cystic lesions and to provide infor-
mation for evaluation of Chiari 1 malforma-
tions [40, 41].
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13.10  Angiography

A final important craniofacial imaging technique 
is called an arteriogram. Essentially this is an 
“X-ray” of the arterial blood vessels. It is per-
formed to evaluate various vascular conditions, 
such as an aneurysm, a blockage, or a malforma-
tion. This process is also called an angiogram or 
arteriography [42]. Fluoroscopy is often used 

during arteriograms. Fluoroscopy is the radio-
graphic study of moving body structures, so you 
can compare it to an “X-ray movie” of sorts. A 
continuous X-ray beam is passed through the 
body part being examined and is transmitted to a 
TV-like monitor so that the body part and its 
motion can be seen in detail. Generally, a dye is 
injected into an artery so that the arteries in ques-
tion may be more visible on the X-ray. While 

a b

c d

Fig. 13.12 Magnetic resonance imaging (MRI) being 
used for evaluation of the TMJ. (a) An 18-year-old female 
presenting with bilateral temporomandibular joint pain 
and dysfunction including periodic closed locking. (b) 
T1-weighted image showing anterior disc displacement in 

a closed mandibular position. (c) T1-weighted image con-
firming anterior disc displacement without reduction as 
the mandible transitions into an open position. (d) 
Radiopaque signal in a T2-weighted image corresponding 
to an inflammatory TMJ effusion
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this modality still has a valuable place in medi-
cine, computed tomographic angiography (CTA) 
and magnetic resonance angiography (MRA) 
have begun to offer an alternative to past tech-
niques. CTA, for example, particularly in combi-
nation with ultrasound, offers similar accuracy 
and is less invasive and stressful than traditional 
angiography for diagnosing carotid artery steno-
sis [43, 44]. MRA offers the advantage of not 
using ionizing radiation and in certain applica-
tions can be diagnostic without the use of neph-
rotoxic contrast agents [45]. Diagnoses of facial 
vascular anomalies, such as hemangiomas and 
arteriovenous malformations, are just several 
examples of the benefits of this technique [46]. 
Case-by-case selection should obviously have a 
large role in choosing this modality for vascular 
imaging between patients.

13.11  Conclusions

Three-dimensional imaging for craniofacial 
anomalies remains an evolving field. Applications 
and indications for various techniques continue 
to be driven by technological advances to each 
technique. With multiple methods now being 
applicable in most clinical scenarios, accuracy, 
cost, time, risks/benefits, and optimal resource 
allocation are only several of the factors that one 
should consider in diagnosing and treatment 
planning for any craniofacial anomaly. Cone- 
beam computed tomography remains the gold 
standard for the imaging of hard tissue-based, 
craniofacial abnormalities. The improvements in 
CBCT acquisition speed, resolution, and field of 
view customization have largely eliminated the 
day-to-day use of many of the previously intro-
duced modalities discussed above. Furthermore, 
because newer CBCT machines allow 3D surface 
scans to be obtained simultaneously, clinicians 
are able to evaluate soft tissue landmarks with 
much more accuracy than in the past. While 
CBCT can be considered the imaging method of 
choice for most scenarios, MRI still has an 
important role in providing imaging free of ion-
izing radiation and for detailed evaluation of soft 
tissues such as the TMJ disc.
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