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Chapter 1

Imaging is one of the most important diagnostic tools in dentistry apart from
patient’s history and a thorough clinical examination. Several types of imaging
are used in a dental practice, and each has a specific indication. From the most
basic radiographs, a periapical radiograph and a bitewing radiograph, that are
used in daily dental practice, to more technologically sophisticated imaging such
as panoramic radiography and cone-beam computed tomography, all of which
help the clinicians in diagnosing any pathologies. Radiography is essential for
caries detection, periodontal evaluation, endodontic treatment, implant surgery,
pre-surgical treatment planning and post-surgical evaluation of craniofacial
pathology and also for orthodontics (1). A correct orthodontic diagnosis that
leads to an optimal treatment plan for a patient needs to be based on accurate
images of the craniofacial region. In this introduction, two-dimensional and
three-dimensional radiographic imaging modalities used in orthodontics are

explained in detail.

1.1 Two-dimensional imaging

Two-dimensional radiography has been vastly used in medical and dental fields.
Its principle lies in the image projection theory that a 3D object is projected by
an X-ray beam onto an image receptor, then a shadow of that 3D object appears
on the image receptor in two dimensions (1). Structures aligned obliquely to the
image receptor may result in distorted shadows. A distance between the X-ray
source to the object and a distance between the object to the image receptor are
crucial factors that influence the image magnification. Interpretation of these 2D
conventional radiographs requires good knowledge on anatomical structures
projected on an X-ray film and also good training and experience to differentiate
between normal and abnormal shadows. Quality assurance of these radiograps is
also essential to keep the standard of the diagnostic capacity optimal (1).

In orthodontics, since many decades, panoramic radiography and Ilateral
cephalometric radiography are radiographic techniques required for orthodontic

treatment planning and follow-up.
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Panoramic radiography

Panoramic radiography has been used as a diagnostic tool in dentistry for more
than half a century (2-4). It acquires the image by rotating both X-ray source and
an image receptor (5). Traditionally, the image receptor is an X-ray film but since
the development of digital technology, image receptors can be photostimulable
phosphor (PSP) plates, complementary metal-oxide-semiconductor (CMOS)
receptors or charge-coupled device (CCD) receptors (1, 6).

Panoramic radiography has been widely used as a tool to obtain an overview
look of a patient’s oral condition or as a screening tool. Beside its importance for
orthodontic treatment, it is also essential in oral surgery (1). Although the
technique has been known for several limitations such as geometric distortion
and superimposition of anatomical structures (7-10), it is widely used in dental
practice.

In orthodontics, a panoramic radiograph is used as a tool to assess a broad view
of the patient’s oral condition, showing any possible pathologic lesions, impacted
teeth or supernumerary teeth (1, 11) (Fig. 1.1). It also enables the initial
evaluation of the temporomandibular joint (11). Based on the panoramic
radiograph, the orthodontist decides whether additional radiographs such as

periapical radiographs, bitewing radiographs or 3D images are required in order

to formulate a full treatment plan for each individual.

Figure 1.1

A panoramic radiograph
of an orthodontic patient,
showing the unerupted
upper right canine and
formation of wisdom
teeth.

Cephalometric radiography
Cephalometric analysis was first introduced in 1930s by Hofrath (12) in
Germany and Broadbent (13) in the United States. A lateral cephalogram or a

lateral cephalometric radiograph is used to evaluate the craniofacial complex,
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dentofacial proportions, malocclusion and changes related to growth, all of
which are crucial for orthodontic treatment (11) (Fig. 1.2).

The difference of this technique compared to a lateral skull radiograph is the
positioning device: an ear rod and a cephalostat are used to fix the patient’s
position during image acquisition. The radiograph can be repeated in the same
position over time which allows a good treatment follow-up (1). Several
cephalometric analyses have been invented for this purpose by quantifying and
measuring the craniofacial structures (14). The measured values can be
compared to the norm values, which were obtained from a population with
normal occlusion (15).

In addition to a lateral cephalogram, a postero-anterior cephalometric
radiograph or a frontal cephalogram may be added for specific cases involving
asymmetry and orthognathic surgery (16). The method of using together both
the lateral and frontal view was sometimes called ‘three-dimensional

cephalometry’ in the past (17-20), before computed tomography (CT) was

introduced to orthodontics.

Figure 1.2

A lateral cephalogram

of an orthodontic patient with
inserted ear rods and a nasal
rest pointing at Nasion (N). The
image not only shows bony
structure but also soft tissue

outline.

A conventional lateral cephalogram is a 2-dimensional shadow of 3-dimensional
structures thus superimposition and geometric distortion of anatomical
structures is expected (21-23). In normal cases, these factors may not interfere

with the treatment planning but in borderline cases or patients with severe
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skeletal malformation, they may affect how the orthodontists and surgeons

analyse the data and make the specific treatment planning.

1.2 Three-dimensional imaging

Withstanding 2D limitations, 3D imaging modalities have become more
important in dentistry during the last few decades. There has been an upward
trend in utilizing 3D information as an aid in dentomaxillofacial diagnosis.
Initially, this information was mainly obtained from computed tomography (CT)
or multi-slice CT (MSCT). At a later stage, cone-beam computed tomography
(CBCT) has become more popular.

Multi-slice computed tomography

In 1980s-1990s, CT images have been introduced to dental treatment. First, it
was aiming toward implant surgery to overcome the geometric distortion in
panoramic radiography. The distortion indeed affected measurements for
implant planning (24-26).

The technology of the CT scan has been improved continuously since its first
launch (27). Most scanners nowadays can make rapid scans due to the increased
number of detectors; therefore, the recent CT devices are usually referred to as
multi-slice computed tomography (MSCT). With its geometry, anatomical
structures are scanned and displayed in real size (1:1), thus measurements on
the CT images can be compared directly to the real structures.

The images are usually shown in 3 views in the multiplanar reformation (MPR)
mode: axial, coronal and sagittal view. 3D cross-sectional images, made by
reconstructing the 3D images, allow clinicians to view mandibular canals in
relation to their adjacent structures. Surgeons can thus plan the size, the
direction and the location to place an implant correctly without interfering with
the neurovasucular bundles inside the canal. This helps to decrease post-
operative complications (25, 26, 28).

CT images were used as a tool to help analyse patient’s cranofacial structures
and make a 3D orthodontic treatment plan. However, because of its relatively

high radiation dose and costs, the use has been rather limited (1, 29, 30).
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Cone-beam computed tomography

Since the introduction of cone-beam computed tomography (CBCT) in 1998 (31),
its technology has been continuously developed to enable volumetric
craniofacial imaging at reasonable costs and doses (32). It features the ability to
capture craniofacial structures with high resolution and details (Fig. 1.3);
therefore, the technique becomes very useful for many fields in dentistry such as
implant dentistry, oral surgery, endodontics, and orthodontics (33). Depending
on the selection of the CBCT devices and parameters, the market offers a wide
range of selection. Careful consideration must be taken when choosing the
devices for a specific task (34-37).

The CBCT offers numerous diagnostic potentials for orthodontic treatment, as
long as radiation doses, image quality, diagnostic yield and treatment outcome
can be properly balanced (38, 39). Justification is very crucial when it comes to
exposing children with radiation. There are several published guidelines and
recommendations available (34-36, 40). The guidelines offer an evidence-based
strategy for patient selection and dose optimization (34-36, 40). The CBCT use

in orthodontics is elaborated in the next part of the introduction “1.3 3D

imaging for orthodontic application”.

Figure 1.3 MPR view of a
patient’s CBCT scan, showing
3 views: A- coronal view, B -
sagittal view, C - axial view,
with one 3D volume
rendering model (D).

Other 3D imaging modalities
Other useful 3D imaging modalities are magnetic resonance imaging (MRI), laser

scanning system and stereophotogrammetry, all of which are techniques not
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using ionizing radiation. They are useful and can be applied for orthodontic
treatment. MRI is generally used to evaluate TM] condition in patients with TM]
pathology (41). One study used MRI to evaluate the Frankfort horizontal plane in
3D (42). Laser scanning system and stereophotogrammetry, also commercialised
as 3dMD® (3dMD Ltd, Atlanta, USA) are used for evaluating the soft tissue
landmarks and soft tissue changes of the patients (43-48).

1.3 3D imaging for orthodontic application

At first, CBCT was used mostly for maxillofacial surgery and implant surgery but
later it was applied for orthodontic use (33, 49). CBCT offers high resolution
images with fine details. Image quality can differ enormously among devices in
the market and also depends on parameter settings (50-53).

Scientific evidence has proven that 3D imaging especially CBCT, has good impact
in orthodontic treatment (54). CBCT can be applied in several aspects of
orthodontic treatment such as cases with canine impaction, root resorption, an
analysis of the airway, orthognathic surgery and last but not least, it can be used

for 3D cephalometric analysis (38, 39, 54).

Maxillary canine impaction and root resorption

The maxillary canine is an important tooth, not only for the function but also for
esthetics (11, 55). The incidence of impacted maxillary canines ranges from 1-
3% (56, 57). To know the exact position of the maxillary canine is an important
information for orthodontic treatment planning. Conventional 2D radiographic
techniques - a shift-tube technique and an occlusal radiography - were used in
the past to localize the canine position (1). However, 2D radiographs cannot
represent the actual anatomical relationship between structures and therefore,
3D imaging started to play an important role in diagnosing canine impaction
cases. Studies have shown that 3D imaging was advantageous in the
management of impacted canines (58-60) although a few studies reported no
statistically significant difference between impacted maxillary canine treatment
planning using a cone-beam CT scan or a panoramic radiograph (61, 62).

When dealing with ectopic eruption of maxillary canines, another incident may

occur: root resorption of maxillary lateral incisors (63). Conventionally, this
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pathology was assessed by using 2D periapical radiography and panoramic
radiography (63), but because of the superimposition, it was difficult to diagnose
only with 2D images. Several papers articles on 3D imaging and root resorption
have been published (51, 59, 64-66). CBCT provided more accurate detection of

root resorption and measurements in comparison to panoramic radiography.

3D cephalometry and 3D treatment planning

3D images give orthodontists and maxillofacial surgeons the opportunity to view
all anatomical structures in three dimensions, much alike to reality. With the
continuing development of 3D image viewing software, 3D treatment planning
software, and 3D rapid prototype fabrication, CBCT images are utilized
enormously in surgical planning (Fig. 1.4). First, MSCT data were used but after
the invention and development of CBCT, CBCTs have been increasingly popular
in the field. Several researchers and clinicians have used CBCT data for
orthodontic treatment planning, orthognathic surgical planning, maxillofacial
surgical planning and 3D cephalometric analysis (67-72).

In 3D cephalometry, the main principle of cephalometric analysis remains: linear
measurements, angular measurements and proportional measurements are
performed, depending on the analyses being used (67, 69, 70). The difference
from 2D cephalometric analysis is that there is an extra dimension to everything
measured. A 2D plane, which is a line by connecting 2 landmarks, is transformed
into a plane that is composed of 3 landmarks as both left and right side of the
human head were taken into account (67). There were many discussions on how
to use traditional 2D cephalometric analysis in 3D software and how the norm
values should be calculated as measurement values might change due to the
added dimension (73). Furthermore, the number of publications focusing on the
accuracy of the 3D imaging technique has increased during the past few years.
However, only few studies were performed in a clinical situation. Therefore, the
scientific evidence of the effect of 3D cephalometry on treatment planning and
treatment outcome is very limited (54, 73). The scientific evidence of the effect of

3D cephalometry is evaluated in detail in Chapter 2 of this doctoral thesis.
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Figure 1.4 A) a 3D surface model of an orthodontic patient created in Maxilim®
software. B) The same model with constructed reference planes using landmarks. The
software offers 3D cephalometric analysis and surgical planning.

Reformatted panoramic images

Besides its usage in specific cases, CBCT images can provide a panoramic-like
view by reformatting the CBCT volume (Fig. 1.5). This reformatted panoramic
image can be useful for dentists to have an overview in a panoramic view that
they have more experience in diagnosis. Unlike conventional panoramic
radiographs, this view does not suffer from geometric distortion. The image is
reconstructed by the curve drawn along the dental arch. Some studies have
reported that this image is useful and give more accurate measurements when
compared with the panoramic radiograph, which is prone to geometric

distortion (74-79).

Figure 1.5 A 15-mm-thick reformatted panoramic view from 3D Accuitomo® 170 data
of an orthodontic patient.

10
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Radiation to patients

Radiation exposure to patients is one of the main concerns in using CBCT images
on orthodontic patients. Most of the orthodontic patients are young children and
adolescents who are more sensitive to radiation (80, 81). Justification is very
crucial in the decision making process of whether conventional radiography is
sufficient for each individual. ALARA principle, as low as reasonably achievable,
must always be followed rigorously (82) and the benefits of CBCT images must
outweigh their radiation risk. Several guidelines and recommendations were
published related to cone-beam CT use (34-36, 40). Clinicians should follow

these guidelines to avoid any possible misuse of these 3D CBCT devices.

The lack of scientific evidence on the influence on orthodontic treatment of 3D
CBCT images in comparison with 2D radiographs leads to the primary aim of this
doctoral project (54, 73). Whether the 3D CBCT can offer better diagnostic
potential, which leads to better treatment planning and eventually better
orthodontic treatment outcome when compared with 2D imaging modalities

such as panoramic radiographs and lateral cephalograms, needs to be evaluated.

11
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1.4 Aims and hypotheses

General research aims

The primary aim of this doctoral thesis was to investigate 2D and 3D imaging
modalities and their application in orthodontic treatment.

As the use of 3D CBCT images has grown enormously during the past years, the
secondary aim of this doctoral project was to develop a robust 3D cephalometric
measurement system that can be applied to orthodontic practice which may help

improve the treatment planning of orthodontic patients.

Detailed research aims

PART I LITERATURE REVIEW

Chapter 2: 3D Cephalometric analysis in orthodontics: a systematic review

Aim: To assess the scientific evidence for the diagnostic efficacy of 3D
cephalometry.

Hypothesis: Scientific evidence of the diagnostic efficacy of 3D cephalometry is

limited.

PART II PANORAMIC IMAGING

Chapter 3: An in vitro comparison of subjective image quality of panoramic
views acquired via 2D or 3D imaging

Aim: To compare in vitro subjective image quality and diagnostic validity of
reformatted panoramic views from CBCT with digital panoramic radiographs,
regarding orthodontic treatment planning.

Hypothesis: The subjective image quality of a reformatted panoramic view from
some CBCTs is similar to the subjective image quality of a digital panoramic

radiograph.

Chapter 4: Agreement between cone-beam CT images and panoramic
radiographs for initial orthodontic evaluation
Aims: To compare the agreement between cone-beam computed tomography

(CBCT) and panoramic radiographs for initial orthodontic evaluation.

12
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Hypothesis: The observer agreement between the CBCT and panoramic
radiographic evaluation is good and CBCT can offer the same amount of

information necessary for initial orthodontic evaluation.

PART III CEPHALOMETRIC IMAGING

Chapter 5: Accuracy of linear measurements using 3 imaging modalities: two
lateral cephalograms and one 3D model from CBCT data

Aim: To compare the linear measurement accuracy of different cephalometric
imaging modalities from 2D to 3D method.

Hypothesis: The accuracy of linear measurements on cephalograms taken by a
cephalometric machine with a 3-meter source-to-mid-sagittal-plane distance
(SMD) is better than the digital lateral cephalogram from a 1.5-meter SMD
machine, but the accuracy of measurements on 3D models from CBCT data is the

best among the three modalities.

Chapter 6: Reproducibility of sella turcica landmark in 3 dimensions using a
sella turcica specific reference system

Aim: To develop 3D reference system in order to systematically improve
landmark identification in 3 dimensions: a reference system for sella turcica
landmark.

Hypothesis: A new 3D reference system can help increase the reproducibility of

sella turcica landmark identification in 3D.

Chapter 7: A new mandible-specific landmark reference system for three-
dimensional cephalometry

Aim: To develop a 3D reference system for mandibular cephalometric landmarks
in order to systematically improve landmark identification in 3 dimensions.
Hypothesis: A new 3D reference system can help increase the reproducibility of

mandibular cephalometric landmark identification in 3D cephalometry.

13
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Chapter 8: Three-dimensional Frankfort horizontal plane revisited and
evaluation of new horizontal planes

Aims: 1) To assess, in 3D CBCT, the precision and reproducibility of landmarks
used in Frankfort horizontal plane (FH) and 2 new landmarks and 2) to evaluate
the angular differences of newly introduced planes to the FH.

Hypothesis: The precision and reproducibility of landmarks used in FH and 2 new
included landmarks is good and new planes are closely parallel to the traditional

FH. The new planes can then be used instead of FH, when FH is not constructible.
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Chapter 2

2.1 Abstract

Context: The scientific evidence of 3D cephalometry in orthodontics has not
been well established.

Objective: The aim of this systematic review was to evaluate the evidence for
the diagnostic efficacy of 3D cephalometry in orthodontics, focusing on
measurement accuracy and reproducibility of landmark identification.

Data sources: PubMed, EMBASE and the Cochrane library (from beginning to
March 13, 2012) were searched. Search terms included: cone-beam computed
tomography; tomography, spiral computed; imaging, three-dimensional;
orthodontics.

Study selection: Two reviewers read the retrieved articles and selected relevant
publications based on pre-established inclusion criteria. The selected
publications had to elucidate the hierarchical model of the efficacy of diagnostic
imaging systems by Fryback and Thornbury.

Data extraction: The data was then extracted according to two protocols, which
were based on the Quality Assessment of Diagnostic Accuracy Studies (QUADAS)
tool. Next, levels of evidence were categorized into 3 groups: low, moderate and
high evidence.

Data synthesis: 571 publications were found by database search strategies and
50 additional studies by hand search. A total of 35 publications were included in
this review.

Conclusions: Limited evidence for the diagnostic efficacy of 3D cephalometry
was found. Only 6 studies met the criteria for a moderate level of evidence.
Accordingly, this systematic review reveals that there is still need for

methodologically standardized studies on 3D cephalometric analysis.

27



3D cephalometry: a systematic review

2.2 Introduction

Cephalometric analysis was first introduced in 1930s by Hofrath (1) in Germany
and Broadbent (2) in the United States. The method uses frontal and lateral
cephalometric radiographs to evaluate the craniofacial complex, dentofacial
proportions, malocclusion and changes related to growth, all of which are crucial
for orthodontic treatment planning and evaluation. A conventional
cephalometric radiograph is a two-dimensional representation of three-
dimensional structures. Although widely accepted as a standard tool for
treatment planning, it still has several downsides, such as geometric distortion
and superimposition of structures (3-5).

Recently, three-dimensional images have started to play an important role in
oral health and diagnosis. Several years ago computed tomography (CT) was
introduced into the dental field. However, its high radiation dose has led to
controversy. In 1996, dental cone-beam computed tomography (CBCT) was
invented, and the technology has been evolving ever since. With relatively lower
radiation doses than multi-slice CT (MSCT), CBCT has become very popular in
dentistry. Some researchers have also introduced the use of a clinical low-dose
CT protocol for 3D cephalometric application (6-8). Both modalities allow
orthodontists to visualize craniofacial structures in three dimensions and
overcome the drawback of 2D cephalometric analysis.

Several studies have been conducted on cephalometric images derived from
CBCTs. These derived lateral cephalometric images were proven to be accurate
and comparable with direct measurements on skulls (9-12) and conventional
cephalograms of patients (13). This method is the first step towards 3D
cephalometry. Nevertheless, it still implies that a patient’s anatomy is not
evaluated in three dimensions. A combination of measurements on the axial,
coronal and sagittal view was also used in several studies (14, 15). This method
has been sometimes referred to as 2.5D as it does not allow full access to the
patients’ structures in real three dimensions (8,15). Three-dimensional
cephalometric analysis requires input from 3D images of the patient, either on
CBCTs or on MSCTs, and software that offers 3D cephalometric measurement
tools (8, 16-19).

An increasing amount of research has been conducted to evaluate the

28



Chapter 2

measurement accuracy, reliability and reproducibility of 3D craniofacial
landmark identification and to justify whether further elaboration of 3D
cephalometry is more beneficial than the standard 2D analysis. To our
knowledge, a systematic review specifically focusing on 3D cephalometry for
orthodontic diagnosis and treatment planning was not yet available. The aim of
this review was therefore to systematically evaluate the current evidence for the
diagnostic efficacy of 3D cephalometry, focusing on measurement accuracy and

reproducibility of landmark identification for orthodontic diagnosis.

2.3 Materials and methods

Methods of the analysis and inclusion criteria were specified in advance and

were documented in a protocol.

Eligibility criteria

The selected publications had to elucidate the model of efficacy: diagnostic
accuracy efficacy, diagnostic thinking efficacy, therapeutic efficacy, or any
combination of the preceding adapted from by Fryback and Thornbury (20).

Diagnostic accuracy efficacy (20) was defined as:

® Observer performance expressed as overall agreement, Kappa Index or

correlation coefficients;
* Diagnostic accuracy as percentage of correct landmark identification;

* Diagnostic accuracy as percentage of correct cephalometric linear and/or

angular measurement;

® Sensitivity, specificity or predictive values;

Diagnostic thinking efficacy (20) was defined as:

®* Percentage of cases in a series in which 3D cephalometry was judged

‘helpful’ to guide the orthodontic treatment;

* Difference in clinicians’ subjectively estimated diagnosis probabilities
pre- to post-3D cephalometric information;

Therapeutic efficacy (20) was defined as:

®* Percentage of times 3D cephalometry judged helpful in planning
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management of the patient in a case series;

® Percentage of times therapy-planned pre-3D cephalometry changed after

the 3D cephalometric information was obtained;

®* Percentage of times clinicians’ prospectively stated therapeutic choices

changed after 3D cephalometric information.

Information sources

A comprehensive electronic database search was performed in MEDLINE via
PubMed (from beginning to March 13, 2012), EMBASE via embase.com (from
beginning to March 13, 2012), and the Cochrane library website (from beginning
to March 13, 2012). No restrictions were imposed regarding time period or types
of study design (i.e. case-controlled, randomized controlled trial). The
publications were searched electronically by using controlled index terms and
relevant specific free text words. The last search was performed on March 13,
2012. Detailed search strategies for both MEDLINE and EMBASE are shown in
Table 2.1. The Cochrane Central Register of Controlled Trials (CENTRAL), the
Cochrane Database of Systematic Reviews (CDSR) and the Cochrane Database of
Abstracts of Reviews of Effects (DARE) were searched using the search term

‘cephalometry’.

Search strategy
The following Medical Subject Headings (MeSH) were used when searching the
literature: Cephalometry; Cone-beam computed tomography; Tomography,

Spiral Computed; Imaging, Three-Dimensional; Orthodontics.

Study selection

The lists of publications from both databases were imported into EndNote® Web
3.3 (Thomson Reuters, New York, USA). Duplicate articles were deleted, after
which two reviewers independently read the resulting collection of titles and
abstracts. Book chapters, review studies and animal studies were excluded. Both
in vitro and in vivo studies were included. The full texts of selected publications
were then retrieved. When an abstract was considered to be relevant by one of

the authors, the publication was then read in full text.
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Grey literature were searched but excluded if full texts were not available. When
publications elucidated only observer performance, the analysis had to be based

on a minimum of 2 observers.

Table 2.1 Search strategies for MEDLINE via PubMed and EMBASE via

embase.com (database search was last performed on 13 March 2012)

Number of
publications
MEDLINE via PUBMED 524
("Cephalometry"[Mesh] OR cephalometr*) AND ("Cone-Beam Computed
Tomography"[Mesh] OR "Tomography, Spiral Computed"[Mesh] OR "Imaging,
Three-Dimensional"[Mesh:NoExp] OR "Cone Beam Computed Tomography"[All
Fields] OR "Cone Beam CT"[All Fields] OR "Volumetric Computed
Tomography"[All Fields] OR "Volume Computed Tomography"[All Fields] OR
"Volume CT"[All Fields] OR "Volumetric CT"[All Fields] OR "Cone beam CT"[All
Fields] OR "CBCT"[All Fields] OR "digital volume tomography"[All Fields] OR
"DVT"[All Fields] OR "Spiral Computed Tomography"[All Fields] OR "Spiral
Computer-Assisted Tomography"[All Fields] OR "Spiral Computerized
Tomography"[All Fields] OR "spiral CT Scan"[All Fields] OR "spiral CT Scans"[All
Fields] OR "Helical CT"[All Fields] OR "Helical CTS"[All Fields] OR "Helical
Computed Tomography"[All Fields] OR "Spiral CAT Scan"[All Fields] OR "Spiral
CAT Scans"[All Fields] OR 3D OR 3-D OR "three dimension"[All Fields] OR
"three dimensions"[All Fields] OR "three dimensional"[All Fields]) AND
("Orthodontics"[Mesh] OR orthodontic*)

EMBASE via embase.com 175

#1 'cephalometry'/exp

#2 cephalometr* AND [embase]/lim

#3 #1 OR #2

#4 'cone beam computed tomography'/exp

#5 'spiral computer assisted tomography'/exp

#6 'three dimensional imaging'/exp

#7 'multidetector computed tomography'/exp

#8 3d OR '3-d' OR 'three dimension' OR 'three dimensions' OR 'three
dimensional' AND [embase]/lim

#9 'cone beam computed tomography'/syn AND [embase]/lim

#10 'volumetric computed tomography'/syn OR 'volume computed
tomography'/syn OR 'volume ct'/syn OR 'volumetric ct'/syn OR 'cone beam
ct'/syn OR 'cbct' OR 'digital volume tomography' OR 'dvt' AND [embase]/lim
#11 'spiral computed tomography'/syn OR 'spiral computer-assisted
tomography'/syn OR 'spiral computerized tomography' OR 'spiral ct scan' OR
'spiral ct scans' OR 'helical ct'/syn OR 'helical cts' OR 'helical computed
tomography'/syn OR 'spiral cat scan' OR 'spiral cat scans' AND [embase]/lim
#12 #4 OR#5OR#6 OR#7 OR #8 OR #9 OR #10 OR #11

#13 #3 AND #12

#14 'orthodontics'/exp

#15 orthodontic* AND [embase]/lim

#16 #14 OR #15

#17 #13 AND #16

Total number of publications 699
Total number of publications after excluding duplications 571
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The second step was to hand search the reference lists of the publications that
were found to be relevant in the first step. Titles of the articles should contain a
keyword: ‘cephalometry’ ‘cephalometric’ and ‘cone-beam computed tomography’
‘CBCT’ or ‘computed tomography ‘CT” or ‘three-dimensional’ or ‘3D’. Similar to
the first step, when an abstract was considered to be relevant by one of the

reviewers, the full texts were then retrieved.

Data extraction

Two authors independently extracted the data into protocol 1 (Table 2.2) which
was formulated based on the Cochrane Handbook for Diagnostic Test Accuracy
(DTA) Reviews and the Cochrane Handbook for Systematic Reviews of
Interventions (21,22) and literature describing how to critically appraise studies
on diagnostic methods (23,24).

Table 2.2 Protocol 1 for primary data extraction

First author
Title of publication
Journal Year Volume Page

1 Isthere a well-defined hypothesis? Yes No Unclear
2 Method studied

CBCT
Multi-slice CT
Conventional cephalogram

Imaging software

3 Study design

In-vitro Number of objects Type of objects
In-vivo Number of patients ~ Condition of patients
Reference method Yes No

How is the outcome described?
Sensitivity Specificity Predictive value
Accuracy ROC analysis Likelihood ratio
Statistical analysis
6  Value of diagnostic information
Eliminating superimposition of landmarks with other anatomical structure
Left-Right anatomical landmarks are both counted
Treatment planning are performed in 3D
7  What s the level according to Fryback and Thornbury of this study?
Level 1 Technical efficacy
Level 2 Diagnostic accuracy efficacy
Level 3 Diagnostic thinking efficacy
Level 4 Therapeutic efficacy
Level 5 Patient outcome efficacy
8 Is this publication relevant to the review? Yes No
Signature Date
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Secondly, protocol 2 (Table 2.3) was applied to the included articles to assess the
quality of the publications. This protocol is based on the Quality Assessment of
Diagnostic Accuracy Studies (QUADAS) tool and the Cochrane Handbook for DTA
Reviews (21,25). Information was extracted from included studies concerning:
type of studies, number of samples, reference method, specific method used in
the study, number of observers, statistical method and results according to

authors.

Levels of evidence

The quality and internal validity (level of evidence) of each publication was
judged to be high, moderate, or low according to the following criteria (23,24).

A study was assessed to have a high level of evidence if it fulfilled all of the

following criteria:

® There was an independent blind comparison between test and reference

methods.

® The population was described so that the status, prevalence, and severity
of the condition were clear. The spectrum of patients was similar to the
spectrum of patients on whom the test method will be applied in clinical
practice.

®* The results of the test method being evaluated did not influence the
decision to perform the reference method(s).

® Test and reference methods were well described, concerning technique
and implementation.

®* The judgments (observations, measurements) were well described
considering diagnostic criteria applied and information and instructions
to the observers.

®* The reproducibility of the test method was described for 1 observer
(intra-observer performance) as well as for several (minimum 2)
observers (inter-observer performance).

®* The results were presented in terms of relevant data needed for

necessary calculations.
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Table 2.3 Protocol 2 for quality assessment of publications

Paper No. Date information extracted:
1st author:
Journal Year Volume Page
1 Did the sample include an appropriate spectrum of objects (patients)?
Yes No Unclear
2 Were selection criteria clearly described?
Yes No Unclear
3 Were the methods for performing the measurement described in sufficient detail to
permit replication?
Yes No Unclear
4 Was the execution of the reference standard described in sufficient detail to permit its
replication?
Yes No Unclear
5 For the in-vitro study, did the test situation imitate a clinical situation?
Yes No Unclear
6 Is the reference standard likely to classify the target condition correctly?
Yes No Unclear
7 Was the reference standard independent of the index test? (i.e. the index test did not
form part of the reference standard)
Yes No Unclear
8 Were the index test results interpreted without knowledge of the results of the
reference standard?
Yes No Unclear
9 Were the reference standard results interpreted without knowledge of the results of the
index test?
Yes No Unclear
10 Were the same clinical data available when test results were interpreted as would be
available when the test is used in practice?
Yes No Unclear
11 Were uninterpretable / intermediate test results reported?
Yes No Unclear
12 Were withdrawals from the study explained?
Yes No Unclear
13 Was the number of observers sulfficient to evaluate the influence of observer
reproducibility and diagnostic efficacy?
Yes No Unclear
14 Was observer reproducibility described?
Yes No Unclear
15

Were appropriate results presented (accuracy, percentage of correct diagnosis,
sensitivity, specificity, predictive values, measures of ROC, likelihood ratios,
or other relevant measures) and were these calculated appropriately?

Yes No Unclear

Level of Evidence

High Moderate Low Exclude
Comments:
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A study was assessed to have a moderate level of evidence if any of the above

criteria were not met. On the other hand, the study was assessed not to have

deficits that are described below for studies with a low level of evidence.

A study was assessed to have a low level of evidence if it met any of the following

criteria:

The result of the test method influenced the decision to perform the

reference method.

The test or the reference method or both were not satisfactorily

described.
The judgments were not well described.

The reproducibility of the test method was not described or was

described for only 1 observer.
The results could have a systematic bias.

The results were not presented in a way that allowed efficacy calculations

to be made.

The scientific evidence on diagnostic efficacy was evaluated according to the

scale: strong, moderately strong, limited or insufficient (23,24) depending on the

quality and the level of evidence of the publications.

Strong research-based evidence: at least 2 publications with a high level

of evidence

Moderately strong research-based evidence: 1 publication with a high
level of evidence and 2 publications with a moderate level of evidence
Limited research-based evidence: at least 2 of the publications with a

moderate level of evidence

Insufficient research-based evidence: scientific evidence is insufficient or

lacking according to the criteria defined in this study

Synthesis of results

The results were analysed descriptively. No meta-analysis was performed

because of the lack of original studies.
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2.4 Results

Study selection

The results of this systematic review are reported based on the PRISMA
statement (26). A total of 524 publications were found from the PubMed
database, 175 publications from the EMBASE database and no systematic
reviews or clinical trials on 3D cephalometry were found in the Cochrane library.
This resulted in 571 publications after removing of duplicates and a total of 77
publications were included in the systematic review after the first assessment
(Fig. 2.1) (26).

Data extraction was then performed firstly using protocol 1 (Table 2.2).
Publications that were not relevant to the model of efficacy were excluded in this
step, thus a total of 77 articles were read and their quality was assessed. Quality
assessment of these studies was evaluated by using protocol 2, based on the
QUADAS tool (Table 2.3).

The second step of the search was done by hand searching the reference lists of
included publications. Fifty additional articles met the search criteria and were
added to the list of protocol 1. As a result of this assessment, 29 original articles
were additionally included to the review, setting the total number of articles
submitted to the protocol 2 evaluation at 106 publications (Fig. 2.1).

In this step, studies that did not have a representative sample spectrum (sample
size smaller than 10) were excluded. Studies, in which the observer performance
was evaluated but which had only 1 observer, were excluded. Studies that did
not have a valid reference standard were regarded as low quality.

Finally, 35 original articles were included in systematic review (7,8,17,27-58).
These included publications were categorized into three different levels: low,

moderate and high level of evidence (23,24).

Study characteristics

To be able to report the diagnostic accuracy of these studies, articles were
categorized based on the topics of studies as followed: landmark identification,
linear and angular measurement, facial asymmetry, and other topics.

The most reported topic was landmark identification. No study met the criteria

for high level of evidence. Six publications were qualified as moderate level of
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evidence (Table 2.4) and 29 publications were qualified as low level of evidence

(Table 2.5-2.8). All studies were related to the diagnostic accuracy efficacy. No

publication that reported on diagnostic thinking efficacy and therapeutic efficacy

was found.

Figure 2.1 Flow diagram of the included studies according to the PRISMA.
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Landmark identification

Fourteen publications regarding landmark identification are shown in Table 2.5.
Two publications from Olszewski et al. (2008) (7) and Olszewski et al. (2012) (8)
reached the moderate level of evidence and both of which are in vitro studies on
dry human skulls. All studies that were done on patients lacked a gold standard
and were therefore regarded as low level of evidence.

In the 2008, study of Olszewsksi et al., the authors compared low- and high-dose
CT protocols for landmark identification in 3D cephalometry. They reported that
the global intra- and inter-observer mean distances for all landmarks were
smaller with a high-dose CT protocol (p = 0.37) and (p = 0.03), respectively (7).
Olszewsksi et al. did a similar study in 2012 but this time comparing a low-dose
CT protocol and a CBCT for landmark identification in 3D cephalometry. The
results revealed that the CBCT showed better reproducibility. The intra- and
inter-observer mean distance of the CBCT (p = 0.000075) were smaller than
those from the low-dose CT (p = 0.00087) (8).

Regarding the precision of landmark identification, studies reported it in
different manners. In 1995, Richtsmeier et al. found that the precision in locating
landmarks was less than 0.5 mm for all landmarks. In addition, the accuracy of
linear measurements was reported as average difference between 1-2 mm (48).
In 2009, Ludlow et al, reported the precision of landmark identification in
another manner. It was found that overall correlation was 0.98 and 13 of 24
landmarks had statistically less variability in at least 1 direction of measurement
in the multi-planar reformation (MPR) views (41). Schlicher et al. showed that
the average consistency across all 32 landmarks amongst 9 examiners was 1.64
mm, while the average precision (SD) was 0.87 mm. Sella turcica was the most
consistent (0.50 mm) and most precise (0.23 mm) (50). Hassan et al. defined the
precision as the absolute difference between an observer’s repeated
measurements and the mean of all measurements per landmark. The 3D surface
model together with multiplanar reformation (MPR) images improved the
tracing precision in 15 landmarks but only statistically significant in 6 of 22
landmarks. The total precision of measurements ranged between 0.29 + 0.17 mm

and 2.82 + 7.53 mm (36).
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The most reported results are about the observer performance, reproducibility,
and repeatability of the landmarks. Concerning the observer reliability, studies
reported the results as mean measurement differences (38,44,51) or intraclass
correlation coefficient values (ICC) (29,33,38,39). The ICC ranged between more
than 0.70 to more than 0.90 for intra-observer and between more than 0.64 to
more than 0.90 for inter-observer (29,33,38,39). Zamora et al. found ICC higher
than 0.99 with the best results for landmark identification in the Z-direction
(58). Chien et al. (2009) found lower ICC in 2D: inter-observer 0.35 versus intra-
observer 0.57 (29) but Lagravere et al. (2010) reported values > 0.90 (39). In
Chien’s study, 2D landmark identifications were generally much less repeatable

than in 3D (29).

Linear and angular measurement

Thirteen publications regarding the measurement topic were shown in Table 2.6.
Two publications from Cavalcanti et al. (28) and Lopes et al. (40) reached the
moderate level of evidence and both of which are in vitro studies. As similar to
the studies in the landmark identification group, all studies that were done on
patients lacked a gold standard and were consequently considered as low level
of evidence.

Studies reporting on observer performance, ICC of 3D measurements ranged
from 0.86-0.99 for intra-observer and from 0.76-0.99 for inter-observer
reliability (31,32,34,47). Some studies used Pearson correlation coefficients and
the results showed that the coefficients ranged between 0.42-0.98 (average ICC
around 0.89-0.91) (54-56). Two studies reported observer performance as mean
difference in measurements (27,35).

Lopes et al. reported on precision and accuracy of 6 angular measurements.
Difference between physical and 3D measurement ranged between -3.16% to
-0.10% (40). In the study of Cavalcanti et al, the results of the comparison
between 2D-CT, 3D-CT volume rendering and physical measurements showed
that the error between mean physical measurement and mean 3D-based
measurements was 0.83% for bone, and 1.78% for soft tissue (28). Both studies
reported no statistically significant differences in the inter- and intra-observer

reliability.
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Concerning studies with low level of evidence, some studies reported the
accuracy of measurements. In 2008, Periago et al. found statistical differences
between CBCT means and true dimensions for all of the midsagittal
measurements except Nasion-A point and 6 of the 12 bilateral measurements
(47). In a study published by Brown et al. in 2009, there were no differences
between 3D CBCT and actual skull measurements for 6 dimensions. CBCT

produced generally lower measurements than skull values (27).

Facial asymmetry

Three publications with low level of evidence were found (Table 2.7). The
studies were performed in vitro with only 1 observer and without a standard
reference. In 2009, Van Vlijmen et al. used 40 dry skulls to test the intra-observer
reliability of conventional frontal cephalogram and the 3D cephalometry. The
correlation coefficient of the intra-observer reliability ranged from 0.23-0.99
(average = 0.71) for the conventional frontal radiograph and from 0.42-0.93
(average = 0.79) for the 3D models (53).

In 2011, Yanez et al. published a study on asymmetry index, using patients CT
data. The results revealed the intra-observer error to be 0.78, 1.05 and 1.07 mm
for X, y, and z coordinates. The errors of the linear and angular measurement
were 1.36 and 0.91°, respectively (57).

Damstra et al. 2011c, presented a study on the morphometric method to
determine the midsagittal plane on 14 dry human skulls. No statistically
significant difference was found between the measurements (p=0.25-0.97). The
agreement was high (r=0.85-1.00) and the method error was small (mean=0.39

mm; 95% CI=0.31-0.47 mm) (30).
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Other topics

Five publications that could not be categorized into any topics above are
reported in Table 2.8. Two publications: Olszewski et al. (2007) (45) and
Lagravere et al. (2011) (37) reached the moderate level of evidence. Other
studies did not meet the criteria because the reference standard was missing and
were therefore considered as low level of evidence.

Olszewski et al. transformed Delaire’s 2D cephalometric analysis into a 3D
version. The authors validated the system on 26 dry skulls. For the intra-
observer reliability, the ICC, found for 2D X-ray was 0.60-0.91 and the ICC for 3D
CT was 0.97-1.00. When looking at the inter-observer reliability, the ICC varied
from 0.13 to 0.84 and from 0.94 to 1.00, respectively. In the 3D CT, the user
accuracy (absolute difference) was between 0.75 mm (£0.05) and 0.99 mm
(x0.08). There were no statistically significant differences found between the
physical measurements and the measurements in ACRO 3D® software (45).

Later on, Lagravere et al. (2011) published an article on the reliability and
accuracy in locating several foramina in the cranial base by CBCT images. The
ICC values were found to be > 0.93 and 0.92 for intra- and inter-observer
reliability, respectively. From this study, the authors concluded that the foramen
spinosum, ovale, and rotundum, as well as hypoglossal canal could be considered
as acceptable landmarks to be used in establishing reference coordinate systems
for future 3D superimposition analysis (37).

In 2006, Swennen and colleagues presented a new 3D cephalometric reference
system and tested the accuracy and reliability of this analysis. The intra-observer
measurement error was less than 0.88 mm, 0.76 mm and 0.84 mm for horizontal,
vertical and transversal orthogonal measurements, respectively. The inter-
observer measurement error was less than 0.78 mm, 0.86 mm and 1.26 mm for
horizontal, vertical and transversal orthogonal measurements, respectively (17).
Park et al. proposed a new type of cephalometric analysis by using 3D CT in 2006
(46). The authors reported that there was no statistically significant difference
when the data were compared with the Korean norm values. All landmarks were
reproducible and no significant intra-observer error (p>0.01) was found (46).
Tulunoglu et al. 2011 (52) compared the consistency of orthodontic

measurements performed on lateral and frontal cephalograms and 3D CT images
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of cleft lip and palate (CLP) patients. The ICC values were very high for both 2D
(0.94-0.99) and 3D measurements (0.88-0.99). Significant differences were

found between the measurements from 2D and from 3D methods (52).

2.5 Discussion

Summary of Evidence

No publication reported diagnostic thinking efficacy or therapeutic efficacy.
Meta-analysis was not possible because there was a lack of primary studies and
the heterogeneity of the studies. This review was therefore limited to a
qualitative descriptive analysis. Based on the QUADAS tools, 6 publications have
reached the moderate level of evidence, therefore it is considered that there is
limited research-based evidence on 3D cephalometry.

The most common reason for exclusion of publications was inadequate sample
size (samples less than 10) (Fig 2.1). As the sample size is important for
meaningful statistics, we determined minimum sample size equal to 10 as an
inclusion criterium.

The reported research findings were most frequently on landmark identification
and measurement accuracy. The results of the observer performance were
reported in almost all studies. The reliability and reproducibility of the methods
and the observers were highly interesting as these are the main factors
influencing the cephalometric analysis. It was shown that the 3D landmark
identification and measurements were as reliable or more reliable than
traditional 2D cephalometric measurements (29,34,35,39) but there was not
always full agreement (39,54). This may depend on the method and analysis,
selected in the studies. Even different machine selection may play a role in the
difference between the measurements found (55). Different landmarks have
shown differences in their reliability, reproducibility and precision in the 3D

space (49,50,58).
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Several researchers have reported studies on facial asymmetry and a few studies
were included in this review (30,53,57). 3D imaging offers a better
representation of the real morphology of the skulls unlike in the lateral
cephalogram, where left and right structures are superimposed on each other.
Frontal cephalograms or postero-anterior views have been used for decades to
evaluate symmetry of facial structures but 3D cephalometry has recently been
reported to prove its validity although the evidence is still very limited.

Research-based evidence on 3D cephalometry was found to be limited. More
evidence was found for measurement accuracy and reproducibility of landmark
identification but still there is not enough evidence about 3D cephalometry in

other aspects.

Limitations

Cephalometry is a widely used method in orthodontics and orthognathic surgery.
A variety of research topics were identified such as landmark identification,
linear and angular measurements, facial asymmetry, cleft lip and cleft palate,
introductions of new analyses and the transformation from the traditional 2D
analysis to the new 3D analysis. This made it difficult to perform a systematic
review as topics, statistical tests and methods were too diverse. Therefore a
meta-analysis could not be performed.

In general, cephalometric analysis is used to analyse the craniofacial structures
of the patient and its results have an impact on treatment planning.
Cephalometry is not a direct method to diagnose the conditions of the patients,
yet it offers the details of the patients’ craniofacial structures, and thus reveals
diagnostic information helpful in determining orthodontic treatment planning.
To perform this systematic review, the authors based the procedure of the
systematic review on diagnostic accuracy as it shows the most similarity.

A cephalometric analysis is basically performed on radiographs, either 2D or 3D.
Osseous landmarks both on the skull surface and inside the skull are identified
on the images. As a result, it is impossible to check the real landmark positions in
patients. The reference standard can only be used in an in vitro study, which is
not an ideal study type to report the diagnostic efficacy evidence. A cadaver

study could overcome this problem, but the sample size will be limited. Studies
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on patients can only show the observer performance and reliability of the
methods as direct physical skeletal measurements are not possible. Although in
some publications the reference standards were calculated based on the
measurements on the images, it is not preferable according to the QUADAS tool
(25).

Another limitation in in vivo studies is the ethical issue on radiation safety for
orthodontic patients. Although CBCTs offer 3D images with less radiation dose
than the multi-slice CT, it is still too high to perform a controlled trial comparing
2D versus 3D cephalometry.

Within the limitations, mentioned above, the authors have tried to adapt the
inclusion criteria and protocol of the present systematic review to cover all the
evidence provided by current publications. The protocol, used in this study, is
not as restricted as the standard one as described by Fryback and Thornbury
(20). When a study did not use a reference standard, it was not excluded
immediately but could still meet the low-level of evidence if the study reached
other criteria.

Non-English articles were searched during the literature search and study
selection, but they were not further considered in the present systematic review.
From 571 publications that were retrieved, 48 non-English publications were
found (9 Chinese, 2 Dutch, 15 French, 12 German, 1 Hungarian, 3 Italian, 5
Japanese, 1 Polish). Titles and abstracts of these publications were checked for
the inclusion criteria. It was found that all articles did not pass these criteria with
reasons: not related to 3D cephalometry [33], review literature [5], no
quantitative analysis [4], method not clearly described [2], abstract not available
[4]. Therefore, it is very unlikely to identify other relevant non-English

publications than included in this review.

3D cephalometry and the future

There are several concerns using 3D cephalometric analysis and these concerns
can also affect how future studies should be conducted. First concern is related
to the selection criteria and thus to outlining when to perform 3D cephalometry.
Discussion is going on regarding case selection and the necessity of 3D

cephalometry because radiation exposure plays a role in this decision making
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process. With the current evidence, it cannot be concluded that 3D cephalometry
should be performed on all orthodontic patients. Guidelines and
recommendations on CBCT for dental and maxillofacial radiology by the
European Commission are available and should be followed (59). Recently, new
guidelines were proposed by the by the American Academy of Oral and
Maxillofacial Radiology (AAOMR) to provide clinicians and more specifically
orthodontic specialists some guidance and recommendations in using cone-
beam CT (60).

The radiation dose is a very important issue as most orthodontic patients are
children and adolescents who are more sensitive to radiation exposure (61,62).
The radiation dose, received from the CBCTs, is strongly related to FOV size and
also dependent on the specific CBCT machine (61). This also acts as a difficulty in
conducting research on 3D cephalometry. To obtain a large FOV CT or CBCT scan
is difficult because of the ethical concern. Most studies with suitable gold
standard were performed in vitro which is not fully accepted as evidence as
already mentioned above in the limitations. In the in vitro studies, more effort
should be done to simulate real human conditions such as the use of water as
soft tissue attenuation, which was done only in a few studies, or to develop a
material that mimics soft tissue shape and density to make analysis on the soft
tissues possible.

At this point, 3D cephalometric analyses were mostly based on their former 2D
versions. Further tests should be done to evaluate the reliability and accuracy of
these 2D transferred to 3D methods and to investigate whether the norm values
from 2D cephalometry can still be used in these new 3D analyses.
Three-dimensional cephalometry is fairly new as a research topic. More studies
are highly required to provide more evidence on the accuracy and the efficacy of
this potentially innovative method. As for the future, researchers should
concentrate more on the materials and methods of their 3D cephalometric
studies, standardizing protocols, using larger sample sizes and employing more
optimal statistical methods for dataset evaluation. Studies on diagnostic thinking
efficacy (testing whether 3D cephalometry is helpful for diagnosis) and
therapeutic efficacy (testing whether 3D cephalometry is helpful for treatment

planning and the management of the patients) (20) should also be accomplished
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to offer more concrete evidence on the benefits of 3D cephalometry for

orthodontic treatment planning and patients.

2.6

Conclusions

This systematic review reveals that there is still limited research-based evidence

on 3D cephalometry. Specific research methodology needs to be developed to be

able to perform more standardized diagnostic accuracy studies by using patients’

data.

2.7
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3.1 Abstract

Objectives: The objective of this study is to compare subjective image quality
and diagnostic validity of cone-beam CT (CBCT) panoramic reformatting with
digital panoramic radiographs.

Materials and methods: Four dry human skulls and two formalin-fixed human
heads were scanned using nine different CBCTs, one multi-slice CT (MSCT) and
one standard digital panoramic device. Panoramic views were generated from
CBCTs in four slice thicknesses. Seven observers scored image quality and
visibility of 14 anatomical structures. Four observers repeated the observation
after 4 weeks.

Results: Digital panoramic radiographs showed significantly better visualization
of anatomical structures except for the condyle. Statistical analysis of image
quality showed that the 3D imaging modalities (CBCTs and MSCT) were 7.3
times more likely to receive poor scores than the 2D modality. Yet, image quality
from NewTom VGi® and 3D Accuitomo 170® was almost equivalent to that of
digital panoramic radiographs with respective odds ratio estimates of 1.2 and 1.6
at 95% Wald confidence limits. A substantial overall agreement amongst
observers was found. Intra-observer agreement was moderate to substantial.
Conclusions: While 2D-panoramic images are significantly better for subjective
diagnosis, 2/3 of the 3D-reformatted panoramic images are moderate or good
for diagnostic purposes.

Clinical relevance: Panoramic reformattings from particular CBCTs are
comparable to digital panoramic images concerning the overall image quality
and visualization of anatomical structures. This clinically implies that a 3D
derived panoramic view can be generated for diagnosis with a recommended 20-

mm slice thickness, if CBCT data is a priori available for other purposes.
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3.2 Introduction

Panoramic radiography has been used in dentistry for more than half a century
(1-3). It has been widely used for screening purposes, periodontal evaluation,
orthodontic treatment planning, oral surgery and also for implant treatment
planning. It is considered as a very important diagnostic tool in dentistry. Even
though it has been widely accepted, it still carries several down sides such as
geometric distortion and superimposition of structures (4-7).

Three-dimensional images started to play an important role in oral diagnosis.
First, computed tomography (CT) was introduced to the dental field in 1990s.
However, because of its high radiation dose, it was not broadly used. In 1996, the
first dental cone-beam computed tomography (CBCT) was invented and the
technology has been developing since.

Nowadays, there are more than 30 CBCTs available on the market and their
function has been developed to serve dentists’ objectives. In many machines, it is
possible to choose different field of views (FOV) and different resolution
parameters depending on the clinical indication for producing the images.
Software tools accompanying the CBCTs allow clinicians to display the 3D data in
clinically suitable views, e.g., cross-sectional slices and panoramic view. Some
software programs even allow 3D cephalometric analysis (8, 9). Some clinicians
still refer patients for additional conventional digital panoramic radiographs and
conventional lateral cephalograms despite the fact that CBCT data has already
been acquired. If the panoramic images generated from three-dimensional data
have equal diagnostic quality as conventional digital panoramic radiographs,
then it is not necessary for clinicians to take extra conventional 2D radiographs.
Patients’ datasets will be more compact and the radiation dose to patients can be
reduced. However, there is only little evidence that can prove if the panoramic
images generated from three-dimensional data (CT or CBCT) have equal
diagnostic quality as conventional digital panoramic radiographs (10-12).

The aims of this study were to compare the diagnostic validity of the panoramic
view derived from different CBCTs and a multi-slice CT (MSCT) with the
standard digital panoramic radiograph. The latter is meant to evaluate whether
CBCT derived panoramic views could avoid making another panoramic

radiograph if a CBCT is a priori available. During this particular study, inter- and
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intra-observer variability was also assessed.

3.3 Materials and methods

The samples consisted of four dry human skulls and two formalin-fixed human
heads obtained from the collection of the Oral Imaging Center, Katholieke
Universiteit Leuven. The mandibles were fixed to the skulls at the maximum
occlusion by using broad tape attached from the temporal bone, crossing the

inferior border of the mandible to the temporal bone of the opposite side.

Image acquisition

To acquire conventional digital panoramic images, the dry skulls were put in a
plastic bucket filled with water to simulate the attenuation of soft tissue.
Additional cervical spines were placed below the foramen magnum to resemble
areal human cervical. The two formalin-fixed heads were put in plastic bags with
additional cervical spines attached at the postero-inferior side of the bags.

The samples were put in a standard digital panoramic device (Veraviewepocs
2D®, ]. Morita, Kyoto, Japan) with CCD sensor. The Frankfort horizontal plane,
midline and the canine indication line were adjusted as in patients. The
“standard adult” panoramic setting was selected (64 kVp, 8.9 mA 7.4 s, with pixel
size 0.144 mm). All panoramic radiographs were exported as TIFF files.

The samples were also placed in a MSCT (SOMATOM® Sensation 64, Siemens,
Erlangen, Germany) at the Department of Imaging and Pathology, University
Hospitals Leuven, Gasthuisberg, Leuven, Belgium. The samples were placed
horizontally and dry skulls were put in a different polystyrene box to be able to
place the skulls horizontally with water as soft tissue simulation. Standard
parameters for head and neck area were used (120 kVp, 250 mAs, voxel size 0.43
mm). The datasets were exported as Digital Imaging and Communications in
Medicine (DICOM) files.

Images were taken on the samples by nine different CBCT machines as shown in
Table 3.1. The large maxillofacial FOV was selected for each machine to ensure
that all anatomical structures mandatory for panoramic viewing were covered.

All data were exported as DICOM files.
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Panoramic image generation

All DICOM data from MSCT and CBCTs were imported in OnDemand3D®
software, version 1.0.8.0408 (Cybermed, Seoul, Republic of South Korea). Before
generating a panoramic view, the skull position was adjusted for
standardization. First, the Frankfort horizontal was checked and adjusted to be
parallel with the horizontal plane. The midline of the face was adjusted to be
perpendicular to the horizontal plane. From the axial view of alveolar process of
the mandible (mid-root area), a curve was drawn manually starting 1 cm
posterior from the most posterior border of ramus to cover the condyle in the
slice. Four points were marked bilaterally within the path on each side of the jaw
and one at the midline (most posterior, molar, premolar, canine and one at
midline; Fig. 3.1). The curves were checked to ensure that all anatomical points
of interest of both maxilla and mandible covered. After the panoramic curves
were confirmed, panoramic images were generated in different slice thicknesses:
10, 15, 20, 25 mm and then saved in TIF format (Fig. 3.2). This process was

performed by a 5-year-experienced dentomaxillofacial radiologist.

Table 3.1 Technical parameters of CBCT devices

Voxel

CBCT Manufacturer FOV (cm) size Voltage mAs
(DxH) (kV)
(mm)
3D Accuitomo 170  ]. Morita, Kyoto, Japan 17x12 0.25 90 154
Galileos Comfort Sirona Dental Systems, Bensheim, 15x 15 0.29 85 21
Germany
i-CAT Next Gen Imaging Sciences International, 23x17 0.30 120 35
Hatfield, PA, USA
[luma Elite Imtec (3M), Ardmore, OK, USA 21x14 0.19 120 152
Kodak 9500 Kodak Dental Systems, Carestream 20x18 0.30 90 108
Health, Rochester, NY, USA
NewTom VGi Quantitative Radiology, Verona, Italy 15x15 0.30 110 122b
Picasso Trio= VATECH, Yongin, Republic of Korea 12x7 0.20 85 90
Scanora 3D Soredex, Tuusula, Finland 14.5x13 0.25 90 48
SkyView MyRay, Celfa Dental Group, Imola, Italy 17x17 0.34 90 51.5

a Picasso Trio® was the largest FOV from VATECH available in Europe at the time of scanning
bMean exposure of six samples. The device uses automatic exposure based on density
distribution of scout image
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Figure 3.1 Panoramic reformatting arch, drawn on the axial view of each CBCT scan.
The sketch figure on the right indicates the marking of the different curve points during
the drawing process. A total of nine points were marked for one panoramic curve
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Figure 3.2 Panoramic images generated from NewTom VGi® by OnDemand3D® with
different slice thicknesses (a 10 mm, b 15 mm, ¢ 20 mm, d 25 mm)

Observation scoring technique

Seven observers were initially introduced to an instruction session in
observation and scoring of panoramic images prior to the first observation. The
observation was performed under standardized conditions: dimmed ambient
light, with 20-inch clinical review display (MDRC-2120, Barco N.V., Kortrijk,
Belgium). Digital panoramic radiographs and panoramic images generated from

3D data were randomized. Seven observers performed the observation on 238
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images in total. Observers had to give scores for overall image quality and
visibility of 14 anatomical landmarks: 5 in the maxilla and 9 in the mandible. The
description of each score is shown in Table 3.2. Four observers repeated the
observation after a 4-week interval.

Table 3.2 Scoring technique

Description
Overall image quality Score 1 Very poor (no diagnosis
possible)
2 Poor (diagnosis probably
possible)
3 Acceptable (diagnosis
possible)
4 Very good (diagnosis
definitely possible)
Visibility of anatomical structures Score 1 Significant structure not
Maxillary structures visible, no diagnosis possible
Lower and anterior border of 2 Only broad details seen,

maxillary sinus

Pterygomacxillary fissure/posterior diagnosis doubtful

border of maxillary sinus
Periodontal structures (alveolar
process & supporting structures)
Anterior sextant/anterior teeth
Posterior sextant/posterior teeth

Small details visualized,
diagnosis probably possible
Fine details visualized,
diagnosis definitely possible

Mandibular structures Possible No reason
Condylar process (TM]) reasons Density/brightness/contrast
Coronoid process for errors is not optimal

Ramus

Body and angle of mandible
Mandibular canal

Mental foramen

Periodontal structures (alveolar
process & supporting structures)
Anterior sextant/anterior teeth
Posterior sextant/posterior teeth

Blurring/Unsharpness
Overlapping/superimposition
of structures

Area of interest is not included
in the image

Other than above

Statistical analysis

Statistical analysis was performed with SAS software (Statistical Analysis System
Version 9.2, SAS Institute Inc, Cary, NC). The data was analysed while taking into
account the ordering in the scores using ordinal logistic regression (OLR). OLR
fits, in essence, a binary logistic regression model for each cumulative logit;

therefore, odds ratios can be used for interpretation purposes (13). Intra-
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observer and inter-observer variability were assessed by Kappa statistics.
Overall agreement was assessed using Kendall’s coefficient of concordance for

ordinal response.

3.4 Results

A total of 238 images were observed and scored. Substantial agreement was
found for all observers at 0.63 of Kendall’s coefficient of concordance. Intra-
observer variability of each observer ranged from moderate to substantial
(weighted Kappa 0.46-0.74). Inter-observer variability of each observer pair
ranged from fair to substantial (weighted Kappa 0.32-0.62) (14).

Overall image quality

The frequency of scores for different devices, scored by all seven observers is
shown in Table 3.3. The most common reason for the image error in both 2D and
3D imaging modalities as given by the observers is image blurring. An ordinal
logistic regression model was fitted to this study and the results were presented
in a form of odds ratio estimates with 95% Wald confidence limits. It was found
that when comparing the 2D (Veraviewepocs 2D®) with the 3D (all CBCTs and
the MSCT), the 3D modalities had 7.25 times more chance to receive poor score

(Table 3.4).

Anatomical structures

Conventional panoramic radiograph showed superiority over panoramic
imaging derived from 3D dataset except for the visualization of the condyle.
Figure 3.3 shows the odds ratio estimates of different structures at 95% Wald
confidence limits tested in this study. Maxillary structures yielded higher odds
ratio estimates, which mean that the maxillary structures in the 3D modality
were more likely to receive poor scores than the 2D images. The visualization of
mandibular structures was, however, found to be almost equal to the
conventional panoramic radiography (except for periodontal structure and

anterior/posterior teeth sextant).
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Devices

The SkyView® machine received a 99.4% poor score. Therefore, it was left out
from the comparison of all devices for computational reasons. When comparing
the performance of different 3D devices to the standard panoramic machine, it
was found that the quality of the images from NewTom VGi® and 3D Accuitomo
170® was almost equivalent to the images taken by conventional digital
panoramic machine with odds ratio estimates of 1.2 and 1.6, respectively. In
contrast, MSCT is performing much worse, being 29.7 times more likely to

receive poor image quality score than conventional digital panoramic machine

(Fig. 3.4).

-
o

0O Maxillary
structures

W Mandbular
structures

Odds Ratio Estimates
N w H [4,] [«2] ~ (o] [{e}
-

-

o

Anterior  Posterior Periodontal Anterior Posterior Condyle Coronoid Ramus Body & Mandibular Mental Periodontal Antenor Posterior
& lower borderof structure sextant of sextant of process angleof canal foramen structure sextantof sextant of
border of maxilary of maxila maxila  maxilla mandible of mandible mandible mandibie
maxilary sinus

sinus

Anatomical structures

Figure 3.3 0Odds ratio estimates with 95% Wald confidence limits of different
anatomical structures in panoramic images generated from 3D data. The closer the odds
ratio estimates to 1, the closer the visualization as compared to the panoramic
radiograph from conventional 2D modality. Larger odd ratios correspond to greater
differences between 2D and 3D for the visualization of this structure.

Slice thickness

Conventional digital panoramic radiographs showed significantly superior
quality than all different slice thicknesses of the panoramic derived from CBCT
and MSCT. Among different slice thicknesses, it was found that 20 mm is slightly
better than other slice thickness settings (Point estimate at 6.56 compared to the
conventional panoramic radiograph), followed by 15 mm (6.90), 10 mm (7.54)

and 25 mm (8.17) consecutively.
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35 1
30 1 (93
25 1

20 1

15 1

Odds Ratio Estimates

10 A o

< & Baseline

3D Galileos i-CAT lluma Kodak NewTom Picasso Scanora 3D MSCT
Accuitomo Comfort Next Gen  Elite 9500 VGi Trio
170

Figure 3.4 Odds ratio estimates with 95% Wald confidence limits of different devices.
The baseline corresponds with the Veraviewepocs 2D®. The closer the odds ratio
estimates to 1, the closer the quality as compared to the panoramic radiograph from
conventional 2D modality.

3.5 Discussion

Panoramic view can be easily generated from 3D datasets. The scoring system
used in this research was based on Gijbels’ study published in 2000 (15),
comparing image quality of direct digital and conventional panoramic
radiographs. Fourteen anatomical landmarks were added in the protocol to be
able to evaluate their visualization as this is very crucial for panoramic
radiographic diagnosis. We found that the intra- and inter-observer agreement
ranged from fair to good which proved that the methods were statistically valid.
The image quality assessment in this study is based on a subjective rating as
there is no reference standard. The metal artifact assessment was not the main
aim of this study; therefore, it was not evaluated separately from the overall
image quality. It should also be noted that the nine included CBCT devices were
compared at the level of the DICOM dataset, not using the systems’ own software.
One image viewing software (OnDemand3D®) was used to allow for a
standardized evaluation.

Our sample size of four dry skulls and two formalin heads was rather small but
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to acquire images of skulls samples from different CBCT devices in different
locations was a demanding task. The results of this in vitro study showed that
conventional digital panoramic radiographs are significantly better both in
overall image quality and visualization of anatomical structures.

Differences in the quality could be caused by differences in nature of the image.
Conventional digital panoramic radiograph has much higher spatial resolution
than both CBCTs and the medical CT. This could explain why the overall image
quality of conventional digital panoramic radiograph is approximately seven
times better. Furthermore, it could explain why image blurring was the most
common reason for error. Indeed, as the spatial resolution for CBCT and CT
images is limited, the sharpness will not be as high compared to panoramic
radiographs. All CBCTs except SkyView® performed better than the MSCT,
confirming the effect of spatial resolution.

The visualization of mandibular structures was slightly better than maxillary
structures. The reason might be that the nature of most mandibular structures is
well corticated and formed by denser bone than in the maxilla; therefore, even if
the contrast and sharpness of the images were limited, the landmarks were clear
enough to be used for diagnosis. For the 3D reformatted panoramic images, the
minimum slice thickness (i.e. 0.2 mm) was not included in this protocol, although
it may provide less blurring and improve contrast; however, it will not allow us
to visualize all the teeth and other important anatomical structures. In order to
cover all anatomical structures necessary for panoramic images, four slice
thicknesses were selected for this study. It appeared that 20 mm thickness was
slightly better than the others.

There are only a few studies that compared conventional panoramic radiographs
with panoramic reformattings derived from 3D data. Pawelsik et al. (10)
compared conventional panoramic radiographs with panoramic and
crosssectional images reconstructed from the NewTom-9000® (Quantitative
Radiology, Verona, Italy) in diagnosis of relationship between third molars and
mandibular canals. The authors reported that the cross-sectional images had
given significantly clearer perception of the mandibular nerve than the
conventional panoramic radiographs although the scores of conventional

panoramic images were significantly better than the reconstructed panoramic
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images (10). The results of the present study agree with previous results. CBCTs
have been developed in the past decade; however, the resolution of conventional
panoramic radiographs is still significantly superior. Nevertheless, CBCT can
provide 3D views of the jaw and is useful to locate the mandibular canal in the
cross-sectional slices.

Mischkowski et al. compared reconstructed panoramic images acquired from
Galileos® (Sirona Dental Systems, Bensheim, Germany) with conventional
panoramic radiographs (11). It was found that there was no significant
difference in diagnostic quality between both image modalities. Image quality of
reconstructed panoramic views was significantly lower than the conventional
panoramic radiographs but anatomical structures except mandibular canal and
alveolar ridge gingiva were better visualized in the panoramic view from CBCT.
The authors concluded that the reconstructed panoramic views from CBCT were
better in diagnosis of specific lesions, whereas conventional panoramic
radiographs provided better image quality for a general overview. The diagnostic
quality is equal for both modalities (11). This is in agreement with the present
study. The image quality of conventional panoramic radiographs is higher but for
the visualization of anatomical structures, the opposite results were found. This
can be explained by differences in “Materials and methods”. In Mischkowski’s
study, the reconstructed panoramic images were viewed in the Galileos software
and the inspection window was used. This inspection window may have
provided more visualization to specific structures and then resulted in higher
scores for the anatomical landmarks. In our study, only the condyle did not show
significant difference between the two imaging modalities although the image
quality of some of the mandibular structures (ramus, body and angle of
mandible, mandibular foramen and mandibular canal) of the 3D derived images
were almost equal to the 2D system. The other reason can be that in this study,
as nine CBCTs and one MSCT were tested, there could then be more variability
among these devices.

In 2008, Angelopoulos et al. (12) published a study comparing digital panoramic
radiography and CBCT for the identification of mandibular canals. The results
showed that panoramic images generated from CBCT were significantly better

than digital panoramic radiographs in identifying the mandibular canals (12).
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This result is not in agreement with the results of the present study. The reason
could be the difference in CBCT devices used in the study as well as the slice
thickness. Angelopulos and coworkers (12) used 5.2-mm slice thickness which is
thinner than that in our study. At this thickness, the images may be able to cover
the area of mandibular canals and avoided other structures from superimposing
with the canals. Instead we used 10, 15, 20 and 25 mm. This factor might affect
the visibility of the mandibular canals, but the increased slice thickness could
cover and show more structures both in the maxilla and the mandible.

There are two studies that were performed on the accuracy of measurements on
CBCT derived panoramic images. Ludlow et al. compared measurements of
mandibular anatomy on panoramic reconstructions from CBCT (2D) and on axial
slices (3D) with the physical measurements (16). It was found that both 2D and
3D techniques provided acceptably accurate measurements of mandibular
anatomy (16). In 2010, Van Elslande et al. reported results of the accuracy of
mesio-distal root angulation projected by panoramic reconstructed from CBCT.
They concluded that panoramic reconstructions on CBCT were more accurate
than conventional panoramic radiography concerning mesio-distal root
angulation (17). Although in the present study, measurements were not done,
these two references suggested that panoramic images derived from CBCT
allowed suitably accurate measurement results which are useful for orthodontic
and implant treatment planning.

Radiation exposure of the cone-beam CT is still a big concern in dental field. A
new report on radiation dose of different CBCT devices has been published by
Pauwels et al. (18). The results showed that the dose received is strongly related
to FOV size and also dependent on the exposure parameter. In order to gain full
panoramic images, a medium to big FOV should be used; but it must be kept in
mind that, at this stage, CBCT still cannot replace the use of conventional
panoramic radiographs. However, if there is a diagnostic requirement for CBCT,
for some devices, moderate to good quality panoramic images can be generated

from existing CBCT data.
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3.6 Conclusions

While 2D panoramic images are still significantly better, 2/3 of the 3D-derived
panoramic images, depending on the machines, are moderate to good concerning
subjective diagnosis. Furthermore, panoramic images generated from some
cone-beam CT devices seem to be comparable to the conventional digital
panoramic images concerning the overall subjective image quality and
visualization of anatomical structures. On 3D-derived panoramics, mandibular
structures tended to be more visible than the maxillary structures and 20-mm
slice thickness is recommended.

The radiation dose to patients must be concerned. Conventional digital
panoramic radiographs must not be replaced by CBCT images, but CBCT should

be taken only if there is a clear indication.
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Chapter 4

4.1 Abstract

Objectives: The aim of this study was to compare the agreement between cone-
beam computed tomography (CBCT) and panoramic radiographs for initial
orthodontic evaluation. This study was not meant to test differences between
imaging modalities or to indicate superiority of one technique.

Materials and methods: Thirty-eight subjects with both panoramic and CBCT
images were retrospectively collected. Eight observers answered 14
observational questions. The observation was repeated after 4 weeks.

Results: CBCT images yielded better agreement between 2 observer groups
(orthodontic residents and radiologists) and better inter- and intra-observer
agreement. The agreement between panoramic radiographs and CBCT scans was
moderate.

Conclusions: If CBCT is a priori present in a case with justified indications, it has
the potential to provide valuable diagnostic information for initial orthodontic
evaluation and extra information for treatment planning. The moderate
agreement between panoramic and CBCT images may indicate that the nature
and amount of information gained from both imaging sources is deviant.

Clinical relevance: Although CBCT scans still cannot replace panoramic
radiographs, the present study might suggest eliminating the need for a further

panoramic image if a recent CBCT scan of both jaws is already available.
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4.2 Introduction

Panoramic radiography has been used as an essential diagnostic tool in dentistry
for more than half a century (1-3). Although with several limitations, such as
geometric distortion and superimposition of anatomic structures (4-7),
panoramic radiographs are still generally used in orthodontic treatment
planning, in oral surgery, and in almost all dental specialties for overall
screening.

Three-dimensional (3D) computed tomography (CT) images were introduced to
dentistry in the 1990s, but in view of the high radiation dose, their use has been
rather controversial and not widely accepted. However, since the introduction of
the first cone-beam computed tomography (CBCT) systems (8), 3D imaging has
started to play an increasingly important role in oral health care diagnostics. The
technology of this device has been continuously developing, offering dentists
spatial visibility of anatomic structures and pathology with a better image
quality and also with a relatively lower radiation dose than the multi-slice CT (9).
Although different guidelines and selection criteria may exist in various
countries, orthodontists often seem to request a panoramic radiograph and a
lateral cephalogram for initial treatment planning. Additional information about
tooth eruption state, angulation of the teeth, and overall dental, periodontal, and
condylar condition is often added to the clinical evaluation based on analysis of
the panoramic radiograph. This type of radiograph is also used to follow up
orthodontic treatment progress as well as to visualize treatment outcome and
prognosis of wisdom teeth if present (10). In particular indications, conventional
radiographs seem to offer insufficient information to make a diagnosis,
illustrating the need for a low-dose CBCT for specific orthodontic comprehensive
care, such as cases of canine impaction, root resorption, supernumerary teeth,
and airway related problems (11,12). The radiation burden by CBCT, however,
remains a major concern, especially in children. Studies have been conducted on
different CBCT devices and different protocols to evaluate radiation dose to the
patients. Dosimetric studies found that the amount of radiation dose is strongly
related to the size of the field of view (FOV) and imaging parameters (e.g.,
resolution, rotation, milliamperage) (13,14). The latter information is crucial to

apply the ALARA (as low as reasonably achievable) concept in children.
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Several studies have tested the reliability of panoramic radiography for
orthodontic-related issues, and some have contrasted its reliability with that of
CBCT. Results show that panoramic radiographs are often unreliable in
diagnosing canine impaction, third molar impaction, mesial angulation of the
roots, root contact, root resorption, and supernumerary teeth. In contrast, CBCT
scans could offer more reliable information and may lead to a different diagnosis
and treatment plan for these specific conditions (15-24).

In a previous study, the ability of panoramic views generated from CBCT scans
was compared with that of conventional digital panoramic radiographs. The
results suggested that the reformatted panoramic views from some CBCT scans
may be able to offer equal diagnostic quality compared with the digital
panoramic images commonly used in dental practices (25). The next step would
be to examine whether the full CBCT dataset has equal diagnostic quality
compared with conventional digital panoramic radiographs. If the patient’s
preexisting CBCT data can provide orthodontists all necessary information for
orthodontic treatment, then extra conventional 2D radiographs will not be
required anymore, making an additional panoramic radiograph unnecessary.
Patients’ datasets will be more compact, and the radiation dose can be reduced.
There is only a little evidence from the literature that indicates whether CBCT
data can offer better diagnostic potential, lead to improved orthodontic
treatment planning, and offer orthodontists the same amount of information as
they usually require from conventional panoramic radiographs (26).

The aim of this study was to compare the agreement between observers for
CBCT and digital panoramic radiographs related to initial orthodontic evaluation
in the situation where CBCT images are a priori requested by the orthodontist
for justified indications. This study was not meant to test differences or indicate
superiority of 3D imaging in general or CBCT imaging more specifically. This
study was aimed to evaluate the suitability of CBCT for initial orthodontic
evaluation, when a CBCT scan was indicated and a priori taken for some specific

indications.
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4.3 Materials and methods

Samples

Thirty-eight patients (13 males and 25 females; age range, 8-25 years; mean age,
13.2 years; standard deviation [SD], 4.2 years) were retrospectively selected
from the hospital orthodontic database (Oral Imaging Center, Katholieke
Universiteit Leuven, Leuven, Belgium). The selection criteria were (1) that
patients had a panoramic radiograph and additional CBCT images after a
panoramic radiograph had been taken (the CBCT was specifically indicated for
patients with root resorption cases and for treatment planning when dealing
with impacted canines); (2) that both types of images were taken within an
average time interval of 3 months (range, 0-11.5 months; SD, 3.7 months); (3)
that no significant pathology of the maxillofacial region (benign or malignant
tumor, cleft lip or cleft palate, trauma) was present; and (4) that no significant
asymmetry of the face was observed. The study protocol (reference number,
ML6960) was approved by the UZ Leuven Medical Ethics Committee. The
authors have read the Helsinki Declaration and have followed the guidelines in

this investigation.

Imaging modalities

Panoramic radiographs were acquired from a standard digital panoramic device
with CCD sensor (Veraviewepocs 2D®, J. Morita, Kyoto, Japan). The panoramic
settings were selected depending on each patient (64 kilovolt peak [kVp]; 8.9
milliampere [mA]; 7.4 sec; pixel size, 0.144 mm; image size, 30 _ 15 cm). The
images were collected from the hospital picture archiving and communication
system by being exported as TIFF files (Tagged Image File Format).

The CBCT scans of each patient were taken with 3D Accuitomo® 170 (]. Morita)
(FOV, 140 _ 100 mm; high-fidelity (Hi-Fi) mode, 90 kVp, 5 mA; scan time, 30.8
sec; voxel size, 0.25 mm). All datasets were exported as Digital Imaging and

Communications in Medicine (DICOM) standard files.

Image evaluation
Eight observers (5 second-year orthodontic residents and 3 dentomaxillofacial
radiologists with more than 5 years’ experience) were initially introduced to an

instruction and calibration session. Detailed instructions and definitions of all
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questions were given to all observers. The observers made an observation of 3
cases. Then the answers were checked and calibrated by the main author. All of
them participated at the first observation session, and 5 observers (orthodontic
residents) repeated the evaluation after a 4-week interval. Both observation
sessions were performed under standardized conditions: dimmed ambient light,
with 20-inch, 2-megapixel clinical review display (MDRC-2120, Barco NV,
Kortrijk, Belgium).

During the observation, images from the patients were divided into 2 groups and
then randomized within the group, and they were also re-randomized for the
second session. In group 1, panoramic radiographs were shown to observers on
the Image]® software, version 1.45s (National Institutes of Health, Bethesda, MD,
USA) (Fig. 4.1). In group 2, the entire volumes of CBCT images were shown on
the OnDemand3D® software, version 1.0.8.0408 (Cybermed, Seoul, South Korea)
(Fig. 4.2). In both groups, the observers had the possibility to use all tools
available in the software, including the panoramic curve tool in the

OnDemand3D® application.

Questionnaire

Observers answered 14 questions related to initial orthodontic evaluation. The
detailed questions and answer options are shown in Table 4.1. The tooth
numbering system used in the questionnaire was the FDI World Dental

Federation notation (e.g., 13 is a maxillary right canine).

Statistical analysis
Statistical analysis was performed with R software for Windows, version 2.14 (R
Development Core Team, Foundation for Statistical Computing, Vienna, Austria).
Agreements were assessed using Fleiss k statistics. Data were assessed on the
following aspects:

* Agreement between the radiologist group and the orthodontic resident

group
* Agreement between digital panoramic radiographs and CBCT images
* Inter-observer agreement

* Intra-observer agreement
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Chapter 4

Figure 4.2 The CBCT image of the same patient as in Figure 4.1, viewed on the OnDemand3D®
software. During the observation, the observers could view the entire CBCT volume in axial,
coronal, and sagittal slices and could potentially draw a panoramic curve to create a reformatted
panoramic view, as shown in this Figure. The thickness of reformatted panoramic views could be
adjusted. This Figure shows a reformatted panoramic view with a 20-mm thickness. (CBCT, cone
beam computed tomography.)

Figure 4.3 The angular measurement performed in question 11 on a panoramic radiograph (A)
and on a CBCT image (B). The angle was formed by a line on the midline bisecting the jaw in two
and a line through the cusp and the apex bisecting the canine along its long axis. (CBCT, cone
beam computed tomography.)
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4.4 Results

Agreement between observer groups

A high agreement was found between the orthodontic resident group and the
radiologist group. The agreement was higher in the CBCT image group than in
the panoramic group, with the Fleiss k being 1.0 and 0.9 (p<0.0001),

respectively.

Agreement between 2 imaging modalities

A moderate agreement for all observers (Fleiss k, 0.5; p<0.0001) was observed
when comparing the 2 image modalities (group 1, panoramic; group 2, CBCT)
(31). The Fleiss kx was slightly higher in the orthodontic resident group (0.54)
than in the radiologist group (0.45) (p<0.0001).

More detailed results of the questionnaire per question and the frequency of all
answers given to all questions are shown in Table 4.2. It was found that for
question 10 (localization of the upper right canine), the agreement between the
2D and 3D modalities was only slight (Fleiss k, 0.2; p<0.0001) (31). Other
questions that received fair agreement (Fleiss k, 0.2-0.4) were questions 4, 5, and
6 (apical area of frontal, middle, and posterior region), 11 (angulation of the
upper right canine), 12 (root resorption of the upper right lateral incisor), and 14

(impaction risk of third molars).

Intra- and Inter-observer agreement

The intra-observer agreement was substantial and was slightly better for the
CBCT than the panoramic images (Fleiss k, 0.71 and 0.65 (p<0.0001),
respectively). Moderate agreement was found in the inter-observer analysis. The
Fleiss x tended to be higher for the CBCT (0.5) than for the panoramic images
(0.4) (p<0.0001).
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4.5 Discussion

The present study found only a moderate agreement between CBCT images and
digital panoramic radiographs when questions related to the initial orthodontic
evaluation had to be answered.

In this study, panoramic and CBCT images of the patients were collected
retrospectively. The patients were selected from the database of patients who
had images from both modalities taken. The patients included in this study had
CBCT scans acquired in the clinic according to the treating doctor’s specified
exposure parameters. The patients were not intentionally overexposed for this
study. The patients often had problems with impacted canines or third molars,
thus the population of this study was not distributed to people with normal oral
condition. Although patients with oral and maxillofacial tumor, cleft lip and cleft
palate, and trauma were discarded, there still might have been some potential
bias to this study.

As the results have shown, a high agreement was found between the 2 observer
groups, and the agreement was higher when visualizing the CBCT images
compared with the panoramic images. This was not unforeseen, because the
CBCT images should offer more precise and realistic volume data when
comparing with the panoramic images that are actually 2D shadows of the jaws.
Evaluation of the dentomaxillofacial region on CBCT images should give more
reliable answers to the questions. This supports the fact that both inter- and
intra-observer agreement were higher in the CBCT group.

Questions were raised when comparing the 2 image modalities, because only a
moderate agreement was observed. The Fleiss k was slightly higher in the
orthodontic resident group. This implied that there were some points for which
panoramic and CBCT images resulted in different answers to the questions, or, to
put it another way, they provided different information. The agreement was then
inspected closely to see which questions had less agreement, and the results are
shown in Table 4.2.

Some questions showed low or slight agreement (e.g., for question 10, Fleiss k =
0.2; p<0.0001) (Table 4.2). In question 10, the observers were asked to localize

the upper right canine. In all cases, the canine could be localized in the CBCT
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images, but in the panoramic radiographs, the observers could only localize in
72.3% of the cases, and in reality, the judgment of the location may not always be
the true location, because the panoramic radiographs provide only 2D aspects
and do not show the real bucco-palatal dimension (Table 4.2). The results of this
study are similar to previous evidence on managing canine impaction (19,
20,28).

Studies found that 3D imaging was advantageous in the management of impacted
canines (28) and that the CBCT was more sensitive than conventional
radiography for canine localization (19). The findings from Botticelli et al. (20)
indicated that CBCT increased precision in the localization of the canines and
improved the estimation of the space conditions in the arch. The latter resulted
in a difference in diagnosis and treatment planning from the 2D imaging
approach (20).

Some questions showed fair agreement (Fleiss k = 0.2-0.4) (31). These were
questions about apical area (questions 4, 5, and 6), angulation of the upper right
canine (question 11), root resorption of the upper right lateral incisor (question
12), and the impaction risk of third molars (question 14). Some questions
(especially questions 4, 5, and 6) are indeed rather subjective and cannot be
truly objectified. Therefore, they probably had a large influence on the level of
agreement. On the other hand, the authors decided to include these questions
because they are often asked by orthodontists during the initial evaluation.
Questions 4 to 6 asked the observers to evaluate the space at the apical areas. As
mentioned, the nature of these questions is rather subjective, and in this study,
true distance measurements could not be performed as a gold standard;
therefore, it was impossible to verify which answers were correct for each case.
It is expected that 3D CBCT scans will give the answer that is closer to the real
situation than panoramic radiographs, which have more distortion from their
image geometry. However, in this study, only the agreement between the 2
imaging modalities could be tested.

To be able to answer question 11, the observers had to use the angular
measuring tools, in both the Image] and the OnDemand3D® software (Fig. 4.3),
and then select the angle categories from 1 to 4 (Table 4.2). However, the image

geometry of the panoramic radiograph might influence the angular
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measurements. Patient positioning in the panoramic radiographic machine can
influence the occlusal plane or the smile curve of the panoramic radiographs and
therefore can result in only a fair agreement between the 2 imaging modalities
(21,32). The results of the present study were also supported by the results from
Algerban et al. (19) in 2011, who reported a significant difference in upper
canine angulation to the midline between a digital panoramic radiograph and a
medium-FOV CBCT (19).

In question 12, the observers were asked to report any pathologic root
resorption on the upper right lateral incisor. Fair agreement was found (Fleiss k
= 0.3). In the panoramic group, 24.0% of all the answers were categorized as
“unidentified,” in contrast to only 7.2% in the CBCT group (Table 4.2). This may
be explained by the fact that in panoramic radiographs, the observers can only
visualize the teeth in 2 dimensions. Superimposition of the anatomic structures
and teeth might camouflage any root resorption in panoramic images, contrary
to the situation in CBCT images, where the observers can look for the presence of
root resorption on every side of the tooth. This result should be read with some
caution. When root resorption was severe, it was obvious in both panoramic
radiography and CBCT. In contrast, when it came to mild resorption cases,
studies found that CBCT is more sensitive than panoramic radiography (15,16).
So far, several articles related to root resorption and 3D imaging have been
published (15,16,19,33-35). Before the introduction of CBCT, studies compared
conventional panoramic radiography with CT. Such comparisons found lower
reliability of panoramic radiography for diagnosing incisor root resorption
associated with impacted canines (33,34). When looking at the CBCT devices,
studies also found that CBCT scans were more accurate than panoramic
radiographs for detecting root resorption (15,16,19). In the study by Dudic et al.
(16), it was found that “no resorption” was observed more in panoramic
radiographs than in CBCT, but mild resorption cases were observed more in
CBCT, in agreement with the results of the present study (16).

Results from another study by Algerban et al. (35) indicated that high image
quality was important for detecting root resorption, and the CBCT systems had
high accuracy in the detection of the severity of root resorption (35).

The question related to the impaction risk of third molars (question 14) showed
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fair agreement (Fleiss k = 0.4; p<0.0001). The reason might be the nature of the
question, which was rather subjective. Another reason might be the age of the
patients included in this study. The mean age was approximately 13 years;
neither the jaws nor the third molars were fully developed, and for this reason, it
was difficult to answer whether there was an impaction risk of the third molars.
As a prediction, this resulted in fair agreement.

Although several studies have found additional value in CBCT, a systematic
review on the use of CBCT in orthodontic treatment published in 2012 had
interesting findings (26). It was found that there is still limited evidence that
CBCT offers better diagnostic potential or leads to improved treatment planning
and a more predictable or superior treatment outcome than conventional
imaging modalities. Only some specific studies on airway diagnostics provide
sound scientific data suggesting that CBCT can add value (26). There is little
evidence to support a role of CBCT in the initial orthodontic evaluation.

The present study did not aim to establish the superiority of any imaging
modalities but instead was trying to evaluate whether both imaging modalities
offer the essential information needed for an initial orthodontic diagnostic
evaluation. The study did not aim to compare the observers’ reply to the real
case findings (clinical standard). Even though this could be regarded as a
limitation, this study has found that the cone beam computed tomography
showed its ability to give all necessary information for initial orthodontic
evaluation. With moderate agreement between 2D and 3D imaging modalities, it
suggested that the information gained from CBCT scans might not be similar to
the information usually gained from panoramic radiographs. In the observation
of the detailed results, CBCT offered a greater depth of information about the
patient’s condition. Further studies should be performed on the accuracy of the
radiographic findings, by comparing CBCT and panoramic radiography with a
gold standard and by evaluating whether the differential findings using 2D vs 3D
imaging modalities could influence treatment planning and treatment outcome

in orthodontic treatment.

Radiation to the patients

The present study was a retrospective study, and all images were acquired
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before data collection. Both CBCT and panoramic images were referred by
orthodontists with justified indications. The radiation dose received from CBCT
is strongly related to FOV size and also dependent on the exposure (13,14). For
children it is crucial that dental CBCT examinations should be fully justified over
conventional radiography. New guidelines and recommendations on CBCT for
dental and maxillofacial radiology are now available and should be followed
(36). One recently published set of recommendations by the American Academy
of Oral and Maxillofacial Radiology (37) stated that CBCT in orthodontic
treatment should be justified on an individual basis, based on clinical
presentation, and the position statement should be periodically revised to reflect
new evidence. A proper radiation regimen is highly recommended, and it is
emphasized to keep the radiation dose to the patient as low as reasonably

achievable.

4.6 Conclusions

In this questionnaire-based study, moderate agreement on initial orthodontic
evaluation was found between CBCT images and panoramic radiographs. This
does not mean that the information received from CBCT images is either
incorrect or unreliable; rather, it simply means that it deviated from the
information gained from panoramic radiographs. If a priori present, CBCT
imaging has the potential to provide valuable diagnostic information for initial
orthodontic evaluation and also to add extra information for orthodontic
treatment planning. Yet proper justification and the ALARA concept should be

meticulously followed.
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5.1 Abstract

Background: The aim of this study was to evaluate the accuracy of linear
measurements on 3 imaging modalities: lateral cephalograms from a
cephalometric machine with a 3-meter source-to-mid-sagittal-plane distance
(SMD), from a machine with 1.5-meter SMD and 3D models from CBCT data.
Materials and methods: Twenty-one dry human skulls were used. Lateral
cephalograms were taken, using 2 cephalometric devices: one with a 3-meter
SMD and one with a 1.5-meter SMD. CBCT scans were taken by 3D Accuitomo®
170 and 3D surface models were created in Maxilim® software. Thirteen linear
measurements were completed twice by 2 observers with a 4-week interval.
Direct physical measurements by a digital calliper were defined as the gold
standard. Statistical analysis was performed.

Results: Nasion-Point A was significantly different from the gold standard in all
methods. More statistically significant differences were found on the
measurements of the 3-meter SMD cephalograms in comparison to the other
methods. Intra- and inter-observer agreement based on 3D measurements were
slightly better than others.

Limitations: Dry human skulls without soft tissues were used. Therefore, the
results have to be interpreted with caution, as they do not fully represent clinical
conditions.

Conclusions: 3D measurements resulted in a better observer agreement. The
accuracy of the measurements based on CBCT and 1.5-meter SMD cephalogram
was better than a 3-meter SMD cephalogram. These findings demonstrated the
linear measurements accuracy and reliability of 3D measurements based on
CBCT data when compared to 2D techniques. Future studies should focus on the

implementation of 3D cephalometry in clinical practice.
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5.2 Introduction

A cephalometric analysis is a key element in orthodontic diagnostics. First
introduced by Hofrath in Germany and Broadbent in the United States, this
radiographic technique has been widely accepted as a standard tool for
orthodontic treatment planning (1, 2). Traditionally, the technique is performed
on a two-dimensional lateral cephalogram, which does not represent the full
dimensions of the human face, and also has disadvantages such as geometric
distortion and superimposition of anatomical structures. In the past, a
cephalogram with a long distance between X-ray source and mid-sagittal plane of
the patient’s face (3 to 4 meters) was used. This type of machine allows more
parallel X-ray beams, leading to less magnification of the images and possibly
less radiation dose to the patient, when paired with sensitive image receptors (3-
6). Today, most of the machines on the market combine panoramic and
cephalometric radiographic options within one single device. The design of these
machines is more compact, which allows for a 1.5-meter distance between the X-
ray source and the mid-sagittal plane of the patient’s face (7).

In recent years, 3D imaging modalities, especially cone-beam computed
tomography (CBCT), have played an important role in dentistry because of lower
radiation doses compared to the multi-slice CT (MSCT) and their availability in
the dental offices (8). In orthodontics, 3D images have overcome the obstacle of
2D images by allowing orthodontists to visualize craniofacial structures without
superimposition and distortion (9-11). Several publications have shown that the
accuracy of 3D measurements is good or even superior to the measurements
performed on lateral cephalograms (12-15). However, no investigation has
directly compared the measurements from both left and right sides of the
images. Furthermore, no study has compared measurements on images from a
traditional cephalometric device with a long source-to-mid-sagittal-plane
distance (SMD).

The aim of this study was to evaluate the accuracy of linear measurements on 3
different imaging modalities for cephalometric analysis: lateral cephalograms
from a cephalometric device with a 3-meter SMD, lateral cephalograms from a
device with a 1.5-meter SMD, and 3D models from cone-beam computed

tomographic data.
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5.3 Materials and methods
Sample

In total, 21 dry human skulls with present upper and lower first incisors and first
molars were collected from the Department of Anatomy, Hasselt University,
Diepenbeek, Belgium. Mandibles were attached to the skulls by taping around
them starting from the temporal area of one side to the other. The occlusion was
fixed at the maximum intercuspation. The study protocol (reference number:
ML6960, BE322201010078) was approved by the UZ Leuven Medical Ethics

Committee.

Imaging modalities

Three sets of radiographic images, 2 different types of lateral cephalograms and
1 CBCT, were acquired. First, lateral cephalograms of the dry skulls were taken
by a 3-meter SMD cephalometric machine with DX104 Comet tube (COMET,
3175 Flamatt, Switzerland; 70 kVp, 32-40 mAs) at the University of Bern, Bern,
Switzerland. Photostimulable phosphor plates, size 24x30 cm (Digora PCT
system, Soredex, Tuusula, Finland) were used as image receptors. Second, lateral
cephalograms were taken on the same samples by a digital cephalometric device
with 1.5-meter SMD equipped with complementary metal-oxide-semiconductor
(CMOS) sensor (Cranex® 3D, Soredex, Tuusula, Finland; 81 kVp, 10 mA, 16 sec).
The dry skulls were placed in both devices and fixed with ear rods. The Frankfort
horizontal plane was adjusted to be parallel to the floor. Left and right sides were
recorded by the main operator according to the anatomical structures without
placing any radiopaque markers on the skulls during image acquisition. Last,
CBCT scans were taken on the same skulls with a CBCT device (3D Accuitomo®
170, J. Morita, Kyoto, Japan) with the largest field of view: diameter 170 x height
120 mm (High-Fidelity / Hi-Fi mode: 90 kVp, 154 mAs, voxel size 0.25 mm.). A
1.7 mm thick copper filter was attached to the machine during image acquisition
to simulate soft tissue attenuation.

The two sets of lateral cephalograms were exported and stored in TIFF. The
radiographs were then imported to Adobe® Photoshop CS4 (Adobe Systems
Incorporated, San José, CA, USA) and prepared for observation. A letter “L” was

placed on each image (both 1.5-meter SMD group and 3-meter SMD group) close
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to the angle of mandible to indicate the left side (Fig. 5.1). CBCT data were
exported to DICOM then imported to Maxilim® software (Medicim NV, Sint-

Niklaas, Belgium). 3D surface models were created for all samples.

Cephalometric measurements

Ten cephalometric landmarks (Table 5.1) resulting in a total of thirteen
cephalometric linear measurements were included in this study (Table 5.2).
Linear measurements including lateral landmarks were performed on both right
and left sides.

The measurements of 2D lateral cephalometric groups: 1.5-meter SMD group
and 3-meter SMD group, were done on Adobe® Photoshop CS4 (Fig. 5.2). The
digital cephalograms were calibrated by means of visible rulers and ear rods in
the images. For the 3D group, all measurements were performed on Maxilim®
software (Fig. 5.2).

Two observers (dentomaxillofacial radiologists with more than 5 years of
experience, one being the main operator) were initially calibrated in a separate
session. Detailed instructions over the landmark definitions and software
manipulation were given intensively. The observers completed each set of

measurements twice with a 4-week interval.

Gold standard
Direct physical measurements of all 13 measurements were done on the skulls 3
times by the main operator using a digital calliper (ABSOLUTE® digimatic

calliper, Mitutoyo, Kawasaki, Japan) and were regarded as a gold standard.
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Table 5.1 Definition of the cephalometric landmarks used in the present study

Landmark Abbreviation Definition

Nasion N The midpoint of the frontonasal suture

Anterior Nasal spine ANS The most anterior midpoint of the anterior
nasal spine of the maxilla

Point A A The point of maximum concavity in the
midline of the alveolar process of the maxilla

Point B B The point of maximum concavity in the
midline of the alveolar process of the
mandible

Menton Me The most inferior midpoint of the chin on the
outline of the mandibular symphysis

Posterior Nasal spine PNS The most posterior midpoint of the posterior
nasal spine of the palatine bone

Basion Ba The most anterior point of the foramen
magnum

Sigmoid notch SmN The most concave point of each sigmoid notch
of the mandible

Gonion Go The point at each mandibular angle that is

defined by dropping a perpendicular from the
intersection of the tangent lines to the
posterior margin of the mandibular vertical
ramus and inferior margin of the mandibular
body to horizontal ramus

Condylion Co The most superior point of each mandibular
condyle

Table 5.2 Definition of the cephalometric linear measurements performed in the

present study
Linear measurement Definition
N-ANS Distance in mm between N and ANS
N-A Distance in mm between N and A
N-B Distance in mm between N and B
N-Me Distance in mm between N and Me
ANS-Me Distance in mm between ANS and Me
ANS-PNS Distance in mm between ANS and PNS
Ba-PNS Distance in mm between Ba and PNS

SmN-Go (right and left)  Distance in mm between SmN and Go of each side
Go-Co (right and left) Distance in mm between Go and Co of each side

Go-Me (right and left) Distance in mm between Go and Me of each side
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Figure 5.1 A letter “L” was placed on the image close to the angle of the mandible to
indicate the left side. A) a lateral cephalogram from a cephalometric device with 1.5-
meter SMD; B) a lateral cephalogram from a cephalometric device with 3-meter SMD. C)
a photograph of the same mandible as on the images.

Figure 5.2 Examples of images from all radiographic devices used in the present study:
A) lateral cephalogram from a cephalometric device with 1.5-meter SMD with a visible
ruler that was used for image calibration; B) lateral cephalogram from a cephalometric
device with 3-meter SMD. In this image, the diameter of the ear rod was used for image
calibration; C) 3D surface model constructed from CBCT data, viewed on Maxilim®
software. 3D measurements were performed by placing digital landmarks on the model.
Subsequently, the software calculated the preset linear measurements and the values
were recorded.

Statistical analysis

All data were placed in Excel files. Statistical analysis was performed with R 2.14
software® for Windows (R Development Core Team, ©R Foundation for
Statistical Computing, Vienna, Austria).

The accuracy of the measurements was evaluated, comparing each
cephalometric method with the gold standard. The measurement accuracy was
defined as the closeness of the measured value to the gold standard value. The

measurement reliability was also tested, reflecting the variability of the repeated
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measurements by the same or different observers.

First, the mean value of three measurements of the gold standard was calculated
and the same was done for the two datasets of the two observers. Subsequently,
a linear least-squares regression model was built between the gold standard and
each of the cephalometric methods, and orthogonal linear regression models
were used to compare each data set of the two cephalometric methods.

The inter- and intra-observer variability of the cephalometric methods was
evaluated by means of linear mixed models. The gold standard was taken as an
explanatory variable, the observer as a random factor and the measurements

obtained by the different observers as dependent variables.

5.4 Results

Summary statistic was performed and the results are shown in Table 5.3. The

biggest deviation can be observed on Go-Me (Table 5.3).

Comparison with the gold standard

3D measurements showed statistically significant differences (p<0.05) from the
gold standard for N-A and SmN-Go left. A statistically significant difference
(p<0.05) of N-A measurement was found for the 1.5-meter SMD group. For
lateral cephalogram with 3-meter SMD, statistically significant differences
(p<0.05) were observed for N-A, N-B, N-Me, Go-Me right, Go-Me left and Go-Co

left measurements (Table 5.4).

Comparison between cephalometric techniques

When comparing 3D measurements with measurements on both 2D
cephalograms, statistically significant differences (p<0.05) were found for all
measurements except N-ANS. When comparing between measurements on the
1.5-meter SMD group and 3-meter SMD group, all measurements were

statistically significantly different (p<0.05).
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Observer agreement

Inter- and intra-observer variability of the 3D measurements was expressed as a
percentage of coefficients of variability (CV). Inter-observer variability of 3D
measurements (5.7%) was lower than the other methods (6.5% for 3-meter SMD
and 6.1% for 1.5-meter SMD cephalograms), which could be interpreted as a
higher reproducibility for the measurements using CBCT images. For intra-
observer variability, CV of 3D was shown to be between 2.4-3%, and also lower
than the 2D methods (2.9-6% for 3-meter SMD and 3.6-4.1% for 1.5-meter SMD
cephalograms). Therefore, the intra-observer agreement of 3D measurements

was better than the two 2D measurements from both cephalometric devices.

5.5 Discussion

In the present study, the accuracy of linear measurements using 3 different types
of imaging modalities for cephalometry was assessed and comparisons of
measurements among the techniques were performed. Although there are
several publications that have evaluated the accuracy and compared
measurements between 2D and 3D imaging techniques, there is, to the best of
our knowledge, no publication in English that included cephalograms from a 3-
meter source-to-image-receptor distance.

Dry human skulls were used as in vitro subjects in this study to account for the
fact that several different imaging modalities had to be taken on the same
samples, and thus it was unethical to use patients for this type of study. Although
the skulls could not represent real human anatomy including soft tissues, this
model offered some advantages. Direct measurements on hard tissue were
possible unlike using real human subjects, and these were later used as gold
standard. A 1.7 mm thick copper filter was used to mimic soft tissue attenuation
during image acquisition to prevent any overexposures.

Cephalometric landmarks selected for this study included midline landmarks
and lateral landmarks, both on the right and left side. Although only 1
measurement will be used for a lateral cephalogram in clinical situations,
measurements of both sides were used in the present investigation in order to

directly compare 3D with 2D measurements. No fiducial marker was placed prior
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to image acquisition. This was done in order to mimic the real clinical situation,
as landmark identification is one of the variables affecting the intra- and inter-
observer agreement. With marker placement in an experiment, this clinical
observer bias might be largely eliminated.

Considering the imaging modalities used in the present study, 2D and 3D images
are different in nature. 2D imaging systems, in this study the lateral
cephalograms, are based on projecting shadows of anatomical structures on the
image receptors. In 2D, structures aligned obliquely to the image receptor will
result in distorted shadows on lateral cephalograms. These shadows are usually
measured and used for cephalometric analysis. In this study, the effect of the
SMD distance of two devices was evaluated, yet another factor that might
influence magnification of 2D cephalometric radiographs is the distance from the
mid-sagittal plane to the image receptor. In the current experimental set-up,
both machines had a very similar 15 cm distance from the mid-sagittal plane to
the image receptor, minimizing this secondary magnification bias.

On the other hand, for the 3D modality (CBCT), the image data were acquired
and quantified in voxels, forming a realistic volume, which is definitely different
from the 2D projection. This is one of the biggest advantages of 3D over the 2D
imaging as it can capture structures with their real dimensional relationship. As
a result, 3D image data, representing anatomical structures without any
geometric distortion, can be measured. The linear distances in this study were
defined as direct distances on 3D models, not orthogonal distances or distances
created by projecting a 3D structure on a plane, which is the principle of 2D
lateral cephalography. The purpose of this study design was to compare the
measurements on 2D and 3D imaging modalities using their full capacity. Thus, a
comparison of measurements by creating 2D projections from 3D data was
avoided. Therefore, measurements with lateral landmarks are expected to
exhibit the most pronounced differences between 2D and 3D imaging, which was
demonstrated by Go-Me values on lateral cephalograms that significantly
deviated from the gold standard and 3D measurements in the present study.

For the accuracy evaluation, it was found that the accuracy of measurements on
3-meter SMD cephalograms was lower than the other two groups with 6

measurements exhibiting statistically significant differences when compared to
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the gold standard (Table 5.3). There was no English publication found to directly
compare the results of the present study, but it was found in a few publications
that the accuracy of 3D measurements was better than measurements on lateral
cephalograms (16-18). In 2010, Varghese et al. published results on the accuracy
of CT and digital cephalometric measurements. The results showed the accuracy
of CT measurements was better than the 2D lateral cephalograms (16). Olmez et
al. found that there were no significant differences between the computer-
assisted 3D and physical measurements, while the 2D measurements showed
significant differences when compared to the physical measurements
(17). Gribel et al. investigated the accuracy and reliability of measurements on
lateral cephalograms and CBCT (18). No statistically significant difference was
found between CBCT measurements and the gold standard. However, for the
lateral cephalograms, all measurements were statistically significantly different
from the gold standard (18).

N-A was the only measurement that was statistically significantly different from
the gold standard for all types of imaging techniques. This can be explained from
previous studies published on landmark identification. It has been demonstrated
in other investigations that point A (Table 5.1) was less reliable in terms of
landmark identification (19-22). The position of the landmark situated on a
curved surface such as the concavity of the alveolar process for point A may
affect the accuracy of the identification more than a landmark situated on a small
pointed area like ANS (19). This surely affected the accuracy of linear
measurements in this study, when one of the landmarks was less reliable and
more difficult to define or prone to subjectivity. Interestingly, Perillo et al. stated
that the lack of precision in identification of landmarks might not, on average,
preclude cephalometric diagnosis (20).

It was speculated at the beginning of the study that measurements involving
both a midline landmark (Me) and a lateral landmark (Go) would result in a
statistically significant difference when compared to the gold standard. However,
the results of the present study showed significant differences only for the 3-
meter SMD cephlometric group, but not for the 1.5-meter SMD group. Table 5.3

shows deviations of the measurements of the 1.5-meter SMD group from the gold
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standard values, but when the regression model was applied, the results were
not statistically significant except for the N-A measurements (Table 5.4).

The comparison of all techniques with each other showed significant differences
in almost all measurements in all pairs of techniques. This could mean that
although the measurements were accurate when comparing to the gold standard,
the measurements were actually significantly different when comparing between
the techniques. As shown in Table 5.3, some measurements including the lateral
landmarks were highly deviated among cephalometric techniques but when
compared to the gold standard, the result was not statistically significantly
different.

The results of the 3-meter SMD cephalometric group were rather unexpected
because the system should have provided a less to none magnified lateral
cephalogram, thus the midline measurements should have been close to those
obtained from gold standard physical measurements. One reason that could help
explain this circumstance was the quality of the phosphor imaging plate. From
the exposure parameter applied to the device, it did not give the image optimal
brightness, contrast and sharpness. This might have affected the landmark
identification process. The images were calibrated properly by using the
diameter of the ear rod as a reference - so this could be excluded as a possible
factor affecting the measurement values.

The results of this study showed that the observer agreement of measurements
on 3D models was slightly superior to the agreement of measurements on 2D
lateral cephalograms, regardless of the type of the cephalometric device. This
finding was in line with results published by previous studies. A study done by
Gribel et al. showed that measurements on 3D images (intraclass correlation
coefficient (ICC) = 0.99) were as reliable as the measurements on 2D images (ICC
= 0.98) (18). On the other hand, Damstra et al. found the ICC of the 2D
measurements on lateral cephalograms (ICC > 0.97) to be higher than the ICC of
3D measurements (ICC > 0.88), but there was no statistically significant
difference between the two methods (23).

Although in a study by Van Vlijmen et al., the result was in the opposite direction
(24). It was found that the intra-observer reliability of the measurements on the

conventional cephalometric radiographs was higher compared with the intra-
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observer reliability of measurements on the 3D models. The authors suggested 2
factors possibly affecting the results: the learning curve in 3D tracing and the
added third dimension of the image (24). In the present study, an intensive
calibration of the observers was performed prior to the measurements, in order
to be familiar with the software and landmark definition both in 2D and 3D. The
results were therefore improved.

The results of the present investigation showed that inter-observer agreement is
lower than the intra-observer agreement. This was expected, as observer
performance can be affected by several factors such as background experiences,
the familiarity of the observers to the software and the ability to identify
landmarks according to the definitions. A calibration session was conducted
prior to the observation to minimize the effect of these factors.

To acquire CBCT images on real patients, dental CBCT examinations should be
fully justified over conventional X-ray imaging and dose optimisation by field of
view (FOV) collimation and low dose settings should be achieved (8, 25). Large
FOV CBCTs should be used only when full indication and justification for the
benefit of the patient is applied, as the radiation dose received from the CBCTs is
strongly related to FOV size and also dependent on the specific CBCT machine
(8). Recent guidelines on orthodontic use of CBCT imaging were published by the
American Academy of Oral and Maxillofacial Radiology (AAOMR) (26).
Furthermore, guidelines and recommendations on CBCT use for dental and
maxillofacial radiology have been made available by the European Commission
to offer clinicians and orthodontists some guidance and recommendations (27).
In general, the selection of radiographic imaging should be based on initial
clinical evaluation and must be justified based on individual need without being
considered “routine” (26, 28). Especially when treating children and young
adults, the decision to perform a CBCT examination must be based on the
patient’s history, clinical examination, available radiographic imaging, and the
presence of a clinical condition for which the benefits of the diagnosis and/or
treatment plan outweigh the potential risks of exposure to radiation (26, 28).
Therefore, 3D cephalometric analysis and 3D orthodontic treatment planning
should only be performed when their benefits to the patients in specific cases

can overcome the radiation risk.
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5.6 Conclusions

This study has confirmed the knowledge on the accuracy of linear cephalometric

measurements of 2D and 3D images. Although the results did not show that 3D

measurements were more accurate than the 2D standard digital lateral

cephalograms (1.5-meter SMD), the results did confirm that 3D measurements

were more reliable than measurements on 2D images.
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Chapter 6

6.1 Abstract

Objective: To assess the reproducibility of sella turcica landmark in 3
dimensions by using a new sella turcica specific landmark reference system.
Materials and methods: Thirty-two cone-beam computed tomographic scans
(3D Accuitomo® 170) were retrospectively collected. The three-dimensional
(3D) data were exported into DICOM and imported to Maxilim® software to
create 3D surface models. Five observers identified four osseous landmarks to
create the reference frame and then identified two sella turcica landmarks.
Coordinates (X, y, z) of each landmark were exported. The observations were
repeated after 4 weeks. Statistical analysis was performed.

Results: The intra-observer mean precision of all landmarks was < 1 mm. For
the sella turcica landmarks, intra-observer mean precision ranged from 0.43 (SD
0.34) mm - 0.51 (SD 0.46) mm. The intra-observer reproducibility was generally
good. The overall inter-observer mean precision was < 1 mm. Inter-observer
reproducibility of sella turcica landmarks was good with > 50% of the precision
in locating the landmark below 1 mm.

Conclusions: A newly developed reference system offers high precision and
reproducibility for sella turcica identification in 3 dimensions. This method has
the potential to increase the reliability of the whole cephalometric analysis and

other angular measurements related to the sella point.
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6.2 Introduction

A cephalometric analysis is an essential part of the orthodontic treatment
planning. One analysis is comprised of several cephalometric landmarks.
Longitudinal growth evaluation of an individual and orthodontic treatment
outcome can be assessed through superimposition of structures on the lateral
cephalogram.

The sella turcica landmark is one of the most commonly used cephalometric
landmarks. This landmark is located at the center of the pituitary fossa in the
cranial base. The morphology of the sella turcica has been described by several
authors (1-7). Literature showed that there are variations in the shape and size
of the sella turcica in adults (7). The sella turcica can be classified into 3
segments: an anterior wall, the floor and the posterior wall (dorsum sellae). The
shape can vary from round, oval, which are the most common, and flat (1).
Traditionally, cephalometric tracing is performed on a lateral cephalogram. The
technique was first introduced by Hofrath (8) in Germany and Broadbent (9) in
the United States. Although the technique was widely accepted as a standard tool
for orthodontic treatment planning for several decades, it has shown several
disadvantages because of the geometric distortion and superimposition of
structures on the radiographs.

Recently, 3D imaging modalities such as computed tomography (CT) and cone-
beam computed tomography (CBCT) have played an important role in dentistry.
CBCT offers relatively lower radiation doses than multi-slice CT (MSCT) (10);
therefore, it has become very popular for maxillofacial diagnosis and treatment
planning. In orthodontics, 3D images allow orthodontists to visualize craniofacial
structures in 3 dimensions without the superimposition of anatomical structures
(11-13). This modality proves to be useful in several orthodontic aspects, one of
which is the three-dimensional cephalometry.

3D cephalometry offers orthodontists the opportunity to identify cephalometric
landmarks in 3 dimensions with the aid of the 3D image viewing software
(14,15). Several publications have shown the advantages of this technique over
the traditional 2D cephalometric analysis especially for the accuracy of the

measurements (16,17) and the landmark identification reproducibility (18-20).
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In 3D maxillofacial software, the sella point is usually identified based on 2D
cephalometric images generated from 3D data either from CT or CBCT (14). In
literature, it was shown that the results of sella point identification in this
technique was good (21-23); however, a question was raised whether the sella
landmark identified on the generated 2D image truly refers to the real ‘geometric
center’ of the sella turcica especially in the situation where the shape of the sella
turcica is not within normal range. No solid method on how to identify the sella
turcica, which is a floating landmark in nature, on real 3D surface models was
published (20). Therefore, the aim of this study was to assess the reproducibility
of identifying the sella turcica landmark in three dimensions by using a newly

developed reference system.

6.3 Materials and methods

The study protocol (reference number: ML6960, BE322201010078) was
approved by the UZ Leuven Medical Ethics Committee. The authors have read
the Helsinki Declaration and have followed the guidelines in this investigation.
Thirty-two patients (11 males and 21 females, age range 8.8-76.7 years (mean
26.0, SD 21.6 years) were retrospectively selected from the hospital database.
The selection criteria were: (1) Patients with CBCT images; (2) The sella turcica
was present in the images; (3) No significant pathology of the maxillofacial
region; (4) No significant asymmetry of the face; (5) No significant anatomical
variation at the sella turcica and sphenoidal region.

The CBCT scans of each patient were taken with 3D Accuitomo® 170 (]. Morita,
Kyoto, Japan) with the minimum field of view (FOV) of 140 x 100 mm (90 kVp,
mAs, voxel size 0.25 mm.) CBCT data were exported from i-Dixel® software (J.
Morita, Kyoto, Japan) in digital imaging and communications in medicine
(DICOM) format and then imported into Maxilim® software (Medicim NV, Sint-
Niklaas, Belgium). 3D surface models for all subjects were created using full
CBCT volume with 0.5 mm sub-sampling of voxels. The threshold was set
between 276 and 476 to segment the hard tissues for the 3D models. The models

were then saved and randomized.
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Reference frame

A reference system was created in Maxilim® software with the purpose to
identify the geometric center or mid-point of the sella turcica. The reference
frame was composed of 6 landmarks (4 operator-indicated landmarks, 2
software-calculated landmarks) and 2 sella turcica landmarks which were

indicated on 2 different vertical planes, created from the reference system (Table

6.1) (Fig. 6.1).

Table 6.1 Landmarks used in this reference system with their definitions

Landmarks

Definition

Anterior clinoid process right
(ACP-R)
Anterior
(ACP-L)
Apex of the petrous part of the
temporal bone right (APT-R)
Apex of the petrous part of the
temporal bone light (APT-L)

Mid ACP

clinoid process left

Mid APT

Sella turcica on a plane through
Mid ACP (Sella 1)

Sella turcica on a plane through
Mid APT (Sella 2)

The tip of anterior clinoid process of the right side
The tip of anterior clinoid process of the left side

The apex of the petrous part of the temporal bone
of the right side

The apex of the petrous part of the temporal bone
of the left side

A point in the middle between right and left ACP
indicated by the software

A point in the middle between right and left APT
indicated by the software

The sella turcica identified on a vertical plane that
passed through Mid ACP and perpendicular to a
plane created by Mid ACP, APT-R and APT-L

The geometric center of the sella turcica identified
on a vertical plane that passed through Mid APT

and perpendicular to a plane created by Mid APT,
ACP-R and ACP-L

Image evaluation

Five observers (two 3™ year orthodontic residents, two dentomaxillofacial
radiologists with 5 and 8 years experience and one maxillofacial surgeon with 20
years experience) were initially introduced to an instruction and calibration
session that allowed the observers to understand the definitions of landmarks
and to be familiar with the software.

During the observation, the observers had to identify 6 landmarks (Table 6.1).
Coordinates (x, y, z) of each landmark were exported to Excel files. The
observation was repeated after 4 weeks to provide the data for intra-observer

evaluation.

130



Chapter 6

Figure 6.1 A and B show a top and an oblique overview of a 3D model of one patient,
respectively. In this figure, a reference was created by locating 4 landmarks (anterior
clinoid process (ACP) right and left, apex of the petrous part of the temporal bone right
(APT) right and left). C is a close-up of the top view (A), showing landmarks that form
the reference system: a. anterior clinoid process (ACP) right and left, b. apex of the
petrous part of the temporal bone right (APT) right and left and c. one of the sella turcica
landmark. D is a close-up of the oblique view, showing landmarks a, b and c. The sella
turcica (c) was located on one of the vertical planes created from the reference system
in Maxilim® software.

Statistical analysis
Coordinates (x, y, z) of 6 operator indicated landmarks were exported and put in
Excel files. For each pair of landmarks placed by the observers, the Euclidean

distance (d) between the 2 points was calculated by the formula:
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d = V{(x1-x2)>+(y1 -y2 )%+ (21 -22)%}

Point 1 coordinate: (x1, y1, Zz1) = coordinate at time point 1 or coordinate from observer 1
Point 2 coordinate: (x2, y2, Z2) = coordinate at time point 2 or coordinate from observer 2

(These are also applied for coordinates from observer 3, observer 4 and observer 5.)

In this study, the precision was defined as “the mean distance of all subjects of a
specific landmark”. Intra-observer precision was defined as “the mean distance of
all subjects of a specific landmark for each observer”. Inter-observer precision
was defined as “the mean distance of all subjects of a specific landmark for each
pair of observers”.

The reproducibility was defined as “the percentage of precision values”. The
intra- and inter-observer reproducibility was categorized into 3 levels,
determined as the percentage of the precisions < 0.5 mm, < 1 mm, and > 1 mm.
Parametrical tests were used for statistical analysis because the data were

normally distributed.

Intra-observer precision

A multiple paired t-test was performed on the transformed variable with
Bonferonni correction (p<0.005) to determine the difference of the intra-
observer precision between observers for each landmark. ANOVA with a Tukey
post-hoc test was used to compare the means of the intra-observer precision

between landmarks for each observer.

Inter-observer precision

All the possible distances between the 2 points of each pair of observers were
calculated; therefore, there were 4 distance values for each subject, each
landmark and each observer.

A multiple paired t-test with Bonferroni correction was performed to compare
the 4 distances cited above. None of the comparisons reached a statistical
significance, thus all these distances were joined together.

Mean values of the precision of each anatomical landmark, between each pair of

observers, were evaluated by a multiple paired t-test with Bonferroni correction
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(p<0.0011). ANOVA with a Tukey post-hoc test was calculated to compare the

means of the precision between landmarks for each pair of observers.

6.4 Results

The results showed that all distances were positive and normally distributed.

Intra-observer precision and reproducibility

The results of the intra-observer precision are shown in Table 6.2. The intra-
observer mean precision of all landmarks were < 1 mm. The best mean precision
was 0.23 mm (SD 0.39) for ACP-L. The poorest mean precision was 0.96 mm (SD
1.76) for APT-R. For sella tucica landmarks (Sella 1 and Sella 2), intra-observer
mean precision ranged from 0.43 (SD 0.34) mm - 0.51 (SD 0.46) mm.

The comparison between the intra-observer precision of each observer, using
multiple paired t-test on the transformed variable with Bonferonni correction
(p<0.005), showed significant differences in ACP-R, ACP-L and APT-L. This
implied that ACP-R, ACP-L and APT-L, identified by some observers, were
significantly more precise than others.

The intra-observer reproducibility (Table 6.3) of landmarks was generally good
(more than 50% of mean distance is < 1 mm) but APT-L in one observer showed
53.1% of precisions above 1 mm. Sella 1 and Sella 2 showed good intra-observer
reproducibility for all observers, with only 6.3-15.6% of mean distance above 1

mm (Table 6.3).

Inter-observer precision and reproducibility

No statistically significant difference was found when comparing precision
values of each observer at 2 time points by using a multiple paired t-test with
Bonferroni correction (p<0.0083). Therefore, the data were joined together

without taking the time point into account.
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The results of the inter-observer precision are shown in Table 6.4. For most
landmarks the inter-observer mean precision was < 1 mm except APT-R and
APT-L that showed the mean precision > 1 mm for most pairs of observers.

Significant differences between each pair of observers for all anatomical
landmarks were found (p<0.0011) and thus implied that the inter-observer

precision and reproducibility was observer dependent.

Table 6.4 Inter-observer precision (mm) for every pair of observers (0O)

ACP-R ACP-L APT-R APT-L Sella 1 Sella 2

M SD M SD M SD M SD M SD M SD

01/2 055 055 044 051 084 146 062 126 067 053 063 0.57
01/3 045 053 044 047 079 1.00 079 117 068 06 070 0.61
01/4 062 057 066 053 193* 189 1.58* 139 078 0.63 0.76 0.65
01/5 044 051 048 052 088 118 081 1.03 076 0.61 068 0.6
02/3 053 057 053 048 1.04* 112 087 116 059 048 0.62 0.50
02/4 059 063 057 054 162* 177 132* 119 053 045 0.58 0.51
02/5 055 055 047 047 119* 130 1.03* 113 065 0.53 0.65 0.55
03/4 064 059 059 053 182* 191 1.63* 153 066 053 0.62 0.52
03/5 057 053 056 051 085 1.06 098 1.06 085 0.69 0.56 045
04/5 045 046 044 046 199* 182 2.03* 171 071 057 070 0.55

* mean precision > 1 mm

For each pair of observers, an ANOVA with a Tukey post-hoc test was also
performed to compare the means of the precision values between landmarks. It
was found that for all pairs of observers, the precision of ACP-R and ACP-L were
significantly better than other landmarks. For most pairs of observers, the
precision of Sella 1 and Sella 2 were better compared to that of APT-L and APT-R,
and sometimes as good as ACP-L and ACP-R.

The inter-observer reproducibility in percentage is shown in Table 6.5. The
reproducibility was good to very good for ACP-R and ACP-L (only 9.4-30.5% of
mean precisions > 1 mm). The reproducibility of APT left and right was poorer
(36.7-90.6% of mean precisions > 1 mm). The reproducibility of 2 sella turcica
landmarks (Sella 1 and Sella 2) was shown to be good (7.8-37.5% of mean

precisions > 1 mm).
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6.5 Discussion

The current study investigated the precision and reproducibility of landmarks
incorporated in a new reference system which was developed in order to
precisely indicate the sella turcica landmark in 3D.

CBCT scans of patients were collected retrospectively. No age limitation was set
in the study criteria although age may be one of the factors that can cause
variations in the sella turcica region. In the inclusion criteria, it was stated that
there must be no variation at the sella and sphenoidal regions, as from literature,
bridging of the sella turcia or calcification of the interclinoid ligament (ICL)
occurs in 1.1-13% of the normal population (24-26). This also implies that the
system developed in the present study should only be used in patients without
sella variations.

Bony resorption of the posterior part may occur which might result in difficulty
in identifying the border of the sella turcica. The results of this study showed that
for some landmarks (APT, Sella), the precision was case sensitive. This might be
because of the fact that in CBCT scans of some patients, the landmarks and bony
structures were more difficult to visualize and also in some CBCTs, image noises
were more obvious.

Selection of the CBCT devices might also be a key factor in performing 3D
cephalometry as this may affect the image quality and the quality of the 3D
computed surface model. In this present study, data were retrospectively
collected and the number of device was limited to one. The CBCT data was tested
for compatibility with Maxilim® software.

The Maxilim® software showed a minor limitation while segmenting 3D surface
models. The software does not allow the operator to reduce any image artifacts
or noises. Thus while selecting the hard tissue threshold to create a surface
model, some unwanted soft tissue parts and artifact were included in the 3D
model. This gave the observers some difficulties in viewing the images of some
patients whose CBCT showed more noises and artifacts.

The reference system created in this study was comprised of 4 operator-
indicated landmarks, 2 software-calculated landmarks and 2 sella turcica

landmarks on 2 different vertical planes (Table 6.1). The landmarks used in the
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system were carefully selected to be able to precisely identify the center of the
pituitary fossa. All landmarks forming the vertical planes are located adjacent to
the sella turcica so the planes were not affected by variations of other
craniofacial structures.

In this study, an upper limit of 1 mm was chosen as a clinical relevance level.
There was no scientific evidence that proved whether 1 mm is the real clinical
standard. Yet, it is usually presumed that larger differences may cause an
unacceptable difference in measurements, thus may alter the cephalometric
analysis results (20,27).

The results showed that both intra- and inter-observer precision of all
landmarks were moderate to very good although for some landmarks (APT), the
precision was poorer especially for inter-observer precision but even with this
poorer precision, it did not alter much how the observers indicated the sella
points on these vertical planes.

The intra-observer precision was slightly better than the inter-observer
precision. This trend was expected as the examiner factor is one of the factors
that may influence the result in observational study. The difference in
background of the observers, the familiarity of the observers to the software and
the ability to identify landmarks according to the definition might play a role. A
calibration session was performed to minimize this effect as much as possible.

In this study, two of the observers (observer 1 and 2) had more experience in
using Maxilim® software prior to the observations. This effect could still be
observed in the results. There were significant differences of intra-observer
precision between observers for some landmarks (ACP and APT) and that 2
observers (observer 1 and 2) could identify the landmarks more precisely. Also
while evaluating inter-observer precision, significant differences between each
pair of observers for all anatomical landmarks were found, implying that the
inter-observer precision was observer dependent. These findings may indicate
that more calibration sessions should be performed in the future study related to
new software or the observers should be selected based on their experience
when it is possible.

The overall reproducibility of all landmarks was good. ACP was the most

reproducible, followed by 2 sella landmarks and the least reproducible was the
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APT (left and right) (highest % of precisions > 1 mm). There was no difference in
using either Sella 1 or Sella 2. Sella 2 on a vertical plane, passing through mid-
APT is recommended because ACP points were more reproducible thus better to
be used separately.

Some authors have published results of 3D landmark reproducibility by using
different methods. However, no similar sella-specific reference system was
evaluated prior to this study. Therefore, their results cannot be directly
compared with the results from the present study.

In 2008, Marumatsu et al. (28) reported the plotting reproducibility of
landmarks on 3D-CT using the 95% confidence ellipse method. The methodology
of this study is different from the present study as the landmarks were located
only on the axial views of the CT images of one phantom head. The
reproducibility of sella turcica was reported to have some variations (28).
Another study was conducted by de Oliveira et al. (23) to evaluate 3D landmark
identification. The results showed high intraclass correlation coefficient of both
intra- and inter-observer assessments. The authors concluded that 3D landmark
identification using CBCT could offer reproducible data if a protocol for operator
training and calibration was followed (23). In the present study, the calibration
session was done and the landmark definitions were carefully defined.

In orthodontics, sella turcica (S) is utilized as a reference point to evaluate
longitudinal growth of the patients and also evaluate the treatment results by
superimposing several lateral cephalogram and comparing angles e.g. SNA (sella-
nasion-point A) and SNB (sella-nasion-point B). Further studies should be
conducted to integrate this sella reference system into 3D cephalometric analysis
and assess how this system may influence the angular measurements and the

results of several 3D cephalometric analyses.

6.6 Conclusions

The sella turcica landmark is one of the most important cephalometric
landmarks although it is a floating landmark in nature. Identifying the sella
turcica by using a newly developed reference system offers high precision and
reproducibility in 3-dimensions, without being based on 2D images derived from

3D data.
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Chapter 7

7.1 Abstract

Objectives: To develop a 3D landmark reference system that is specific for
mandibular midline cephalometric landmarks and to assess its reproducibility
and the reproducibility of the mandibular midline cephalometric landmarks.
Materials and methods: Cone-beam computed tomography (CBCT) scans (3D
Accuitomo® 170) were performed on 26 dry human skulls. The CBCT data were
exported into DICOM and imported to Maxilim® software to create 3D surface
models. The reference system was composed of five landmarks: two mandibular
foramina, two molar landmarks and one interincisive landmark. Three observers
used a new landmark reference system to identify four mandibular
cephalometric landmarks: Point B, Pogonion, Gnathion and Menton. The
coordinates (x, y, z) of each landmark were exported to Excel. The observations
were repeated after 4 weeks. Statistical analysis was performed.

Results: The intra-observer median precision in locating all landmarks ranged
between 0.17-0.61 mm. The intra-observer reproducibility was generally good
with a precision under 1 mm in >50% of the measurements. The overall median
inter-observer precision was 0.26-2.30 mm. The mandibular foramina showed
the best inter-observer reproducibility. The general inter-observer
reproducibility was moderate to good except for Pogonion and Point B.
Conclusion: A newly developed reference system offered good precision and
generally good to moderate reproducibility for mandibular midline

cephalometric landmark identification in three dimensions.
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7.2 Introduction

Cephalometric analysis is an essential part of orthodontic treatment planning.
This technique was first introduced by Hofrath (1) in Germany and Broadbent
(2) in the United States. It is traditionally performed on a lateral cephalogram
and a frontal cephalogram. Although this widely accepted technique has been
used as a standard tool for orthodontic treatment planning for several decades, a
disadvantage of the technique is geometric distortion and the superimposition of
structures on a radiograph (3,4).

A cephalometric analysis comprises several cephalometric landmarks.
Mandibular midline landmarks are important elements in many cephalometric
analyses. The landmarks in this region are Point B (B), Pogonion (Pog), Gnathion
(Gn), and Menton (Me). These important landmarks are used to define
mandibular planes and to investigate the relationship of the mandible to the
maxilla. These landmarks are part of angular measurements such as Sella-
Nasion-Point B and Nasion-Pogonion to the Frankfort horizontal plane. They are
also used to analyze the vertical relationship of the jaws (Sella-Nasion to Gonion-
Gnathion) and to analyze the inclination of the lower incisors to the mandibular
plane (incisor mandibular plane angle) (5).

Three-dimensional imaging modalities, especially cone-beam computed
tomography (CBCT), have become important diagnostic tools in dentistry. CBCT
generates a lower radiation dose than that of multi-slice CT (MSCT) (6) and
produces detailed images of the dentition and maxillofacial region. Therefore,
CBCT has become very popular for use in maxillofacial diagnosis and treatment
planning. Three-dimensional images allow orthodontists to accurately visualize
craniofacial structures in all dimensions, without the superimposition of
anatomic structures (7-9). This modality is useful in orthodontic cases such as
canine impaction, root resorption, sleep disorders, orthognathic surgery, and
also in three-dimensional cephalometry.

Three-dimensional cephalometry allows clinicians to identify cephalometric
landmarks in three dimensions with the aid of 3D image viewing software
(10,11). Several studies have shown the advantages of this technique over

traditional 2D cephalometric analysis (12-15).
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When using 3D maxillofacial software, the mandibular midline landmarks are
usually identified based on 2D cephalometric images generated from a 3D
dataset (10). Studies have demonstrated the reliability and accuracy of 3D
cephalometric landmark identification, including B, Pog, Gn, and Me (16-18).
However, it is not clear if these landmarks, identified on the generated 2D image,
refer to the appropriate midsagittal plane of the mandible because the reference
system provided by several studies used landmarks that are not related to the
mandible (19). No accurate method or system that allows the operator to
identify mandibular midline landmarks on 3D models without generating 2D
lateral cephalometric views has been described (19).

Therefore, the aim of this study was first to develop a 3D reference system that is
specific for mandibular midline landmarks and to assess its reproducibility and

the reproducibility of mandibular midline cephalometric landmarks.

7.3 Materials and methods

Samples

Twenty-six dry human skulls with present upper and lower first incisors and
first molars were collected from the Department of Anatomy, Hasselt University,
Diepenbeek, Belgium. The mandibles were attached to the skulls by taping from
the temporal area of both sides. The occlusion was fixed at the maximum
intercuspation. The study protocol (reference number: ML6960,
BE322201010078) was approved by the UZ Leuven Medical Ethics Committee,
University Hospitals Leuven, KU Leuven. The authors have read the Helsinki

Declaration and have followed the guidelines in this investigation.

Imaging modalities

CBCT scans of the samples were taken using 3D Accuitomo® 170 (J. Morita,
Kyoto, Japan) with the largest field of view: 170 mm diameter x 120 mm height
(High-Fidelity mode: 90 kVp, 154 mAs, voxel size 0.25 mm.). A 1.7-mm-thick
copper filter was attached to the machine during image acquisition to simulate
soft tissue attenuation. CBCT data were exported to Digital Imaging and
Communications in Medicine (DICOM) files then imported to Maxilim® software

version 2.3.0.3 (Medicim NV, Sint-Niklaas, Belgium). A 3D surface model was
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created for each sample using the full CBCT volume with 0.5 mm sub-sampling of
voxels. The threshold was set at 276 to segment the hard tissues for the 3D

models.

Reference frame

A reference system was created in the Maxilim® software to identify the
mandibular midline cephalometric landmarks. The reference frame was
composed of 5 mandibular landmarks and 4 mandibular midline cephalometric
landmarks that were indicated on a vertical plane created from the reference
system (Table 7.1) (Fig. 7.1).

Two observers (one Dentomaxilofacial radiologist with 8 years of experience and
one oral and maxillofacial surgeon with 20 years of experience) were initially
calibrated in a calibration session. Detailed instructions about landmark
definition and software manipulation were given. The observers completed each

set of observations twice with a 4 week-interval.

Table 7.1 Definitions of the landmarks and planes used in the reference system

Name Definition

Landmarks

Mandibular foramen right and The point at the superior margin of the mandibular
left (MF-R, MF-L) foramen

Molar right and left (M-R, M-L) The point located on the alveolar crest at the area
perpendicular to the lingual fissure of the
mandibular first molar

Interincisive (11) The point located at the alveolar crest in the middle
between two mandibular central incisors
Point B (B) The intersection between the midsagittal plane and

the most posterior point of the anterior surface of
the mandibular symphysis

Pogonion (Pog) The intersection between the midsagittal plane and
the most anterior point of the mandibular
symphysis

Gnathion (Gn) The intersection between the midsagittal plane and

the the most anteroinferior point of the mandibular
symphysis, bisecting the angle between Pog and Me

Menton (Me) The intersection between the midsagittal plane and
the lowest point of the mandibular symphysis

Planes
Horizontal plane The plane formed by MF-R, MF-L and II landmarks
Vertical plane The plane passing through M-R, M-L and

perpendicular to the horizontal plane
Mandibular midsagittal plane The plane passing through II and perpendicular to
the horizontal and vertical planes
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Figure 7.1 The mandibular landmark reference system. A is the anterior view of the 3D
model of a sample, showing identified landmarks: II, B, Pog, Gn and Me located on a
midsagittal plane that created from the reference system. B shows the posterior view of
the sample with landmarks: MF-R, MF-L, M-R, M-L, and Me. C is the oblique view with
25% transparent of the midsagittal plane, showing B, Pog, Gn and Me.

Statistical analysis
The coordinates (x, y, z) of the landmarks were exported into Excel files. For each
pair of landmarks identified by the observers, the Euclidean distance (d)

between the 2 points in 3D space was calculated by the formula:

d = V{(x1-x2)>+(y1 -y2 )%+ (21 -22)%}

Point 1 coordinate: (x1, y1, Z1) = coordinate at time point 1 or coordinate from observer 1

Point 2 coordinate: (x2, y2, Z2) = coordinate at time point 2 or coordinate from observer 2

Non-parametrical tests were used because the distribution of the data was not
normal.

The distance between point 1 (15t observation) and point 2 (2 observation) was
used to determine the intra-observer precision. The intra-observer precision of
each landmark was defined as “the median distance of all samples”. The intra-
observer precision between observers and the intra-observer precision between
landmarks was compared using the multiple Wilcoxon’s test with Bonferroni’s
correction (p<0.0054 and p<0.0014, respectively).

To determine the inter-observer precision 4 possible distances between the 2
points of each observer were calculated for each landmark. The multiple
Wilcoxon’s test with Bonferroni correction (p<0.0083) was performed to

compare the 4 distances. None of the comparisons reached a statistical
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significant level, thus all distances were joined together. The inter-observer
precision for each landmark was defined as “the median distance of all samples
of these 4 measures”. The inter-observer precision between landmarks was
compared by a multiple Wilcoxon’s test with Bonferroni’s correction (p<0.0014).
Reproducibility was presented as a percentage and categorized into three levels
defined as the percentage of the precision in locating the landmark by < 0.5 mm,
<1 mm, or > 1 mm. Good, moderate, and poor reproducibility were defined as
when >50% of the precision in locating the landmark were < 1 mm, 51-75%

were > 1 mm, and when >75% were >1 mm, respectively.

7.4 Results

Intra-observer precision and reproducibility

No statistically significant difference was found when comparing the precision
between the two observers. When examining the intra-observer precision in
locating the landmarks, the right and left mandibular foramina (MF-R, MF-L)
were located with significantly better precision than all other landmarks
(p<0.0001).

The median intra-observer precision was < 1 mm for all landmarks (Table 7.2).
The landmarks that were located the most precisely were the mandibular
foramina. Point B (B) showed the highest maximum value at 3.47 mm (median
0.48 mm).

The intra-observer reproducibility is shown in Table 7.3. All the landmarks were
located with >50% of the precision in locating the landmarks < 1 mm. The right
and left mandibular foramina (MF-R, MF-L) were the most reproducibly located

landmarks with >90% of the precision in locating the landmarks < 0.5 mm.

Inter-observer precision and reproducibility

The median inter-observer precisions in locating the landmarks are presented in
Table 7.4. Comparison of the inter-observer precision between landmarks
showed that MF-R (0.28 mm) and MF-L (0.26 mm) were significantly better than
other landmarks (p<0.001). The median precision in locating Pog was

significantly poorer than those of the landmarks (p<0.001).
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The inter-observer reproducibility is shown in Table 7.5. All landmarks resulted
in > 50% of the precision in locating the landmark below 1 mm except for Pog,
Gn, Me, and B. MF-R and MF-L showed the best inter-observer reproducibility
with > 70% of the precision in locating the landmark below 0.5 mm. The
distribution of the inter-observer precision of Pog, Gn, Me, and B (2 observers, 2
times) are shown in Figure 7.2. It was observed that the precision distribution
mostly ranged between 1-3.5 mm. However, a few measurements had a

precision of 5 mm (Fig. 7.2).

23 Pogonion 27 Gnathion
_25
23
16
c c
0 14 o
@ 13 1o B
(53 ) 1
g 9 o -
a a
2 [ 7 e
o 5 (o] 6
731 { » 5 5
i i {0
1 1 1
8 _ [ 8 |
0 1 2 3 4 5 0 1 2 3 4
millimeter millimeter
- |
2% Point B
I 22
26 Menton ==
22
c (T =
2 18 kel
2 16 = 0 13
8 S 1 ]
o 13 o | o 10
a a {
- 3 -
o 5] 6
g 1723
8 1 % 2 A 2 a1
3 = 3| I T
0 1 2 3 0 2 3 4 5

millimete; millimeter
Figure 7.2 The distribution of the inter-observer precision in locating Pogonion (Pog),
Gnathion (Gn), Menton (Me), and Point B (B). The precision distribution of Pog ranged
mostly between 1.5-4 mm. For Gnathion, the precision ranged between 1-2.5 mm. For
Me, the precision ranged from 0-3 mm and lastly for B, the precision ranged from 0-3.5
mm. The precision of the measurements ranged up to 5.5 mm.

Table 7.2 Intra-observer precision (mm)

Landmarks Median Min Max
MF-R 0.23 0.03 1.25
MF-L 0.17 0.03 1.67
11 0.33 0.06 2.31
M-R 0.47 0.07 2.18
M-L 0.61 0.06 2.59
Me 0.40 0.09 2.19
Pog 0.41 0.11 1.95
Gn 0.41 0.07 1.67
B 0.48 0.03 3.47

151



Mandibular cephalometric landmarks in 3D

Table 7.3 Intra-observer reproducibility, showing percentage (%) of the

precision in locating the landmark < 0.5 mm, 0.5-1 mm and > 1 mm.

% precision

Landmarks

<0.5 0.5-1 >1
MF-R 92.3 5.8 1.9
MF-L 92.3 7.7 0.0
II 61.5 30.8 7.7
M-R 55.8 26.9 17.3
M-L 40.4 40.4 19.2
Me 69.2 21.2 9.6
Pog 57.7 23.1 19.2
Gn 59.6 32.7 7.7
B 50.0 21.2 28.9

Table 7.4 Inter-observer precision (mm)

Landmarks Median Minimum Maximum
MF-R 0.28 0.01 1.30
MF-L 0.26 0.02 1.08
11 0.71 0.03 2.80
M-R 0.80 0.12 2.85
M-L 0.60 0.02 1.98
Me 1.41 0.11 3.05*
Pog 2.30 0.22 5.01*
Gn 1.61 0.12 3.74*
B 1.16 0.06 5.00*

* The maximum inter-observer precision value >3 mm

Table 7.5 Inter-observer reproducibility, showing percentage (%) of the

precision in locating the landmark < 0.5 mm, 0.5-1 mm and > 1 mm.

% precision

Landmarks

<0.5 0.5-1 >1

MF-R 74.0 24.0 1.9
MF-L 80.8 17.3 1.9
11 34.6 31.7 33.7
M-R 21.2 49.0 29.8
M-L 39.4 34.6 26.0
Me 15.4 21.2 63.5
Pog 4.8 8.7 86.5*
Gn 4.8 11.5 83.7*
B 25.0 21.2 53.9
*>75%
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7.5 Discussions

The present study investigated the precision and reproducibility of locating
landmarks used in a new reference system developed to precisely indicate
important mandibular cephalometric landmarks in three dimensions. The results
showed good intra-observer precision and reproducibility in locating the
landmarks and moderate to good inter-observer precision and reproducibility in
locating the landmarks, except for Pog and B.

In the present 3D cephalometric study, dry human skulls were used to represent
human subjects. A limitation in using dry human skulls is the lack of soft tissue;
therefore, they may not represent real human anatomical structures. Due to
ethical concerns about exposing healthy human subjects to ionizing radiation, it
is generally accepted to use dry skulls in cephalometric studies. The main focus
of the present study was on hard tissue landmarks, thus soft tissues were not
necessary. However, a copper filter was used during image acquisition to
simulate soft tissue attenuation and to prevent overexposure.

On a 2D lateral cephalogram, the midline landmarks are located using the image-
indicated midline. In 3D analysis, one dimension is added, thus to use the same
landmarks as in 2D, a midsagittal plane must be created. In the present study,
Maxilim® software was used to develop the 3D landmark reference system. The
reference system developed in our study comprised 5 operator-indicated
landmarks (MF-R, MF-L, M-R, M-L, and II), and 4 mandibular cephalometric
landmarks (Pog, Gn, Me, and B), which were located on the mandibular
midsagittal plane created by the reference system. The selection of the
landmarks used in the reference frame was based on a previous pilot experiment
that indicated that these are easily identified mandibular landmarks. MF-R, MF-L,
M-R, M-L, and II are located on the mandible to develop a mandibular specific
midsagittal reference plane. This mandibular specific midsagittal plane may
deviate from the upper and mid-face midsagittal plane where sella turcica (S) is
usually used as one of the elements in connecting this plane (10); however, the
mandibular specific midsagittal plane represents the real mandibular midline.
Using this mandibular midsagittal plane, the mandible can be analyzed in three

dimensions instead of using a lateral virtual view created from the CBCT image
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dataset for 3D cephalometry. This plane will be different based on each
individual.

A review of the literature did not reveal any studies on developing a 3D
reference system that is specific for the mandibular region. The results of our
study showed good intra-observer precision and reproducibility in locating the
landmarks and generally moderate to good inter-observer precision and
reproducibility in locating the landmarks except for Pog and B. The data was
analyzed using the median because the data were not normally distributed.

The intra-observer precision results indicated that the mandibular foramina
were the most precisely located landmarks. All landmarks were located with a
median precision < 1 mm. Locating Point B had the poorest intra-observer
precision and reproducibility among the landmarks. This can be explained by a
previous study that found that when a landmark is situated on a curved surface
the accuracy of its identification could be affected (20). Thus, Point B, which is
normally defined as the point of maximum concavity in the midline of the
alveolar process of the mandible, may be located less accurately compared to a
landmark situated on a small specific area e.g. MF-R and MF-L (The points at the
superior margin of the mandibular foramina). In this study, Point B was less
reliable and more difficult to define or prone to subjectivity even though the mid-
sagittal mandibular plane could help limit the error. Our results are also
supported by other studies that demonstrated landmarks on a curved surface
were usually less reliably located (14,18).

The difficulty in locating landmarks on a curved surface can also account for the
inter-observer precision and reproducibility results. The most precisely located
landmarks were the mandibular foramina (MF-R, MF-L). The mandibular
cephalometric landmarks (Me, Pog, Gn, and B) were located with a median
precision > 1 mm and the reproducibility in locating these landmarks ranged
from poor to moderate. These results might be influenced by several factors. One
factor is that these landmarks are located on a curved surface (20). Another
factor is the observer, because observer performance can be affected by
background experience, the familiarity of the observers with the software, and
their ability to identify landmarks according to the definitions. Therefore, inter-

observer performance can be expected to be poorer than intra-observer
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performance. In addition, landmark definition can also affect precision and
reproducibility. In 3D, the definitions of the cephalometric landmarks should be
different from the traditional 2D definitions. A previous study indicated that
good landmark definitions improved observer performance (17). Therefore, the
definitions of landmarks in the present study were slightly modified to fit with
the developed 3D reference system. A calibration session was conducted prior to
the first observation to minimize the effect of these factors as much as possible.
Lastly, the measurements can also be influenced by the subjects or samples, i.e.
anatomical variation at the chin area, and the quality of the CBCT scan (artifacts
and noise). The outlying measurements of Pog and Me may have been influenced
by the subject’s individual anatomy.

A number of studies have investigated general cephalometric landmark
identification precision and reproducibility (14,18,21,22). Ludlow et al. (21)
compared the precision of landmark identification using displays of multiplanar
CBCT volumes and conventional lateral cephalograms. The multiplanar
reconstructed images (MPR) resulted in generally more precise landmark
identification than on lateral cephalograms. Ludlow et al. found that 3D Pogonion
received higher observer variation, similar to the results of the present study
(21). Schlicher et al. (18) evaluated the precision and consistency in locating
cephalometric landmarks. Their results showed the same trend as in the present
study where landmarks situated on broad curved surfaces without clear
anatomical boundaries had a tendency to have errors in identification. Schlicher
et al. determined that Gn was the most consistent landmark among landmarks at
the chin area (Pog, Gn, Me) (18). In contrast, in the present study, Me was the
most precisely located landmark among the three. Due to differences between
the methods of Ludlow et al., Schlicher et al, and the present study, the results
may not be directly compared. In their studies, 3D landmarks were identified on
the MPR images; however, in our study the landmarks were solely identified on
3D surface models. These differences might affect how the observers viewed the
landmarks and where the cursor was placed to identify the indicated landmarks.
In 2010, Olszewski et al. (14) compared the reproducibility of osseous landmark
identification from two 3D cephalometric analyses: 3D-ACRO and 3D-Swennen

analyses. Their results were in agreement with the present study, finding that
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intra-observer reproducibility was better than inter-observer reproducibility
and that Pogonion was located with poor observer reproducibility (14).

A more recent study by Hassan et al. (22) evaluated the precision of landmark
identification on MPR, 3D models, and MPR with 3D models. Their study found
that the precision of measurements ranged between 0.29 + 0.17 mm and 2.82 #
7.53 mm (22). The authors suggested that utilizing both 3D models and MPR

images could improve the precision of landmark identification (22).

Clinical implications and further studies

The reference system presented in this study allows clinicians to generate a
patient specific mandibular midsagittal plane without the need to generate 2D
images from 3D data. This system can be used with a limited FOV 3D dataset
which is a significant advantage for 3D cephalometry. It requires only a mandible
to create the mandibular specific midsagittal plane. It can be utilized when other
reference areas, such as the base of skull (10), are not available. In a situation
where only a limited size of FOV can be obtained, this new reference system can
be used as an alternative.

Although in this study, the reference system was not tested and validated in
asymmetric mandibles, based on its principle, this reference system shall be used
in asymmetric faces. This system is constructed by using only landmarks in the
mandible; therefore, it is in fact a 3D representative of the mandible both for
symmetric and asymmetric ones. The locations of the mandibular midline
cephalometric landmarks (Pog, Point B, Gn, Me) are dependent only on the shape
and morphology of the mandible and are independent of the overall skull
midsagittal plane. This must be further evaluated in future studies.

Another improvement can be added to the present system by using both MPR
images and 3D models as suggested by Hassan et al. (22). At the study design
process of this study, it was aimed to use only 3D surface models but was later
found that some errors could occur during the 3D segmentation process.
Therefore, using 3D surface models with the confirmation from MPR images may

help decrease the error in landmark identification.
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When the system is improved and validated in patients’ data, the related angular

and linear measurements after the incorporation of this system into the analyses

should be tested. This step must be performed before it is used clinically.

7.6

Conclusions

A newly developed reference system was developed and its reproducibility was

tested. This reference system offered moderate to good overall precision and

reproducibility for mandibular cephalometric midline landmark identification in

three dimensions.

7.7
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Chapter 8

8.1 Abstract

Objectives: To assess in 3D the precision and reproducibility of existing
landmarks used for the Frankfort horizontal plane (FH) as well as 2 new
landmarks, and to evaluate the angular differences of newly introduced planes to
the FH.

Materials and methods: 3D models from CBCT data of 26 dry human skulls
were created in Maxilim® software. Porion (Po) and Orbitale (Or) were indicated
for two possible FHs (FH 1 and FH 2). Two new landmarks, the internal acoustic
foramen (IAF) and zygomatico-maxillary suture (ZyMS) were used to create new
planes (Plane 1-6), closely parallel to the FH. Three observers completed the
observation twice with 4 weeks interval. Angles between FH 1 and FH 2 and
between FHs and Plane 1-6 were measured. Coordinates (X, y, z) were exported.
Statistical analysis was performed.

Results: IAF showed significantly better both intra- and inter-observer precision
than other landmarks (p<0.0018) and yielded the best intra-observer
reproducibility (>90% of precision <1 mm) and the best inter-observer
reproducibility (59-95% of precision <1 mm). Po showed poorest intra- and
inter-observer precision and reproducibility. Mean angular difference between
FH 1 and FH 2 was 0.7°. Two new planes approximated the FHs rather accurately
(mean angle < 1°).

Conclusions: The findings showed that new landmarks (IAF and ZyMS) offered
good precision and reproducibility. This study evaluated 3D FHs and
demonstrated the possibility of using new planes when traditional FHs were not
constructable. Future studies should focus on the validation of these findings on

clinical data and their implementation in clinical practice.
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8.2 Introduction

A cephalometric analysis is an essential part of orthodontic treatment planning.
The technique has been used for several decades after its introduction by
Hofrath (1) in Germany and Broadbent (2) in the United States. It is traditionally
performed on a lateral and a frontal cephalogram. One analysis is comprised of
several cephalometric landmarks.

One of the important elements in performing a cephalometric analysis is the
horizontal reference plane. The Frankfort horizontal plane (FH) (also called the
auriculo-orbital plane) was established at the World Congress of Anthropology,
in Frankfort, Germany in 1882. First introduced by Von lhering, in 1872, this
plane used to pass through the center of the external auditory meatus to the
lowest point of the inferior margin of each orbit. The Frankfort agreement then
modified this definition, so that the plane would pass through the upper borders
of each ear canal or external auditory meatus (Porion), and through the inferior
border of the orbital rim (Orbitale). The Frankfort plane was employed for
orientation of the patient and was chosen as the best anatomic indicator of the
true horizontal line. It is also closely related to the natural head position (NHP)
(3, 4). Although the reliability and validity of the FH for cephalometric analysis
was questioned by several authors (5-9), it is still widely accepted in
contemporary cephalometric use (4).

Recently, 3D imaging modalities, especially cone-beam computed tomography
(CBCT), have become essential for diagnosis and treatment planning in the oral
and maxillofacial region. In orthodontics, CBCT images allow 3D visualization of
the craniofacial structures without any superimposition (10-12). With its
relatively lower radiation doses than the multi-slice CT (MSCT) (13), this
modality proves to be useful in several orthodontic aspects requiring advanced
imaging such as canine impaction, root resorption, sleep disorders and
orthognathic surgery. Cephalometric analysis, traditionally done on 2D
radiographs, is also moving towards 3D direction.

In three-dimensional cephalometry, cephalometric landmarks are identified in 3
orthogonal planes or on 3D models with the aid of a 3D image viewing software
(14, 15). The original 2D planes or lines were transformed and used in 3D

cephalometry integrating within the analyses. Several publications have shown
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the advantages of this technique over the traditional 2D cephalometric analysis
(16-18). Some publications have shown the reliability and accuracy of
cephalometric landmark identification in 3D, including Po and Or which are used
to form the Frankfort plane (19-24). In a few studies, it was found that precision
and reliability of these two landmarks in 3D was not optimal (21-23) with only
one study conducted on the 3D surface model (23). Only one publication
evaluated the effect of these landmarks to the Frankfort horizontal plane in 3D
magnetic resonance imaging (MRI) (25).

Therefore, the aim of this study was twofold: 1) to assess, in 3D CBCT, the
precision and reproducibility of landmarks used in Frankfort horizontal plane
(FH) and 2 new landmarks and 2) to evaluate the angular differences of newly

introduced planes to the FH.

8.3 Materials and methods
Sample

Twenty-six dry human skulls with upper and lower first incisors and first molars
present were selected from the Department of Anatomy, Hasselt University.
Mandibles were fixed to the skulls using surgical tapes. The tape was wrapped
around the skull, starting from the temporal area of one side, crossing the lower
border of the mandible to the temporal area of the other side. The occlusion was
fixed at maximum intercuspation. The study protocol was approved by the
Medical Ethics Committee, University Hospitals Leuven, KU Leuven (reference
number: ML6960, BE322201010078). The authors have read the Helsinki

Declaration and have followed the guidelines in this investigation.

Imaging modalities

CBCT scans of the samples were taken using the largest field of view (FOV)
(diameter 170 x height 120 mm) of 3D Accuitomo® 170 (J. Morita, Kyoto, Japan),
using High-Fidelity (Hi-Fi) mode: 90 kVp, 154 mAs, voxel size 0.25 mm. A 1.7-
mm-thick copper filter was attached in front of the X-ray source of the CBCT
device during image acquisition to simulate soft tissue attenuation. CBCT data

were exported to DICOM and then imported to Maxilim® software version 2.3.0.3
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(Medicim NV, Sint-Niklaas, Belgium). Three-dimensional surface models were
created for all samples using the full CBCT volume with 0.5 mm sub-sampling of
voxels. The threshold was set at 276 to segment the hard tissues for the 3D

models.

Frankfort horizontal plane analysis

A preset for Frankfort horizontal plane (FH) evaluation was created in Maxilim®
software. The analysis was composed of 4 operator-indicated landmarks (8
landmarks when counting both sides) and 4 landmarks calculated by the
software (Table 8.1). In 3D, a plane can be made from 3 landmarks/points, thus
two possibilities of FH were created: FH 1 and FH 2 (Fig. 8.1) (Table 8.1). FH 1
was drawn using Orbitale left and right and a landmark in the middle of two
Porions (mid-Po). On the other hand, FH 2 was created using left and right
Porion and a landmark in the middle of the two Orbitales (mid-Or).

Based on a pilot study, two new landmarks were chosen: internal acoustic
foramen (IAF) and zygomatico-maxillary suture (ZyMS). Four planes were drawn
by connecting these new landmarks in combination with the traditional FH
landmarks (Or and Po), thus creating Plane 1-4. In addition, these two landmarks
were used to create 2 planes closely parallel to the FH (Plane 5 and Plane 6)
(Table 8.1). In this study, the absolute angle differences of the 6 new planes
(Plane 1-6) from the FH 1 and FH 2 were recorded.

Three observers (two dentomaxillofacial radiologists with more than 5 years of
experience, one being the main operator, and one oral and maxillofacial surgeon
with more than 10 years of experience) underwent an initial calibration session.
Detailed instructions about landmark definition and software manipulation were
given. The observers were given a few cases for training and calibration with the
main operator prior to the observation. Thereafter, each observer completed the

set of observations twice with a 4 week-interval.
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Table 8.1 Landmarks and planes definition

Name Definition

Landmark

Orbitale right and left (Or-R, Or-L) The lowest point on the inferior margin of the orbit
Porion right and left (Po-R, Po-L) The most superior midpoint of the external auditory

meatus. (anatomic Po)
Internal acoustic foramen right and The most lateral point of the internal auditory meatus

left (IAF-R, IAF-L) at the skull base

Zygomatico-maxillary suture right The zygomatico-maxillary suture line crossing at the

and left (ZyMS-R, ZyMS-L) lower orbital rim. The point is located on the inferior
margin of the orbit.

mid-Po A point in the middle between right and left Po
indicated by the software

mid-Or A point in the middle between right and left Or
indicated by the software

mid-IAF A point in the middle between right and left IAF
indicated by the software

mid-ZyMS A point in the middle between right and left ZyMS

indicated by the software
Plane
Frankfort horizontal plane 1 (FH 1) FH by connecting mid-Po, Or-R and Or-L
Frankfort horizontal plane 2 (FH 2) FH by connecting mid-Or, Po-R and Po-L

Plane 1 A plane connecting mid-Or, IAF-R and IAF-L
Plane 2 A plane connecting mid-Po, ZyMS-R and ZyMS-L
Plane 3 A plane connecting Or-R, Or-L and mid-IAF
Plane 4 A plane connecting Po-R, Po-L and mid-ZyMS
Plane 5 A plane connecting ZyMS-R, ZyMS-L and mid-IAF
Plane 6 A plane connecting IAF-R, IAF-L and mid-ZyMS

Statistical analysis

Coordinates (x, y, z) of all landmarks and the angular values were exported to
Excel files.

The Euclidean distances (d) between coordinates for point 1 and point 2 were

calculated by the formula:

d = V{(x1-x2)*+(y1 -y2 )%+ (21 -22)%}

Point 1 coordinate: (x1, y1, z1) = coordinate at time point 1lor coordinate from observer 1
Point 2 coordinate: (x2, y2, Z2) = coordinate at time point 2 or coordinate from observer 2

(These are also applied for coordinates from observer 3.)

In this study, the precision was defined as “the mean Euclidean distance of all
subjects for a specific landmark”. A distinction was made between intra- and

inter-observer precision
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Intra-observer precision

Intra-observer precision was defined as “the mean Euclidean distance of all
subjects for a specific landmark for each observer between 2 time points”. The
distances between point 1 and point 2 of each observer for all samples and all
landmarks were calculated. All distances presented a log-normal distribution;
therefore, parametric statistics were performed.

All data were tabulated in JMP® 10.0.0 (SAS Institute Inc., Cary, NC). Comparisons
of the intra-observer precision between observers for each landmark, between
landmarks for each observer and the overall precision between observers were
done by a multiple paired t-test with Bonferroni correction. Comparison of the

intra-observer precision between samples was done using ANOVA.

Inter-observer precision

Inter-observer precision was defined as “the mean distance of all subjects of a
specific landmark for each pair of observers”. The Euclidean distances between
each time point of each observer for each anatomical landmark and each sample
was calculated. All distances were positive and normally distributed. Four
distances between each pair of observers were measured for each combination
of time points. The comparison of these 4 distances was performed using a
multiple paired t-test with Bonferroni correction. As no significant difference
was observed, the data were pooled together.

Comparisons of inter-observer precision between landmarks regardless of
observers, between observers regardless of landmarks, between observers for
each landmark and lastly between landmarks for each pair of observers were

done using a multiple paired t-test with Bonferroni correction.

Reproducibility

The reproducibility was presented as a percentage and categorized into 3 levels,
determined as the percentage of the precision < 0.5 mm, < 1 mm, and > 1 mm. In
this study, a good reproducibility referred to >50% of precisions being < 1 mm. A
moderate reproducibility was determined when 51-75% of precisions were > 1
mm and a poor reproducibility was determined when >75% of precisions were

>1.
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Angular measurements between planes
All angular values showed a normal distribution (Shapiro-Wilk test). A statistical

analysis was performed.

8.4 Results

Intra-observer precision and reproducibility

Table 8.2 presents the mean precision at a 95% confidence interval (CI).
Comparison of the intra-observer precision between 3 observers for each
landmark showed significant differences (multiple paired t-test with Bonferroni
correction, p<0.0167). A significant difference between the intra-observer
precision for the three observers was observed for Po-R and Po-L, showing that
the precision of Observer 1 and 3 was better than the precision of Observer 2.
The precision of the IAF-R and IAF-L landmarks was significantly better than the
other landmarks (p<0.0018) after comparing the intra-observer precision
between 8 landmarks for each observer. No statistically significant difference

between the precisions for each sample was observed.

Table 8.2 Intra-observer precision (mm) according to landmarks and observers.
The overall precision of all landmarks of each observer is presented at the

bottom row.

Observer 1 Observer 2 Observer 3

Landmark Mean CI95% Mean CI95% Mean CI95%

Or-R 1.26 0.92-1.7 1.06 0.68-1.64 0.74 0.52-1.06
Or-L 0.83 0.54-1.26 1.14 0.79-1.65 0.64 0.41-1.00
Po-R 1.22 0.88-1.67 2.21 1.55-3.15 0.94 0.68-1.31
Po-L 0.76 0.57-1.03 2.58 2.00-3.33 0.77 0.54-1.10
IAF-R 0.40 0.30-0.53 0.37 0.28-0.48 0.23 0.16-0.34
IAF-L 0.39 0.29-0.52 0.37 0.26-0.52 0.33 0.23-0.47
ZyMS-R 0.90 0.59-1.36 1.16 0.80-1.67 0.59 0.38-0.91
ZyMS-L 0.83 0.52-1.34 1.12 0.73-1.72 0.61 0.42-0.90

Overall precision 0.76 0.67-0.87 1.02 0.88-1.19 0.56 0.48-0.64

The overall precision of the 3 observers was compared and it was found that

Observer 3 showed significantly better overall precision than the precision of
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Observer 1 and Observer 1 also showed significantly better overall precision
than Observer 2 (p<0.0167).

Table 8.3 shows the intra-observer reproducibility expressed as a percentage
(%). The landmark reproducibility was moderate to poor for Po and Or in 2
observers. The best reproducibility was observed for IAF-R and IAF-L (> 90% of

precision below 1 mm).

Table 8.3 Intra-observer reproducibility for each observer. Percentage of the

precision in locating landmarks < 0.5 mm, 0.5-1 mm and > 1 mm

Observer 1 Observer 2 Observer 3

Landmark

0-0.5 0.5-1 >1 0-0.5 0.5-1 >1 0-0.5 0.5-1 >1
Or-R 12 24 64* 20 24 56* 36 32 32
Or-L 20 28 52* 20 24 56* 44 24 32
Po-R 12 20 68* 12 8 80* 24 28 48
Po-L 20 48 32 0 4 96* 36 28 36
IAF-R 56 40 4 68 24 4 88 12 4
IAF-L 56 40 4 60 32 8 80 12 8
ZyMS-R 32 32 36 16 36 48 44 28 28
ZyMS-L 28 28 44 20 32 48 48 28 24

*>50%

Inter-observer precision and reproducibility

The inter-observer precision according to landmarks is shown in Table 8.4. The
results revealed that IAF-R (mean inter-observer precision = 0.61 mm) and IAF-L
(mean inter-observer precision = 0.57 mm) had a significantly better precision
than all the other landmarks (p<0.0018). Po-R (2.28 mm) and Po-L (2.63 mm)

showed poorest mean inter-observer precision.

Table 8.4 Inter-observer precision (mm) for individual according to landmarks

Landmark Mean CI95%
Or-R 1.19 1.09-1.29
Or-L 1.40 1.29-1.53
Po-R 2.28 2.09-2.49
Po-L 2.63 2.41-2.87
IAF-R 0.61 0.56-0.67
IAF-L 0.57 0.52-0.62
ZyMS-R 1.57 1.44-1.71
ZyMS-L 2.08 1.91-2.27
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When comparing the overall inter-observer precision between each pair of
observers, a significant difference (p<0.001) was found. The inter-observer
precision between Observer 2 and 3 (mean = 0.98 mm) was significantly better
than that of the other pairs of observers (Observer 1 - Observer 2 mean = 1.57
mm, Observer 1 - Observer 3 mean = 1.61 mm).

Table 8.5 lists inter-observer precision in mm, taking both landmarks and
observer pairs into account. It could be observed that the inter-observer
precision of Po-L for 2 pairs of observers was > 3 mm. The best inter-observer
precision was observed for IAF-R and IAF-L (mean < 1 mm for all pairs of
observer). For each landmark, the inter-observer precisions between each pair
of observers were compared. A significant difference (p<0.001) was found for all
landmarks except Or-R and Or-L. Another comparison was done for each pair of
observers between landmarks. IAF-R and IAF-L showed a significantly better

precision (p<0.001) for all observers.

Table 8.5 Inter-observer precision (mm) according to observers and landmarks

01vs 02 01vs 03 02vs 03
Landmark
Mean CI95% Mean CI95% Mean CI95%

Or-R 1.24 1.04-1.47 1.32 1.13-1.54 1.02 0.87-1.21
Or-L 1.70 1.45-1.99 1.25 1.09-1.44 1.29 1.11-1.51
Po-R 2.38 2.11-2.68 2.98 2.64-3.35 1.67 1.42-1.97
Po-L 3.05* 2.71-3.43 3.49* 3.14-3.88 1.71 1.46-2.01
IAF-R 0.81 0.73-0.89 0.66 0.61-0.73 0.43 0.38-0.48
IAF-L 0.63 0.56-0.71 0.67 0.61-0.75 0.43 0.38-0.49
ZyMS-R 1.82 1.51-2.19 2.07 1.77-2.42 1.03 0.86-1.24
ZyMS-L 2.63 2.23-3.10 291 2.55-3.32 1.18 0.99-1.41

* The inter-observer precision > 3 mm

Table 8.6 presents the inter-observer reproducibility as a percentage. Po-R and
Po-L showed the poorest reproducibility among landmarks with 74 to 97% of
precision values > 1 mm. The best reproducibility was observed for IAF-R and

IAF-L, showing 59-95% of precision values < 1 mm.
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Table 8.6 Inter-observer reproducibility for each observer. Percentage of the

precision in locating landmarks < 0.5 mm, 0.5-1 mm and > 1 mm

Landmark 01vs 02 01vs 03 02vs 03
0-0.5 0.5-1 >1 0-0.5 0.5-1 >1 0-0.5 0.5-1 >1
Or-R 15 24 61 8 28 64 17 34 49
Or-L 8 15 77* 9 26 65 9 28 63
Po-R 2 7 91* 1 5 94* 8 18 74*
Po-L 0 6 94* 1 2 97* 5 16 79*
IAF-R 16 43 41 19 66 15 58 37 5
IAF-L 30 49 21 19 57 24 62 28 10
ZyMS-R 8 17 75 3 12 85* 20 25 55
ZyMS-L 3 15 82* 2 3 95* 16 28 56
*>75%
Angular measurements

A summary of angular measurements of each pair of planes is shown in Table
8.7.FH 1 and FH 2 exhibited 0.7° overall angular difference. The planes that were
closest to FH 1 and FH 2 were Plane 3 (composed of Or-R, Or-L and mid-IAF) and
Plane 4 (composed of Po-R, Po-L and mid-ZyMS) as the average angular
difference was < 1° (Fig. 8.2).

Table 8.7 Summary angular measurements between planes (degree)

Observer 1 Observer 2 Observer 3 Overall
Plane

M SD M SD M SD M SD
FH1-FH?2 0.72 0.65 0.74 058 064 052 0.70* 0.58

FH 1 - Plane 1 197 115 178 116 187 114 187 115
FH 1 - Plane 2 258 111 244 115 248 114 250 1.13
FH 1 - Plane 3 0.51 025 064 045 044 035 0.53* 0.37
FH 1 - Plane 4 084 060 086 056 077 047 0.82* 0.54
FH 1 - Plane 5 276 113 230 119 232 118 246 1.18
FH 1 - Plane 6 226 111 180 1.09 179 1.07 195 1.10
FH 2 - Plane 1 224 106 207 105 209 107 213 1.05
FH 2 - Plane 2 227 111 216 114 221 111 221 111
FH 2 - Plane 3 090 060 095 055 089 053 091* 0.56
FH 2 - Plane 4 0.31 0.18 0.28 0.33 0.25 0.26 0.28* 0.27
FH 2 - Plane 5 247 112 201 118 204 115 217 1.16
FH 2 - Plane 6 248 1.03 199 1.04 201 104 216 1.06
* The overall absolute angular difference < 1°
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Figure 8.1 Landmarks indicated in this study. The frontal view shows Orbitale (Or-R
and Or-L) and zygomatico-maxillary suture (ZyMS-R and ZyMS-L) located on the inferior
orbital rim. The lateral view shows the right Porion (Po-R) and the posterior view shows
the internal acoustic foramen (IAF-R and IAF-L) located at the latero-posterior point of
the opening of the auditory canal inside the cranial cavity.

FH 2 - Plane 3 4 FH 2 - Plane 4

Figure 8.2 shows an example of the relationship between FH 1 (white) and FH 2 (black)
to Plane 3 and Plane 4 (red). The mean differences between FH 1 and Plane 3 and 4
were 0.53° and 0.82°, respectively. The mean differences between FH 2 and Plane 3 and
4 were 0.91° and 0.23°, respectively. Both planes were closely parallel to the Frankfort
horizontal plane.
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8.5 Discussion

The present study investigated the precision and reproducibility of landmarks
incorporated in a Frankfort horizontal plane in 3 dimensions. Frankfort
horizontal plane has been used as a reference plane that closely links to the
natural head position for decades. Although it has been widely used for
anthropological and orthodontic purposes, as 3D imaging modalities have been
emerging, still no research has been done to test its precision and reproducibility
in 3 dimensions.

One study has been performed on the reproducibility of the FH plane on MRI
images (25). This study revealed excellent intra- and inter-observer
reproducibility and reliability of the FH plane through 3D landmark
identification (25). This finding was interesting but in clinical practice, MRI
images are still not widely used for orthodontic treatment. Further research is
warranted on the application of MRI in orthodontics.

In the present study, new 3D landmarks that form planes closely parallel to the
original FH were introduced and tested. An analysis of FH was made in order to
precisely evaluate the angular differences between all pairs of planes. The results
showed poorer intra- and inter-observer precision and reproducibility of the
traditional FH landmarks (Po, Or) and showed good intra- and inter-observer
precision and reproducibility of the new landmarks especially for IAF. From the
newly proposed planes, the ones closest to the original FH are the plane formed
by connecting Or-R, Or-L and mid-IAF (Plane 3) and the plane formed by
connecting Po-R, Po-Land mid-ZyMS (Plane 4).

In this study, dry human skulls were used because there were too few patients in
the hospital’s CBCT database that fit the criteria (biggest FOV, no prominent
pathology or no prominent asymmetry, and normal occlusion). Although this
might pose some limitations as the dry skulls could not represent real human
anatomy including soft tissues, due to ethical concerns it was not justified to take
CBCT images on new patients in order to collect enough samples for this study.
During image acquisition, a 1.7 mm thick copper filter was attached to the CBCT
device to mimic soft tissue attenuation and to prevent any overexposure. In
addition, the number of the samples was limited, because dry skulls in good

condition and meeting all inclusion criteria were rare. In future studies, it would
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be useful to collect enough patient data in order to validate the findings in a
clinical situation.

Traditionally, a Frankfort horizontal plane is indicated on a 2D lateral skull or a
lateral cephalometric radiograph by placing the Porion and Orbitale landmark.
There are two types of Po in 2D. One is the “machine Po” when the landmark is
defined by a radiopaque marker in the ear rod as part of the cephalometric head
positioning device. The other is called the “anatomic Po” which refers to the
upper edge of the shadow of the auditory canal that can be seen on
cephalometric films, (usually located slightly above and posterior to the machine
Po) (4). The Orbitale is defined as the inferior border of the orbital rim. In this
study, the anatomic Po was used because no positioning device was place in the
external auditory meatus. In 3D, the real anatomical structures were used
instead of the 2D shadows. As seen in a few studies and confirmed in the current
pilot experiments, the reproducibility or reliability of both landmarks was found
to be limited (21-23). After the pilot experiment, it was therefore opted to select
other 2 new landmarks (IAF and ZyMS).

The internal acoustic meatus (IAF) was chosen because of its good visualization
and because it relates with a traditional landmark, Porion, as it refers to the
other end of the auditory canal. The upper edge of the oval shape was not
selected because it was not well-defined; instead, the lateral end was chosen and
defined as a landmark because of its corner-like area which is more well-defined.
In clinical CBCTs of patients, this landmark is well visible but it must be noted
that this landmark will only be included when the diameter of the CBCT FOV is
big enough to cover the cranial cavity. A big FOV diameter (17 cm) was used in
the present study.

The zygomatico-maxillary suture (ZyMS) was selected as it is close to the
traditional Orbitale but might be more visible. A thin line or a notch on the
inferior orbital rim is usually seen on the 3D model and could be identified as
ZyMS. It must be noted that during the making of 3D models, this landmark could
be made invisible by the software processing of the surface model. When the
surface was smoothened, the ZyMS, which only appears as a notch, may not be

visible for identification.
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The results showed that the intra-observer mean precision and reproducibility
of IAF-R and IAF-L (<0.5 mm) were statistically significantly better than other
landmarks (Table 8.2). The reproducibility of Po and Or was moderate to poor
for some observers. The same trend was found with the inter-observer precision
and reproducibility. IAF-R and IAF-L had a significantly better precision than all
the other landmarks (p<0.0018) and Po-R and Po-L were the poorest. These
findings were in agreement with previous publications (21-23).

Ludlow et al. (21) compared the precision of cephalometric landmarks on lateral
cephalograms and multi-planar reformatting images (MPR) of CBCT. It was
reported that Po showed poorer precision on MPR images than other landmarks
(21). Later in 2012, Schlicher et al. (22) reported that the Po was the most
inconsistent landmark and the Or was the most imprecise landmark from the
study conducted on MPR images (22). The same findings were also observed in
the study by Hassan et al. (23), in which the precision of cephalometric landmark
identification from CBCT data on both MPR and 3D models of 10 patients was
evaluated. It was reported that the poorest precision was that of the Po. The
precision of Or was moderate (23).

One issue that must be discussed and improved in 3D is the definitions of
landmarks, especially of the Po. 2D definitions are normally based on shadows
on conventional radiographs but when transforming to 3D, another dimension
must be accounted for. The Po is located on the curvature at the opening of the
external auditory canal (EAC) and it is usually difficult to define the “most
superior midpoint” of that opening. In 3D cephalometry, it may be recommended
to modify this definition for a more robust location of this landmark. It was
shown in a study by de Oliviera et al. (20) that good definitions of landmarks
could help improve observer performance.

It was also shown in both intra- and inter-observer precision that the observer is
one of the key factors affecting the results. For the intra-observer precision,
some observers were significantly better than others and for the inter-observer
precision, some pairs of observers had a better inter-observer precision than
other pairs. In this study, the main operator who had the most experience using
the CBCT software showed the best precision. The other 2 observers (1

dentomaxillofacial radiologist with more than 5 years of experience and 1 oral
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and macxillofacial surgeon with more than 10 years of experience), unlike the
main operator, had only little experience in using 3D image viewing software
prior to the observations, an their results showed poorer in precision. Normally,
observer performance could be biased by several factors such as background
experience, familiarity of the observers to the software, landmark definitions and
ability of the observer to identify landmarks according to these definitions. A
training and calibration session was essential to reduce bias and inter-observer
variability, enabling more robust conclusions to be drawn.

It was found from the results that FH 1 and FH 2 exhibited a clinically negligible
average of 0.7° overall angular difference. The question was raised which FH
should be used for 3D cephalometric analysis. There are several factors
contributing in the selection. It should be noted that this study was done on in-
vitro samples and all landmarks were clearly visible without the noise created
from soft tissue. In clinical circumstances, CBCT scans may not offer well-defined
3D models and it is possible that noise and artifacts may affect the image quality
(26). First of all, if both Po and Or are clearly visible, it might be wiser to use FH
1. FH 1 utilizes an average of Po-R and Po-L (mid-Porion) so the Po, which scored
lower in terms of precision, may give less impact to the plane. Secondly, as it was
shown in the results that Plane 3 and Plane 4 were very close to both FHs, they
could be used as an alternative when Po or Or are not clearly visible, keeping in
mind that the angulation difference of these planes to normal FH is
approximately 0.3-0.9°. Plane 3 (composed of Or-R, Or-L and mid-IAF) may
improve precision and reproducibility as compared to Plane 4 (composed of Po-
R, Po-L and mid-ZyMS), because precision and reproducibility of Or was better
than Po, while IAF yielded better scores than ZyMS.

In this study, a 3D evaluation of the Frankfort horizontal plane was conducted.
Further studies should be performed in continuation of this study in order to
verify and validate the proposed reference planes on clinical CBCT data
meanwhile also increasing the sample size. Once a landmark system is validated
on larger clinical datasets, it can be integrated into 3D cephalometric analyse

software.
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8.6

Conclusions

The present study investigated the precision and reproducibility of landmarks

incorporated in a Frankfort horizontal plane in 3 dimensions. The results

revealed poorer intra- and inter-observer precision and reproducibility of the

traditional FH landmarks (Po, Or) and showed good intra- and inter-observer

precision and reproducibility of the new landmarks, especially for IAF. This

study also demonstrated the possibility of using new planes when traditional

FHs were not feasible. Future studies should focus on the validation of these

findings on clinical data and their implementation in clinical practice.
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Chapter 9

9.1 Overview of thesis contributions

After several decades that conventional 2D radiographs have maintained its use
for orthodontic treatment planning, 3D imaging especially acquired from the
cone-beam computed radiograph has been gradually gaining ground. It has
proven itself that it can overcome the 2D limitations and downsides but many
aspects still need to be proven.

This present thesis addresses the use of 2D and 3D imaging in orthodontic
treatment planning. The primary goal of this doctoral thesis was to investigate
the use of 3D images in orthodontics compared to the conventional 2D
modalities: the panoramic radiography and lateral cephalogram. All detailed
hypotheses were explained in Chapter 1.

In this general discussion, summary findings of each chapter are discussed. Then
some important issues are elaborated and future prospects of this topic are
critically addressed. Finally, the general conclusion of this doctoral thesis is

stated.

9.2 Partl Literature review

In Chapter 2, a systematic review on 3D cephalometry was conducted. The study
focused mainly on the scientific evidence of diagnostic efficacy of 3D
cephalometry. Although there have been numerous publications related to 3D
cephalometry, there was no proper systematic review reported on this topic.

For 2D cephalometry, a systematic review was published (1). Yet, the latter
surprisingly revealed that there was still lack of scientific evidence on the
usefulness of the 2D technique. More rigorous research on a larger study
population should be performed to achieve full evidence on this topic (1).

In the current review, most of the publications were about the measurement
accuracy and landmark identification. This review was conducted based on the
Cochrane guideline on the systematic review on diagnostic accuracy (2, 3). The
radiographic guideline on the efficacy of diagnostic imaging was adapted from
the published criteria (4). Quality of the publications was scored based on
QUADAS tools (5-7) and PRISMA statement (8, 9) was opted for the publication.
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During the process of forming the study design and creating inclusion criteria
and protocols (Protocols 1 and 2), it was clear that cephalometric analysis is a
unique diagnostic method unlike other diagnostic radiographs or tests. When a
cephalometric analysis is performed, the results will help clinicians to determine
the treatment planning but it does not necessary mean that the patients are
diagnosed with a disease or no disease. Therefore, when developing the study
design, the protocols have to be adapted to suit the nature of the cephalometry.
The results of the review showed that the scientific evidence on diagnostic
efficacy of 3D cephalometry was limited and no study on diagnostic thinking and
therapeutic efficacy was found. These findings suggest that the topic is still fairly
new although it has been used already in some clinical practices around the
world. Thus, more concrete studies need to be done on this topic.

The findings also demonstrate that methods of conducting research in this area
are crucial. Radiation exposure to young patients is one of the main concerns. 3D
cephalometry requires low-dose MSCT or CBCT scan with a big FOV (10, 11).
Although the technology of CBCT has been continuously developed and
improved to gain good image quality with lesser radiation but FOV size is still
one of the factors affecting the radiation dose (12). Not many patients will be
justified to have big FOV CBCT images taken without a significant pathology of
the craniofacial region. Consequently, the 3D cephalometric studies usually had
too small number of subjects. This limitation is also quite similar to the 2D
cephalometric studies (1).

From the currently limited scientific evidence, it is doubtful to conclude that 3D
cephalometry can generally improve the treatment planning and treatment
outcome of orthodontic patients. More rigorous researches with well-designed
methodology are necessary on this topic to ensure its usefulness in clinical

orthodontic treatment.

9.3 Partll Panoramic imaging

Panoramic radiography is an important diagnostic tool in daily dental practice. It
has been used widely for an overview look on patient’s oral health and condition
since its introduction in 1950s (13) although bearing in mind its limitation and

geometric distortion (14-17). For orthodontic treatment, orthodontists use it for
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initial gathering patient’s information of which later will be used to develop a
treatment plan for each individual.

In this 2nd part of the thesis, panoramic images from the conventional 2D method
and from the 3D derived view were investigated and compared.

First, in Chapter 3, we compared in vitro subjective image quality and diagnostic
validity of reformatted panoramic views from CBCT with digital panoramic
radiographs, regarding orthodontic treatment planning.

In this study, one digital panoramic machine was used as a clinical standard.
Nine CBCT devices and 1 MSCT were included as 3D imaging modalities. The
number of samples was quite limited due to the travel limitation and the lack of
skulls.

During the panoramic view reformation, curves were manually drawn in the
OnDemand® software, marking several points to create optimal panoramic
curves for both upper and lower jaw (Fig. 3.1). Then, persepctively from the
curve, a panoramic image was created with different selection of slice
thicknesses. The panoramic curves from each scan with the same sample were
compared on an axial view to achieve comparable panoramic reformatted
images. This process might produce an error or a slight difference between each
panoramic view. With new technology and software provided on the market,
registration of 2 CBCT volumes can be done to achieve an accurate image slice
which may result in a better comparison (18-20).

The study concentrated on a subjective image quality and a visualization of
anatomical landmarks that are commonly assessed in panoramic radiographs.
Image quality assessment of cone-beam CT has been published in many studies
(21-23) but this study design did not aim to quantify the image quality in terms
of noise or artifacts, but rather more in terms of clinical usage.

The results revealed that although the digital panoramic radiograph showed
better image quality, some reformatted panoramic view from particular CBCT
devices could achieve comparable image quality and visualization of anatomical
structures. This finding offers scientific evidence that a reformatted panoramic
view can be used and can give basic information normally obtained from a

panoramic radiograph.
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It has been known that CBCT images can assist and provide necessary
information for specific orthodontic cases such as canine impaction, root
resorption and an air-way evaluation (24-30). However, so far there is little
evidence that CBCT helps in general orthodontic treatment planning (31).
Therefore, another study was completed on panoramic imaging but this time
more concentrated on the real use of CBCT data for orthodontic treatment
planning considering the information wusually gathered from panoramic
radiograph. The study was presented in Chapter 4.

The study was designed to compare the agreement between observers for CBCT
and digital panoramic radiographs related to initial orthodontic evaluation in the
situation where CBCT images were a priori requested. It was stated clearly that
the study was not meant to test differences or indicate superiority of 3D imaging
in general or CBCT imaging more specifically. It was aimed to evaluate the
suitability of CBCT for initial orthodontic evaluation, when a CBCT scan was
indicated and a priori taken for some specific indication. This point must be
discussed as currently radiation doses of CBCT to children and young patients
must be taken into account. This research was performed retrospectively;
therefore, no patient was exposed deliberately in order to fit the inclusion
criteria. Data were collected from the hospital database and patients with both
panoramic radiograph and CBCT images were carefully selected. It must be
admitted that there might be some inherent biases because the patients were
referred for an additional CBCT on top of a panoramic radiograph with some
present indications that might have affected the results.

This was a questionnaire-based study. Fourteen questions about initial
orthodontic evaluation were asked to the observers while viewing each image,
either panoramic image or CBCT. The observers’ reply was not compared to the
real case findings (clinical standard); therefore, only agreement between the
answers from 2 types of imaging groups could be evaluated.

The results showed that the agreement between the CBCT and panoramic
radiograph is good and CBCT showed its ability to give all necessary information
for initial orthodontic evaluation. Although the results only showed moderate
agreement between panoramic and CBCT images but when looking in details, it

was revealed that CBCT offered a greater depth of information about the patient’
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s conditions, e.g. the exact location of the impacted maxillary canine, leading to
some disagreement in the observers’ replies.

This part of the doctoral thesis addresses the ability of cone-beam CT to gain the
amount of information that traditionally achieved by panoramic radiography.
Some CBCT devices have proven their capacity to provide optimal reformatted
panoramic views, mimicking a digital panoramic radiograph. Further, the whole
CBCT volume also proved that it could offer necessary information for an initial
orthodontic evaluation. It must be noted that this is applied only when big FOV
CBCT images were taken prior to the panoramic radiograph. Radiation dose is
undoubtedly one of the important issues when considering of the use of CBCT in
orthodontic treatment. Lowering its dose to the level of panoramic imaging
might reinforce its justification. The CBCT ability may finally help reduce the
radiation burden to patients and that the clinician may be able to skip panoramic

radiograph and maximally utilize the already existing CBCT images.

9.4 Partlll Cephalometric imaging

After focusing on the 15t imaging modality, panoramic radiography, this part of
the doctoral thesis investigated the 2rd imaging modality used in orthodontic
treatment, the cephalometric imaging. The cephalometric technique was
introduced several decades ago (32, 33) and has been used continuously since
then. Traditionally, a cephalometric analysis or cephalometry is usually
performed on 2 radiographic views. The first view is a lateral cephalography
which is used for a cephalometric tracing in order to assess patients’ craniofacial
relationship and to form an individual’s treatment plan. The 2nd view is or a
frontal cephalography or it can be called a postero-anterior skull radiography
(34). This imaging view and analysis are used specifically in patients with
asymmetric craniofacial structures. In the past, using these 2 views together was
called “a 3D cephalometry” although only the image projections were used and
not the realistic 3 dimensions. In this doctoral project, only a lateral cephalogram
is focused because this modality is more for general orthodonctic use,
irrespective of any patients’ condition.

Beginning with Chapter 5. In this chapter, the linear measurement accuracy of 3

imaging modalities: two lateral cephalograms and one 3D model from CBCT data,
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was evaluated. The two lateral cephalometric devices had a difference in source-
to-mid-sagittal-plane distance (SMD). One machine is equipped with 1.5-meter
SMD distance, and the other has 3-meter SMD.

Several studies have investigated the linear measurement accuracy of 3D CT or
CBCT (35-38) and sometimes also compared with the 2D measurements (39-41)
but no English publication covered the investigation using a 3-meter SMD
cephalmetric device.

For the 3D modality, CBCT data of dry human skulls were used thus posed as a
limitation as no soft tissue was present. Although a 1.7 mm thick copper filter
was used to mimic soft tissue attenuation, still the images cannot be compared to
images of patients obtained from real clinical settings. No fiducial marker was
placed prior to image acquisition in order to mimic the clinical situation as much
as possible as landmark identification factor is one of the variables causing the
measurement errors (42).

3D surface models of CBCT data created from Maxilim® software showed good
quality model but it must be kept in mind that these models were created from
in-vitro subjects without soft tissues; therefore, less noise and artifacts were
expected in the scans. As a result, there were fewer problems in removing noises
or unwanted artefact from the images.

The results showed the accuracy of the measurements based on CBCT surface
model and 1.5-meter SMD cephalogram was better than a 3-meter SMD
cephalogram and a better observer agreement for 3D measurements. These
findings have confirmed the knowledge about 3D measurements accuracy and
reliability and also again proved its potential benefits in 3D cephalometric
analysis.

During the first half of the thesis, 2D and 3D comparisons were completed and
subsequently the doctoral project was later concentrated on the 3D modality. In
Chapter 6, 7 and 8, 3D cephalometry was meticulously investigated. The
research on 3D cephalometry was divided into different studies to be able to
evaluate each element in detail.

Observations of these 3 studies were performed on 3D models and coordinates
of each landmark in 3D (X, y, z) were used. Unlike measurements in 2D, it was

much more difficult to obtain a gold standard in 3 dimensions. Euclidean

188



Chapter 9

distances between coordinates were calculated and presented in precision (mm).
The results of landmark reproducibility were presented in percentage by
categorizing into 3 levels: < 0.5 mm, < 1 mm, and > 1 mm.

At the study design process of these 3 studies, the aim was to use only 3D surface
models but it was later found that some errors could occur during the 3D
segmentation process (43). The threshold selection for CBCT data is very
variable and not as constant as the threshold for MSCT data. The intensity values
in CBCT images are influenced by device, imaging parameters and positioning
(44,45). Many authors have attempted to compare CBCT bone density to
Hounsfield values and to apply CBCT bone density value for clinical use (44-48).
As many factors can influence the CBCT density value, more studies are needed
(44-48). Therefore, using 3D surface models with the confirmation from MPR
images may help decrease the error and also aid the clinicians in landmark
identification.

In Chapter 6, the sella turcica landmark (S), which was one of the most
commonly used cephalometric and craniometric landmarks (34), was studied in
order to develop a new reference system to improve its reproducibility in 3D.
The system was developed in a way that this landmark could be localized on a 3D
surface model without using a 2D cephalometric image derived from 3D CBCT as
commonly used in 3D software (49).

Many publications have described about its morphology and variation in shape
and size (50-56); therefore, patient’'s CBCT scans without any significant
pathology, anatomical variation or asymmetry were retrospectively selected out
of the database.

The results showed that the new landmarks-based reference system offered high
precision and reproducibility for sella turcica identification in 3 dimensions
without based on 2D images generated from 3D data.

In Chapter 7 and Chapter 8, the study designs were slightly different from
Chapter 6, as CBCT scans of dry human skulls were used instead of CBCT scans
from patients. This was intentionally planned because big FOV CBCT data from
patients that passed the inclusion criteria was rare. In these 2 chapters, the
number of samples was limited at 26 skulls as the dentate skulls that met the

inclusion criteria were also scarce.
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In Chapter 7, the focus moved on to another element of 3D cephalometry,
mandibular cephalometric landmarks (Pog, Gn, Me and point B). These
landmarks form a part of several important angular measurements (34). The
study was aimed to develop a new reference system to systematically improve
the reproducibility of mandibular cephalometric landmarks in 3D, without
having to 2D lateral cephalometric views from 3D data.

The results revealed moderate to good overall precision and reproducibility for
mandibular cephalometric midline landmark identification although it was
observed that Pog and B posed some difficulties. The location of the landmark
situated on a curved surface could affect the accuracy of its identification (57).

It might be of interest to continue on this path of research and try to utilize the
MPR view of the scans as a study was published suggesting that utilizing both 3D
models and MPR images could improve the precision of landmark identification
(58).

Chapter 8 is the last study on 3D cephalometry of this doctoral thesis. In this
chapter the Frankfort horizontal plane (FH) was revisited but this time in three
dimensions. The Frankfort plane has been used as a horizontal reference plane
for anthropologic and cephalometric measurements since the late 19t century
(34, 59). Its reliability and validity for cephalometric analysis was questioned by
some authors (60-64) but it is still widely used today, even in 3D cephalometry.
This last study aimed to evaluate the Frankfort horizontal plane in 3D; focusing
on the precision and reproducibility of landmarks that form Frankfort horizontal
plane (Po, Or) and two newly chosen landmarks (IAF and ZyMS). Secondly, it
aimed to assess angular differences of the new planes compared to the Frankfort
plane in 3D.

The findings demonstrated that the precision and reproducibility of Po and Or
was moderate, which were similarly shown in a few published studies
(58,65,66). IAM and ZyMS showed good precision and reproducibility. New
reference planes that yielded results closest to the FHP were 1) the plane that
was composed of Or-R, Or-L and mid-IAF and 2) the plane that was composed of
Po-R, Po-L and mid-ZyMS with less than 1° different from the tested FHs. This
study offers the possibility of using new planes when traditional FHs are not

constructible.
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This part of the doctoral thesis both confirmed the knowledge on 2D and 3D
cephalometry and developed a more robust system for a future 3D

cephalometric analysis.

9.5 General discussion

In this section of the discussion, important aspects related to research within the
field were discussed point-by-point. Some issues were evident while conducting

the systematic review and some were found during the experiments.

Experimental set-up
It was apparent while conducting the systematic review that the cephalometry
was a distinct diagnostic method that could not be included in general diagnostic
imaging. The design of all protocols must be adapted to fit well with its
uniqueness (4).
With this uniqueness, it became clear that it had also an effect on the
experimental design of research on this topic which caused the studies to be
categorized in a low-level of evidence due to its questionable quality assessed by
QUADAS (6). These factors were listed below:

1) Sample
The type of samples represents the population which, in this case, refers to
orthodontic patients. As the study design mostly required radiographic images,
the ethic must be concerned.
In two-dimensional cephalography, the patients were usually exposed and
lateral cephalograms were collected. This imaging modality is used widely for
patients’ treatment planning. On the contrary, when the study involved three-
dimensional modality, usually the 3D images were defined as and ‘extra’ or
‘additional’ radiographic images which are used to gain more information to
assist with the patient’s treatment planning process. In some specific cases such
as canine impaction, supernumerary teeth, root resorption and orthognathic
surgery, 3D images are necessary.
To retrospectively collect a big FOV CBCT data may not be feasible as there are
not enough cases with such big FOV for 3D cephalometric analysis and also

patients these scans usually had some specific indications and pathology that
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must be ruled out from the study. To acquire big FOV CBCT images from a
healthy patient with no indication cannot be achieved because the radiation dose
the patient will receive from these CBCT is still generally higher than a
panoramic radiograph and a lateral cephalogram (12,67,68).
With this limitation, many studies decided to use in-vitro samples such as dry
skulls, formalin-fixed human heads or a fabricated phantom. These samples are
useful in conducting a research that the samples need to be exposed by X-ray.
However, these samples cannot represent real human condition. Dry skulls lack
soft tissue which may cause overexposure of the images if the parameter is not
correctly adjusted or a radiation filter is not used. Formalin-fixed heads, although
having soft tissue, the density of the formalin-embalmed soft tissues is usually
different from living soft tissues (69). A fabricated phantom may be useful to test
and investigate and help quantify some fixed variables but it frequently does not
represent a real human head. Some phantoms are in a shape of human head with
embedded human skulls but these phantoms are expensive. Many researches
have encountered not only the type of samples but also the number of samples to
reach an optimal level of statistical outcome, as the number of these in-vitro
samples is also quite limited.

2) Reference standard
Another variable is a reference standard or a gold standard. To be able to
evaluate the accuracy of measurements, a reference standard is needed. When
the studies deal with images from patients and evaluate hard tissue
measurements accuracy, it is impossible to obtain direct measurements to be
used as a reference standard as the landmarks are located inside the skulls or on
the surface of the bone.
Although most direct physical measurements can be obtained from a digital
calliper or a 3D coordinate measuring device on in-vitro samples, it must
embrace that the samples then will not represent a human condition.
A few studies attempted to use calculated reference standard (11,70) but it is not

preferable according to QUADAS (6).
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Radiation dose to patients

Not only this affects the research but also it is one of the most concerned topics
in using 3D imaging in orthodontic treatment. Mostly orthodontic patients are
children or adolescents who are clearly more sensitive to radiation exposure
than adults (71-73), thus acquiring CBCT images on these patients must receive a
full attention. Many publications have reported on CBCT doses (12,72,74-76).

At this moment, it is still not justified to replace conventional radiographic
method, namely panoramic radiography and lateral cephalography, with the
CBCT as the effective dose that patients will receive from CBCT is generally
higher than a conventional digital modality (68). When used, dental CBCT
examinations should be fully justified over conventional X-ray imaging and dose
optimisation by using FOV collimation and low dose settings should be achieved
(12). Large FOV CBCTs should be used only with specific indications and only for
the benefit of the patient because scientific evidence showed that the radiation
dose received from the CBCTs is strongly related to FOV size and also dependent
on the specific CBCT machine (12).

Recent guidelines on the use of CBCT imaging were published and some
orthodontic application and recommendation were applied (77-81). These
guidelines offer some guidance for clinicians in using CBCT while keeping the
ALARA principle: as low as reasonably achievable.

In clinical situation, the selection of radiographic imaging should be based on
patient’s history, clinical examination, present radiographic imaging, and the
presence of clinical symptoms for which the benefits of the diagnosis outweigh
the potential risks of exposure to radiation. Therefore, the application of 3D
cephalometric analysis and 3D orthodontic treatment planning performed and
developed in this doctoral thesis should only be performed clinically when their
benefits to the patients in specific cases can overcome the radiation risk. This
thesis can be used as scientific evidence that priori available big FOV CBCT

images could be maximally utilized for a benefit of the patients.

9.6 C(linical implications and future prospects

This doctoral thesis has helped creating a good basis for future studies by

investigating both 2D and 3D imaging modality and its use in orthodontic
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treatment. Although the influence of the 2D and 3D imaging modality on the
treatment planning and treatment outcome of orthodontic patients could not be
evaluated within this doctoral thesis, the findings of this PhD project has opened
a way for new studies to further improve and evaluate the use of 3D images for
orthodontics.

The 3D cephalometry is one of the many elements incorporated in 3D treatment
planning. In this thesis, the hard tissue part of the analysis was investigated. 3D
reference systems were developed in order to improve the 3D cephalometric
analysis and to build a solid base for further research.

As discussed in the general discussion, the experimental set-up is a crucial
factor in obtaining good scientific results. The research methods of new studies
must be carefully standardized in order to obtain good scientific evidence and to
build a strong basis for future generation.

Continuing researches from this thesis should be conducted so that the effect of
these systems on the performance of 3D cephalometry can be evaluated. How
these new methods can be implemented into existing cephalometric analyses
must be addressed. Subsequently, the systems should be validated and tested on
patients’ 3D data. Finally, an evaluation of the effect of 3D cephalometry on
orthodontic treatment planning and orthodontic treatment outcome should be
performed, as this is an area with the lack of available scientific knowledge (31).
With continuously developing of imaging technology, automated landmark
identification may be a new approach. A few studies have been done on
automated 3D landmark identification (82-84). More research and development
must be employed to integrate and apply this procedure for clinical orthodontic
treatment.

Another important element of the 3D treatment planning is the soft tissue (85).
This is becoming more and more important especially for esthetics. To achieve a
complete evaluation of the patient condition, soft tissues must be accounted for.
The technology that helps clinicians evaluate soft tissue condition and change in
3D is expanding. Several publications reported that 3D facial scanning systems
could be used to analyse soft tissue landmarks and soft tissue change, comparing
pre- and post-operative results (86-92). Recently, an experiment was performed

on a facial scanning system incorporated in a CBCT device, using a phantom head
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(93). The study tested the soft tissue landmark reproducibility and the linear
measurement accuracy. The results showed a promising performance of the
system but a clinical study should be followed (93). When well studied, the soft
tissue part should be integrated to the hard tissue analysis to give a full 3D
evaluation of patient’s craniofacial structures.

In addition to a static soft tissue analysis, the dynamics of the soft tissue, for
example the dynamic of a smile, has become a hot topic. Smiling is very
important not only for esthetics, but also important for speech and functional
evaluation e.g. in patients with cleft lip and cleft palate. A few studies have been
published over this topic and they have found some interesting findings about
the muscle function, factors influencing the attractiveness of a smile and the
dynamic movement of a smile. More studies are essential and with the help of 3D
imaging technology, new findings may help lead to the more understanding of a

dynamic orthodontic treatment (94-99).

9.7 Conclusions

This present doctoral thesis elaborated the use of 2D and 3D imaging modality
for orthodontic treatment and showed the possibility and a new developing path
to improve 3D cephalometry. Although the scientific evidence on clinical use of
3D cephalometry is limited, this project helps provide a solid basis for future
studies. New studies should focus on standardized research methodology, the
validation and the implementation of 3D cephalometry in clinical practice. The
effect of this new development on the orthodontic treatment outcome must be
investigated.

In the near future, one CBCT scan may be able to yield all necessary information
and replace a cascade of 2D radiographic images while keeping the ALARA

principle. Whether or not those strategies are equally valid remains to be proven.
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Summary

In orthodontic treatment, for many decades, panoramic radiographs and lateral
cephalograms are considered the standard two-dimensional radiographic
techniques required for treatment planning and follow up. Nevertheless, both
imaging techniques present with several limitations such as geometric distortion
and superimposition of anatomical structures. During recent years, there has
been an upward trend in utilizing 3D images, especially from CBCT, as an aid in
orthodontic diagnosis and treatment planning but the scientific evidence is still
lacking in many aspects. Therefore, the primary goal of this doctoral thesis was
to investigate the use of 3D images in orthodontics compared to conventional 2D
modalities including panoramic radiography and lateral cephalography.
Subsequently, an attempt was made to develop 3D reference systems to increase
the reproducibility of several crucial cephalometric landmarks in 3 dimensions.
Finally, the Frankfort horizontal plane was revisited, focusing more on its 3D
version.

This thesis begins with Chapter 1, explaining the general principles of
orthodontic treatment planning and imaging modalities traditionally used to
achieve the information needed to perform an orthodontic treatment. At the end
of the chapter, the overall aims and hypotheses of this doctoral project were
presented in detail.

In Part I: Chapter 2, a systematic review on 3D cephalometry was presented.
This systematic review focused on the scientific evidence for the diagnostic
efficacy of 3D cephalometry, especially for landmark identification and
measurement accuracy. It was clearly observed that this topic is fairly new and
the scientific evidence of the diagnostic efficacy of 3D cephalometry is still
limited and more concrete studies need to be performed. Methods of conducting
research in this area are very crucial as radiation exposure to young patients is
one of the main factors for ethical concern.

In Part II, it was aimed to investigate and compare the use of panoramic
radiography and the 3D data. In the first chapter of part II, Chapter 3, an attempt

was made to compare in vitro subjective image quality and diagnostic validity of
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reformatted panoramic views from CBCT with digital panoramic radiographs,
regarding orthodontic treatment planning. Results revealed that although digital
panoramic radiograph still showed better image quality, some reformatted
panoramic view from particular CBCT devices could achieve comparable image
quality and visualization of anatomical structures.

Next in this panoramic imaging part, the agreement between CBCT and
panoramic radiographs for initial orthodontic evaluation was assessed. Chapter
4 showed that the agreement between CBCT and panoramic radiograph was
good and CBCT could offer the same amount of information necessary for initial
orthodontic evaluation.

Subsequently, cephalometric imaging modalities were investigated in Part III of
this doctoral thesis, beginning with Chapter 5. In this chapter, the linear
measurement accuracy of three imaging modalities: two lateral cephalograms
and one 3D model from CBCT data, was evaluated. The results showed better
observer agreement for 3D measurements. The accuracy of the measurements
based on CBCT and 1.5-meter SMD cephalogram was better than a 3-meter SMD
cephalogram. These findings have confirmed that the linear measurements
accuracy and reliability of 3D measurements based on CBCT data was good when
compared to 2D techniques.

Chapters 6, 7 and 8 concentrated on the reproducibility of cephalometric
landmarks in 3 dimensions and attempted to develop a more robust system for
3D cephalometry. In Chapter 6, a new reference system was designed in
Maxilim® software to improve the reproducibility of the sella turcica landmark in
3D. The results showed that the new reference system offered high precision and
reproducibility for sella turcica identification in 3 dimensions.

In Chapter 7, this time, a new reference system was developed in order to
systematically improve the reproducibility of mandibular cephalometric
landmarks (Pog, Gn, Me and point B) in 3D. It offered moderate to good overall
precision and reproducibility for mandibular cephalometric midline landmark
identification.

Chapter 8 was the last study on 3D cephalometry in this doctoral thesis. The aim
was to evaluate the Frankfort horizontal plane (FH), which is widely used in 3D

cephalometric analysis. In this chapter, the precision and reproducibility of
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landmarks that form the Frankfort horizontal plane (Po, Or) and newly chosen
landmarks (IAF, ZyMS) was investigated. The angular differences of optional
planes compared to the Frankfort plane in 3D were measured. It was
demonstrated that the precision and reproducibility of Po and Or was moderate.
IAM and ZyMS showed good precision and reproducibility. From the newly
proposed planes, the ones closest to the original FH are the plane formed by
connecting Or-R, Or-L and mid-IAF (Plane 3) and the plane formed by connecting
Po-R, Po-Land mid-ZyMS (Plane 4). This study demonstrated the possibility of
using new planes when traditional FHs were not feasible.

Lastly, in Chapter 9, the general discussion and conclusions were thoroughly
discussed and presented. The findings of the present doctoral thesis elaborated
the use of 2D and 3D images for orthodontic treatment and showed the
possibility and new development to improve the use of 3D cephalometry.
Although the scientific evidence on clinical use of 3D cephalometry is still
limited, this project helps to provide a solid base for future studies. New studies
should focus on the implementation of 3D cephalometry in clinical practice and
evaluate how this new technology may improve the treatment outcome of
orthodontic patients. In the near future, one ultra-low dose CBCT scan may be
able to yield all necessary information and replace a cascade of 2D radiographic
images while still keeping the ALARA principle. Whether those strategies are

equally valid, remains to be proven.
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Panoramische radiografie en laterale cefalograms werden tientallen jaren lang
beschouwd als de standaard twee-dimensionale radiografische technieken voor
de planning en opvolging van orthodontische behandelingen. Desondanks
hebben beide beeldvormingstechnieken verschillende beperkingen zoals
geometrische distortie en superimpositie van anatomische structuren. Er is een
recente, stijgende trend inzake het gebruik van 3D beelden, voornamelijk CBCT,
als een hulpmiddel in orthodontische diagnose en planning, maar het
wetenschappelijk bewijs ontbreekt nog voor veel aspecten. De primaire
doelstelling van deze doctoraatsthesis was daarom om het gebruik van 3D
beelden in orthodontie te onderzoeken en vergelijken met conventionele 2D
modaliteiten zoals panoramische radiografie en laterale cefalografie. Vervolgens
werd een poging gedaan om 3D referentiesystemen te ontwikkelen om de
reproduceerbaarheid van verschillende cruciale cefalometrische
referentiepunten te verbeteren. Tenslotte werd het Frankfort horizontale vlak
herbekeken met een focus op 3D.

De thesis begint met Hoofdstuk 1 waarin de algemene principes van
orthodontische behandeling, en de beeldvormingsmodaliteiten die traditioneel
gebruikt werden om de informatie te verkrijgen die nodig is voor orthodontische
behandeling, uitgelegd worden. Op het einde van het hoofdstuk worden de
algemene doelstellingen en hypotheses van dit doctoraatsproject in detail
gepresenteerd.

In Deel I: Hoofdstuk 2 wordt een systematische review over 3D cefalometrie
gepresenteerd. Deze systematische review focust op het wetenschappelijk bewijs
voor de diagnostische doeltreffendheid van 3D cefalometrie, voornamelijk voor
de identificatie van herkenningspunten en accuraatheid van metingen. Een
duidelijke observatie werd gemaakt dat dit een nieuw onderwerp is met beperkt
wetenschappelijk bewijs over de diagnostische doeltreffendheid, en dat meer
concreet onderzoek nodig is. De methodes gebruikt voor het uitvoeren van
onderzoek in dit gebied is uitermate cruciaal, aangezien de stralingsdosis voor

jonge patiénten één van de voornaamste ethische factoren is.
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De doelstelling in Deel II was om het gebruik van panoramische radiografie en
3D data te onderzoeken en vergelijken. In het eerste hoofdstuk van dit deel,
Hoofdstuk 3, werd gepoogd om een vergelijking te maken tussen in vitro
subjectieve beeldkwaliteit en diagnostische validiteit van gereformatteerde
panoramische beelden van CBCT en digitale panoramische radiografieén, inzake
orthodontische planning. De resultaten toonden dat, hoewel de beeldkwaliteit
van panoramische radiografieén beter was, sommige gereformatteerde
panoramische beelden van bepaalde CBCT toestellen vergelijkbare
beeldkwaliteit en visualizatie van anatomische structuren toonden.

Vervolgens werd in dit deel de overeenkomst tussen CBCT en panoramische
radiografieén voor initiéle orthodontische evaluatie nagegaan. Hoofdstuk 4
toonde dat er een goede overeenkomst tussen CBCT en panoramische
radiografie was en dat CBCT dezelfde informatie voor initiéle orthodontische
evaluatie zou kunnen bieden.

Vervolgens werden cefalometrische beeldvormingsmodaliteiten onderzocht in
Deel III van deze doctoraatsthesis, beginnend met Hoofdstuk 5. In dit hoofdstuk
werd de lineaire meetnauwkeurigheid van drie beeldvormingsmodaliteiten
geévalueerd: twee laterale cefalograms en een 3D model van CBCT data. De
resultaten toonden een betere overeenkomst voor observatoren voor 3D
metingen. De nauwkeurigheid van de metingen gebaseerd op CBCT en 1.5-meter
SMD cefalogram was beter dan een 3-meter SMD cefalogram. Dit bevestigt dat de
lineaire meetnauwkeurigheid en betrouwbaarheid van 3D metingen gebaseerd
op CBCT data goed is vergeleken met 2D technieken.

Hoofdstukken 6, 7, en 8 concentreerden op de reproduceerbaarheid van
cefalometrische herkenningspunten in 3 dimensies en probeerde om een meer
robuust systeem voor 3D cefalometrie te ontwikkelen. In Hoofdstuk 6 werd een
nieuw referentiesysteem ontwikkeld in de Maxilim® software om de
reproduceerbaarheid van het sella turcica herkenningspunt in 3D te verbeteren.
De resultaten toonden dat het nieuwe referentiesysteem een hoge precisie en
reproduceerbaarheid heeft voor sella turcica identificatie in 3 dimensies.

In Hoofdstuk 7 werd een nieuw referentiesysteem ontwikkeld om de
reproduceerbaarheid van mandibulaire cefalometrische herkenningspunten

(Pog, Gn, Me en punt B) systematisch te verbeteren in 3D. Het systeem toonde
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matig tot goede algemene precisie en reproduceerbaarheid voor mandibulaire
cefalometrische identifcatie van herkenningspunten.

Hoofdstuk 8 was de laatste studie over 3D cefalometrie in deze
doctoraatsthesis. Het doel was om het frequent gebruikte Frankfort horizontale
vlak (FH) te evalueren in 3D cefalometrische analyse. In dit hoofdstuk werd de
precisie en reproduceerbaarheid van herkenningspunten die het Frankfort
horizontale vlak vormen (Po, Or) en nieuw gekozen herkenningspunten (IAF,
ZyMS) onderzocht. De angulaire verschillen tussen optionele vlakken vergeleken
met het Frankfort vlak in 3D werd nagegaan. De precisie en
reproduceerbaarheid van Po en Or was matig. IAM en ZyMS toonden een goede
precisie en reproduceerbaarheid. Nieuw vlakken dichter bij het FH waren: een
vlak dat bestond uit Or-R, Or-L en mid-IAF en een ander vlak dat bestond uit Po-
R, Po-L en mid-ZyMS. Deze studie toonde de mogelijkheid om nieuwe vlakken te
gebruiken wanneer traditionele FH's niet bruikbaar zijn.

Hoofdstuk 9 bevat de algemene discussie en conclusies. De bevindingen van
deze doctoraatsthesis omvatten het gebruik van 2D en 3D beelden voor
orthodontische behandelingen en toonden de mogelijkheden en nieuwe
ontwikkelingen om het gebruik van 3D cefalometrie te verbeteren. Hoewel het
wetenschappelijk bewijs inzake het klinisch gebruik van 3D cefalometrie nog
steeds beperkt is, geeft dit project een grondige basis voor toekomstige studies.
Nieuwe studies kunnen dieper ingaan op de implementatie van 3D cefalometrie
in de klinische praktijk en kunnen evalueren hoe deze nieuwe technologie de
behandeling van orthodontische patiénten kan verbeteren. In de nabije toekomst
zou een ultra lage-dosis CBCT scan alle nodige informatie kunnen bezorgen en
een cascade van 2D radiografische beelden kunnen vervangen, met behoud van
dosisoptimisatie en het ALARA principe. Of deze diagnostische strategieén

equivalent zijn met betrekking tot het behandelingsplan valt nog te bekijken.
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