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ABSTRACT

OBJECTIVES: 1) To determine brecision of angular measurements in both
the 2D and 3D imaging systems, and to 2) to ascertain the difference in
cephalometric values between traditional and CBCT generated
cephalographs.

METHODS: Traditional cephalograms (Orthoceph OC100) and volumetric
CBCT imaging (Newtom 3G) were performed on 36 patients from the
incoming pool of treatable cases at the University of Alberta Graduate
Orthodontic Clinic, Edmonton. Lateral cephalometric analysis using Dolphin
3D was performed and ten angular measurements were evaluated. Inter-
rater and Intra-rater reliability was assessed using inter-rater correlation
coefficient (ICC). Paired MANOVA was used to compare differences in
measurements between the two image modalities.

RESULTS: High inter-rater reproducibility (ICC>0.8) with all angles was
demonstrated in both imaging modalities. Only SN-FH (Conventional 95% CI:
0.584-0.965; CBCT 95% CI: 0.584-0.950) demonstrated significant difference
between raters. No significant difference in the angular measurements was
detected between the two image modalities (p>0.1 for all measurements,
0=0.05).

CONCLUSIONS: A lateral, full thickness x-ray construction from CBCT
imaging (NewTom 3G) can be used to perform traditional cephalometric

analysis with comparable levels of precision and accuracy.
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Chapter 1

INTRODUCTION & LITERATURE REVIEW



1.1 INTRODUCTION

The treatment planning process in the field of orthodontics involves the
acquisition of a reservoir of information, from Which the orthodontist can
formulate a diagnosis and devise an appropriate, individualized treatment
plan. Of the various tools used by the orthodontist, the lateral radiograph of
the head has become an accepted standard for diagnosis by way of
cephalometric analysis. Cephalometric analysis involves defining skeletal and
soft tissue landmarks on the lateral head image and obtaining linear and
angular measurements between these landmarks (1). The information
gathered from cephalometric analysis can provide valuable information to the
orthodontist in assessing the patient’'s skeletal and dental classification,
understanding and predicting the growth pattern of the individual, and
evaluating the treatment outcome.

Despite the ubiquitous use of lateral cephalographs in orthodontics,
inherent errors exist in the imaging process. Problems with magnification and
projection error continue to affect the image quality, often making landmark
identification of skeletal and soft tissue very difficult (1-5). Through the surfeit
of technological progress, new and improved radiographic imaging is
becoming available. Of the recent advancements in the tools for clinical
diagnosis, the application of cone beam computed tomography (CBCT) is
finding its way into the field of dentistry (6,7). Cone beam computed

tomography avoids many of the projection problems found in conventional



lateral cephalographs and offers the opportunity for the orthodontist to
evaluate the craniofacial structures in greater detail and precision, while
allowing three-dimensional (3D) access to the image (8).

Currently there are many CBCT imaging systems available in the
market (9-12). With decreasing cost and radiation exposure of CBCT
machines and the greater image resolution acquisition offered, there is an
ever-increasing interest in the potential use of CBCT in orthodontic diagnosis
and treatment planning. Despite the inherent radiographic errors,
cephalometric analysis of lateral cephalograph images obtained from
conventional radiography continues to be primary diagnostic protocol in
orthodontic offices today. If the profession of orthodontics is to adopt CBCT
technology as a replacement for conventional radiography, this transition will
ultimately require a development of a standardized cephalometric analysis in
three dimensions. Thus the identification of new landmarks and structures will
have to be created and assessed for their clinical diagnostic value. However,
before this can occur, a necessary first step will be to compare the diagnostic
value of the cone beam CT to the conventional radiography with respect to

established landmarks used in cephalometric analysis.

1.2 PROBLEM STATEMENT

Cephalometric analysis has been plagued with errors ever since it's

adoption into the diagnostic process of orthodontics. In fact, the correction of



measurement errors in cephalometrics has been a leading topic of discussion
since Broadbent’s introduction of the lateral cephalometric x-ray in “A New X-
ray Technique and It's Application in Orthodontia” in 1931 (13). The source of
the problem stems from the non-parallel nature of the x-rays used in dentistry.
Traditional analogue, film-based cephalometric imaging utilizes a static fan
shaped x-ray beam. When the image is taken by the x-ray source,
magnification errors arise due to the divergent nature of the x-rays. Various
strategies including the use of a beam collimator and increased x-ray to film
distance have been employed, however, magnification problems continue to
persist (1,5,13-15).

Since bilateral structures are being imaged from only one side of the
head, overlapping structures can often lead to difficulty in discerning critical
landmarks and structures. Furthermore, a disproportionate magnification
occurs with the side closest to the x-ray source exhibiting greater
magnification, contributing further to increased difficulty of landmark
identification when the two sides are superimposed (Figure 1.1). As the
definition of the skeletal landmarks is crucial in determining the patients’
skeletal and dental malocclusion, growth pattern and treatment outcome,
errors in landmark identification are considered the greatest sources of error

in cephalometric analysis (16-19).
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Figure 1.1 Magnification of image due to non-parallel x-rays

Another factor that can contribute to projection errors is the position of
the patient’'s head during radiographic image acquisition (Figure 1.2). Studies
have shown that head rotation can have a significant effect on the horizontal
linear cephalometric measurements; however angular measurements did not
appear to be significantly affected by magnification (16,20-22). With

standardized methods

Figure 1.2 Rotation of head during lateral radiography (92).



of taking film-based lateral cephalographs, including predetermined x-ray to
target to film distances, standard voltage and amperage settings, and nasal
and ear rod devices to minimize head rotation, projection error caused by
incorrect patient position is considered as part of the random errors in
cephalometric analysis.

CBCT technology offers a resolution to the intrinsic problems of
conventional radiography. Due to the high image acuity and the visualization
of the skull in three dimensions, the clinical application of CBCT is becoming
widespread in numerous fields of dentistry, including oral surgery and dental
implantology (11,12,23-27). In orthodontics, facial and dental morphology is
assessed by a geometric analysis of the lateral radiograph of the head.
However, as stated earlier, there are sources of error involved in this process
with analogue radiographic imaging devices. Recent studies have
demonstrated that accurate multiplanar and three-dimensional images can be
generated from a CBCT scan (6,11,28-31). Therefore the examination of
radiographic information from clinically accurate images obtained from CBCT
may offer a more valid diagnosis of the patient’'s dental, skeletal and growth
patterns. However, before CBCT can be implemented in the orthodontic
treatment planning process, the diagnostic soundness of CBCT must first be
ascertained with respect to the current standard of conventional

cephalometrics analysis (Appendix B, Figure 3 and 4).



1.3 RESEARCH QUESTIONS & STUDY OBJECTIVES

To ascertain the diagnostic validity of the CBCT in relation to traditional
cephalometric analysis used in conventional lateral cephalographs, the
research questions and study objectives for the thesis are proposed and

outlined below.

Research Questions
1. Can cephalometric angular values be reliably measured on two-
dimensional lateral cephalograph images synthesized from volumetric

CBCT data?
2. Is there any difference between the diagnostic value of lateral
cephalometric images obtained from conventional means versus

CBCT?

Primary Objective:

- To determine the repeatabilty of angular cephalometric
measurements between three time points (T1, T2 and T3) for

respective conventional and CBCT images on a sample population



- To determine the reproducibility of angular cephalometric
measurements between three raters (R1, R2 and R3) for respective

conventional and CBCT images on a sample population

Second Objective

- To determine the difference between angular cephalometric
measurements between the conventional and CBCT images from the
same patient.

1.4 HYPOTHESES

Research Question 1

Reliability: Intra-rater

Null hypothesis:
- There is no difference in the angular cephalometric values between
time points T1, T2 and T3 in the lateral cephalographs synthesized

from CBCT

Alternate hypothesis:
- There is a difference in the angular cephalometric values between time
points T1, T2 and T3 in the lateral cephalographs synthesized from

CBCT



Reliabilitv: Inter-rater

Null hypothesis:
- There is no difference in the angular cephalometric values between
Raters: R1, R2 and R3 from the lateral cephalographs synthesized

from CBCT

Alternate hypothesis:
- There is a difference in the angular cephalometric values between
Raters: R1, R2 and R3 from the lateral cephalographs synthesized

from CBCT

Research Question 2

Null hypothesis:
- There is no difference in the angular cephalometric values between
images obtained from conventional radiography and CBCT on the

same patient

Alternate hypothesis:
- There is a difference in cephalometric values between images
obtained from conventional radiography and CBCT on the same

patient



1.5 LITERATURE REVIEW

1.5.1 CEPHALOMETRIC ANALYSIS

Cephalometric analysis is an integral part the orthodontic diagnosis
and treatment planning. The process involves taking a lateral radiograph of
the head and defining skeletal landmarks on the acquired two-dimensional
image. Conventionally the x-ray source is placed 5 feet from the head and the
film is positioned 15 inches from the head (32). This is done to minimize the
magnification of the target on to the film (1,13). The film image is obtained by
conventional film exposure using the silver halide emulsion in x-ray films. The
image is then hand traced and the skeletal and soft tissue landmarks are
identified (See Appendix A). From these anatomical landmarks or points, both
angular and linear measurements are taken. In the past, orthodontists have
devised numerous geometric analyses in an attempt to interpret the
cephalometric measurements into a meaningful standard by which the
profession could classify dental and skeletal malocclusion, assess the growth
of the face and to determine orthodontic treatment outcome. Today,
cephalometric analysis continues to provide a guideline by which

orthodontists govern their diagnosis and treatment plan.
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1.5.2 CEPHALOMETRIC IMAGE QUALITY

1.5.2.1 DENSITY AND CONTRAST

The quality of the image obtained is of utmost importance to
cephalometric analysis. Errors in landmark identification due to inadequate
image resolution and clarity can alter the cephalometric measurements and
can ultimately affect the validity of the diagnostic information acquired.
Unfortunately due to the nature of film-based radiography, many sources of
error are incumbent in the process of acquiring the object image (17,19,33).

One of the features that can affect the image clarity and resolution is
contrast and density of the film image. The density of the film is defined as the
degree of darkness of the film and the contrast represents the difference in
densities in between adjacent areas on the image. The density of the film is
controlled by a host of factors including tube voltage (Kvp), tube current (mA),
time of exposure, film speed, film processing and distance of the x-ray source
to the target. Likewise the tube voltage and film processing can affect the
contrast of the film (34-37). Because the head receives a uniform exposure of
radiation during a lateral cephalograph, differing thicknesses at various points
on the skull can affect the image obtained. Areas with more superimposed
structures will be under-exposed, while areas in the front of the face will be
over-exposed (38). Fortunately, ideal imaging conditions have been

standardized with optimal settings with new x-ray devices, improved
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’radiographic film processors and faster films. The advent of intensifying
screens for film-based radiography and digital imaging plates have also
played a major role in improving image quality, while reducing patient
radiation exposure (39,40). Moreover, the digitizing process has allowed for
the manipulation of radiographic images, thereby controlling the image quality

and subsequent visualization of anatomic landmarks (34,41).
1.5.2.2 PROJECTION ERROR

Like all transmission radiographs, lateral cephalometric x-rays‘interpret
the three-dimensional structure into a two-dimensional plane. The resulting
superimposition of anatomical structures complicates image interpretation
and landmark identification. Moreover, structures closer to the x-ray source
appear more magnified than those closer to the detector (Figure 1.3)
(17,18,42). In lateral cephalometrics, the head is conventionally imaged from
the right side, thus the right side is usually magnified more than the left. The
situation becomes more difficult when the objective is to assess individuals
with severe asymmetries (22,43-46). To compensate for magnification errors,
basic mathematics for compensating for projection errors in cephalometry

have been described (19).

12



Focus

Perspective projection

Figure 1.3. Disproportional magnification of object in the image (52)

Another source of projection error that should be considered is the
incorrect position of the patient’'s head. The effect of head rotation on linear
and angular measurements has been investigated in several studies. A study
by Alghvist et al, demonstrated that when the head position was altered by
less than 5 degrees in the horizontal plane, the errors were less than 1 % in
length measurements (mm) and less than 1 degree in angular distortion (18).
In a study by Yoon et al, head rotation demonstrated little effect on angular
measurements, while a maximum error of 5.78% was noted at 15 degrees of
deviation along the z-axis (20). In general, linear measurements in the
transverse direction were found to have slightly higher error than the vertical
measurements with improper head position during radiographic imaging
(17,18,22,47). Today, differences in magnification are rarely assessed in
cephalometric studies because the method of image acquisition has become

standardized.
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1.5.3. LANDMARK IDENTIFICATION

The correct identification of craniofacial landmarks on the lateral
cephalometric radiograph lays the foundatioh for cephalometric analysis,
however the process is prone to significant variation. This is partly due to
projection errors, variation in rater interpretation and radiographic technique
(2,16,18,38,43,44,48). As certain anatomical structures are more identifiable
than others, a systematic pattern of error prevails in landmark identification,
with some points exhibiting higher precision among observérs (49-51). In
particular, Sella, Nasion and Pogonion tend to be less subject to error,
whereas areas such as A point, Porion and Condylion tend to exhibit greater
variation to identification (38,43,52) (See Appendix A for location of skeletal
landmarks). Furthermore, dental landmarks tend to exhibit greater variability
than skeletal anatomic points (53). Because all areas of the film are imaged
with uniform exposure, the more dense regions of the skull where there is
greater overlap of structures or greater bone density will have a tendency to
be underexposed. Likewise, areas with relatively less bone density, such as
the anterior part of the skull, will be over-exposed. Both of these situations
can make identification of the cephalometric points difficult (1,13,54).

Due to the variability in the location of certain landmarks,
cephalometric references based on landmarks that are not reliability identified
are not recommended (43,48,52). Since variability of Porion and Orbitale

(Frankfort Horizontal) is significant, a more identifiable reference, Sella to

14



Nasion, is recommended for cephalometric analysis (55-57). Although
landmark variation exists, the effect on cephalometric measurements does
not appear to be clinically significant, as the precision of landmark
identification does not greatly alter the results of the cephalometric diagnosis
(38,54). However, the assessment of growth and treatment outcome does
require proper identification of landmarks and utilization of landmarks that are

more easily identified has been recommended (49,56).

1.5.4. DIGITAL IMAGING

Traditionally, conventional analog lateral cephalographs have been
hand traced and land-marked for cephalometric assessment. This process is
often time consuming and prone to considerable rater error (49,58). Today,
lateral cephalographs images can be digitized through the use of a flat bed
scanner and transparency adaptor. The analog image is converted to pixels,
which represent the grayscale of the original image. The image is then
represented onto the computer monitor by way of dpi (or dots per inch), which
is the equivalent to a pixel. Thus the number of dots is directly proportional to
the image detail. As the scanner setting for dpi can be altered, recent studies
have demonstrated that a minimal scanner setting of 150 dpi to 300 would
provide adequate image detail on the computer monitor for precise landmark
identification (41,59). The digitized lateral cephalograph offers similar

reliability to that of conventional radiography with respect to landmark

15



identification in a significantly more efficient manner (49,58,60,61).
Furthermore the ease of transfer the digitized information for purposes of
patient education or professional collaboration is an additional benefit of
digitizing lateral cephalograms.

Another form of digitization that has become widespread is the use of
digital radiography. Digital radiography uses a similar x-ray source found in
_conventional analogue radiography, but replaces film with an imaging screen
(phosphor) or electronic sensor commonly known as a charge-coupled device
(CCD) (39,40). They usually require less radiation, are processed much
quicker than conventional radiographic films, and often instantly viewable on
a computer. Furthermore, use of digital radiographs eliminates the source of
error associated with scanning conventional radiographs. Aside from the
additional benefits of rapid accessibility, transferability and manipulation of the
images (27,62), digital Iaterall cephalometric radiography is still prone to
projection errors and offers comparable diagnostic value to that of

conventional radiographs (32,54,63,64).

1.5.5. COMPUTED TOMOGRAPHY (CT)

Since the invention of the first computed tomography (CT) scanner by
Godfrey Hounsfield in Britain in 1972 (65), CT scanners have improved in
efficiency and sophistication, experiencing widespread use in clinical

applications in the medical and scientific field. Modern CT machines today are

16



helical or spiral CT machines, which use a thin, fan-based x-ray beam,
generated by a high output, rotating anode. The x-ray source is housed in a
gantry chamber and spirals around the patient multiple times as the patient
moves through the chamber on a bed. The image data is being recorded in
multiple axial siices at 0.4-0.7 mm apart that become stacked together to
produce the final volumetric image. Each axial slice requires a full rotation of
the x-ray source, and numerous slices are required for image acquisition. The
target image is then reconstructed using algorithms into a three-dimensional
image, from which any desired perspective or multiplanar slice can be
visualized by appropriate software (25,65-68)

CT devices offer high visual contrast and acuity of soft and hard
tissues captured in three dimensions. However, due to the fan-based beam
utilized, considerable radiation scatter is observed. Despite the contribution of
CT in the medical field, adpption of the use of CT machines in dentistry has
been hampered by the large radiation doses, prohibitively high cost, space

requirements and long scanning time associated with these machines.

1.5.6. CONE BEAM COMPUTED TOMOGRAPHY (CBCT)

To address the dental concerns of conventional CT, the cone beam
computed tomography was created in 1997 at the Department of Radiology,
Nihon University School of Dentistry in Japan (69). Designed specifically for

the head and neck region, cone beam computed tomography (CBCT) uses a

17



cone-shaped x-ray beam generated from a low output anode source and an
array of either solid-state flat panel or amorphous silicon detectors. Like the
conventional CTs, the x-ray source rotates around the head; however due to
the cone beam shape of the x-ray every degree of rotation captures an entire
image of the face (Figure 1.4). Furthermore a single 360-degree rotation is all
this is required for full image acquisition. The CBCT uses a pulsed source of
radiation as compared to conventional CT devices, so the exposure time is
considerable shorter resulting a radiation exposure of 15-20% of that of
conventional CTs and comparable to that of full mouth peri-apical full mouth
exposure (9,11,70-72). In addition, the cone beam also produces a more
focused beam and considerably less scatter radiation compared to the
- conventional fan-based CT devices (6). Thus, CBCTs offer improved
resolution, less scan time and lower radiation exposure over its larger CT

counterpart.

X-ray souice X-ray source

‘Cone’ of X-rays
'Fan' of X-rays

(VIR

Detector

Figure 1.4. Difference between multi-slice CT and CBCT operation (11)
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The image obtained from CBCT devices are rendered into a 3D
volumetric image comprised of voxels, which are the smallest images
produced of the patient’'s anatomy, possessing a cubic dimension. Once the
image is rendéred into compliant software, the image can be manipulated to
obtain a skull view, regional views, and variations of axial, sagittal or coronal
sections. Orthodontic panoramic and lateral cephalometric views can also be
generated with a multitude of projection scenarios. The images can be saved
as DICOM files for further manipulation using other software (62).

Inherent errors and limitations exist in CBCT. These include
background scan noise, image artifacts and the field of view. Artifacts in
CBCT data can result from beam scatter of radiodense objects such as
metallic restorations and even dense cortical bone. Background noise can be
related the geometry of the path of the beam detector. Furthermore the
radiation dosage is dependent upon the field of view (FOV), which is the
volumetric area that the CBCT x-ray covers. Currently two main FOV are
offered with CBCT, nine inch and twelve inch FOVs. Generally, the smaller
the FOV used, the less the scatter, better image resolution, and lower
radiation exposure is generated (12,25,73-75).

Today, several different CBCT machines are available. These include
the Newtom 3G (Quantitative Radiology, Verona, ltaly), i-Cat (Imaging
Sciences, Hatfield PA, USA), CB MercuRay (Hitachi Medical Corporation,
Tokyo, Japan), 3D Accuitomo XYZ (J Morita Mfg. Corp, Kyoto, Japan),

Planmeca ProMax 3D (Planmeca, Finland), and the Galileos (Sirona,

19



Charlotte, NC, USA). These CBCT machines can perform a full scan of the
head with increased speed of image acquisition and improved resolution over
that of conventional x-radiation, offering considerably more information of the
internal hard and soft tissue structures of thé head (10,25,69,76,77). Due to
their small size, high image resolution, three dimensional image accessibility
and clinical efficiency, CBCT machines have been used in numerous areas in
the field of dentistry including pathology, assessment of bone density in
implantology, developmental and periodontal bone defects, oral surgery,
endodontics, impacted teeth and root resorption, cleft palate and
temporomandibular joint disorders (8,10,24,26,45,69,78-87). CBCT use in
orthodontics has been limited to adjunctive procedures such as assessment
of potential concerns and complications prior to treatment such as severe
facial asymmetries; bone levels for implant placement, identification of
impacted or ectopic teeth and presurgical evaluations (78,79). Recently, the
advantages of CBCT have incited a surge of interest in the use of CBCT as a
substitute for conventional panoramic and cephalometric images for
orthodontic treatment planning (25,26,74,76,77,88,89). In an effort to proceed
with this endeavor, research comparing the safety and diagnostic parameters

of cone beam to conventional radiography has been carried out.
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1.5.7. CONE BEAM VS CONVENTIONAL RADIOGRAPHY

1.5.7.1 RADIATION EXPOSURE

The effects of radiation are long lasting and cumulative over time. The
possibility of a pituitary or thyroid damage associated with the risk of low birth
weight infants due to maternal exposures to low levels of dental X-rays
exemplifies the concern of radiation exposure in dental diagnostic treatment
(90). The allowable limit of radiation for a human adult is 3.59 milli Sievert
(Sv)/ year and includes all radiation exposures from a multitude of potential
sources including daily background radiation, and medical and dental x-rays.
On the average only 530 micro Sievert /year or about 1/7" of the allowable
radiation obtained from radiation are related to medical and dental exposure
(91-94)

During a visit to the orthodontic office, numerous conventional
radiographs are taken that constitute the patient records. Published exposure
for an analogue full mouth series has been reported as 150 micro Sv; an
analogue panoramic radiograph as 54 micro Sv and a lateral cephalographs
as 10 micro Sv. Patient exposure dose from a CBCT machine has been
reported to be as low as 45 micro Sv to 650 micro Sv (9,71,72,78,95). The
resulting effective radiation is dependent upon the settings used including
kVp, mA, and field of view. Recent studies have show that the NewTom 9000

can have an effective dose of 40 to 50 micro Sv, which is considerably less
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than that of other CT modalities and falls within the range of conventional x-
rays (9,66,71,72,95). These values of course are dependent upon the field of
view of the CBCT device and exposure settings. Studies have demonstrated
as much as 60-75% of the dose when using a 9 field of view versus a 12

field of view (9,95).

1.5.7.2. CEPHALOMETRIC ANALYSIS

In the field of orthodontics, limitations inherent in analyzing three
dimensional craniofacial structures from two dimensional x-ray images has
generated considerable interest in the potential application of CBCT
technology in orthodontic treatment planning (5,11,58,96). While 3D analysis
and diagnosis is still in it's infancy, conventional cephalometric analysis on 2D
image simulations from 3D volumes may provide a transitional bridge to
understanding the potential diagnostic validity of 3D technology, until a 3D
analysis is fully developed. To this end, several studies have been launched
to assess the precision and accuracy of CBCT images, and to compare the
diagnostic reliability of CBCT to that of conventional lateral cephalographs.

Statistical analysis has shown conventional CT 3D cephalometry to be
highly reliable and accurate using dry skulls (28,68,97-100). Recent evidence
using CBCT has demonstrated similar findings. In a study by Lagravere et al,
the precision of landmark identification was assessed in ten adolescent

patients using a NewTom QR-DVT 9000. The results demonstrated a high
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level of repeatable of locating 3D skeletal landmarks (kappa = 0.998) (101).
Pinsky et al demonstrated high reliability (ICC=0.96) between five examiners
when measuring linear measurements from dry human mandibles imaged on
an i-CAT scanner (31). In a recent study by Suomalainen et al, intra-and inter-
observer readings showed mean linear measurement error of 4.7% of dry
mandibles with an Accuitomo CBCT device (102). Moshiri et al demonstrated
higher precision of CBCT generated images using an i-CAT scanner
(1CC=0.988) when compared to conventional radiography using dry skulls
(ICC=0.713) (103).

Research has also been conducted to examine the accuracy of CBCT
devices by comparison to the measurements directly on the imaged object.
To assess the accuracy of landmark identification of the Newtom QR-DVT
9000, Lascala et al imaged 8 human skulls and compared the linear |
measurements to that of the anatomic skull. No significant differences in the
measurements between the two sources were noted in the denotmaxillofacial
area (104). Using an i-CAT scanner, similar findings were discovered by
Pinsky et al with dry human mandibles. In this study, accuracy of linear and
volumetric measurements of intraosseous lesions were found to be within
0.5mm (p<0.01) and 2.3 mm? (+ 2.6 SE) (p<0.001), respectively (31). High
accuracy of the NewTom (0.07 £ 0.41 mm) and CB MercuRay (0.00 +
0.22mm) cone beam devices were also demonstrated by comparing
measurements to dry skulls. In general, the geometric accuracy of linear

measurements of images taken from the CBCT devices when compared to
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the imaged object has demonstrated to be highly accurate (less than 1%
error), thus providing a truthful representation of the imaged object
(85,86,100,102,105-107,107) (Papadopulous et al, 2005;Robert et al, 2007;
Ludlow et al, 2007; Suomalainen et al, 2008; Sratemann et al, 2008).

Comparison to direct physical measures of the imaged object provides
the gold standard in research for determining accuracy of a device; however,
the clinical diagnostic gold standard in orthodontics is currently the
conventional lateral cephalograph. Studies comparing cephalometric
measurements between CBCT derived lateral cephalograms and
conventional lateral cephalograms from dry skulls showed significantly
greater accuracy of the CT imaging as compared to conventional radiography
with respect to linear measurements (30,102,103,105,107). Interestingly, no
significant difference in angular measurements between the imaging
modalities and physical measures were exhibited (98,108)

Although research in assessing the diagnostic value of CBCT is on the
rise, studies using humans is scarce. To date, there are only two human
studies, which compare the cephalometric measurements between CT
generated cephalographs and conventional cephalographs. In a study by
Greiner et al, reliability and accuracy of landmarks was assessed using nine
patients. In the study, the patients were imaged using a multislice CT scanner
and digital radiography. Cephalometric analysis of linear measurements was
performed on the respective images. The results of the study demonstrated

no significant differences in the reliability or accuracy between the two image
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modalities (109). In a recent study using 31 human subjects, linear and
angular cephalometric measurements between CBCT (NewTom 3G, 12 inch
FOV) and conventional lateral cephalographs were compared using Dolphin
3D softwére. The results of the study showed no statistical differences in the
linear and angular measurements between the image modalities, with the

exception of Frankfort to mandibular plane angle (P>0.01) (110).
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Chapter 2

The Reliability of Angular Cephalometric Measurements of CBCT
and Conventional Lateral Radiographs.
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2.1 INTRODUCTION

Since it’s inception in 1930s, the lateral cephalogram has become the
oné of the most widely adopted diagnostic tools in clinical orthodontics today.
From the lateral cephalogram, a wealth of information can be extracted by
way of cephalometric analysis, allowing the orthodontist to diagnose dental
and skeletal malocclusions, predict growth, and assess treatment outcome
(1,2). Despite the ubiquitous use of conventional lateral cephalographs in
clinical orthodontics, inherent errors in projection due to magnification and
superimposition of anatomical structures exist, often lowering the quality of
the radiographic image. Consequently, errors in landmark identification are
the predominant error in cephalometric analysis (3-9).

The main problem with projection error stems from the non-parallel
nature of the x-rays beams used in dentistry. As a result the image of the
object is often magnified, with the side closest to the x-ray source magnified
more than the opposite side (9-13). When the two sides of the face are
superimposed, it is often difficult to ascertain accurate locations of the skeletal
landmarks. The situation becomes even more difficult when the patient
exhibits some skeletal asymmetry (4,14,15).

Cephalometric radiography in orthodontics follows a standardized,
reproducible head position in relation to the x-ray source and film.
Standardized exposure and film developing settings are used to obtain

optimal image contrast and density, and physical head-holding devices such
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as ear rods and a nasal positioner are used to prevent the head from moving
or rotating (1,2,8,16). However, since the device contacts the soft tissues of
the external earl canal and nasal bridge, the head can be incorrectly
positioned within the device. Cénsequently, alterations in head position,
predominantly with respect to rotations towards or away from the x-ray
source, have been shown to affect cephalometric meésurements (8,16,17). In
most instances, severe head rotations are limited by stabilization devices
such as ear rods and are often noticed by the operator. Thus the degree of
error produced by head misalignment may not prove to be clinically significant
with respect to the outcome assessment of cephalometric analysis (16-18).

Difficulty in identifying craniofacial reference points on the lateral
cephalograph has been the predominant source of error in cephalometrics
(19-22). Consequently, numerous studies have been undertaken to assess
the reliability and repeatability of skeletal landmark identification (3,3-5,23-
26). As some points are more difficult to identify than others, such as Porion
and A point, a systematic pattern of error is present with respect to certain
landmarks (19,20,25,27-30). Thus, the specialty of orthodontics has adopted
conventional lateral cephalometric analysis in clinical diagnosis with the |
acceptance of its inherent limitations.

Advancements in medical technology have allowed us to see beyond
the limits of two dimensional x-ray images. An application that is rapidly
growing in the field of dentistry is the use of cone beam computed

tomography (CBCT) (31,32). Like conventional panoramic x-rays, CBCT uses
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two-dimensional imaging plates; however, instead of a fan shaped x-ray
beam, a cone-beam x-ray is employed. The pulsed x-ray source rotates 360
degrees around the patient's head, capturing a series of complete head x-
rays on an array of flat panel image plates or silicon screens (32). Thus an
image volume is created. The volumetric data is then rendered by computed
algorithms and a three dimensional (3D) image of the head is generated by
compatible software. Due to the high image resolution, quick image
acquisition and 3D image visualization, CBCT technology is flourishing in
areas such as implantology (33,34), periodontology (35-37), orthodontics (38-
41), cleft lip and palate (42), endodontics (43), temporal mandibular disorders
(44,45), oral pathology (46) and oral surgery (34,46).

Images rendered by CBCT can be manipulated to produce a multitude
of image slices in the frontal, transverse, saggital planes as well as a myriad
three dimensional perspective angles. Orthogonal (parallel x-rays) as well as
perspective (fan shaped) images can also be generated (46). Since the image
is volumetric in nature, the magnification and misalignment errors of
conventional radiographs are not present. Therefore it would be interesting to
see whether an image of a lateral cephalograph generated from CBCT
volumetric data is subject to landmark identification error as those found in
conventional radiographs. Thus the objective of the study was to evaluate and
compare the reliability and repeatability of angular cephalometric
measurements on lateral cephalograms generated by CBCT and

conventional radiography.
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2.2 MATERIALS AND METHODS

In this diagnostic study, patients were selected by way of sequential
sampling from the treatable pool of patients at the Graduate Orthodontic
Clinic, Faculty of Medicine and Dentistry, University of Alberta. Patients
exhibiting gross asymmetries of the face were excluded from the study to
prevent added difficulty in landmark identification. Informed consent from
each patient and ethics approval from the Health Research Ethics Board at
the University of Alberta was obtained. All patients were imaged using
conventional radiography and CBCT. To ensure a proper qualitative analysis
of reliability for each imaging modality, ten patients were randomly selected to
evaluate intra-rater reliability at three different time points and ten patients
were selected to assess inter-rater reliability between three independent
raters, for the each of the CBCT and conventiohal imaging modalities.

To prevent movement of the lower jaw, a radiolucent bite splint was
fabricated with a rigid quick set registration material (Bite Registration High
Performance, Patterson Dental, St Paul, MN) with the patient in maximum
intercuspation. The patients were imaged by both radiographic systems on
the same day and the splint was worn throughout the imaging procedures.

Conventional lateral cephalographs were obtained through Orthoceph
OC100 (Instrumentarium Imaging, Milwaukee, US). The head was positioned
into the apparatus by seating the patient into the attached ear rods and nasal

bridge fixation device. The film was processed and scanned at 300 dpi on an
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Epson Expression 1680 scanner (Epson America, Long Beach, CA). The
image was then imported into Dolphin (Version 10.1, Build 38). CBCT scans
were performed on a Newtom 3G Volume Scanner (Quantitative Radiology,
Verona, Italy) using a 9 inch field of view with the following settings: kVP (AP)
110, mA (AP) 0.9, kV (LL) 1.20, mA(LL) 1.20, exposure time of 7.2 s and
mAs: 7.2. The axial slice thickness was 0.2mm, voxels were isotropic and the
volumetric data was converted to DICOM file and subsequently imported into
Dolphin 3D.

To obtain a CBCT generated image that most approximated the
conventional lateral cephalograph; the 3D head was reconstructed from the
volumetric data and carefully oriented in all three planes. The left and right
external auditory meatus was lined up to simulate the alignment of the
patients head when seated in the OrthoCeph ear rods (Figure 2.1, also see

Appendix B for exact orientation).

Frontal Left | Right

Figure 2.1. Orientation of CBCT image for x-ray build using 12 inch field of
view volumetric sample generated by dolphin 3D

41



From the volumetric data, a radiographic reconstruction of the lateral
cephalograph was obtained using a full thickness scout view of the lateral
head. Orthogonal view (parallel x-rays) was selected to eliminate any
disproportionate image magnification and superimposition. For the generation
of x-ray images from the volumetric data, the maximum intensity projection
(MIP) setting was selected. The MIP algorithm has been widely used in the
medical field to depict volumetric vascular data acquired by both CT and
magnetic resonance imaging (47,48). It offers a pseudo three-dimensional
reconstruction and is useful for evaluating areas of high contrast (49). Image
magnification has been shown to affect the linear cephalometric
measurements when comparing CBCT and conventional radiography (50-52),
where as angular measurements have been shown to be generally unaffected
by projection magnification (20,53-55). Consequently, only angular
measurements were analyzed in this study.

To establish intra-rater reliability, the cephalometric measurements
were performed at three weeks apart by the principal investigator. The order
of the patients was randomized at each of the time points (T1, T2 and T3). To
investigate inter-rater reliability, the results of measurements between three
independent raters were compared. For the purpose of the study, ten
cephalometric angular measurements that represented skeletal and dental

relationships in the vertical and antero-posterior plane were selected (Table

2.1).
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Table 2.1. Cephalometric Angles used in the Study

SNA Sella - nasion — A point

SNB Sella - nasion — B point

ANB A point - nasion — B point

FMP Frankfort horizontal — mandibular plane
SN-FH Sella —nasion to Frankfort horizontal
SN-Ar Sella — nasion to articulare

Y-axis Sella — nasion to sella — gnathion
U1-PP Upper incisor to palatal plane

L1-MP Lower incisor to mandibular plane
U1-L1 Upper incisor to lower incisor

Frankfort horizontal: the line from Porion to Orbitale

2.3 STATISTICAL ANALYSIS

For statistical analysis SPSS (version 14.0) was utilized. To test the
hypothesis that there is no difference in the cephalometric measurements
between the time poihts (T1, T2 and T3), Intra-Class Correlation Coefficient
(ICC) was employed (a=0.05). For reliability analysis, the hypothesis that the
correlation between the different raters was the same was assessed using
Inter-Class Correlation. Single measures reliability and absolute agreement
was implemented, with ICC set at 0.8. Correlation values above 0.8 were

considered as highly reliable (55).
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2.4 RESULTS

Intra-Rater Reliability

Statistical analysis revealed high intra-rater correlation coefficients between

measurements the time points, T1, T2 and T3 in both the Conventional (Table

2.2 and 2.3) and CBCT cephalographs (Table 2.4 and 2.5) (ICC>0.8). Thus,

the angular measurements performed by the investigator did not differ

significantly between the three time points in both imaging modalities. High

intra-rater reliability of landmark identification was demonstrated in both

systems.

Table 2.2. Ahgular measurements (degrees) from conventional radiography

images (n=10)

Time 1 Time 2 Time 3
Mean SD Mean SD Mean SD
SNA 79.460 3.823 79.920 3.571 79.790 4.099
SNB 76.970 4107 76.830 3.712 77.050 4.188
ANB 2.490 3.316 3.110 2.993 2.700 3.063
SNAr 124.680 4.742 125.690 5.946 125.190 4.919
SN-FH 11.030 3.043 11.380 2.908 11.160 3.408
Y-Axis 69.370 4.580 69.780 4.056 70.100 3.946
SN-MP 33.910 7.0289 33.130 6.471 33.770 6.472
U1PP 114.970 5.656 115.110 5.149 115.320 5.525
L1MP 93.220 7.236 92.890 6.974 92.890 7.010
U1-L1 125.510 7.830 125.300 7.049 125.340 7.218
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Table 2.3. ICC. Conventional Radiography (n=10)

Intraclass
Correlation 95% Confidence Interval
SNA .962 (.898 .989)
SNB 973 (.925 .993)
ANB .951 (.864 .986)
SNAr .952 (.868 .987)
SN-FH .939 (.839 .983)
Y-Axis .940 (.841 .983)
SN-MP .979 (.942 .994)
U1PP .967 (.909 .991)
L1MP .981 (.947 .995)
U1-L1 .979 (.939 .994)

Table 2. 4. Angular measurements (degrees) from CBCT (n=10)

Time 1 Time 2 Time 3
Mean SD Mean SD Mean SD
SNA 81.340 4.333 82.080 4.365 81.730 4.163
SNB 78.820  2.497 79.150 2.967 78.940 2.895
ANB 2.640 4173 2.930 4,197 4,120 2.446
SNAr 125.920 4.210 126.230 4.697 125.570 4.115
SN-FH 9.380 3.389 9.890 3.237 10.120 3.275
Y-Axis 68.620 3.300 69.060 3.593 68.930 3.422
SN-MP 32.720 6.022 32.480 5.670 32.140 6.310
U1PP 112,550 6.228 112.070 6.216 113.050 6.426
L1MP 96.020 10.24 96.060 9.624 96.140 9.515
U1-L1 127.320 9.146 128.270 8.114 127.040 9.076
Table 2.5. ICC. CBCT
Intraclass
Correlation 95% Confidence Interval
SNA .978 (.928 .994)
SNB 972 (.924 .992)
ANB .992 (.976 .998)
SNAr .939 (.840 .983)
SN-FH .940 (.836 .983)
Y-Axis 927 (.810 .980)
SN-MP .976 (.933 .993)
U1PP .068 (.911 .991)
L1MP .985 (.957 .996)
U1-L1 .980 (.939 .995)
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Inter-Rater Reliability

To assess reliability of the measurements between the three raters, statistical analysis
using Inter-Class Coefficient (ICC) was employed. The three raters consisted of two
graduate orthodontic residents and an orthodontist. There was insufficient evidence to
support a difference in the measurements between the three raters with the exception
of SN to FH for the Conventional imaging system* (ICC = 0.869, 95% CI: 0.584-
0.985) (Table 2.6 and 2.7). A similar trend was noticed with the CBCT imaging
system* (ICC=0.831, 95% CI: 0.584-0.950) (-Table 2.8 and 2.9).

Table 2.6.Angular measurements (degrees) from conventional radiography
images (n=10).

Rater 1 Rater 2 Rater 3
Mean SD Mean SD Mean SD
SNA 78.810 3.879 79.570 4.154 78.920 4,397
SNB 77.090 2.952 77.490 3.133 77.220 3.337
ANB 2.420 1.370 2.680 1.356 2.450 1.235
SNAr 122.940 5.160 122.690 4.453 122.490 5.360

SN-FH 11.070  2.835 10.550 2877 9.700 2372
Y-Axis 69.270  3.708 68.890  3.583 68.930 3.721
SN-MP 36.290 6.737 34.790 6.587 36.480 6.287
U1PP 107.350 5.206 107.330 4.723 107.180 4.071
L1MP 87.700 7517 89.280 8.435 90.210 8.713
U1-L1 134.960 8.145 134.060 9.427 132.730 8.565

Table 2.7 ICC. Conventional radiography (n=10).

Intraclass
Correlation 95% Confidence interval
SNA .964 (.894 .990)
SNB 974 (.928 .993)
ANB 923 (.800 .978)
SNAr .959 (.888 .989)
SN-FH .869 (.584* .965)
Y-Axis 974 (.927 .993)
SN-MP .961 (.835 .991)
U1PP .930 (.811 .980)
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L1MP 944 (.808 .985)
U1-L1 946 (.840 .985)

Table. 2.8. Angular measurements (degrees) from CBCT (n=10)

Rater 1 Rater 2 Rater 3
Mean SD Mean SD Mean SD
SNA 79.420 3.839 79.400 3.660 79.120 4.216
SNB 76.970 4.172 .76.300  4.092 76.850 4.426
ANB 3.180 2.538 3.610 2.299 3.010 2.145
SNAr 124.680 4.742 125.440 4.610 124580 4.805
SN-FH 10.430 2.793 10.400 2.679 9.390 2.582

Y-Axis 69.370  4.580 69.880 4.306 69.490 4.558
SN-MP 33.940 7.0965 34.310 6.797 35.600 6.093

U1PP. 114.480 5.198 112.970 4.709 113.380 5.064
L1MP 93.220 7.236 93.400 7.916 93.170  8.093
U1-L1 126.100 8.409 126.910 6.868 126.480 8.003

Table 2.9.ICC. CBCT (n=10).

Intraclass
Correlation 95% Confidence interval
SNA .935 (.827 .982)
SNB .958 (.884 .998)
ANB .947 (.838 .986)
SNAr .925 (.804 .979)
SN-FH .831 (.584* .950)
Y-Axis 957 (.884 .988)
SN-MP .958 (.856 .989)
U1PP .937 (.799 .983)
L1MP 972 (.921 .992)
U1-L1 .935 (.827 .982)

2.5 DISCUSSION

The difficulty of identifying landmarks on cephalometric radiographs is
a major confounding variable in cephalometric analysis. Although projection

errors due to superimposition of bilateral structures and magpnification play a
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major role, other factors such as the variability in head position, hand tracing,
radiographic quality and interpretation of the clinician add to the problems in
precision and reliability of landmark identification (2,4,5,10,28,56-59). With the
boon of technological advancement in the field of dentistry, the process of
digitization has largely replaced conventional hand tracings of cephalographs.
As fewer steps are required, the digital process is more efficient (19,60,61).
Once the images are digitized by way of scanner or by use of digital
radiography, computer assisted landmark identification can be achieved using
various analytical software. This process has yielded similar levels of
reliability and precision offered by traditional cephalometric analysis
(27,57,62-65)

With the development of cone beam technology, the limitations of
visualizing a three dimensional object in two dimensions can be resolved.
However, CBCT does come with its own limitations including scan noise and
image artifacts which can often affect the quality of the image. Scan noise or
scatter is largely related to the inherent geometry of the x-ray beam and
sensors, and image artifacts are usually related to the imaging of radiodense
areas such as thick cortical bone and metal restorations or prosthetics (41,66-
68). Despite these limitations, CBCT offers numerous advantages over
conventional or digital radiography including high image accuracy (69-71),
rapid scan times (31,38,72), reduced image arti;‘act using suppression
algorithms (68,73), the ability to generate numerous three dimensional or

multiplanar images from a single head scan (40,41,74), and the ability to
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collimate the primary x-ray beam to a specific area of interest (40,41,45).
Furthermore, published reports on newer CBCT devices indicate an effective
does of radiation, with an average range of 36.9-54 microsievert (uSv), which
is similar to that of conventional dental full-mouth radiographs (75-80).

The benefits of CBCT have lead to widespread application in
numerous fields of dentistry. With respect to orthodontic diagnosis and
treatment planning, the use of CBCT in the field of orthodontics has yet to
ascertained. To better understand the diagnostic value of CBCT with respect
to orthodontic treatment planning studies evaluating the precision and
reliability of conventional computed tomography technology have been
undertaken.

A study by Kragsov et al (50), using dry skulls demonstrated greater
inter- and intra-observer variation of landmark identification in three-
dimensional CT reconstructipns when compared to conventional
cephalographs. However, in this study, the precision between traditional
cephalometric points on the lateral radiographic image were compared to the
precision on defining the same cephalometric points in three dimensions
(x,y,z planes), thus a third dimension of error was introduced in the CT
measurements and may have not represented an equal comparison between
the two imaging modalities. Moshiri et al (55), using i-CAT CBCT scanner on
dry human skulls, also demonstrated high reliability and precision of landmark
identification. The results of the study revealed significantly higher precision

with measurements from the synthesized CBCT cephalographs (ICC=0.988 +

49



.006) over that of conventional radiography (ICC=0.713 £ 0.111). In general,
high levels of inter and intra examiner reliability have been documented with
both CBCT and conventional CT generated images of dry human skulls
(70,81-84). A systematic review by Lou et al, noted the ability to obtain a high
precision of landmark identification using conventional CT and CBCT devices,
and that landmark identification error on can be reduced to 0.5 mm for two-
dimensional reconstru‘ctions from volumetric CT scans with repeated practice
(85).

Despite the growing body of evidence illustrating the precision and
reliability of landmark identification on CBCT machines, very little research
exists with living human subjects in a clinical setting (86). Thus the aim of the
study was to evaluate the precision and reliability of cephalometric
measurements in lateral cephalographs obtained from CBCT volumetric data
and conventional radiography in humans. The results of the study
demonstrated a high degree of reproducibility of ten angular cephalometric
measurements, between the different time points (T1, T2 and T3), from lateral
cephalometric images obtained from both the conventional and NewTom
imaging modalities (ICC>0.8, 0=0.05). In the first part of study, no pattern of
measurement variation was displayed at the different time points (T1, T2 and
T3). Since a single rater was used for this analysis, a consistent error in
landmark identification (lack of accuracy) could have been made at each time

point, thus accounting for the high level of repeatability observed. Thus to test
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subjective rater error, a reliability analysis was performed using three
independent raters.

When comparing the cephalometric measurements of the conventional
radiographs between the three raters, a high degree. of correlation was
exhibited for all measurements (ICC >0.8) with the exception of SNFH (ICC=
.869, 95% CI: .584 to 0.965). Interestingly, a similar pattern was observed in
the measurements from the lateral cephalograph images generated from the
CBCT data, which exhibited high levels of reliability between raters with the
exception of SNFH (ICC= 0.831, 95% CI: 0.584 to 0.950). In cephalometrics,
a systemic pattern of error in identifying landmarks of anatomical points has
been established as some anatomic points are more difficult to discern and
are often subject to variations in interpretation (6,24,28). Due to
superimposition and magnification problems, as well as differential exposure
of radiation along the skull, certain landmarks such as A point and Porion
have notoriously been associated with subjective rater error (4,21,29). Due to
the variation in identifying Porion, the use of stable references other than
Frankfort Horizontal (Porion to Orbitale) for cephalometric analysis has been
recommended ((24,29,58).

In this study, the variation in SH-FH angle may be attributed to the
several factors. For the conventional lateral radiograph, intrinsic projection
errors of magnification may have contributed to a lower image quality,
however, the CBCT x-ray simulation was constructed using an orthogonal

algorithm, which precluded the magnification and distortional aspects of the x-
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ray beam. It is possible that some of the patients in the study may have had
increased complexity and density of skeletal anatomy in the region of the
external internal auditory canals, or there may have been asymmetric
positions of the bilateral Porions with respect to the external opening of the
ear, where the ear rods enter, making Porion difficult to visualize and identify
when both sides of the face were superimposed on the x-ray image. It is
interesting to note that Rater 3 consistently had a greater deviation in
measurement of the SH-FH angle in both systems (Table 5 and Table 7). This
however, could be due to the difficulty in identifying Porion and subjective
interpretation of the landmark. Another variable that could explain the
variation in identifying the SH-FH point is the x-ray construction algorithm
used. For the study, the maximum intensity projection (MIP) setting was
selected as it produced the least noise, highest contrast ratios and excellent
definition of extermnal contours of the skull (47,49,87-90). MIP is a 3D
visualization technique that is achieved by evaluating each voxel value along
an imaginary projection ray from the observer's eyes within a particular
volume of interest and then representing only the highest value as the display
value (89). Regions of the skull that are traditionally more difficult to visualize
due to contrast and overexposure such as A point, Nasion and the anterior
nasal spine (ANS) are accentuated using the MIP algorithm
(22,29,47,49,57)). MIPs provide excellent image quality however there is a
limitation with this technique as there is a tendency to misrepresent positions

that do not have a maximal or attenuated image. Therefore some internal
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structures such as the Porion and Orbitale, may be obscured which may lead
to sub-optimal interpretation of images. Suggestions have been made to
consider the use of a limited volume MIP, to allow for improved image
contrast and acuity, however the algorithm was not available on the current
software (80,88,89).

The data shown here is consistent with the information regarding
systematic errors often exhibited with certain landmarks in cephalometric
analysis (2,4,9,20,28,29,91). In both the CBCT and conventional imaging
modalities, all cephalometric measurements exhibited high reproducibility
between raters, with the exception of the SN-FH angle. Although the results
indicate insufficient evidence to demonstrate high reliability for SN-FH, the
differences in the average measurements of SN-FH (Table 5 and 7) between

the raters may not be clinically relevant for diagnosis and treatment planning.

2.6 CONCLUSIONS

e The results of the study demonstrate a high level precision and
reliability of cephalometric angular measurements in images
obtained from both CBCT and conventional radiography.

e Thus CBCT offers a comparable level of reproducibility and
reliability of measurements to that of conventional Ilateral

cephalometric radiography.
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Chapter 3

A comparative analysis of angular cephalometric values between
CBCT generated lateral cephalograph versus conventional lateral
cephalographs
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3.1 INTRODUCTION

Cephalometry is a radiographic technique that is utilized by orthodontists to
abstract the human head into a measurable bi-diménsional geometric design. The
process of cephalometric analysis involves the identification of anatomical
landmarks on a lateral cephalograph, and the subsequent calculation of angular and
linear measurements between these points (1,2). From these measurements,
inferences with regards to the classification of skeletal and dental morphology,
growth pattern and prediction, and treatment outcome can be made. The use of
lateral cephalographs in diagnosis and treatment planning has become generally
accepted as the standard in clinical orthodontics. Today, the innovation of digital
radiography has become more widespread and is now being regularly used in the
various fields of dentistry and orthodontics.

Despite the ubiquitous use of lateral cephalometrics, certain limitations and
errors exist when capturing a three dimensional object in two dimensions. In lateral
cephalometry, errors in identifying landmarks on the head film are considered to be
the major sources of error in cephalometric analysis (3-13) X-ray beams are
nonparallel and originate from a small source some distance away from the object.
Consequently the two-dimensional image captured represents bilateral structures
that are disproportionately magnified, due to the divergent profile of the x-ray beam,
and superimposed. Furthermore, misalignment of the head also can introduce error
into the projected image (14-16). Other factors that contribute to errors in landmark

identification include the quality of the radiographic image and variations in
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subjective operator interpretation, with some landmarks exhibiting a greater pattern
of error than others (9,10,17-21). Over the years, these errors have become
tolerated and accepted in patient orthodontic diagnosis.

Computed tomography (CT) has found vast application in the medical fievld,
however due to the high cost and radiation levels, CT has found limited use in the
dental profession. The desire for a three-dimensional radiographic apparatus to
analyze the maxillofacial features has fostered the development of cone beam
computed tomography (CBCT) (22,23). Working on a different premise than the
conventional CTs, volumetric data is obtained by way of a cone-shaped beam rather
than axial or multiple slices. The x-ray source revolves a single 360 degrees around
the head, capturing full head images at pulsed intervals on an array of image plates
or sensors. The volumetric image is digitally captured and the data is then used to
generate a three-dimensional representation of the head by computed algorithms.
Using compliant software, the image of the head can be manipulated to render a
multitude of three-dimensional perspectives and slices in any axial plane.
Furthermore, reconstructions of conventional two-dimensional radiographs, such as
a lateral cephalograph or panoramic radiography can easily be reproduced (24-27).
Thus, the ability to see beyond the limits of the two dimensionality of x-radiation has
enabled great strides in the diagnostic imaging and subsequent treatment modalities
in the clinical health field.

Since CBCT was introduced in dentistry, it has experienced widespread
growth, significant technological development and numerous clinical applicationé in

the dental field including periodontics, endodontology, cleft palate, implantology,
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temporal mandibular disorders, oral pathology and oral surgery (25,28-34). New
CBCT machines are similar in size to conventional panoramic radiographic
machines, and can perform a rapid scan of the head within a range of 10-40s
(22,24,25,30,32,35). The quality of the image acquired is similar or often better to
that of conventional CTs (23,36,37) and the amount of radiation exposure is up to
fifteen times lower than conventional CTs and comparable to that of a full mouth
series (27,30,35,38,39) . Thus, diagnosis and treatment planning of various dental
procedures involving implant or mini-screw placement, oral surgery, oral pathology,
TMD, dental tooth impaction, cleft lip and palate and congenital deformities are now
performed with greater detail and precision (24,30,32).

In the field of orthodontics, limitations inherent in analyzing three dimensional
craniofacial structures from two dimensional x-ray images has generated
considerable interest in the potential application of CBCT technology in orthodontic
treatment planning (2-5,24,25,31,35,40-42). Numerous studies evaluating the
accuvracy of conventional CT machines have demonstrated a high degree of
accuracy when compared to physical measures of the human skull, to within 3% of
error (43-46). The body of research encompassing the accuracy of CBCT is limited,
however new evidence is emerging that suggests CBCT provides highly accurate
data compared to the gold standard of linear physical measures directly from dry
skulls, demonstrating relative error in the range of 1-2% (36,46-53)

Despite the ability of CBCT to reconstruct highly accurate three-dimensional
images of the scanned objects, cephalometric analysis by way of conventional or

digitized radiography continues to be the keystone diagnostic tool in clinical
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orthodontics. Thus a comparative analysis of CBCT generated lateral cephalographs
to conventional lateral cephalometry is necessary to delineate the diagnostic validity
of CBCT. Several studies investigating the differences between CBCT and
conventional cephalographs have demonstrated significantly greater accuracy of
linear measurements of CBCT generated images over conventional cephalographs
(50,54), while differences in angular measurements were negligible between the
image modalities (55,56). In these studies, however, only human skulls were used.
Studies are now just emerging, that are investigating the diagnostic precision and
accuracy of CBCT devices in humans subjects (69). Thus the goal of this study was
to compare the diagnostic value of cone beam CT to conventional lateral
cephalometric radiography in humans. The objective was to test the null hypothesis
that there is no difference between the measurements of cephalometric angular

values between the CBCT and conventional radiography lateral images.
3.2 MATERIAL AND METHODS

Thirty-six patients (15 males and 21 females, mean age 23 + 12.5 years) were
selected by method of convenience sampling through sequential collection from the
incoming pool of treatable cases at the University of Alberta Graduate Orthodontic
Clinic in Edmonton. Sample size was calculated using the results of a study by
Chidiac et al, which compared cephalometric values between CT and lateral
cephalometry in human dry skulls (43). Mean differences between several

cephalometric measurements values (SNA, ANB, UI-NA and L1MP) and their
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respective standard deviations were used in the calculation. The following values

were used with 0=0.05 and Power =0.9 (Table 3.1).

Table 3.1. Calculation of Sample size

Angles Mean diff SD Required

sample size
SNA 0.9 1.7 40
L1-NB 4.3 7.4 34
ANB 0.9 1.6 36
U1-NA 2.8 5.4 42

Based on Chidiac et al, 2002. (43)

Fore each patient an intra-occlusal splint was fabricated using a quick set
registration material (Bite Registration High Performance, Patterson Dental, St Paul,
MN) to stabilize the occlusion. Each patient was then imaged with both CBCT and
conventional radiography on the same day. Informed consent and ethics approval
was obtained from the Health Research Ethics Board at the University of Alberta.

A Newtom 3G CBCT Volume Scanner (Quantitative Radiology, Verona, Italy),
using a 9 inch field of view with the following settings: kVP (AP) 110, mA (AP) 0.9,
kV (LL) 1.20, mA(LL) 1.20, exposure time of 7.2 s and mAs: 7.2 s, was used to
generate the volumetric images and conventional lateral cephalographs were
generated using an Orthocep OC100 (Instrumentarium Imaging, Milwaukee, US).
Both instruments are located at and are property of the Orthodontic Graduate
Program at the University of Alberta, Edmonton. The volumetric images from the

CBCT were imported as DICOM files to Dolphin 3D (Version 10.1, Build 38), and the
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analogue lateral cephalographs were digitized by scanning at 350 dpi into an Epson
Expression 1680 flat bed scanner (Epson America, Long Beach, CA scanner). The
information was downloaded into Dolphin 3D, where the data was analyzed. Patients
with visibly noticeabie growth asymmetries were not included in the study, as
delineation of landmark structures may be difficult to determine on lateral
cephalograms.

To obtain a CBCT generated image that most approximated the conventional
lateral cephalograph, the digitized, rendered 3D head was orientated so the left and
right external auditory meatus was lined up, to simulate the alignment of the patients

head when seated in the Orthocep ear rods (Figure 3.1)..

Figure 3.1. Orientation of CBCT image for x-ray build, sample 12" FOV
Dolphin 3D.

For the generation of x-ray images from the volumetric data, the maximum
intensity projection (MIP) setting was selected. The MIP algorithm has been
widely used in the medical field to depict volumetric vascular data acquired by

both CT and magnetic resonance imaging (57,58). It offers a pseudo three-
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dimensional reconstruction and is useful for evaluating areas of high contrast
(59).

For the purpose of the study, ten angular measurements between designated
skeletal landmarks were compared between fhe two imaging systems. The
cephalometric values to be examined are listed below in Table 3.2. Evidence
suggests that projection magnification during conventional imaging does not affect
cephalometric angular measurements (55,56). In this study no correction for
magnification was performed from images obtained from the OrthoCep100

(Location of the landmarks, Appendix A).

Table 3.2. Cephalometric Angles used in the Study

SNA Sella - nasion — A point

SNB Sella — nasion — B point

ANB A point — nasion ~ B point

FMP Frankfort horizontal — mandibular plane
MP-SN Mandibular plane to sella -nasion
SN-Ar Sella — nasion to articulare
Y-axis Sella — nasion to sella — gnathion
U1-PP Upper incisor to palatal plane
L1-MP Lower incisor to mandibular plane
U1-L1 Upper incisor to lower incisor

3.3 STATISTICAL ANALYSIS

To assess the differences in the cephalometric measurements between the
image modalities, a paired MANOVA was employed with =0.05.
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3.4 RESULTS

The results of the multivariate test, as shown in Table 3.3, indicate that there
is insufficient evidence to support a difference in angular measurementsA
between the lateral cephalograms obtained from conventional radiograbhy
and those generated from CBCT data (p=0.211, o=0.05).

Table 3.3. Differences between angular measurements between
Conventional and CBCT images (Conventional — CBCT)

Measurements Mean SD 95% Confidence Interval Sig.
Conventional — Lower Upper
orthogonal CBCT Bound Bound
SNA 272 1.494 -.233 778 282
SNB .394 1.424 -.106 876 106
ANB -122 1.084 -.489 245 503
SNAr 164 3.110 -.888 1.216 754
SNFH -575 1.878 -1.210 .060 075
AXIS -.258 1.755 -.852 .336 .383
SNMP -.433 2.284 -1.206 .340 263
UIPP -.587 3.225 -1.678 504 282
LIMP 644 3.138 -417 1.706 226
UILI -.158 3.213 -1.246 929 .769

Paired Multivariate test: Wilks’ Lambda p=0.211, 0¢=0.05, n=36

In observing the box plot of the differences

in the

cephalometric

measurements between the lateral cephalograph images obtained from

conventional and CBCT image modalities (Figure 3.2), we can see the

medians resting close to zero. Thus the graph illustrates no significant

differences in the cephalometric measurements between the two image

modalities.
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Figure 3.2. Box plot of the differences in angular cephalometric
measurements between Conventional and CBCT paired images

(Conventional — CBCT)

Although no significant differences between cephalometric measurements
from Conventional and CBCT were present, the measurement of SNFH
(diffSNFH) did demonstrate the lowest p-value of 0.075. Further analysis
comparing SNFH measurements taken between the two imaging modalities is

illustrated below in Figure 3.3.

71



15.0—

12.5-

10.0

rrrzZ0~"AzZ2m<Z00

7.5+

Imzw

5.0

2.5+

T I I
5.0 10.0 15.0

CBCT SNFH

Figure 3.3. Scatter plot of Conventional SNFH vs CBCT SNFH measurement.

The comparison of SNFH values obtained from conventional cephalographs
to that of CBCT generated images, as illustrated in the scatter plot in Figure
3, indicates a trend of an over-estimation of the SNFH measurements in the
CBCT generated images with respect to a reference line (intercept=0,
slope=1). This pattern is corroborated in the general distribution of the
difference between the Conventional SNFH and CBCT SNFH values
(diffSNFH), which depicts a larger proportion of the distribution slightly below

the zero value. (Figure 3.2)
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3.5 DISCUSSION

Since the introduction of the analogue lateral cephalograph, clinicians
in the dental health profession have had to deal with the limitations inherent in
capturing a three dimensional object in two dimensions. In the field of
orthodontics, projection problems of magnification and superimposition as
well as variability in landmark identification have been major sources of error
in cephalometry. The development of cone beam technology offers a reprieve
from the constraints of two-dimensionality of conventional radiographs,
allowing visual access to all facets of the human skull. Designed to be focus
on the maxillofacial region (22), CBCT is still in its infancy when compared to
its more developed counterpart, the conventional spiral CT. Problems with
artifact and background noise are still prevalent in CBCT, however advances
in technology continue to improve these elements. As CBCT imaging is
unaffected by the projection problems of conventional radiographs, and the
image acquisition is independent of the head position of the patient
(13,22,25,30,31,60-62), there has been considerable interest in the use of
CBCT for orthodontic diagnosis and treatment (35,41,63).

As CBCT technology is relatively new, the limitations and parameters
to which three-dimensional reconstructions of the head can be used for
orthodontic diagnosis has yet to be fully ascertained. The development of a
three-dimensional cephalometric analysis lies within the near future, however

cephalometric analysis on conventional two-dimensional images is currently
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the predominant diagnostic tool in orthodontics. The ability to generated two-
dimensional radiographic simulations from CBCT volumetric data provides an
opportunity to utilize conventional cephalometric analysis on CBCT generated
lateral cephaldgraphs. Thus a comparison of cephalometric measurements
from CBCT lateral cephalographs to standard conventional radiography can
provide vital information with regards to the diagnostic validity of CBCT
imaging in orthodontics, and can be used a transitional diagnostic tool until a
three-dimensional cephalometric analysis is developed.

The current body of research evaluating the diagnostic validation of CT
technology largely involves studies investigating the accuracy of conventional
spiral or multi-slice CT machines to that of direct physical measures to dry
human skulls In these studies, CT reconstructed images were shown to
have a high level of accuracy to that of the object scanned, demonstrating an
almost 1:1 ratio of the image to the midsaggital plane (43,50,64-66). Thus
conventional CT technology has demonstrated the ability to accurately
reconstruct the scanned object in three dimensions.

Recent studies have been emerging that demonstrate a similar
accuracy to that of conventional CT, offered by CBCT machines (48,49,54). In
a study by Mischkowski et al (36), the accuracy of a CBCT (Galileos, Sirona
dental systems Inc, Germany) was compared to that of a multi-detector row
CT scanner (Somatom Sensation 6, Siemens, Germany) using dry human
skulls. The results illustrated less than 2% difference between linear

measurements between the two imaging modalities, with CT images
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demonstrating slightly greater accuracy than CBCT. Comparing the accuracy
of measurement distance using limited CBCT and helical CT in five cadaver
mandibles, Mischkowski et al (36) demonstrated a measurement error of
1.4% and 2.2% (P < 0.0001) with the CBCT and CT systems, respectively
when compared to direct physical measures. Mozzo et al (23) evaluated
geometric accuracy with reference to various reconstruction modalities and
different spatial orientations. The reported difference between the true value
and general mean value was 0.8-1% for width and 2.2% for height
measurements. And in a study by Stratemann et al (48), CBCT systems
demonstrated highly accurate data compared to the gold standard of direct
measures from human skulls, with less than 1% relative error. Thus,
emerging evidence indicates a strong case for the diagnostic potential of
CBCT in the dental field, offering a high level of accuracy and reliability
demonstrated in the field of periodontics, endodontics, oral pathology, cleft lip
and palate, TMJ and oral surgery (22,25,33,44,47,54,61,67,68). However, as
conventional lateral cephalometry by way of either analogue or digital
radiography continues to prevail as the primary diagnostic tool in
orthodontics, a cephalometric comparison between the lateral cephalograph
and an approximate 2D synthesized representation from CBCT could yield
important information about the role of CBCT in orthodontic diagnosis.
Currently there only a few studies comparing CBCT images to that of
conventional lateral cephalographs. A study by Kumar et al, using dry human

skulls, compared cephalometric linear and angular measurements from
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synthesized CBCT lateral cephalograms with those from conventional
cephalometric radiographs as well as to direct physical measurements on the
skulls (50). Ten skulls were imaged by both a NewTom 3G (QR-NIM srl,
Verona, ltaly) and conventional radiography and the data was imported intd
Dolphin 3D for analysis. For the lateral cephalograph reconstruction,
orthogonal and perspective projection algorithms were selected. The
orthogonal projection creates an image using estimated parallel x-rays, where
as the perspective projection imitates the divergent path of conventional x-
rays (32). The results of the study showed no differences between the
measurements between the image modalities (p>0.05) with the exception of
mandibular unit length (p=0.003). Furthermore, the orthogonal projection
provided greater accuracy of measurement for mid-saggital plane dimensions
compared to the perspective CBCT and conventional cephalometric images.
Moshiri et al, studied the accuracy of linear measurements from conventional
digital radiographs and images synthesized from an i-CAT scanner (Imaging
Science International, Hatﬁeldv, Pa) in human skulls. The results of the study
indicated that CBCT was significantly more accurate that the conventional
images calculated in the midsaggital plane (56).

A follow up study by Kumar et al, comparing cephalometric
measurements of conventional to Cone beam CT (NewTom) synthesize
cephalograms, was the first publication in which human subjects were used.
Thirty-one patients were imaged and the results of the study demonstrated no

statistical differences in twelve linear and five angular measurements
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between the two modalities (p>0.1), with the exception of Frankfort-
mandibular plane angle (FMA). In the study, a discrepancy of 4.09 + 3.43
degrees was noted between the mean FMA between the two imaging
systems (p<0.0001) (50,69).

The current study was undertaken to determine whether cephalometric
analysis could be performed on a conventional cephalograph synthesized
from volumetric data obtained by CBCT, and to assess the accuracy of the
cephalometric measures to that of conventional radiography. At the time, this
research was conducted concurrently with that of Kumar et al. In this study
only angular measures were selected to avoid problems of image
magnification. In addition only the orthogonal view was selected to decrease
landmark magnification and superimposition error (25,70). The results of the
study demonstrated no significant differences in all ten angular cephalometric
measurements between the two image modalities (p=0.263, o=0.05). Our
data corroborates the data provided in the Kumar et al study, which suggests
similar or equal diagnostic validity of CBCT to that of conventional
cephalographs. In the Kumar study, significant differences in measurements
of Frankfort Horizontal to mandibular plane angle (FMA) were present
between the two image modalities. Frankfort Horizontal has been shown to
exhibit variation due to the difficulties of identifying the Porion (7,71,72).
Furthermore, variations in the mandibular plane angle may have been present
due to slight movements of the jaw or mandibular asymmetries. The angle,

FH-SN, was measured in the present study as Sella to Nasion (SN) provides
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a more stable and easily identifiable reference (71,72). Despite the slight
over-estimation of FH-SN measurements observed in CBCT generated

images (Figure 3.3), no difference in FH-SN between the two image

modalities was demonstrated (p>0.05, a=0.05).

3.6 CONCLUSIONS

= Approximate conventional cephalograms can be synthesized from
volumetric CBCT data by lining up external auditory canal

= Conventional 2D cephalometric analysis can be accurately
performed on synthesized cephalographs, yielding no differences in

angular measurements to that of conventional radiographs
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General Discussion and Conclusions
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4. 1 GENERAL DISCUSSION

Differential diagnosis in orthodontic treatment planning initially involves
the collection of a series of clinical information includiﬁg medical and dental
history, behavioral assessment, intra-oral and facial photos and radiographs
of the head. Currently, lateral and frontal cephalograms together with facial
photos are the principal diagnostic imaging techniques employed in clinical
orthodontics. Identification of anatomical reference points on a lateral
cephalogram allows for a geometric assessment of the face, by way of linear,
angular and ratio measurements. This process of cephalometric analysis
allows the orthodontist to interpret and evaluate the patient’s skeletal and
dental morphology, growth and development, and treatment outcome. In
dental radiography, inherent errors exist with capturing a spatial object in two
dimensions. Major sources of error include the superimposition of bilateral
structures, disproportionate magnification of the left and right sides of the face
due to the non-parallel nature of the x-ray beam, misalignment of the head in
the x-ray field and variations in identifying cephalometric landmarks (1-5).
Consequently, these impediments can affect the validity of cephalometric
analysis.

The intrbduction of cone beam computed tomography (CBCT) provides
a potential remedy to some of the pitfalls of conventional radiography. CBCT
offers rapid image acquisition with greater visual acuity and detail than

conventional radiography. Furthermore, multiple planes of view and
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perspectives of the head can be acquired and visualized by a single 360-
degree scan. Today, CBCT machines are similar in size to conventional
panoramic machines and thus offer the advantage of being a single unit multi-
imaging apparatus. Furthermore, the level of exposure created by CBCT
continues to decline, offering similar levels of radiation to that of conventional
dental radiographs of the full mouth (6-11). However, before CBCT can be
implemented in the clinical treatment planning procedure, a validation process
for CBCT is necessary.

An appropriate validation of CBCT with respect to its diagnostic
capability in orthodontics would involve the development of a system that
could analyze volumetric data. The development of such a system would
require the acquisition of a large database of patient volumetric data, from
which norms can be established using a three-dimensional cephalometric
analysis. Currently no such analysis exists; however the development of a
three-dimensional cephalometric analysis is not far in the future. The
generation of radiographic reconstructions of lateral cephalograms from
volumetric data can be analyzed by conventional cephalometric data and thus
provides a simplified method by which the diagnostic properties of CBCT
could be tested against conventional radiography. This can serve as an
interim validation process, bridging two-dimensional imaging to new three-
dimensional imaging, during a transitional period where a more complex

three-dimensional analysis could be developed.
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The studies of the current research intended to evaluate the diagnostic
validity of CBCT in clinical orthodontics by 1) determining and comparing the
reliability of cephalometric measurements from lateral cephalogram images
obtained from conventional radiography and CBCT; and by 2) determining the
difference in cephalometric measurements between conventional radiography
and CBCT images from the same patients.

The results of the first study demonstrated high levels of reproducibility
of cephalometric measurements at three different time points with both
conventional radiographs and the CBCT generated image (ICC>0.8). Inter-
rater evaluation also showed high reliability of the angular measurements in
nine out of ten angles (ICC>0.8, a=0.05). Measurement of FH-SN in
cephalographs from both systems exhibited significant inter-rater differences.
This finding is consistent with the systematic pattern of error in certain
landmarks that are more difficult to identify, such as the Porion and A point
(12-14). The results of this study support the growing evidence of the high
precision displayed by CBCT machines using dry skulls ((15-19).

Currently, direct measurements of the skull provide the gold standard
for accuracy of dental diagnostic tools, however clinically this is not practical
nor accurate, since soft tissues and fluid filled spaces may affect the quality of
the radiograph. Furthermore, patients, unlike dry skulls, are not static, and
minor movements can also potentially introduce alterations in radiographic
quality. Despite the established accuracy of CBCT machines (16,20-24), the

results of the second part of the research, which compared the differences in
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measurements between conventional and CBCT generated cephalographs,
demonstrated no differences in the ten angular measurements between the
imaging modalities (p>0.05, o=0.05). Our findings corroborate the growing
body of. research that demonstrates the similar diagnostic accuracy of the

CBCT to that of conventional and digital lateral cephalographs (25,26)
4.2 STRENGTHS OF THE STUDY

Up until now, studies attempting to compare CBCT and traditional
conventional lateral cephalographs have only been done on dry skulls.
Furthermore, the primary focus of these studies was the comparison of linear
measurements between craniofacial landmarks. Thus magnification projection
error had to be accounted before comparing the imaging systems. However,
this study represents a more practical analysis by using patients that are
currently undergoing orthodontic treatment planning. Furthermore, linear
measurements are not commonly used in clinical diagnosis. Since angles are
not heavily affected by generalized magnification (26,27), the use of angular
measurements in this study provide a more valid comparison of the diagnostic
value of CBCT to lateral radiographic cephalogram in a manner that is more
attuned to current protocols of orthodontic treatment planning. The results of
the study also demonstrate the practicality of obtaining reliable and accurate
angular cephalometric measurements from synthesized cephalographs

reconstructions by simple alignment of the outer region of the external
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auditory canals. This research represents an original study that aims to
evaluate the precision of angular measurements from CBCT generated lateral
cephalographs in humans, and represents a new study that compares
cephalometric measurements from CB'CT generated lateral cephalographs to

conventional radiography in human subjects (26)
4.3 LIMITATIONS OF THE STUDY

Once the cone beam device scans the object, the volumetric data can
be manipulated to render numerous radiographic reconstructions. One
limitation of the study is the use of the maximum intensity projection (MIP)
filter utilized for the radiographic reconstruction of the lateral cephalograph. As
the filter is designed to delineate areas of high contrast, posterior regions of
the skull where there are many structural superimpositions can make
identification of areas, like porion, difficult (28-31). Furthermore other filters
such as the ‘ray sum’ filter offered the closest reconstruction to a conventional
or digital radiograph (32), however the synthesized images were excellent in
delineating high contrast regions and very poor in low contrast regions,
making landmarks like A point and nasion, difficult to identify. Use of the
limited MIP setting has been recommended (32), where visual manipulations
in selected areas could be made, however, the option was not available with

the current software.
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Another limitation that should be recognized is that the results of the
study do not necessarily represent the precision or accuracy of cephalometric
landmark identification since the variations of landmark identification has been
shown to have avgreater significance in research than in cephalometric
measurements. (2,14,33). Thus the high reliabilty and accuracy of
cephalometric measurements observed in the study may not be
representative of the precision and accuracy of cephalometric landmarks.
The ten angles used in the study were selected to their prevalence in the
current cephalometric analysis performed at the Graduate Orthodontic Clinic,
University of Alberta. More angles could have been investigated to see if a
pattern of error with the identification of any other landmarks was present.

Furthermore, in this study, it should be noted that measurement error
could have been influenced at different levels throughout the process of
obtaining the cephalometric measurements. For the CBCT, this includes
variation in orientations of the 3D skull to obtain an x-ray construction and
errors involved in scanning the analogue lateral cephalograms to a digital
format. Also present were the inherent measurement errors involved in
identifying the landmarks for cephalometric analysis in dolphin. It should be
noted, however, that these potential sources of error occur throughout the

routine clinical treatment planning process, and for the most part are

considered acceptable errors in clinical orthodontic diagnosis.
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4.4 RECOMMENDATIONS FOR FUTURE STUDIES

Studies in the future may include a similar study to the one proposed
using cephalometric values derived from an anterior posterior cephalogram. In
addition, an evaluative study that aims to compare treatment-planning choices
among orthodontists based on CBCT images to that of traditional lateral
cephalograms would also shed some light about the diagnostic value of
CBCTs in a clinical setting. Since one scan from a CBCT can generate
virtually all of the conventional orthodontic x-ray images and with greater
resolution, a comparison of panoramic x-rays to those generated by CBCT
would also be a useful study. As technology improves, radiation doses
decrease, and the price of CBCT equipment becomes more affordable, the
potential for cone beam CT to replace conventional radiographs in orthodontic
treatment is a tangible possibility. The designation of a stable three
dimensional reference point for volumetric analysis cephalometric analysis
has already been proposed (34) Thus, future studies aimed at developing
three dimensional cephalometric analysis will ultimately allow orthodontists to
analyze the three dimensional structures of the craniofacial complex with data

based on three dimensional acquisition.
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4.5 CONCLUSIONS

Due to the considerable technological progress of diagnostic medical
imaging devices such as the cone beam CT, the way in which the craniofacial
complex is visualized in medicine and dentistry is undergoing a radical
change. The decreasing costs and radiation exposure levels of CBCT
machines married with the limitations of conventional radiography, provides
an impetus for widespread the application of CBCT in the dental field.
Resistance to CBCT technology in the field of orthodontics has been due to a
dependence on cephalometric analysis from images obtained by traditional
radiography. The results of our research demonstrate comparable accuracy
and precision of angular measﬁrements from lateral cephalograph images
obtained from CBCT volumetric data to that of traditional radiographic
cephalographs. Our findings support the growing body of evidence that
supports the application of a highly accurate and reliable three-dimensional
imaging device in orthodontics (21,26,32,35-38). With the boon of new
methods of data transfer, archiving and manipulation with digital imaging and
communications in medicine (DICOM) (39), the use of digitized volumetric
data obtained from CBCT devices will subsequently have a profound impact
on orthodontic diagnosis and treatment planning. No doubt, the transition from
conventional radiography to cone beam CT will incite the identification new

structural landmarks and an array of new analyses.
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APPENDIX A : CEPHALOMETRIC LANDMARKS

Figure 1. Location of Cephalometric Skeletal Landmarks
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Table 1. Definition of skeletal landmarks

Sella

Nasion

Porion

Orbitale

Articulare

A point

B point

Pogonion
Menton

Gnathion

Gonion

Centre of the pituitary fossa of the sphenoid bone

Intersection of the internasal suture with the nasofrontal suture
in the midsaggital plane

Highest point of the ear canal; most superior point of the
external auditory meatus

Lowest point of the roof of the orbit; most inferior point of the
external border of the orbital cavity

Most inferior border of the condyle

Deepest point of the curve of the maxilla, between the anterior
nasal spine and the dental alveolus

Most posterior point in the concavity along the anterior border of
the symphysis

Most anterior point on the mid-saggital symphysis
Most inferior point of the symphysis

Midpoint between the most anterior and inferior point of the
bony chin

most convex point where the posterior inferior curve of the
ramus meet
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Table 2. Defintion of cephalometric angular measurements

SNA Sella to nasion to point

SNB Sella to nasion to B point

ANB A point to nasion to B point

FMP Frankfort horizontal to mandibular plane
SN-FH Sella - nasion to Frankfort horizontal
SN-Ar Sella - nasion to articulare

Y-axis Sella - nasion to sella - gnathion

U1-PP Upper incisor to palatal plane

L1-MP Lower incisor to mandibular plane
U1-L1 Upper incisor to lower incisor
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APPENDIX B: DIAGNOSTIC IMAGING APPRATUS

Figure 1. NewTom 3G (Quantitaive Radiology, Verona, ltaly)

Figure 2. Orthoceph OC100 (Intrumentarium Imaging, Milwaukee, US)

103



Figure 3. Lateral Cephalograph obtained from Orthoceph OC100
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Figure 4. Lateral Cephalograph reconstruction from NewTom 3G (Maximum
Intensity Projection setting) - Orthogonal view.

Figure 5. Alignment of volumetric three-dimensional skull for generation of
lateral cephalograph reconstruction using Dolphin 3D. The arrows indicated
the alignment of the opening of left and right external auditory canal
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CBCT Conventional

Figure 6. Cephalometric Analysis of imported CBCT generated DICOM file
and Conventional lateral radiographs using Dolphin and Dolphin 3D (version,
build)

Figure 7. Three-dimensional reconstruction of volumetric data on Dolphin 3D
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Figure 9. Multiplanar slices (frontal, transverse and saggital) generated from
volumetric data
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