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Abstract

The purpose of this study was to compare the precision of standard landmark

identification and the resulting measurements obtained from orthographic lateral

cephalometric images generated from cone beam computed tomographic (CBCT) scans

to those obtained from conventional two-dimensional perspective cephalometric

radiographs. Twenty patients who had both pretreatment cone beam CT scans and

conventional lateral cephalometric radiographs were selected from the UCSF orthodontic

patient database. Using Dolphin Imaging software version 10 (Dolphin Imaging,

Chatsworth, CA), standard cephalometric landmarks were located by fifteen orthodontic

residents on both image types (CBCT and conventional). Four of the operators repeated

this process on five of each image type. The inter- and intra-operator variabilities of both

landmark selection and resultant measurements were compared for each type of image.

Although large overall inter- and intra-operator variabilities in certain landmarks and

measurements were observed, only 3 of the 27 landmarks exhibited differences in

landmark identification variability and no significant differences were observed in the

resulting measurement variability when comparing the two different imaging modalities.

These results indicate that there is no difference in the precision of standard landmark

selection or the resulting measurements between cephalometric images obtained from

CBCT scans and traditional lateral cephalometric radiographs.



Introduction

Lateral cephalometric images are commonly used in the field of orthodontics for

assessing the relative positions of the maxilla, mandible, dentition, and other craniofacial

structure. Quantitative analyses based on anatomical cephalometric landmarks and the

resultant measurements are often used as a diagnostic aid. The introduction of three

dimensional imaging provides more diagnostic information not accessible with two

dimensional imaging, and eventually, all cephalometric analysis will be performed on

three-dimensional images. However, the historical development of cephalometric

analysis in orthodontics is based on traditional two-dimensional cephalometrics in

orthodontics until the field of three-dimensional volumetric analysis is fully developed

and validated.

Conventional Two-dimensional Cephalometrics

The concept of using cephalometric radiographs to evaluate craniofacial

structures was developed in the field of anthropology in 1922 (Pacini, 1922) and

subsequently applied to orthodontics in the United States (Broadbent, 1931) and Europe

(Hofrath, 1931) in 1931. Since then, the use of linear and angular measurements from

lateral cephalometric images to quantitatively analyze craniofacial anatomy has been an

integral part of an orthodontic diagnosis. These lateral cephalometric images provide

extensive information about anatomical relationships of skeletal, dental, and soft tissue

structures, and also provide information about an individual’s craniofacial anatomy and

growth potential (Figure 1). Cephalometrics also enable practitioners to extrapolate

growth and treatment changes by comparing images from different time points.



Figure 1. An example of a conventional lateral cephalometric x
ray.

However, in conventional cephalometric radiography, the distances among the x

ray source, the subject, and the film results in image enlargement (Figure 2), and the

inaccuracy resulting from this differential geometric projection enlargement is a well

documented phenomenon (Binder, 1979; Eliasson et al., 1982; Ahlqvist et al., 1983;

Adams et al., 2004). This inaccuracy is due to several factors. One such factor is the

generalized enlargement of the image as a whole, usually magnified 10–15% larger than

the actual size (Binder, 1979; Eliasson et al., 1982; Ahlqvist et al., 1983). Further

contributing to the error is the fact that the objects closer to the radiographic beam are

enlarged more than those further from the beam. In the United States, convention

dictates that the right side of the patient is closer to the beam than the left, resulting in the

right side of the patient being magnified to a greater degree than the left (Ahlqvist et al.,

1983).
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X-ray Source

t

Figure 2. Image projection enlargement

Since the images are magnified and distorted with respect to their original form, it

is logical to assume that the measurements obtained from these images will be inaccurate

compared to their actual size (Bennett and Smales, 1969). In addition to projection

enlargement, another contributor to measurement error is the fact that a radiograph is a

two-dimensional representation of a three-dimensional object. The transverse dimension

is disregarded, resulting in further discrepancy between actual and cephalometric

measurements (Binder, 1979). These discrepancies imply that, when measurements are

taken from lateral cephalometric images, this information does not represent anatomically

accurate data, and does not depict accurate anatomical relationships when compared to

actual craniofacial structures (Adams et al., 2004).

Landmark Identification and Measurements

In order to develop analyses with quantitative measurements in cephalometrics,

orthodontists and physical anthropologists have developed specific anatomical landmarks,

which usually correspond to particular anatomical structures. From these landmarks,

linear and angular measurements are then derived to obtain quantitative data which can

be used to extrapolate diagnostic information or compare to a reference population. The

process of landmark identification and measurement introduces further uncertainty into
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cephalometric analysis, as intra- and inter-operator discrepancies in landmark Selection

will result in measurement discrepancies.

Several authors have reported that the intra- and inter-operator discrepancies in

landmark identification and the resultant measurements are statistically and clinically

significant (Baumrind and Frantz, 1971a; Baumrind and Frantz, 1971b), (Bennett and

Smales, 1969; Ahlqvist et al., 1986; Vincent and West, 1987; Ahlqvist et al., 1988; Tng

et al., 1994; Kragskov et al., 1997; Kamoen et al., 2001). Baumrind and Frantz (1971a)

reported significant inter-operator differences in landmark selection among five

orthodontic residents who traced twenty lateral cephalograms. The extent of the error

varied markedly from landmark to landmark, with the error ranging from 0.39 + 0.13 mm

for the landmark sella to 3.75 + 1.10 mm for the landmark gonion. Baumrind and Frantz

(1971b) also reported significant differences in the cephalometric measurements resulting

from the landmark identification discussed in their previous study. Large variations were

also seen among different measurement values. The standard deviation of the linear

measurement values included in the study ranged from 0.41 to 0.86 mm with a maximum

deviation of 2.5 mm for the linear measurement of the Nasion-A point line to the

maxillary incisor position. For the angular measurements, the standard deviation of the

values ranged from 0.62 to 3.54 degrees with a maximum deviation of 6.5 degrees for the

interincisal angle (Baumrind and Frantz, 1971b).

11



Three-Dimensional Tomographic Imaging

Tomographic imaging was introduced into medicine in the 1970s. Tomography

refers to cross-sectional imaging of an object by recording images of the object from

several different directions. An x-ray tube rotates around an object and records a series

of projected images obtained from an attenuated x-ray beam at different angles as it

rotates (Figure 3). This series of projected images can then be reconstructed into a three

dimensional object by using an algorithm based on the geometry of the original

projections. These images can also be dissected and manipulated in order to view

internal cross-sectional slices of a given thickness from any dimension, angle, or vantage

point.

In the case of traditional computed tomography (CT) imaging, the x-ray beam is

flat, fan-shaped, and directed perpendicular to the long axis of the patient’s body. Each

revolution around the body records a single, axial slice approximately 1 mm in thickness.

The body of the patient is gradually advanced through the machine, at approximately 1

mm increments, and each axial slice is captured separately until the entire region of

interest has been recorded. These individual projections are then used to reconstruct a

volume, which can be manipulated and viewed in a variety of approaches. Measurements

can also be obtained from this image volume (Cavalcanti et al., 1999a).

12



Figure 3. Schematic of a conventional computed tomography
(CT) system which requires multiple successive slices to obtain

a data volume.

Several disadvantages of this technique are evident. Because each trans-axial

slice is captured separately, depending on how extensive the region of interest, this can be

a time-consuming process. Also, any movement of the patient during this process will

disrupt the continuity of the image acquisition, resulting in a distorted reconstructed

image. Additionally, the radiation exposure to the patient is very high due to the

extended time needed to complete a tomographic scan.

Cone Beam Computed Tomography

With the advent of cone beam computed tomography (Robb, 1982), many of the

shortcomings of traditional CT imaging have been improved. In cone beam CT, the x-ray

beam has a cone shape rather than a flat fan shape (Figure 4), and this has several

advantages. The time required to complete a scan is reduced dramatically because more

volume can be acquired in a shorter period of time due to a larger x-ray beam that

13



projects equally in three dimensions. Fewer projections are necessary to acquire and

reconstruct a given volume, and a much larger region can be scanned in a single

revolution around the structure. With conventional CT, the beam has an axial thickness

of 1 mm and, at high resolution, depending on the specifications of the machine, it can

require approximately 30 - 60 seconds to complete a single revolution (Cho et al., 1995).

Specifications will vary from machine to machine in both conventional and cone beam

CT devices. The Hitachi CB MercuRay"M cone beam CT scanner (Hitachi Medical

Corporation, Tokyo, Japan) (Figure 5), the machine used in this study, can complete a

revolution and acquire an axial field of 150 mm in approximately 10 seconds (Araki et al.,

2004). This decreases the radiation exposure to the patient, as well minimizes the

distortion associated with patient movement (Mozzo et al., 1998; Hashimoto et al., 2003;

Tsiklakis et al., 2005). Because of the geometry of the x-ray beam, cone beam CT

imaging also has superior resolution than conventional CT imaging (Hashimoto et al.,

2003).

ºf
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Figure 4. Schematic of cone beam CT technology which uses a conical shaped source to
obtain a greater amount of data in a shorter time, which reduces radiation to the patient. l
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Several authors have investigated the accuracy of measurements obtained from

tomographic images. In conducting validation experiments with conventional computed

tomography using dry human skulls, Cavalcanti demonstrated that measurements

obtained from three-dimensional reconstructions were very accurate compared to

physical measurements taken with digital calipers, with the error ranging from 0.45 –

1.44%. The two-dimensional reconstructions were less accurate, with the error ranging

from 0.83 – 1.78% (Cavalcanti et al., 2004). Several other studies have reported a similar

low measurement error associated with conventional CT (Cavalcanti and Vannier, 1998;

Cavalcanti et al., 1999a; Cavalcanti et al., 1999b; Cavalcanti et al., 2000b; Cavalcanti et

al., 2000a; Cavalcanti and Vannier, 2000).

Kobayashi et al. compared the accuracy of conventional CT and cone beam CT to

the gold standard of physical measurements on dry human skulls (Kobayashi et al., 2004).

The mean measurement error using the conventional CT was 2.2% (range 0 – 6.9%),

while the mean error using cone beam CT was 1.4% (range 0.1 – 5.2%). The authors

concluded that this measurement error was within a clinically tolerable range, and there

was no difference between the two CT systems.

In a validation study, Marmulla et al. also compared physical measurements

obtained from a measuring device with known distances to measurements obtained from

reconstructed cone beam CT images (Marmulla et al., 2005). In this study, mean error

was 0.13 + 0.09 mm with a maximum deviation of 0.3 mm. Lascala (Lascala et al., 2004)

reported that linear measurements from a dry skull were consistently slightly

16



underestimated when compared to real anatomical measurements. They concluded that,

because the differences were statistically significant but not clinically significant, it is

acceptable to reliably make linear measurements from CBCT-generated images.

Stratemann reported highly accurate measurements in all dimensions from cone

beam CT images of dry human skulls when compared to manual measurements taken

with digital calipers (Stratemann, 2005). Mean measurement error in the sagittal

dimension was 0.005 + 0.031 mm (0.01 + 0.22%), 0.009 + 0.015 mm (0.01 + 0.30%)

in the vertical dimension, and 0.021 + 0.039 mm (0.02 + 0.09%) in the transverse

dimension. All of these studies demonstrate that measurements obtained from

reconstructed CT images are anatomically accurate when compared to physical

measurements, with several of the studies indicating that the level of accuracy is greater

than the actual resolution of these images.

Dolphin Imaging Software

Dolphin Imaging (Dolphin Imaging, Chatsworth, CA) is an imaging program with

the capability of digitally selecting cephalometric landmarks on a computer monitor

using a user-interface device. The user is prompted to select a series of specific

landmarks, and the locations of these landmarks are marked on the cephalometric image.

The Dolphin Imaging Version 10.0 software has the capability to measure distances (in

millimeters) of a specific landmark relative to any other landmark. The horizontal,

vertical, and total distance of these relative measurements are reported, and this is useful

in discerning whether the inter- or intra-operator discrepancy observed in a given

landmark are due primarily to horizontal errors, vertical errors, or a combination. The
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software is also able to generate any linear or angular cephalometric measurements,

allowing for easy analysis of inter- and intra-operator discrepancies of cephalometric

measurements based on the selected landmarks.

Three-Dimensional Cephalometrics

As previously discussed, conventional two-dimensional cephalometric

measurements do not correlate to actual anatomical measurements. In contrast,

measurements obtained from three-dimensional volumetric CT images have been shown

to be extremely accurate when compared to actual anatomical measurements. It is

therefore reasonable to assume that if accurate anatomical landmarks are identified, on

the three-dimensional volumetric CT images and the corresponding measurements are

obtained, then these measurements would isotropically reflect the real life measurements

of a patient’s craniofacial anatomy. Furthermore, measurements could also be made in

the transverse dimension and included in a cephalometric analysis. This is not possible in

conventional 2D cephalometry, where the transverse dimension is disregarded entirely.

To perform an analysis of this type, computer software must be available that

enables the user to accurately select landmarks in all three dimensions. This software

must also have the ability to compute linear and angular measurements in three

dimensions based on these selected landmarks. Software with this capability was not

readily available at the time of this study. As a result, it was decided to compare

cephalometric images obtained from three-dimensional CT imaging where the three

dimensional cephalometric image is converted to a two-dimensional image. As is the

case with traditional two-dimensional cephalograms, the transverse dimension is

s
}:-
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disregarded in these converted two-dimensional images. The geometric difference

between a conventional cephalogram and a cephalogram obtained from a CT scan is the

absence of projection enlargement. The approximate 10-15% overall enlargement from

the midsagittal plane, as well as the differential enlargement, where structures closer to

the x-ray source are magnified more than structures further away from the x-ray source,

are not present in the cone beam CT converted cephalometric image. This makes it

possible to perform landmark selection on the same software and in the same manner that

is used with traditional two-dimensional cephalometrics without image projection

magnification.
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Purpose

The purpose of this study is to compare standard landmark identification and

measurements obtained from lateral cephalometric images generated from 3-D cone

beam data from 20 patients to those obtained from conventional 2-D lateral

cephalometric radiographs.

Specific Aims

1. Determine the inter- and intra-operator reliability of identifying standard

lateral cephalometric landmarks and the resulting standard cephalometric

measurements obtained from lateral cephalometric images generated from 3-D

cone beam CT scans.

2. Determine the inter- and intra-operator reliability of identifying standard

lateral cephalometric landmarks and the resulting standard cephalometric

measurements obtained from conventional 2-D cephalometric radiographs.

3. Compare the measurements obtained from landmark selection on the standard

lateral cephalometric radiographs to those obtained from the cone beam CT

generated lateral cephalometric images.

Null Hypotheses

1. Statistically and clinically significant inter- and intra-operator variability

exists in standard lateral cephalometric landmark identification as well as in

the resulting standard cephalometric measurements obtained from lateral

cephalometric images generated from 3-D cone beam CT scans.

20



2. Statistically and clinically significant inter- and intra-operator variability

exists in standard lateral cephalometric landmark identification as well as in

the resulting standard cephalometric measurements obtained from

conventional 2-D cephalometric images.

3. There is no difference between the cephalometric landmark selection and the

resulting standard cephalometric measurements obtained from lateral

cephalometric images generated from 3-D cone beam CT scans and those

obtained from conventional 2-D cephalometric radiographs.

21



Materials and Methods

Patient selection

Twenty patients from the UCSF Orthodontic Clinic were retrospectively selected

based on the following selection criteria:

Inclusion criteria:

1.

3.

Conventional cephalometric digital radiographs and cone beam CT scans were

taken on each patient. The same settings and techniques were used on each

machine when taking all of these images.

All anatomical structures used in landmark identification were contained on

the image (i.e., no missing teeth or soft tissue features used in landmark

identification).

2D and 3D images were taken within 3 months of each other.

Exclusion Criteria:

1.

3.

No anatomical anomalies, including obviously apparent asymmetries, which

could alter or obscure landmark identification of the selected cephalometric

landmarks.

No orthodontic appliances were present for either image acquisition, because

this could visually obscure or alter landmark identification.

No intervention or treatment was rendered between the two image acquisitions,

since this could alter the appearance of craniofacial structures between the two

images.

22



Conventional cephalometric image acquisition

All conventional cephalometric digital radiographs were taken with the Planmeca

ProMax (Planmeca, Helsinki, Finland) digital x-ray unit. Because this study was done

retrospectively in an institutional setting, it was not possible to ensure that all radiographs

were taken by the same radiographic technician. However, all patient images were taken

according the manufacturer’s recommendations, with Frankfort Horizontal plane parallel

to the floor and teeth together in centric occlusion. After the radiographs were taken, the

images were exported to the patient database as jpeg image files.

Construction of 2-D lateral cephalometric images from cone beam CT dataset

All cone beam CT scans were also taken with the same Hitachi CB MercuRay

cone beam CT scanner. As was the case with the conventional cephalograms, because

the study was retrospective and in an institutional setting, all scans were not taken by the

same technician. Because the volume can be manipulated in any dimension after the scan

is taken, patient positioning is not as critical as it is with conventional radiography.

However, patients were consistently positioned with the teeth together in centric

occlusion, the Frankfort Horizontal plane parallel to the floor, and the head stabilized in

the head rest to prevent unwanted movement during the 10 second scan (Figure 2).

The two-dimensional lateral cephalometric images from the cone beam CT scans

were created using the CB Works software (CB Works v2.0, CyberMed Inc., Seoul,

Korea). This software has the capability to select a sagittal slice of a given thickness

from a three-dimensional volumetric reconstruction and compress this three-dimensional

23



slice into a two-dimensional image, similar to what occurs in a conventional two

dimensional lateral cephalometric radiograph. The cephalometric images were

constructed using the “Ray Sum” tool in CB Works 2.0, a tool which allows the user to

select a slice of any thickness and have this portion of the volume compressed into a two

dimensional image.

In order to ensure that all lateral cephalometric images were constructed

consistently, all volumes were first oriented using identical reference planes in all

dimensions. When viewing the volume from the sagittal dimension, patients were

oriented with the occlusal plane parallel to the upper and lower image borders (Figure 6).

From the transverse dimension, patients were oriented with the inter-orbital plane parallel

to the upper and lower image borders (Figure 7). From the axial dimension, patients

were oriented with a perpendicular line from the midpoint of a line extending from left

gonion to right gonion to the most anterior point of the mandible (Figure 8). After being

oriented, the volumes were viewed directly from the frontal aspect, and a slice was

selected which extended from the lateral border of the left condyle to the lateral border of

the right condyle (Figure 9). This section was selected because there are no anatomical

structures lateral to the condyle which are used in standard cephalometric analysis.

Furthermore, including the extra structures lateral to the condyles only results in a more

blurred image without the addition of any useful anatomical information. After this slice

was selected, it was compressed using the Ray Sum tool to produce the lateral

cephalometric image, and then exported to a database as a jpeg image file.

24



Figure 6. Sagittal orientation: The line indicates the
occlusal plane, which is parallel to the image border.

Figure 7. Transverse orientation: The line indicates
the inter-orbital plane, which is parallel to floor.
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Figure 8. Axial orientation: A perpendicular line
extends from the midpoint of another line extending

from gonion to gonion to the most anterior point of the
mandible and both lines are parallel to the image

ººººº
º

Figure 9. Cephalometric Image Construction; A: A frontal view of the volume; a
slice extends from lateral border of left condyle to lateral border of right condyle; B: A

lateral view of the slice; C: The slice compressed to a 2D image.

Landmark selection

Both image types contained a scale ruler, in millimeters, so that the images could

be scaled to true size. A scale ruler gives a reference for obtaining meaningful linear

measurements, but the scale rulers for each image type are not on the same scale. As

discussed previously, in conventional cephalometrics, images are enlarged between 5

i
3
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15% from the midsagittal plane, depending on the machine (the Planmeca ProMax used

in this study magnifies images 9.8%). This means that overall linear measurements on

conventional cephalograms are overestimated approximately 5-15%. This will also vary

depending on the mesiodistal location of the anatomical landmark; structures closer to the

x-ray source are magnified more (in the U.S., this is the patient’s right side) and

structures further from the source are magnified less. In this study, only the precision,

not the accuracy, of landmark selection within each image type was compared directly.

Therefore, an enlargement correction between the two image types was unnecessary and,

even if it had been performed, the linear measurements from different images types could

not be directly compared in a reliable fashion.

After the images were exported, they were prepared for landmark selection by

digitally placing four fiducial reference points using Adobe Photoshop 7.0 (Adobe

Systems Incorporated, San Jose, CA). Two of the reference marks were placed 40 mm

apart as indicated by the scale ruler. The Dolphin landmark selection program uses two

points from a scale ruler which are a fixed user-defined distance apart, and in this study a

distance of 40 mm was selected. The other two fiducial reference points were two other

arbitrary points placed a considerable distance from the reference points on the scale ruler.

All fiducial reference points were pre-selected in an identical location for each image in

order to eliminate variability resulting from operator discrepancies in the selection of the

reference points. These images with pre-selected reference points were then imported

into Dolphin Imaging 10.0 software (Dolphin Imaging, Chatsworth, CA) for the

landmark selection process.

#
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Fifteen calibrated residents in the orthodontics program at the University of

California, San Francisco were asked to perform landmark selection on the twenty

conventional lateral cephalograms and the twenty cephalometric images generated from

the cone beam volumes. All participating residents had completed the same course on

cephalometric landmark selection and analysis, and had a minimum of one year of

experience in cephalometric landmark selection. The participants also had training and

experience operating computers and, specifically, using Dolphin's cephalometric

software tool. All residents underwent the same calibration session which thoroughly

explained the instructions for the landmark selection, and specifically defined all

cephalometric landmarks used in the study. The landmark selection was completed at

random in groups often images per session, with each group of ten being the same image

type (conventional vs. cone beam CT converted). There was no time limit, but the

participants were instructed to complete the landmark identification in the same fashion

as they routinely perform for a clinical case. The software contains a feature which

provides the definition for each landmark as the user is prompted to select that particular

landmark. All landmark selection was completed in the same setting, on the same type of

computer and computer monitor, and with the same user-interface device. Because the

conventional images and converted cone beam CT images look dissimilar, it was not

possible to blind the participants as to which type of image they were viewing.

The landmarks and resulting measurements used in this study are listed in Table 1.

Figures 10 and 11 show an example of each image type with the selected landmarks,

including fiducial markers and scale rulers. In order to assess intra-operator differences,

four of the operators were randomly selected to repeat the landmark identification process
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on 10 randomly selected images, five from the conventional group and five from the

CBCT group. In an effort to minimize recall bias, the process was repeated no sooner

than 3 months after the initial landmark selection was performed.

A Point
B Point
Basion
Gonion
Mandibular Incisor Root Tip
Mandibular Incisor Incisal Tip
Mandibular 1* Molar Occlusal
Maxillary 1” Molar Occlusal

. Condylion
10. Menton
11. Nasion
12. Orbitale
13. ANS
14. PNS

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

Pogonion
POrion
Soft Tissue Gnathion
Soft Tissue Nasion
Anatomical Gnathion
Soft Tissue Pogonion
Sella
Soft Tissue Menton
Tip of Nose
Maxillary Incisor Root Tip
Maxillary Incisor Incisal Tip
Maxillary Lip Most Labial
Lower Lip Most Labial

Table 1. Cephalometric Landmarks
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Figure 10. A cone beam CT converted lateral cephalometric image with landmarks;
individual numbers designate landmarks listed in Table 1.
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Figure 11. A conventional lateral cephalometric image with landmarks.

Variability

After landmark selection was complete, the inter- and intra-operator variability of

the landmark identification was assessed. Based on a coordinate plane, the software

could generate an x-value (horizontal distance), y-value (vertical distance), and (x,y)-

value (total distance) of all landmarks originating from an arbitrarily selected reference

point. As a result, it was possible to separate the variability into horizontal, vertical, and

total distance components in order to identify possible trends in the direction of

identification error of specific landmarks. This was done by calculating the mean x-value,

mean y-value, and mean total distance of all landmarks for each image. An overall

centroid point for each landmark was then defined using the mean x-value as the x

coordinate and the mean y-point as the y coordinate for each specific landmark identified

i
;
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by the 15 different operators. The variability for each landmark could then be quantified

in the horizontal direction as the difference between that landmark’s x-value and the

mean x-value, and in the vertical direction as the difference between that landmark’s y

value and the mean y-value. The overall distance from the centroid point for each

landmark was calculated using the formula:

d
-

(x-x) +(y-y)

where xc = x-value of the centroid point, ye = y-value of the centroid point, x = x

value of specific landmark, and yi = y-value of specific landmark.

The inter- and intra-operator variability of common cephalometric measurements

resulting from the selected landmarks was also assessed. The measurements used in this

study are listed in Table 2.

18
19
20
21

17.

. Incisor - Mandibular Plane Angle (IMPA)

. Frankfort Horizontal - Mandibular Incisor Angle (FMIA)
Frankfort Horizontal - Mandibular Plane Angle (MP-FH)

. Sella – Nasion - A Point Angle (SNA)

. Sella – Nasion - B Point Angle (SNB)

. A Point – Nasion B Point Angle (ANB)

. Mandibular Plane — Sella Nasion Line Angle (MP – SN)

. Upper Incisor – Sella Nasion Line Angle (U1 – SN)

. Upper Incisor – Nasion A Point Line Angle (U1 - NA)
. Lower Incisor – Nasion B Point Line Angle (L1 – NB)
. Upper Incisor—Nasion A Point Distance (U1 – NA in mm)

Lower Incisor – Nasion B Point Line Distance (L1 - NB in mm)
. Upper Incisor – Palatal Plane Angle (U1 – PP)
. Lower Lip - Esthetic Plane (Nasal Tip to Gnathion) Distance (in mm)
. Upper Lip - Esthetic Plane (Nasal Tip to Gnathion) Distance (in mm)
. Palatal Plane -Man Plane Angle (PP-MP)

Mandibular length (Condylion – Gnathion in mm)
. Wits Appraisal (Distance from A Point to B Point along Occlusal Plane in mm)
. Occlusal Plane - Sella Nasion Angle

Basion — Sella – Nasion Angle (Ba-S-N)
. Soft Tissue Convexity Angle (Soft Tissue Nasion – Nasal Tip – Gnathion)

Table 2. The cephalometric measurements used in this study.
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Identifying Errors and Outliers

Due to the vast amount of data transfer from the imaging software to the data

spreadsheet completed by a human operator, it was prudent to attempt to identify possible

data transfer errors. This was done by plotting a scattergram of the x- and y-coordinates

of each landmark identified by each operator (Figure 12). This provided a visual method

by which outliers could be quickly and easily identified. If an outlier was identified, the

source data was checked to ensure that the data had been correctly transferred into the

spreadsheet. If this outlier was, in fact, due to a data transfer error, it was corrected by

replacing it with the correct data. While this method would not identify transfer errors

where the incorrect and correct data happen to be very similar, and, therefore, did not

absolutely ensure that all data transfer errors were rectified, it did markedly reduce the

likelihood of these errors.

| 80

Landmark IDs
Figure 12. Sample scattergram of Y coordinate data for all landmarks identified

by all operators, each represented by a different color
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Statistical Analysis

A mixed effects regression analysis model with random patient effects was used

to test for statistically significant differences in inter-operator variability for each

landmark as well as each measurement distance from centroid, overall and for each

method (CBCT and traditional) separately. The same analysis was also used to test for

statistical differences in intra-operator variability for both landmark selection and

measurement values. This analysis can identify statistically significant differences in

variability due to several possible effects. In this study, the effects that could be a source

of potential variability are the 20 different patients that were evaluated, the 15 different

raters or operators who selected the landmarks, and the two different types of imaging

methods (CBCT and traditional) used.

From the mixed effects regression analysis model, various statistical measures can

be calculated to interpret the significance of the findings. An intraclass correlation (ICC)

used in a mixed effects regression model estimates the proportion of variation among

operators out of the total variation (operators and patients). Ordinary Pearson correlation

is inadequate because it can only be used for 2 operators at a time and it is unable to

detect if one operator consistently rates higher than the other. The ICC provides an

indication of how much of the variability can be explained by an isolated variable without

the consideration of other sources of variation (i.e., how much variation exists in a given

landmark or measurement across all of the raters for each patient image and each method

of imaging). A confidence interval (CI) provides an estimated range of values within

which a proportion of the data is likely to fall (if the study were repeated 100 times, the

truth would be contained in the X% CI X times). The 95% confidence intervals describe
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clinical variability by calculating the upper and lower value limits that 95% of the data

should fall within based on the normal distribution and the variability observed in this

study. The estimates and confidence intervals provide a clinical context for these

variability values, as they are directly related to the variability of the distance from

centroid point in mm. Typically, the CI used is 95%. This can be a more useful way to

interpret data from the perspective of clinical, rather than statistical, significance because

the values are reflective of the actual cephalometric measurements to scale, so it is more

practical in determining if the range of variability would clinically make a significant

difference. The estimate value in this statistical model is the estimated mean value of the

confidence interval. A p-value can also be calculated to determine if a statistical

significance exists for a null hypothesis. P-values can identify statistical differences

between different groups, but are not necessarily related to clinical significance. The

level of significance for a p-value in this study was p < 0.05, which corresponds directly

to the 95% CI.
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Results

Inter-operator Variability

Landmark Selection Variability

Variability in cephalometric landmark identification is described in Table 3,

which provides the mean variability in landmark selection based on total distance from

the centroid point. Table 3 also reports the intraclass correlations (ICCs) between

variability in traditional and CBCT reconstructed cephalometric images, based on the

results for all operators and both imaging methods. ICCs ranged from 0.0001 for anterior

nasal spine (ANS) to 0.3357 for basion. Table 4 shows the results from the mixed effects

regression analysis model for landmark identification variability where the effect of

imaging method (CBCT or traditional) is described for each individual landmark. The

estimate of variability is the estimated mean of the difference between the values

obtained from the two imaging modalities for the same landmark.
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Intraclass
Mean Sto. Dev. Sto. Error Correlation

A Point 1511 0.852 0.035 0.0914

Anatomical Gnathion 0.980 0.617 0.025 0.1713

ANS 1,574 1.146 0.047 0.0001

B Point 1.509 0.94 0.038 0.0656

Basion 1,636 1.53 0.062 0.3357

Condylion 2.352 1.282 0.052 0.1144
Gonion 4.500 2,305 0.094 0.2592

L1 ROOt 1,707 1,024 0.042 0.0175

L1 Tip 0.803 0.499 0.02 0.0955
L6 Occlusal 1,539 1,202 0.049 0.2615

Lower Lip 1.520 0.991 0.04 0.2000
Menton 1.295 0.974 0.04 0.0186

Nasion 1,027 0.693 0.028 0.0562

Orbitale 1912 1.339 0.055 0.2319

PNS 1,436 1,155 0.047 0.1594

Pogonion 1.225 0.724 0.03 0.0648
POrion 2,415 1.768 0.072 0.2336

Sella 0.642 0.352 0.014 0.1370

Soft Tissue Menton 3.022 2.162 0.088 0.1289

ST Gnathion 1,899 1.336 0.055 0.2673

ST Nasion 2.093 1.816 0.074 0.0194

ST Pogonion 1.902 1.422 0.058 0.0664

Tip of Nose 0.967 0.608 0.025 0.0004
U1 Root 1,961 1, 184 0.048 0.0616

U1 Tip 0.735 0.496 0.02 0.01.38
U6 Occlusal 1,681 1.327 0.054 0.1910

Upper Lip 1.087 0.691 0.028 0.1341

Table 3. Descriptive statistics for landmark selection variability for each
individual landmark quantified by mean distance from centroid (in mm).
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Landmark Estimate Lower Upper p-value
A Point 0.084 –0.116 0.284 0.4005

ANS 0.202 -0. 130 0.534 0.2247

Anatomical Gnathion -0.194 -0.285 –0.103 0.0001

B Point -0.032 -0.234 0.170 0.7475

Basion 0.380 -0. 196 0.957 0.1900

Condylion –0.320 -0.599 –0.041 0.0256
Gonion 0.393 -0. 199 0.985 0.1873

L1 ROOt 0.016 –0.155 0.187 0.8482

L1 Tip -0.007 -0.129 0.114 0.9034
L6 Occlusal –0. 110 -0.511 0.290 0.5816

Lower Lip -0.472 -0.726 –0.217 0.0006
Menton -0.245 -0.388 –0.101 0.0014

Nasion –0.108 –0.251 0.036 0.1365

Orbitale -0.255 -0.673 0.163 0.2242

PNS -0.005 –0.334 0.324 0.9767

Pogonion –0.026 –0.178 0.125 0.7272
POrion 1,070 0.512 1,629 0.0004

ST Gnathion –0.029 –0.389 0.331 0.871.4

ST Nasion 0.369 -0.003 0.741 0.0520

ST Pogonion -0.141 -0.612 0.330 0.5489
Sella -0.125 -0.187 –0.062 0.0002

Soft Tissue Menton 0.276 -0.149 0.700 0.1964

Tip of Nose -0.157 -0.249 –0.065 0.0014
U1 ROOt –0.169 -0.414 0.076 0.1710

U1 Tip -0.120 -0.204 -0.036 0.0062
U6 Occlusal –0.048 -0.459 0.364 0.8159

Upper Lip -0.187 –0.358 -0.016 0.0327

Table 4. Mixed effects regression statistics for landmark identification variability
describing effect of imaging method (CBCT or traditional) for each individual landmark.

The mean total landmark variability for CBCT and traditional images is visually

illustrated in Figure 13. This variability is the mean total distance, combining the

horizontal and vertical components, from the centroid for each landmark. The landmark

gonion exhibited the largest variability, while sella had the smallest variability for both

CBCT as well as traditional images.

38



* 8
E

.g: 7 :
*-* -

º
5 * CBCT
■ º L TRAD
Q 5 -
O
E

4 -9 *
Ll

§ 3 -
§

-# 2
O -

- 1 -9.
O
H 0.

ºr U) - - - - c c ºr 9 as 9.§ # # # 3 # # 5 § ############
- - - o - tº - -

> g 3 3 g : g # #### 5 - 3 &
O o O 3 Cl- • CO - d. O 5
- O (O -1 # - to ºr ºf3. -l # ºn 7 F s
5 i
g Landmark É
<

Fig13. Total landmark selection variability. Error bars show one standard deviation.

Horizontal Landmark Variability

The mean horizontal operator landmark identification variability for CBCT and

traditional images is visually illustrated in Figure 14. This is the mean horizontal

distance from the centroid point for each landmark. The landmarks gonion and soft

tissue menton exhibited the greatest horizontal variability, while sella exhibited the least

amount of horizontal variability for both CBCT as well as traditional images.
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Vertical Landmark Variability

The mean landmark identification variability in the vertical dimension for both

image types is shown in Figure 15. This is the mean vertical distance from the centroid

point for each landmark. Gonion demonstrated the greatest vertical variability, while the

maxillary and mandibular incisor tips, along with sella and menton, showed the least

amount of horizontal variability for both image types.
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Total Operator Variability in Landmark Selection

The mean total landmark variability for both image types is shown in Figure 16.

This represents the combined variability from the centroid for all landmarks on all images,

and, therefore, only serves as a screening tool to identify any operators that consistently

exhibit a greater variability in landmark selection when compared to the other operators.

Because individual landmarks and images are not analyzed separately, there could be

isolated discrepancies that are not identified. Although only small differences in

landmark selection variability among the various operators were observed when all the

data was combined, statistically significant differences (p → .05) existed when landmark

identification variability was compared among all operators. This indicates that operator

variability in landmark selection is highly variable.

41



3.5 -

s:
2.5

2- —Q- CBCT

--- TRAD
1.5

21 22 23 24 25 31 32 33 34 35 41 42 43 44 45

Operator ID#

Fig.16. Landmark Selection Variability in the Horizontal Dimension. Error bars
show one standard deviation.

Measurement Variability

Variability in cephalometric measurements is described in Table 5, which

provides the mean measurement value variability and intraclass correlations, based on the

raw measurements for all operators and both imaging methods. Intraclass correlation

values ranged from 0.829 for FMA (mandibular plane to Frankfort Horizontal) to 0.979

for lower lip to E-plane, indicating excellent reliability. Table 6 shows the results from

the mixed effects regression analysis model for measurement variability where the effect

of imaging method (CBCT or traditional) is described for each individual measurement.
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Mean Measure Sto. Dev. Stoj. Error Intraclass
Value Correlation

ANB (*) 4.372 2.579 0.105 0.862

Ba-S-N (*) 131.097 5.526 0.226 0.853

FMA (MP-FH) (*) 25.693 5,683 0.232 0.829

FMIA (L1-FH) (*) 57.737 8.383 0.342 0.876

IMPA (L1-MP) (*) 96.569 6.841 0.279 0.866

L1 - NB (mm) 6.753 3.054 0.125 0.966

L1 - NB (*) 31.316 7.691 0.314 0.916

Lower Lip to E-Plane (mm) 1.442 3.911 0.160 0.979

Mand length (Co-Gn) (mm) 112,613 7.247 0.296 0.959

MP - SN (*) 36.609 5.812 0.237 0.928

Occ Plane to SN (*) 18.220 4.943 0.202 0.905

Pal-Mand Angle (PP-MP) (*) 28,820 5.212 0.213 0.923

SNA (*) 82.508 3.098 0.126 0.832

SNB (*) 78.134 3.001 0.122 0.923

Soft Tissue Convexity (*) 129, 112 5.979 0.244 0.923

U1 - NA (mm) 4.462 3.240 0.132 0.853

U1 - NA (*) 22.917 8.368 0.342 0.910

U1 - Palatal Plane (*) 113.215 8,848 0.361 0.910

U1 - SN (*) 105.426 8.569 0.350 0.915

Upper Lip to E-Plane (mm) -1.461 3.375 0.138 0.974

Wits Appraisal (mm) –0.093 3.345 0.137 0.862

Table 5. Descriptive statistics for measurement value variability for each individual
landmark (units shown for each measurement).
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Lower 95% Upper p-value
CI 95% CI

ANB (*) –0.987 2.029 0.489

Ba-S-N (*) –2.487 3.926 0.652

FMA (MP-FH) (*) –3.957 2.310 0.598

FMIA (L1-FH) () –4.924 5.083 0.975

IMPA (L1-MP) (*) -3.171 4,658 0.703

L1 - NB (mm) -1.948 1.888 0.975

L1 - NB (*) -3.873 5.462 0.732

Lower Lip to E-Plane (mm) -2.992 1.948 0.671

Mand length (Co-Gn) (mm) –3, 196 3.852 0.851

MP - SN (*) –6.353 2. 154 0.324

Occ Plane to SN (*) –2,083 3.876 0.546

Pal-Mand Angle (PP-MP) (*) –3.252 2.943 0.920

SNA (*) -1.540 2.030 0.783

SNB (*) -2.100 1.546 0.760

Soft Tissue Convexity (*) -1.854 5.163 0.346

U1 - NA (mm) -2.686 1,068 0.388

U1 - NA (*) –6.093 3.844 0.649

U1 - Palatal Plane (*) -5.705 4.928 0.883

U1 - SN (*) –6.017 4.259 0.731

Upper Lip to E-Plane (mm) -2.584 1.654 0.659

Wits Appraisal (mm) -1.836 2.135 0.880

Table 6. Mixed effects regression statistics for measurement variability describing
effect of imaging method (CBCT or traditional) for each individual measurement.

Figure 17 provides a visual representation of the mean variability between the

image types for each individual measurement. The least amount of measurement

variability for angular measurements in both the CBCT and traditional images was in the

A point — nasion – B point angle (ANB). The greatest variability for angular

measurements in both image types was the maxillary incisor – palatal plane (U1-PP)

angle. For linear measurements, the smallest variability was observed in the lower lip to

esthetic plane (E-Plane), while the greatest variability was seen in the mandibular length,

or condylion to gnathion (Co – Gn).
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Fig17. Cephalometric measurement variability.

Error bars show one standard deviation.

Operator Measurement Variability

Inter-operator measurement variability is illustrated in Figure 18. Just as was the

case in the landmark variability, individual measurements were not analyzed separately

and, consequently, this chart only serves as a screening tool to identify any operators that

consistently exhibit a greater variability in the overall resulting measurements when

compared to the other operators. However, unlike the analysis of landmark variability,

some of the measurements are linear while others are angular, and there is no arithmetic

relationship between the actual raw values of the various measurements (i.e., a change of

1 degree in angle ANB is not equivalent to a change of 1 mm in mandibular length).

Consequently, if all measurement values were combined, it was prudent to express

individual variability in terms of difference from overall mean for the entire group
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instead of using the raw values. This was done for the purpose of identifying the

variability between the operators when al the data was combined.
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Fig 18. Mean measurement variability of all combined measurement values,
sorted by operator. Error bars indicate standard deviation.

Intra-operator

Intra-operator Landmark Selection Variability

Four of the operators were randomly selected to repeat the landmark selection

process on 10 (5 CBCT and 5 traditional) randomly selected images. Table 7 contains

the intraclass correlations between the initial and repeated landmark selection variability

for both imaging types and for all cases sorted by each individual landmark. The

intraclass correlation coefficients for all landmarks are very low, indicating that there was
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no correlation in the variability of landmark selection between the initial and repeated

attempts for any of the landmarks. Table 8 contains the results from the mixed effects

regression analysis model for intra-operator variability in landmark identification, where

the effect of which attempt (initial or repeated) is described for each individual landmark.

Table 9 shows the results of the mixed effects regression analysis model for intra

operator variability in landmark identification, where the effect of which imaging

modality (CBCT or traditional) is described for each individual landmark. Lower lip,

orbitale, porion, soft tissue gnathion, sella, and tip of nose were the landmarks that

exhibited a statistically significant difference (p<0.05) in variability between the two

imaging modalities. In the instances where a statistical difference was found, the

estimate of the clinical difference was below 1 mm, except porion, which was greater

than 1 mm.

The intra-operator landmark selection variability for each individual landmark is

visually represented in Figure 19. This chart shows the mean total distance from centroid

with standard deviations for the initial (1" attempt) and repeated (2" attempt) landmark

selection process for each landmark. As was the case with inter-operator variability,

gonion exhibits the largest variability and sella the smallest variability for both attempts.

Figure 20 shows the intra-operator landmark selection variability sorted by individual

operator, image type (CBCT or traditional), and attempt (initial (1) or repeated (2)) for all

landmarks combined. The values represent the mean total distance from centroid point

for all landmarks with the error bars indicating the overall standard deviation.
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Table 7. Intraclass correlation between initial and repeated landmark selection
attempt to assess intraoperator variability based on distance from centroid
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Estimate Lower Upper p-value
A Point 0.2693 -0.02456 0.5632 0.0718

ANS 0.3208 –0.09322 0.7349 0.1266

Anatomical Gnathion –0.08985 –0.2717 0.09198 0.3274

B Point 0.1969 -0.2464 0.6402 0.3784

Basion 0.4165 –0.1079 0.9409 0.1175

Condylion 1.2033 0.8566 1.5501 < 0001

Gonion 0.4669 -0.2304 1.1641 0.1858

L1 Root 0.3876 0.01836 0.7567 0.0399

L1 Tip 0.05222 -0.1054 0.2099 0.5106

L6 Occlusal 0.1719 -0.4065 0.7503 0.5549

Lower Lip -0. 1540 -0.3855 0.07756 0.1888

Menton 0.1971 -0.08050 0.4747 0.1610

Nasion 0.08169 –0.08555 0.2489 0.3329

Orbitale -0.4532 -0.9644 0.05799 0.0813

PNS –0.1037 -0.6891 0.4817 0.7246

Pogonion -0.05299 -0.2841 0.1781 0.6486

Po■ ion 0.7078 -0.01.337 1.4290 0.0543

ST Gnathion -0.3999 -0.9535 0.1537 0.1540

ST Nasion 0.1350 -0.3145 0.5846 0.5508

ST Pogonion 0.02797 -0.4465 0.5024 0.9067

Sella 0.06708 -0.03782 0.1720 0.2062

Soft Tissue Menton -0.4299 -1. 1999 0.3402 0.2691

Tip of Nose -0.3282 -0.5515 –0.1050 0.0046

U1 Root 0.2015 –0.1713 0.5744 0.2844

Table 8. Mixed effects regression analysis stats for intraoperator landmark identification
variability describing effect of attempt (initial or repeated) for each landmark (in mm).

Estimate Lower Upper p-value
A Point 0.05417 -0.4110 0.5194 0.7951

ANS -0.05592 -0.8386 0.7268 0.87.32

Anatomical Gnathion -0.02484 -0.3052 0.2555 0.8432

B Point -0.00082 -0.7090 0.7073 0.9979

Basion 0.6014 -0.4560 1.6587 0.2261

Condylion –0.08744 -0.4878 0.3129 0.6281

Gonion 0.4771 -0.5975 1.5516 0.3359

L1 Root 0.1076 -0.3187 0.5339 0.5765

L1 Tip –0.04867 -0.2307 0.1334 0.5547
L6 Occlusal 0.3529 -1.4299 2.1357 0.6602

Lower Lip -0.5541 - 1,0909 -0.01727 0.0445

Menton -0.1405 –0.7584 0.4773 0.6142

Nasion –0.1645 -0.4223 0.09331 0.1794

Orbitale –0.8247 -1.6032 -0.04621 0.0404

PNS 0.7240 -0.7601 2.2082 0.2932

Pogonion -0.1167 -0.4720 0.2386 0.4705
Po■ ion 1.2659 0.1582 2.3737 0.0299

ST Gnathion -0.6969 -1.3363 -0.05752 0.0362

ST Nasion 0.3330 -0.3410 1.0071 0.2875

ST Pogonion -0.1039 –0.8628 0.6551 0.7603
Sella -0.1997 -0.3561 –0.04333 0.0186

Soft Tissue Menton 0.1159 -0.7735 1.0053 0.7715

Tip of Nose -0.2992 -0.557.1 -0.04134 0.0281

U1 Root 0.3123 -0.5253 1.1498 0.4149

Table 9. Mixed effects regression analysis statistics for landmark identification variability
describing effect of imaging method (CBCT or traditional) for each landmark (in mm).
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Fig 20. Intraoperator variability in landmark selection for all landmarks combined
sorted by operator, image type (CBCT, traditional) and attempt (1,2).

Error bars indicate one standard deviation

Intra-operator Measurement Value Variability

Table 10 displays the intraclass correlations between the initial and repeated

measurement values variability for both imaging types and for all cases sorted by each

individual measurement. Most of the intraclass correlation coefficients are above 0.7,

indicating very good correlation between the measurements obtained from the images

that were repeated. A few of the ICCs were below 0.7, with the lowest being angle ANB,

which had an ICC of 0.41. These measurements did not appear to have a correlation

between the measurements obtained from the repeated mages.

The mixed effects regression analysis model for intra-operator variability in

measurement values is shown in Table 11, where the effect of which attempt (initial or

repeated) is described for each measurement. A statistically significant difference (p<

0.05) between the initial and repeated measurements was evident for the following
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measurements: mandibular plane to sella-nasion angle (MP-SN(°)), palatal plane to

mandibular plane angle (PP-MP(°)),maxillary incisor to nasion-A point line angle (U1 -

NA (°)),maxillary incisor to palatal plane angle (U1 - PP(°)),maxillary incisor to sella

nasion line angle (U1 - SN(°)), and Wits appraisal. Table 12 shows the results of the

mixed effects regression analysis model for intra-operator measurement variability, with

the effect imaging modality (CBCT or traditional) described for each measurement.

None of the measurements exhibited a statistically significant difference in variability

between the two imaging modalities.

The intra-operator variability in measurement value for each individual

measurement is visually represented in Figure 21. The values represent the mean total

change from overall mean value for the entire group for each individual measurement for

the initial (1" attempt) and repeated (2nd attempt) measurement values with the error bars

showing the standard deviations. Figure 22 depicts the intra-operator variability in

measurement value sorted by individual operator, and further divided by image type

(CBCT or traditional), and attempt (initial (1) or repeated (2)) for all landmarks combined.

The values represent the mean total change from overall mean value for all landmarks

combined with the error bars indicating the overall standard deviation.
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Measurement Intraclass Correlation

ANB (9) 0.40611

Ba-S-N (°) 0.96156

FMA (MP-FH) (9) 0.55424

FMIA (L1-FH) (9) 0.84855

IMPA (L1-MP) (9) 0.84673

L1 - NB (mm) 0.95926

L1 - NB (*) 0.86381

Lower Lip to E-Plane (mm) 0.98366

MP - SN (9) 0.68521

Mandibular length (Co-Gn) (mm) 0.81895

Occ Plane to SN (*) 0.941.05

Palatal-Mand Angle (PP-MP) (*) 0.85398

SNA (*) 0.77179

SNB (9) 0.89602

Soft Tissue Convexity (°) 0.94601

U1 - NA (mm) 0.53616

U1 - NA (*) 0.83841

U1 - Palatal Plane (9) 0.74548

U1 - SN (9) 0.87592

Upper Lip to E-Plane (mm) 0.98445

Wits Appraisal (mm) 0.55463

Table 10. Intraclass correlation between initial and repeated
measurement values to assess intraoperator variability

Measurement Estimate Lower 95% Upper 95% p-value

ANB (*) -0.148 -0.539 0.244 0.454

Ba-S-N (*) -0.403 -1.016 0.211 0.195

FMA (MP-FH) (*) 0.988 -0.146 2.121 0.087

FMIA (L1-FH) (*) -0.833 -1.955 0.290 0.144

IMPA (L1-MP) (*) -0.159 -1.041 0.724 0.721

L1 - NB (mm) –0.070 -0.268 0.128 0.482

L1 - NB (9) 0.760 -0.023 1.544 0.057

Lower Lip to E-Plane (mm) 0.023 -0. 198 0.243 0.839

MP - SN (9) 0.748 0.148 1.347 0.015

Mandibular length (Co-Gn) (mm) -0.805 -1.753 0.143 0.095

Occ Plane to SN (*) 0.150 -0.212 0.512 0.411

Palatal-Mand Angle (PP-MP) (*) 0.650 0.021 1.279 0.043

SNA (*) 0.013 -0.421 0.446 0.954

SNB (*) 0.165 –0.075 0.405 0.174

Soft Tissue Convexity (°) 0.325 -0.345 0.995 0.337

U1 - NA (mm) 0.280 -0.255 0.815 0.300

U1 - NA (*) 1.788 0.621 2.954 0.003

U1 - Palatal Plane (°) 1.880 0.646 3.114 0.003

U1 - SN (*) 1.803 0.727 2.878 0.001

Upper Lip to E-Plane (mm) 0.073 -O. 110 0.255 0.430

Wits Appraisal (mm) -0.543 -1.022 -0.063 0.027

Table 11. Mixed effects regression analysis statistics for intraoperator measurement
value variability describing effect of attempt (initial or repeated) for each measurement.



Measurement Estimate Lower 95% Upper 95% p-value

ANB (°) 0.303 -0.847 1.452 0.561

Ba-S-N (*) 0.463 -9.588 10.513 0.918

FMA (MP-FH) (*) -0.638 -4.970 3.695 0.743

FMIA (L1-FH) (*) -0.418 -9,196 8.361 0.915

IMPA (L1-MP) (*) 1.051 -5.699 7.801 0.729

L1 - NB (mm) -0.015 -3.155 3.125 0.992

L1 - NB (*) 1.325 -5, 184 7.834 0.651

Lower Lip to E-Plane (mm) -0.718 -6.305 4.870 0.775

MP - SN (*) 0.303 -2.670 3.275 0.820

Mandibular length (Co-Gn) (mm) -2.045 -8.720 4,630 0.500

Occ Plane to SN (*) 0.410 –4, 337 5.157 0.847

Palatal-Mand Angle (PP-MP) (*) -0.090 –5. 115 4,935 0.968

SNA (*) 0.228 -2.425 2.880 0.848

SNB (*) -0.055 -2.372 2.262 0.958

Soft Tissue Convexity (°) 1,470 -7 727 10.667 0.722

U1 - NA (mm) -0.460 -2.437 1.517 0.606

U1 - NA (*) -0.243 -9,026 8.541 0.951

U1 - Palatal Plane (°) 0.390 -6.654 7,434 0.902

U1 - SN (*) 0.003 -9.413 9.418 1.000

Upper Lip to E-Plane (mm) -0.508 -5.245 4,230 0.811

Wits Appraisal (mm) 0.113 -1.720 1.945 0.891

effect of imaging modality (CBCT or conventional) for each measurement.
Table 12. Regression analysis statistics for intraoperator measurement value variability describing
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-
Attempt 1, CBCT

4 - D. Attempt 2, CBCT
D. Attempt 1, TRAD
L Attempt 2, TRAD
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Operator ID#

Fig 22. Intraoperator variability in measurement value measured by
change from overall mean value and separated by method (CBCT,
TRAD) and attempt (1,2). Error bars indicate standard deviation
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Discussion

Three-dimensional CBCT imaging is relatively new in the field of orthodontics

and associated disciplines, and particularly new for use in cephalometrics. At the time

this study was conducted, no existing studies could be identified which compared

cephalometric images generated from CBCT imaging to traditional cephalometric

radiographs. As CBCT imaging becomes more prevalent in orthodontics and other fields

of dentistry and medicine, it is important to explicitly define what diagnostic information

can and should be obtained from these data sets.

In this study, there were statistically significant differences in landmark

identification precision for several of the landmarks when comparing conventional and

CBCT images. These statistical differences, however, were not directly related to the

variability of the actual clinical measurement. For example, the landmark sella exhibited

a statistically significant difference between the two imaging modalities (p < 0.001).

However, the range of the method difference based on the upper and lower 95%

confidence interval was less than 0.2 mm. This is quite small and would likely be

classified as a clinically insignificant difference. P-values that were below 0.05 for

interoperator landmark identification variability included: anatomical gnathion, condylion,

lower lip, menton, porion, sella, tip of nose, maxillary central incisor tip, and upper lip.

This indicates that a statistically significant difference in landmark selection variability

exists between conventional and CBCT reconstructed cephalometric images for these

specific landmarks.

■ º
* -
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Despite the fact that the measurements are derived directly from the landmarks,

no statistically or clinically significant differences were observed in the resulting

measurements between cephalometric images acquired from CBCT datasets and

conventional cephalometric radiographs. All p-values were well above 0.05, with the

smallest p-value being 0.324 for the measurement mandibular length (Co — Gn),

indicating that there were no statistically significant differences in measurement values

derived from CBCT images and those derived from traditional images for any of the

measures evaluated in this study.

This would imply that, based on the measurements, for the purposes of

quantitative cephalometric analysis, lateral cephalometric images obtained from these

two sources are diagnostically equivalent. This statistically significant difference in

landmark selection variability in the absence of clinical significance and lack of statistical

significance in the resulting measurements can probably be explained by the statistical

methods used in the study. An intraclass correlation assesses reliability by determining

the ratio of the variability within a specific group to the total combined variability for all

the groups. As a result, the actual values of these variability measurements are not as

pertinent as their relative relationship to one another in determining statistical

significance. Therefore, it is quite possible to obtain a highly statistically significant

difference while the clinical significance is unremarkable.

Significant inter-operator and intra-operator variability in the landmark selection

precision and in the resulting measurements were found in both imaging modalities. This

finding is strongly supported by previous studies.(Baumrind and Frantz, 1971a;

Baumrind and Frantz, 1971b; Vincent and West, 1987; Chen et al., 2000) Furthermore,
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the magnitude of the landmark identification variability and the resulting measurement

variability found in this study is comparable to that found in previous studies. (Bennett

and Smales, 1969; Baumrind and Frantz, 1971a; Baumrind and Frantz, 1971b; Ahlqvist

et al., 1983; Ahlqvist et al., 1986; Vincent and West, 1987; Ahlqvist et al., 1988;

Kragskov et al., 1997; Chen et al., 2000; Chen et al., 2004) Certain landmarks, such as

sella, consistently exhibit a relatively small amount of inter-operator variability, while

other landmarks, such as gonion, consistently reveal large variation in their location.

This is likely due to factors such as how explicitly the landmarks are anatomically

defined, as well as how clearly they appear on two-dimensional cephalometric images,

which is related to whether or not other radiopaque structures tend to obscure their

visibility. Additionally, the extent of human error in choosing points on a geometric

structure may be dependant on the geometric shape of the structure itself. For example, it

may be inherently more precise for people to pinpoint the center of a circle than the most

convex point on a curve.

Analysis of intra-operator variability in landmark selection revealed that operators,

on average, were not significantly more precise on their subsequent attempt when

compared to the initial attempt. For most of the landmarks, even though there is no

correlation between the initial and repeated attempt, there is also not a statistically

significant difference (p > 0.05) between the variability of each attempt. The landmarks

that did show a statistically significant difference (p < 0.05) are mandibular incisor root

tip, tip of nose, and condylion. Porion was on the border of statistical significance with a

p-value of 0.0543. Only condylion exhibited an estimate greater than 1 mm.
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Although there were three landmarks (condylion, mandibular incisor root tip, and tip of

nose) that did show statistically significant differences in variability between the initial

and repeated attempts, there was no trend as to which attempt exhibited less variability

for these landmarks. For condylion and mandibular incisor root tip, the initial attempt

had less variability, whereas tip of nose exhibited more variability in the repeated attempt.

No differences in the intra-operator variability for any of the resulting measurements

between the two imaging modalities were detected. This data suggests that, in general,

there was no overall “learning effect”, or as operators gained more experience in

landmark selection throughout the study, their performance did not improve. This also

indicates that, although the images were completed in random order, it did not matter

which image types were completed first, since the performance did not seem to improve

with experience.

Inherent magnification and distortion associated with traditional cephalometry has

been well-established and documented.(Eliasson et al., 1982; Ahlqvist et al., 1983;

Adams et al., 2004) It has also been well-documented that measurements obtained from

traditional cephalometric images do not accurately reflect the actual measures they are

intended to represent.(Bennett and Smales, 1969; Ahlqvist et al., 1986; Ahlqvist et al.,

1988; Tng et al., 1994) Consequently, a long term goal in the discipline of cephalometric

analysis should include reinventing the way cephalometric analysis is performed to

accurately reflect the anatomical structures that are being analyzed. This approach would,

of course, necessitate the consideration of all three dimensions of space simultaneously

and will require advanced software which enables landmarks to be identified and

measurements to be calculated in three dimensions. This concept introduces new

—r---
r º(
º
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questions about the use and interpretation of measurement data obtained from volumetric

three dimensional images. By considering the transverse dimension in cephalometric

measurements, the values and significance of the resulting measurements, as well as their

interpretation, is altered. This is particularly true when they are compared to the

corresponding measurements obtained from conventional 2D cephalometric analysis. As

three-dimensional craniofacial imaging and the supporting software improves and

becomes more prevalent, future research should investigate anatomically accurate

cephalometric analysis in three dimensions.

This study serves as a stepping stone to integrating 3D CBCT data sets into

routine orthodontic diagnosis and treatment planning. Until a three-dimensional

approach to cephalometric analysis is established, clinicians can obtain diagnostic two

dimensional cephalometric images from CBCT data sets. This reduces the time, cost, and

radiation exposure necessary to acquire a conventional cephalometric radiograph when a

CBCT scan is needed or has already been obtained.
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Conclusions

Based on the findings, all three hypotheses put forth in this study were supported

with some exceptions. Statistically and clinically significant inter-operator and intra

operator variability in standard lateral cephalometric landmark identification as well as in

the resulting standard cephalometric measurements obtained from lateral cephalometric

images generated from 3-D cone beam CT scans was found. Statistically and clinically

significant inter-operator and intra-operator variability was also found in standard lateral

cephalometric landmark identification as well as in the resulting standard cephalometric

measurements obtained from conventional 2-D cephalometric images. However, no

differences were detected between most cephalometric landmark selections and all of the

resulting standard cephalometric measurements obtained from lateral cephalometric

images generated from 3-D cone beam CT scans and those obtained from conventional 2

D cephalometric radiographs.
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