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ABSTRACT
Introduction: The purpose of this study is to quantify the consistency and precision of 3-dimensional anatomic
landmark identification. Numerous studies on lateral” and anterior-posterior headfilms” have shown that there is
considerable error associated with locating certain anatomical and landmarks appear to have characteristic patterns
of error about them. As the popularity of cone beam computed tomography (CBCT) continues to rise it has become
increasingly important to explore its use in cephalometric analysis. One aspect that is essential to find out is if this
technology can also help to improve the accuracy of the diagnosis, and treatment planning in orthodontic patients as
well as in the post-treatment evaluation. It has therefore become increasingly important to examine possible errors in
landmark verification. There should also be a baseline for systematic comparison of the conventional two
dimensional technology with the new three dimensional imaging technique using CBCT scans. While studies will
continue to need internal verification of error in landmark identification, a systematic approach is required to
establish a baseline for comparison. This undertaking will require new landmark definitions to be developed to
incorporate the dimensions that are left out of two dimensional cephalometric landmark definitions. Our hypotheses
are that landmarks have characteristic error patterns and that the examiners will improve over the course of the
study.

Methods: This study is similar in design to a classic study on lateral cephalometric landmark identification by
Baumrind et al.' In this study we quantified the consistency and precision that resulted when 9 second examiners
identified 32 landmarks on 19 patients. The patient CBCT data was acquired from a Hitachi CB-Mercuray in the
Division of Orthodontics at UCSF. Patients were excluded if they had missing teeth or craniofacial anomalies the
altered the typical morphology of skeletal or dental structures. Prior to the study all examiners were calibrated with
respect to the definitions of the landmarks and on the use of the program (Dolphin Imaging) for identifying the
landmarks. In addition, a reference guide was provided that had the definitions and sample images of the landmarks.
All examiners identified the 19 patients on their own time in the same sequence. Data was collected into Microsoft
Excel spreadsheets as X,Y,Z coordinate data and analyzed. The mean location for given landmark on a given
patient served as reference point for comparisons. The mean of the distances from the reference point was used as
the consistency. The standard deviation of this mean was used as a measure of the precision. The error in the x,y,
and z planes was calculated in order to understand the specific characteristics of each landmark.

Results: The consistency in landmark location and the precision did not differ significantly between each of the 9
examiners. Therefore, the data was pooled for further statistical analysis. Landmark locations that fell more than 2
standard deviations from the mean reference point were not included in the analysis. These locations were deemed
to be technical errors in the use of the imaging program and not simple errors in landmark identification. Contrary
to our expectations, the overall consistency and precision did not significantly increase as the study progressed
(y=0.00x + 1.62, R= 0.00). Sella tursica was the most consistently (0.50mm) and most precisely (0.23mm)
identified anatomic landmark. The most inconsistent landmark was porion-right (2.72mm), and the most imprecise
landmark was orbitale-right (1.81mm). The unique patterns of error for each landmark are important to understand
for future use in craniofacial analysis. For example, porion-right accumulated most of its error in the transverse
dimension (2.36mm) while the other dimensions were largely free of serious error (0.51mm and 0.55m).

Conclusions: In this study thirty-two 3-dimensional landmark definitions are presented with quantification
of their utility in diagnostics, treatment planning, and post-treatment evaluation. A careful use of the
information should be made when applying it in the diagnosis and treatment planning, and post-treatment
evaluation of orthodontic patients. Due to the lack of evenly distributed error around each reference point
careful use of these landmarks for analysis purposes is needed except in the dimensions where the error is
minimal.
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Introduction

Error in cephalometrics is nothing new in orthodontics, oral and maxillofacial surgery,

anthropology or any other field that utilizes anatomic landmarks to describe the position and

shape of structures. There are numerous studies that have quantified the error associated with

landmark identification on lateral and anterior-posterior headfilms.” The findings from these

studies have shown how error in landmark identification can alter a diagnosis and affect the

accuracy when measuring the amount of the treatment or growth induced changes in the

craniofacial complex.

Yet every so often a new method or technology changes the way researchers investigate

and the way clinicians diagnose and treat patients. The ability to view the craniofacial complex

in three dimensions has made cone-beam computed tomography (CBCT) an invaluable tool for

clinician and researchers alike. However, basic questions need to be asked and studied to know

if CBCT is better than its predecessor, the two dimensional headfilm. While three-dimensional

Superimpositions, visual treatment objectives (VTOs), and facial analyses may obviate the need

for landmarks in the future, at the present they are critical to quantifying size, position and shape

of the cranium, maxilla, mandible, and dentition. This conversion away from two-dimensions

and into a realm of 3-dimensions begs the question of how well individuals can locate many of

the same landmarks used in standard cephalometrics when given access to a three-dimensional

digital representation of their patients. Access to more and better information will hopefully

allow more accurate landmark identification.



LANDMARK ERROR

The quantity of landmark identification error is an important question that numerous

articles have attempted to answer since cephalometrics in orthodontics was developed by

Broadbent in 1931." Perhaps the most classic study on landmark identification was conducted

by Baumrind et al. in which they reported the distribution of landmark selection by 9 orthodontic

residents. At the time of their publication in 1971 they stated that “the nature and magnitude of

the differences in precision with which we identify the different landmarks used in standard

cephalometric analyses have never, to our knowledge, been quantitatively measured.”

Baumrind et al. employed five first year orthodontic residents who had recently finished a

cephalometric course and who had only been in training for seven months. Although one study

found that the level of experience did not affect landmark identification consistency and

precision’, including residents with more experience could have affected their results.

Nevertheless, the three conclusions by Baumrind et al. are important issues that need resolution

in an era of three dimensional data: (1) errors in landmark identification are too great to ignore;

(2) the magnitude of error varies greatly from landmark to landmark; (3) the distribution of

errors for most landmarks is not error but is, rather, specific to that particular landmark." Other

studies have also found there to be characteristic pattern of landmark identification

4,5,11 d 2,4,5,11-13distributions” and errors that cannot be ignore

Studies have also looked at soft-tissue landmark error. Nevertheless, the soft tissue

landmark variation, measured by the linear distance formed by the landmark placement, does not

generally differ from hard tissue measurements." The one area where there is increased

variation is in the oral area when different lip landmarks are identified. This is likely because the

- - - - - -
3lips are a curved structure, and there is more error when identifying landmarks on curves."



Knowing that certain landmarks have significant error, studies have been done to

evaluate even one single landmark. In a standard headfilm with the patients teeth in centric

occlusion, Adenwalla et al. found there was only a 54% agreement in the measurement of

condylar length between two observers.” When they took the headfilm with the patient's mouth

open, there was much better agreement (96%) although this required taking two headfilms in

order to improve the identification of one landmark, condylion. In addition to the inherent error

caused by superimposing two asymmetric condyles on one film, these authors recommended

taking two headfilms when the condyle needs to be accurately identified. In CBCT is no need to

take more than one scan to improve the clarity of the images.

Another landmark with significant error and significant clinical relevance is the location

of the lower incisor apex. Stabrun et al. found that the lower incisor apex, a point that is critical

to diagnosing the lower incisor inclination, was only confidentially identified 25% of the time

between two observers on multiple occasions. There was a mean difference in the incisor apex

location between two observers of 0.3 mm in the x-axis (anterior-posterior) and 0.4mm in the y

axis (superior-inferior) which is a 0.5 mm total distance." Tng" made a similar finding at the

lower incisor apex with a mean error of 1.1 mm in the x-axis and 1.4 mm in the y-axis. After

computing the effect of the errors in lower incisor tip, incisor apex, gonion and gnathion, he

concluded that an observed change of 9.6 degrees (Mean=1.6 degrees, SD 4.0 degrees) would be

required to conclude a statistically significant change in inclination. With many studies making

claims about small changes in incisor position, it is critical to evaluate the accuracy and precision

with which they identified their landmarks.

A host of studies have reported the intra- and inter-observer variations in landmark

locations similar to those discussed above. A meta analysis of 6 studies on landmark



identification error, concluded that errors in the x-axis of 0.59 mm and in the y-axis of 0.56 mm

are “acceptable levels of accuracy.” The overwhelming conclusion from these studies is that

significant variation exists among many of the commonly used landmarks in cephalometrics. In

order to best control the error, the characteristic patterns of error need to be understood so that

analyses do not depend upon landmarks that introduce clinically significant error.

ERROR IN LATERAL CEPHALOMETRIC MEASUREMENTS

The effect that error has upon measurements used to diagnosis and evaluate a patient’s

headfilm has also been studied. If the error is along the true plane being measured then it will

not affect the angular measurement. However, if the error is perpendicular to the plane of

interest then the angular measurement will be affected. This is often the question that clinicians

want answered because it tells them the effect that error has upon their ability to properly

diagnose and treat a case.

Perillo et al. reached a sensible conclusion that the most identifiable landmarks should be

used and those landmarks that require interpretation of the image be used with discretion.” In

fact, they found more variation among the landmark location than among the measurements that

utilize those landmarks. Another important suggestion by Perillo et al. and others' is that the

error of landmarks should be factored into that landmark’s specific use in cephalometric analysis.

In other words, Frankfort horizontal (Porion-Orbitale) is not a good reference line since

significant variation exists in porion and orbitale. On the other hand, Sella-Nasion is a much

better reference plane since these landmarks are identified with much less variation.

Incisor inclination is one such measurement that Chan et al. investigated with a series of

dry skulls. In order to assess the role that different skeletal and dental landmarks has upon

measurement of incisor angulation, they placed steel bearings at all but 2 of the “true” anatomic



sites. By so doing they could evaluate the effect that a certain landmark has upon incisor

angulation. In Figure 1 the steel bearings marked the incisal tip, incisal root apex and anterior

nasal spine but not the posterior nasal spine.

(b)

Figure 1 - Effect of error at PNS on the angle formed by the long axis of the maxillary incisor and the palatal
plane (ANS-PNS)

They could therefore measure the effect that error in PNS has upon the angle formed by

the palatal plane and the maxillary incisor. Their results showed that when the extreme of the

95% confidence interval for landmark locations at ANS, PNS, maxillary incisal tip and maxillary

root apex are combined, it can affect the maxillary incisor inclination by as much as 5.6°.

Therefore, in order to be 95% confident, a treatment would have to induce at least a 5.6° change.

Tng et al. also concluded that because of landmark identification error, the angulation of a

maxillary incisor to the sella-nasion line must change by +7.6° in order to fall within the 95%

confidence interval."

In the mandible the effect of landmark variation on the confidence in mandibular incisor

inclination has been studied. When using the landmarks gonion, menton, mandibular incisal

edge, and mandibular incisor root apex to form an angle between the lower border of the

mandible and the lower incisor, landmark variation causes the mandibular incisor inclination to

range from 1.1-4.0 degrees. Therefore, for any change in incisor inclination in a patient to be

valid, the observed differences must be 4 degrees in the mandibular incisors and 6 degrees in the



maxillary incisors." Landmark error greatly affects the certainty with which researchers and

clinicians measure treatment changes. Methods that would improve landmark identification

would allow more accurate diagnosis and a better ability to measure smaller treatment changes.

FILM VERSUS DIGITAL LATERAL HEAD FILMS

As computer programs were developed to assist the clinician in cephalometrics, lateral

headfilms were digitally scanned to produce an electronic copy that could be analyzed. Studies

that compared original films and digitized version do not agree on the effect that digitizing films

has on landmark identification."

Bruntz et al. found “1.1 mm distortion in any one dimension” when the original film was

scanned.” Bruntz et al. also found significant discrepancies in the location of orbitale and

porion which resulted in statistically significant variation between measurements using these

landmarks between the original films and the digital scanned copies. Chen et al. also showed

vertical discrepancies in orbitale, gnathion and porion when using digital media.” Yet, when the

distances and angles formed for the landmarks are compared between the original film and the

scanned version, there was no clinically significant difference between the two.” Of 27

measurements used to compare film and scanned films, there were only seven that displayed

statistically significant differences, and the differences were split between favoring the film and

the scanned image.

A more recent development has been the replacement of film based cephalometrics with

digital cephalometrics that capture the x-ray image directly on a digital sensor. This technology

reduces the amount of radiation required to form the image. Just as investigators compared

Scanned films with original films, studies have compared landmark identification on film and



digital images. Schulze et al. found similar precision and reproducibility in landmark

identification between the digital and conventional film-based headfilms.” Digital cephalometry

significantly reduces the radiographic burden, operational costs, and the environmental burden.

Considering these advantages, digital cephalometry is quickly replacing film-based cephalometry

as the gold-standard.

AUTOMATION OF LANDMARK IDENTIFICATION

Attempts to automate the landmark identification process with computer algorithms have

been shown to be statistically inferior to manual tracing, although some authors point out that if

the standards are relaxed and more error is allowed then the automation is acceptable.* Liu et

al. utilized a technique whereby the computer locates edges between areas with different

brightness to define landmarks. Among 15 landmarks, only five were deemed to have been

accurately located, and the best accuracy among those five was at sella with a mean error of 0.94

mm +/- 0.54. The worst of those five was orbitale where the mean error was 5.28 mm +/- 4.10.”

Rudolph et al. who used another algorithm to find landmarks reported error at sella to be 5.06

mm +/-3.37 and at orbitale to be 2.46 mm +/-3.77.” And while Rudolph et al. did not show

significant difference between the manual and computerized landmark identification, the mean

errors were quite large compared to previous studies on manual landmark identification." As

much as people want to save time, computer algorithms have not proved to replace manual

landmark identification on lateral headfilms.

ERROR IN POSTERIOR-ANTERIOR CEPHALOMETRICS

The same study designs that looked into error in landmark identification in lateral

headfilms have been done on posterior-anterior headfilms. One such study that evaluated



landmark error was done by Major et al.' Using 33 dry skulls and 25 patients without noticeable

asymmetries, they studied 52 landmarks and found interexaminer reliability to be between 0.31

4.70 mm. There were four examiners and the skull and patient data were never combined into

one data set. In this case, 0.31mm was the error in the transverse/horizontal axis for the

landmark IPL (the crest of the alveolus between the mandibular central incisors) while the

4.70mm of error was in the vertical axis for the landmark CS (the most superior aspect of the

condyle). Though they nicely reported the data for the x and y coordinates, no attempt was made

to quantify the 2-dimensional distance using the Pythagorean Theorem. If this is done for IPL

and CS then the true error in landmark identification among all the examiners is actually 0.83

mm and 4.98 mm respectively. A final finding by Major et al. was there were certain landmarks

that possessed significantly different amounts of error when the skull and patient landmark errors

were compared. Studies that look only at skulls do not represent the error that could be expected

clinically since the soft tissue affects the contrast of the image.

El-Mangoury did a similar study but only included one examiner who examined 40 films

at two time points separated by one month. Only one orthodontist identified the landmarks, and

the results showed that the most consistently identified landmark was B-point with a mean error

of 0.93 mm radially (0.45 mm vertically; 0.70 mm horizontally). The landmark with the least

radial consistency was the lower first molar at 2.08 mm (0.82 mm vertically; 1.74 mm

horizontally). Another study also found greater error in dental landmarks." As in lateral

cephalometrics, landmarks in posterior-anterior cephalometrics have characteristic patterns of

error that are important to study and understand.”



PATIENT HEAD ORIENTATION

Errors in landmark identification can arise either as a result of poor image quality in the

area of a landmark or due to misinterpretation by the examiner. The position of the patient

relative to the x-ray source and film/receiver can affect the ability to visualize structures and

make measurements from those structures. For example, landmarks that are farthest

anteroposteriorly from the vertical rotational axis are most affected by rotations of the head in

the vertical axis.” Depending upon the amount of head rotation, the landmark on a posterior
2anterior film may be displaced as far as 17.06 mm for a 10 degree rotation. * Surprisingly,

Major et al. found the error of only two landmarks, nasal cavity left and right, to be affected

greater than 1.5 mm with five degrees of head rotation. They deemed 1.5 mm as the clinically

significant amount of landmark identification error.”

Studies on lateral headfilms have attempted to quantify the extent to which head rotation

affects linear measurements.” Ahlqvist found that rotations of +/-5° affected length

measurements no more than 1%. When the subjects head was rotated 5° in 2 dimensions the

additive effect still did not approach a full 3% error in length measurements.” While less

quantitative than Ahlqvist, Houston et al. assessed the variance in landmark measurement

introduced by head position and landmark identification. By taking two films of multiple

individuals they could measure unintentional variation inherent to the radiographic process. For

the distance from sella to nasion, the radiographic process only contributed 0.02mm of variance

while the distance from articulare topogonion only contributed 0.14mm to the variance.” In

lateral cephalometrics the effect of head rotation in symmetric individuals does not contribute a

significant amount of error.



In the posterior-anterior cephalometrics, it was found that rotations of the head about the

vertical axis (left to right) had little effect on vertical measurements but a much greater effect on

horizontal measurements.” The effects of rotation are so great that Pirttiniemi suggests that

PA's not be used to make horizontal measurements for diagnosing asymmetries.” The reason

for this conclusion is that landmarks used for measuring horizontal distances are located on the

lateral aspect of the patients head and these are the landmarks that most affected by head

rotation. For condylion, with every 1 degree of head rotation there is ~0.9mm change in its

horizontal position.” The opposite can be said for midline structures such as the incisors and

pogonion that only show ~0.2mm of horizontal change for 6 degrees of head rotation.” Patient

orientation errors caused by patient movement or improper alignment in the cephalostat are not

any issue with CBCT imaging. In CBCT landmark identification the patient is oriented digitally

after the scan.

3-DIMENSIONAL CRANIOFACIAL IMAGING

Prior to cone beam CT technology, investigators attempted to identify the three

dimensional landmark positions using anterior and lateral headfilms with x-rays beams exactly

perpendicular to one another. Using a caliper as the gold standard, Bookstein et al. quantified

the discrepancies in inter-landmark distance between caliper and stereolocation and found certain

sets of landmarks to yield accurate locations while others were very discrepant.”

Prior to CBCT, the best 3-dimensional images were generated from reconstructions of

traditional fan shaped medical CT images (3D-CT). A significant downside to this technology is

that there is a predetermined slice thickness so the 3-dimensional reconstruction essentially

stacks the slices and an algorithm attempts to smooth the junctions between slices. Of course

significant benefits of 3D-CT have been that magnification is eliminated and there is no

10



superimposition of multiple structures as in two dimensional cephalometrics. Combining the

drawbacks and the benefits of 3D-CT it is not surprising that a number of studies” have found

that landmark identification consistency was the same between 3D-CT and lateral headfilms.

Kragskov et al found that only pogonion showed a statistically significant difference between the

two methods with greater variation in the 3D-CT.” Though the radiation is significantly higher

with traditional spiral CT, if one needs to be taken, a separate lateral headfilm is not required.

An important finding from Papadopoulos et al. was that when skulls were measured on two

different occasions, there were no significant differences in the distances between landmarks in

the CT group. However, 7 out of 56 linear distances in the cephalometric group were

significantly different when measurements were made at two occasions. Therefore with CBCT,

it may follow that while the differences at a give timepoint are not significant, when a patient is

analyzed at a subsequent timepoint the CBCT evaluation may be more consistent.

Growth studies in the past focused on the available data which was in the form of a

lateral headfilm. With a remarkably large sample of 542 CT scans of skeletally normal

individuals, Waitzman et al. reported on the normal growth changes of the cranium and midface

from birth through age 17.” Their findings show how the cranio-orbito-zygomatic skeleton

reaches 85% of adult size by the age of five. They also show how the midface does not grow

rapidly in the first years of life but rather grows consistently into adolescence. While the

findings are in keeping with previous anthropometric and radiologic studies, their use of CT

opens the possibility of learning about growth and development in a more comprehensive form.

CBCT Craniofacial Analysis

As individuals begin to explore the enormous amounts of data from CBCT there are a

number of papers that begin to explore how orthodontics and other related fields can begin to

11



utilize it as a Superior diagnostic tool. A very basic way of approaching a 3-dimensional analysis

is to propose a reference structure as the means of comparing distances of landmarks from this

reference point among patients. Lagravere et al. proposed a point midway between the foramen

spinosum on the floor of the cranium.” This point was found to be reliably located and is just

the beginning of analyzing patients in three-dimensions with CBCT.

An initial attempt by Park et al. at skeletal analysis using three-dimensional have been

based upon relationships between various planes.” While Park et al. did also suggest a number

of simple linear and angular measurements, without established three-dimensional norms these

values are not of much diagnostic value. Cephalometrics has come a long way since 1931, and

CBCT is proving to possess much information that needs studies to test the various hypotheses.

12



Purpose

The purpose of this study is to quantify the consistency and precision of three

dimensional landmark identification when 9 residents identify 32 landmarks on 19 patients.

Specific Aims

The specific aims are to:

- Quantify the consistency and precision of landmark identification using volumetric

images

- Assess whether evaluators improve with experience using the software and

familiarization with craniofacial anatomy in three dimensions

Methods

Patients

Nineteen patients from the UCSF Orthodontic Clinic, who had a cone-beam computed

tomography (CBCT), were selected at random. The same settings and techniques were used

when taking all 19 scans. No patients with anatomic anomalies or obvious asymmetries were

included since this would alter or obscure certain landmarks.

CBCT/Landmark Identification Software

A Hitachi CB Mercuray (Hitachi Medico Technology, Tokyo, Japan) operated by the

same certified radiologic technician was used for all patient scans. With the patient sitting

upright, a rotating source/detector gantry captures a volumetric image of the patient’s head, a
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process similar in nature to panoramic radiography. A 10-second scan acquires 512 images in a

12" diameter spherical volume with 0.2-0.376 mm'voxels in high-resolution mode and 12

bits/voxel (2°–4096 shades of gray). The version of the system used in this study has a

scalable 12" CCD detector that can be set in several fields of view (FOV) modes. In order to

capture anatomy critical for orthodontic diagnosis and treatment planning, the 12-inch receive

was used. The xray source was generated with a wattage of 120KvP and a current of 15Ma for

each scan.

DICOM data sets were then imported into Dolphin Imaging version 10.1 (Chatsworth,

CA) in order to identify anatomic landmarks using the three dimensional data. No unique

personal identifiers were used as part of their Dolphin 3D file to prevent any bias and to maintain

the privacy of the patients. Each patient was assigned a random identifier so that examiners

could retrieve the file when they went to identify the defined landmarks.

Once the data sets were imported into Dolphin Imaging, the head positions were

standardized. Creating uniformity was expected to allow for easier landmark identification.

Because the windows that displays the three planes (sagittal, vertical, transverse) depend upon

the operators defined orientation, we controlled for this variable by orienting all patients the

same way. A line connecting sella and nasion corrected the pitch (x axis); a line parallel to the

inferior surface of the sphenoid bone at the AP position of sella corrected roll (z axis); and a line

parallel to the anterior border of the glenoid fossas at the level of sella and the inferior border of

the sphenoid bone corrected the yaw (y axis)(Figure 2).
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Figure 2 - Patient Orientation: 3 lines based on reproducibly identifiable structures were used to define the x,
y and z axes.

Examiners identified the same 32 landmarks in 19 different patient files in Dolphin

Imaging. The Dolphin Imaging 3D module allows placement of landmark using any one of the 4

available views (volumetric, sagittal, transverse, vertical (Figure 3).
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Figure 3 - Example of views seen when identifying Anterior Nasal Spine (ANS).

The software continually updates the location of the landmark in the other 3 views as it is moved

in any single view. This feature allows very refined placement of landmarks so that each

dimension is accounted for prior to moving on to the next landmark. The views that display the

three planes each show a 0.3mm thick slice which offers a significant advantage over two

dimensional films that superimpose the entire craniofacial complex in film.

The examiners all began with the same patient and followed the same order of patients.

Once they completed locating the 32 landmarks, the coordinate data was copied into Microsoft

7.
-

---

º
- l

*—*ºº
-
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Excel (Redmond, WA) spreadsheets and saved using a specific file name; all files included the

patient number and examiner name.

Table 1 - Order of Landmark Identification

Order of landmark identification Landmark
Sella

Basion
Articulare

Nasion
ANS

A-point
B-point

Pogonion
Gnathion
Menton

L-Glenoid fossa

L–Condylion
L-Porion
L-Gonion
L-Orbitale

L-Infraorbital foramen
R-Infraorbital foramen

L-Maxillary central incisor crown tip
L-Maxillary central incisor root apex
R-Maxillary central incisor crown tip
R-Maxillary central incisor root apex

L-Mandibular central incisor crown tip
L-Mandibular central incisor root apex
R-Mandibular central incisor crown tip
R-Mandibular central incisor root apex

R-Orbitale
R-Gonion
R-Porion

R-Condylion
R-Glenoid fossa

R-Maxillary cant point
L-Maxillary cant point

Examiners

The nine examiners were 2" and 3" year orthodontic residents at UCSF. All examiners

attended two 1-hour training sessions. In the two sessions, they were taught how to navigate
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through the Dolphin Imaging 3D module, how to place the landmarks, and also were given the

opportunity to locate each of the landmarks and ask questions regarding their interpretation of

the definitions provided. By the end of the second session, all examiners had found each

landmark at least once. They were then given 6 months to locate the landmarks on the 19 patient

files. At all times, examiners had access to a manual with directions for opening patient images,

landmark definitions, and captured screenshots of the landmarks (Appendix 1).

Landmarks

Definitions for three dimensional anatomic landmarks are few since orthodontists have

classically utilized the two dimensional headfilm. Many of the definitions began with those

described by Solow.” In all cases the definitions were checked with the 3-dimensional images

and if needed, the author (WS) added the portion of the definition describing the transverse

dimension. The final definitions were edited and confirmed with another investigator (IN)

(Table 1).

Table 2 - Three Dimensional Landmark Definitions

Landmark Definition

Sella The geometric center of the sella turcica
Nasion The most anterior and median point along

the frontonasal suture.”
Articulare A constructed point at the predicted

intersection of the inferior surface of the
sphenoid bone (cranial base) with the
posterior border of the mandible when the
patient is viewed from the side.

Basion The most inferior point on the anterior
border of the foramen magnum; the most
posterior-inferior point on the clivus.”

ANS The apex of the anterior nasal spine *

A-point A midline point in the deepest concavity
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along the anterior contour of the maxilla

B-point The deepest point on the anterior contour
of the lower alveolar arch”

Glenoid fossa (Right & Left) The most superior point of the glenoid
fossa

Condylion (Right & Left) The most superior-posterior point on the
condylar head

Porion (Right & Left) The most superior point of the external
acoustic meatus located laterally at the
point when the meatus is entirely encircled
in bone.

Gonion (Right and Left) A point at the intersection of the
mandibular plane and the ramus plane, a
point on the bony contour of the gonial
angle determined by bisecting the tangent
angle.

Orbitale (Right & Left) The deepest point of the infraorbital margin

Infraorbital formaen (Right & Left) The anterior opening of the foramen

Pogonion The most prominent point of the chin

Menton The lowest point on the symphysis

Gnathion A point at the intersection of facial and
mandibular planes

Maxillary cant point (Right & Left) The most superior and lateral point along
the oral surface of the palatine bones at the
anterior-posterior position of the maxillary
1st molars

Statistics

In order to assess landmark identification consistency and precision, there must be a point

about which all others are compared. Because there is no gold-standard for identifying the

absolute position of each landmark, the average coordinates of all the examiners for each
º A.
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landmark served as the centroid for each particular landmark. From this centroid, the

distribution of landmarks was assessed. First, the distances from the centroid were calculated

using the Pythagorean theorem that included all 3 dimensions. For a given patient and landmark,

a mean distance from the centroid for that specific landmark was calculated to assess how well

individuals agreed upon the location of that landmark. If a gold standard was available as the

true location of the landmarks then this study would be about accuracy and precision. Due the

impossibility of a gold standard for an anatomic location on a live patient, this study actually

quantifies the consistency and precision of landmark identification. The consistency for a

landmark is a measure of how far the landmarks are from the mean landmark location. The

standard deviation of these distances was used to assess the precision of landmark identification.

For each landmark, the variation in each plane was calculated in a similar manner. For

each dimension (x,y,z), the centroid coordinate value was compared to the values from the

examiners.

In order to assess changes in consistency and precision throughout the study, trendlines

with accompanying correlation coefficients were drawn through scatterplots. These scatterplots

typically had the patient number as the x-axis and the amount of consistency or precision as the

y-axis.

Results

Inter-Resident Performance

Prior to calculating the consistency and precision of landmark identification, an examination of

the raw data and inter-resident performance was evaluated. Prior to pooling all of the data for

analysis of individual landmark consistency and precision, it is important to know if the

.

■
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residents’ performed equally. To do this, the residents’ consistencies for each patient were

compared. Every patient had a separate series of spreadsheets that had the raw data generated by

each of the nine residents and separate worksheets for each landmark (Fig 8). The individual

landmark worksheets allowed statistical analysis of the landmark identification for a specific

landmark on a specific patient (Table 3).

Table 3 - Example of one worksheet (sella) within one patient’s workbook. The first 3 columns are the
coordinate data (x, y, z) and each row is a different resident’s landmark location.

Sella Distance from Mean Distance from Mean
-25 -1 -0.1 Mean X Mean Y Mean Z 1.71 0.02 0.3 Mean Distance from Mean 1.736231551
-0.9 -1.7 -0.9 -0.79 -1.02 -0.4 0.11 0.68 0.5 0.61 0.516 0.26 0.851 175658
-1.4 -1.4 -0.6 0.61 0.33 0.2 0.7459.89276

0 0.5 0 so X so Y sº 2. 0.79 1.52 0.4 17591 19098
-04 -0.6 -03 0.803398 0.7254.12 0.329983 0.39 0.42 0.1 0.58.1807528
0.1 - -1.1 -0.5 0.89 0.08 0.1 0.899166281

0 -0.4 0.1 0.79 0.62 0.5 1, 121828864
-0.6 -2.1 –0.8 0.19 1.03 0.4 1.167261753
-0.9 -1.1 -0.4 0.11 0.03 o 0.1360.14705
-1.3 -1.3 -0.5 0.51 0.28 0.1 0.590338886

Once the mean location was calculated, the overall distance from that mean could be determined

for each resident. The mean ‘Distance from Mean’ (Table 3) across all 32 landmarks for a given

patient represented the residents’ performance for that patient. This data was plotted to visualize

each resident’s performance throughout the study and showed that the residents’ performance

was close enough to pool the data for subsequent data analysis (Figure 4).
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Residents' Performance
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Study Progression (Patient #)

Figure 4- Resident Performance: Each series represents one resident. The significant fluxes seen for patients
3 and 10 were due to one or more significant outliers.

The significant deviations away from ~2mm are caused by one or more outliers within the entire

set of data points for a given patient. The reason that one resident’s misplacement of a landmark

affects all of the others is due to the way that consistency is calculated. Recall that consistency is

the distance that one examiner is from the mean landmark location. Therefore a large outlier will

drastically affect the location of the mean landmark location, and thus, each resident will be quite

far from that mean location.

Looking at the raw data, the decision was made to remove from the data set these outliers

and any identified landmark greater than two standard deviations from the mean landmark

location. The rationale for this decision was that large outliers were not due to a
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misunderstanding of the landmark definition or an inability to locate the landmark within the

three-dimensional image but rather was an easily made technical error in the use of the Dolphin
-

Imaging 3D module. Justification for this decision came not only from looking at the millimeter /
--

deviation from the mean location but also from keeping track of those errors that we greater than -

2 standard deviations from the mean (Fig 2). --

Gross Errors by Resident

8
- --

|
#, |\, .
i. V
| | | | | | | | | | | ||
!...Y º,X\/\| WNY
| W.V. M \, ',
º

Figure 5–Number of errors greater than 2SD from the mean landmark location for each of the 9 residents

Following one resident’s performance through the study shows that the number of gross errors

varied significantly from one patient to the next. The randomness of these errors suggests a

technical error and not error in judgment or understanding. Put another way, the mean number

of errors greater than two standard deviations from the mean show that while there are
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differences between the residents, these differences are all within one standard deviation. (Figure

6)

Mean Gross Errors by Resident

5-
-

Resident

Figure 6 - Mean gross errors made by each resident per patient

Figure 6 also shows that no one resident had grossly more significant errors than any other.

Another aim was to study how the use of the 3-D module to identify landmarks changed

throughout the study. If gross errors are result of lapses in utilization of all the benefits offered

by Dolphin Imaging, then tracking the number of these errors as the study progressed would give

an idea of how well the residents began to understand and utilize the program’s features.
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Figure 7 - Trend in number of errors with more experience with the 3D software

While the trend in figure 7 shows a negative correlation and thus an improvement in the use of

the program, the Pearson correlation coefficient is only R=0.38 which is a weak correlation. The

outliers at patient #1 and #12 helped to make the trend have a negative slope.

Landmark Consistency and Precision

The average consistency across all landmarks (32), patients (19) and examiners (9) was

1.64-mm. Thus for 5472 data points, the examiners were on average only 1.64mm from the

mean location of a given landmark. The average precision about these 5472 data points was

0.87mm. Therefore 66% (1 SD) of all landmarks fell within 0.87mm of one another. When

consistency was tracked throughout the study, there was no significant improvement in how well

landmarks were identified (Figure 8).
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Change in Consistency with Study Progression

25
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Figure 8 - Correlating consistency with landmark identification experience

The mean consistency and precision are oversimplifications of the data. The differences between

the landmarks (Figure 9) begins to reveal potential explanations for the variations. In general,

midline structures and landmarks formed by acute angles are more consistently identified than

bilateral structures and landmarks along broad curves.

|
0.5

2º
2. 23%

sº% *3º

Figure 9 - Overall Consistency & Precision: Each bar is the cumulative consistency for all 9 residents across
all 19 patients. The error bars are 1 SD from the mean consistency and are the measure of precision.
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Individual Landmark Results

The previous results have focused largely on pooled data from the entire study. In

addition, up until this point consistency has been the total distance from the mean landmark

location. Since landmark identification in this study is in three dimensions, consistency can be

described not only in the total distance from the mean but also in the x, y, and z distances from

the mean landmark. By breaking down the overall consistency into its three component axes, a

much more thorough evaluation can be done. Ranking the landmarks by how consistent they

were identified overall as well as by their component axis begins to explore the entire picture

(Table 4).

Generally speaking, a landmark that is ranked highly among one axis is also ranked

highly among the others. There are a number of landmarks that do not follow this trend. For

example, the left glenoid fossa is ranked 27" (x-axis), 7" (y-axis) and 21" (z-axis). This type of

distribution suggests that the definition and/or the anatomy are partially at fault for the poor

ranking in two of the three axes. Table 4 also illustrates what Figure 9 shows, that midline

structures and landmarks formed by acute angles are more easily identified.
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Table 4 - Landmarks ranked by overall consistency. The first number is each cell is the mean consistency for
that landmark across all 9 residents and all 19 patients. This value is followed by the value of 1 standard
deviation from the mean consistency. The number is parentheses is that landmark’s rank for each column.
For example, sella (gray cell) has a consistency of 0.31mm in the Y-axis dimension with a standard deviation
of 0.23mm. Sella’s y-axis consistency is ranked 4th.

Landmark Overall Consistency (mm) | X Axis Consistency (mm) || Y Axis Consistency (mm) | Z Axis Consistency (mm)
Sella 0.50 + 0.24 (1) 0.14 + 0.13 (1) 0.31 + 0.23 (4) 0.23 + 0.16 (1)
LEFT maxillary incisor crown tip 0.58 + 0.28 (2) 0.39 + 0.32 (3) 0.23 + 0.16 (2) 0.24 + 0.15 (2)
RIGHT maxillary incisor crown tip 0.59 + 0.25 (3) 0.39 + 0.31(4) 0.17+ 0.14 (1) 0.31 + 0.21 (3)
Basion 0.85 + 0.32 (4) 0.33 + 0.25 (2) 0.35 + 0.26 (5) 0.32 + 0.28 (4)
RIGHT mandibular incisor crown tip 0.91 + 0.60 (5) 0.54 + 0.43 (10) 0.37+ 0.26 (8) 0.37 t 0.26 (8)
Nasion 1.02 + 0.50 (6) 0.48 + 0.35 (8) 062 + 0.49 (16) 0.33 + 0.20 (5)
RIGHT maxillary incisor root apex 1.05 + 0.46 (7) 0.56 ± 0.44 (11) 0.63 + 0.38 (18) 0.36 + 0.31 (7)
LEFT mandibular incisor crown tip 1.13 + 0.69 (8) 0.50 + 0.41 (9) 0.46 + 0.35 (11) 0.53 + 0.43 (11)
ANS 1.15 + 0.49 (9) 0.47+ 0.35 (7) 0.36 + 0.25 (6) 0.76 + 0.52 (17)
A-point 1.20 + 0.59 (10) 0.47+0.36 (5) 1.07 it 0.60 (27) 0.34 + 0.24 (6)
LEFT maxillary incisor root apex 1.20 + 0.53 (11) 0.47+0.36 (6) 0.71 + 0.40 (19) 0.38 + 0.30 (9)
Gnathion 1.35 + 0.61 (12) 0.67 + 0.44 (15) 0.72 + 0.38 (20) 0.78 + 0.59 (19)
LEFT mandibular incisor root apex 1.50 + 0.73 (13) 0.58 + 0.46 (12) 0.76 + 0.61 (21) 0.70 + 0.58 (16)
B-point 1.50 + 0.72 (14) 0.65 + 0.43 (14) 0.87+ 0.63 (23) 0.55 + 0.39 (13)
Menton 1.58 + 0.62 (15) 0.69 + 0.45 (16) 0.38 + 0.28 (9) 1.20 + 0.73 (29)
RIGHT glenoid fossa 1.59 + 0.85 (16) 1.06 + 0.82 (25) 0.31 + 0.23 (3) 0.88 + 0.59 (22)
RIGHT mandibular incisor root apex 1.60 + 0.71 (17) 0.72 + 0.48 (19) 0.78 + 0.45 (22) 0.79 + 0.59 (20)
Pogonion 1.63 + 0.87 (18) 0.70 + 0.51 (17) 1.23 + 0.95(29) 0.50 + 0.36 (10)
LEFT glenoid fossa 1.66 + 0.82 (19) 1.11 + 0.78 (27) 0.37 ± 0.35 (7) 0.82 + 0.70 (21)
Articulare 1.81 + 1.22 (20) 0.64 + 0.52 (13) 0.92 + 0.68 (25) 0.93 + 1.11 (23)
LEFT infraorbital foramen 1.83 + 1.05 (21) 0.92 + 0.66 (21) 0.92 + 0.84 (24) 0.94 + 0.75 (25)
RIGHT gonial angle 1.91 + 1.05 (22) 0.71 + 0.53 (18) 1.37 ± 1.03 (31) 0.77+ 0.54 (18)
LEFT condvlion 2.06 + 1.49 (23) 1.04 + 0.73 (24) 0.52 + 0.49 (15) 1.50 + 1.37 (30)
RIGHT infraorbital foramen 2.19 + 1.28 (24) 1.03 + 0.79 (23) 1.25 + 1.03 (30) 0.99 + 0.73 (27)
LEFT gonial angle 2.31 + 1.12 (25) 0.86 + 0.59 (20) 1.78 + 1.10 (32) 0.96 + 0.58 (26)
LEFT porion 2.33 + 1.11 (26) 2.20 + 1.19 (30) 0.49 + 0.35 (13) 0.62 + 0.45 (15)
RIGHT condylion 2.42 + 0.87 (27) 1.25 + 0.82 (28) 0.46 + 0.38 (12) 1.07 ± 0.83 (28)
LEFT orbitale 2.43 + 139 (28) 2.09 + 1.49 (29) 0.62 + 0.40 (17) 0.59 + 0.42 (14)
RIGHT maxillary cant point 2.67 + 1.65 (29) 1.00 + 0.69 (22) 1.08 + 0.78 (28) 1.83 + 1.58 (32)
RIGHT porion 2.68 + 132 (30) 2.40 + 1.30 (32) 0.50 + 0.40 (14) 0.55 + 0.41 (12)
RIGHT orbitale 2.69 + 1.79 (31) 2.37 ± 1.84 (31) 0.43 + 0.40 (10) 0.94 + 0.85 (24)
LEFT maxillary cant point 2.70 + 1.51 (32) 1.08 + 0.72 (26) 1.00 + 0.84 (26) 1.70 + 1.36 (31)

Sella

Sella was the most consistently identified landmark with an overall consistency of

0.50mm. Figure 10 follows the performance of the residents throughout the study and allows a

closer examination of which dimension(s) most affected any inconsistencies. In the case of sella,
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Figure 10–Sella: Examination of consistency A.

overall consistency (light blue trendline: 0.0092 mm/patient) this was due to the more significant 7.
improvement in the consistency in the x-axis (dark blue trendline: 0.196 mm/patient; r-0.60).

This improvement is not likely to be clinically significant, but this does show that as a group, the

examiners where better able to center the landmark transversely in the sella tursica at the end of

the study.

Basion

The overall consistency for basion was 0.85 mm (Rank=4") and like sella, while the

improvement was not clinically significant, the reason for the overall consistency change was

due to change in the x-axis. There is not a strong correlation coefficient for any of the trend lines º
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(Figure 11).
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Figure 11 - Basion: Examination of consistency

Articulare

Articulare is an unusual three-dimensional landmark due to its previous definition in

lateral cephalometrics. The steps required to locate the new definition required utilizing all 4

visualization windows in the computer display. In most instances, the landmark was first located

using a lateral view of reconstructed volumetric image and placing the landmark at the

intersection of posterior border of the mandible and the cranial base. The landmark was then

dragged to the midline so that there would be consistency in all 3 dimensions. The landmark’s

overall consistency suffered (1.81mm, Rank=20") as a result of the multi-step process. When

the consistency is broken down into its component axes, there is discrepancy in the ranks

fº

º
º

--

--

-*.
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(x=13", y=25", z=23"). The location of the landmark in they and z-axes require more

manipulation of the images than does the x-axis which only requires the operator to place the

landmark in the midline. Although there were only weak correlations (0.34-0.50), Figure 11

shows improvement in the consistency in all dimensions.
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Figure 12 - Articulare: Examination of consistency

Nasion

Nasion, along with most of the other midline structures in this study, had remarkable

overall consistency at 1.02 mm (Rank=6"). The y-axis (vertical) was the most difficult axis for

the residents to agree upon. Though the y-axis rank was 16", the consistency was only 0.62 mm

and thus, not likely to be clinically significant variation. The good consistency owes itself to

nasion being located at the intersection of two clearly identifiable structures located along the

patient’s midline.
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Figure 13 - Nasion: Examination of consistency

Anterior Nasal Spine (ANS)

In a typical lateral headfilm, ANS can be very difficult to identify since the x-rays easily

penetrate the thin and pointy structure leaving that area of the film exposed. With an overall

consistency of 1.15 mm (Rank=9"), ANS is a structure that is much easier to identify with cone

beam CT imaging. While the identification error is quite low, the distribution of the error is in

keeping with previous research on landmarks." The x and y axis were very consistently

identified (0.47 mm & 0.36 mm) while the z-axis consistency ranked 17" (0.76 mm). The

difficult with this landmark is not in the vertical or transverse dimensions but in the sagittal

dimension. Even with CBCT technology there appears to still be some blurring of the very tip of

ANS which leads to more error. With this being said, the improvement in the overall

32



consistency during the study was due solely to improvement in z-axis consistency (Figure 14).

While the improvement in the overall has a weak correlation the z-axis improvement of 0.023

mm per patient has a moderate correlation (r-0.57).
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Figure 14- ANS: Examination of Consistency

A-Point

As a curved structure, the largest amount of error came from the axis parallel to the

broadest curve. The large difference in consistency between the 3 axes (Figure 15) illustrates

this point. The consistency in the vertical dimension ranked 27" (1.02 mm) while that of the x

and z axis ranked 5" (0.47 mm) and 6" (0.34 mm). These results are in keeping with the

hypothesis that curved structures are more difficult to consistently identify.

33



A-point - Summary COverall
-x-Axis

-Y-Axis

clz-Axis
Linear (Overall)

-Linear (x-Axis)
-Linear (Y-Axis)

Linear (Z-Axis)

y = 0.012x + 1.1163
R = 0.0435

y = -0.0053x * 1082
R’= 0.0082

= 00151x+0.3192
R* = 0.1716

y = 00042x+0.309
R* = 0.0581

9 10 11 12

Study Progression (Patient#)

Figure 15-A-Point: Examination of Consistency

B-Point

Like A-point, B-point lies along a broad curve without clear anatomic boundaries. All

measurements were less consistent than A-point with the greatest error also in the y-axis (0.87

mm; Rank=23). There was no improvement in the landmark identification which indicates that

the error was not due to misunderstanding of the definition or technical difficulty locating the

landmark.
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Chin Points — Pogonion, Gnathion, Menton -
/
-
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Pogonion, gnathion and menton are all located very close to one another along the

anterior, anterior-inferior and inferior surfaces of the chin, respectively. The pattern of error

distribution seen with A-point and B-point is also at work with these landmarks. As the point on

the most anterior surface of the chin, pogonion (Figure 17) has less error in the x and z axes

(0.70 mm & 0.50 mm) than in the y axis (1.23 mm). Although the trendline correlation -
~~

coefficients are weak to moderate (r- 0.22-0.60), there was a slight tendency for pogonion to be ºr
*-

identified with less consistency as the study progressed. Gnathion, just inferior to pogonion was º
º

the most consistently identified point of the 3 points along the chin (1.35 mm; Rank=12; Figure *-

*—

18). The error among the axes was evenly distributed. As the most anterior-inferior point of the Y;

://
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anterior mandible, the definition and anatomy of gnathion leave little room for interpretation.

The same cannot be said for menton where again one axis was identified with less consistency

than the others (Figure 19). Where A-point, B-point, and pogonion are along curves that are

oriented vertically, menton is along a curve on the inferior surface of the anterior mandible.

Thus, the dimension with the greatest error was the z-axis (1.20 mm; Rank=29").
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Figure 17 - Pogonion: Examination of Consistency
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Figure 18- Gnathion: Examination of Consistency
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Figure 19 - Menton: Examination of Consistency

Glenoid Fossa

The glenoid fossa (Figures 20 and 21) was never part of lateral cephalometric analysis

due to the inability to visualize it on a two-dimensional film. As a potential landmark for

analyzing cranial base asymmetries, the glenoid fossa consistency was in the middle of the 32

landmarks. The consistency in the right and left did not differ significantly (1.59 mm & 1.66

mm). Identifying the most superior point was the not a problem for the residents as evidenced by

the good y-axis ranking of 3" (ri ght) and 7" (left). There was less agreement among the

residents as to the transverse and sagittal locations of the most superior point of the fossa.
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Condylion
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Figure 20 - Left Glenoid Fossa: Examination of Consistency
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Figure 21 - Right Glenoid Fossa: Examination of Consistency

Without the problem of superimposition of multiple structures on a classic two

dimensional film, condylion was thought to be a landmark that would be much easier to identify

using CBCT. The most superior point on a structure that is not a perfectly rounded dome proved

to be difficult for the residents to consistently identify. There was better consistency on the left

side (2.06 mm; Rank 23") than on the right side (2.42 mm; Rank 27"). Similar to the glenoid

fossa, the y-axis was the source of the least amount of error (Left: 0.52 mm; Right: 0.46 mm).

38



Even when outliers are removed from the sample, there continues to be significant variation in

the consistency from patient to patient (Figures 22 and 23). There was no significant

improvement or

|

worsening of how consistently condylion was indentified.
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Figure 22 - Left Condylion: Examination of Consistency
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Figure 23 - Right Condylion: Examination of Consistency
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Porion

The definition of porion has never included description of its transverse location within

the external auditory meatus. This portion of the definition proved to cause significant

identification difficulty. Overall, porion appears to have significant identification error (Left:

2.33 mm; Rank 26", Right: 2.68 mm; Rank 30"). This is one point where the vast majority of

the overall inconsistency is due to errors in one axis. The vertical and sagittal axes showed

decent consistency while the transverse axis was ranked 30" on the left side and 32" on the right

side. The effect of the x-axis error on the overall is clearly seen in Figures 24 and 25. These

results suggest that porion be used for analysis of vertical and sagittal measurements (cants,

Frankfort horizontal, etc.) but not for any analysis in the transverse dimension (left vs right

asymmetries).
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Figure 24 - Left porion consistency
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Figure 25- Right porion: Consistency

Gonion

Gonion is located along a broad curve on the posterior mandible, and its location is open

to broad interpretation. This landmark is quite easily identified on a traditional lateral headfilm

So the only advantage with three-dimensional imaging is that the left and right gonial angles can

both be identified and used for new analyses. The vertical dimension ranked the lowest at 31°

(Left: 1.37 mm) and 32" (Right: 1.78 mm). Figures 26 & 27 for the left and right side,

respectively, are incredibly similar. This bilateral similarity further suggests that the reason for

the inconsistency in the y-axis is due either to lack of clarity in the definition and/or the anatomy

of the landmark. Of all of the landmarks located along curves, orbitale and gonion are on the

most broad of those curves.
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Figure 26 - Left Gonion: Consistency
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Figure 27 - Right Gonion: Consistency

Orbitale

Orbitale has traditionally been a landmark used to establish the Frankfort horizontal

reference line. A number of measurements are made from angles formed by Frankfort horizontal

and other dental and skeletal lines. With the addition of the transverse dimension, this landmark

has the potential to be used for analyzing canting of the orbits in addition to it current uses.
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Figures 28 and 29 show that the x-axis is largely responsible for its poor ranking among the other

landmarks (Left: 28", Right:31"). The consistency for they and z axes is less than 1 mm

suggesting that orbitale is suitable for establishing Frankfort horizontal and also for evaluating

canting of the orbits. However, the significant transverse inconsistency prevents its use for

analyzing differences in the transverse position of the orbits (i.e. hypertelorism and

hypotelorism).
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Figure 28 - Left Orbitale: Consistency
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Figure 29 - Right Orbitale: Consistency

Infraorbital Foramen (Infraorbitale)

Fine structures that are difficult or impossible to visualize on lateral headfilms are now

visible with CBCT images. Foramena are one such anatomic feature that could be used in

craniofacial analysis. The reason for studying the consistency of the infraorbital foramen was

that it could be an alternative for orbitale. While the consistency was in the lower third (Left:

1.83 mm, Rank 21"; Right: 2.19 mm, Rank 24th), the axes all contributed equally (Figure 30 and

31). As a discrete anatomic point, the errors are quite similar in each dimension. This novel

landmark is identified with greater consistency than the traditional orbitale landmark.
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Maxillary Cant Points / Palatal recess

The orientation and width of the palate is often difficult to assess on posterior-anterior

headfilms. A common method to analyze transverse discrepancies between the maxilla and

mandible has been to compare the position of the maxillary J-points with the mandibular

antegonion notches. The J-points are part of a complex three dimensional structure that would

be very difficult to consistently identify using CBCT imaging. The maxillary cant points allow

for measuring the width of the maxillary arch while providing a means to analyze canting.

Unfortunately, they were quite inconsistently identified (Left: 2.70 mm, Rank 32", Right: 2.67

mm, Rank 29"). The x and y axes are the critical dimensions if these points are to be used for

transverse measurements and canting analysis. In these dimensions, the consistency ranked

poorly (22"-28") but measured between 1.00-1.08 mm. There was insignificant change in the

consistency overall and also for each axis throughout the study (Figures 32 and 33). With the

standard deviation in the x axis of 0.70 mm, the width of the palate could be measured 95% of

the time within 2.80 mm.
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Figure 32 - Left Maxillary Cant Point / Palatal Recess
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Figure 33 - Right Maxillary Cant Point / Palatal Recess

Dental Landmarks

The midpoint along the incisal edges and root apexes of the maxillary and mandibular

incisors were identified. The root apex of the mandibular incisors is often very difficult to

identify on a traditional headfilm due to the superimposition of the canine, lateral incisor and

central root apexes. In addition, since the most prominent incisor is measured on a lateral

headfilm it can be near impossible to know which root apex belongs to the most prominent

incisal edge. A third source of error when identifying incisors on lateral headfilms is that rotated

incisors can appear more proclined since the mesial or distal surface is more anterior than the

middle of the incisal edge. CBCT imaging allows unadulterated views of these structures.

For a given tooth, the incisal edge always was identified more consistently than its

respective root apex. The maxillary incisal edge and root apex measurements were all less than

the similar mandibular measurements. Among the incisal edge measurements, the x-axis had the
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Figure 34 - Left Maxillary Crown Tip: Consistency
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Discussion

“Three dimensional” is a popular phrase in the current orthodontic literature. Access to

more and better information has excited the field of orthodontics and already allowed more

thorough studies of treatment effects." CBCT imaging allows full examination of the

craniofacial complex without superimposition of complex structures on a traditional two

dimension film. One such area where superimposition of structures hinders comprehensive

analysis is cephalometrics. At the time of this study, there were no systematic studies of

landmark identification in three dimensions using CBCT imaging. The most similar study to

date had only 2 examiners locating landmarks on images from a spiral CT with slice thicknesses

of 2 mm.”

While certain landmarks did exhibit some improvement throughout the study, the general

trend did not show significant improvement in landmark identification. The amount of time that

it took examiners to find the 32 landmarks decreased from ~25 minutes to ~10 minutes. A

possible reason for the lack of improvement is that while their speed increased, is was to the

detriment of their identification consistency. Another likely possibility is that the definitions and

anatomy leave a certain amount of interpretation that will always result in differences among

individuals.

Anatomy and Landmark Consistency

The primary aim of this study was to quantify the consistency of landmark identification

using CBCT image sets. As in previous studies using two-dimensional lateral headfilms, this

study, too, found that each landmark has a unique quantity and distribution of error. While the

specifics for each landmark were presented above, some general trends were evident.
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Midline Landmarks

Except for pogonion and articulare, every midline landmark was identified with great

consistency than all the bilateral skeletal structures. The dental landmarks are discussed

separately. One reason for this difference between bilateral and midline consistency is

familiarity with the sagittal slice window in the 3-D module. The window in the 3-D module

that displays the Sagittal plane looks strikingly similar to a lateral headfilm once the resident

identifies the midline of a patient. In fact the midline structures are incredibly clear in the

Sagittal plane window because the display is that of a 0.3 mm thick slice without the

Superimposition of multiple structures on to a single two-dimensional film.

Another possible explanation for the consistency and precision among midline landmarks

is the order of landmark identification. Midline structures were grouped together which may

have artificially improved the consistency and precision. The reason is that once sella was

identified, the x axis did not need to be drastically adjusted for subsequent landmarks.

Therefore, the residents were able to identify the other midline landmarks by only working with

the other two axes. While the calibration training stressed the importance of checking all three

dimensions prior to moving on to the next landmark, follow up conversations with the residents

and evaluation of the raw data showed that many residents did not adjust the x-axis after

identifying sella.

A third explanation is how the patients were loaded into Dolphin Imaging’s 3D module.

The slices that are displayed in the windows the sagittal, coronal. and transverse planes depend

upon how the patient is oriented prior to identifying landmarks. So that the residents would have

windows that were accurate representations of the these planes, all patients were oriented so that

as the resident worked their way through the landmarks there would truly be little required
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change in the x-axis. How the orientation process effects landmark identification is a very

interesting question in the age of three-dimensional data but was not an aim of this study. The

likely reality regarding midline structure consistency is that all three of these explanations were

at play but to different degrees in each resident.

Bilateral Landmarks

Familiarity and anatomy are largely to blame for the poorer performance of bilateral

landmarks. While many of the bilateral landmarks in this study are routinely identified on a

lateral headfilm, the average clinician is not acutely aware of each landmark’s three-dimensional

location. For example, orbitale has been classically defined as the most inferior point along the

orbital rim when viewed in a lateral headfilm. The problem is that the definition lacks a

transverse component. The definition in this study had the landmark placed on the most anterior

inferior border of the orbit. Because the orbital is roughly circular, once the most inferior point

of the orbit is located, there can only be one transverse location as well. The combination of

most anterior and most inferior in the definition guarantees that only one transverse location is

the true landmark position. The complexity of redefining landmarks and changing the way

residents view radiographs is more significant for bilateral landmarks. In contrast with midline

landmarks, unfamiliarity with the radiographic appearance of bilateral landmarks made them less

consistently located. Another explanation that is discussed below is that the bilateral landmarks

are located along broad curves. Quite simply the more broad the curve the more difficult it is for

the eye to capture this most prominent point or depression. For these reasons and possibly

others, as a group, the bilateral landmarks showed less overall consistency than the midline

landmarks.
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Left versus Right

An unanticipated finding was that landmarks on the left side were identified with better

consistency and precision than those same landmarks on the right side. Except for the glenoid

fossa and the palatal recess, all other bilateral skeletal structures showed this left-right difference.

This study could never have accomplished what it did without a time commitment of roughly 20

30 minutes per patient from each resident. To accurately identify the landmarks, the residents

had to concentrate not only on each patient’s images but also on a new definition of many of the

landmarks. That being said, the most likely reason for this left-right difference is frustration with

the amount of time spent identifying 32 landmarks. Another reason suggested by one resident

was that residents were often finding time during clinical hours to complete these tasks. If they

were near the end of a landmark set when a patient arrived, they would end up hurrying to finish

which would lead to less consistent landmark identification. The combination of impatience

with attempts to find time during busy clinical hours to complete the 19 patients may have

caused the slight but consistent differences between left and right landmarks.

Discordant axes

The major aim of this study was to quantify how consistently a group of residents could

identify cephalometric landmarks in three-dimensions. A conclusion from previous studies on

traditional lateral headfilms has been that landmarks have unique patterns of error,” and this

study is no different in that regard. While each landmark’s characteristics were already

mentioned in the results, landmarks that ranked highly in one or two axes but poorly in another

are worth mentioning again. The characteristic x, y, and z patterns should have implications in

their uses in three dimensional analyses.
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Every landmark with very different x, y, and z rankings were found along curves. The

dimension that experienced the greatest error was parallel to the curve. For example, menton is

located on the most inferior point along inferior surface of the anterior mandible. The

consistency in the vertical plane was excellent while the residents had trouble agreeing upon the

anterior-posterior location of the landmark. The same principle can be illustrated by pogonion.

The curvature on the anterior surface of the mandible is broad in the vertical and transverse

planes. The deepest point along this surface (z-axis) is relatively easy to identify while the

vertical (y-axis) position is open to interpretation. Because pogonion is a midline structure, there

was relatively good consistency in the transverse plane (x-axis). The principle whereby the

greatest error is in the dimension with the broadest curves holds for all the landmarks that had

differences in x, y, and z axis rankings: A-point, B-point, menton, right/left glenoid fossa,

pogonion, articulare, right/left gonial angle, right/left porion, right/left condylion, right/left

orbitale.

Applications of Findings

The major weakness of this study is that there is no comparison of three dimensional

CBCT landmark identification and two-dimensional lateral cephalometric landmark

identification. Only general comparisons with previous research can be made given the

uniqueness of this study. One such comparison is the identification error of dental landmarks.

The incisal edges of the incisors continue to be consistently identified. However, CBCT appears

to offer a significant advantage when it comes to identifying the incisor root apexes. Baumrind

et al. reported the two-dimensional mean error for the lower incisor root apex to be 1.74 mm +

0.59 while this study found the three-dimensional mean error for the lower incisor root apexes to

be 1.50 mm + 0.73and 1.60 mmit 0.71. While there was slightly less precision in this study, this
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study included 4 more examiners than the study by Baumrind et al. For the question of which

method is a better choice for landmark identification to be answered, a study with both methods

needs to be conducted. From the findings of our present study, landmark identification in three

dimensions is excellent considering the worst performing landmarks had overall consistency less

than 3 mm after being identified as much as 171 times.

The most tangible findings in this study relate to the development of three-dimensional

analyses. If a landmark is going to be used to evaluating a certain dimension, then it should be

shown to have relatively good consistency and precision. Therefore, when planning which

landmarks are going to be used to analyze a certain dimension, the consistency should be known

for that dimension. A simple first step towards deciding on landmarks would be to organize the

landmarks by rank and then decide what amount of consistency is tolerated for analysis. In the

near future, three-dimensional superimpositions will require landmarks for aligning of structures

and only the most accurate should be used. Structural superimpositions, similar to how it is done

currently with lateral headfilms will likely be developed at which time landmarks will be less

critical. Subsequent studies should include the following: direct comparison of landmark

identification between lateral cephalometrics and three-dimensional landmark identification;

evaluation of the effect that three-dimensional landmark identification error has upon standard

cephalometric measurements; and development of novel analyses that comprehensively evaluate

the craniofacial complex (measurements and superimpositions).

Conclusions

• There was no significant improvement in the overall consistency or precision in landmark

identification as examiners completed 19 patients.

• Sella was the landmark with the best consistency at 0.50 mm + 0.23
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• Left maxillary cant/Palatal recess was the landmark with worst consistency at 2.70 mm +

1.51

• Landmarks on curves continue to be fraught with more error than those with clear

anatomic delineations.

• While the overall consistency is important to understanding the general error with a

landmark’s identification error, an understanding of the individual axis consistency is

essential for appreciating how error can affect craniofacial measurements.

• Utilization of landmarks should take into account the distribution of error in each

dimension so that the most accurate measurements can be made.
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º
Landmark loientification

With Dolphin 10.1 (3D) º

Will Schlicher
Committee: Drs. J Huang, IL º,

Nielsen, A Miller --
7 ºf

1//
–
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* *
--
-

-

*
º

Study Overview

Hypothesis: Landmarks identified using DICOM data sets
in Dolphin Imaging 3D are more precise that when
identified on traditional cephalograms.

Aims:

1. Study the precision of landmark identification when
provided with 3-dimensional data

2. Choose the most precise landmarks for calculating a > *
centroid point for the mandible and maxilla -* -

3. Utilize the landmarks and Centroid É. for studv ofthe shape differences in the mandible and maxilla for
different vertical facial patterns

Design:
O 15 patient files generated in Dolphin Imaging

-
|D# Format = LSXX

-
No personal identifiers used (Name, DOB, chart #, etc.)

O 20 residents will identify 32 landmarks on each
patient

O Coordinates to be copied into and saved on
Microsoft Excel spreadsheets after identifying a
given patient's landmark set

O Same 15 patients' cephalograms will be traced usin
TIOPS in order to compare precision between CBC
assisted identification and traditional 2-D landmark
identification
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Loading Patients
Change “Patient Last Name” to “Patient name, ID,
Phone, SSN”

* patient Lookup

D
-

Billing Party Name, SSN
Patient LastName

-
T ints:£New Patent. Total Patients: 2926 mºre

Timepoints: "º
º -

Select LSXX patient from list (START FROM LS1XAND
PROGRESS THROUGH TO LS30)

- -G- - - - --- - - - -------- -

- -|-
-

--

Lockfor Peeransmed. Phonessm vs
- - - | Eranº New Seach Bar &

Basic info Info - Records Diagnostics cephalometrics Advanced

■ e-r-j-r-, * : *** *Mw, ID. L81x Date

Patient Patie... Patient - 2/16/2:... Initial
L56xx loºtz female, Bone■ iziº (isºm)
Lssor 10/29/2
L34x 2/21/20
Lºo 2/16/20

º: #: Eshow Layout: i-Everything- -
zº

Lºza 2/20/20
lszs 2/20/20
L523 2/20/20 -

lsz. 2/20/20
uszo 2/20/20 Archive

º 2.1%20- Hº
- >

selected found tº Prº■ º, Jºe J &showing AIResults
---

** //
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º
ºf M

Loading Patients 2.

Once patient file is opened, select the

3D module and click on “Edit...” Jº View only...

--
- ==

Q} Anyw Delete Wolume...Dolphinx

º Man-emen

Treatment

- C-d -

The patient's DICOM dataset will load for roughly 30 --
seconds – -- Jº

Statloading internal record *-

Loading Voxels * / .

G - |23.

Once the image is opened, click on the "solid" button
under the “Hard Tissue” section.

©Had Tissue
-

– T
tº: []eg. TE-E]

OTranslucent Deº - -

5eg - -

Iran- -
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Manipulating Layouts,
Brightness and Contrast

Click on the tiled button to display 4 images at once or any of
the individual perspectives for full screen

__ --- duo dº a

-
- º

* - --------------

Holding the left mouse button down and sliding up/down and
left/right will adjust the selected image's brightness and

- - - - - - - - - - - - -- - - - - - - - - - - - - - -

Holding the shift key and the left mouse button will allow you to
translate the image within its given screen
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ldentifying Landmarks
Click on the “Digitize Landmarks" button along the left side

option bar
GDo-■ º
º: lºº.

Drag the landmark menu to the left side of the screen so you
can visualize the images

----

-** *
---

H-

Cº

Begin placing landmarks by left single clicking on any of the
images. The landmark will simultaneously appear on the rest

of the images. Follow the order provided in the appendix!
ºlº quo Dºe a
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ldentifying Landmarks
You can always undo the previous landmark by pressing the

“Clear highlighted point" button

Clear ALL digitized points

Show Hidden Lines/Points

Zooming in or out on an image can be done by rolling the
wheel on the mouse

Sagital Slice

* *ºº

• When returning to alter the position of a previously placed landmark,
the point must be moved in order not to place another point. Return
the point to the original position is you decide to after shifting it.

• If you miss a point, you need to do 1 of 2 things:
1. Return the landmark number that you missed and move the

point to the correct site and do this for all subsequent points so
the supplied order matches your order

2. Put the missed point at the end of the list and indicate the
name of the missed point in the excel spreadsheet that you
generate
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Sella: the geometric center of the sella turcica
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Articulare: a constructed point at the predicted intersection of the inferior
surface of the sphenoid bone (cranial base) with the posterior border of

the mandible when the patient is viewed from the side.

- -

Nasion: the most anterior and median point along the
frontonasal Suture
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A-point: a midline point in the deepest concavity
alond the anterior Contour of the maxilla

º
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B-point: the deepest point on the anterior contour of the lower
*** arch

71



Pogonion: the most prominent point of the chin

Menton: lowest point on the symphysis

Gnathion: a point at the intersection of facial and mandibular
planes

Corona ºnce

ºnal Glice
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Glenoid fossa(x2): the most superior point of the
glenoid fossa
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Condylion (x2): the most superior-posterior point on
the condylar head (L&R)

Left
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Porion: the most superior point of the external
acoustic meatus located laterally at the point when

the meatus is entirely encircled in bone.

Left
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Gonion: a point at the intersection of the mandibular
plane and the ramus plane; a point on the bony ºf ■ .

contour of the gonial angle determined by bisecting º
the tangent angle. º
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Ortibale (x2): the deepest point of the infraorbital
margin
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Infraorbital foramen (x2): the anterior opening of 7\■
the foramen **_ !

||
R

-

-º ºº
º

º º

7X, º

º
1.

- nº78



Maxillary cant points (MCP): the most superior and º
lateral point along the oral surface of the palatine º/

bones at the anterior-posterior position of the 7)
maxillary 1st molars ---,

Coronal Sce ºlice
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Order of Landmarks

Sella
basion
articulare
nasion
ANS
A-point
B-point
Pogonion
Gnathion
Menton
LEFT glenoid fossa
LEFT condylion
LEFT porion
LEFT gonial angle
LEFT Orbitale
LEFT infraorbital foramen
RIGHT infraorbital foramen
LEFT maxillary incisor crown tip
LEFT maxillary incisor root apex
RIGHT maxillary incisor crown tip
RIGHT maxillary incisor root apex
LEFT mandibular incisor crown tip
LEFT mandibular incisor root apex
RIGHT mandibular incisor crown tip
RIGHT mandibular incisor root apex
RIGHT Orbitale
RIGHT gonial angle
RIGHT porion
RIGHT condylion
RIGHT glenoid fossa
RIGHT maxillary cant point
LEFT maxillary cant point

* *
-* -
-- *

* --

- *

*—-

t
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HOW to Save landmarks

º

7 \ The measurerments and digitized landmarks are saved to the Clipboard. It can now be pasted into, say, MS Excel.-

View 3D

Analysis: «Dolphinx

Lºs Mesurren,
# [H] Landmark - 18
tº [H] Landmark - 19
tº Landmark - 20
tº [H] Landmark - 21
# [H] Lendmoºk - 22
tº H. Landraak - 23
tº [H] Landmark 24
# Landmark - 25

# Landmark - 31
# Landmark - 32

! -------a º A
º

"#"Imphet defined

You will see this box...click “ok”

-

-

1. Click here once you have

tº- 2’ found all 32 landmarks
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HOW to save landmarks
2. Open Microsoft Excel

E ºn tº non

ºn tº tº º nºt ºne tº be
| 7 - 4 -

. --J . y . 1 H.23 -3. Select ‘Edit' and 'Paste' or press Ctrl-V A B | C D
- 1 Analysis: None. 7 . 1. -24. Select File -> Save AS 3 * Distances are in mimeters, and angles an
- - - - -

.
-

- - H |-Dignized-x- -Y- -1-
sever le Lºsuºsºs - 2 - a ºn X -º- tools- | 7 ||Landmark -07 -1.2 -0.6

- - -
| 8 ||Landmark o -34 -27.2

º 1x----- | 9 ||Landmark 0.4 -30.6 -21
My Recent #. * *: :
--- ižLangmaº -1, -85. 55.5

13|Landmark -1 -84.1 43.2G} 14|Landmark -09 -97.1 4-8
Desktop 15|Landmark -09 -100.7 40-2

16|Landmark -0.6 -103. 36.9
|17|Landmark 46 -14.1 -16.2p 18|Landmark 46 -169 -186

My Documents 19|Landmark 457 -121 -30.120|Landmark 39.3 -56 -153
21 Landmark 25 -23.5 51

#: 24.2 -30.5 47.4
29, -72.3 53.5

My Computer 24 Landmark 65 -724. 527
- Landmark 1.6 -508 5-5º Fename: usix-wasthached º #: -55 -50.5 52

MyNetwork - 27|Landmark 26 -70.1 51.5
* Isºtºpe: Mºosºtof■ kee cavattook º H== #: -32 -695 51.7

-
E4 29 landmark 17 -843. 39.7

35 ºr 3s sº si
31 Landmark -25 -30.2 45.7

- : – ; :1–? t y 3.2Landmark -27-1 -24.6, 4895. Save file in Edits' → ‘Landmark Study' folder: ; ; ;
34 Landmark -46-9 -14.7 -28.9
35 Landmark -46 -17.4 -175
36 Landmark -46 -15.5 -15

ndmark -1-2. -4.3.3. 23.9
123 -426. 23.9

seven sº Eastº) * @ -- ~ x -º- tools
cross-amical -uters

My Recent LGreg -Marg
* - Gºestlectures -Mºe

-Health History, Mutangual -MonG} -Helaine -Natal
Desktop -Instructions -Naw:

-x-Hroider -Naw:
º -Men -Newº |-John ---

My Documents -×ºurnal club-suggest Articles -New

-Karen Mo-dºummingbird) Boºk
g

-

-orde-, -Letters, practice (Nelson) ecºn
|** ■ eua. *

ºº º >
My Fename: usix-was--cher -

Places 5**type: Microsoft office exceworkbook -
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