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Abstract

The two-dimensional cephalogram is the standard used by orthodontists to assess

skeletal, dental and soft-tissue relationships. This approach, however, is based on two

dimensional views utilized to analyze three-dimensional objects. The purpose of this

project was to evaluate and compare a three-dimensional imaging system and traditional

two-dimensional cephalometric methods with regard to accuracy in recording the

anatomic truth. 13 landmarks were located by both methods on each of 9 dried human

skulls and then compared to the gold standard of physical measurements. An intraclass

correlation (0.995), variance (0.054 mm’) and standard deviation (0.237 mm), averaged

over 76 measurements, were derived from precision calipers in order to establish these

physical measurements as a reliable gold standard to make comparisons of the two

dimensional and three-dimensional methods. The results of this study revealed a high

amount of variability of mean difference from the gold standard inherent to the two

dimensional method (mean = 0.83 + 6.94 mm) relative to the three-dimensional method

(mean = -1.05 + 0.54 mm). Paired t-tests found significant differences in 60 of 76

measurements comparing the conventional method to physical measures and in 64 of 76

measurements comparing the alternative three-dimensional system to physical measures.

Additionally, a systematic bias of approximately – 1.0 mm (underestimation) was

discovered in the three-dimensional method. Further refinement of the three-dimensional

method should be able to eliminate this bias. However, bias of the two-dimensional

cephalograms does not appear consistent across landmarks or easily correctable.
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Introduction

Among the routine procedures in any orthodontic office are obtaining, tracing,

and analyzing cephalometric head films or cephalograms. To the layperson, the obvious

question is “What information can be obtained from a lateral or frontal cephalometric

headfilm?” According to Moyers et all, cephalometrics is a radiographic technique for

abstracting the human head into a measurable geometric scheme. Cephalometric

radiography may be used: 1) for gross inspection, 2) to describe morphology and growth,

3) to diagnose anomalies, 4) to forecast growth, 5) to plan treatment, and 6) to evaluate

treatment results. Gross inspection of the radiograph does not require identification,

tracing, or measurement of the various dentoskeletal and soft tissue relationships, as it

consists of a visual examination of the radiographic image only. All the other functions

listed above, however, are principally concerned with the identification of specific

landmarks and with the calculation of the various angular and linear variables that are

described by means of these landmarks. All these procedures are potentially affected by

several sources of error whose influence can vary to a great extent. Unfortunately, many

of these sources of error are interrelated in such a way that a clear-cut distinction cannot

easily be made.

Regardless of the way the head film is utilized, it is important to know how

accurately measurements are being made and where the sources of error reside.

Baumrind and Frantz” have described two general classes of error that occur in the

estimation of cranial dimensions: “errors of projection” and “errors of identification”.



Errors of projection result from the fact that the head film is a two-dimensional

representation of a three-dimensional object. X-ray beams or threads are nonparallel and

originate from a very small source leading to radiographs that are imperfect

enlargements. The magnitude of the enlargement is related to the distances between the

focus, the object, and the film.3-7

Head films are further affected by foreshortening linear distances between points

lying in different planes and by radial displacement of all points and structures not lying

on the central ray or principal axis. 2, 4-7. Additionally, projected angular measurements

are incorrectly projected according to the laws of perspective.8 Thus, an angle will

appear more obtuse as it rotates away from an orthogonal (90 degree) angle to the source.

Furthermore, landmarks and structures not situated in the midsagittal plane are usually

bilateral, thus giving a dual image on the radiograph. These bilateral structures in the

symmetric head do not superimpose in the lateral cephalogram because the fan of the x

ray beam expands as it passes through the head, causing a divergence between the images

of all bilateral structures except those along the central beam. While recording the

midpoints between these structures can to some extent compensate for the problem of

locating bilateral structures subjected to distortion, this type of tracing is inadequate to

describe a head that is truly asymmetrical.” In addition, in cases of mild asymmetry, it is

difficult to differentiate between geometric imperfections and true subject asymmetry

using a lateral cephalogram.19

Misalignment or tilting of the cephalometric components, the cephalostat or the

film with respect to each other, as well as rotation of the patient’s head in any plane of

Space, will introduce additional errors. Malposition of the patient in the cephalostat



produces an asymmetric projection of both linear and angular measurements on lateral

cephalograms." In the case of the frontal cephalogram, there is a chance that the

apparent distance will be affected by a tilt of the head in the head holder, as this is more

difficult to control in frontal than in lateral cephalograms. 12

Errors of identification are the errors involved in the process of identifying

specific landmarks on head films and are considered by many investigators to be the

major source of error in cephalometrics.” 13-17 Many factors are involved in this

uncertainty including: 1) the quality of the radiographic image, 2) the precision of

landmark definition and the reproducibility of landmark location, 3) the operator, and 4)

the registration procedure. Baumrind and Frantz state that “...errors in landmark

identification are too great to be ignored; second, that the magnitude of error varies

greatly from landmark to landmark; and, third, that the distribution of errors for most

landmarks is not random but is, rather systematic, in the sense that each landmark has its

own characteristic and usually noncircular envelope of error.” In a subsequent paper,

Baumrind et al., consider the amount of error that may be tolerated in the clinical setting

and state, “...our current measurement system, the angular head film measurement, is in

most cases too inaccurate to differentiate all but the grossest changes”." The perception

of this problem is not new and has been discussed in the literature as early as Hixon in

1956.13
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Three-dimensional imaging

The obvious advantages in producing images of the human skull using

information derived from three-dimensions in space have been recognized for many

years. Interest probably dates from the successful location of a metal object in the head

by means of two orthogonal radiographs in 1897.18 Lateral and frontal radiographs often

are used separately in cephalometric analyses, but, with few exceptions, development of

methods for integrating the two radiographic images to provide accurate three

dimensional models of the skull has not received the same attention as conventional two

dimensional cephalometry. This is surprising since the principles and applications of x

ray photogrammetry are well defined in other fields.19-23 Recent development and

refinement of three-dimensional reconstructions from computed tomography (CT) scan

data24-28 and the application of finite-element modeling to craniometric data recorded in

three dimensions”:31 have rekindled interest in the use of biplanar radiography,

particularly in instances in which CT scanning is not justified.

History of Three-dimensional Imaging

From the very first introduction of the cephalostat, Broadbent and Bolton32

stressed the importance of coordinating the lateral with the frontal films to arrive at an

error-free definition of craniofacial form. For this purpose, they described the

“Orientator”, an acetate overlay to be placed over both standardized cephalograms after

they were oriented jointly along their common Frankfort horizontal plane. One can

imagine that in the exposure of a pair of cephalograms it is not the patient's head that is

turned, but instead the cephalostat, itself. The lateral and frontal films would, in this case,

4



occupy positions 90° to each other, approximately 150 cm above the floor of the

cephalostat. By keeping the films in register with respect to the head, one can draw the

rays connecting the x-ray source to each landmark of either film as threads in space. The

result is a pair of pyramidal sprays of radiographic threads or rays, intersecting at

approximately 90° throughout the interior of the patient's head. Broadbent and Bolton33

used the Orientator to correct for the enlargement inherent in the spread of the cephalostat

x-ray beam. The pair of films can be flattened into one plane by unfolding them along the

"corner" at which they approach each other, with each bundle of threads (x-ray paths)

flattened to the side of the other film at the appropriate distance. The Orientator is the

diagram of the flattened threads. When it is superimposed over the abutted pair of films,

the points in each film that correspond to any particular locus in the other can be

visualized.

The Broadbent method is conceptually sound. In practice, however, it is

reported 34 to become difficult to apply and yields somewhat less reliable measurements

than would be desired. Deficiencies inherent to this system have been pointed out.***

First, the problem of landmark identification is consequential. The principle of

combining data from two different projections implies the necessity of identifying the

same landmark accurately and precisely on both images. In practice, the task of

identifying the same point on both lateral and frontal head films with an acceptable

degree of confidence is difficult, since the images of most of the anatomic structures in

which we are interested differ in shape between the two projections.

Second, it is difficult to compensate for the differences in enlargement or

projective displacement of structures located at different distances from the frontal and



lateral film surfaces. In this instance, we are concerned with physical and measurement

problems. If the skull is partitioned conceptually into a series of planes parallel to the

film plane, the enlargement factor for distances measured between points in any given

plane will be the same, while the enlargement factors for all other planes will be

different. If two planes are at different distances from the film surface, their enlargement

factors will be different, regardless of the anatomy. Since the Broadbent system is in

essence a spatial and temporal composite of two views, it follows that the enlargement

factor for any given anatomic landmark will differ from the lateral projection to the

frontal projection. Only by coincidence will the structure happen to be the same distance

from both the lateral and the frontal film surfaces. This fact complicates the task of

identifying landmarks on Broadbent film pairs, since only by coincidence will the image

of any given anatomic structure have the same vertical (y) position on both films.

Various investigators have studied each of these problems since the Broadbent

system was introduced in 1931. Savara?6 has conducted careful investigations on the

problems of enlargement and reliability for a set of anatomic landmarks used in

craniofacial measurements, although the results of these studies have not been applied

clinically in orthodontics. In order to deal with the problem of differential enlargement, a

number of other investigators have constructed specialized mechanical devices. These

include the “compensator" of Wylie and Elasser37 and the "modified compensator" of

Vogel38. Vogel's method has been employed in at least one research study49, but in

general these solutions have been too tedious to become generally applicable, even in

research settings.



The orthodontic community paid little attention to the frontal cephalogram when

it was first introduced by Broadbentº2. Since the clinical problems encountered by most

orthodontists were of a symmetric nature, they were thought to be adequately recorded by

the lateral view alone. The distortion or enlargement between left and right sides seems

to have been ignored. In the past 20 years, however, the limitations of the lateral

cephalogram have become more obvious as orthodontists begin to treat more severe,

often asymmetric craniofacial anomalies. In this instance, the lateral cephalogram alone

is of little clinical value in evaluating a patient with unilateral craniofacial

microsomia.40, 41

In 1983, Grayson and colleagues", 42 produced standardized tracings of frontal

and basilar films keyed to depth information as recorded from a standardized lateral

cephalogram. This analysis attempts to visualize skeletal midlines at three selected depths

of the craniofacial complex. When the midlines and associated anatomic structures are

studied sequentially, the individual midlines are combined conceptually into a “warped

midsagittal plane". Three acetate tracings are drawn for the lateral, frontal and basilar

views and then superimposed revealing asymmetries found in each of the respective

views. However, because no attempt is made to coordinate the information gained from

one view to augment or locate points found in the complement views, this approach is

essentially reduced to a two-dimensional technique using radiographs taken in three

planes of space.

Other workers have pursued new sources of data that in various ways replace the

lateral cephalogram by a different type of lateral information. Baumrind, Moffit, and



Curry35, 43 discuss a theory to obtain true three-dimensional cephalograms from

coplanar cephalometric stereo pairs in a 1983 paper. This method makes use of two

cephalograms but rather than using orthogonal or biplanar views, they use coplanar

lateral images which form what the authors call a “stereoscopic x-ray film pair”. The

apparatus requires that the subject be positioned in a head holder. A film is mounted in

the usual position for a lateral cephalogram (the central ray passes through the porion

porion axis) and an exposure is made from a stationary x-ray source. Immediately after

the exposure, the film is removed and a new film shifted into the same position by a

cassette-changing device. The second film is then exposed from an alternate x-ray source

located lateral to, but not at a 90° (orthogonal) angle to the first source. The x-ray tubes

as well as the film position are fixed and the geometric relationships are known between

the system components. With this information, Baumrind et al., contend it is

mathematically possible to construct a three-dimensional map by identifying the same set

of landmarks on each of the two images.

While this is essentially the same concept as the Broadbent model, Baumrind et

al. believe that by using coplanar images as opposed to orthogonal, biplanar images,

errors associated with landmark identification are reduced. The authors state, however,

“there is no question that in cases where the point being measured can be reliably and

unambiguously identified on both images, the solution for point location is

mathematically strongest when the rays striking the point intersect at an angle close to 90

degrees”.35 While coplanar films may increase the precision in landmark identification

of paired films, we should question whether this might decrease the accuracy to the

anatomical truth. Additionally, this method also requires that the subject remain



motionless throughout the exposure process since the exposures do not occur

simultaneously. This may prove to be a difficult task when employed with live patients,

especially children. To date, there are no published data using Baumrind's proposed

coplanar three-dimensional x-ray stereometry model.

During the mid-1980’s, the finite element method was applied as a new approach

to the analysis of cephalograms.30, 31, 44–46 Finite element analysis is an engineering

method that uses partial differential equations to interpolate loading values for

intermediate points in irregular structures by dividing the structures into sets of regular

geometric shapes (in the simplest case, into triangles).

The introduction of this new method does not, however, solve the problems

related to prediction of growth changes. The following should be taken into

consideration. The method requires accurate and precise measurement of the known

landmarks in the system. As used by Moss et al.,” and Bookstein et al.,47 the landmark

location procedures are just as crude and error-prone as those of conventional

cephalometric methods. Secondly, the utility of finite element analysis in assessing of

growth and development processes has not been tested except to compare its findings

with those of conventional methods. In other words, the idea that the method is useful is

still an untested hypothesis.

In recent years, computed tomography (CT) and magnetic resonance imaging

(MRI) have been used for evaluation of craniofacial anomalies, but because of the use of

predefined windows, these views display only parts of the recorded information. Thus,



only structures within the scan plane are demonstrated optimally, whereas, for instance, it

is difficult to assess the degree of maxillary hypoplasia on CT or MRI axial slices.

Three-dimensional reconstructions of CT or MRI data may, however, reduce these

problems because the image reconstruction involves all three dimensions.26-28, 48

Unfortunately, these new methods are considered impractical for ordinary clinical use in

orthodontics due to relatively high amounts of radiation exposure to the patient as well as

considerable economic cost.

Mindful of the preceding considerations, we should strive to develop a system

that better approximates the ideal imaging modality: a system that maximizes the desired

information and minimizes the physiologic risk and economical cost to the patient.

Hatcher+9 argues that the determination of anatomic truth requires the accurate portrayal

of spatial orientation, size, shape, form, and the relationships of desired structures or

features. For reasons, outlined herein, this determination may only be realized using

three planes of space.

Modern Imaging Techniques

Stereophotogrammetry is a technique developed by civil engineers to measure

three-dimensional relationships of objects and terrains. This method has been applied in

the construction of terrestrial maps using aerial photographs and imaging parameters such

as angles, focal lengths, film-to-object distances, and marker-to-marker distances that are

known. This theory has been referred to in Baumrind’s articles35, 43, but the methods

have been limited to simple triangulation after associating landmarks on two or more

3.2-~._*
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radiographs. The use of the “bundle adjustment method” is a technique developed by D.

C. Brown in 198950 can further augment this theory. This technique self calibrates the

system using large numbers of measurement points simultaneously to calculate the

imaging device position as well as the desired three-dimensional point coordinates.

The addition of these techniques has resulted in recent technology developed by

Acuscape". In 1996 David Hatcher (radiology), Hassan Mostafavi (digital imaging),

Charles Palm (photogrammetry) and Bill Harrell (cephalometrics) brought their expertise

to bear on the problem of practical three-dimensional craniofacial imaging. They have

since developed a methodology for identifying landmarks in calibrated and digitized x

ray and optical images. In a study by Quintero in 1998, the Sculptor" program

developed by this group was evaluated and deemed extremely accurate (within 0.221mm)

in the measurement of distances on plastic cube and skull models.” In addition, the

Sculptor" program is purported to eliminate the need for a cephalostat head fixation

mechanism. The self-calibration features previously described compensate for all

magnification and rotation effects; a problem commonly found in other imaging systems.

11



Purpose, Specific Aims and Hypothesis

Purpose

The purpose of this study is to evaluate and compare a three-dimensional imaging

system and traditional two-dimensional cephalometric methods with regard to accuracy

in recording the anatomic truth.

Hypothesis

The identification of landmarks and linear measurements using three planes of

space on dried human skulls derived from the Sculptor" system will be closer in

accuracy to the gold standard reference (physical measurements) than traditional two

dimensional cephalometry.

Specific Aims

Specific aim #1: To Develop a Gold Standard Reference

To calibrate and determine the accuracy and error uncertainty in three dimensions

of the project test conditions and develop a reference system using precision calipers to

physically measure distances in order to perform statistical comparisons of accuracy.

Specific aim #2: To Determine Two-Dimensional Accuracy

To statistically compare conventional two-dimensional cephalometric

measurements to a gold standard reference developed in specific aim #1.

-
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Specific aim #3: To Compare Relative Accuracy of Measuring Modalities

To statistically compare computer generated linear distances utilizing the

Sculptor" three-dimensional cephalometric analysis method versus conventional two

dimensional cephalometric measurements and the gold standard.
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Materials and Methods

Subjects

Nine undocumented dried human skulls were obtained from the Anatomy

Department at the University of California at San Francisco. Skulls of variable

morphology were selected and included if all bony elements were intact. Radiopaque

Beekley spots (Beekley Corporation, Prestige Lane, Bristol, CT 06010) were placed at

thirteen specific skeletal landmarks to serve as a target for both physical and radiographic

measurements. These metallic markers have an adhesive backing and were placed using

defined criteria commonly used in two-dimensional cephalometrics and represented

midsagittal and bilateral landmarks (Table 1). The skulls were then labeled and

documented with photographs.

Physical Measurements

The distance between landmarks was determined by manual measurement using

digital calipers with an achievable precision of 0.03 mm, according to the manufacturer.

One measurement session consisted of 78 measures of each skull based on 13 landmarks

(Table 1). In some cases, measurements were not physically possible due to the anatomy

unique to each skull and the size of the calipers. These instances were noted and omitted.
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Table 1.

Definition of Skull Landmarks

1. Sella (S): the point representing the midpoint of the pituitary fossa (sella
turcica)

2. Nasion (Na): the most anterior point of the frontonasal suture in the median
plane

3. A Point (A): the deepest midline concavity on the maxilla between the
anterior nasal spine and prosthion

4. B Point (B): the deepest midline concavity on the mandibular symphysis
between pogonion and infradentale

5. Gnathion (Gn): the most anteroinferior point on the symphysis of the chin

6. Zygomaticotemporal suture - Right (Zyg R): the point of junction between the
right zygomatic and right temporal bone

7. Zygomaticotemporal suture - Left (Zyg L): the point of junction between the
left zygomatic and left temporal bone

8. Gonion - Right (Go R): the point of intersection between the right ramal plane
and the right mandibular plane

9. Gonion - Left (Go L): the point of intersection between the left ramal plane
and the left mandibular plane

10. Condylion - Right (Co R): the most central point of the right condylar head

11. Condylion - Left (Co L): the most central point of the left condylar head

12. Zygomaxillary suture - Right (Zyg R): the central point of the right
zygomatic suture

13. Zygomaxillary suture - Left (Zyg L): the central point of the left zygomatic
Suture
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To measure the error of the method, three skulls were selected for two additional

measurement Sessions giving a total of three measurement sessions. The mean distance,

standard deviation, and mean variance associated with 76 measurements were calculated

to determine intraoperator reliability. Intraclass correlations were calculated from the

sums of squares of a 2-way ANOVA with replicate and subject effects. In two instances

(S – Gn and S – B), it was not physically possible to obtain enough measurements for an

intraclass correlation calculation.

Image Acquisition

A special proprietary calibration framework made up of previously surveyed

radiopaque metal bearings (Acuscape Corporation, Quail Ridge Center, 1200 East Alosta

Ave, Glendora, CA 91740) was secured on each skull for the imaging sessions. Each

skull was then placed in the cephalostat and three images were acquired: standard lateral

(90°), frontal (0°) and oblique (45°). All projections were established with the Frankfort

Horizontal Plane approximately parallel to the floor. The standard lateral projections

oriented the midsagittal plane parallel to the film. For frontal projections, the midsagittal

plane was set perpendicular to the film. A single calibrated and trained technician (Craig

Dial) performed all of the imaging. Care was taken to avoid changes in the orientation of

the calibration framework.

16

>~
Tº *.

5:

*
f º

º

S



Conventional Cephalometric Measurements

Conventional cephalometric measurements were performed on the standard lateral

cephalometric film (90°) and the frontal film (0°) with the same digital calipers used to

obtain the physical measurements. The most appropriate radiographic projection for a

given measurement was chosen in order to achieve the highest level of accuracy (Table

2).

Table 2.

Projection Utilization For Conventional Measurements

S Na A B Gn ZMXRIZyg R. Co R | Go R ZMXL|Zyg L| Co L
Go L. Frontal Lateral|Lateral Lateral|LaterallFrontallFrontallFrontallFrontallaterallaterallateral
Co L. Frontal Lateral|Laterallateral|LaterallFrontallFrontallFrontallFrontallaterallateral

Zyg L. FrontallFrontallFrontallFrontal Lateral FrontallFrontallFrontallFrontal Lateral
ZMX L|FrontallFrontallFrontal Laterallateral|FrontallFrontal FrontallFrontal
Go R |Frontallaterallaterallateral|Laterallateral|Laterallateral
Co R |Frontallaterallaterallaterallaterallaterallateral

Zyg R. FrontallFrontallFrontallFrontallateral Lateral
ZMX RFrontallFrontallFrontallateral|Lateral Symmetric
Gn Frontall Lateral|Lateral|Lateral

B LaterallaterallLateral

A Laterall_ateral

Na Lateral

Because the radiopacity of the lead markers removes the subjectivity in landmark

identification, only one observer was deemed necessary to perform all measurements.

Four headfilms were selected and repeated measures performed to assess intraobserver

error. The mean distance, standard deviation and error associated with each of the 78

measurements were calculated to determine intraoperator reliability. Additionally, a

reproducibility margin (intraclass correlation) was calculated from the sums of squares in

a 2-way ANOVA test.

:
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Image Processing

Scanning of Images

The films were scanned using a flatbed scanner calibrated to determine

precise pixels/mm in the horizontal (x) and vertical (y) directions. A transparency

adapter was used and the scanner was set at a resolution of 150 dots per inch.

Calibration of Images and Setting the Reference Plane

This procedure spatially establishes all images into a three dimensional

matrix. The ultimate goal is to have a true space (x, y, z) reference system

assigned to the patient.

The calibration chain of events begins with imaging the calibration frame and

patient in the same field of view from two or more points of view. The locations

of the bearings in the framework are known and used to assign a reference system

to the calibration frame. The unknowns include the patient and source reference

systems. To compute the location of the source (7 degrees of freedom: x - width,

y - height, z - depth, yaw, pitch, roll and focal length), the image sets are placed

into a three dimensional matrix. The reference system from the calibration frame

is then set to the patient.
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Figure 1. Establishing a reference system

Figure 1 illustrates a reference system associated with the source and the

calibration frame. At this point, the two systems are not linked. The source

needs to be located with 7 degrees of freedom (7 DF; x, y, z, yaw, pitch, roll and

focal length) relative to the calibration frame. This is done by taking a picture of

the patient along with the calibration frame followed by calibrating the image.

When the virtual calibration frame (known geometry of calibration markers) is

fitted to the image of the calibration frame, there is a geometric transformation of

the virtual frame that occurs. This geometric transformation is the key to

mathematically locating the source with 7 DF.
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Figure 2. Geometric transformation of framework to locate the source

Figure 2 represents the geometric transformation that locates the source

relative to the calibration frame with 7 DF and is repeated for all images. At the

completion of this calibration process, all images have been placed into the same

three-dimensional matrix (calibration frame reference).

The reference system can then be adjusted and set to the patient’s anatomy

as depicted by the rays emanating from the patient in Figure 3. This becomes the

“patient specific reference”.

Figure 3. Patient specific reference system
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Figure 4. Schematic of imaging system

º
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This patient specific reference system will apply to all anatomy contained

in the three-dimensional space that is represented. Skulls served as the subjects in

this project.

Figure 5. Schematic of x-ray angles

Sº

In Figure 5, the arrows represent the 3 cephalometric points of view and

location of the three source positions (7 DF). The resultant images are merged

into the same three-dimensional matrix and landmarks are located on the images

from two or more different points of view. Triangulation math calculations can

then be used to locate and record each landmark in space (x, y, z).
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Landmarking of Calibrated Images

Landmarking of the calibrated images consists of a triangulation process

that uses known values to compute anatomic locations. These locations are

described in x, y, and z values associated with the patient reference system.

Error Envelopes

When two right angle (90°) views are used to locate anatomic landmarks

in three dimensions of space, the error envelope is as follows in Figure 6.

Figure 6. Orthogonal views

The black arrows represent the imaging point of view (ie., lateral and

frontal ceph). The shaded dot represents the true anatomic landmark and the

black circle represents the error envelope for triangulating this landmark location.

The error envelope is circular and evenly distributed around the true answer.
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Figure 7. Coplanar views

The imaging geometry shown in Figure 7 in contrast to orthogonal views

reduces the error margin perpendicular to the beam angle and increases the error

envelope in the direction parallel to the beam angle.

Figure 8. Three points of view:

– ?

The geometry depicted in Figure 8 reduces the error envelope to the best

(smallest) of all three points of view.

:
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Distance Measurements

A Sculptor" session computes the three-dimensional distance from the

first point (x1, y1, z1) to the second point (x2, y2, z2) registered as identified

landmarks within the program. The notation (x1, y1, z1) represents values on the

three axes in three-dimensions of space. All measurements are then downloaded

from Sculptor" into a spreadsheet.

To measure the error of the method, three skulls were selected for two additional

measurement sessions giving a total of three measurement sessions. The mean distance,

standard deviation, and error associated with each of the 78 measurements were

calculated to determine intraoperator reliability. From the data, a reproducibility margin

(intraclass correlation) was calculated using 2-way ANOVA.

Statistical Evaluation

As previously mentioned, a 2-way ANOVA without replication was performed to

evaluate the similarity of the three samples, separately, (physical, conventional, and

Sculptor") resulting in intraclass correlations for each of the measures. The following

equation was used: ICC = MSsubject – MSerror/MSsubject + (r-F1) MSerror, where MSsubject is

the mean square of the skulls from the ANOVA, MSerror is the mean square error from the

ANOVA, and r is the number of replicates.

In order to test the original hypothesis, the data were analyzed by three additional

statistical methods. First, the difference in sample means and standard error of the
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difference in sample means were obtained for each measurement pair. These values were

then used to compare physical measurements (gold standard) with Sculptor" and

conventional two-dimensional measurements, respectively. Based on intraclass

correlations and variance, physical measurements were found to be highly accurate and

allowed the use of paired t-tests to detect for significant differences between the

Sculptor" and conventional two-dimensional measurement systems. The Bonferroni

correction method was not utilized in conjunction with the paired t-test in order to apply a

more stringent statistical test to the respective systems since finding statistical

significance means the system was different than physical measurements. Even without

the Bonferroni correction, with 78 measures, one would expect almost four significant t

tests just by chance. The Bland-Altman methodº? was also applied, as it is an effective

tool when two methods are compared but neither provides an unequivocally correct

measurement. This method illustrates the magnitude of the difference with respect to the

anatomic truth and distribution of points of the measurement variables. Simple Pearson

correlations were not performed as this test can hide systematic discrepancies between

measurements. Lastly, a scatter plot with smoothed lines was employed to illustrate the

range and potential bias of the two methods.
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Results

Physical Measurements as a Reference

A total of 1137 measurements were completed between markers on the nine dried

skulls. Skull #6 was missing 3 lead markers (Co L, Co R, and B point) due to a shortage

of supplies at the time of imaging. The missing lead markers resulted in the omission of

these points in the subsequent statistical tests, thus only 45 measures of skull #6 were

utilized. Additionally, the S - Gn and S - B distances were physically impossible to

measure with the precision calipers due to the anatomy of the skulls and, consequently,

were also omitted from the study as they did not have a gold standard comparison.

Repeated measures from the sums of squares in a two way ANOVA without

replication indicate a high average intraclass correlation of 0.995 (Table 3). This test

gives a mathematical value of the degree of similarity between measurements, which

reflects the usefulness of this model to serve as a reference gold standard and by which

the remaining experiments could be completed.33 Values close to zero indicate poor

reliability while those close to one indicate high reliability. To further establish the

suitability of physical measurements as a reference, the variance (0.054 mm) and

standard deviation (0.237 mm) were averaged across the 76 landmark distances.
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Table 3.

Intraclass Correlation Values for Physical Measurements
S Na A B Gn |ZMX RIZyg R. Co R|Go RZMX L|Zyg L. Co L

Go L |0.998 || 0.997 0.996 0.998 0.998 0.999 0.999| 0.997 0.999 0.998 0.996 0.972
Co L |0.999 || 0.997 0.998 0.996 0.996 0.999 0.999 0.999 0.999 0.992 0.994
Zyg L |0.997 || 0.999 0.994 0.999 0.999 0.999 0.999 0.999 0.999 0.996
ZMX L |0.999 || 0.997 0.995 0.987 0.999 0.999 0.999 0.999 0.999
Go R 0.994 || 0.998 0.997 0.999 0.998 0.999 0.999 0.987
Co R |CNM*| 0.992 0.992 0.998 0.999 0.996 0.994

Zyg R |0.982 || 0.976 0.992 0.983 0.992 0.972
ZMX R 0.998 || 0.999 0.997 0.995 0.997 Symmetric
Gn CNM*|| 0.999 0.995 0.999
B CNM*|| 0.998 0.984

A 0.997 || 0.997

Na 0.998

-

cNM = Could not measure

Mean Intraclass Correlation 0.995

Conventional Method

From the data, a mean reproducibility margin (intraclass correlation) of 0.983 was

calculated from the sums of squares in a 2-way ANOVA test (Table 4). In two instances

(Table 4 boldface), the intraclass correlation values are less than 0.900. For both of these

measurements the range of measurement lengths between subjects is less than 0.30 mm,

but the error is less than 0.025 mm. Correlation depends on the range of the true value in

the sample. If this value is large, the correlation will be greater than if it is narrow.52 In

this instance, the range is extremely narrow between subjects leading to a deceptive

intraclass correlation value.
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Table 4.

Intraclass correlation Values for Conventional Measurements

S Na A B Gn |ZMX R R|CO R |GO R |ZMX L Ll Co L

0.
- - - - -

0.994

; . g

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

Mean Intraclass Correlation 0.983

Table 5 (Appendix) presents the mean difference, standard deviation (SD), range

and paired t-test P values for the 76 measurements observed with the conventional

method versus the gold standard. The grand mean of the differences (mean of the mean

differences) is 0.83 + 6.94 mm. The standard deviation indicates a high amount of

variation spanning almost 14 mm. In only 16 of the 76 (21%) measurements does the

interval of the mean (mean + SD) span zero, the value of the anatomic truth. Further,

only 23 of the 76 (30%) are within 2 standard deviations of the anatomic truth.

The mean differences range from -12.13 mm (underestimation; Gn – Zyg R) to

+13.61 mm (overestimation; Zyg R — Zyg L) of the true values. The actual differences

range from –17.68 mm of the gold standard to +15.52 mm of the gold standard,

respectively.

:2.32*
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Evaluation of the paired t-tests at o = .05 reveals 70 of the 76 measures are

significantly different from the physical measurements (gold standard). By chance, only

three or four significant measurements were expected. Additionally, the six measures

that do not indicate a significant difference have a coefficient of variation (SD/mean) of

greater than 1, indicating that the standard deviation is greater than the mean and

consequently, excessive variability is an issue for these measures.

Ranking the measurements according to mean difference and ranking based on

variability did not reveal a pattern. Thus, particular landmarks do not seem to correspond

with greater variability or mean error.

The Bland-Atman plots of the 76 measurement comparisons (Appendix Figures 9

84) reveal a low degree of precision resulting from the conventional, two-dimensional

method as well as a low degree of accuracy regarding the anatomic truth. Individual

plots vary greatly in both overestimation and underestimation and 95% confidence

intervals rarely envelope the actual gold standard measurement. The measurement points

are not in any sort of pattern within each plot nor between plots, signifying the absence of

a relationship between mean length of the measurement and mean difference between

two-dimensional and physical values.

Lastly, the scatter plot with smoothed lines (Figure 85) visually reinforces the

high degree of variation and a low degree of precision and accuracy evident in the

conventional cephalometric measuring system. Overall, the system appears to lack

systematic bias. Each landmark pair, however, can either overestimate or underestimate

the true value.
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Figure 85. Scatter plot with smoothed lines

Sculptor vs. 2-Dimensional

*

--
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Mean Difference

–6–Sculptor —- 2-Dimensional

Sculptor" Method

Analogous to the other measurement modalities a reproducibility margin for the º

Sculptor" system (mean intraclass correlation) of 0.998 was calculated using 2-way

ANOVA (Table 6).
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Table 6.

Intraclass Correlation Values for Sculptor"Measurements
Na A B Gn |ZMX R R | CO R | Go R |ZMX L Ll Co L

0.
-

0. 0. 0.
-

0.969
0.

0.

Symmetric

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

Mean Intraclass Correlation 0.998

Table 7 (Appendix) presents the mean difference, standard deviation, range, and P

values for the 76 comparable measurements observed with the Sculptor" method. The

grand mean of the differences is -1.05 + 0.54 mm. In only 12 of the 76 (16%)

measurements are the anatomic truths within 1 standard deviation and in only 38 of the

76 (50%) measurements are the measurements within 2 standard deviations.

The mean differences of the Sculptor" method range from −2.49 mm (Na – Co

R) to +0.30 mm (A - ZMX L) and the actual mean differences range from -3.99 mm (A -

Co R) of the gold standard to 2.96 mm (A - ZMXL).

Similar to the conventional method, the evaluation of the paired t-tests at 0 = .05

presents 68 of the 78 measures as significantly different from the physical measurements.

Further inspection reveals that the coefficients of variation for these measures are greater

than 1, resulting in potentially excessive variation in these measures.

-
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As with the two-dimensional estimates, ranking the measurements according to

mean difference or variability did not reveal a pattern, corresponding with greater

variability or mean error.

The Bland-Atman plots (Figures 9-84 Appendix) illustrate a high degree of

precision resulting from the Sculptor" method, yet there is a low degree of accuracy

with an overall median of -0.94 mm and mean of –1.05 mm difference from the anatomic

truth. The individual plots are useful in determining to what level the Sculptor"

program can be expected to underestimate the true anatomic measurement values.

Similar to the conventional method, the Sculptor" points are not in any sort of pattern

within each plot nor between plots, signifying the absence of a relationship between mean

length of measurement and mean difference between Sculptor" and physical

ImeaSurementS.

A clear systematic bias of the Sculptor" system is illustrated in the scatter plot

with smoothed lines (Figure 85). Evaluation of the graph illustrates the propensity for

this method to underestimate the anatomic truth by approximately 1.0 mm.

Comparison of Sculptor" and the Conventional Method

Inspection of Tables 5 and 7 (Appendix) reveal that the grand mean values of the

two measurement systems are approximately equal to + 1.0 mm. However, the mean

standard deviation of the conventional two-dimensional system is significantly greater (2-

dimensional : 6.94 mm, Sculptor": 0.54 mm), illuminating a much higher variability of

this method when compared to Sculptor". Comparisons of the ranges also bring to light

the much larger magnitude of potential error inherent in the conventional two
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dimensional cephalometric method. Both of these methods, however, are inaccurate and

at least 50% of all measurements will result in erroneous values.

Evaluation with the Bland-Altman analysis (Figures 9-84) plots the two methods

concurrently. The general lack of precision of the conventional method stands in stark

contrast with Sculptor", which tends to cluster tightly within approximately 0.5 mm. As

mentioned earlier, there is no evidence of pattern between magnitude of measurement

and the magnitude of error.

Finally, the scatter plot with smoothed lines (Figure 85) illustrates the overall

relationship between the two methods and demonstrates nicely an apparent overall lack

of bias in the traditional two-dimensional method and the noticeable bias of Sculptor".

This graph also illustrates the magnitude of the range of the means between the two

methods with Sculptor" demonstrating a relatively slight range of error in comparison

with the two-dimensional method.
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Discussion

Cephalometric measurements are tedious to take and prone to error. They involve

errors of projection, errors in identification, and errors of measurements.2 The projection

errors result because a cephalogram is a two-dimensional image of a three-dimensional

object. The errors of identification involve the seemingly straightforward process of

identifying landmarks. However, the main source of error in cephalometrics is landmark

identification 2, 14, 17

One can define the reliability of a landmark as the extent to which a given

anatomic structure yields the same result on repeated trials. In real world cephalometrics,

the reliability of landmark identification seems to depend on the following factors: 1)

quality of the x-ray film, 2) care in positioning the subject in the cephalostat, 3) care in

using a constant plane-to-film distance, 4) anatomic knowledge of the orthodontist, 5)

anatomic complexity of the region, 6) accuracy and precision of the orthodontist in

identifying a landmark, and 7) accuracy and precision in recording a landmark.

It should be stated that the present study was not concerned with the separate

problem of the reliability of landmark identification on different cephalograms on the

same subject. Lead markers were used in this study to eliminate the ambiguity of

landmark location and reduce the associated error in an effort to measure greatest

achievable accuracy of the two systems. Hence, error estimations made in this study are

idealized and may not be generalized to the in vivo situation.
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Evaluation of the Conventional 2-Dimensional Measurement System

In this study, the mean differences range from -12.13 mm (underestimation; Gn–

Zyg R) to +13.61 mm (overestimation; Zyg R — Zyg L). The inaccuracy and lack of

precision found in this study demonstrate the limitations of two-dimensional

cephalometrics.

The compounding errors inherent in two-dimensional cephalometry were evident

in the standard deviation (6.84 mm) derived in this project. Many of the errors

associated with two-dimensional cephalometrics explained in the introduction may have

contributed to the resultant standard deviation. However, the errors of projection may

have played the most significant role. For example, the significant overestimation of Zyg

R – Zyg L (based on a frontal image) is likely due to magnification. In a symmetric

skull, these landmarks should be approximately in the same plane of reference and at an

orthogonal perspective in a frontal radiograph. The magnitude of enlargement or

overestimation is related to the distances between the focus, the object, and the film.3-7

The closer these points lay to the source and the greater the distance between these points

(at a 90° plane), the greater the enlargement of the anatomic truth.

Three solutions to correct for magnification in conventional two-dimensional

cephalometrics have been offered. First, it has been suggested that a magnification

correction factor in addition to the use of long focus-object and short object-film

distances may minimize these projection errors.” However, although relatively long

focus-film distances are favorable, a focus-film distance of more than 280 cm does not

significantly alter the magnitude of the projection error.55, 56 Secondly, it has been

suggested that the use of angular rather than linear measurements is a consistent way to

:
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eliminate the impact of magnification, since angular measures remain constant regardless

of the enlargement factor.3 Unfortunately, angular measurements may be less sensitive

to magnification, but are still inaccurate. Angular measurements may be affected by tilt

and are sensitive to orientation and rotation of the test subject. 12 Lastly, the use of ratios

may also be utilized for comparing radiographs of different magnification although the

diagnostic interpretation of ratios for clinical applications in the individual cases is

difficult and often unclear.

The gross underestimation of measurements such as Gn – Zyg R may be the result

of projective displacement of landmarks in different planes of space. Many of the

measurements used in this project lie in oblique planes of space. When these pairs of

landmarks are not at a 90° angle to the source x-ray, projective displacement may occur

in the form of foreshortening. Although the most optimal film was used for each

measure, projective displacement of landmarks is unavoidable and uncorrectable using

the conventional method.

Evaluation of the Sculptor"3-Dimensional Measurement System

The evaluation of Sculptor" in this project illuminated distinct advantages of this

system as well as some current minor limitations. The grand mean and standard

deviation of the differences for this three-dimensional measurement system was -1.05 +

0.54 mm and the mean differences of the Sculptor" method ranged from −2.49 mm (Na

— Co R) to +0.30 mm (A - ZMX L). These values reveal that a high level of precision is

attainable with this system. Sculptor" also appears to be free of magnification error, but

may have a systematic bias. This bias, however, is approximately –1.0 mm as illustrated
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by Figure 85 and should be correctable either within the engineering of the

Software/calibration framework or with a simple mathematical correction factor.

The hypothesis of this study was directed at comparing the overall accuracy of

conventional two-dimensional cephalometry and the Sculptor" system. As evident by

the series of Bland-Altman plots (Appendix Figures 9-84), the precision and accuracy for

individual measurements were superior using the Sculptor" system. The overall

accuracy derived in this project, however, found Sculptor" slightly less accurate (-1.05

mm vs. 0.83 mm) than conventional cephalometry.

The accuracy and precision of this system depends on two important computer

to-user interface processes: calibration and triangulation. Error in the Sculptor" system

is attributable to one or both of these processes. First, the problem of calibration of

reference markers from the calibration frame to a common coordinate system requires

computer-aided accurate marker identification of these control points on multiple images.

Second, the problem of landmark registration requires computer-assisted accurate

triangulation of landmark identification from multiple views.

Each imaging session consisted of three views and the resultant films were

scanned and imported into the Sculptor" software. Processing consisted of two parts:

1) calibration of the three images and 2) identification and triangulation of the landmarks

using all three views. The three-dimensional spatial coordinates (x, y, z) were then

automatically and mathematically registered in the system's database. At this point,

determination of any three dimensional linear distances between any two previously

identified landmarks is known.
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The precision, or measure of repeatability of the three-dimensional measurements

was consistent with an intraclass correlation of 0.998, a value slightly exceeding the gold

standard of physical measurements. The reader should keep in mind, however, that

radiopaque lead markers were used in this project to aid in identifying all landmarks. The

accuracy of the system in estimating individual measurements was significantly better

than the two-dimensional method employed in the study, but was not perfect and

demonstrated a mean bias of -1.05 mm.

The experiment with Sculptor" may have had less than optimal accuracy for a

number of possible reasons. The ease of calibration and triangulation are directly

dependent on the stability of the calibration framework during the image acquisition

process. The skulls utilized were dried human skulls of various sizes and the calibration

framework was a recently developed model manufactured for patients. Because this

framework was made for the living patient, the circumference of the framework, although

adjustable, far exceeded the circumference of the skulls due to the lack of soft tissues. It

was necessary, therefore, to modify the calibration framework to fit each of the subjects

and may have lead to movement of the framework during the imaging session. Any

movement of the framework during this process can alter the geometric relationship

between the same points on various images. However, this type of error would have been

expected to yield a random, non-directional bias.

Additionally, the survey of the calibration frame may have inaccuracies. There

are two possible sources of error related to this. First, the physical measurements

between the calibration points on the framework itself may be erroneous and, second, a

new calibration framework not previously tested with the Sculptor" software was
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utilized. There is a possibility of relaxation of the new calibration framework over time.

This device was manufactured by bending a flat sheet of Lucite into a curve. Previous

models utilized a curved piece of Lucite that did not require a bend. The engineers of the

framework believe that this bent piece of Lucite may have relaxed over time rendering

repeated Surveys of the framework precise, but inaccurate. Unfortunately, this was not

considered in the project design and a new survey immediately before or after the

imaging session was not performed. Further, if this relaxation occurred following the

imaging sessions, the original spatial relationships of the calibration framework cannot be

recovered.

It is conceivable that the physical measurements were less accurate than the

Sculptor" system measurements or that there was a bias of overestimation in the

physical measurements. The caliper survey of the skulls was not free of possible random

or systematic errors, particularly since only one operator performed all physical

measurements. Although three skulls were purposely measured on three different days,

operator bias can occur when only one operator performs all measurements. Parallax

error is always a potential when measuring a linear distance with a straightedge caliper.

Finally, the metallic markers were imbedded in a thin plastic coating and adhered

to the dried skulls. The position of these markers may have changed over time and

handling of the skulls during imaging and physical measurement sessions. The notion

that all of the markers remained perfectly stable is unlikely and may have contributed to

random errors.

Although each of these factors may seem insignificant when considered alone;

when considered collectively, they can account for some of the variability in the study for
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all three measurement modalities. The most likely explanation for bias in the Sculptor"

System would exist either in the physical survey of the calibration framework, distortion

of the calibration framework, or the Sculptor" software. Credence should also be given

to the possibility of physical measurement bias given the slight amount (-1.05 mm) of

mean difference found in the project.

Significance and Future Applications

Cephalometric radiography is likely to remain the most popular form of

craniofacial imaging for some time, particularly for diagnostic use in patients for whom

the more expensive methods and, in the case of CT scanning, greater exposure to

radiation are not justified. The greatest handicap to progress in biplanar radiography is

the acknowledged difficulty in identifying the same anatomic structures and reference

points accurately on more than one film 35, 43 Sculptor" differs from earlier techniques

in one important aspect. The location of reference points is under semiautomatic control

by a computer that uses information from the landmark location on one radiograph to

project an extrapolated imaginary estimation line (“epipolar line”) onto the subsequent

films. Thus, the computer itself assists in the location of reference points. The computer

aided approach (epipolar lines) to locate landmarks on multiple radiographs appears to be

a great advantage, but the extent to which this function may increase the accuracy in

landmark identification is unknown and should be studied.

Although this system has some current minor difficulties and unknown factors,

with additional work, Sculptor" promises to compete effectively against the three

dimensional CT scan, and so serve as one member of a family of complementary
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methods for the study of craniofacial form. The inclusion of a third coplanar radiograph

taken at a 45° angle offers improved flexibility for the location of reference points and

provides more information, thus decreasing subsequent error. Three-dimensional

coordinates of craniofacial reference points can be displayed as wire-frame models or

analyzed in several ways that reduce the limitations imposed by conventional

cephalometry in two dimensions. Three-dimensional coordinates and measurements

derived from them also are free of the enlargement and projective error produced by

radiography. In particular, the quantification of structural variation in three dimensions is

likely to lead to more comprehensive insights into the nature of asymmetric conditions of

the skull for which cephalometric analysis based solely on single-view radiographs is not

entirely appropriate. Normative data for the three-dimensional cephalometric system

may be collected easily, whereas such data are unlikely to ever exist for the more

extensive visualizations of the CT scan. “Normal” children are not scanned, at least not

with a view toward establishing normative data. Instead, they form a clinical residual

category, having demonstrated negative findings in scans for the investigation of

suspected diagnoses.

Considering the biologic cost (e.g. radiation) of a Sculptor" series versus a CT

scan, it is much more practical to anticipate a three-dimensional series to be repeated for

longitudinal studies of growth, treatment outcomes, or relapse. Moreover, the economic

cost of a cephalometric series is a negligible fraction of the cost of a CT scan and the

young patient does not have to be sedated in the course of this procedure.

Mock surgery, originally introduced as a two-dimensional technique, gains in

accuracy when accessed in a three-dimensional record. As information is gained from
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both pre- and post-surgical records, the predictability of treatment outcomes is likely to

improve, particularly in oblique planes of space. Similarly, new insight may be gained in

growth prediction or growth modification. In all of these applications, three-dimensional *

cephalometric data may be recorded and manipulated by the use of equipment no more
*

- *

Sophisticated than the now-ubiquitous personal computer.

For all of these reasons, our preliminary studies encourage us to expand and

explore this system for obtaining craniofacial information in three-dimensions. *:
A *.
***

*

-**** *

º

J.:
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Conclusions

1)

2)

3)

4)

The conventional two-dimensional measurement system is both inaccurate

and imprecise when compared to a gold standard of reference as determined

by physical measurements on human skulls.

Measurements determined by the Sculptor" three-dimensional cephalometric

system is precise but inaccurate when compared to a gold standard of

reference as determined by physical measurements. However, the

inaccuracies are relatively minor and based on technical error or bias.

The linear distances generated by Sculptor" are underestimated relative to

the gold standard by approximately 1.0 mm.

The hypothesis that the Sculptor" system would yield measurements of

greater overall accuracy to the gold standard than the conventional two

dimensional cephalometric analysis must be rejected based on the findings of

this project.

()

2.
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Table 6.

Conventional vs. Physical Measurements
Measurement Mean Difference (mm)Standard Deviation (mm) Minimum Maximum RangeP Value
S - Go L 5.50 2.58 0.16 8.77 8.61 |0.0014*

S – Co L 4.66 0.93 3.55 5.84 2.29 |0.0001.*
S - Zyg L 2.78 2.06 -1.78 4.77 6.55 (0.0037*

S-ZMX L -10.97 2.83 -14.27 –6.32 7.95 0.0000"
S - GO R 8.36 1.65 6.05 10.92 || 4.87 |0.0000"

S – CO R 4.93 0.96 4.02 5.93 1.91 O.O124*

S - Zyg R 4.00 2.60 1.17 10.07 || 8.90 (0.0017*
S - ZMX R -11.24 3.91 -16.84 –4.33 | 12.51 |0.0000"
S - Gn Could not Measure
S - B Could not Measure

S - A 7.84 1.15 6.50 9.46 2.96 |0.0000"

S - Na 6.22 0.84 5.51 7.41 1.90 (0.0000"

Na - Go L -0.54 1.81 -3.00 1.92 4.92 0.3994

Na - Co L -8.36 2.23 -11.67 —5.32 6.35 (0.0000"

Na - Zyg L –4.49 1.93 –7.15 -1.32 || 5.83 0.0000"
Na - ZMX L 5.42 1.44 3.47 8.65 5.18 (0.0001.*

Na - GO R 1.20 1.60 -1.55 2.69 4.24 (0.0544

Na – CO R -11.38 2.19 -15.50 –7.94 || 7.56 0.0000"

Na - Zyg R –3.09 3.10 –9.48 1.29 || 10.77 0.0173*
Na - ZMX R 5.32 1.82 1.32 6.97 5.65 (0.0000"

Na - Gn 9.82 0.51 8.88 10.40 | 1.52 |0.0000"

Na - B 8.32 0.32 7.73 8.74 1.01 |0.0000"

Na - A 4.99 0.25 4.70 5.35 0.65 (0.0000"

A - Go L -3.96 1.47 –6.37 –2.05 || 4.32 0.0000"

A - Co L –7.39 3.42 -13.20 –3.72 | 9.48 (0.0005*

A - Zyg L –5.04 2.49 –9.58 -1.46 || 8.12 (0.0003*
A – ZMX L 3.76 1.70 0.83 6.41 5.58 (0.0002*

- Go R –6.25 2.70 -11.73 –3.60 | 8.13 (0.0001.*

A - CO R -10.80 1.79 -12.47 –7.58 || 4.89 |0.0000"

A - Zyg R –3.20 3.60 –8.88 2.11 10.99 |0.0282°
A - ZMX R 3.89 1.86 1.14 6.95 5.81 (0.0002*

A - Gn 4.63 0.62 3.51 5.49 1.98 |0.0000"

A - B 3.11 0.55 1.94 3.69 1.75 0.0000"

B – Go L –5.28 2.60 –8.21 -1.22 || 6.99 |0.0007*

B - Co L -1.90 2.50 –3.98 3.84 7.82 0.0695

B - Zyg L 4.31 4.78 –5.45 10.22 || 15.67 0.0543
B - ZMX L –6.83 2.76 -10.79 –2.24 || 8.55 (0.0006"

B – GO R –9.01 2.74 -12.34 –4.35 | 7.99 |0.0000"

B - CO R –8.75 2.83 -13.22 -3.45 9.77 |0.0001.*

B - Zyg R 5.81 5.04 –6.00 10.29 | 16.29 (0.0138”
B - ZMX R -10.09 2.44 -13.89 –6.21 7.68 0.0000"
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Table 6 continued

Conventional vs. Physical Measurements
Measurement Mean Difference (mm)|Standard Deviation (mm) Minimum Maximum RangeP Value

B - Gn 1.54 0.36 0.93 2.02 1.09 |0.0000"

Gn - Go L –4.32 2.51 –7.60 -0.53 || 7.07 |0.0010*

Gn - Co L –2.31 3.04 –7.38 1.15 8.53 |0.0689

Gn - Zyg L –7.36 2.55 -11.79 –4.69 || 7.10 |0.0000"
Gn - ZMX L –3.17 2.46 –6.67 0.59 7.26 |0.0048*

Gn - GO R -10.19 3.56 -15.52 –4.81 | 10.71 |0.0000"

Gn - CO R –6.25 2.90 -11.17 -1.21 9.96 |0.0005*

Gn - Zyg R -12.13 2.65 -17.68 –8.58 || 9.10 |0.0000"
Gn - ZMX R –6.12 2.68 -11.23 -2.02 || 9.21 |0.0001.*

ZMX R - Go L –3.59 6.37 -10.71 7.29 | 18.00 (0.1292

ZMX R - Co L –5.23 3.01 -10.07 -1.10 || 8.97 |0.0017*

ZMXR - Zyg L 9.80 1.40 7.90 11.70 || 3.80 |0.0000"
ZMX R - ZMX L 12.15 1.16 9.38 13.60 || 4.22 |0.0000"

ZMX R - GO R 7.97 1.02 6.83 9.89 3.06 |0.0000"

ZMX R - CO R 4.78 1.70 1.88 7.21 5.33 |0.0001"

ZMXR - Zyg R –2.38 1.93 –6.32 0.41 6.73 |0.0062*
Zyg R - Go L 6.93 3.48 1.84 13.32 || 11.48 |0.0003*
Zyg R - Co L 7.35 2.43 4,40 12.08 || 7.68 |0.0001.*
Zyg R - Zyg L 13.61 2.10 8.33 15.52 7.19 |0.0000"
Zyg R - ZMXL 10.79 1.22 9.18 12.57 || 3.39 |0.0000"

Zyg R - Go R 5.32 0.91 4.24 6.73 2.49 |0.0000*
Zyg R - Co R 3.83 0.44 3.05 4.65 1.60 |0.0000"
Co R - Go L 10.81 1.29 9.32 12.86 || 3.54 |0.0000"

CO R - Co L 10.75 0.91 9.27 12.35 | 3.08 |0.0000"

CoR - Zyg L 8.44 0.95 7.09 9.91 2.82 |0.0000"
CO R - ZMX L -2.60 2.17 –5.26 1.54 6.80 (0.0118”

CO R - GO R 4.24 1.49 2.57 5.90 3.33 |0.0003"

Go R - Go L 9.01 0.97 7.57 10.14 2.57 |0.0000"
GO R - Co L 9.48 5.22 -2.66 14.42 17.08 |0.0013*

Go R - Zyg L 9.01 2.36 4.45 12.30 7.85 |0.0000"
GO R - ZMX L –2.19 3.66 –6.39 5.68 12.07 (0.1059
ZMX L – Go L 3.85 0.82 2.26 4.82 2.56 |0.0000"

MX L - Co L 2.26 1.27 0.56 3.98 3.42 |0.0015*

ZMXL - Zyg L –2.04 1.46 –4.24 0.07 || 4.31 |0.0030”
Zyg L - Go L 1.60 1.28 –0.73 3.40 || 4.13 |0.0054*
Zyg L - Co L 1.17 0.66 0.18 2.08 1.90 (0.0015*
Co L - Go L 2.11 1.19 -0.46 3.26 3.72 |0.0016*

Grand Mean 0.81
Standard Deviation of Mean 6.94

Mean Standard Deviation | 2.11

• *

* *

.

y
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Table 7.

Sculptor" vs. Physical Measurements
Measurement Mean Difference (mm)Standard Deviation (mm) Minimum Maximum RangeP Valu
S - Go L -1.27 0.34 -1.72 –0.91 0.81 |0.0000"

S - Co L -0.65 0.73 -1.84 0.30 2.14 0.0807

S - Zyg L -1.19 0.66 –2.75 -0.51 2.24 |0.0007*
S - ZMX L -1.30 0.57 –2.09 –0.39 | 1.70 |0.0001.*
S - Go R -0.59 0.88 -1.33 1.47 2.80 (0.0763

S – CO R –0.85 0.08 –0.91 0.76 0.15 (0.0029*

S - Zyg R –0.11 0.42 -0.52 0.80 1.32 0.4757
S - ZMX R –0.33 0.32 –0.82 0.28 1.10 (0.0145
S - Gn Could not Measure
S - B Could not Measure

S – A -0.57 1.41 –2.17 1.53 3.70 (0.2886
S - Na –0.44 0.74 -1.05 0.97 2.02 0.2005

Na - GO L -1.72 0.41 –2.27 -1.07 | 1.20 (0.0000"

Na - Co L -1.43 0.53 –2.54 –0.90 | 1.64 |0.0001.*

Na - Zyg L. -1.03 0.26 -1.49 –0.78 || 0.71 (0.0000"
Na - ZMX L -0.53 0.26 -0.95 –0.13 || 0.82 |0.0003*

Na – Go R –2.17 0.80 -3.36 0.55 2.81 |0.0000*

Na – CO R –2.49 0.49 –3.26 -1.81 1.45 0.0000*

Na - Zyg R -1.78 0.48 –2.73 -1.02 1.71 0.0000"
Na - ZMX R –0.89 0.43 -1.89 -0.48 || 1.41 (0.0002*

Na - Gn -1.12 0.35 -1.40 –0.30 | 1.10 (0.0000"

Na - B –0.81 0.22 -1.08 -0.45 || 0.63 |0.0000"

Na - A -0.45 0.28 –0.82 –0.06 || 0.76 |0.0024*

A - GO L -1.16 0.87 –2.58 0.14 2.72 |0.0039*

A - Co L -1.15 0.62 -2.00 –0.15 | 1.85 0.0012*

A - Zyg L –0.47 0.62 -1.27 0.75 2.02 (0.0537
A – ZMX L 0.30 1.20 -1.16 2.96 4.12 (0.4732

A – Go R –2.35 0.80 –3.51 -1.22 || 2.29 (0.0000"

A – CO R –2.24 0.92 –3.99 -1.09 || 2.90 (0.0002*

A - Zyg R -1.43 0.45 –2.36 –0.89 | 1.47 0.0000"
A – ZMXR -0.66 0.33 -1.17 -0.01 1.16 (0.0003*

A - Gn –0.97 0.40 -1.75 -0.43 | 1.32 0.0001.*

A - B –0.75 0.32 -1.22 –0.33 0.89 |0.0003"

B – GO L –0.72 0.37 -1.21 –0.10 | 1.11 (0.0008.*

B - Co L –0.82 0.29 -1.21 -0.52 0.69 |0.0003*

B - Zyg L -0.59 0.32 -1.06 –0.19 || 0.87 |0.0027*
B - ZMX L -0.66 0.31 -1.13 –0.35 | 0.78 0.0013*

B – Go R -1.78 0.57 -2.65 –0.99 || 1.66 0.0000"

B - CO R -1.66 0.61 –2.47 –0.54 | 1.93 (0.0001.*

B - Zyg R –0.79 0.65 -1.49 0.33 1.82 0.0113*
B - ZMX R –0.31 0.44 –0.91 0.26 1.17 O.0897
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Table 7 continued.

Sculptor" vs. Physical Measurements
Measurement Mean Difference (mm)Standard Deviation (mm) Minimum Maximum RangelPValue

B - Gn –0.28 0.32 –0.76 0.14 0.90 (0.0438.*

Gn – Go L -0.65 0.35 -1.16 0.09 1.25 |0.0006"

Gn - Co L –0.97 0.31 -1.53 -0.51 1.02 |0.0001.*

Gn - Zyg L –0.85 0.48 -1.69 –0.11 1.58 |0.0007*
Gn - ZMX L -0.60 0.86 –2.07 1.17 3.24 |0.0717

Gn - Go R –2.01 0.36 -2.71 -1.57 | 1.14 |0.0000"

Gn - CO R –2.01 0.32 -2.50 -1.60 0.90 (0.0000"

Gn - Zyg R -1.20 0.34 -1.56 –0.79 0.77 |0.0000"
Gn - ZMX R -0.65 0.42 -1.17 -0.03 | 1.14 |0.0018”
ZMX R - GO L –0.84 0.23 -1.21 -0.55 0.66 |0.0000"

ZMX R - Co L –0.92 0.26 -1.33 -0.55 0.78 |0.0000"

ZMXR - Zyg L -0.67 0.23 –0.97 –0.35 | 0.62 |0.0000"
ZMX R - ZMX L -0.57 0.57 -1.06 0.83 1.89 |0.0164*

ZMX R - GO R -1.65 0.55 –2.70 –0.84 | 1.86 |0.0000"

ZMX R - CO R -1.74 0.76 –2.88 -0.71 2.17 |0.0003*

ZMXR - Zyg R –0.93 0.36 -1.45 –0.41 1.04 |0.0001"
Zyg R - Go L –0.98 0.36 -1.40 –0.34 | 1.06 |0.0000"
Zyg R - Co L -1.06 0.33 -1.58 -0.69 0.89 |0.0000"
Zyg R - Zyg L -1.01 0.32 -1.61 -0.51 1.10 |0.0000"

Zyg R - ZMXL -1.45 0.55 –2.51 -0.63 | 1.88 |0.0000"
Zyg R - Go R –0.76 0.46 -1.34 0.28 1.62 |0.0012*
Zyg R - Co R –0.81 0.54 -1.74 –0.18 || 1.56 |0.0038”
Co R - Go L –0.81 0.49 -1.53 -0.20 | 1.33 |0.0023*

CO R - Co L –0.99 0.57 –2.30 -0.40 | 1.90 (0.0016*

CoR - Zyg L -1.75 0.37 –2.47 -1.33 | 1.14 |0.0000"
CO R - ZMX L –2.09 0.61 –2.86 -1.24 | 1.62 |0.0000"

CO R - GO R –0.38 0.33 -0.87 0.06 0.93 (0.0224*

Go R - Go L -0.57 0.47 -1.37 0.14 1.51 |0.0067*

GO R - Co L –0.93 0.47 -1.95 -0.40 | 1.55 (0.0090"

Go R - Zyg L -1.45 0.56 –2.56 –0.80 | 1.76 |0.0001.*
GO R - ZMX L -1.94 0.52 -3.05 -1.44 | 1.61 |0.0000"

ZMX L - GO L -1.50 0.65 –2.49 –0.72 | 1.77 |0.0001"

ZMX L - Co L -1.39 0.38 –2.20 –0.99 || 1.21 |0.0000"

ZMXL - Zyg L –0.55 0.35 -1.36 –0.22 | 1.14 |0.0015”

Zyg L - Go L -1.07 0.63 –2.04 –0.31 1.73 |0.0009”
Zyg L - Co L -1.01 0.38 -1.54 –0.36 | 1.18 (0.0001.*
Co L - Go L -0.43 0.33 -0.95 0.08 1.03 |0.0074*

Grand Mean -1.05
Standard Deviation of Mean 0.57

Mean Standard Deviation | 0.49
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Figure9.
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