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Abstract

Objective: The aims of this study were to 1) determine if shape analysis of digital
panoramic radiographs is a useful method for assessing known asymmetries of the
mandible, 2) determine if a linear measurements of digital panoramic radiographs are
useful in assessing the known asymmetries of the mandible, 3) determine if angular
measurements of digital panoramic radiographs are useful in assessing the known
asymmetries of the mandible.

Methods: Digital panoramic radiographs were obtained on experimental models of a
human dry skull base coupled with a series of synthetic mandibles with known amounts
of asymmetry. The images were used to measure the shape, linear and angular
variables.

Results: Shape analysis did not detect significant differences between ranges of
asymmetries but size analysis did. Specific linear and angular measurements revealed
clinical asymmetries on digital panoramic radiographs.

Conclusion: Various sizes, linear and angular measurements have been proven to be

useful in describing clinical asymmetries from digital panoramic radiographs.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table of Contents

Chapter 1 - Introduction and Literature Review..................cccccoooiiiiiiiniiiniicnecn, 1
L 015 (T 10 TTa o) o FU OO OO PSPPSR 2
1.2 LIterature REVIEW.....c.ocoiiiiiiiiiect ettt v e eab et st eaaesresae e erae s 4
1.2.1 Facial Esthetics Attractiveness and Craniofacial Symmetry .......cccooevereevvinreennene. 5
1.2.2 Mandibular Asymmetry- Development, Classification and Treatment............... 10
1.2.3 Measuring ASYMIMEIIY ....cc.veeerereerrertienieereireeseeesteeaeeeseesseesseesseansassssseessessesnses 17
1.3 CONCIUSION 1ottt s b e re e s e sbe s e e s eseenneas 28
1.4 ReSEArch ObBJECTIVES ...viivveiiiiitiiieiieie ettt ettt iv e a e e s vaasse et e stnesressasbaennens 29
1.5 Research Hypothesis and QUESHONS .......coouiviiriiiiiriiiierciieec e 30
Chapter 2 - An Experimental Method for Stereolithic Mandible Fabrication and
Preparation (Paper 1) ..ottt s 38
2.1 ADSITACT ..ot e h e et ettt e naesabe e 39
2.2 TNETOQUCTION ...ttt e et e e ses e e st e e beesbaebeeabeaneeas 40
2.3 MEthOdOLOEY ..ot s r e eneas 42
2.3.1C0oNCEPt OF DESIGN....comiiiiiriieieiecie et ee ettt se e be s eas 42
2.3.2 Methodology for construction of the Synthetic Mandibles ...........ccccccevveverennnne. 42
2.3.2.1Scanning Skull Mandible ..........ccoceoririiniriii e 42
2.3.2.2 Generating Virtual Mandible and ASymmetries ........c.cccooveverreneneneecennens 44
2.3.2.3 Fabrication of the Mandibles ..........ccccooieiiiniiriiie e 52
2.3.2.4 Coating and Landmarking the Synthetic Mandibles............c.cccoceviniennnne, 33
2.3.2.5 Experimental Model.........ccccooviiiiiiiiiiiiiiic e e 54
2.3.2.6 Imaging the Experimental Model ...........c.ccoooviiiiiiie 55
2.4 DHSCUSSION ..euttitiitieiie ettt sttt sttt sttt et a et sbe e et eeabe e et e beembe bt saeenbebenbesanenee 57
2.5 CONCIUSION 1.e.eeiiiiiiiit ettt et st e e st e e s e e s bt e e beeesbe st e eesessaesnresneesneas 58
Chapter 3 - The Accuracy of Digital Panoramic Unit for Detection of Mandibular
Asymmetry Using Coordinate Derived Size and Shape Analysis (Paper 2).............. 61
T N o1 i =1 A TSRS 62
3.2 INtEOAUCTION .. cveeee ettt e et eat e e e nteseb st e neeneebeeneenneneenn 63
3.3 Materials and Methods. ... 65
304 RESUILS ..ttt ettt et ere e 73
3.5 DIISCUSSION uvvireiiieeiiee ittt e eiieeee et e st e esete e e saeessteessneeessassaeesenbaeesnsbeeennnessnreenseessnessreens 74
3.6 CONCIUSION L.ttt ettt st sab et e e s et e e sttt e sbee e besmeeeabeereeneeeaeenas 78
Chapter 4 - The Accuracy of Digital Panoramic Unit for Linear Measurements
(PAPOE 3) i e ettt e 81
O BN o1 4 2T+ O S SO U PO PO PIUPOUPPPPPO 82
4.2 INEEOAUCTION ...ceeiiieiieie ettt ettt e ettt e s sttt e e e snseeeesatneeestbbeeeneessneesstensanassesnes 83
4.3 Materials and Methods. ..o 86
4.3.1Data ACQUISIEION ...vvviieiiieiieeieeireesiiaeeetiresceesenveaestnreeesestaeeeaseresenbestnsesaeesensansessrns 86
4.3.2 Panoramic Image to True Length (CBCT) Comparison.........cccccvveeiviiviivcnnene. 92
4.3.3 Panoramic Image Left to Right Comparison .........cc..ccooveveeeierininiccincnennenn. 94
4.4 RESUILS ..eeiiiiiit ettt ettt ettt e e e ettt e e st e e st a e e et r e e e b et e et s e et es bt e beesneas 94
4.4.1 Panoramic Image to True Length (CBCT) Comparison........c.ccoeeevrrvivcevenrennenn. 94
4.4.2 Panoramic Image Left to Right Comparison .........ccocceeveiniiiiiniiiee e 98
4.5 DISCUSSION 1.eevvieitieiie et ettt ettt et eeb et e e bt e s be e et eesteeesteesheeesatitesan et eneeeteenne 100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.5.1 Panoramic Length to True Length Measurements.............ccceeveereevieeveenieene. 101

4.5.2 Panoramic Image Left to Right CompariSon .........cccceovviviivivienieeiiiiiiececinns 104
4.6 CONCIUSION ...viiiiiiie ittt ettt e er e st e st e e st e sateesbaeaaneesneeas 108
Chapter S - The Accuracy of Digital Panoramic Unit for Mandibular Angular
Measurements (PAPer 4)........c.cocooiiiiiiiiiiiiiii et 112
ST ADSITACT ..t et e b e 113
5.2 INTIOQUCHION .ecuieie ittt ettt ettt s er et 114
5.3 Materials and Methods........ccooiiiiiiiiiii e 115

5.3.1 Data ACQUISITION ..ceevieeiiiieiieiiiee ittt rit sttt beetee e ssee e e e s aesbbeebeesanens 115

5.3.2 Panoramic to True Angular Comparison (CBCT) ......cccooviiiviniiiiiiiiies 122

5.3.3 Panoramic Image Left to Right Side Comparison ..........cccccevevverevvinincncninnes 123
54 RESULES .ttt sttt 124

5.4.1 Panoramic Image to True Angular (N ewtom® and Amira™) Comparison....... 124

5.4.2 Panoramic Image Left to Right Comparison .........cc.ccecveevviviiiniiicniiiences 128
5.5 DISCUSSION ..ttt ettt ettt st 135

5.5.1 Panoramic to True Length Measurements ........cc.ocoeoveiiiiniiiniicneciiinennene, 136

5.5.2 Panoramic Image Left to Right Comparison ..........ccoccevvieriiieriierninicnnee e, 138
5.6 CONCIUSION ...ttt ettt et st seeeseneeanes 140
Chapter 6 — General DiSCUSSION...............cc.coiiiiiiiiiiiii 143
0.1 INIrOAUCTION ....eiiiiiiiiiic et ettt et sn e e 144

6.2 Using Panoramic Radiography to Assess and Measuring Mandibular Asymmetry. 145
6.3 Techniques used for Measuring Mandibular Asymmetries and clinical relevance .. 147

6.4 Limitations of the current Study .........coooeeriiiiiinii e 152
6.5 Recommendation for future studies ........cooueiiviriiiiiei e 153
APPEIAICES ..ot 158
Appendices for Chapter FOUr ..o 159
Appendices for Chapter FIVe ... 164

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Tables

Table 2-1: Anatomic landmark descriptions..........ccocooveririeninninienieniee e 47
Table 3-1: Description of location and amount of asymmetries..........occeeceverrererenene. 66
Table 3-2: Landmark deScriptions .......c.cccouiriiriioiininiiiieicetees e e 67
Table 3-3: Average right (unaltered) X and Y coordinate for all models (std. dev.)........ 70
Table 3-4: Average left (altered) X and Y coordinates for all models (std. dev.) ............ 71
Table 3-5: Models and landmarks where symmetry and asymmetry were expected ....... 72
Table 3-6: P-values for shape analysis per model .........ccooceviiiiiiiiiiiiiicccee, 73
Table 3-7: P-values for size analysis per model .......cccceveveriiiiiiiionenircceneereen 74
Table 4-1: Landmark anatomical description ..........ccooeeriieiiiceniiiinicenriceeiecreeeeeieene 88
Table 4-2: True linear measurements in millimeters (std. dev.) from CBCT (n=3) ......... 90
Table 4-3: Average linear measurements in millimeters (std. dev.) for models from

PanOramic IMAaZES (NT35) .uiioiiiiiiie ittt et 91
Table 4-4: Magnification (std. dev.) and length differences (mm) for model A between

panoramic and true by side (N=35) ..o.iiiiiiiie e 95
Table 4-5: Magnification (std. dev.) and length differences (mm) for models B through

F between panoramic and true left side (N=35) ..ccccviiiiiiiiine e, 96
Table 4-6: Mean disagreement in percent (std. dev.) between panoramic and true lengths97
Table 4-7: Left to right percent and millimeter (std. dev.) differences (n=35)................. 99
Table 5-1: Landmark description for the points used for angular measurements........... 117
Table 5-2: True angular measurements in degrees (std. dev.) from CBCT (n=3).......... 120
Table 5-3: Average angular measurements (°) for synthetic mandible models. (n=35).121
Table 5-4: Magnification and degree difference (std. dev.) for model A (n=35)........... 125
Table 5-5: Panoramic to true magnification and ° differences (std. dev.) (n=35) .......... 126
Table 5-6: Mean disagreement in percent (std. dev.) between panoramic and true angles127
Table 5-7: Left to right percent and degree (std. dev) differences (n=35)......c..cocccceeei. 129

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of figures

Figure 2-1: Original skull mandible..........ccccooiiiiiiiiniii e, 43
Figure 2-2: Three-dimensional scan of original mandible.................cooviiiiviveiiennen. 44
Figure 2-3: Pro/ENGINEER triangulated STL file........ccccccovviiiniiiiiiiieiiieee e, 45
Figure 2-4: Image of virtual mandible split in half.........c.ccccoooiiniiniiiiiice 46
Figure 2-5: Remaining half of mandible with landmark concavities designed .............. 46
Figure 2-6: Labeled virtual symmetric mandible as Model A...........ccceeveeiiirieieniennnn 47
Figure 2-7: Mandible indicating the cuts for asymmetry...........occooeievviiiieevieicieenenin, 49
Figure 2-8: Location of condyle asymmetries ...........ccceoveererereiiiiiiiieree e 50
Figure 2-9: Model B with 2 9mm vertical condyle asymmetry ..........ccceeveeveeienniennenn, 50
Figure 2-10: Model C with a complex 9mm vertical and 6mm horizontal lateral condyle
R 410100 (511 oy O PO S SRS P USRS RPPP 50
Figure 2-11: Location and design of the body asymmetry ............c..cccevveierereieisceeennnn, 51
Figure 2-12: Model D with a 9mm anteroposterior body asymmetry .........c.coceeeveeneeene. 51
Figure 2-13: Location of the ramus asymmetries ......cccoovverviriiiiiriieerineere e 51
Figure 2-14: Model E with a 9mm vertical ramus asymmetry ...........cccovvevvirrenrernenenn. 52
Figure 2-15: Model F with a complex 9mm vertical and 6mm horizontal lateral ramus
ASYITIITIETTY .ottt et s e s ee et et e st e e e ettt et e e e s b e n e e e saneeesennbeeenenreeenas 52
Figure 2-16: Experimental model positioned in panoramic unit ........cc..cocoveerreveneennn 56
Figure 2-17: An example of @ TIFF iMage .......cccoovriiveiiieieiie e 57
Figure 3-1: Locations of the asymmetries in the synthetic mandibles...............ccceenenee. 66
Figure 3-2: Landmark location for synthetic mandibles...........c.coccoveveiiirviieniicnen 67
Figure 3-3: Experimental model in the panoramic unit...........ccoceeveeveivnivencninnenennnes 69
Figure 3-4: Tagged image file format (TIFF) obtained from panoramic unit ................ 69
Figure 3-5: Representation of “virtual” perimeter created using R statistics program... 72
Figure 3-6: Shape superimpositions for mean shapes of left and right all models........ 76
Figure 3-7: Example of how adding landmarks changes the outcome of shape analysis77
Figure 3-8: Depiction of centroids used by statistics program R..........cccooeniieicncnnne 78
Figure 4-1: Example of Asymmetric Synthetic Mandible from Fused Deposition
Modeling (FDM) ProCESS .......cvvuirieiiiiiieiiiert et et e 87
Figure 4-2: Landmark locations and description for Synthetic mandibles..................... 87
Figure 4-3: Experimental model positioned into the panoramic unit for imaging ......... 89
Figure 4-4: Example of tagged image file format (TIFF) obtained from the panoramic
18101 O OSSPSR U VRO P TR PRPOPPP 89
Figure 5-1: Mandible F with a 9mm horizontal body asymmetry ...........cccccceeveneneen 116
Figure 5-2: Landmark locations and description for Synthetic mandibles................... 117
Figure 5-3: Experimental model positioned into the panoramic unit for imaging ....... 118
Figure 5-4: Example of tagged image file format (TIFF) obtained for angular
measurements from digital PANOTAMIC.........ooovviirieeiiiiee e eeiee e 119
Figure 5-5: Model B with angle Sn-Cs-Ag traced left and right ............ocooiiiiiiin. 131
Figure 5-6: Model C with angle Sn-Cs-Ag traced left and right ........cccociniioininnnie. 132
Figure 5-7: Model D with angles Ag-Sn-Mf and Ag-Cs-Mf traced left and right ....... 133
Figure 5-8: Model E with angle Cs-Mf-Ag traced on left and right sides.................... 134

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Equations

Equation 3-1: Repeatability (K).......coooiiiiiiieiiiiee e 73
Equation 4-1: Magnification Left ........ccoceoiiiiiiiniiircecccr e 92
Equation 4-2: Magnification Right .......cccoooiiiiiiiiiiiiicccccecccea 92
Equation 4-3: Magnification Left ... 93
Equation 4-4: Mean Disagreement ..........coccecvrviiinierienienienieenienie et 93
Equation 4-5: Pan Left to Pan Right % Difference...........cccooivvieniiiiininiiiiies 94
Equation 5-1: Magnification Left ........ccoccvviiiiiiiiiiiie e 122
Equation 5-2: Magnification Right ..........ccccooiiiiiiicececren 122
Equation 5-3: Magnification Left ..o 123
Equation 5-4: Mean DiSagreCment .......ccocviviiiiiiiirinieiie et 123
Equation 5-5: Pan Left to Pan Right Percent Difference...........occvvvvieiiiinniiniicnenn 124

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1 - Introduction and Literature Review
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1.1 Introduction

Facial esthetics has a major role in self esteem and success in life. Judging
esthetics of a face is far more involved than simply assessing the texture or tone of a
person’s skin but also includes gauging pigmentation, quality, contour and proportion.
It is imperative that orthodontists, plastic surgeons as well as oral and maxillofacial
surgeons adequately diagnose and thereby treat significant asymmetries in the oro-facial
complex. Less than ideal diagnosis may lead to compromised treatment for the patient,
which may translate to patient dissatisfaction, not to mention frustration for the doctor
or doctors. Asymmetry in the oro-facial complex may present as incongruence in the
vertical, horizontal or posteroanterior dimensions of the maxilla, mandible, or any
multitude of other combinations. It has been estimated that facial asymmetry in a US
population ranges from 6%-12%."

Mandibular asymmetry, not unlike other clinical anomalies, presents in varying
degrees of severity. To further complicate matters, occlusal canting, attrition, anterior
and posterior cross-bites, midline shifting and temporomandibular joint remodeling
and/or trauma are often commonly reported in concurrence with mandibular asymmetry,
posing the question: which is the cause and which is the effect? More specifically,
clinical indications of mandibular asymmetry may present simply as deviations of facial
features such as deflection of the tip of the nose giving the perception of a deviated
mandible. The chin itself may also posses a slight hard or soft tissue deflection leading
to the illusion of a significant underlying skeletal asymmetry. It has been estimated that

chin deviations comprise 4% and nose deviations contribute to 3% of facial
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asymmetries.! Other indications may be an obvious increase in mandibular facial mass
or, in contrast, a relative lack of facial mass in one facial hemisphere. As expected, the
soft tissue draping of the face will often disguise a significant mandibular deviation or
asymmetry. Conversely, an inconsistent soft tissue draping may also exaggerate an
insignificant or non-existing asymmetry. The diagnosing clinician must afford a keen
eye to the intra-oral and extra-oral signs that present on examination to ensure that these
findings or indications are not overlooked.

Unfortunately there is currently no clearly defined way to facilitate the clinical
decisions as to when an asymmetric patient should be treated with orthodontics,
orthopedics, orthognathic surgery, plastic surgery or some combination of the above.
Considerable time and thought regarding treatment planning must be dedicated to ensure
that appropriate measures are taken to diagnose and treat the aftected individual
accordingly. To date the methods commonly used for detecting and measuring
mandibular asymmetry remain limited in their abundance and usefulness. Protocols
using posteroanterior (PA) cephalometric radiographs, 45° PA cephalometric
radiographs, Submentovertex (SMV) radiographs, SMV with PA cephalometric
radiographs, anthropometric measurements, 3-D imaging such as photogrammetry,
photographic superposition and/or comparison, are all reported methods to assess
asymmetry but no one particular method has been universally accepted as a clinical
standard. As with many new technologies, new diagnostic systems continue to be
introduced, often without significant data as to how the images produced relate and

compare to contemporary systems not to mention the traditional ones.
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Panoramic images are routinely prescribed and obtained for virtually every
orthodontic patient in North America as a component of diagnosis and treatment
planning. It is well documented that conventional panoramic images produce
significant, and often unknown, levels of distortion.® To further complicate matters,
the current trend toward digital radiography as a means to decrease radiation dosage and
increase office technology and efficiency has lead to yet another new form of image
collection. It is evermore important to be aware of the limitations as well as the
advantages as new tools continue to be developed and introduced to the profession to
ensure errors of use and interpretation are realized.

This research topic evaluates mandibular asymmetry as a subcomponent of the
much more widely discussed topic of facial asymmetries and, further, a methodology to
measure asymmetry in the posteroanterior, and vertical dimensions. More specifically,
the purpose of this paper is to assess asymmetric mandibular shapes in addition to linear
and angular measurements obtained from multiple images exposed on a series of six
synthetically produced experimental models (skull base and synthetic asymmetric

mandible) using a single digital panoramic machine.

1.2 Literature Review

There are three sections of reference that have been explored in this literature
review. Firstly, an overview of the work that has been conducted on facial esthetics
attractiveness and craniofacial symmetry, secondly, a review of the literature to discuss
mandibular asymmetry regarding development classification and treatment, thirdly, the

various modalities and methods used to measure mandibular asymmetry.
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1.2.1 Facial Esthetics Attractiveness and Craniofacial Symmetry

Many studies have appeared in the literature that aimed to discuss facial
attractiveness and isolate esthetic or attractive facial features. It is evident that
describing the feature or features that make one attractive is a very difficult task to
undertake. Is perception of beauty a skill passed down by our ancient ancestors or do
we possess an innate ability to decipher unattractive and pretty? One set of authors
conducted a study to determine if preference of attractive faces was a learned or inherent
behavioral characteristic by looking into the minds of infants. As part of their study, the
authors presented images of unattractive faces and attractive faces to a group of infants.
The authors surmised that infants preferred to look at attractive faces as they noted that
the infants gazed at photos of attractive faces for longer periods of time than the
unattractive faces.'® In a notable paper by Peck and Peck, the authors illustrate the
importance of beauty and esthetics from a historic perspective. Through the eyes of the
Egyptians and Greeks, dating from the Renaissance to Present times, the authors
describe attributes that each society found esthetically pleasing for their era. The
writings discussed the sociologic and psychological considerations of facial esthetic and
facial preference by analyzing historic societal figures. The researchers noted that the
figures immortalized in carvings, busts and paintings rarely met current standards of
“ideal” proportions yet were revered as exceptional beauties in their time.'" Perhaps,
not unlike today, the Egyptians and Greeks revered the uniqueness of the individual and
assigned a value of attractiveness to the character based on their accomplishments or
social rank rather than their physical features. In a more current study, the authors

looked at a sample of fifty-two (52) young adult subjects of models, beauty contest
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winners and performing stars who were considered to be beauties in their own right.
Among the sample, each individual was considered to have facial qualities that were
considered to be exceptionally attractive. The investigators concluded that the observers
preferred a fuller dentofacial pattern with more overall protrusion than would be
considered normal from today’s cephalometric standard.'* It was surmised that this
would indicate that esthetic beauty may not be in harmony with accepted cephalometric
norms and that perceived beauty is not necessarily coincident with perfect orthodontic
treatment objectives. 12

Physical beauty is a critically vital component of an individual’s self perception
and a fundamental measure of social acceptance. The age old adage that “beauty is in
the eye of the beholder” may present some exceptional challenges to practitioners as
they attempt to positively alter the physical appearance of a patient as is the case in
orthodontics and dentofacial orthopedics. Edler suggests that a high level of agreement
between practitioners when determining characteristics that indicate higher levels of
facial attractiveness may be difficult to achieve. He feels that sexual selection favors
averageness, especially in the human female and enhanced secondary sex
characteristics, especially in the human male."> He further suggests that a patient’s
facial appearance, following treatment, should be brought closer to the mean of the
population. The author feels that it is more desirable to treat to a more symmetric
face.” It would seem that the gravitation toward averageness would indeed increase the
persons overall attractiveness, however, the uniqueness that is prescribed to a beautiful
face may be lost. It would initially seem intuitive that one would perceive beauty to be

limited to those facial features that appear most symmetric. In fact, one research group
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found quite the opposite to be the case in their1 995 study. The authors set out to
manipulate facial features by altering characteristics without changing sizes. They
employed 32 black and white photographs of 17-19 year old subjects of equal gender
distribution that represented a full spectrum of attractiveness. The authors used software
to manipulate the photographs to create new images that ranged from perfectly
symmetric to very asymmetric throughout a range of asymmetries. The photographs
were then viewed by 37 male and 45 female university students who assigned the image
a score of attractiveness. The results indicated that decreased facial asymmetry is not
preferred over natural levels of asymmetry that existed in un-manipulated faces. They
also found that as asymmetry of the faces decreases the perceived attractiveness also
decreased. The researchers surmised there was a positive relationship between
perceived attractiveness and facial asymmetry.'* In an alternative study, a collection of
authors explored facial esthetics by altering facial symmetry and inter-ocular distance
through a series of photographs. The research group presented thirty six facial
photographs of patients to 50 undergraduate dental and law students. They conducted
an experiment whereby the observers were shown either an unaltered photograph, an
image with inter-ocular distance increased by 20% or a mirrored symmetrical
photograph. The authors noted that all modifications had an undesirable effect on
perceived facial esthetics and that inter-ocular distance increases and formation of
symmetry were considered to have a negative effect on facial esthetics.”

A study looking into asymmetry as it relates to attractiveness from a biologic
developmental perspective consisted of four separate experiments on aging faces. The

writers conducted one study to examine attractiveness of expressionless faces as it
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relates to symmetry. The second study was designed to examine symmetry with respect
to attractiveness in aging faces. The third study looked at symmetrical emotional
expressions and the last study tested whether symmetric smiles looked less natural than
asymmetric ones. The authors concluded that a low degree of facial asymmetry found
in normal people does not affect attractiveness ratings.'® A supplemental article
compiled 36 face-on photographs of professional models for observation of
attractiveness and symmetry. The models were not considered to be famous as they did
not regularly appear in the media. The photographs were halved down the racial
midline and mirror imaged to construct left-left and right-right pairs of images for a
group of observers to evaluate. The evaluators were assessing the original plus each
mirror image for attractiveness and symmetry. The authors concluded that subjects
were able to detect asymmetry and further reported that beautiful faces can be
functionally asymmetric.!” In a separate study, Zaidel also looked into the correlation
between symmetry and beauty. In this study, the author included a component on
subjective observation of overall health. The author used 128 black and white
photographs of expressionless male and female faces for the experiment. The observers
were instructed to rate the degree of attractiveness, the level of health and the amount of
asymmetry from each picture. The results revealed that there was not a significant
difference between health judgments and symmetry but there was a significant
difference between attractiveness and symmetry with symmetry being valued higher.'®
In an Australian study, a group of authors studied monozygotic twins as a part of a study
looking at perception of facial attractiveness and its relation for facial symmetry. The

study used black and white photographs of 16 male and 18 female monozygotic twin
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pairs. The researchers compiled left-left and right-right mirror image composites. The
composites were examined by a group of observers for symmetry. A second set of
observers were employed to assess the original photographs for attractiveness. The
scientists determined that the more symmetric twin was more consistently perceived as
attractive. Interestingly, the investigators also determined that attractiveness was
calibrated by the magnitude of difference from symmetry." There was no reported
difference for gender. In a paper penned by Penton-Voak et al in 2001, the authors
agreed the symmetric faces were more attractive but qualified by stating that symmetric
faces posses characteristics that are attractive independent of symmetry.?® A fault with
this paper was that the details as to how that claim was made were unclear. An
additional study consisting of photographs of 62 young adult females described three
characteristics of female faces including size of individual features, averageness and
facial symmetry. The authors noted that the observations made by the 8 male viewers
determined female faces to be more attractive when symmetry was present. Based on
anthropometric measurements, the authors determined there was a tendency toward
averageness among those selected.”!

From an orthodontic perspective, it is interesting to examine the copious
amounts of literature arguing that symmetry is desired as a prerequisite to facial
attractiveness when it is commonly taught that every individual has some degree of
normal facial asymmetry.”> From a strictly observational perspective perhaps it would
be better stated that, while symmetry is a desirable objective to achieve averageness or
normality, a portion of what society reveres as a uniquely attractive individual is

arguably small amounts of asymmetry in facial features. A glance through some of the
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more popular entertainment magazines reveals most photographed faces of our
contemporary celebrities and super models are fraught with asymmetries yet are

considered to be the benchmark for determining beauty.

1.2.2 Mandibular Asymmetry- Development, Classification and
Treatment

Mandibular asymmetry and subsequent correction has been the subject of
interest for a wide spectrum of professionals. Efforts have been made to detect and
measure, quantify and correct asymmetry. Oral health care professionals are interested
in the impact on the dentition, support structures and temporomandibular joint (TMJ) of
those afflicted with significant asymmetries. Orthodontists are concerned with
diagnosing and treatment planning for the orthopedic/orthodontic correction of the
asymmetry. Oral surgeons and plastic surgeons are in tune with advancing techniques
and improving surgical procedures to correct the asymmetries. Much attention has been
paid to the development, measurement techniques, attempts at classification and
correction of mandibular asymmetries.

Some of the earlier work looking into mandibular asymmetry has dealt with
efforts to determine the etiology of development. As expected, one author suggested a
link between genetics and mandibular asymmetry. The author studied a total of 8
patients including six women and two men from two non-related families. Dental casts
and cephalometric radiographs were obtained for each individual. The author reported a
mirror image asymmetry in two sisters from one of the families and further elaborated
that both families possessed asymmetry across two generations. The author felt that

there was significant observational data to link the mandibular asymmetry to a familial
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trait.”®  Other authors have associated specific genetic conditions or aberrations to
mandibular asymmetries. Some authors have reported birth and genetic anomalies in
association with mandibular asymmetries. In a contemporary study, Polley et al looked
mandibular asymmetry as a component of hemifacial microsomia. The authors studied
longitudinal records including PA cephalometric radiographs of 26 untreated patients
afflicted with hemifacial microsomia. Initial records were gathered at roughly 3 years
of age and the final records were collected at about 16 years of age. The authors were
interested in determining the stability of the asymmetry throughout growth. They were
able to establish that growth of the affected side, when compared to the non-affected
side, was parallel. The group further indicated that mandibular asymmetry in hemifacial
microsomia was non progressive.**

Another association of researchers conducted a pair of studies relating cleft lip
and palate defects to asymmetry. In the first study, the group looked at PA
cephalograms of unilateral cleft lip and palate patients in retrospect. The authors were
attempting to analyze mandibular asymmetry to lower face asymmetry among the cleft
patients. The investigation of 34 unilateral cleft lip and palate patients compared with
142 non-cleft controls revealed that there was no significant between mandibular
asymmetry of the cleft patients and the control group. In addition, the authors noted that
lower face asymmetry and mandibular asymmetry were not related among the cleft
group.” In the second study, authors assessed the amount of asymmetries from PA
cephalograms from postoperative unilateral cleft lip and palate patients over time.

Using the records of 40 cleft patients and the 142 control group, the authors determined

that mandibular asymmetry in the cleft group increased with age, peaking at post-
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pubertal growth-spurt stages.”® They also indicated that maxillary asymmetry matched
mandibular in the study group. Another study assessed mandibular asymmetry with
congenital muscular torticollis in a case report. The authors described a significant
amount of mandibular asymmetry associated with the condition as well as the surgical
intervention taken to correct the problem.”’

Genetic and developmental TMJ conditions have also been implicated with
mandibular asymmetry. Some authors have focused on the effects of juvenile
rheumatoid (RA) arthritis *** as it relates to mandibular asymmetry. As part of their
1988 study, Stabrun et al analyzed and compared PA cephalograms of 103 patients
consisting of three distinct types of RA. The group of researchers determined that
mandibular asymmetry increased as the grade of joint abnormality increased.”” Other
authors have discussed degenerative joint disease under the same context with respect to
mandibular asymmetry.w'32 Mandibular asymmetries among a group of adult patients
with unilateral degenerative joint disease was assessed against a control group. The
authors obtained PA radiographs and mandibular laminagraphs of the 20 patients and 20
controls for comparison. The PA radiograph was used to assess lower face asymmetry
among both groups by tracing and comparing cephalometric landmarks. The authors
found that there was likely an association between the joint disease and mandibular
asymmetry.’’ A separate group of authors conducted two studies looking into TMJ
correlations with mandibular asymmetry. In the first study, conducted in 2004, the
group of authors retrospectively researched articular disc displacement of 31
asymmetric patients. The authors gathered their sample group by identifying articular

disc displacement from MRI. All subjects also possessed mandibular asymmetry. The
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authors traced pre-treatment PA cephalometric radiographs and categorized the
mandibular asymmetries into three grades (mild, moderate and severe) based on
mandibular plane. The authors established that the amount of vertical asymmetry from
the measurement was related to the degree to which the disc was displaced.*® In the
second study, the same group of researchers discussed internal joint derangement in
patients presenting with mandibular asymmetry. Using the same method, the authors
assessed the PA cephalograms of 187 adult patients with asymmetry in the lower jaw.
A self administered TMJ history indicated that 142 of the subjects had some form of
degenerative joint disease. The results of the TMJ history exam were compared to the
asymmetry measurements to reveal that there was a significant correlation between
them.”’ Two separate studies attempting to correlate untreated posterior unilateral
posterior crossbites with mandibular asymmetry have been conducted. One study
considered children with crossbites *> while the other study analyzed adults.*® The
results of both studies indicate that there was no significant correlation between
unilateral posterior crossbites and mandibular asymmetry.

Other factors contributing to asymmetry of the lower jaw include trauma and
pathologic disease. Skolnick et al explored asymmetry and trauma among 109
orthodontic and 52 orthognathic surgery patients. From the sample groups studied, six
orthognathic and 20 orthodontic patients had reported a history of facial trauma. The
authors measured and compared frontal photos and PA radiographs of all subjects. The
results of the statistical analysis indicated that there was a significant association
between mandibular asymmetry and history of facial trauma.®> One author presented a

case report discussing excessive mandibular growth caused by multiple
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neurofibromatosis. The autosomal dominant disease presented as a generalized swelling
over the body of the mandible on a 25 year old female and appeared as a bony growth
and subsequent mandibular asymmetry. The surgically correctable condition presents
with skeletal manifestations 50% of the time, however, the patient refused corrective
treatment.”® Another researcher discussed two cases of mandibular hypoplasia due to
hemangiomas. In the paper, the author implicates a rare vascular anomaly with the
mandibular dysplasia. The author describes the radiographic and clinical asymmetries
and relates the findings to the disorder as well as the subsequent surgical treatment. The
surgeon concluded that perimandibular hemangiomas could be responsible for
mandibular hypoplasia and dysplasia.®’

Classification of mandibular asymmetry is one area that has not been well
established in the literature. There are only a few dated studies available that discuss a
possible classification of asymmetry. In the most notable paper, although not recently
published, states that there are really only two types of asymmetry that occurred due to
underdevelopment or overgrowth. The author further established that either condition
can be derived from two basic etiologies. The causes were determined as Inherent
(genetic) or Acquired and suggested the following classification scheme: 1) Inherent
consisting of either a) Deviation prognathism or b) Condylar recession or absence
(Hypoplasia). 2) Acquired comprising a) Developmental with subcategories of 1)
Hyperplasia and ii) Hypoplasia (infection or trauma) and b) Mechanical including tumor
trauma and surgery.’® The remaining papers limit their discussions specifically to
condylar or hemimandibular hyperplasia.®® *° Cheney looked at the entire face to

determine type and amount of facial asymmetry. He then attempted to classify facial
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asymmetry by dividing them into four categories. 1) Unilateral Antero-posterior
displacements. He felt that these asymmetries resulted from a range of horizontal
anterioposterior differences in size, shape, and/or position of components of the two
sides of the face. 2) Vertical displacements. These displacements were variations
which result from height differences in size, shape, and/or form between dentofacial
components on the two sides of the face. 3) Lateral displacements. In this category,
there are asymmetrical variations which result when there are horizontal lateral
differences in size, shape, and/or position of dentofacial components on one side of the
face as compared to similar components on the opposite side of the face. 4) Rotary
displacements. These are variations which result from a displacement of the whole
body of the maxilla or the whole body of the ramus. Unilateral size variations may or
may not be present.41

Treatment of mandibular asymmetry relies essentially on surgical correction,
orthodontic correction or often through a combined approach. It has been reported that
surgical correction of mandibular asymmetry through bone augmentation using
autogenous iliac crest bone grafts * or by synthetic implants ** can be successfully
employed to treat an underdevelopment in the mandibular body. Techniques for
correcting mandibular asymmetry including inferior body osteotomies to increase or
reduce length have also been reported.“'46 Many procedures described in the historic
literature, although very unique at the time, have fallen from text as they have become
common place surgical techniques of today. More contemporary discussions
surrounding surgical correction of mandibular asymmetries involve methods that

integrate distraction osteogenesis.*’ *’ The first author described case reports of four
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patients that underwent surgical procedures to deliver distraction devices to provide
lengthening of the mandibular ramus and body. The surgical distraction was performed
coincidently with orthodontic appliance therapy to maximize the correction of the
asymmetry. The author reported that all patients achieved lengthening of their jaws and
substantial improvement in facial symmetry.*> The remaining author reported two cases
requiring lengthening mandibular condyles on patients presenting with asymmetry due
to temporomandibular joint ankylosis. Both patients had undergone previous surgeries
of more traditional nature. In both instances, the surgeries had not provided the desired
results for correcting the asymmetric mandible. After two years of follow-up, the
surgeon reported distraction osteogenesis proved successful for both patients for
correcting the asymmetry.*’ As is the case with most orthognathic surgery cases,
asymmetry correction is often best treated by a combined orthodontic-orthognathic
surgery approach. Many authors have recently discussed complex combined treatment

48-51

approaches for treating mandibular asymmetries to continue to provide optimum

and current options to the patient. There have been fewer reports describing correction
of asymmetry through non-surgical approaches with functional appliance therapy.sz’53
One author proposed the use of functional appliance, namely an anterior repositioning
splint, for the correction of asymmetric mandibles. The author selected 18 asymmetric
Class II patients (9-14 years old) and matched them against 20 symmetric Class II
controls. The investigator assessed nine patients to have ramus asymmetry from PA
radiographs and nine patients to possess corpus asymmetry from SMV images.

Treatment for all groups to treat the Class II as well as the asymmetries was provided

over roughly 7 months using a “ligated” anterior repositioning splint. The author found
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that a reduction in mandibular asymmetry was possible by this method claiming that
vertical correction was due to vertical condylar growth.>® The drawback with this article
was that no long term follow-up regarding correction and relapse was discussed.

It has been discussed that mandibular asymmetry presents with a variety of
etiologic circumstances from genetic disposition to pathologic onset. Some rudimentary
research attempted to classify various types of asymmetries and treatment was
discussed. Although most forms of treatment include an orthognathic approach, some

less invasive approaches were argued.

1.2.3 Measuring Asymmetry

Measurement of asymmetry has taken many forms as various techniques for
imaging and assessment have been developed. Methods range from simple craniometric
measurements to complex three dimensional analysis. This section reviews some of the
literature for techniques available.

Possibly the earliest form of measuring craniofacial features is through anthropometry.
Anthropometric techniques are conducted by directly measuring skeletal or soft tissue
components on the subject of interest. One of the pioneering studies was conducted by
Woo in 1931. Woo conducted anthropometric measurements on roughly 53,000
dimensions from nearly 800 Egyptian skulls. The purpose was to study various aspects
of craniofacial asymmetry using basic craniometric techniques. He concluded that
nearly all skulls exhibited some form of asymmetry, and more specifically, determined
that nearly all the asymmetry noted was attributed to a larger right side unit. Woo
attributed this larger right side to a cerebral hemisphere dominance and described an

increased size in the majority of bones that structure the cranial vault. There was no
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mention specifically of mandibular asymmetry assessments throughout the content of
his works.” In a more recent report, a group of scientists measured 18 mandibular
dimensions from a collection of 10™ to 12" century European skulls. The measurements
were primarily made using sliding gauges and calipers. The results of the
anthropometric study indicated that roughly 40% of the study sample exhibited some
kind of left to right asymmetry.”® Rossi et al demonstrated the use for anthropometric
measurement techniques in a study attempting to determine whether asymmetries exist
prior to the development of occlusion. Measurements, using a caliper, were obtained
from a collection of skulls from the Federal University of Sao Paulo. It was determined
that the presence of cranial asymmetry was statistically significant throughout the whole
sample. The group of infants presented a higher degree of asymmetry on distance from
spinous foramen to the zygomatic arch, followed by the groups of fetuses, children, and
adults. Therefore, the group concluded that that craniofacial asymmetry does not only
appear after establishment of the chewing habit.”’ Also in 2003 Kim et al set out to
evaluate the asymmetry of the sphenoid bone and to determine its suitability as a
reference for analyzing asymmetry of the skull. Thirty-seven dry skulls from India were
divided into group two groups based on a right-left discrepancy of greater than or less
than 2 mm discrepancy for both the external acoustic meatus-frontozygomatic suture
and external acoustic meatus-subspinale distances. The skulls were then examined with
regard to the percentage of asymmetry of the sphenoid bone, the angles between the
cranial base and the facial axis, and the distance between reference surfaces of the
sphenoid bone and facial landmarks. They found that asymmetry of the sphenoid bone

was found in both groups and there was no significant difference between the groups.
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They also found that the external acoustic meatus was the most suitable reference for
analysis of craniofacial asymmetry.”® A final example of anthropometric measurements
was demonstrated by St. John et al in 2002 through a prospective study to assess
mandibular asymmetry as a segment of a larger project researching deformational
posterior plagiocephaly in infants. The authors conducted anthropometric
measurements of 27 infants afflicted with deformational posterior plagiocephaly using
calipers to measure mandibular dimensions such as ramal height, mandibular body
length, and condylion-gnation length. They found that “mandibular asymmetry
secondary to rotation of the cranial base was found in 27 patients in this study... who
[had] lower facial asymmetry”.*

Anthropometric measurements have proven to be a useful system for obtaining
measurements from hard tissue such as skulls and long bones but present some technical
difficulties when involving soft tissue quantities. Depending on the suppleness of the
soft tissue, considerable measurement error can occur. Some authors have derived a
method of obtaining anthropometric-like measurement of soft tissue while overcoming
the shortfalls of tissue deflection during measurement. A group of clinical scientists
designed a study surveying clinicians and their ability to assess mandibular asymmetry
from 12 standard facial photographs ranging in asymmetry. The authors then assessed a
computer program for analyzing lower facial asymmetry based on the same facial
photographs. Computer analysis comparing right and left differences in area,
compactness, perimeter and center of area ratios were compared to the results of the
clinician’s observations. The results indicated, in this preliminary study, the left to right

differences determined from the computer program showed high sensitivity and
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specificity to the clinicians’ assessment. The authors felt that the program may be a
useful aid in determining the need for treatment of asymmetries.” The authors then
studied 66 patients which they divided into three subject groups ranging from no
noticeable mandibular asymmetry to visible asymmetry to mandibular asymmetry
requiring orthognathic surgery for correction. The group of researchers set out to test
the same four methods of measurement for usefulness in discerning mandibular
asymmetries from digital photographs of the subject’s faces. Three of the methods were
specifically used to evaluate left to right mandibular asymmetry (area, compactness and
perimeter) while one method was based on an overall percentage using moment ratio.
The authors found that three methods comparing left to right were sensitive at
distinguishing mandibular asymmetry while the moment ratio variable was not® Ina
further study using the same four variables, the authors compared before and after
photographs of 16 patients that had undergone corrective orthognathic surgery for
mandibular asymmetry. The authors found that all four parameters were useful in
comparing original and post-surgical mandibular asymmetry correction. The authors
also indicated that they felt their technique for measuring frontal photographs could be
used as a noninvasive means of quantifying treatment outcome.®? In their most recent
study involving some of the same researchers, the group looked at 66 orthodontic
patients ranging from 8 to 19 years of age to assess skeletal discrepancy as it relates to
mandibular outline asymmetry. The authors used the same four variables previously
described and compared the results of asymmetry from the frontal photographs to
cephalometric values obtained from the patients lateral radiographs. The members

found that there was a significant relationship between a reduced ANB to mandibular
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asymmetry. The group also surmised that as lower face height increased so did
mandibular outline asymmetry.®

Many authors have outlined techniques for measuring asymmetry by enlisting
the use of PA cephalometric radiographs. Vig and Hewitt’s 1975 study attempted to
establish a method for the analysis of standardized posteroanterior cephalometric
radiographs to investigate facial asymmetry in terms of components. Their study
consisted of a wide age range of children from 9-18 years of age. The midline of the
upper and lower face was established using anatomic landmarks and then a method
utilizing triangles was employed to determine asymmetry between left and right halves
of the face. Specifically, the lower face assessment used points for triangulation drawn
between the condyle points, gonion and menton. The findings indicated an overall
asymmetry with the larger side being the left from their study of 63 subjects.éé"65 Peck
and Peck observed 52 exceptionally well balanced Caucasian adult faces to “quantify
the morphogenic intensity and variability of sub clinical craniofacial asymmetry”.'?
From posteroanterior cephalograms the authors measured distances between landmark
points. To be more specific, the study used a midface reference line and three bilateral
landmarks to determine asymmetry. The following landmarks were used: The lateral
orbit (LO), the zygomatic prominence (Zyg) and the lateral prominence of the gonial
angle (Go). All faces were deemed to be clinically symmetric but had an underlying
sub-clinical skeletal asymmetry. The results indicated that the least amount of
asymmetry was noted in the lateral orbit dimension and increased as the anatomic
landmarks moved inferiorly with the highest level of asymmetry being noted in the

mandibular region in the gonial landmark regions.'?> More recently Inui et al studied
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posteroanterior cephalometric radiographs of 34 adult female and 15 matched control
subjects to analyze facial asymmetry on patients possessing temporomandibular
dysfunction and internal derangement (TMD ID). The group was interested in the
relationship between TMD ID with respect to facial occlusal plane (FOP) and Facial
mandibular plane (FMP). They determined that facial asymmetry due to mandibular
lateral deviation is an important characteristic in the etiology of internal derangement of
TMJ. The authors concluded that any investigation of occlusal factors as they relate to
the TMYJ, the inclination of the frontal occlusal plane appears to be of significance.®® A
2003 study conducted by Trpkova et al was designed to test the accuracy of vertical,
horizontal and best-fit lines in an attempt to determine asymmetries from a series of PA
cephalometric radiographs. The group obtained PA radiographs of 30 dry human skulls
imaged in a variety of asymmetric position, measured horizontal and vertical reference
lines from each and compared the measurements to the true skeletal positions. Among
several conclusions made, the authors indicated that all horizontal lines connecting
bilateral cranial landmarks can adequately serve as reference lines in the analysis of
vertical asymmetry form PA cephalograms.67 As a follow-up to their earlier studies,
Edler et al compared PA radiographic images to photographic images on 29 human
subjects. The study outlined to assess the potential for PA radiographs for use with their
computer program for asymmetry assessment. The authors digitized the mandibular
outline of the photographs as well as the PA cephalometric radiographs of the 29
subjects and applied the same four parameters as defined in their earlier studies. The
authors were able to state that PA cephalometric radiographs could also be used in a

similar manner as the previously established methodology for photographic assessment

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of mandibular asymmetry, however area, compactness and moment were more sensitive
but in this case perimeter was not.%®

Other authors have used oblique cephalometric views and submentovertex films
for the purpose of measuring asymmetry. In a retrospective Burlington study that
compared 45° serial Cephalometric radiographs of roughly 200 children at ages 6, 9, 12,
14 and 16. The researcher measured the right- and left-sided mandibular lengths and the
gonial angles and to determine the difference from the normal population of growing
individuals. The author also wanted to present ranges and limits of normal mandibular
asymmetry. Landmarks and measurements of symphysis point, condylion, length of
mandible and gonial angle were compared. Regarding asymmetries, the author noted
there were varying degrees of mandibular asymmetries present at all ages and in both
sexes. Among the conclusions, the author noted the left side was longer than right on
average, for boys, at 6 and 9 years but by 16 the right side was longer. For girls, the
same shift occurs, but at earlier ages and the right side was longer by age 129 In
another study, the authors used oblique cephalometric radiographs as well as PA
cephalograms of asymmetric patients to assess predictors of asymmetry. The
retrospective longitudinal study of 24 patients with unilateral cleft lip and palate
compared asymmetry with an equivalent non-cleft control group through measuring
depth of antigonial notching. The measures of antigonial notching on both sides of the
mandible for both panoramic and oblique cephalometric radiographs were recorded and
compared to form a correlation with the images. It was noted that the degree of
antigonial notching noted on panoramic radiographs could be used as an indicator of

developing mandibular asymmetry.70
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Panoramic images have occasionally appeared in the literature as additional
means to assess for asymmetry. In a landmark study conducted by Habets et al., the
researchers determined that panoramic radiography was an efficient tool for screening
for arthropathy of craniomandibular disorders. Through an experiment using a study
model, the research group determined that as long as the position of the subject being
imaged had less than 10 mm variation from original position that vertical differences
between the left and right sides less than 6% were likely due to technical errors.”' In
1988, Habets et al. then looked at vertical condylar and ramal measurements on
panoramic images of 152 patients. The symmetry between the right (R) and the left (L)
side was calculated with the formula: [(R-L)/(R + L)]. The results were recorded as a
percentage. The researchers found that a statistically significant difference between
condylar height of each side.” This percentage formula has been used in the literature

by several researchers 727

and has largely become the common method for comparing
vertical ramal and condylar asymmetries. The use of this formula has been mostly
applied to posterior vertical height assessments in ramal, condylar and overall posterior
mandibular vertical height. In a subsequent study, Habets et al. set out to compare two
types of images for their ability to assess asymmetries. The investigator compared
lateral tomography and panoramic images of thirty-one female craniomandibular
disorder (CMD) patients. The researchers deduced that, from comparison to the lateral
tomograms, the Orthopantogram® provided sufficient view of pathology in patients with
CMD but further stated that the relationship of condylar asymmetry with the

radiological findings of an Orthopantogram® needed to be further evaluated in studies

progressing of a larger patient group.”® In an attempt to refine vertical measurements
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derived from panoramic radiographs, a group of researchers developed a study looking
specifically at condyle vertical height, the authors indicated that, when looking at the
relative size of the condyle in relation to the ramus height, good validity was observed.”
Mattila et al further attempted to develop and refine a method to quantitatively establish
ramus and condyle heights using forty-five psoriatic arthritis patients with matched
control patients. The method incorporated tangential lines of the condylar head,
sigmoid notch and lower border of the mandible to establish condyle and ramal heights
for posterior vertical measurement. Using the developed method in addition to the
application of Habets et a. (1987) formula |(R-L)/(R+L)| x 100 to calculate asymmetry,
the authors felt they were able to successfully evaluate asymmetries.”* Miller and
Bodner also used the Habets et al. formula as part of their study Titled “Condylar
asymmetry measurements in patients with Angle’s Class III malocclusion™. The authors
determined that condylar asymmetry from the panoramic radiographs had no correlation
to patients age, but condylar asymmetry was successfully determined.”® Another study
using skeletal pattern as a variable attempted to determine the affects of skeletal pattern
on measurement of condylar asymmetry of panoramic radiographs. A study of 72
human subjects compared condylar and ramus ratio measurements on subjects with
ranges of ANB ®*. The author concluded that individual condylar and ramal
measurements were unaffected by varying ANB, but combined condylar plus ramal was
affected. Some authors refute the idea that symmetry measurements can routinely be
conducted on panoramic radiographs. Larheim states that horizontal variables are
clearly more unreliable.” Boratto et al conducted a study in 2002 using 100 human dry

skulls to assess condylar and mandibular asymmetry through examining panoramic
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radiographs. Using a similar technique and Habets et al. formula, the researchers
compared panoramic radiographs of the 100 skulls to the actual skull dimensions. The
authors concluded that there was a lack of correlation between the anatomically
measured and radiological measurement of asymmetry. The authors did however feel
that the lack of correlation was likely due to change in head position between actual and
radiographic measurement techniques.” In an additional project, also employing the
previously stated Habets et al. formula, the authors found low correlation between left
and right condyles and rami heights when comparing measurements of panoramic
images to 25 macerated skulls.”> In a more contemporary study, there was an attempt to
determine error in linear measurements from panoramic radiographs. Laster et al.
conducted the study using panoramic radiographs of 30 dry human skulls whereby the
examiners measured horizontal lengths as well as vertical posterior lengths on the
radiographed mandible. The authors measured the lengths from the subsequent
radiographs that were achieved while the skulls were positioned in “ideal, shifted and
rotated positions” within the panoramic unit. They noted the greatest differences were
in horizontal and shifted skull positions from the measurements. The authors noted that
accuracy for detecting asymmetry from panoramic images was 67%, 70% and 47% for
ideal, rotated and shifted skull positions respectively and further concluded that
panoramic radiographs should be used with caution when making absolute
measurements or relative comparisons.81 In a recent study Kambylafkas et al were able
to establish that panoramic radiographs may be useful in determining ramal height
asymmetry with some under diagnosis of the asymmetry. Generally, the authors found

that less than a 6% difference between the left and right sides may not be diagnosed
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with panoramic radiography. The authors also felt that condylar height was not reliably
assessed from panoramic images.”’ Despite the abundant use of panoramic radiology in
clinical orthodontic practice, there are a few studies that involve the use of angular
measurement to attempt to describe asymmetry. From the literature collected, it has
been noted by one author that panoramic film angles were almost identical to those
measured on the dry mandible when assessing the gonial angle.” Another author noted
that there was no difference in accuracy of angular measurements of teeth when
observed on panoramic images when compared to lateral oblique projections.** Kubota
et al further support the use of panoramic images for determining asymmetries.®
Akcam et al investigated the possibility of using panoramic radiography as a prediction
tool for cephalometric measurements by looking at various linear and angular
measurements on panoramic radiographs. The authors felt, from a clinical standpoint,
that panoramic radiology is not reliable enough to provide additional information
compared with that obtained from lateral cephalograms.® An interesting study
described the use of panoramic images to compare left and right sides of two angular
measurements following distraction osteogenesis. Padwa et al. used linear and angular
measurements taken from panoramic radiographs to determine the result of the
distraction prescribed. The angles described originated from a vertical reference line
passing from the nasal septum through the midline between the central incisors ending
at the symphysis of the mandible. The first angle was formed with the vertical reference
line originating at the point which the reference line and the symphysis of the mandible
meet and extends to condylion. The second angle is formed from the vertical reference

line, at a point on the incisal edge of the maxillary dentition, and extends to condylion.
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The angles were examined bilaterally to assess the amount of condylar position change

gained from the distraction osteogenesis.®

1.3 Conclusion

Among the reviewed articles there have been a variety of measurement
techniques for both craniofacial and mandibular measurements that have been utilized
throughout the decades. This review summarized a sampling of the varieties available
however the focus was primarily on those methods used to determine mandibular
measurements or at very least those concerned with lower face measurements. It can be
stated that considerable advancement in technology and availability of diagnosing
equipment has become available within the past decade. Determining which equipment
to use as well as testing the equipment can be time consuming and expensive not to
mention making it unavailable for all practitioners. Exploring the ability for use of
panoramic images as a screening or measurement tool for assessing asymmetries would
be an attractive asset to clinicians due to the availability and ease from which they are
obtained. The ability to use the images for such a purpose adds another tool for
diagnosis and appropriate treatment planning. The purpose of this paper is to determine
if and how panoramic images may be used to evaluate overall shape changes in the
mandible. In addition, this paper will look at various linear and angular measurements
of panoramic images to determine their usefulness in evaluating known amounts of

asymmetry.
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1.4 Research Objectives

The primary objective of this study is to examine overall shape differences
between left and right sides of panoramic images of experimental models consisting of
synthetic mandibles of known asymmetries. It is hoped that shape analysis will explore
the location and severity of the asymmetries within each mandible and that a
relationship between the type of asymmetry and the shape obtained will be established.
Shape differences between left and right sides may be a good tool for clinicians to use as
a screening modality to determine weather or not further investigation is needed.

The secondary objective is to conduct linear and angular measurements to
evaluate the known asymmetries and determine if they could also be used as a simple

screening technique.
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1.5 Research Hypothesis and Questions

The aim of this thesis is to determine if an association between known amounts
of mandibular asymmetry and shape analysis, linear and angular measurements exists.
Coordinate points for shape analysis as well as linear and angular measurements made
on digital panoramic images will be utilized to test the following hypothesis:

1. No association can be made between coordinate derived shape changes gathered
from digital panoramic images and known amounts of mandibular asymmetry.

2. No association can be made between linear measurements conducted on digital
panoramic images and known amounts of mandibular asymmetry.

3. No association can be made between angular measurements obtained from

digital panoramic images and known amounts of mandibular asymmetry.

From the hypotheses the following research questions arose:

1. Are certain shapes obtained from coordinate points on digital panoramic
images predictive of specific mandibular asymmetries?

2. Can linear measurements derived from digital panoramic radiographs predict
known amounts of vertical and anteroposterior asymmetries?

3. Can angular measurements taken from digital panoramic radiographs serve to

indicate known amounts of mandibular asymmetry?
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Chapter 2 - An Experimental Method for Stereolithic
Mandible Fabrication and Preparation (Paper 1)
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2.1 Abstract

Background: Reproduction of anatomical structures by rapid prototyping has proven
to be a valid adjunct for craniofacial surgery, providing alternative methods to produce
prostheses and development of surgical guides. The aim of this study is to introduce a
methodology to fabricate asymmetric human mandibles by rapid prototyping to be used
in future studies evaluating mandibular symmetries. Methods: Stereolithic models of
human mandibles were produced with varying amounts of asymmetry in the condylar
neck, ramus and body of the mandible by means of rapid prototyping. A method for
production of the synthetic mandibles was defined. Model preparation, landmark
description and development of the experimental model were described. Results: A
series of synthetic mandibles ranging in asymmetry were produced from a scanned
human mandible. A method for creating the asymmetries, fabricating, coating and
landmarking the synthetic mandibles was described. A description for designing a
reproducible experimental model for image acquisition was also outlined. Conclusion:
Production of synthetic mandibles by stereolithic modeling is a viable method for

creating skeletal experimental models with known amounts of asymmetry.
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2.2 Introduction

Fabrication of a prototype model is a staple of engineering research and design
as an intermediate step for developing inventions and bringing new ideas to fruition.
Often small scale models are produced to provide a relatively inexpensive visual
connection to aid in the exploration of new ideas. In addition, prototypes are used to
assess the feasibility of the design as well as its intricacies and subtleties while avoiding
excessive costs and unexpected fabrication flaws in the final product. Rapid prototyping
(RP) by means of fused deposition modeling (FDM) is an example of such prototype
development. This process of rapid prototyping generates a plastic model from a
stereolithic (STL) computer file of the conceptualized object through computer guided
plastic extrusion. A heated plastic filament is extruded through the nozzle and deposited
onto a platform in layers building a three-dimensional (3-D) plastic model from the
bottom up as each layer of plastic cools. The level of intricacy and amount of detail is
driven by the information within the original stereolithic computer file as well as the
software and hardware settings of the system. When applying this process to model
human and animal tissue as a means to replicate biological structures, it can simply be
referred to as biomodeling. Biomodeling is a relatively new concept that is quickly
gaining momentum for research as a topic of interest over the past decade.

In this short period of time, there have been few areas of research within the
medical field that have been explored. Some of the more interesting uses for
biomodeling in medicine include the reproduction of anatomical structures and
anomalies for the purpose of educating patients and guiding surg,ery.l’2 In these

examples, the authors were able to produce models of tumors and other anomalies to
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help describe the anatomical areas of interest and the proposed surgical procedures to
their patients. In one study, displaying versatility of use, the authors produced RP
plastic models of fetal faces that were derived from three-dimensional (3-D) ultrasound
images.” In yet another study, a group of researchers were able to produce a replica
model of an ear for the purpose of producing a prosthesis *. Much of the research has
focused on craniofacial surgery and reconstructive surgical planning procedures.s'8 RP
modeling has also been demonstrated as a useful tool for design and implementation of
distracters for the purpose of distraction osteogenesis procedures.” From a dental
perspective, production of dental splints, by means of STL modeling, as a surgical guide
for implant placement has also been explored.'

The accuracy of the models produced has been a topic of exploration more
recently as it is of little use to have a method to reproduce anatomical structures if they
are not dimensionally accurate. Barker et al developed a study to compare the
dimensional accuracy of a rapid prototyping technique using stereolithography (SLA) to
a dry human skull. The authors found that there was a dimensional accuracy of 97.7-
99.12%."" In a study published in 1988, Santler et al found that 80% of the STL models
they produced were within + Imm.'? An additional group of researchers conducted a
study that compared 16 linear measurements made on a dry human skull to the same 16
linear measurements of a rapid prototype replica of the skull. The results indicated that
the absolute mean deviation was 0.62 +/- 0.35 mm (0.56 +/- 0.39%)."

In an attempt to critically evaluate the usefulness for measuring asymmetric

mandibular shapes as well as linear and angular measurements from digital panoramic
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radiographs, a technique for producing STL mandibles with known amounts of

asymmetry was the primary purpose for developing this methodology.

2.3 Methodology
2.3.1Concepft of Design

The experiment was designed using a three-dimensional model consisting of a
dry human skull base, complete with an intact nasio-maxillary complex and a series of
thirty synthetically produced mandibles each of a known asymmetry. The original skull
maxilla and mandible were free of visible damage and appeared intact with full upper
and lower dentition including second molars. In addition, the maxillary arch included
the upper right third molar. The mandibular asymmetries were designed with the intent
of representing relevant asymmetries that may be encountered in clinical situations.
From a series of thirty synthetically produced mandibles, six samples of asymmetric
mandibles were selected for use in this study. The synthetic mandibles were prepared,
coated and landmarked for optimal digital imaging. An experimental model was
assembled consisting of the original skull base, a synthetic mandible and a camera
tripod. The experimental model was imaged with a digital panoramic unit and the

subsequent images were measured and statistically analyzed.

2.3.2 Methodology for construction of the Synthetic Mandibles
2.3.2.1Scanning Skull Mandible

The preliminary information required to generate the synthetic mandibles was
obtained by scanning the original skull mandible as seen in Figure 2-1using a Zephyr®

3-D non-touch laser scanner (Kreon model KZ 50, Limoges, France). The Zephyr® KZ
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50 was mounted on a Faro® arm, Titanium series (Kreon, Limoges, France). The
Zephyr® laser scanner registers up to 28,800 points per second with a resolution of up to
10 um and a measurement frequency of 60 images per second with 480 points per
image. The Faro® arm, Titanium series, is a six axis mounting arm with an accuracy of
12 um. The arm assembly allowed for a fast and efficient method of capturing the
surface images of the skull mandible with a high resolution and accuracy given the

combined specifications.

Figure 2-1: Original skull mandible

As per the manufacturer’s description, the laser scanner consists of two
components: the laser and a video camera. The laser projects a red line onto the surface
of the object of interest to define the surface topography over its length and the video
camera records the field of view and reflected light intensity as it passes by. The
recording is digitized in real time over the entire surface of the object, which results in

data that is a three-dimensional point cloud data set. Through the surface sweeping
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process and collection of multiple three-dimensional point sets, a three-dimensional
model is obtained. Figure 2-2 is a representation of the scanned three-dimensional
model. The laser image was captured on the proprietary software Polygonia® (Kreon,
Limoges, France). The software, Polygonia®, is capable of generating multiple files
including Initial Graphics Exchange Specification (IGES) and, as in this experiment,
stereolithic (STL) files. The original mandible was subsequently stored safely until

completion of the project.

Figure 2-2: Three-dimensional scan of original mandible

2.3.2.2 Generating Virtual Mandible and Asymmetries

The STL files generated by the Polygonia® software program were then
transferred into Pro/ENGINEER Wildfire 2.0 (PTC, Needham, USA) software program
for detailed manipulation and further generation of the mandibular asymmetries. Figure

2-3 is Pro/ENGINEER triangulated raw data image of the STL file imported from the

scanned mandible.
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Figure 2-3: Pro/ENGINEER triangulated STL file

Using the Pro/ENGINEER software, the original STL file was subsequently
exported as a solid form using a shrink wrap function in Pro/ENGINEER. This feature
essentially converts the virtual mandible from a triangulated surface meshwork into a
solid by filling in voids and imperfections by blending the data that was delivered from
the Polygonia® software program. The shrink-wrapped model, now a solid file, was
imported back into Pro/ENGINEER where normal functions for manipulating solid
models could be utilized. The solid model was then sectioned in half. The section was
constructed through the dental midline extending through the chin prominence
producing a separate left and right mandibular section Figure 2-4 represents an image of

the virtual mandible divided into left and right halves.
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Figure 2-4: Image of virtual mandible split in half

The left half of the model was removed from the file. The corresponding right
half of the mandible was used for the remainder of the project. Semi-spherical
concavities were designed into the remaining right half of the virtual model as future
landmark locations. Figure 2-5 represents the remaining half (right) of the virtual
mandible with concavities for future landmark balls to be inserted. The concavities

were designed to accept and securely seat 1.588mm steel balls for landmarks.

Figure 2-5: Remaining half of mandible with landmark concavities designed

The remaining virtual half-mandible was then mirror imaged and re-attached to

deliver a perfectly symmetric precisely landmarked synthetic mandible and stored as an
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STL file for fabrication as Model A. Labeled virtual mandible (Model A) and landmark

description are shown in Figure 2-6 and Table 2-1 respectively.

Mf

Figure 2-6: Labeled virtual symmetric mandible as Model A

Table 2-1: Anatomic landmark descriptions

Mandibular Landmarks | Description

Ag Antigonial Notch

B B-point

Cl Lateral pole of Condyle head

Cm Medial pole of Condyle head

Co Superior point of Coronoid process
Cp Chin Point

Cs Superior position on Condyle head
Dm Distal-gingival border of lower last molar
Go Anthropometric Gonion

Li Lingula

Mf Mental Foramina

Sn Sigmoid notch

The mandible halves were then re-separated and manipulated to create the

remaining ranges of asymmetries. The left half of the mandible was sectioned in three
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areas to which the asymmetries were assigned. Figure 2-7 shows the locations of the
cuts made to the condyle, ramus and the body of the mandible. The Condyle section
was located half way between the condylar head and the depth of the sigmoid notch.
The location for the cut was determined by constructing a plane half way between the
most superior point on the condyle head (Cs) and the depth of the sigmoid notch (Sn).
The plane was perpendicular to the Cs-Sn line and was made straight through the neck
of the condyle. Figure 2-8 depicts the location in the condylar neck for the sections
made to generate the condyle asymmetries. From this section vertical and complex
asymmetries were constructed in the condylar region. The vertical manipulation studied
was a 9mm asymmetry and the complex condylar asymmetry was 9mm vertical and
6mm horizontal lateral asymmetry. Figure 2-9 and Figure 2-10 represent images of
Model B with the 9mm vertical condylar asymmetry and Model C with the complex
9mm vertical and 6mm horizontal lateral condylar asymmetry respectively.

The Body section was located 43mm anterior to Cs as a plane perpendicular to
the occlusal plane. The cut extended 8mm into the body before extending 10mm
anterior at a 90° angle. The cut then continued vertically at 90° through the remaining
body of the mandible forming a “Z” type cut. Figure 2-11 outlines the location and
pattern of the section made to the body of the mandible to create the body asymmetry.
From this section an anteroposterior asymmetry of 9mm was constructed in the body
region. Figure 2-12 represents Model D with a 9mm anteroposterior body asymmetry.

The Ramus section was located half way between the superior aspect of the
condylar head and the depth of the antigonial notch. The location for the cut was

determined by constructing a point half way between the most superior point on the
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condyle head (Cs) and the depth of the antigonial notch (Ag). A plane was
perpendicular to this and plane MD and was constructed through the neck of the condyle
parallel to the occlusal plane. Figure 2-13 represents the location in the ramus of the
mandible for the sections made to generate the ramus asymmetries. From this section
vertical and complex asymmetries were constructed in the ramal region. The vertical
manipulation studied was a 9mm asymmetry and the complex ramal asymmetry was
9mm vertical and 6mm horizontal lateral asymmetries Figure 2-14 and Figure 2-15
represent images of Model E with the 9mm vertical ramal asymmetry and Model F with
the complex 9mm vertical and 6mm horizontal lateral ramal asymmetry respectively.
The remaining twenty four of the thirty total asymmetric mandibles were
fabricated in the same manner with various quantities and types of asymmetries in the
condyle, ramus and body. The remaining asymmetric mandibles were subsequently

stored for use on future projects.

Condyle Section

Ramns Section

Boddy Scction

Figure 2-7: Mandible indicating the cuts for asymmetry
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INSERT MODE

Figure 2-8: Location of condyle asymmetries

Figure 2-9: Model B with a 9mm vertical condyle asymmetry

Figure 2-10: Model C with a complex 9mm vertical and 6mm horizontal lateral
condyle asymmetry
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Figure 2-12: Model D with a 9mm anteroposterior body asymmetry

Figure 2-13: Location of the ramus asymmetries
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Figure 2-14: Model E with a 9mm vertical ramus asymmetry

Figure 2-15: Model F with a complex 9mm vertical and 6mm horizontal lateral
ramus asymmetry

2.3.2.3 Fabrication of the Mandibles

The STL files of the six pre-selected virtual mandibles were programmed into a
rapid prototyping (RP) machine (Stratasys™ FDM 8000, Eden Prairie, MA, USA) to
generate the STL plastic replica models from the virtual file. This is the process by

which the virtual mandible is transformed into a physical mandible and occurs by means
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of fabrication of a plastic model through fused deposition modeling (FDM). In other
words, the machine is programmed using the pre-established STL program file to feed
acrylonitrile-butadiene-styrene (ABS) plastic "wire" through a heated extrusion head
where it is melted and deposited in the required pattern. Each pattern delivers the pre-
programmed asymmetric mandible desired to an accuracy of 0.62 +/- 0.35 mm (0.56 +
0.39%) . The RP machine was provided by the Department of Mechanical

Engineering, University of Alberta in Edmonton, Alberta, Canada.

2.3.2.4 Coating and Landmarking the Synthetic Mandibles

The constructed, synthetic mandible surface was inspected for gross
imperfections and the imperfections were removed using a slow speed turbine handpiece
(Kavo, Biberach, Germany) and # 2 round dental bur (Brassler, USA). Each mandible
was then coated with an opaque paint to enable detection by the digital panoramic unit.
The opaque paint consisted of a mixture of 100 ml of Crayola® (Easton, PA, USA)
washable non-toxic white paint with 50 mg of Barium Sulfate (BaSO,). Due to the
fabrication process, the RP models are quite porous. This porosity allowed the custom
paint to penetrate beneath the surface. Each mandible was coated with the paint four
times to ensure uniform consistency and adequate opacity. The landmarks used in the
experiment were 1.588 mm diameter, 316 stainless steel grade100 balls (Small Parts Inc,
Miami Lakes, FL., USA). Each landmark position on the synthetic mandibles was
identified and the steel balls were fastened into place using cyanoacrylate (Instant Krazy

Glue® New York, USA) as per Table 2-1.
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2.3.2.5 Experimental Model

The experimental model was constructed in the following manner using the
original skull based with intact maxilla and complete maxillary dentition. The maxillary
dentition and fabricated, coated and landmarked mandibular jaws were occluded into a
clasp-free morphologically sensitive inter-occlusal thermoset plastic splint. The splint
approximated the lower posterior teeth into a protruded position by positioning the
anterior teeth in an edge to edge incisor position with an anterior gap of 4mm vertical
and 8mm wide for the insertion of the panoramic unit’s bite block. The splint acted to
hold the maxilla and each one of the series of synthetic mandibles in a secure and
reproducible position throughout the experiment. The splint was constructed using
IMPAK® (CMP Industries, Albany, NY, USA) elastic acrylic resin. The
temporomandibular joints were seated into a uniformly thick 3mm synthetic disc which
approximated the joint space. The artificial disc was constructed of Regisil® (Dentsply,
York, PA, USA) bite registration material. The disc was maintained in a slightly to
allow for translated position within the glenoid fossa as the asymmetry changed and was
held in position by mechanical retention. The disc was removed from the original skull
following the experiment. The skull and positioned mandibles were mounted onto an
OT-S28V camera tripod (Opus® Ontario, Canada) using a custom designed mounting
assembly. The custom mounting assembly consisted of a piece of 76.2 mm long by 38.1
mm diameter, 3 mm gauge polyvinyl tubing that was fastened to a Denar® (Waterpik
Technologies, Fort Collins, CO, USA) cast mounting ring. The ring was mounted to the
tubing using hot glue resin sticks (3MTM Caulk, Ca, USA). To reproduce the relative

position of a patient’s neck and posture, the assembly was attached to the skull over the
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foramen magnum using the same hot glue resin. The hot glue resin was used to
facilitate easy removal at project completion. The Denar® mounting ring threaded

firmly to the mounting screw supplied with the camera tripod.

2.3.2.6 Imaging the Experimental Model

Each of the six experimental models were positioned into A Kodak 8000 Digital
Panoramic System (Kodak, USA) and imaged 35 times per model to a total of 210
acquired images. The panoramic unit was set to 60 kV and 2 mA for tube voltage and
current respectively. The Kodak 8000 Digital Panoramic Systems captured each
panoramic image in real time over 13.9 seconds and the subsequent images were stored
as a tagged image file format (TIFF) for further analysis. For each image acquired, the
experimental model was positioned into the unit by precisely following the
manufacturer’s instructions which included centering the midsagittal plane of the skull
by utilizing the frontal optical positioning guides. The midsagittal plane was centered
horizontally left to right by aligning the frontal optical guide to project onto the center of
the anterior nasal spine of the maxilla and further passing through the two midline steel
balls of the synthetic mandible. The skull was positioned vertically by placing the skull
into the machine in a clinically relevant position whereby the Frankfort horizontal plane
was parallel to the floor. Frankfort horizontal was established by using the panoramic
unit’s lateral optical marker to overly an imaginary line that extended through porion
(Po) and orbitale (Or). The optical light markers projecting onto the midline structures
frontally and Frankfort horizontal position laterally was useful in maintaining
repeatability for obtaining the images. Figure 2-16 depicts an example of the

experimental model positioned into the panoramic unit.
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Figure 2-16: Experimental model positioned in panoramic unit

The experimental models (Model A through F) were randomly selected for each image
obtained and each experimental model was imaged thirty-five times. The set-up was
removed, disassembled, reassembled and repositioned between each image. All images
obtained were exported as a TIFF for future analysis. Figure 2-17 is an example of a

TIFF image obtained by the Kodak 8000 digital panoramic unit.
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Figure 2-17: An example of a TIFF image

2.4 Discussion

The method developed to fabricate an anatomically realistic human mandible by
means of rapid prototyping was described. The resultant model proved to be suitable for
imaging using digital panoramic and cone beam computed tomography (CBCT).
Methodology for providing surface finish, landmarking and development of a
reproducible experimental model were also described. The mandibles were constructed
as a plastic model by rapid prototyping using STL files programmed into a FDM
printing machine. Interestingly, there are various means to obtain STL files suitable for
the production of synthetic objects available as resources. Some authors have used 3-D
computed tomography image files and converted them to STL files to fabricate
models."*"> The methodology used in this project employed a non-touch laser scanner.
Other authors have used similar technology to scan anatomical parts for production of
prosthetic replacements.16 The ability to use laser scanning techniques enabled efficient

collection of surface data and easy conversion to STL files. Manipulation of the STL
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files that were obtained from the laser scanner were successfully altered using an
engineering program to generate the series of asymmetric mandibles. The asymmetric
mandibles were produced for future experiments including linear, angular and shape

analysis projects.

2.5 Conclusion

Fabrication of a series of thirty asymmetric mandibles including one symmetric
mandible suitable for imaging by various radiological techniques was established. It
was determined that asymmetries in the condyle, ramus and body of the mandible can be
successfully designed and fabricated by rapid prototyping to construct a STL model of a
human mandible. Inter rater reliability was established from the subsequent
radiographic images of the mandibles. The methodology developed was then used in
other projects to determine shape changes, linear differences and angular changes
between the left and right sides of digital panoramic radiographs taken on the synthetic

mandibles.
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Chapter 3 - The Accuracy of Digital Panoramic Unit for
Detection of Mandibular Asymmetry Using Coordinate
Derived Size and Shape Analysis (Paper 2)
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3.1 Abstract

Background: Panoramic radiographs are obtained on nearly every orthodontic patient
as part of diagnostic records collection prior to orthodontic treatment. Judgment of
asymmetry from panoramic images may be a useful screening method for orthodontists
prior to obtaining further three dimensional images for diagnosis. The aim of this study
is to utilize shape analysis for the purpose of evaluating asymmetry from digital
panoramic images. Clarity in this subject area may reduce the need for further
diagnostic information for treatment planning. Methods: Digital panoramic images
(Kodak 8000) were obtained from a series of six synthetic asymmetric mandibles and
dry human skull bases (experimental model). Coordinates from mandibular landmarks
were selected and shape analysis using a software program (R-analysis) was gathered.
Results: Shape and size analysis of digital panoramic radiographs did not accurately
describe known amounts of asymmetry but size analysis of the radiographs was found to
detect left-right asymmetries between the images gathered from the six experimental
models. Conclusion: Shape analysis did not provide sufficient information for
describing known amounts of asymmetry. Increasing the overall number of landmark
locations to more adequately define the perimeter of the mandibles by offering more
X,Y coordinates may lend to more descriptive results. Size analysis describes known
mandibular asymmetries although it is unclear as to how additional coordinates may
affect the results. More investigation in this area of research is required to offer

definitive results.
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3.2 Introduction

Shape analysis as a means to determine soft tissue and skeletal asymmetries is an
area that has been relatively well researched over the past couple of decades. Many
authors ' have established analysis, formulas, techniques and methods for assessing
shapes of faces and soft tissue asymmetries while other authors have similarly evaluated
and focused on assessing underlying skeletal asymmetries.*!! A few articles have
explored facial shape descriptions and facial analysis using three-dimensional analysis."?
Some of the three-dimensional studies have employed video imaging 13 and others have
used photogrammetry.m‘16

There has been some research looking specifically at form and shape of the
mandible or mandibular components. Ogawa et al set out to investigate, using Fourier
series analysis, mandibular form as it relates to overall facial morphology. The authors
surmised that mandibular form could indeed be associated with overall facial form."
Fourier series, simply stated, is a method of assigning values to shapes using a
combination of sine and cosine functions with increasing frequencies and varying
amplitudes that are further analyzed by mathematical formulas. Another study looking
specifically at condylar shape also used the Fourier series to compare and analyze
condylar shape. The authors noticed that there was a significant condylar asymmetry
when considering the shape and size between left and right within the same subject
being tested.'® Some authors have utilized elliptical Fourier functions to specifically
assess mandibular shape and shape changes over time.'>?

Studies that focus specifically on describing mandibular outline, shape and form

have also appeared as a subject of interest in the literature. Edler et al conducted a study
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comprising 66 patients divided into three subject groups ranging from no noticeable
mandibular asymmetry to visible asymmetry to mandibular asymmetry requiring
orthognathic surgery for correction. They tested four methods of measurement for
usefulness in discerning mandibular asymmetries from digital photographs of the
subject’s faces. Three of the methods used to evaluate mandibular asymmetry (area,
compactness and perimeter), compared right to left mandibular differences while one
method was based on an overall percentage using moment ratio. They found that area,
compactness and perimeter methods for comparing left to right were sensitive at
distinguishing mandibular asymmetry while the moment ratio variable was not.”' In a
follow-up study, Edler et al compared posteroanterior cephalometric (PA) radiographic
images to photographic images on 29 human subjects. The study assessed whether the
PA radiographs could be used in a manner similar to their previous study for assessing
mandibular asymmetry. The authors digitized the mandibular outline of both images
and applied the same four parameters as their earlier study. The authors were able to
prove that PA cephalometric radiographs could also be used in a similar manner as the
previously established photographic methods for assessing mandibular asymmetry,
however area, compactness and moment were more sensitive but in this case perimeter
was not.” In an additional study, again using the same variables, the authors compared
before and after photographs of 16 patients that had undergone corrective orthognathic
surgery for mandibular asymmetry. They found that all four parameters were adequate
for comparing pre and post surgical mandibular asymmetry correction. The authors also
indicated that they felt their technique for measurement could be used as a noninvasive

means of quantifying treatment outcome.” Most recently, a study including some of the
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same researchers looked at 66 orthodontic patients ranging from 8 to 19 years of age to
assess skeletal discrepancy as it relates to mandibular outline asymmetry. The authors
used the same four variables previously described and found that there was a significant
relationship between a reduced ANB as well as increased lower face height to
mandibular outline asymmetry.>* None of the studies reviewed specifically looked into
panoramic radiography.

The aim of this study is to use shape analysis derived from a series of
coordinate points to evaluate known amounts of mandibular asymmetry from a series of
digital panoramic radiographs of experimental models possessing synthetically

produced asymmetric mandibles.

3.3 Materials and Methods

A set of six asymmetric synthetic mandibles were designed and fabricated using
fused deposition modeling (FDM), also known as stereolithic modeling, by means of
rapid prototyping (Stratasys ™ FDM 8000, Eden Prairie, MA, USA ) using a
methodology previously described in chapter 2 of this thesis. One mandible was
designed to be entirely symmetric and the remaining five mandibles were designed with
known amounts of asymmetry in either the condylar, ramal or body regions of the
mandible. The mandibles were designed in a manner such that the asymmetry was
fabricated in the left half while the right half of the mandible remained unchanged to
enable a treatment and control in each test subject. Figure 3-1 and Table 3-1 depict and

describe the locations and amounts of asymmetry assigned to the condyle, ramus and

body.
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Condyle Section

Ramus Section

Body Section

Figure 3-1: Locations of the asymmetries in the synthetic mandibles

Table 3-1: Description of location and amount of asymmetries

Mandible | Location of symmetry Amount of asymmetry

A None Symmetric mandible

B Condyle 9mm vertical

C Condyle 9mm vertical and 6mm lateral horizontal
D Body 9mm horizontal

E Ramus 9mm vertical

F Ramus 9mm vertical and 6mm lateral horizontal

Each mandible was coated with a custom radio opaque paint to enable adequate

digital radiographic imaging. The coated mandibles were landmarked using 1.588 mm
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diameter, 316 stainless steel grade100 balls (Small Parts Inc, Miami Lakes, FL, USA).

Figure 3-2 and Table 3-2 depict the locations and describes the landmark points used in

this project.

Mf

Cp' B
Figure 3-2: Landmark location for synthetic mandibles

Table 3-2: Landmark descriptions

Landmark

Description

Depth of curvature above chin point at midline of mandible

Anterior projection of chin in midline of mandible

Mental Foramen

Ag

Depth of Antigonial Notch

Go

Anthropometric Gonion

Cs

Superior Point of Condyle

Sn

Depth of Sigmoid Notch

Co

Tip of Coronoid Process

Dm

Distal of Molar at Gingiva

Reproduced with permission of the copyright owner.

67

Further reproduction prohibited without permission.




A single human dry skull base and each of the synthetic landmarked and coated
mandibles were seated into a custom made inter-occlusal splint. The splint acted to hold
the maxilla and series of synthetic mandibles in a secure and reproducible position
throughout the experiment. The splint was constructed using IMPAK® (CMP Industries,
Albany, NY, USA) elastic acrylic resin. The temporomandibular joints were seated into
a custom made disc of uniform thickness to approximate the joint space. The disc was
made from Regisil® (Dentsply, York, PA, USA) bite registration material. To complete
the experimental model, the skull and each positioned mandible were mounted onto a
camera tripod (Opus®, On, Canada) using a custom designed mounting assembly. Each
of the six experimental models were positioned into a digital panoramic unit (Kodak
8000, Kodak USA) and imaged 35 times per model in random order to a total of 210
acquired images to provide reasonable sample sizing per model. Each experimental
model was positioned into the unit by precisely following the manufacturer’s
instructions which included centering the midsagittal plane of the skull by utilizing the
frontal optical positioning guides. The midsagittal plane was centered horizontally by
aligning the frontal optical guide to project onto the center of the anterior nasal spine of
the maxilla passing through the two midline steel balls of the synthetic mandible. The
skull was positioned vertically by placing the skull into the machine in a clinically
relevant position whereby the Frankfort horizontal plane was parallel to the floor.
Frankfort horizontal was established by using the panoramic unit’s lateral optical marker
to overly an imaginary line that extended through porion (Po) and orbitale (Or). Images

were obtained and stored as a tagged image file format (TIFF) for further digitization
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and analysis. Figures 3-3 and 3-4 depict examples of an experimental model in position

in the panoramic unit and TIFF image respectively.

KODAK 8000 System

Figure 3-4: Tagged image file format (TIFF) obtained from panoramic unit

Coordinate positions were obtained on the landmarks of the digital radiograph

TIFF files using a web based (freeware) measurement software (Image J, NIH Image,
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Md, USA, http://rsb.info.nih.gov/ij/index.html) and then used to define the asymmetries.

The evaluation process was separated into two sections. The first section was designed

to compare shape differences between the digital panoramic images for each model.

The second part of the study was designed to compare overall size differences between

the models. Tables 3-3 and 3-4 provide summaries of average coordinate measurements

for each model that were obtained from the digital panoramic images. The raw data

values obtained are unit-less as each coordinate was recorded as an X and Y value. The

origin of the coordinate system for each image was at B point. Considering X

coordinates, a negative value indicated that the point recorded was located physically to

the left of point B on the image. The values were deemed unit-less as they are

considered pixel positions.

Table 3-3: Average right (unaltered) X and Y coordinate for all models (std. dev.)

Coord Model A Model B Model C Model D Model E Model F

Bx 100 (.00) 00 (00) 100 (.00) 00 (.00) 100 (.00) 100 (.00)

By .00 (.00) 200 (.00) .00 (.00) 00 (.00) .00 (.00) .00 (.00)

Cpx _86 (.43) 011 (.05) 30 (.45) ~64 (34) 56 (.35) 45 (28)

Cpy _18.80 (43) | -19.14 (.14) | -19.06 (44) | -18.8(53) | -18.8(53) | -18.94 (.51)
Mfx 36.90 (43) | 36.01(.71) | 36.31(73) | 37.27(39) | 35.85(38) | 36.69 (45)
Mfy 723 (42) | -7.55(18) | 6.61(17) | -7.61(.61) | -7.05(58) | -6.53(.33)
Agx 7511 (56) | 75.23 (66) | 75.41(.69) | 76.98 (54) | 74.19(39) | 74.86 (.68)
Agy 520 (46) | 6.17(38) | 5.33(42) | -4.93(57) | -7.77(30) | -5.06 (.44)
Gox 98.81(.55) | 99.33(.80) | 98.93(71) | 102.18(.83) | 98.49 (51) | 98.69 (.76)
Goy 1.99(52) | -325(51) | 2.17(44) | -1.10(49) | -5.48(77) | -1.95(.56)
Csx 111.41(.64) | 114.64(96) | 112.91(.74) | 114.42(81) | 115.01(.90) | 111.26(.73)
Csy 7021 (47) | 69.14(58) | 71.57(50) | 70.92(57) | 66.31(46) | 71.54 (.72)
Snx 93.72(55) | 95.24(87) | 94.97(72) | 95.82(.84) | 95.99(.72) | 93.55 (.68)
Sny 48.93 (53) | 48.40(50) | 50.17(43) | 49.45(.50) | 46.46(45) | 50.25 (.57)
Cox 7276 (49) | 73.75(.86) | 73.65(.66) | 74.18 (76) | 74.92 (69) | 72.61 (.52)
Coy 67.79 (.56) | 67.88(39) | 69.31(43) | 67.38(49) | 67.19(57) | 69.42 (49)
Dmx 61.06 (43) | 60.35(71) | 60.10(58) | 60.11(.54) | 60.54 (48) | 60.57 (.51)
Dmy 23.67 (48) | 23.45(30) | 24.23(35) | 24.57(52) | 21.84(36) | 24.71 (47)

For Y coordinates, a negative value indicated that the point recorded was located

physically below B point.
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Table 3-4: Average left (altered) X and Y coordinates for all models (std. dev.)

Coord | Model A Model B Model C Model D Model E Model F

Bx .00 (.00) .00 (.00) .00 (.00) .00 (.00) .00 (.00) .00 (.00)

By .00 (.00) .00 (.00) .00 (.00) .00 (.00) .00 (.00) .00 (.00)
Cpx -.86 (.43) .011 (.05) .30 (.45) -.64 (.34) .56 (.35) 45 (.28)
Cpy -18.80 (.43) | -19.14 (.14) | -19.06 (.44) | -18.8 (.33) -18.8 (.53) -18.94 (.51)
Mfx -37.51 (.34) | -36.58 ((44) {-37.29 (.60) | -37.32(.35) | -36.42(.38) | -37.92(47)
Mfy -7.58 (.34) -8.63 (.15) -8.02 (.29) -6.22 (.49) -9.25 (47) -8.64 (.54)
Agx -76.35 (42) | -74.30(.58) | -78.27 (49) | -85.88 (47) | -74.77 (.63) | -79.12 (.58)
Agy -5.35 (.43) -8.19 (.20) -6.52 (.30) -1.93 (.54) -10.26 ((36) | -7.87 (.45)
Gox -100.02 (.63) | -96.92 (.68) | -99.45 (.62) | -106.55 (.64) | -98.41 (.67) | -102.32 (.61)
Goy -2.10 (.47) -5.35(.29) -4.42 (43) 1.03 (.55) -8.06 (.45) -5.51 (.53)
Csx -111.39 (.76) | -114.48 (.70) | -113.49 (.63) | -114.48 (.73) | -114.48 ((73) { -113.30 (.75)
Csy 69.76 (.56) 71.99 (41) 72.57 (.36) 72.37 (.59) 72.41 (.58) 72.53 (.55)
Snx -94.47 (.58) | -92.78 (.64) | -95.19 (.61) | -99.46 (.64) | -96.13 (.69) | -96.63 (.76)
Sny 48.98 (.47) 45.02 (.26) 47.37 (.34) 51.36 (.61) 53.07 (.50) 52.29 (43)
Cox -73.03 (.62) | -72.94 (59) | -74.47 (58) | -78.20(47) | -76.47 (.72) | -76.72 (.69)
Coy 67.93 (.48) 64.35 (.21) 66.35 (.38) 70.17 (.52) 73.15 (.44) 71.36 (41)
Dmx -60.97 (.46) | -60.52 (.63) | -61.63 (56) | -59.60 (47) | -61.44(.62) | -61.67 (.54)
Dmy 23.06 (.38) 22.18 (.32) 22.66 (.48) 25.58 (.67) 20.06 (41) 22.07 (.38)

Excluding model A, which was designed to be symmetric from left to right, it

was expected that variation would exist among designated landmark points and that

asymmetry would appear by comparison of bilateral X and Y coordinate points

depending on the region of asymmetry. For example, model B with a 9mm condylar

asymmetry, would be anticipated to reveal an asymmetry for landmark Cs when

comparing coordinate points obtained at point Cs between the left and right sides of the

image. Table 3-5 itemizes the landmark points and depicts those that would be expected

to project asymmetry or symmetry by model based on the region of asymmetry within

that given model. To determine shape and size differences between the models, as a

result of the known asymmetries, each model was evaluated for significant left right

differences using the web based statistical analysis program R (R 2.2.1, Statistics

Department of the University of Auckland, New Zealand).
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Table 3-5: Models and landmarks where symmetry and asymmetry were expected

Coord | Model A Model B Model C Model D Model E Model F

B Symmetric | Symmetric Symmetric Symmetric Symmetric Symmetric
Cp Symmetric | Symmetric Symmetric Symmetric Symmetric Symmetric
Mf Symmetric | Symmetric Symmetric Symmetric Symmetric Symmetric
Ag Symmetric | Symmetric Symimetric Asymmetric | Symmetric Symmetric
Go Symmetric | Symmetric Symmetric Asymmetric | Symmetric Symmetric
Cs Symmetric | Asymmetric | Asymmetric | Asymmetric | Asymmetric | Asymmetric
Sn Symmetric | Symmetric Symmetric Asymmetric | Asymmetric | Asymmetric
Co Symmetric | Symmetric Symmetric Asymmetric | Asymmetric | Asymmetric
Dm Symmetric | Symmetric Symmetric Asymmetric | Symmetric Symmetric

Each model possessing one or more asymmetric features (all but model A) were

anticipated to indicate a statistically significant difference for both size and shape.

Through programming efforts using the statistical program R, each coordinate value was

transformed, downloaded, coded and subsequently used to assign an overall outline to

each model based on the averages established in tables 3-3 and 3-4. The X,Y

coordinates of each landmark point were essentially connected creating a “virtual”

perimeter outline of left and right sides of each image. Although, not actually overlain

on the image, Figure 3-5 depicts a representation of how the “virtual” outline would

appear by selecting the landmark to landmark points using the coordinates to create a

shape using R.

Figure 3-5: Representation of ‘“virtual” perimeter created using R statistics

program
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As noted, point B was selected for zeroing the original coordinate set but was not used
for the analysis. The remaining eight landmarks (Cp, Mf, Ag, Go, Cs, Sn, Co and Dm)
were compared left to right using point Cp as the midline axis. All size and shape

comparisons of left to right therefore included the common point Cp.

3.4 Results

Repeatability (K) was verified statistically using the following formula:

Equation 3-1:

35 35 35
Y d*(0,,0,,)+ ) .d*0,,0,)+ Y. d*(0,.03,)

K ij=1 i,j=1 i, j=1

=75 3 3 35 35 35
Zdz(O'”,O']j)+ Zdz(o-Zi’o.Zj)+zd2(0-3i’o-3j)+Zdz(ali’o-ﬂ)+Zd2(dli’03i)+Zd2(o-2i’o-3i)
] i1 P

ij=l ij=1 i,j=1 i=

Where d* was defined as the ordinary Procrustes sum of squares between the
configurations with 0<K<I1 where no repeatability was O and complete repeatability was
1. It was calculated that repeatability for coordinate selection for this project was ~
0.99.

Table 3-6 summarizes the findings of the shape analysis and the significance of

the Hotelling’s T>-test performed by the statistical program R.

Table 3-6: P-values for shape analysis per model

Shape Model A | Model B | Model C | Model D | Model E | Model F
p' 0.01 0.05 0.03 0.06 0.06 0.04
RMS® 0.0075 0.0059 0.0077 0.0073 0.0068 0.0082
p-value <.001 <.001 <.001 <.001 <.001 <.001

! p = Procrustes distance

2 RMS = Root mean square for the Procrustes distance from each configuration to the
mean shape.
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To measure overall shape variability, the root mean square (RMS) was obtained for the

Procrustes distance from each configuration to the mean shape and was further subject

to statistical analysis in R. Testing all models for shape similarity using the R program

employed a Hotelling’s one sample T? test. The one sample Hotelling’s T test revealed

that all models (A through F) had a statistically significant difference (P<.05) between

left side and right sides suggesting shape differences and thus asymmetry for all models.

Table 3-7 summarizes the findings of the size analysis, a unit-less measure of

coordinate position, and the significance the paired t-test performed by the statistical

program R

Table 3-7: P-values for size analysis per model

Size Model A | Model B | Model C | Model D | Model E | Model F
Size R 134.89 136.74 136.95 136.95 135.51 135.76
Size L 135.17 135.46 137.33 140.09 142.91 141.37
SD (R-L) 0.88 0.82 0.60 0.97 0.92 0.78
p-value 0.07 <.001 0.012 <.001 <.001 <.001

From size analysis using a paired t-test in the statistical program R it was illustrated
model A was not statistically different (P>.05) in size when comparing left and right
sides. The remaining models (B through F) revealed a statistically significant difference
(P<.05) when comparing each model’s left and right sides for size. All models were

individually compared for shape and size from side to side about point Cp.

3.5 Discussion

It has been suggested that when both size and shape are available for analysis
that: either analyze size and shape separately or size and shape jointly. It is further

stated that if the real interest is in shape alone that shape and size be studied separately
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to ensure less modeling assumptions are made®. Dryden and Mardia define
configuration as the set of landmarks on a particular object and the pre-shape as the
configuration which is invariant translation and scaling.25 Dryden and Mardia also
define shape as the geometrical information that remains when location, scale and
rotational effects are filtered out from an object™. This definition was applied for the
coordinate driven shape and subsequent shape comparisons using the R program. It was
expected that shape differences would have been evident as a result of the inherent
asymmetries constructed into the individual models as defined in Table 3-5. In fact, all
asymmetric models had a statistically significant difference between left and right sides
using Hotelling’s one sample T? test which is based on the Procrustes tangent space

coordinates. Procrustes distance ( p ) is defined as the closest great circle distance
between the pre-shapes25 on the pre-shape sphere. Equivalently, p can be considered

as the smallest angle between the pre-shapes over rotations of the pre-shapes and is
explained as 0<p S% where 0 is exactly the same and % is furthest distance away.

In terms of shape, it was not surprising that the Hotelling’s T* test revealed that
all asymmetric models had a statistically significant difference between left side and
right sides. The small number of available landmarks from which coordinates were
obtained to deliver shapes suggested that shape differences due to the small variation in
overall asymmetry within each model would be detected. Small variations in coordinate
position from image to image within a single model would exaggerate the amount of
actual change from this sensitive test. Each model typically possessed a single
landmark point across the region of asymmetry making very small coordinate

differences detectable as an asymmetry. Statistically speaking, there was a detectable
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significant difference between left and right sides for both models. Figure 3-6is a

composite of graphs depicting results of the shape analysis for each model.
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Figure 3-6: Shape superimpositions for mean shapes of left and right all models

In the figure, the perforated line indicates the left (symmetric) outline superimposed

over the right (asymmetric) solid line.
From the above argument, it was reasoned that increasing the number of

landmark points would provide a higher likelihood of distinguishing areas of actual
asymmetry versus areas that reveal little change by relying on more coordinates to

define the area of asymmetry. From the information described, using single point

coordinates, there is no clinically relevant information that can be gathered from the

shape analysis. Figure 3-7 is a representative example of how adding landmarks could
change the outcome of shape analysis. Both images depict a condylar asymmetry, but

the image on the right would have employed multiple landmark points in the condylar
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region where the left image selected a single coordinate as was done in this project.
Again, the perforated line would indicate the asymmetric side and the solid line would

indicate the symmetric side.

Figure 3-7: Example of how adding landmarks changes the outcome of shape
analysis

It was expected that size differences would be observed as a result of the known
asymmetries constructed into the individual models as defined in Table 3-5. The
average centroid size for each model was compared from left side to right through
paired t-test using the statistical program R. The centroid size is the square root of
squared Euclidean distances between the center of the mass and each coordinate derived
landmark selected. Figure 3-8 is a diagrammatic representation of how the centroid size

was used to determine the shape size.
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Co ¢, Cs

Dm

Mf Go

Figure 3-8: Depiction of centroids used by statistics program R

From the results of the paired t-test it was demonstrated that model A was
symmetric with no statistically significant difference in size when comparing left and
right sides. The remaining models (B through F) all revealed a statistically significant
difference for the same comparisons. Determination of overall size was clearly more

representative of the actual models for describing the asymmetries.

3.6 Conclusion

Shape analysis did not provide sufficient information for describing known
amounts of asymmetry. Increasing the overall number of landmark locations to more
adequately define the perimeter of the mandibles by offering more X,Y coordinates may
provide more descriptive results. Size analysis describes known mandibular
asymmetries although it is unclear as to how additional coordinates may affect the

results. More investigation in this area of research is required to offer definitive results.
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Chapter 4 - The Accuracy of Digital Panoramic Unit for
Linear Measurements (Paper 3)
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4.1 Abstract

Background: The use of linear measurements obtained from panoramic images
to evaluate asymmetry has been discussed infrequently throughout the orthodontic
literature. The aim of this study was to assess accuracy of various linear distances of
landmark to landmark locations made on digital panoramic radiographs of known
asymmetric synthetic mandibles. A further aim was to assess the validity of linear
measurements from digital panoramic for quantifying known mandibular asymmetries.
Methods: A total of 210 Digital panoramic radiographs (Kodak 8000, USA) were
acquired on six experimental models (dry skull base with an asymmetric synthetic
mandible). Horizontal, oblique and vertical measurements were gathered across ramal,
condylar and body asymmetries (Image J, USA) which were subsequently compared to
true known mandibular asymmetries measured (Newtom®-3G, Italy and Amira™
software, USA) from the synthetic mandibles. Results: Model accuracy and validation
of measurement technique as well as comparison of panoramic lengths to true values
was established. Measurement of six linear distances between left and right sides of
digital panoramic radiographs were compared to one another, expressed as a percentage
and statistically analyzed. The results of the one sample t-test analysis indicated that
asymmetry can be statistically described for some linear measurements in some cases
while clinical explanations may provide explanation for others. Conclusions: More
accurate measurements for expected asymmetries are revealed when measurements are
made directly across the area of asymmetry along the same axis as the asymmetry. The
only length found to be accurate for measuring mandibular asymmetries was vertical

ramus measurement from antigonial to sigmoid notches.
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4.2 Introduction

Panoramic radiographs are routinely obtained during the initial records
collection phase of orthodontics and have proven useful for diagnosis and treatment
planning. The desire to use panoramic images for more than a screening/assessment
tool has been explored in the orthodontic literature since its inception and subsequent
use in mainstream dental and orthodontic treatment. Many authors have attempted to
measure specific variables directly from panoramic images despite the fact that
magnification and distortion issues often are of concern. The ability to obtain
reproducible linear measurements from panoramic images remains a topic of debate.

In 1979, Alpern studied various vertical and horizontal linear measurements
obtained from panoramic images. Using dry human skulls, linear skeletal measurements
were analyzed for ranges of magnification and the author found that basal skull
magnification varied anatomically both vertically and horizontally, but were calculable.
As a further observation, the author felt that vertical magnification appeared to be
consistent enough in the mandibular ramus area to permit assessment the posterior facial
height.! Using a study model, constructed to resemble a human mandible, Habets et al
determined that as long as the position of the subject being imaged had less than 10 mm
variation from original position, vertical differences between the left and right sides less
than 6% were likely due to technical errors.” In 1988, Habets et al evaluated vertical
condylar and ramal measurements on panoramic images of 152 patients. The symmetry
between the right (R) and the left (L) side was calculated with the formula: [(R-L)/(R +
L)] and recorded as a percentage. From their earlier study, they designated a 6% cutoff

be used to detect clinical asymmetry. Variations of this percentage formula has been
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used in the literature by several researchers”® and has become the common method for
comparing vertical ramal and condylar asymmetries. The use of this formula has been
applied mostly to posterior vertical height assessments in ramal, condylar and overall
posterior mandibular vertical height. In a subsequent study, Habets et al compared
asymmetry measurements from lateral tomography and panoramic images of thirty-one
patients. They concluded that the relationship of condylar asymmetry with the
radiological findings of an Orthopantogram® needed to be further evaluated in studies
possessing of a larger patient group.9

Kjellberg et al reported good validity when looking at the relative size of the
condyle in relation to the ramus height on panoramic images.'® Mattila et al further
attempted to develop and refine a method to quantitatively establish ramus and condyle
heights. The method incorporated tangential lines of the condylar head, sigmoid notch
and lower border of the mandible to establish condyle and ramal heights for posterior
vertical measurement. Using this method in addition to the application of Habets et al
formula, the authors felt they were able to successfully evaluate asymmetries.5 Miller
and Bodner also used Habets et al formula to correlate asymmetry with age and reported
that condylar asymmetry was successfully determined from panoramic radiographs but
had no correlation to patient’s age.” Another study using skeletal pattern as a variable
attempted to determine the affects of skeletal pattern on measurement of condylar
asymmetry of panoramic radiographs.'' The author concluded that individual condylar
and ramal measurements were unaffected by varying ANB, but combined condylar plus

ramus was affected.
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Some authors refute the idea that symmetry measurements can routinely be
conducted on panoramic radiographs. Larheim states that horizontal variables are
clearly more unreliable.'* Boratto et al conducted a study using 100 human dry skulls to
assess condylar and mandibular asymmetry and concluded that there was a lack of
correlation between the anatomical and radiological measurement of asymmetry. The
authors did however feel that the lack of correlation was likely due to change in head
position between actual and radiographic measurement techniques.3 Turp et al also
reported low correlation between left and right condyles and rami heights when
comparing measurements of panoramic images to 25 macerated skulls.® In a more
contemporary study, there was an attempt to determine error in linear measurements
from panoramic radiographs. Laster et al conducted the study using panoramic
radiographs of 30 dry human skulls whereby the examiners measured horizontal lengths
as well as vertical posterior lengths on the radiographed mandible while the skulls were
positioned in “ideal, shifted and rotated positions”. They reported the greatest
differences were in horizontal and shifted skull positions and that accuracy for detecting
asymmetry from panoramic images was 67%, 70% and 47% for ideal, rotated and
shifted skull positions respectively. They also concluded that panoramic radiographs
should be used with caution when making absolute measurements or relative
comparisons.13

In a very recent study, Kambylafkas et al using full profile laminographs as the
gold standard found that total ramal height was reliable in diagnosing vertical

asymmetry with some under diagnosis, but condylar height was unreliable. The
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reported mean difference between the two images was 2.23% for total height and 11.9%
for condyle height.8

Although various studies on linear measurements from panoramic images, most
have focused on either linear or vertical measures, the aim of this study was to assess
accuracy of oblique, horizontal and vertical linear distances of landmark to landmark
locations made on digital panoramic radiographs of known asymmetric synthetic
mandibles. A further aim was to assess the validity of linear measurements from digital

panoramic for quantifying known mandibular asymmetries.

4.3 Materials and Methods

4.3.1Data Acquisition

One symmetric and five asymmetric synthetic mandibles, as seen in Figure 4-1,
were designed and fabricated using fused deposition modeling (FDM), also known as
stereolithic modeling (SL), by means of rapid prototyping (Stratasys™ FDM 8000,
Eden Prairie, MA, USA ) as per the methodology described in chapter 2 of this thesis.
The five asymmetric mandibles were designed with asymmetry in either the condylar,
ramal or body regions of the mandible. The mandibles were constructed such that the
asymmetry was on the left side while the right half of the mandible remained unchanged
to allow for comparison of the sides of each test subject. The mandibles consisted of
one of each:

A. Symmetric mandible
B. 9mm vertical condylar asymmetry
C. Complex condylar consisting of a 9mm vertical plus 6mm lateral asymmetry

D. 9mm anteroposterior body asymmetry
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E. 9mm vertical ramus asymmetry

F. Complex ramal with a 9mm vertical plus a 6mm lateral asymmetry.

Each mandible was coated with a custom radio opaque paint and landmarked using
1.588 mm, stainless steel grade100 balls (Small Parts Inc, Miami Lakes, FL, USA).

Figure 4-2 depicts the location and Table 4-1 describes the landmark points measured.

Figure 4-1: Example of Asymmetric Synthetic Mandible from Fused Deposition
Modeling (FDM) Process

Figure 4-2: Landmark locations and description for Synthetic mandibles
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Table 4-1: Landmark anatomical description

Landmark Description

Mf Mental Foramen

Ag Depth of Antigonial Notch

Go Anthropometric Gonion
Cs Superior Point of Condyle
Sn Depth of Sigmoid Notch
Co Tip of Coronoid Process
Dm Distal of Molar at Gingiva

To create the experimental model, each synthetic mandible was attached to a
human dry skull base with a custom fit inter-occlusal splint. The splint acted to hold the
maxilla and series of synthetic mandibles in a secure and reproducible position
throughout the experiment. The condyle was seated into the glenoid fossa by creating a
uniform 3mm thick disc in the joint space using Regisil® (Dentsply, York, PA, USA)
bite registration material. The skull and positioned mandibles were mounted onto an
OT-S28V camera tripod (Opus®, On, Canada) using a custom designed mounting
assembly. Each of the six experimental models were positioned into a Kodak 8000
Digital Panoramic System (Kodak, USA) and imaged in random order 35 times per
model to a total of 210 acquired images. The models were each imaged 35 times to
generate an adequate sample size for each range of asymmetry tested. Each model was
positioned into the unit by precisely following the manufacturer’s instructions which
included centering the midsagittal plane of the skull by utilizing the frontal optical
positioning guides and vertically by placing the skull into the machine in a clinically
relevant position whereby the Frankfort horizontal plane was parallel to the floor.

Figure 4-3 shows an experimental model positioned into the panoramic unit for imaging.
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Figure 4-3: Experimental model positioned into the panoramic unit for imaging

Figure 4-4 is an example of an image obtained by the digital panoramic unit
from which the linear measurements were gathered and evaluated. The digital
panoramic radiographic images were stored as a tagged image file format (TIFF) and the
subsequent linear measurements were conducted using the web based measurement
software Image J (NIH Image, Maryland, MA, USA,

http://rsb.info.nih.eov/ij/index.html).

T KODAK 8000 Syster)

Figure 4-4: Example of tagged image file format (TTFF) obtained from the
panoramic unit
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Image measurements were performed on the digital radiographs in an effort to
define asymmetry. The evaluation process was divided into two sections. The first
section of the study was designed to compare the linear measurements of the panoramic
images to a gold standard. In this case, a NewTom® 3G cone beam volumetric scanner
(CBCT) (Aperio Services LLC Sarasota, FL.. USA) was used to obtain 3-D images of
the synthetic mandibles and measurements with Amira™ (Advanced 3-D Visualization
and Volume Modeling, Berlin Germany) software determined true linear measurements.
The measurements from this technique were used as the gold standard. Left and right
side measurements of the symmetric mandible (model A) were gathered to assess model
accuracy. The remaining models (B through F) were subject to left side measurements
only as they were expected to possess the same right side linear measurements as model
A due to the right side remaining unchanged throughout the experiment. The gold
standard (true) measurements of left and right sides for model A and left sides for
models B through F were then compared to the equivalent panoramic linear
measurements for magnification. Table 4-2 is a summary of the average true linear
measurements for each synthetic mandible in millimeters obtained from the CBCT and
Amira™ evaluation. The average was obtained by imaging once and measuring three

times on three separate occasions at least one week apart.

Table 4-2: True linear measurements in millimeters (std. dev.) from CBCT (n=3)

Mandible Mf-Ag L Mf-Sn L Mf-Cs L Ag-Sn L Ag-CsL Sn-Cs L
A 33.69 (11) | 68.70 (.06) | 92.60(.11) | 48.30(.18) | 71.60 (.13) | 24.60(.31)
34.61 (20) | 71.41 (.11) | 102.80(.06) | 49.60(.07) | 80.50 (.08) | 33.20 (.15)
35.59 (.13) | 70.50 (.26) | 99.81(.13) | 49.10(.17) | 76.40 (.14) | 29.90 (.08)
44.12 (24) | 77.50(.19) | 101.20(.09) | 48.90(.12) | 70.90 (.21) | 24.10 (.24)
34.60 (.33) | 76.59 (.16) | 101.10(.19) | 58.00(.21) | 80.60(.16) | 25.60 (.16)
36.50 (.17) | 75.50 (.12) | 98.90(.14) | 55.70(.32) | 76.80 (.18) | 24.20 (.23)

ol Il I~ (@ §--)
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The second section compared anatomic right side (symmetric) and left side

(asymmetric) measurements for each of the panoramic images. The measurements were

established from center point to center point of each of the landmarks and the results

were recorded in millimeters on an excel spreadsheet. All measurements were carried

out by the principal investigator (SR) and were randomly collected by selecting each

image independent of the rest and measuring that image once. Measurement error was

determined using Intraclass coefficient analysis in SPSS (SPSS, 14.0 LEAD

Technologies Inc., USA). Table 4-3 summarizes the average linear measurement (in

millimeters) obtained from the 210 total TIFF digital radiographs with standard

deviations for each experimental model of the six synthetic mandibles.

Table 4-3: Average linear measurements in millimeters (std. dev.) for models from
panoramic images (n=35)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Length Model A Model B Model C Model D Model E Model F

Mf-Agl 38.56 (.26) | 37.79(24) | 40.45(30) | 48.52(.32) | 38.26(.29) | 41.62(23)
Mf-AgR 38.62 (.24) | 38.86(.26) | 38.85(.19) | 39.79(.27) | 38.34(.24) | 38.39(.29)
Mf-SnL. 79.92(32) | 77.75(27) | 79.72 (30) 84.6 (.28) 86.35 (.20) | 84.60(.24)
Mf-SnR 79.95(30) | 81.46(32) | 81.53(35) | 81.59(.32) | 80.56(.24) | 80.21(.30)
Mf-CsL 106.77(.27) | 112.17 (29) | 110.58(.27) | 110.47(.26) | 113.04 (.24) | 110.84 (.25)
Mf-CSR 107.98(.37) | 109.70 (.34) | 109.31(.31) | 109.94(.32) | 108.13 (.29) | 107.50 (.29)
Ag-SnL 57.24 (21) | 5633 (17 | 5642 (15) | 55.25(.15) | 66.82(.18) | 62.58 (.19)
Ag-SnR 57.28 (.21) | 58.27(12) | 58.91(.15) | 57.40(.15) | 57.95(.16) | 58.12(.15)
Ag-CsL 83.00 (.23) 89.64 (.14) 86.63 (.20) 80.14 (.24) 91.74 (.27) 87.24 (24)
Ag-CsR 83.53(.22) | 85.10(.19) | 85.44(.21) | 84.48(.18) | 84.22(.20) | 84.14 (.30)
Sn-CsL 26.94 (19 | 34.61(13) | 31.30(.18) | 26.19(.19) | 26.66(.19) | 26.21 (17)
Sn-CsR | 27.52(16) | 28.26(.12) | 27.81(17) | 28.43(14) | 27.60(.17) | 27.39 (.18)
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4.3.2 Panoramic Image to True Length (CBCT) Comparison

The left side horizontal (Mf-Ag), oblique (Mf-Sn, Mf-Cs) and vertical (Ag-Sn,
Ag-Cs and Sn-CS) lengths were identified and measured for true distance to a total of
three times on separate occasions one week apart by a co-researcher (ML) using the
CBCT and the Amira™ software program. Each set of three measurements on the six
lengths were averaged and the average distance obtained was recorded as the true linear
distance for each length studied on the synthetic models. The same six linear
measurements were collected for both the left and right sides on each of the 35 TIFF
digital radiographic images obtained per model (Table 4-2).

Comparison of the panoramic to true lengths was carried out in two segments.
The first segment compared the amount of magnification between panoramic and true
linear measurements on both left and right sides using the symmetric model A with the

following magnification calculations.

Equation 4-1: Magnification Left = _(Panl)
(NewTomlL)
and
Equation 4-2: Magnification Right = _ (PanR)
(NewTomR)

The left true to left panoramic and right true to right panoramic image magnifications
for model A were subsequently exposed to statistical analysis using a one sample t-test
using SPSS.

The second segment compared the magnification between panoramic and true

linear measurements of the left side only for the remaining asymmetric models (models
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B through F). The right side for the remaining models remained unaltered throughout
the experiment, thus no further comparisons were made following analysis of model A.
For models B through F, the magnification factor of left side panoramic linear

distances to left side true linear distances were calculated using the following formula.

Equation 4-3: Magnification Left =

(PanlL)
(NewToml)

The left panoramic to left true magnifications were subsequently exposed to statistical
analysis using a one sample t-test using SPSS.

To determine overall length disagreement between panoramic and true lengths
the mean difference between true lengths and panoramic lengths were established. The
percent difference for true left-right measurements was established using right side of
model A to left side of the remaining models as right side was unchanged throughout the
experiment. The mean differences were expressed as an absolute value of percent

disagreement using the following formula:

Equation 4-4: Mean Disagreement = |[ A% Pan,_, - A%True, ||
Where A% Pan,_ . is defined as the average sum of percent differences between left and
right sides measurements of the panoramic images for each of the models A through F

and where A%True, is average sum of the percent differences between left and right

side measurements of the true model lengths for model A. The disagreement was
recorded as an absolute value. The mean disagreement was further exposed to statistical

analysis using a one sample t-test using SPSS.
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4.3.3 Panoramic Image Left to Right Comparison

The left and right panoramic measurements were converted to percent
differences for the 35 trials on each of the experimental models A through F. The left-
right percent difference calculation was obtained using a version of the formula
discussed previously in the literature where % difference was determined by [(R-L)/(R +
L)].*> The difference between the above formula and the formula used in this project
was that the formula in this project represented percent difference based on the actual
average difference versus a scaled average distance as was the case in the other

experiments:

(R-L)

Equation 4-5: Pan Left to Pan Right % Difference = (100)

The left-right percent differences were subsequently exposed to statistical analysis using

a one sample t-test using SPSS.

4.4 Results

Intraclass correlation coefficient analysis revealed very high repeatability =.99 for

measurements of the panoramic images following a method statistical analysis outlined

by Fleiss et al.'*'

4.4.1 Panoramic Image to True Length (CBCT) Comparison

True linear measurement as a gold standard was established using a CBCT along
with Amira™ software. The CBCT and Amira™ software provided true linear
distances in millimeters for measurements conducted on the left and right halves of each

synthetic mandible for the horizontal, oblique and vertical length measurements. Each
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panoramic image measurement was compared to true measurement and recorded as a
magnification factor. The magnification factor was subject to a one sample t-test. For
the symmetric mandible (model A), the right and left side measures of the panoramic
images were compared to the respective true right and left side measurement (CBCT and
Amira™). The magnification and millimeter differences were revealed and noted in

Tabled-4.

Table 4-4: Magnification (std. dev.) and length differences (mm) for model A
between panoramic and true by side (n=35)

Right Left
P- | mm P- mm
Length Mag. value | difference Mag. value | difference
Mf-Ag | 1.15(.0070) | <001 | -5.01(.23) 1.14 (.0075) | <.001 | -4.85(.25)
Mf-Sn | 1.16 (.0044) | <.001 | -10.85(.30) | 1.16 (.0047) | <.001 | -11.22(.32)
Mf-Cs | 1.17 (.0042) | <.001 | -15.38(.38) | 1.15(.0029) | <.001 | -14.16 (.27)
Ag-Sn | 1.18(.0042) | <.001 | -8.87 (.20) 1.19 (.0045) | <001 | -8.94 (.22)
Ag-Cs | 1.16(.0031) | <001 | -11.82(.22) | 1.16 (.0033) | <.001 | -11.40(.23)
Sn-Cs | 1.12 (.0061) | <.001 | -3.02 (.15) 1.10 (.0080) | <.001 | -2.34(.20)

For model A, the magnification ranges from 1.10 on vertical condyle length Sn-CS on

the left to 1.19 for vertical ramus length Ag-Sn on the left with the overall average being

1.15 £ 0.04. The remaining mandibles representing models B through F also underwent

comparison of left side panoramic to left side true (CBCT) for the horizontal, oblique

and vertical measurements. The magnification factors and the linear differences

between the panoramic images and true left and right measurements revealed a

statistically significant difference between all compared measures (P<.05). The models

ranged in magnification from 1.04 for vertical condyle length Sn-Cs on models B, C and

E to 1.15 for vertical ramus length Ag-Sn on models C and E with and overall average

of 1.11 + .05 for all models B through F. Again the magnification factor and linear

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

95




differences between panoramic image and true left measurements for the models B

through F indicated a statistically significant difference between all compared measures

(P<.05).

Table 4-5: Magnification (std. dev.) and length differences (mm) for models B
through F between panoramic and true left side (n=35)

Model Length Magnification p-value | mm difference
Mf-Ag 1.09 (.0068) <.001 -3.19 (.24)
Mf-Sn 1.09 (.0039) <.001 -6.34 (.28)
B Mf-Cs 1.09 (.0029) <.001 -9.33 (.29)
Ag-Sn 1.14 (.0031) <.001 -6.73 (.16)
Ag-Cs 1.11 (.0017) <.001 -9.14 .14)
Sn-Cs 1.04 (.0041) <.001 -1.39 (.14)
Mf-Ag 1.14 (.0085) <.001 -4.87 (.30)
Mf-Sn 1.13 (.0043) <.001 -9.22 (.30)
C Mf£-Cs 1.11 (.0026) <.001 -10.79 (.26)
Ag-Sn 1.15 (.0031) <.001 -7.31 (.15)
Ag-Cs 1.13 (.0025) <.001 -10.22 (.23)
Sn-Cs 1.04 (.0063) <.001 -1.4 (.19)
Mf-Ag 1.10 (.0073) <.001 -4.42 (.32)
Mf-Sn 1.09 (.0036) <.001 -7.11 (.28)
D Mf-Cs 1.09 (.0025) <.001 -9.27 (.26)
Ag-Sn 1.13 (.0030) <.001 -6.33 (.15)
Ag-Cs 1.13 (.0033) <.001 -9.24 (.23)
Sn-Cs 1.09 (.0179) <.001 -2.09 (.18)
Mf-Ag 1.11 (.0084) <.001 -3.67 (.29)
Mf£-Sn 1.13 (.0025) <.001 -9.75 (.19)
E Mf-Cs 1.12 (.0023) <.001 -11.93 (.23)
Ag-Sn 1.15 (.0030) <.001 -8.81 (.17)
Ag-Cs 1.14 (.0032) <.001 -11.23 (.25)
Sn-Cs 1.04 (.0076) <.001 -1.06 (.19)
Mf-Ag 1.14 (.0058) <.001 -5.12 (.21)
M{£-Sn 1.12 (.0032) <.001 -9.1(.23)
F Mf-Cs 1.12 (.0027) <.001 -11.93 (.26)
Ag-Sn 1.12 (.0033) <.001 -6.87 (.18)
Ag-Cs 1.14 (.0030) <.001 -10.44 (.23)
Sn-Cs 1.08 (.0070) <.001 -2(.17)
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Magnification factor for all cases combined (model A left and right and models B

through F left only) averaged 1.12 + 0.08. Table 4-5 summarizes the left to left

comparisons of the remaining mandibles B through F for magnification as well as

millimeter differences.

The mean percent panoramic (left-right differences) were compared to the mean

percent left-right differences of the true measurements to determine overall

disagreement between panoramic and true lengths. The mean disagreement for

horizontal length Mf-Ag was 2.85%. Oblique measures Mf-Sn and Mf-Cs had mean

differences of 2.59% and 4.43% respectively. Posterior vertical lengths were calculated

as 1.89% for Ag-Sn, 3.72% for Ag-Cs and 6.04% for length Sn-Cs. The average

difference for all lengths combined was 3.59%. The mean disagreement between

panoramic and linear left-right percent differences revealed a statistically significant

difference between all compared measures (P<.05) when subject to the one-sample t-

test. Table 4-6 summarizes the mean disagreement between panoramic image and true

lengths per model.

Table 4-6: Mean disagreement in percent (std. dev.) between panoramic and true

lengths

Model Mf-Ag Mf-Sn Mf-Cs Ag-Sn Ag-Cs Sn-Cs
A 0.15 (.56) 0.55 (.39) 1.12 (.29) 0.16 (.32) 0.48 (.31) 1.67 (.87)
B 1.86 (.46) 4.53 (.45) 7.04 (.43) 3.04 (.40) 6.99 (.38) 10.74(1.12)
C 2.01(51) | 2.22(3%) 9.3 (.31) 144 (45) | 53204 | 13.06(1.07)
D 7.02 (.60) 6.09 (41) 5.7 (.29) 2.4 (.40) 5.03 (.35) 6.9 (.79)
E 1.27 (.48) 1.27 (.39) 2.65 (.38) 2.2(29) 2.46 (.33) 1.65 (.71)
F 4.77 (.53) 0.87 (41) 0.76 (.37) 2.08 (.67) 2.05 (.45) 2.22 (.87)

Ave diff 2.85(2.55) | 2.59(2.24) | 4.43(3.46) 1.89 (.99) 3.72 (2.44) | 6.04 (5.00)

p-value <.001 <.001 <.001 <.001 <.001 <001
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4.4.2 Panoramic Image Left to Right Comparison

The same six linear measurements from each of the left and right sides of the 35
TIFF images of the digital panoramic radiographs obtained on the six experimental
models consisting of synthetic mandibles (models A through F) were measured and
sequentially compared to one another and recorded as a difference between left and right
in Table 4-7. Apart from model A, it was expected that differences would exist and that
asymmetry would appear across the measurements that span regions of asymmetry. For
example, model B (9mm condylar asymmetry) was anticipated to display asymmetry for
each linear measurement that spans from any origin to point Cs. Table 4-7 indicates
lengths that would be projected to reveal symmetry or asymmetry based on the location
where the asymmetry was designed. For model A, there was no statistical difference
(P>.05) between left and right measurements of horizontal length Mf-Ag, oblique length
M(f-Sn and vertical length Ag-Sn. The remaining measurements revealed a statistical
difference (P<.05) from left side to right side lengths. There was a statistically
significant difference (P<.05) for all left to right measures of the panoramic images of
model B, model C and model D. Model E revealed a statistical difference (P<.05)
between the left and right measurements for all six linear measurements with the
exception of horizontal linear measurement Mf-Ag which indicated no statistically
significant difference (P>.05) between left and right. Model F revealed a statistical

difference (P<.05) between all left and right measurements.
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Table 4-7: Left to right percent and millimeter (std. dev.) differences (n=35)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

p- mm
Model | Length | % difference | value | difference Expect Revealed
Mf-Ag 15 (.82) 294 | 0.06 (.32) Symmetry | Symmetry
Mf-Sn .03 (.61) 744 | 0.03 (49) Symmetry | Symmetry
A Mt-Cs 1.12(44) | <001 | 1.22(.48) Symmetry | Asymmetry
| Ag-Sn .05 (.68) 649 | 0.03 (.39) Symmetry | Symmetry
Ag-Cs .62 (.47) <001 | 0.52(.39) Symmetry | Asymmetry
Sn-Cs 2.08 (1.06) |<.001| 0.57(.30) Symmetry | Asymmetry
Mft-Ag 279 (1.12) | <001 | 1.09 (.44) Symmetry | Asymmetry
Mf-Sn 4.56 (.70) <.001 | 3.71(.58) Symmetry | Asymmetry
B Mf£-Cs -2.21(0.54) | <.001 | -2.43 (.58) | Asymmetry | Asymmetry
Ag-Sn 3.34 (.39) <001 | 1.94(.23) Symmetry | Asymmetry
Ag-Cs -5.35(.32) [ <001 | -4.55(.26) | Asymmetry | Asymmetry
Sn-Cs -22.44 (81) | <.001 | -6.34(.21) | Asymmetry | Asymmetry
Mf-Ag -4.13(.84) |[<001| -1.61(.33) | Symmetry | Asymmetry
Mi£-Sn 2.23 (.62) <.001 | 1.82(51) Symmetry | Asymmetry
C Mf£-Cs -1.17(41) |[<.001 | -1.28 (45) | Asymmetry | Asymmetry
Ag-Sn 423 (46) |<.001] 2.49(27) Symmetry | Asymmetry
Ag-Cs -1.37 (40) |<.001 | -1.17(.34) | Asymmetry | Asymmetry
Sn-Cs -12.57 (1.07) | <.001 | -3.49 (.28) | Asymmetry | Asymmetry
Mf-Ag -22.00 (1.19) | <.001 | -8.74 (.43) | Asymmetry | Asymmetry
Mf£-Sn -3.71 (.60) |[<.001] -3.03(48) | Asymmetry | Asymmetry
D M(t-Cs -49 (43) <001 | -0.54 (47) | Asymmetry | Asymmetry
Ag-Sn 3.77 (42) <001 | 2.16(.25) Symmetry | Asymmetry
Ag-Cs 5.13(43) |[<001| 4.34(.37) Symmetry | Asymmetry
Sn-Cs 7.85(.95) |<001 | 2.23(.28) Symmetry | Asymmetry
Mf-Ag 20 (1.17) 327 | 0.08 (.45) Symmetry | Symmetry
Mf-Sn -7.18 (49) |<.001 | -5.79 (.38) | Asymmetry | Asymmetry
E M(t-Cs -4.53 (46) | <.001 | -4.90 (48) | Asymmetry | Asymmetry
Ag-Sn -15.28 (.52) | <.001 | -8.86 (.28) | Asymmetry | Asymmetry
Ag-Cs -8.94 (48) |<.001| -7.53(.39) | Asymmetry | Asymmetry
Sn-Cs 3.40(1.04) |<.001[ 0.94(.29) Symmetry | Asymmetry
Mf-Ag -8.40(1.13) | <.001 | -3.22(41) Symmetry | Asymmetry
Mf-Sn -5.48 (.55) |[<.001| -4.39(43) | Asymmetry | Asymmetry
F Mit-Cs -3.10 (.43) | <.001 | -3.34 (.45) | Asymmetry | Asymmetry
Ag-Sn -7.67 (51) |[<.001| -4.46(.29) | Asymmetry | Asymmetry
Ag-Cs -3.69 (.56) | <.001| -3.10(46) | Asymmetry | Asymmetry
Sn-Cs 434 (1.12) | <.001] 1.19(31) Symmetry | Asymmetry
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The total range of percent difference across all of the models and all of the
lengths studied went from -0.03% in oblique length Mf-Sn of model A to -22.44% for
vertical length Sn-Cs on model B (Table 4-6). A negative percentage score indicated
that the left hand side measurement was of greater length than the equivalent right side
measurement while the opposite was true for positive percentages. Considering the
horizontal measurement Mf-Ag, the overall percent difference ranged from 0.15% in
model A to -22.00% in model D. The oblique linear measurements Mf-Sn and Mf-CS
were as follows. Length Mf-Sn fell between -0.03% in model A to -7.18% in Model E
and length Mf-Cs went from -0.49% in model D to -4.53% for model E. Measurements
Ag-Sn, Ag-Cs and Sn-Cs were of vertical mandible height and focused on the posterior
mandible. Percent difference for length Ag-Sn ranged from 0.05% in model A to -
15.28% in model E. Vertical measurement Ag-Cs went from 0.62% in model A to -
8.94% in model E. Finally, measurement Sn-CS ranged from 2.08% in model A to -

22.44% in model B.

4.5 Discussion

The purpose of this study was to assess mandibular asymmetry using various
linear measurements of point to point landmark lengths on digital panoramic images.
As a method to assess for model accuracy and validate the measurement technique,
comparison of panoramic lengths to true values were established. Measurement of six
linear distances (horizontal, oblique and vertical) between left and right sides of digital
panoramic radiographs were compared to one another, expressed as a percentage and

statistically analyzed.
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4.5.1 Panoramic Length to True Length Measurements

Model accuracy and image magnification factors were established accepting the
NewTom® 3G (CBCT) and Amira™ software as the gold standard of measurement for
this project. The CBCT and Amira™ software were previously reported to measure
distances in millimeters with an accuracy of 0.6mm with a measurement error between
0.2 and 0.3mm.!” This value was suitable for measurements made on stereolithic (STL)
models and compared very well with values reported by Choi et al who noted error 0.62
+/- 0.35 mm for comparing linear distances between human and STL replicated skulls.'®
Synthetic mandible A revealed symmetry with an average left to right difference of
0.13mm (+0.40mm) as measured by Amira™. The difference converts to an accuracy
of 99.29 -99.77% in symmetry between left and right sides. This range of accuracy in
replication also compared well with the 97.7-99.12% dimensional accuracy of STL
models reported by Barker et al when they analyzed certain linear measurements.'”
Both left and right measurements were conducted for mandible A (symmetric mandible)
whereas left only (asymmetric side) measurements were made on remaining mandibles
B through F. From the accuracy determined on measurements of model A, it was
determined that all remaining true measurements possessed accuracy in excess of 99%.

For comparison of the true to panoramic measurements, the differences were
expressed as both magnification and millimeter differences (tables 4-4 and 4-5) and
were further compared for mean disagreement (Table 4-6). The CBCT (true)
measurements were consistently smaller than the panoramic measurements as noted by
negative millimeter values. The difference between the panoramic image and true

measurements was considered a magnification factor which was recorded as a unit free
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absolute value. The measurement differences revealed object distortion with larger
magnification in some lengths than others with a pooled magnification of 1.12 + .04
(combined for all models). From this range in magnification, it is evident that there was
distortion that brings into question the clinical significance of image for judging
asymmetry. Despite the various ranges of measurements and subsequent

20-22 and were lower than the

magnifications, the results compared well with other studies
reported 1.27 magnification noted in the manufacturer’s specifications

(www.kodak.com). In 1998, Catic et al demonstrated a consistent amount of

magnification for vertical, horizontal and oblique measurements providing that the
measurements were all conducted on one side of the mandible and that it was possible to
precisely measure any vertical, horizontal and oblique distances on that side.?! Scarfe
et al also reported a range of magnification where vertical spanned from 1.27 to 1.37
and horizontal was from 1.01 to 1.63.° In a study looking into implant dentistry, Frei et
al calculated a vertical magnification factor of 1.27 = .01. No mention of horizontal
magnification was made.*® This reduction in magnification factor from manufacturer’s
recommendation and overall decrease from other reports may have been a result of
proper and consistent head positioning within the unit. It was evident from the low
standard deviations among repeated measured (Table 4-2) that there were no large
variations due to head positioning errors on the panoramic radiographs.

From a clinical perspective using an average magnification value may give the
observer an overall feel for different landmark to landmark lengths but a true
determination or actual measurement should not be relied on due to the variations in

magnification and distortion noted from each length to length assessment on the models.
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Over or underestimation of true length would be the direct result of measuring lengths
from panoramic radiographs and applying a magnification factor, but the amount is
variable based on the amount of magnification for the region being measured. As an
example, when looking at unilateral measurements of symmetric model A from Table 4-
4, condyle length Sn-Cs has considerably less magnification (1.12-right and 1.10-left)
than does the posterior vertical length Ag-Cs (1.18-right and 1.19-left). This difference
in magnification would indicate that there is something different in the condyle region
that exasperates the level of distortion. The greatest amount of magnification occurred
in the posterior vertical height, in particular ramus height on length Ag-Sn at 1.15 + 0.02
indicating a high level of distortion. The least amount of magnification and therefore
lower distortion amounts for this unit were in the condylar height measurement Sn-Cs
with 1.07 £ 0.03 magnifications. Fluctuation of magnification within various regions of
the panoramic unit makes determining true linear measurements very difficult and is
therefore not advisable.

Habets et al previously reported that differences between left and right side
measurements of less than 6% were due to inherent machine error.’ Kambylafkas et al
also used the 6% cutoff as the threshold of clinical significance in their experiment
despite finding a maximum disagreement for total ramus height to be 5.38%.% Based on
previous studies and the average mean disagreement between the true left-right and the
panoramic left-right being 3.59% with the highest being 6.04% (Table 4-6), the 6%
cutoff was used for all oblique, horizontal and vertical linear measurements for
determining measurable mandibular asymmetry. It is worth noting that variation in

formulas used between Habets et al [(R-L)/(R+L)], Kambylafkas et al [(R-L)/(R+L)/2]
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and in this project [(R-L)/R] reveal slight variations in reported “errors” of 6%, 5.38%

and 6.04% respectively.

4.5.2 Panoramic Image Left to Right Comparison

Panoramic left to right side differences were compared on all models in an
attempt to determine which lengths were best suited to describe the known asymmetries.
It was calculated that the overall left to right percent difference among expected
symmetric lengths (Table 4-7) was 3.07% with some variability among the models.

This value compares well with the average mean disagreement of 3.59%. The
difference is likely accounted for by a combination of fabrication error, positioning
error, inherent machine error and measurement error. From this it can be stated that
there was an overall range of error in data acquisition of 3.07-3.59%. This number is
higher but still comparable to the 2.1% inherent machine error reported by Kambylafkas
et al® and much less than the 6% reported by Habets et al.? The higher value for this
project compared to Kambylafkas et al was due to combining all sources of error as well
as pooling all length measurements. When looking specifically at mean disagreement of
ramus height for this project, the 1.89% (Table 4-6) difference compares nicely to the
2.23% total height asymmetry Kambylafkas et al reported for mean disagreement from
their gold standard (laminograph).8

When looking at the models individually, using the 6% cutoff to determine
measurement asymmetry, the following observations were made from the values
reported in Table 4-7. Only linear measurements directly crossing areas of asymmetries
were expected to reveal asymmetry between left and right. Negative percentages

indicate that the left side of the model was larger than the right side for each observed
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length. Model A was designed to be a symmetric model with no inherent asymmetry
fabricated into the mandible. Despite the fact that there was a statistically significant
difference for left to right lengths Mf-Cs and Sn-Cs, comparison of linear measurements
from the digital panoramic radiographs all fell well below the 6% cutoff range
indicating symmetry for this model.

Model B was designed and fabricated with a 9mm vertical condylar asymmetry.
It was expected that oblique measurement Mf-Cs and vertical measurements Ag-CS and
Sn-Cs would reveal measurement asymmetries. Although they revealed a statistical
asymmetry, they failed to demonstrate an asymmetry in excess of the 6% cutoff.
Vertical measurement Sn-Cs, the shortest point to point across the asymmetric area,
expressed an asymmetry of -22.44% representing a measurement asymmetry in the
condylar region. All other lengths (Mf-Ag, Mf-Sn and Ag-Sn), as expected, revealed
symmetry as they did not span the region of asymmetry.

For Model C, a complex condylar asymmetry with 9mm vertical and 6mm
lateral (horizontal) movement of the condylar head was designed and fabricated into the
model. Again, oblique length Mf-Cs and vertical lengths Ag-Cs and Sn-CS were
expected to provide asymmetries in excess of the 6% cutoff. In this case, Mf-Cs and
Ag-Cs again reported statistically significant asymmetry but both fell under the 6%
cutoff. As in the last case, all other lengths (Mf-Ag, Mf-Sn and Ag-Sn), revealed
symmetry as they did not span the region of asymmetry. Again vertical length Sn-Cs,
the shortest point to point across the asymmetric area, indicated a measured asymmetry
at -12.57%. It should be noted that the amount of asymmetry decreased as the condylar

head was repositioned in a more lateral direction with the 6mm lateral offset.
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Model D was developed and produced with a 9mm anteroposterior body
asymmetry in a horizontal direction. Horizontal measurement Mf-Ag and oblique
lengths Mf-Sn and Mf-Cs spanned the asymmetric area and were expected to display
more than 6% asymmetry. Horizontal measurement Mf-Ag, the length measuring the
shortest point to point distance across the body asymmetry and in the direction of the
asymmetry, indicated a -22.00% asymmetry while the remaining two measures failed to
provide measurement confirmation. Interestingly, vertical length Sn-Cs indicated an
asymmetry of 7.85% indicating a longer right side measurement despite the assumption
that it would remain symmetric as it did not cross the region of asymmetry. This
anomaly may be a result of displacing the opposing condyle near to or out of the
panoramic machine’s focal trough.

Model E was designed and fabricated with a 9mm ramus asymmetry in a straight
vertical direction. Oblique (Mf-Sn and Mf-Cs) and Vertical (Ag-Sn and Ag-Cs)
measurements were of interest for providing asymmetries greater than 6%. Oblique
length Mf-Sn reported asymmetry at -7.18% while Mf-Cs did not despite revealing a
statistical asymmetry. Both vertical lengths indicated asymmetry with Ag-Sn being the
shortest point to point distance across the asymmetry, at -15.28% followed by Ag-Cs at
-8.94%.

Finally, model F was designed as a complex ramal asymmetry with 9mm vertical
and 6mm lateral (horizontal) asymmetry. The same oblique (Mf-Sn and Mf-Cs) as well
as the same vertical (Ag-Sn and Ag-Cs) were lengths of expected asymmetry. All
measurements with one exception failed to produce measurement asymmetries over 6%

despite their statistically significant differences. The only measurement to indicate
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asymmetry was Ag-Sn, also measuring from the points closest to and directly across the
region of asymmetry, displayed an asymmetry of -7.67%. Horizontal length Mf-Ag
indicated asymmetry of -8.40% indicating a longer left side measurement despite the
assumption that it would remain symmetric as it did not cross the region of asymmetry.
This anomaly may also be a result of displacing one of the landmarks near to or out of
the panoramic machine’s focal trough. As was the case for model C, as the condyle
becomes repositioned more laterally, the amount of clinical asymmetry also decreases.
When looking only at the shortest point to point measurement by model, and
factoring the average magnification factor for that measurement, there was a general
pattern toward under-sizing the clinical length of the measurement with a few
exceptions. Length Sn-Cs for model B revealed 22.44% possessing a 6.34mm length
difference between left and right sides with the left being longer. Considering the
magnification factor for this model and length of 1.04 from table 4-8, the corrected
value for this length was calculated to be -6.59mm. This value is roughly 27% shorter
than the true 9mm constructed into the model. Employing the same rationale and
calculations, length Sn-Cs for model C was 60% shorter than the true value. In this
model the condyle underwent a vertical as well as lateral shift. Model F, also containing
a lateral shift of the condyle due to a 9mm vertical and 6mm lateral asymmetry in the
ramal region indicated that length Ag-Sn was roughly 50% of the true asymmetry value.
The exceptions were for Model E, possessing a 9mm vertical ramus difference,
displaying a 2% over-sizing for length Ag-Sn and the single horizontal measurement
length Mf-Ag on model D revealing an over-sizing of length Mf-Ag of roughly 7%

greater than the true value for the length. The differences in amounts of magnification

107

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and varying measurements as the condyles were moved laterally as in models C and F

indicate that distortion plays a major role in complex asymmetries.

4.6 Conclusion

From a magnification and distortion perspective, linear measurements can be
made, with caution, by applying a 1.12X magnification factor at least for this panoramic
unit. The actual length will be roughly 83% of the measured length in nearly all regions
of the panoramic image with less magnification in the condyle region.

Horizontal measurements can be used to describe asymmetries for
anteroposterior mandibular body asymmetries but were found to over-describe the
asymmetry by roughly 7%. Caution must be used with this measurement as asymmetry
was noted in this region when none was expected when a complex ramus asymmetry
was present.

Vertical measurements can be used to describe vertical asymmetries. Straight
vertical and complex condylar asymmetries were best described using sigmoid notch to
superior condyle landmarks but underestimated the asymmetry by 27% for straight and
60% for complex asymmetries. Vertical ramus asymmetries were best described when
measured from antigonial notch to sigmoid notch with an underestimation of 50% for
complex ramus and overestimation of 2% for straight vertical asymmetry. Distortion
causing further underestimation of asymmetry occurred in complex asymmetry cases,
which were those that translated the condyle laterally.

The most accurate measurement for assessing mandibular asymmetry was

measuring a straight vertical ramus asymmetry from antigonial notch to sigmoid notch.

108

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Much caution is advised using all other measurements and measuring all other forms of

asymmetry due to the highly variable degree of distortion and magnifications.
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Chapter S - The Accuracy of Digital Panoramic Unit for
Mandibular Angular Measurements (Paper 4)
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5.1 Abstract

Background: The use of angular measurements from panoramic images to
evaluate asymmetry has been discussed very infrequently throughout the orthodontic
literature. The aim of this study was to examine various angular measurements taken
from digital panoramic images and describe their ability for describing known
asymmetries. Methods: A total of 210 Digital panoramic radiographs (Kodak 8000,
Kodak USA) were acquired on six experimental models (dry skull base with an
asymmetric synthetic mandible). Each experimental model was designed using a
previously fabricated synthetic mandible of known asymmetry ranging from 0 to 9mm
in the condylar, ramal and body regions of the mandible. Angular measurements (Image
J, USA) were gathered across the ramal, condylar and body asymmetries which were
subsequently compared to the actual known mandibular asymmetries measured
(Newtom-3G, Italy and Amira™ software, Germany) from the synthetic mandibles.
Results: Some mandibular asymmetries were revealed when measuring angles on
digital panoramic images. Conclusions: With caution, Vertical posterior asymmetries
can be determined by bilaterally comparing angles between the sigmoid notch, the
superior point of the condyle and the antigonial notch with the vertex being superior
condyle. Anteroposterior body asymmetries may be analyzed looking at bilateral angles
between mental foramen sigmoid notch (or superior condyle) and antigonial notch with

the vertex being either superior condyle or sigmoid notch.
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5.2 Introduction

Since the inception of dental radiography clinicians have been studying, testing
and challenging the qualities and techniques of the various instruments employed for
imaging along with testing the interpretive value of the images in an attempt to
maximize their diagnostic value. The usefulness of panoramic radiography for
measurements of asymmetry among bilateral structures has been of primary interest to
many authors.'® Most of the research conducted by these investigators has
contemplated linear measurements. There has been considerably less research involving
angular measurements of panoramic images for the same purpose. Some of the work
dealing with angular measurements has focused on tooth position as is the case with
impacted cuspids’ and third molars.® Early studies indicated that angular measurements
from panoramic images could be obtained with some mathematical correction.” More
recent research deals with dental alignment by assessing tooth position and tooth
angulation.'>? For the most part, these comparisons were made to adjacent structures
and reference lines versus bilateral comparisons. Akcam et al looked at possible links
between cephalometric and panoramic angles.13

Despite the abundant use of panoramic radiology in clinical orthodontic practice
few studies involved the use of angular measurement in an attempt to describe
asymmetry. One author reported that panoramic film angles were almost identical to
those measured on the dry mandible when assessing the gonial angle."*  Another author
noted that there was no difference in accuracy of angular measurements of teeth when
observed on panoramic images when comparing to lateral oblique projections.’> Kubota

et al further support the use of panoramic images for determining asymmetries.16
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Akcam et al. investigated the possibility of using panoramic radiography as a prediction
tool for cephalometric measurements by looking at various linear and angular
measurements on panoramic radiographs.13 A unique study described the use of
panoramic images for comparison of left and right side changes using two angular
measurements following distraction osteogenesis."”

In view of the relative lack of available literature, the aim of this study was to
assess accuracy of various angular measurements of landmark to landmark to landmark
locations made on digital panoramic radiographs of known asymmetric synthetic
mandibles. A further aim was to assess the validity of angular measurements from

digital panoramic for quantifying known mandibular asymmetries.

5.3 Materials and Methods

5.3.1 Data Acquisition

Fused deposition Modeling (FDM) by means of rapid prototyping (StratasysTM
FDM 8000, Eden Prairie, MA, USA ) was employed to construct a series of six
synthetic mandibles (mandibles A, B, C, D, E and F) using a procedure described in
chapter 2 of this thesis. Of the six synthetic mandibles, one (mandible A) was designed
to be symmetric between the left and right sides when considering the halves of the
mandible and was split through the chin point extending between the position of lower
central incisors. All remaining mandibles (B through F) were fabricated with an
asymmetry fabricated into the left half of the mandible. Mandible B possessed a
vertical asymmetry of 9mm in the left condylar neck while mandible C was constructed
with a 9mm vertical and 6mm horizontal asymmetry in the condylar neck forming a

complex asymmetry. Mandible D consisted of a 9mm anteroposterior asymmetry in the
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body of the mandible. Mandible E was designed with asymmetry in the ramus of the

model of 9mm vertical. Finally, mandible F possessed a 9mm vertical with 6mm lateral

horizontal asymmetry. To summarize the models used:

A.

©

o 0

=

F.

Symmetric mandible

9mm vertical condylar asymmetry

Complex condylar consisting of a 9mm vertical plus 6mm lateral asymmetry
9mm anteroposterior body asymmetry

9mm vertical ramus asymmetry

Complex ramal with a 9mm vertical plus a 6mm lateral asymmetry.

Figure 5-1 shows an example of a synthetic mandible, in this case, mandible D

consisting of a 9mm anteroposterior body asymmetry.

Figure 5-1: Mandible F with a 9mm horizontal body asymmetry

Each synthetic mandible was prepared for imaging by coating with a custom

radio opaque paint and landmarked using 1.588 mm, stainless steel grade100 balls

(Small Parts Inc, Miami Lakes, FL, USA). Figure 5-2 and Table 5-1 depict the location

and describe the landmark points for the angular measurements.
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Figure 5-2: Landmark locations and description for Synthetic mandibles

Table 5-1: Landmark description for the points used for angular measurements

Landmark Description

Mf Mental Foramen

Ag Depth of Antigonial Notch
Go Anthropometric Gonion
Cs Superior point of Condyle
Sn Depth of Sigmoid Notch
Co Tip of Coronoid Process
Dm Distal of molar at Gingiva

An experimental model formed by coupling each asymmetric synthetic mandible
to a single dry human skull base using a series of custom fabricated inter-occlusal
splints. The condyles were seated into the glenoid fossa and artificial discs (Regisil @
York, PA, USA) of uniform thickness were employed for reproducibility. The skull and
synthetic mandible pairs were mounted onto a camera tripod (Opus®, On, Canada) using

a custom designed mounting assembly. Each of the six experimental models were
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positioned into the digital panoramic unit (Kodak 8000, Kodak, USA) and imaged 35
times per model to a total of 210 images. Each model was imaged 35 times for
statistical reasons to generate an adequate sample size for each range of asymmetry
tested. The models were aligned in the unit by precisely following the manufacturer’s
instructions whereby the Frankfort horizontal plane was parallel to the floor and frontal
alignment was gained through use of the optical light positioning feature of the
panoramic machine. Figure 5-3 shows an experimental model positioned into the

panoramic unit for imaging.

Figure 5-3: Experimental model positioned into the panoramic unit for imaging

The subsequent images were stored as a tagged image file format (TIFF) for

future analysis as seen in Figure 5-4. Angular measurements were obtained from the
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TIFF tiles using a web based (freeware) measurement software (Image J, NIH Image,

Md, USA, http://rsb.info.nih.gov/ij/index.html).

KODAK 8000 Syster

Figure 5-4: Example of tagged image file format (TIFF) obtained for angular
measurements from digital panoramic

The angular measurements were performed on digital radiographs of models
possessing known amounts of asymmetry in an effort to define the asymmetry. The
evaluation process was separated into two sections. The first section was planned to
compare the angular measurements of the digital panoramic images to true angles from
a gold standard. To obtain the gold standard angular measurements, a NewTom® 3G
cone beam volumetric scanner (CBCT) (Aperio Services LLC Sarasota, FL. USA) was
used to obtain 3-D images of the synthetic mandibles and measurements were made
using Amira™ (Advanced 3-D Visualization and Volume Modeling, Berlin Germany)
software to determine true angular measurements in degrees. Left and right side
measurements of model A were gathered to assess model symmetry and image
accuracy. Since the right side remained unchanged throughout the experiment, the

remaining models (B through F) were subject to left side angular measurements only.

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The true angular measurements of left and right sides for model A and left sides for
models B through F were then compared to the equivalent panoramic angular
measurements. Table 5-2 is a summary of the average true angular measurements for
each synthetic mandible in degrees that were obtained from the CBCT and measured

with Amira™.

Table 5-2: True angular measurements in degrees (std. dev.) from CBCT (n=3)

Mf- Ag- | Sn-Mf- | Mf- | Ag-Cs- | Cs-Mf- | Ag-Sn- | Sn-Cs- | Cs-Ag-
Mandible | Ag-Sn | Sn-Mf Ag Ag-Cs Mf Ag Cs Ag Sn
111.0 27.9 41.0 118.2 18.9 42.7 155.9 15.8 8.5
A (.01) (.00) (.01) (.05) (.01) (.04) (.01) (.02) (.04)
114.0 26.7 39.7 122.9 16.3 41.1 156.0 14.1 89
B (.00) (.02) (.00) (.02) (.02) (.00) (.02) (.02) (.03)
111.1 29.1 40.0 119.0 18.9 41.8 158.0 14.2 8.4
C (.01) (.01) (.01) (.03) (.02) (.01 (.04) (.03) (.02)
114.2 30.8 344 121.1 21.5 37.1 154.1 16.8 8.6
D (.02) (.00) (.00) (.01 (.02) (.03) (.00) (.01) (.02)
109.0 25.1 46.3 1159 17.7 47.0 152.8 18.5 8.6
E (.00) (.02) (.02) (2) (.04) (.0D) (.01) (.00) (.01)
110.1 273 42.6 117.0 19.2 43.6 152.2 19.2 8.8
F (.01) (.01) (.00) (.03) (0D (.00) (.01 (.01) (.02)

The second section compared right side and left side angular measurements for
each of the panoramic images. The measurements were established from center point to
center point of each of the landmarks and the results were recorded in degrees on an
excel spreadsheet. All measurements were carried out by the principal investigator (SR)
and were randomly collected by selecting each image independent of the rest and
measuring that image once. Measurement error was determined using interclass
coefficient analysis in SPSS (SPSS 14.0, LEAD Technologies, Inc. USA).

Table 5-3 summarizes the average angular measurement (in degrees) obtained
from the 210 total TIFF digital radiographs with standard deviations for each

experimental model of the six synthetic mandibles. Aside from model A, it was

120

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



expected that differences would exist and that asymmetry would appear across the

angles that spanned regions of asymmetry. For example, model B (9mm condylar

asymmetry) would be anticipated to display asymmetry for each angular measurement

that was inclusive of Cs within its set.

Table 5-3: Average angular measurements (°) for synthetic mandible models.

(n=35)
Side Angle | Model A Model B Model C | Model D | Model E | Model F
111.45 109.52 109.12 107.29 107.04
Mf-Ag-Sn (.19) 109.90(.25) (17) (.13) (.13) (.14)
26.75 28.64 32.80 25.05 28.02
Ag-Sn-Mf (.23) 27.17 (17) (.21) (.26) (17) (.18)
41.84 41.89 38.12 47.69 4498
Sn-Mf-Ag (.20) 42.98 (.17) (.13) (.14) (.19) (.21)
118.05 116.29 116.10 114.28 113.83
Left | Mf-Ag-Cs (.21) 117.30 (.22) (.18) (.19) (.15) (.19)
18.64 19.19 23.29 18.00 20.13
Ag-Cs-Mf (.16) 17.41 (.12) (.17) (21) (.13) (.13)
43.36 44.55 40.63 47.73 46.08
Cs-Mf-Ag (.18) 45.30 (.17) (.16) (.14) (.15) (.19)
159.33 161.22 157.91 155.31 156.32
Ag-Sn-CS (.19) 160.37 (.18) (.18) (.16) (.20) (.20)
14.15 12.11 15.05 17.72 16.77
Sn-Cs-Ag (.14) 12.22 (.15) (.15) (.16) (.19) (.16)
Cs-Ag-Sn 6.61(.10) | 7.44(10) | 6.70(.08) | 7.07(.09) | 7.01 (.06) | 6.93 (.09)
111.71 111.39 113.14 112.08 110.31
Mf-Ag-Sn (.18) 112.52 (.19) (.16) (.18) (17) (.16)
26.56 26.31 26.53 26.17 26.70
Ag-Sn-Mf (.20) 26.13 (.19) (.19) (.22) (.12) (.18)
41.75 42.32 40.36 41.78 43.03
Sn-Mf-Ag (.20) 41.40 (.20) (.21 (.22) (.16) 17
118.52 118.09 120.18 119.08 117.33
Right | Mf-Ag-Cs (.23) 119.80 (.19) (.18) (.18) (17 (.22)
18.37 18.30 18.22 18.07 18.53
Ag-Cs-Mf (.17) 17.92 (.12) (.15) (.12) (.09) (.13)
43.15 43.64 41.63 42.88 44.17
Cs-Mf-Ag (.19) 42.31(.19) (.20) (17 (.19) (.23)
158.91 158.87 159.59 158.20 157.85
Ag-Sn-CS (.24) 157.69 (.23) (24) (.26) (22) (.18)
14.30 14.39 14.35 14.83 15.11
Sn-Cs-Ag (.16) 15.08 (.17) (17) (.19) (17) (.15)
Cs-Ag-Sn 6.83(12) | 7.27(09) | 6.77(11) | 7.10(.10) | 7.00(.08) | 7.05(.11)
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5.3.2 Panoramic to True Angular Comparison (CBCT)

Each of the nine angular measurements (Mf-Ag-Sn, Ag-Sn-Mf, Sn-Mf-Ag, Mf-
Ag-Cs, Ag-Cs-Mf, Cs-Mf-Ag, Ag-Sn-Cs, Sn-Cs-Ag and Cs-Ag-Sn) were identified and
measured for true angles to a total of three times on separate occasions one week apart
by a co-researcher (ML) using the CBCT and Amira™ software program. Each set of
three measurements was averaged and the average angle obtained was used as the true
degrees of measure for each angle studied on the synthetic models (Table 5-2). The
same nine left side angular measurements were gathered for the 35 digital panoramic
radiographic images obtained for each model.

Comparison of the panoramic to true angles was conducted as two segments.
The first compared the amount of magnification between the panoramic and true angles

for both the left and right hand sides of model A by means of the following equation.

Equation 5-1: Magnification Left = _(Panl)
(NewTomL)
and
Equation 5-2: Magnification Right =|—-22%)__
(NewTomR)

The left and right angular panoramic to true measurements (magnification factors) of
experimental model A was subsequently exposed to a one sample t-test using SPSS.
The second portion for assessing the gold standard related the left side
measurements of the digital panoramic to the left side true angular measurements for the
remaining models B through F. The right side angle measurements for the remaining

models remained unaltered throughout the experiment, thus were not compared.
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For models B through F, the magnification factor was calculated using the

formula:

Equation 5-3: Magnification Left =

(Panl)
(NewTomlL)

The left side magnification factors for models B through F were subject to statistical
analysis using a one sample t-test in SPSS.

To determine overall angle disagreement between panoramic and true angles the
mean difference between true angles and panoramic angles was established. The
percent difference for true left-right measurements was established using right side of
model A to left side of the remaining models as right side was unchanged throughout the
experiment. The mean differences were expressed as an absolute value of percent

disagreement using the following formula:

Equation 5-4: Mean Disagreement = |[A%Pan, . - A%True, ||
Where MTanA_F is defined as the average sum of percent differences between left and
right sides measurements of the panoramic images for each of the models A through F
and where W is the average sum of the percent differences between left and

right side measurements of the true model angles for model A. The disagreement was
recorded as an absolute value. The mean angular disagreement was further exposed to

statistical analysis using a one sample t-test using SPSS.

5.3.3 Panoramic Image Left to Right Side Comparison

Panoramic digital image left to right side measurements (degrees) were
converted to a percentage using a version of the formula [(R-L)/(R+L)] reported in

previous literature’ and adapted from chapter 4 of this thesis.
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Equation 5-5: Pan Left to Pan Right Percent Difference = (R=1)

(100)

The left-right percent differences were subject to statistical analysis using a one sample
t-test in SPSS.

5.4 Results

Intraclass correlation coefficient analysis revealed very high repeatability =.99 in

measurement of angles from the digital panoramic images following a method of

statistical analysis outlined by Fleiss et al 1#%0

5.4.1 Panoramic Image to True Angular (Newtom® and Amira™)

Comparison

True angular measurement determination was established using a CBCT with
Amira™ software for the six synthetic mandibles. The CBCT and Amira™ software
provided true angles in degrees for measurements conducted on the left and right halves
of each synthetic mandible and was considered the gold standard. Each of the digital
panoramic image measurements of angles were compared to their respective true
angular measurements collected from the CBCT and Amira™ software and recorded as
a magnification factor. The magnification factor and degree difference were subject to a
one sample t-test using SPSS for left and right sides of model A. Table 5-4 reflects the
magnification factor as well as measured degree difference for model A. The degree
and magnification differences between the panoramic images and the true measurements
revealed a statistically significant difference (P<.05) for all left hand and right side

measurements on model A as determined by the one sample t-test except for angle Mf-
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Ag-Cs on the left which revealed that there was not a statistically significant difference

(P>.05) between panoramic and true.

Table 5-4: Magnification and degree difference (std. dev.) for model A (n=35)

Right Left
p_ o p_ [e)
Angle Magnification | value | difference | Magnification | value | difference

Mf-Ag-Sn 0.99 (.0016) <.001 | -.29(.18) 0.99 (.0017) | <.001 [ 45(19)

Ag-Sn-Mf .97 (.0074) <.001 | -.74 (.20) .97 (.0083) <.001 | -.85(.23)

Sn-Mf-Ag 1.04 (.0049) <.001 | 1.55(.20) 1.04 (.0051) | <.001 [ 1.64 (.20)

Mf-Ag-Cs 0.99 (.0019) <.001 | -.49(.17) 1.00 (.0017) 206 05 (.21)

Ag-Cs-Mf .99 (.0091) <.001 | -.14 (.17) .99 (.0083) <.001 | -.16(.16)

Cs-Mf-Ag 1.04 (.0046) <.001 | 1.85(.19) 1.04 (.0043) | <.001 [ 1.65(.18)

Ag-Sn-CS 1.02 (.0015) <.001 | 2.41(24) 1.02 (.0012) | <.001 | 3.33 (.19)

Sn-Cs-Ag .93 (.0104) <.001 | -1.00 (.16) .89 (.0091) <.001 | -1.65 (.14)

Cs-Ag-Sn .82 (.0141) <.001 | -1.53 (.12) 78 (.0116) <.001 | -1.85(.10)

For model A, the magnification ranged from 0.78 for angle Cs-Ag-Sn on the left side to
1.04 for two bilateral angles (Sn-Mf-Ag, Cs-Mf-Ag) and the difference of degrees went
from -1.85° for angle Cs-Ag-Sn on the left to 1.85° Cs-Mf-Ag on the right. The
remaining mandibles, models B through F underwent the same comparison of left side
only for panoramic image to true (CBCT) measurement of degrees. One sample t-test
was performed between the left and right magnification and angular difference for
models B through F. There was a statistically significant difference (P<.05) for all
compared measures except for angle Ag-Sn-Mf on model E which revealed that there
was not a statistically significant difference (P>.05) between panoramic and true for the
angle. The range of magnification for the remaining models went from 0.77 on angle
Cs-Ag-Sn of model C to 1.11 for angle Sn-Mf-Ag on model D. The difference of degrees
went from 0.04° for angle Mf-Ag-Cs on model B to -5.70° for angle Mf-Ag-Cs on model
C. The average magnification factor for all cases pooled (model A left and right and

models B through F left only) revealed 0.98 + 0.08.
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Table 5-5: Panoramic to true magnification and ° differences (std. dev.) (n=35)

Model Angle Magnification p-value ° difference
Mf-Ag-Sn .96 (.0022) <.001 -4.10 (.25)
Ag-Sn-Mf 1.02 (.0065) <.001 A7 (17)
Sn-Mf-Ag 1.08 (.0044) <001 1.64 (.20)
Mf-Ag-Cs .95 (.0018) <.001 04 (21)
B Ag-Cs-Mf 1.07 (.0071) <.001 -.16 (.16)
Cs-Mf-Ag 1.10 (.0040) <.001 1.65 (.18)
Ag-Sn-CS 1.02 (.0012) <.001 3.33(.19)
Sn-Cs-Ag .89 (.0107) <.001 -1.65 (.14)
Cs-Ag-Sn .84 (.0111) <.001 -1.85 (.10)
Mf-Ag-Sn .99 (.0015) <.001 -148 (\17)
Ag-Sn-Mf .98 (.0071) <.001 -46 (21)
Sn-Mf-Ag 1.05 (.0034) <.001 3.28 (.17)
Mif-Ag-Cs 98 (.0015) <.001 -5.70 (22)
C Ag-Cs-Mf 1.02 (.0090) <.001 1.11(.12)
Cs-Mf-Ag 1.07 (.0037) <.001 4.20(.17)
Ag-Sn-CS 1.01 (.0011) <.001 4.37 (.18)
Sn-Cs-Ag .85 (.0103) <.001 -1.48 (.15)
Cs-Ag-Sn .77 (.0091) <.001 -1.46 (.\10)
Mf-Ag-Sn 96 (.0012) <.001 -4.88 (.13)
Ag-Sn-Mf 1.06 (.0084) <.001 2.00 (.26)
Sn-Mf-Ag 1.11 (.0039) <.001 1.89 (.13)
Mf-Ag-Cs .96 (.0016) <.001 -2.71 (.18)
D Ag-Cs-Mf 1.08 (.0096) <.001 29 (.16)
Cs-Mf-Ag 1.10 (.0038) <.001 2.74 (.16)
Ag-Sn-CS 1.03 (.0011) <.001 2,22 (\18)
Sn-Cs-Ag .93 (.0097) <.001 -2.19 (.15)
Cs-Ag-Sn .83 (.0105) <.001 -1.98 (.08)
Mf-Ag-Sn .98 (.0012) <.001 -1.71 (.13)
Ag-Sn-Mf 1.00 (.0084) 126 -.05 (17)
Sn-Mf-Ag 1.03 (.0041) <.001 3.72(.14)
Mf-Ag-Cs .99 (.0013) <.001 -4.90 (.19)
E Ag-Cs-Mf 1.02 (.0072) <.001 1.79 (21)
Cs-Mf-Ag 1.02 (.0031) <.001 3.53(.14)
Ag-Sn-CS 1.03 (.0013) <.001 3.91(.16)
Sn-Cs-Ag 96 (.0103) <.001 “1.15 (.16)
Cs-Ag-Sn .84 (.0075) <.001 -1.48 (.06)
Mf-Ag-Sn .97 (.0013) <.001 -2.97 ((14)
Ag-Sn-Mf 1.03 (.0058) <.001 12 (.16)
Sn-Mf-Ag 1.06 (.0049) <.001 1.39(.19)
Mf-Ag-Cs .97 (.0016) <.001 -1.72 (.15)
F Ag-Cs-Mf 1.05 (.0068) <.001 30 (.13)
Cs-Mf-Ag 1.06 (.0042) <.001 73 (.15)
Ag-Sn-CS 1.03 (.0013) <.001 3.31 (.20)
Sn-Cs-Ag .83 (.0080) <.001 -78 (.19)
Cs-Ag-Sn 79 (.0098) <.001 -1.34 (.06)
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Looking at the degree (°) difference on Tables 5-4 and 5-5, there was a range of
difference between panoramic and true values for all angles measured where a negative
value indicated that panoramic angular measurement were smaller than true angle and a
positive value indicated the panoramic angular measurement was larger than the true
angle. The range of difference in angles (all models) from panoramic to true was from
0.04° for angle Mf-Ag-CS on model B to -5.70° for angle Mf-Ag-Cs on model C. Table
5-5 summarizes the left side to left side comparison of mandibles B through F for
magnification and degree differences of panoramic to true. The average absolute
difference for the pooled angular measurements was 1.85° +0.71 for all cases.

The mean percent (right minus left) from panoramic were compared to the mean
percent difference of the true angles to determine the overall disagreement between
panoramic and true measures. Table 5-6 is a summary of each percent difference

(average) by angle for the six experimental models.

Table 5-6: Mean disagreement in percent (std. dev.) between panoramic and true

angles
Mf- | Ag-Sn- | Sn-Mf- | Mf- | Ag-Cs- | Cs-Mf- | Ag-Sn- | Sn-Cs- | Cs-Ag-
Model Ag-Sn Mf Ag Ag-Cs Mf Ag Cs Ag Sn
0.66 0.38 0.22 0.44 0.13 0.50 0.06 2.19 221
A (.24) (.27) (.22) (17) (.13) (.45) (.18) (91 (.77)
0.57 1.78 2.50 1.25 9.02 6.34 1.37 8.49 4.03
B (.29) (.98) (1.15) (49) (1.2 | (.21 (.55) (1.33) | (1.1D)
0.80 1.90 0.53 1.54 2.63 0.85 0.13 10.71 2.84
C (31) (.68) (.27) (.76) (.98) (.75) (.12) (1.45) (.98)
1.83 8.31 8.73 1.78 8.21 7.74 1.17 1.08 1.84
D (.79) (1.33) | (1.22) (.88) (1.25) | (1.21) (.56) (.78) (.79)
1.69 3.72 1.96 1.59 3.98 3.08 1.03 3.19 0.05
E (.88) (.75) (.87) (.74) (1.11) (1.19) (.32) (1.01) (.12)
1.22 4.83 1.54 1.35 4.51 1.33 1.91 13.94 3.78
F (.62) (1.01) (77) (.67) (1.15) (.69) (.87) (1.55) (.99)
1.13 3.49 2.58 1.33 4.75 3.31 0.95 6.60 2.46
Ave diff (.54) (2.84) | (3.13) (47) (3.37 | (3.06) (.72) (5.21) | (1.46)
p-value <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001
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The mean disagreement for angle Mf-Sn-Ag was 1.13% between the models while
angles Ag-Sn-Mf and Sn-Mf-Ag were 3.49% and 2.58% respectively. Angle Mf-Ag-Cs
had a mean percent disagreement of 1.33% between true and panoramic angles while
angle Ag-Cs-Mf was 4.75% and Cs-Mf-Ag was 3.31%. Finally angles Ag-Sn-Cs, Sn-
Cs-Ag and Cs-Ag-Sn respectively demonstrated 0.95%, 6.60% and 2.46% panoramic to
true mean percent differences. The average mean disagreement among the angles for all

models was 3.10%.

5.4.2 Panoramic Image Left to Right Comparison

Nine angular measurements from each of the left and right sides of 35 TIFF
images gathered from panoramic radiographs obtained on six synthetic mandibles
(Models A through F) were measured and sequentially compared to one another and
recorded as a percent difference between left and right. Table 5-7 is a summary of the
left to right percent differences and degree differences for all models. Table 5-7 also
displays angles to which statistically significant asymmetries were expected as well as
those which revealed asymmetries based on the statistical analysis. One sample t-test
was performed between the left and right percentages to test for significant differences.
The overall percent differences varied depending on the angle and asymmetric model
studied. For model A, there was no statistically significant difference (P>.05) between
left and right degree measurement for angle Sn-Mf-Ag. In addition, models D and E
indicated no statistically significant difference (P>.05) for angle Cs-Ag-Sn. All
remaining angular measurements on the rest of the models revealed statistically

significant differences (P<.05). The overall range of percent difference between left and
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right angles measured from the digital panoramic images ranged from -0.17% for angle

Cs-Ag-Sn of model E to -24.42% for angle Ag-Cs-Mf of model D.

Looking at the various asymmetries for each model individually, certain

asymmetries were evident using 6% cutoff as being the threshold of observed

measurement si gnificance.l’6 As noted from the observed values in Table 5-7, only the

angular measurements crossing areas of asymmetry were expected to reveal a statistical

or measurement difference (asymmetry) between left and right sides. To understand

signage, angles displaying a negative left-right percent difference were more obtuse on

left compared to right while the positive left-right differences became more acute.

Table 5-7: Left to right percent and degree (std. dev) differences (n=35)

% N o
Model Angle difference vzﬁue difference | Expected Revealed
Mf-Ag-Sn 23(.26) | <001 | -.26(.29) | Symmetric | Asymmetric
Ag-Sn-Mf | -72(1.05) | <001 | .19(.28) | Symmetric | Asymmetric
Sn-Mf-Ag | -22(61) | .039 | .09 (.25) | Symmetric | Symmetric
Mf-Ag-Cs 40 (32) | <001 | -47(39) | Symmetric | Asymmetric
A Ag-Cs-Mf | -1.49 (1.19) | <001 | .28 (.22) | Symmetric | Asymmetric
Cs-Mf-Ag -47(.69) | <001 | .20(.30) | Symmetric | Asymmetric
Ag-Sn-CS | -26(.17) [<.001 | .41(.27) | Symmetric | Asymmetric
Sn-Cs-Ag | 1.07 (1.36) [ <.001 | -.15(.19) | Symmetric | Asymmetric
Cs-Ag-Sn | 3.29(2.47) [ <001 | -22(.17) | Symmetric | Asymmetric
Mf-Ag-Sn | 2.36(.31) | <.001 | -2.62(.35) | Symmetric | Asymmetric
Ag-Sn-Mf | -3.97(.83) [ <.001 | 1.06(.22) | Symmetric | Asymmetric
Sn-Mf-Ag | -3.74(79) | <.001 | 1.58 (.33) | Symmetric | Asymmetric
Mft-Ag-Cs 2.11 (.30) | <.001 | -2.50 (.36) | Asymmetric | Asymmetric
B Ag-Cs-Mf | 2.87(96) | <.001 | -.51(.17) | Asymmetric | Asymmetric
Cs-Mf-Ag | -6.83 (.72) [ <.001 | 2.99 (.31) | Asymmetric | Asymmetric
Ag-Sn-CS | -1.69 (.19) | <.001 | 2.69 (.31) | Asymmetric | Asymmetric
Sn-Cs-Ag | 20.94(1.49) | <.001 | -2.86 (.21) | Asymmetric | Asymmetric
Cs-Ag-Sn | -2.43(2.11) | <001 | .18 (.16) | Asymmetric | Asymmetric
Continued on next page....
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Table 5-7: Continued

[¢]

% p-

Model Angle difference | value | difference | Expected Revealed
Mf-Ag-Sn 1.69 (.20) | <.001 | -1.87 (.22) | Symmetric | Asymmetric
Ag-Sn-Mf | -8.49 (.70) | <001 | 2.33(.19) | Symmetric | Asymmetric
Sn-Mf-Ag 1.03 (.56) | <.001 | -.43(.24) | Symmetric | Asymmetric
Mf-Ag-Cs | 1.54(.26) | <.001 | -1.80(.31) | Asymmetric | Asymmetric

C Ag-Cs-Mf | -4.79 (1.06) | <.001 | .90 (.20) | Asymmetric | Asymmetric
Cs-Mf-Ag | -2.06 (.60) | <.001 | .91 (.26) | Asymmetric | Asymmetric
Ag-Sn-CS | -1.47(.20) | <.001 | 2.35(.32) | Asymmetric | Asymmetric
Sn-Cs-Ag | 17.24(1.88) | <.001 | -2.28 (.25) | Asymmetric | Asymmetric
Cs-Ag-Sn 99 (2.10) | .009 | -.07(.14) | Asymmetric | Asymmetric
Mf-Ag-Sn | 3.62(.19) | <.001 | -4.02 (21) | Asymmetric | Asymmetric
Ag-Sn-Mf [ -21.13 (.92) | <.001 | 6.27 (.28) | Asymmetric | Asymmetric
Sn-Mf-Ag 5.7(.61) |<.001]-2.24 (.24) | Asymmetric | Asymmetric
Mf-Ag-Cs 3.46 (.23) | <.001 | -4.09 (.27) | Asymmetric | Asymmetric

D Ag-Cs-Mf | -24.42 (76) | <.001 | 5.07 (.17) | Asymmetric | Asymmetric
Cs-Mf-Ag | 2.43(.56) |<.001 | -1.00(.23) | Asymmetric | Asymmetric
Ag-Sn-CS 43 (.18) | <.001 | -.68(.28) | Symmetric | Asymmetric
Sn-Cs-Ag | -4.80 (1.55) | <001 | .70 (.23) Symmetric | Asymmetric
Cs-Ag-Sn | 43(1.94) | .195 | -.03(.14) | Symmetric | Symmetric
Mf-Ag-Sn | 4.37(.20) | <.001 | -4.79 (.23) | Asymmetric | Asymmetric
Ag-Sn-Mf | 4.34 (91) |<.001|-1.11(.23) | Asymmetric | Asymmetric
Sn-Mf-Ag | -13.21 (.62) | <.001 | 5.91 (.28) | Asymmetric | Asymmetric
Mf-Ag-Cs | 4.11(.22) | <.001 | -4.80 (.25) | Asymmetric | Asymmetric

E Ag-Cs-Mf 36 (.77) | <001 | -.07(.14) | Asymmetric | Asymmetric
Cs-Mf-Ag | -10.72 (.57) | <.001 | 4.86 (.25) | Asymmetric | Asymmetric
Ag-Sn-CS 1.85 (.20) | <.001 | -2.90 (.31) | Asymmetric | Asymmetric
Sn-Cs-Ag | -17.72(1.8) | <.001 | 2.88 (.30) | Asymmetric | Asymmetric
Cs-Ag-Sn | -.17(1.52) | .506 | .01 (.11) | Asymmetric | Symmetric
Mf-Ag-Sn | 3.01(.23) |<.001 | -3.27 (.25) | Asymmetric | Asymmetric
Ag-Sn-Mf | -4.83(.96) | <.001 | 1.32 (.26 | Asymmetric | Asymmetric
Sn-Mf-Ag | -4.43 (.77) | <001 | 1.95(.34) | Asymmetric | Asymmetric
Mf-Ag-Cs | 3.03(.30) |<.001 | -3.50(.35) | Asymmetric | Asymmetric

F Ag-Cs-Mf | -8.29(.93) | <.001 | 1.60 (.28) | Asymmetric | Asymmetric
Cs-Mf-Ag | -4.23(78) | <.001 | 1.91 (.35) | Asymmetric | Asymmetric
Ag-Sn-CS 97 (17) | <001 { -1.52(.26) | Asymmetric | Asymmetric
Sn-Cs-Ag | -10.38(1.3) | <.001 | 1.66 (.21) | Asymmetric | Asymmetric
Cs-Ag-Sn | 1.72 (2.02) | <.001 | -.12 (.14) | Asymmetric | Asymmetric

Model A was designed as a symmetric model with no inherent asymmetry

fabricated into the mandible. Despite the fact that there was a statistically significant
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difference for left to right angles for all that were measured on model A, with the
exception of Sn-Mf-Ag indicating no statistical difference (P>.05), comparison of
angular measurements from the digital panoramic radiographs all fell well below the 6%
cutoff revealing symmetry for this model.

Model B was constructed with a 9mm vertical condylar asymmetry. It was
expected that any angle measured using point Cs (superior point of condyle) would
reveal a difference between left and right sides due to the asymmetry. Although this
was statistically the case, angular measurement confirmation was not evident. Of the
nine angles, six were expected to reveal asymmetry of which only two did so. Angle
Cs-Mf-Ag became more obtuse displaying a -6.83% difference as point Cs was
displaced more vertically on the left side, indicating a left-right difference of 2.99°. For
angle Sn-Cs-Ag the change was 20.94% with a -2.86° difference. Figure 5-5 represents
an image of model B with angle Sn-Cs-Ag traced on left and right sides for visual
comparison of the angle change as point Cs was elevated due to the 9mm condylar
asymmetry. It can be noted from the figure that a very large change in position resulted

in only a minor change in the angle measured.

Figure 5-5: Model B with angle Sn-Cs-Ag traced left and right
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Model C was designed with a complex asymmetry whereby point Cs was fabricated
9mm vertical and 6mm lateral horizontal in the left condyle. All measured angles, when
comparing left to right, indicated a statistically significant difference (P<.05). The same
six angles as in model B were expected to indicate a measurement asymmetry in
addition to the statistical difference. From an angular measurement perspective one
angle, Sn-Cs-Ag became more acute by 17.24% from right to left sides due to the
asymmetry, a -2.88° angle change. Interestingly, angle Ag-Sn-Mf also changed by
becoming more obtuse and indicating an excess of the 6% cuttoff and a subsequent
asymmetry, however, the angle did not involve the area of asymmetry and was not
expected to reveal a measured nor statistical asymmetry. Figure 5-6 represents an
image of model C with angle Sn-Cs-Ag traced on left and right sides for visual
comparison of the angle change as point Cs was altered due to the 9mm vertical and

6mm horizontal condylar asymmetry.

Figure 5-6: Model C with angle Sn-Cs-Ag traced left and right

Model D underwent fabrication consisting of a 9mm anteroposterior horizontal

asymmetry in the body of the mandible. The same nine angular measurements were
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collected on both left and right sides. All measured angles, when comparing left to
right, indicated a statistically significant difference (P<.05) with the exception of Cs-
Ag-Sn which revealed no statistically significant difference (P>.05) between left and
right sides. From Table 5-7, this angle was one of three that were expected to be
symmetric, the other two being Ag-Sn-Cs and Sn-Cs-Ag which were measured as
symmetric. Of the remaining six angles, two revealed an asymmetry by exceeding the
6% cutoff. Ag-Sn-Mf became more obtuse on the left with a -21.13% difference from
the right side revealing a 6.27° change due to the asymmetry. Angle Ag-Cs-Mf also
became more obtuse with a difference of -24.42% suggesting a 5.07° change. Figure 5-
7 represents an image of model D with angles Ag-Sn-Mf and Ag-Cs-Mf overlain on
both left and right sides for visual comparison of the angle change as distance Mf-Ag

was increased due to the 9mm anteroposterior body asymmetry.

Figure 5-7: Model D with angles Ag-Sn-Mf and Ag-Cs-Mf traced left and right

Model E was constructed with a 9mm vertical ramus asymmetry. It was
expected that any angle measured using points Sn and/or Cs (sigmoid notch and/or

superior point of condyle) would reveal a difference between left and right sides due to
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‘the asymmetry. All measured angles, when comparing left to right, indicated a
statistically significant difference (P<.05) with the exception of Cs-Ag-Sn which
revealed no statistically significant difference (P>.05) between left and right sides.
From Table 5-7, this angle, along with the remaining eight were expected to not be
symmetric both by measurement of the angles and statistically speaking. Of the
remaining angles, using the 6% cutoff, three angles specified an asymmetry. Angle Sn-
Mf-Ag became more obtuse on the left with a -13.21% difference from the right side
revealing a 5.91° change due to the asymmetry. Angle Cs-Mf-Ag also became more
obtuse with a -10.71% difference displaying a 4.86° change. Finally, angle Sn-Cs-Ag
was also more obtuse on the left with a -17.72% difference from the right side
generating a 2.88° change as a result of the asymmetry. Figure 5-8 shows an image of
model E with angle Sn-Cs-Ag drawn on both left and right sides as an example of one

three angle changes resulting from the 9mm vertical ramus asymmetry.

Figure 5-8: Model E with angle Cs-Mf-Ag traced on left and right sides

Finally, model F was designed with a complex asymmetry whereby points Cs

and Sn were repositioned as a result of a 9mm vertical and 6mm lateral horizontal
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change to the left ramus. All nine angular measurements were collected on both left and
right sides. As in model E, it was expected that any angle measured using points Sn
and/or Cs would reveal a statistical and observed measurement difference between left
and right sides due to the asymmetry. All measured angles, when comparing left to
right, indicated a statistically significant difference (P<.05). From a clinical perspective,
only two of the nine angles indicated asymmetry using the 6% cutoff. Angle Ag-Cs-Mf
was more obtuse on the left with a -8.29% difference from the right side presenting a
1.60° change. The second angle, angle Sn-Cs-Ag also became obtuse on the left with a
-10.38% difference revealing a 1.66° change due to the asymmetry. Figure 5-9 depicts
an image of model F with angle Sn-Cs-Ag overlain on both left and right sides as an
example of one of the two angle changes resulting from the 9mm vertical and 6mm

lateral complex ramus asymmetry.

Figure 5-9: Model F with angle Sn-Cs-Ag traced on left and right sides

5.5 Discussion

The purpose of this study was to use angular measurements of landmarks on
panoramic images to evaluate known amounts of mandibular asymmetry from a series

of synthetically produced asymmetric mandibles.
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5.5.1 Panoramic to True Length Measurements

Model accuracy and image magnification factors were established accepting the
NewTom® 3G (CBCT) and Amira'™ software as the gold standard of measurement for
this project. The CBCT and Amira"™ software were previously reported to measure
degrees with an accuracy of 0.5° with measurement error of between 0.2° and 0.3°.2!
Both left and right measurements were conducted for mandible A (symmetric mandible)
whereas left only (asymmetric side) measurements were made on remaining mandibles
B through F. Synthetic mandible A revealed angle symmetry with an average left to
right difference of 1.80° as measured from Amira™. The difference converts to an
accuracy of 98.55 - 99.54% in symmetry between left and right sides. This range of
accuracy compared well with the 97.7- 99.12% dimensional accuracy of STL models
reported by Barker et al.”* From this information, it was decided that all remaining true
measurements possessed an accuracy of over 98%. The differences between digital
panoramic measurements of angles obtained from the radiographs and the true angular
measurements established from the CBCT and Amira™ software program (Tables 5-4
and 5-5) indicate nearly a 1:1 relationship. Considering the magnification factor, the
measurement differences revealed object distortion with larger magnification in some
lengths than others. The magnification factor was a division of one measurement into
another and recorded as a unit free absolute value. The pooled magnification for model
A left and right and models B through F left side, at 0.98 + 0.08 was considerably less

than the manufacturer’s reported magnification of 1.27 (www.kodak.com). The

magnification factor corresponds reasonably well with values reported by other authors.

Catic et al found a magnification to be 1.05 when looking at bilateral gonial angle

136

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


http://www.kodak.com

measurements. The authors also found that the measured magnification was

considerably less than the manufacturer’s reported magnification.”

From a clinical and measurement perspective using an average magnification
value may give the clinician an overall feel for different landmark to landmark to
landmark angle differences but a true determination of actual degrees should be made
with some caution due to the variations in magnification noted from angle to angle
within a given model. Theoretically, rough calculations of angles between structures
within an image could be obtained directly from a radiographic image and further
considered as an actual angular measurement from the nearly 1.00X magnification
factor. In other words the angle measured is equivalent to or very near the angle of the
actual structure being measured. Although this information is subject to some
variability within the image, it appears to be much better than using the manufacturer’s
recorded magnification of 1.27X. This reduction in magnification factor from the
manufacturer may have been a result of proper and consistent head positioning in the
unit. It was realized that there were no large variations due to the head positioning
errors on the panoramic radiographs from consistently low standard deviation among the

repeated measures.

Habets et al previously reported that differences between left and right side
linear measurements of less than 6% were due to inherent machine error.’ Kambylafkas
et al also used the 6% cutoff in their experiment despite the finding a maximum
disagreement for total ramus height to be 5.38%.° Although no linear measurements
were obtained in this part of the experiment, based on previous studies in addition to the

average mean disagreement between the true left-right and the panoramic left-right
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being 3.10% with the highest mean disagreement being 6.60% for angle Sn-Cs-Ag
(Table 4-6), the 6% cutoff was used for all angular measurements for determining
measurement of mandibular asymmetry. There were no Sn-Cs-Ag angles that fell
within the 6%-6.6% region therefore the 6% cutoff remained the value above which

asymmetry was considered.

5.5.2 Panoramic Image Left to Right Comparison

Panoramic bilateral left-right angular differences (percent) were compared on all
models in an attempt to determine which angles could describe asymmetries. The
combined percent difference between left and right side panoramic angular
measurements from those that were expected to be symmetric averaged 1.93% (table
5-7). This average variation in expected symmetries was less, than the average mean
disagreement of 3.10% (Table 5-6) for all models. The difference was accounted for by
a combination of fabrication error, positioning error, inherent machine error and
measurement error. From this it can be stated that there was an overall range of error in
data acquisition of 1.93%-3.10%. This number is higher but still comparable to the
2.1% inherent machine error reported by Kambylafkas et al® and much less than the 6%
reported by Habets et al for their linear values.! The values reported by the aforesaid
authors were established for posterior vertical height measurements of linear
measurements thus can only be used loosely as a guideline when applied to angles. No
other research was available for consideration of angular measurements from panoramic
images regarding mandibular asymmetry.

Model A was designed to be symmetric and remaining models (B through F)

were designed with various ranges of asymmetries. It was expected that at least one
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left-right angle comparison would reveal a measurement asymmetry by exceeding the
6% cutoff for each asymmetric model. It was further anticipated that every angle with
at least one landmark point in the region of asymmetry would indicate a clinical
asymmetry by revealing a left-right percent difference greater than 6%. Although this
was not the case for every asymmetry, each model possessed at least one angle with a
measured asymmetry. It was evident that the asymmetry for each model was best
described by an angle that had the highest left-right percent difference coupled with the
largest difference in angular measurement (°). For each model, this angle was
consistently one which had the arms of the angle spanning across the region of
asymmetry and the vertex at the point most perpendicular to the landmark point within
the asymmetry (Figures 5-5 to 5-9). From an observation of the measurement values
above the 6% cutoff, the difficulty with determining which angular measurement to use
lies not only with landmark identification but also increases in complexity with a
relative lack of knowledge to precisely where and how the asymmetry is approximated.
It was clear from the reduction in percent difference in models C and F that complex
asymmetries are more difficult to explain. From this information, it can be surmised
that selecting landmark points distant from the asymmetry and choosing a vertex
landmark point perpendicular to the axial direction of the asymmetry for bilateral
comparison within a panoramic image are key factors. More investigation is required to
determine precisely which landmark points should be used.

All of the asymmetric models (B through F) revealed a level of measured
angular asymmetry using at lest one angle. Models B and C with vertical and complex

condylar asymmetries had the asymmetry identified by a change in angle Sn-Cs-Ag.
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Model D, with an anteroposterior body asymmetry was identified with two angles (Mf-
Sn-Ag and Mf-Cs-Ag). Models E and F, with a vertical ramus and complex ramus
asymmetries were best described using angle Sn-Cs-Ag. As a general rule of thumb,
vertical posterior asymmetries (condyle and ramus) were all observed using angle Sn-
Cs-Ag and the anteroposterior asymmetry (body) was clinically detectable using angles

M{-Sn-Ag and Mf-Cs-Ag.

5.6 Conclusion

Intuitively, it would be expected that an asymmetry could be described by a
change in comparative angles however clinically this has proven difficult as landmark
positioning changes of several millimeters translate into only a few degrees of angular
change. With caution, vertical posterior asymmetries can be determined by comparing
bilateral angles between the sigmoid notch and the antigonial notch with a vertex
located at the superior condyle. Anteroposterior body asymmetries can be determined
by measuring bilateral angles between mental foramen and antigonial notch with the
vertex being either superior condyle or sigmoid notch. In addition to the above
arguments, large landmark positional changes seem to be required to change an angle by
more than a few degrees therefore, intuitively, it would seem that small or moderate

asymmetries would be difficult if not impossible to measure.
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Chapter 6 — General Discussion
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6.1 Introduction

Objectives of this thesis chapter are several and include the following: Firstly, to
discuss the clinical applications, advantages and disadvantages of using panoramic
radiography for assessing and measuring mandibular asymmetry. The second objective
1s to discuss techniques used in this thesis research project for measuring mandibular
asymmetry from panoramic radiographs as well as to determine which of the techniques
bear relevance and potential functionality for the clinical orthodontist. Further to
clinical relevance, what is the feasibility and overall utility for the average practitioner
using these techniques? From a clinical and feasibility perspective the following
questions have been posed:

¢ What is the best overall method for measuring asymmetry?

e What measurements within each method are most applicable for

determining asymmetry?

e Which techniques are most easily employed in everyday practice?
Exploration of interesting techniques such as shape and size analysis to measure and
describe asymmetries was conducted. As with any new technique, questions arise as to
the application of their use. Are these techniques helpful with clinical diagnosis and
treatment planning or are they most suitable for determining clinical outcomes?

A third objective is to identify and evaluate the limitations found within the
current study. The fourth and final objective of this thesis is to recommend future
research projects that would continue to enhance the development of newer and more

practical methods or aid in the development of ideas for assessing mandibular and other
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facial asymmetries. A further goal would be to then develop diagnostic tools that would

potentially aid in the detection, diagnosis and treatment of mandibular asymmetries.

6.2 Using Panoramic Radiography to Assess and Measuring
Mandibular Asymmetry

Panoramic radiography is used by virtually every orthodontist as a mainstay of

diagnosis and treatment planning by providing a general scan of all teeth and supporting

structures. Some of the overall advantages to its use have been reported as:

1.

2.

Production of relatively undistorted anatomical images.

Significant reduction in radiation dose to the patient.

Simplicity and rapidity of the procedure.

Reduced superimposition of anatomical structures.

Minimal infection control procedures.1

Use of panoramic radiography for detecting and evaluating
mandibular asymmetries has received considerable attention in the
dental, radiological and orthodontic literature over the decades.

Some authors have attempted to simply classify asymmetries”™ based
on various clinical characteristics. Other authors *'* have dedicated
their research efforts toward developing measuring techniques of
asymmetries from panoramic radiographs. More specifically,
attention to horizontal and oblique measurements have focused on the
ability to obtain accurate quantitative measurements of lengths for
determining bilateral magnification and distortion levels."* Fora

variety of reasons, more attention has been directed toward posterior
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vertical height measurements to evaluate and compare
asymmetries.”'? The authors focusing on this area have found that
total ramus height and to a lesser degree, condylar height
asymmetries can be measured.'> Angular measurements for
comparison and evaluation of mandibular asymmetry have been
discussed very infrequently. The most interesting literature regarding
angular measurements from panoramic radiographs compared before
and after surgical treatment of mandibular asymmetries by measuring
and comparing pre and post surgical gonial angles.”> Other authors
have also studied and focused on reproducibility of angular

16" None of the studies to date have concentrated

measurements.
specifically on shape analysis for measurement of mandibular
asymmetries using panoramic radiographs. Shape analysis offers an
interesting perspective by potentially producing not only information
on exact location of asymmetry through comparison of bilateral
structures, but also by quantifying the amount of asymmetry using
overall size comparisons.

Conceptually, it would be desirable to describe and quantify various
asymmetries from panoramic images using one or a combination of these techniques. If
proven to be simple, the advantages of measuring asymmetries from panoramic
radiographs are many. To name a few, the availability to obtain asymmetry information

from images routinely obtained during initial records collection is the most attractive

asset. The ability to make predictive and concise determinations of asymmetry to
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establish the proper modality of treatment is of great benefit to both patient and
practitioner. The avoidance of further imaging to define and quantify the asymmetry

decreases radiation exposure and out of pocket expense to the patient.

6.3 Techniques used for Measuring Mandibular Asymmetries
and clinical relevance

This study was designed to assess various methods for measuring mandibular
asymmetries from the digital panoramic radiographs using a series of synthetic
mandibles. One symmetric and five asymmetric synthetic mandibles were designed and
fabricated using fused deposition modeling to create a series of stereolithic models. The
five asymmetric mandibles were designed with asymmetry in either the condylar, ramal
or body regions of the mandible. The mandibles were constructed such that the
asymmetry was on the left side while the right half of the mandible remained unchanged
to allow for comparison of the sides of each test subject and consisted of one of each:

A. Symmetric mandible

B. 9mm vertical condylar asymmetry

C. Complex condylar consisting of a 9mm vertical plus 6mm lateral asymmetry

D. 9mm anteroposterior body asymmetry

E. 9mm vertical ramus asymmetry

F. Complex ramal with a 9mm vertical plus a 6mm lateral asymmetry.

Using the stereolithic models, three specific measurement techniques were researched.
The first technique employed shape analysis as a method to compare the various
asymmetries. The aim of the study was to use shape analysis derived from a series of

coordinate points to evaluate known amounts of mandibular asymmetry from the series
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of digital panoramic radiographs. Although shape analysis did not specifically define
the various asymmetries, size difference was proven to be capable thus promise using
this technique remains. As a portion of shape analysis, size differences (or lack thereof
for the symmetric model) between the various models were statistically detected among
all models and correctly identified as asymmetric (symmetric for the symmetry model).
The drawback with the information gathered was that size differences were simply that,
differences, and did not provide information on the location of shape to which the
asymmetry was located. From a statistical perspective, the information was useful but
from a clinical perspective the evidence failed to make a definitive diagnosis of location
of asymmetry. Selection of additional coordinate points bilaterally would surely help to
define the regions of asymmetry more adequately and deliver more evident information
regarding shape and location of asymmetry especially when coupled with the
differences in size. The question of clinical application remains paramount. The current
methodology for shape analysis has demanded extensive software programming skills
which are likely to be out of the scope of the average clinician’s skill set. Design,
testing and development of a commercially available software program would be a
minimum requirement to measure asymmetry using this technique for analysis. In
addition, training for landmark identification and selection of appropriate landmarks, not
to mention choosing an adequate quantity of coordinates, would need to be standardized
to make such a program effective. Studies on the effect of distortion and magnification
as they effect coordinate position among the various landmarks would need to be
established. Despite the need for further testing, this type of information may be of

significant value for evaluating the outcome of treatment. Shape information may be of
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particular interest to the clinician when determining if treatment objectives have been
met. Comparison of pre and post treatment radiographs using shape analysis would
certainly be an attractive method to quantify treatment outcome and contribute to
defining success without exposing the patient to additional radiation and financial
burden.

The second technique for measuring mandibular asymmetry was aimed to assess
accuracy of vertical, oblique and anteroposterior linear distances of landmark to
landmark locations made on digital panoramic radiographs of synthetic mandibles.
Clinically significant asymmetry was determined using a 6% cutoff for clinical
significance.’ 12 Using the cutoff, it was determined that nearly all oblique measurement
were of no diagnostic value for determining the types of asymmetry defined in this
project. It was very likely a combination of image distortion and magnification that
negatively affected this measurement rendering it statistically and diagnostically useless.
It is therefore not recommended that oblique measurements be conducted to quantify
mandibular asymmetries. Anteroposterior measurements indicated promise for
describing asymmetry in the mandibular body using the suggested cutoff. The results

1314 that horizontal

from chapter 4 of this study agree with those found by other authors
measurements may be used with a slight over-estimation of radiographic size versus the
actual measurement. Laster et al recommend that extreme caution be used when
conducting horizontal measurements from panoramic radiographs while other authors
have discredited the use of such measures entirely.]6 It was determined from this project

that horizontal measurements for the detection of anteroposterior body asymmetry could

be employed with caution. Vertical measurements have been used to describe vertical
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. 1
asymmetries by numerous authors™'>!*

while a few have opposed the notion.®!” It was
found from this project that straight vertical and complex condylar asymmetries were
best described using sigmoid notch to superior condyle landmarks but underestimated
the asymmetry. This finding is in agreement with other authors.'* The most unreliable
posterior mandibular vertical measurement was derived from the vertical ramus and
condylar measurements where there was a complex asymmetry. From this information,
it is again recommended that caution be used in measurement of vertical asymmetries,
particularly where complex asymmetries are suspected. From a clinical perspective, it is
useful to conduct simple linear measurements on panoramic images to determine or
confirm quantity of asymmetry. Landmark selection and reliability for measurements
need to be established in advance if the practitioner were to use linear measurements for
asymmetry analysis. It is recommended that horizontal linear measurements be limited
to anteroposterior body asymmetries keeping in mind that there is a slight and expected
overestimation of the actual measurement. Vertical measurements for ramus
asymmetries should be conducted from antigonial to sigmoid notches and condylar
asymmetries from sigmoid notch to the superior point of the condyle expecting some
under-estimation. Extreme caution is advised when measuring suspected complex
condyle and complex ramus asymmetries due to their high variability in magnification
coupled with distortion.

The final technique for measurement of asymmetries investigated in this thesis
examined the accuracy and validity of various angular measurements from the
radiographs of the known synthetic mandibles. Some authors have used angular

measurements to assess outcomes of surgical procedures to correct mandibular
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asymmetries.”> The magnification factor was determined to be nearly 1:1 in this study
which was in agreement with other studies.'® The near 1:1 magnification would
clinically suggest that an angle measured from the panoramic image would reflect the
anatomical measurement. Despite the 1:1 ratio, variation was found to exist between the
models studied and their actual measurements. Other authors have found that small
variability exists between measured and true angular measurements as well.'® Upon
measurement analysis, it was evident that a landmark movement of several millimeters
due to an asymmetry translated into only a few degrees (or less) of angular change and
obvious landmark positional changes were needed to detect the asymmetry in excess of
6% therefore, intuitively, it would seem that small or moderate asymmetries are difficult
if not impossible to measure. With caution, vertical posterior asymmetries can be
determined by comparing bilateral angles between the sigmoid notch and the antigonial
notch with a vertex located at the superior condyle. Anteroposterior body asymmetries
were analyzed looking at bilateral angles between mental foramen and antigonial notch
with the vertex being either superior condyle or sigmoid notch. Angular measurements
indicate promise however more investigation into refining the technique and
establishing appropriate measurement and clinical significance levels need to be
established as this information was technically difficult to decipher. It was suggested
that a better way to decipher a relevant cutoff point for clinical asymmetry using angular
measurements would be to use values of angles that were expected to be symmetric. In
other words, find the average value aand maximum ranges of all angles that should
indicate asymmetry to determine a more precise cutoff point between inherent

experimental error and actual asymmetry.
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Discussion of shape, linear and angular analysis have been argued and described
in the chapters three, four and five of this thesis. From a clinical perspective, it would
appear that several hurdles need to be overcome to bring shape analysis into mainstream
orthodontic practice. It would also seem that more investigation for angular analysis to
refine measurement techniques and establish clinically relevant and useable cutoff
points to bring these measures into employment. The best overall technique for
measuring and quantifying mandibular asymmetries is through linear measurement.
Although not entirely accurate the average clinician is easily able to detect and
determine within reason bilateral differences using vertical and horizontal linear

measurements providing that complex asymmetries are not present.

6.4 Limitations of the current study

As with any research project, certain goals were attained while others required
(and continue to require) further investigation and thought. The ability to bring goals
into fruition lies within the limitations of study design and methodology. The primary
limitation of this research project was the inability to link a “real life” clinical result
with the results determined here. Without clinical association, a practitioner would be
expected to make a leap of faith that outcome and results are valid and may be applied
to their own patient base. One of the most difficult associations to make is the use of
steel balls as artificial landmarks. Selecting steel balls as landmark reference points is
considerably different than seeking landmarks from a panoramic radiograph of a human
patient and selection difference makes a direct comparison to patients difficult. A
second limitation is with panoramic unit selection. Consideration for other

manufacturing companies of panoramic units, both digital and conventional style, would
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undoubtedly reveal slight differences in results. Again, if the clinician were unable to
apply the study outcomes to his or her own practice environment then application has
limited value. In addition to machine selection, inherent machine error studies and
calculations should have been performed to enable more accurate distinction between
measurement values and values resulting from inherent machine error.

Although a series of 30 mandibles were fabricated for use, selection of only six
models created a study limitation as all but the symmetric possessed maximum ranges of
asymmetries. Value would have been added by identifying and utilizing models
specifically reflective of clinical asymmetries that would be potentially destined for
corrective treatment rather than focusing on maximum ranges only. A pilot study to
identify patient asymmetry types and to further compare these types to similar images of
synthetic mandibles for selection and study inclusion would have been more useful.

The effect of altering the amount of asymmetry within the condyle, ramus and body
were not identified. It would have been valuable to note the changes in measurements
from a range of asymmetries within each area to establish if the rate of change was
linear. One final limitation to this study was limiting the complex asymmetries of
vertical and horizontal changes within the areas of interest. Complex asymmetries
involving axis rotations and occlusal compensations would have added an interesting

component.

6.5 Recommendation for future studies

While this study examined mandibular asymmetry using shape/size analysis,
linear and angular measurements, only a single panoramic (Kodak 8000) unit was used.

The focus of future studies could be expanded to include other digital and conventional
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panoramic units. At the conception of this thesis, there were a total of 30 asymmetric
mandibles designed and fabricated with various ranges of vertical, anteroposterior and
complex asymmetries. Analyzing the additional ranges and models of mandibular
asymmetries would also provide a more concise picture of which areas are most readily
measured from the various panoramic units to provide clinically relevant information.

In addition, comparison to panoramic-like images obtained from cone beam
volumetric scanning units (CBCT) such as the NewTom® or other three-dimensional
imaging systems such as the i-CAT would be of interest. The focus of future studies
could be to compare the same shape/size, linear and angular measurements of images
from each unit to one another in an effort to determine which machine would provide
the most accurate and descriptive information.

Shape and size analysis may provide more interesting and detailed results by
utilizing an increased number of landmark points. Increasing the number of landmark
points increases the overall number of coordinate points and adding coordinate points
theoretically would provide a better outline of perimeter of the mandible, thus
describing the overall shape of the asymmetry which would provide a more detailed
description of the overall shape. Again, using three dimensional analyses of the
coordinate points, adding the Z coordinate would deliver a more detailed overall shape
and size comparison of the mandibular asymmetries.

Removing the steel landmarks from the mandibles and imaging the various
ranges of asymmetries would be of value for defining landmark reliability from
panoramic and three dimensional images. A good transition from model to human

studies would be accomplished by identifying anatomic landmarks. A further goal from
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this method would be to develop and test a protocol for classification of asymmetry. A
classification system could then be tested for application in human studies to provide
clinical utility. Techniques for measuring and classifying would then need to be

standardized to provide a useful tool for future clinicians when assessing asymmetries.
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Appendices for Chapter Four
Reliability
Scale: ALL VARIABLES

Case Processing Summary

N %
Cases Valid 12 100.0
Excluded® 0 .0
Total 12 100.0

a. Listwise deletion based on all
variables in the procedure.

Reliability Statistics

Cronbach's
Alpha Based
on
Cronbach's Standardized
Alpha ltems N of Items
1.000 1.000 3

Inter-ltem Correlation Matrix

Mf-Ag1 Mf-Ag2 Mf-Ag3
MF-Ag1 1.000 1.000 1.000
Mf-Ag2 1.000 1.000 1.000
Mf-Ag3 1.000 1.000 1.000

Inter-ltem Covariance Matrix

Mf-Ag1 Mf-Ag2 Mf-Ag3

Mf-Ag1 9.248 9.249 9.251
Mf-Ag2 9.249 9.250 9.252
Mf-Ag3 9.251 9.252 9.255

Summary ltem Statistics

Maximum /
Mean Minimum | Maximum Range Minimum Variance | N of Items
Inter-Item Covariances 9.251 9.249 9.252 .003 1.000 .000 3
Inter-Item Correlations 1.000 1.000 1.000 .000 1.000 .000 3
Intraclass Correlation Coefficient
Intraclass 95% Confidence Interval F Test with True Value 0
Correlation | Lower Bound | Upper Bound Value df1 df2 Sig
Single Measures 1.000 1.000 1.000 3330323 11 24 .000
Average Measures 1.000 1.000 1.000 3330323 11 24 .000

One-way random effects mode! where people effects are random.
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Case Processing Summary

N %
Cases Valid 12 100.0
Excluded® 0 .0
Total 12 100.0
a. Listwise deletion based on all
variables in the procedure.
Reliability Statistics
Cronbach's
Alpha Based
on
Cronbach's Standardized
Alpha ltems N of ltems
1.000 1.000 3
Inter-ltem Correlation Matrix
Mf-Sn1 Mf-Sn2 Mf-Sn3
Mf-Sn1 1.000 1.000 1.000
Mf-Sn2 1.000 1.000 1.000
Mf-Sn3 1.000 1.000 1.000
Inter-ltem Covariance Matrix
Mf-Sn1 Mf-Sn2 Mf-Sn3
Mf-Sn1 6.094 6.095 6.095
Mf-Sn2 6.095 6.097 6.096
Mf-Sn3 6.095 6.096 6.096
Summary Item Statistics
Maximum /
Mean Minimum | Maximum Range Minimum Variance | N of ltems
inter-ltem Covariances 6.095 6.095 6.096 .002 1.000 .000 3
Inter-ltem Correlations 1.000 1.000 1.000 .000 1.000 .000 3
Intraclass Correlation Coefficient
intraclass 85% Confidence Interval F Test with True Value 0
Correlation | Lower Bound | Upper Bound Value df1 df2 Sig
Single Measures 1.000 1.000 1.000 1316597 11 24 .000
Average Measures 1.000 1.000 1.000 1316597 11 24 .000
One-way random effects model where people effects are random.
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Case Processing Summary

N %
Cases Valid 12 100.0
Excluded® 0 .0
Total 12 100.0

a. Listwise deletion based on all
variables in the procedure.

Reliability Statistics

Cronbach's
Alpha Based
on
Cronbach's Standardized
Alpha ltems N of ltems
1.000 1.000 3

Inter-ltem Correlation Matrix

Mf-Cs1 Mf-Cs2 Mf-Cs3

Mf-Cs1 1.000 1.000 1.000
Mf-Cs2 1.000 1.000 1.000
Mf-Cs3 1.000 1.000 1.000

Inter-item Covariance Matrix

Mf-Cs1 Mf-Cs2 Mf-Cs3
Mf-Cs1 4732 4736 4,745
Mf-Cs2 4.736 4.739 4.748
Mf-Cs3 4.745 4.748 4.757

Summary ltem Statistics

Maximum /
Mean Minimum | Maximum Range Minimum Variance [ N of ltems
Inter-ltem Covariances 4743 4736 4.748 .012 1.003 .000 3
Inter-Item Correlations 1.000 1.000 1.000 .000 1.000 .000 3
Intraclass Correlation Coefficient

Intraclass 95% Confidence interval F Test with True Vaiue 0

Correlation | Lower Bound | Upper Bound Value df1 df2 Sig
Single Measures 1.000 1.000 1.000 | 5691246 11 24 .000
Average Measures 1.000 1.000 1.000 | 5691246 1 24 .000
One-way random effects model where people effects are random.
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Case Processing Summary

N %
Cases Valid 12 100.0
Excluded® 0 .0
Total 12 100.0
a. Listwise deletion based on all
variables in the procedure.
Reliability Statistics
Cronbach's
Alpha Based
on
Cronbach's Standardized
Aipha ltems N of [tems
1.000 1.000 3
Inter-ltem Correlation Matrix
Ag-Sn1 Ag-Sn2 Ag-Sn3
Ag-Sn1 1.000 1.000 1.000
Ag-Sn2 1.000 1.000 1.000
Ag-Sn3 1.000 1.000 1.000
Inter-ltem Covariance Matrix
Ag-Sn1 Ag-Sn2 Ag-Sn3
Ag-Sn1 10.051 10.054 10.052
Ag-Sn2 10.054 10.057 10.054
Ag-Sn3 10.052 10.054 10.052
Summary Item Statistics
Maximum /
Mean Minimum | Maximum Range Minimum Variance | N of ltems
Inter-ltem Covariances 10.053 10.052 10.054 .003 1.000 .000 3
Inter-Item Correlations 1.000 1.000 1.000 .000 1.000 .000 3
Intraclass Correlation Coefficient
Intraclass 95% Confidence Interval F Test with True Value 0
Correlation | Lower Bound | Upper Bound Value df1 df2 Sig
Single Measures 1.000 1.000 1.000 | 1357199 11 24 .000
Average Measures 1.000 1.000 1.000 1357199 11 24 .000
One-way random effects model where people effects are random.
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Case Processing Summary

N %
Cases Valid 12 100.0
Excluded® 0 .0
Total 12 100.0

a. Listwise deletion based on all
variables in the procedure.

Reliability Statistics

Cronbach's
Alpha Based
on
Cronbach's Standardized
Alpha Items N of Items
1.000 1.000 3

Inter-ltem Correlation Matrix

Ag-Cs1 Ag-Cs2 ~Ag-Cs3

Ag-Cs1 1.000 1.000 1.000
Ag-Cs2 1.000 1.000 1.000
Ag-Cs3 1.000 1.000 1.000

Inter-ltem Covariance Matrix

Ag-Cs1 Ag-Cs2 Ag-Cs3

Ag-Cs1 10.855 10.860 10.858
Ag-Cs2 10.860 10.864 10.862
Ag-Cs3 10.858 10.862 10.861

Summary Item Statistics

Maximum /
Mean Minimum | Maximum Range Minimum Variance | N of ltems
Inter-ltem Covariances 10.860 10.858 10.862 .005 1.000 .000 3
Inter-Item Correlations 1.000 1.000 1.000 .000 1.000 .000 3
Intraclass Correlation Coefficient
Intraclass 95% Confidence Interval F Test with True Value 0
Correlation | Lower Bound | Upper Bound Value df1 df2 Sig
Single Measures 1.000 1.000 1.000 | 1954798 11 24 .000
Average Measures 1.000 1.000 1.000 | 1954798 11 24 .000

One-way random effects model where people effects are random.
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Case Processing Summary

N %
Cases Valid 12 100.0
Excludedd 0 .0
Total 12 100.0

a. Listwise deletion based on all
variables in the procedure.

Reliability Statistics

Cronbach's
Alpha Based
on
Cronbach's Standardized
Alpha ltems N of ltems
1.000 1.000 3

Inter-Item Correlation Matrix

Sn-Cs1 Sn-Cs2 Sn-Cs3

Sn-Cs1 1.000 1.000 1.000
Sn-Cs2 1.000 1.000 1.000
Sn-Cs3 1.000 1.000 1.000

Inter-ltem Covariance Matrix

Sn-Cs1 Sn-Cs2 Sn-Cs3

Sn-Cs1 6.489 6.495 6.494
Sn-Cs2 6.495 6.500 6.500
Sn-Cs3 6.494 6.500 6.499

Summary ltem Statistics

Maximum /
Mean Minimum | Maximum Range Minimum Variance | N of ltems
Inter-ltem Covariances 6.496 6.494 6.500 .006 1.001 .000 3
Inter-ltem Correlations 1.000 1.000 1.000 .000 1.000 .000 3
Intraclass Correlation Coefficient
Intraclass 95% Confidence Interval F Test with True Value 0
Correlation | Lower Bound | Upper Bound Value df1 df2 Sig
Single Measures 1.000 1.000 1.000 | 467713.1 11 24 .000
Average Measures 1.000 1.000 1.000 | 467713.1 11 24 .000

One-way random effects model where people effects are random.

Appendices for Chapter Five
Reliability
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Case Processing Summary

N %
Cases Valid 12 100.0
Excludedd 0 .0
Total 12 100.0
a. Listwise deletion based on all
variables in the procedure.
Reliability Statistics
Cronbach's
Alpha Based
on
Cronbach's Standardized
Alpha Items N of Items
1.000 1.000

Inter-item Correlation Matrix

Mf-Ag-Sn1 | M-Ag-Sn2 | Mf-Ag-Sn3
Mf-Ag-Sn1 1.000 1.000 1.000
Mf-Ag-Sn2 1.000 1.000 1.000
Mf-Ag-Sn3 1.000 1.000 1.000

Inter-ltem Covariance Matrix

Mf-Ag-Sn1 | Mf-Ag-Sn2 | Mf-Ag-Sn3
Mf-Ag-Sn1 3.467 3.463 3.466
Mf-Ag-Sn2 3.463 3.459 3.462
Mf-Ag-Sn3 3.466 3.462 3.464
Summary ltem Statistics
Maximum /
Mean Minimum | Maximum Range Minimum Variance [ N of ltems
inter-ltem Covariances 3.463 3.462 3.466 .004 1.001 .000 3
inter-ltem Correlations 1.000 1.000 1.000 .000 1.000 .000 3
Intraclass Correlation Coefficient
Intraclass 95% Confidence Interval F Test with True Value 0
Correlation® | Lower Bound Upper Bound Value df1 df2 Sig
Single Measures 1.000° 1.000 1.000 | 935120.9 11.0 22 .000
Average Measures 1.000° 1.000 1.000 | 935120.9 11.0 22 .000
Two-way mixed effects model where people effects are random and measures effects are fixed.
a. Type A intraclass correlation coefficients using an absolute agreement definition.
b. The estimator is the same, whether the interaction effect is present or not.
C. This estimate is computed assuming the interaction effect is absent, because it is not estimable otherwise.
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Case Processing Summary

N %
Cases Valid 12 100.0
Excluded® 0 .0
Total 12 100.0
a. Listwise deletion based on all
variables in the procedure.
Reliability Statistics
Cronbach's
Alpha Based
on
Cronbach's Standardized
Alpha Items N of ltems
1.000 1.000

Inter-ltem Correlation Matrix

Ag-Sn-Mf1 | Ag-Sn-Mf2 | Ag-Sn-Mf3
Ag-Sn-Mf1 1.000 1.000 1.000
Ag-Sn-Mf2 1.000 1.000 1.000
Ag-Sn-Mf3 1.000 1.000 1.000

Inter-ltem Covariance Matrix

Ag-Sn-Mf1 | Ag-Sn-Mf2 | Ag-Sn-Mf3
Ag-Sn-Mf1 4.146 4145 4,148
Ag-Sn-Mf2 4,145 4,144 4147
Ag-Sn-Mf3 4,148 4,147 4.150
Summary ltem Statistics
Maximum /
Mean Minimum | Maximum Range Minimum Variance | N of ltems
Inter-item Covariances 4.147 4.145 4.148 .003 1.001 .000 3
Inter-Item Correlations 1.000 1.000 1.000 .000 1.000 .000 3
Intraclass Correlation Coefficient
Intraclass 95% Confidence Interval F Test with True Value 0
Correlation® | Lower Bound Upper Bound Value df1 df2 Sig
Single Measures 1.000P 1.000 1.000 | 460400.6 11.0 22 .000
Average Measures 1.000¢ 1.000 1.000 | 460400.6 11.0 22 .000

Two-way mixed effects model where people effects are random and measures effects are fixed.

a. Type A intraclass correlation coefficients using an absolute agreement definition.

b. The estimator is the same, whether the interaction effect is present or not.

C. This estimate is computed assuming the interaction effect is absent, because it is not estimable otherwise.
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Case Processing Summary

N %
Cases Valid 12 100.0
Excluded® 0 .0
Total 12 100.0
a. Listwise deletion based on all
variables in the procedure.
Reliability Statistics
Cronbach's
Alpha Based
on
Cronbach's Standardized
Alpha ltems N of Items
1.000 1.000

Inter-Item Correlation Matrix

Sn-Mf-Ag1 | Sn-Mf-Ag2 | Sn-Mf-Ag3
Sn-Mf-Ag1 1.000 1.000 1.000
Sn-Mf-Ag2 1.000 1.000 1.000
Sn-Mf-Ag3 1.000 1.000 1.000

Inter-ltem Covariance Matrix

Sn-Mf-Ag1 | Sn-Mf-Ag2 | Sn-Mf-Ag3
Sn-Mf-Ag1 5.229 5.231 5.227
Sn-Mf-Ag2 5.231 5.233 5229
Sn-Mf-Ag3 5.227 5.229 5.225
Summary ltem Statistics
Maximum /
Mean Minimum | Maximum Range Minimum Variance | N of ltems
Inter-ltem Covariances 5.229 5.227 5.231 .004 1.001 .000 3
Inter-ltem Correlations 1.000 1.000 1.000 .000 1.000 .000 3
Intraclass Correlation Coefficient
Intraclass 95% Confidence Interval F Test with True Value 0
Correlation® | Lower Bound Upper Bound Value df1 df2 Sig
Single Measures 1.000° 1.000 1.000 | 913527.3 11.0 22 .000
Average Measures 1.000° 1.000 1.000 | 913527.3 11.0 22 .000

Two-way mixed effects model where people effects are random and measures effects are fixed.

a. Type A intraclass correlation coefficients using an absolute agreement definition.

b. The estimator is the same, whether the interaction effect is present or not.

C. This estimate is computed assuming the interaction effect is absent, because it is not estimable otherwise.
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Case Processing Summary

N %
Cases  Valid 12 100.0
Excluded? 0 .0
Total 12 100.0
a. Listwise deletion based on all
variables in the procedure.
Reliability Statistics
Cronbach's
Alpha Based
on
Cronbach's Standardized
Alpha Items N of ltems
1.000 1.000
Inter-ltem Correlation Matrix
Mf-Ag-Cs1 | Mf-Ag-Cs2 | Mf-Ag-Cs3
Mf-Ag-Cs1 1.000 1.000 1.000
Mf-Ag-Cs2 1.000 1.000 1.000
Mf-Ag-Cs3 1.000 1.000 1.000
Inter-ltem Covariance Matrix
Mf-Ag-Cs1 | Mf-Ag-Cs2 | Mf-Ag-Cs3
Mf-Ag-Cs1 3.740 3.744 3.743
Mf-Ag-Cs2 3.744 3.749 3.747
Mf-Ag-Cs3 3.743 3.747 3.746
Summary item Statistics
Maximum /
Mean Minimum | Maximum Range Minimum Variance | N of ltems
Inter-Item Covariances 3.745 3.743 3.747 .004 1.001 .000 3
Inter-Item Correlations 1.000 1.000 1.000 .000 1.000 .000 3
Intraclass Correlation Coefficient
Intraclass 95% Confidence Interval F Test with True Value 0
Correlation® | Lower Bound Upper Bound Value df1 df2 Sig
Single Measures 1.000° 1.000 1.000 | 780499.9 11.0 22 .000
Average Measures 1.000¢ 1.000 1.000 | 780499.9 11.0 22 .000
Two-way mixed effects model where people effects are random and measures effects are fixed.
3. Type A intraclass correlation coefficients using an absolute agreement definition.
b. The estimator is the same, whether the interaction effect is present or not.
C. This estimate is computed assuming the interaction effect is absent, because it is not estimable otherwise.
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Case Processing Summary

N

%

Cases Valid

Excluded?

Total

12
0 .0

12 100.0

100.0

a. Listwise deletion based on all
variables in the procedure.

Reliability Statistics

Cronbach's
Alpha

Cronbach's
Alpha Based
on
Standardized
ltems

N of Items

1.000

1.000

3

Inter-ltem Correlation Matrix

Ag-Cs-Mf1

Ag-Cs-Mf2

Ag-Cs-Mf3

Ag-Cs-Mf1
Ag-Cs-Mf2
Ag-Cs-Mf3

1.000
1.000
1.000

1.000
1.000
1.000

1.000
1.000
1.000

Inter-ltem Covariance Matrix

Ag-Cs-Mf1

Ag-Cs-Mf2

Ag-Cs-Mf3

Ag-Cs-Mf1
Ag-Cs-Mf2
Ag-Cs-Mf3

2.606
2.611
2.611

2.611
2616
2.616

2611
2.616
2.616

Summary Item Statistics

Mean

Minimum

Maximum

Range

Maximum /
Minimum

Variance

N of {tems

Inter-ltem Covariances
Inter-ltem Correlations

2613
1.000

2611
1.000

2.616
1.000

.005
.000

1.002
1.000

.000
.000

3
3

Intraclass Correlation Coefficient

intraclass
Correlation®

95% Confiden

ce Interval

F Test with True Value 0

Lower Bound

Upper Bound

Value

df1

df2

Sig

Single Measures
Average Measures

1.000°
1.000°

1.000
1.000

1.000
1.000

290102.7
290102.7

11.0
11.0

22
22

.000
.000

Two-way mixed effects model where people effects are random and measures effects are fixed.

a. Type A intraclass correlation coefficients using an absolute agreement definition.
b. The estimator is the same, whether the interaction effect is present or not.
C. This estimate is computed assuming the interaction effect is absent, because it is not estimable otherwise.
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Case Processing Summary

N

%

Cases Valid

Excluded®

Total

12 100.0

0 .0

12 100.0

a. Listwise deletion based on all
variables in the procedure.

Reliability Statistics

Cronbach's
Alpha

Cronbach's
Alpha Based
on
Standardized
ltems

N of ltems

1.000

1.000

3

Inter-item Correlation Matrix

Cs-Mf-Ag1
1.000
1.000
1.000

Cs-Mf-Ag2
1.000
1.000
1.000

Cs-Mf-Ag3
1.000
1.000
1.000

Cs-Mf-Ag1
Cs-Mf-Ag2
Cs-Mf-Ag3

Inter-ltem Covariance Matrix

Cs-Mf-Ag1
3.499
3.500
3.502

Cs-Mf-Ag2
3.500
3.501
3.503

Cs-Mf-Ag3
3.502
3.503
3.505

Cs-Mf-Ag1
Cs-Mf-Ag2
Cs-Mf-Ag3

Summary Item Statistics

Maximum /

Minimum
1.001
1.000

Variance | N of ltems
.000 3

.000 3

Maximum
3.503
1.000

Minimum
3.500
1.000

Range
.003
.000

Mean
3.501

1.000

Inter-Item Covariances
Inter-item Correlations

Intraclass Correlation Coefficient

F Test with True Value 0

Value df1 df2 Sig
1.000° 1.000 1.000 | 349559.7 11.0 22 .000

1.000° 1.000 1.000 | 349559.7 11.0 22 .000
Two-way mixed effects model where people effects are random and measures effects are fixed.
a. Type A intraciass correlation coefficients using an absolute agreement definition.

95% Confidence Interval
Lower Bound | Upper Bound

Intraclass
Correlation®

Single Measures
Average Measures

b. The estimator is the same, whether the interaction effect is present or not.
C. This estimate is computed assuming the interaction effect is absent, because it is not estimable otherwise.
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Case Processing Summary

N %
Cases Valid 12 100.0
Excluded? .0
Total 12 100.0
a. Listwise deletion based on all
variables in the procedure.
Reliability Statistics
Cronbach's
Alpha Based
on
Cronbach's Standardized
Alpha ltems N of ltems
1.000 1.000 3

Inter-item Correlation Matrix

Ag-Sn-Cs1 | Ag-Sn-Cs2 | Ag-Sn-Cs3
Ag-Sn-Cs1 1.000 1.000 1.000
Ag-Sn-Cs2 1.000 1.000 1.000
Ag-Sn-Cs3 1.000 1.000 1.000
Inter-item Covariance Matrix
Ag-Sn-Cs1 | Ag-Sn-Cs2 | Ag-Sn-Cs3
Ag-Sn-Cs1 2.421 2.425 2.426
Ag-Sn-Cs2 2.425 2,428 2.429
Ag-Sn-Cs3 2.426 2.429 2.430
Summary ltem Statistics
Maximum /
Mean Minimum | Maximum Range Minimum Variance | N of ltems
Inter-ltem Covariances 2.427 2.425 2.429 .005 1.002 .000 3
Inter-ltem Correlations 1.000 1.000 1.000 .000 1.000 .000 3
Intraclass Correlation Coefficient
intraclass 95% Confidence Interval F Test with True Value 0
Correlation® | Lower Bound Upper Bound Value df1 df2 Sig
Single Measures 1.000° 1.000 1.000 | 347323.0 11.0 22 .000
Average Measures 1.000¢ 1.000 1.000 | 347323.0 11.0 22 .000
Two-way mixed effects model where people effects are random and measures effects are fixed.
a. Type A intraclass correlation coefficients using an absolute agreement definition.
b. The estimator is the same, whether the interaction effect is present or not.
C. This estimate is computed assuming the interaction effect is absent, because it is not estimable otherwise.
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Case Processing Summary

N %
Cases Valid 12 100.0
Excluded® 0 .0
Total 12 100.0
a. Listwise deletion based on all
variables in the procedure.
Reliability Statistics
Cronbach's
Alpha Based
on
Cronbach's Standardized
Alpha items N of items
1.000 1.000 3
Inter-ltem Correlation Matrix
Sn-Cs-Ag1 | Sn-Cs-Ag2 | Sn-Cs-Ag3
Sn-Cs-Ag1 1.000 1.000 1.000
Sn-Cs-Ag2 1.000 1.000 1.000
Sn-Cs-Ag3 1.000 1.000 1.000
Inter-ltem Covariance Matrix
Sn-Cs-Agt | Sn-Cs-Ag2 | Sn-Cs-Ag3
Sn-Cs-Ag1 2.383 2.384 2.383
Sn-Cs-Ag2 2.384 2.385 2.384
Sn-Cs-Ag3 2.383 2.384 2.384
Summary ltem Statistics
Maximum /
Mean Minimum | Maximum Range Minimum Variance | N of liems
Inter-ltem Covariances 2.384 2.383 2.384 .001 1.000 .000 3
Inter-item Correlations 1.000 1.000 1.000 .000 1.000 .000 3
Intraclass Correlation Coefficient
Intraclass 95% Confidence Interval F Test with True Value 0
Correlation® | Lower Bound Upper Bound Value df1 df2 Sig
Single Measures 1.000° 1.000 1.000 | 410438.0 11.0 22 .000
Average Measures 1.000° 1.000 1.000 | 410438.0 11.0 22 .000
Two-way mixed effects model where people effects are random and measures effects are fixed.
a. Type A intraclass correlation coefficients using an absolute agreement definition.
b. The estimator is the same, whether the interaction effect is present or not.
C. This estimate is computed assuming the interaction effect is absent, because it is not estimable otherwise.
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Case Processing Summary

N %
Cases Valid 12 100.0
Excluded® 0 .0
Total 12 100.0
a. Listwise deletion based on all
variables in the procedure.
Reliability Statistics
Cronbach's
Alpha Based
on
Cronbach's Standardized
Alpha Items N of ltems
1.000 1.000 3
Inter-ltem Correlation Matrix
Cs-Ag-Sn1 | Cs-Ag-Sn2 | Cs-Ag-Sn3
Cs-Ag-Sn1 1.000 1.000 1.000
Cs-Ag-Sn2 1.000 1.000 1.000
Cs-Ag-Sn3 1.000 1.000 1.000
Inter-item Covariance Matrix
Cs-Ag-Sn1 | Cs-Ag-Sn2 | Cs-Ag-Sn3
Cs-Ag-Sn1 .066 .065 .065
Cs-Ag-Sn2 .065 .065 .065
Cs-Ag-Sn3 .065 .065 .065
Summary ltem Statistics
Maximum /
Mean Minimum | Maximum Range Minimum Variance | N of ltems
Inter-ltem Covariances 065 .065 .065 .000 1.008 .000 3
Inter-item Correlations 1.000 1.000 1.000 .000 1.000 .000 3
Intraclass Correlation Coefficient
Intraclass 95% Confidence Interval F Test with True Value 0
Correlation® | Lower Bound Upper Bound Vaiue df1 df2 Sig
Single Measures 1.000° .999 1.000 | 9676.150 11.0 22 .000
Average Measures 1.000¢ 1.000 1.000 | 9676.150 11.0 22 .000

Two-way mixed effects model where people effects are random and measures effects are fixed.

a. Type A intraclass correlation coefficients using an absolute agreement definition.

b. The estimator is the same, whether the interaction effect is present or not,

C. This estimate is computed assuming the interaction effect is absent, because it is not estimable otherwise.
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