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ABSTRACT OF THE THESIS

3-Dimensional Morphologic Analysis of the CranigtdSkeletal Complex Using

Geometry-Based Superimposition and Normalization

by

Jay Hyuck Sung

Master of Science in Oral Biology
University of California, Los Angeles, 2013

Professor Sotirios Tetradis, Co-chair

Professor Won Moon, Co-chair

Introduction : Cephalometrics is a radiographic technique tsethalyze craniofacial

structures for diagnostic or analytic purposes. elmv, conventional cephalometrics has many
limitations, including the fact that it is entirdgndmark-dependent and based on a 2-dimensional
image. In previous studies, Fourier descriptoreHasen used to describe part of the craniofacial

structure. However, these studies are insuffigieaviding a complete set of information to fully



analyze craniofacial morphology. The aim of thigdstis to develop a true 3-dimensional
description of the craniofacial structure that \pilbvide the basis of morphologic analysis in a

more comprehensive and effective way.

Materialsand Methods : CBCT images taken at UCLA School of Dentistrytbg Newtom 3G
CBCT scanner (Image Works) were collected. Sampigssignificant craniofacial defects were
excluded. Using 10 samples without morphologicoaimality, the curved outline of the
craniofacial structure was defined by collecting doordinates of the points along the border of
the shape. The superimposition and averaging was dsing procrustes analysis. Geometric
algebraic methods were used to combine all theecuoutlines to construct an average shape of

the whole craniofacial structure allowing for supgryosition and comparison.

Results: The outline of the skull was successfully aigrin 3-dimensional space to represent
the craniofacial structure. The normalized formvited a basis for the comparison of an
individual sample to the group average. The nethateshowed advantages over the
conventional cephalometrics by eliminating the ta@ist factors of 2-dimensional images. This
allows us to analyze difference and irregularitiésraniofacial morphology in a more accurate

and effective way.

Conclusion : The curve and surface information extracted fl@BCT image data could be used
to find a normalization of the population, whichei®asis for a 3-dimensional cephalometric

analysis to overcome the limitations of conventia@phalometry.
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1. Introduction

1-1. Background of morphometric analysis

Evaluating the relationship of the structural comgrats of the human face is an important
diagnostic factor in Orthodontics, Maxillofacialraiofacial and Plastic surgery, Medical
Anthropology and Dysmorphological genetics [1,I2]order to accomplish this task,
radiographic techniques have been used for absigatte human head into a measurable
geometric scheme[3], allowing for comparison ofpimlogy. This task of measuring the degree
of similarity between forms, is based on the theoaf Morphometrics. It has a long history[4]
propelled by the desire to abstract form from thgety of organisms, dating from ancient Greece
to a more modern study by D’Arcy Thompson[5] . lorghometric analysis, describing a shape
is achieved by locating a finite number of poimiseach specimen which are called landmarks or
pseudo-landmarks, and by evaluating their relatigmt one another or to a pre-determined
normative model.

In human craniofacial analysis, the traditionalraagh of morphometric analysis is known as
Cephalometrics[6, 7]. Itis based on a standaddiadiographic image taken either from the
Anterior-Posterior view or Lateral view. ConventibiCephalometric analysis involves two
distinct features.

First, ‘Multivariate Methods’[8] are mainly used amalyze the relationship between the
landmarks, where distances or angles formed betla@eimarks are measured to represent
shape. The form is often represented by a siredlifiiangular structure, and the covariance
between a simple morphological trait and putataadrs can be shown based on the

measurements[9].



Although it is still commonly used in the biologidi#erature [10-12], this indirect method of
shape analysis can be less intuitive and evenumatxbecause the shape representation by
landmarks has been converted to combinations iokraf lengths and angles. For this reason, It
is argued that it is always easier to interpretupés in the original space of the specimens than i

some derived multivariate space[8].

Second, even when visual comparison is made inergional cephalometrics, it is mainly based
on ‘edge superimposition[13]'. To study the diffiece in shapes and their averaging process
require the step of registration and superimpasitwolving the elimination of arrangement
factors[8]. Two shapes can rarely be superimposef@gtly, and different fitting criteria will
generally yield different results[14]. ‘Edge supgosition’ is the most straightforward
superimposition and involves matching a given duigfeveen two landmarks of a planar figure to
a common origin and direction(Fig. 1)[15]. In thiethod, the initial shape is reduced to the
descriptor coordinates with respect to some comveitiaseline. The most commonly used is the
Na-Ba line, since it has been well known amongctighalometricians that the growth axis was
perpendicular to the cranial base and that thaalrBase axis was the direction of least growth
over this range[9].

However, such a baseline cannot be assumed tonsestent across different individuals, and
therefore the majority of the studies in the litara are limited to the discussion of the
superimposition of the same individual to show g®aaver growth [16, 17] or a treatment
process [18, 19]. In other cases, only a very dasi of visualization is possible(Fig. 2)[9, 20,

21].
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[Fig. 1] Cephalometrics and shape visualization [9]
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[Fig. 2] Edge superimposition [9]




Since the shape of a geometrical figure is confynunderstood to refer to those geometrical
attributes that remain unchanged under translataiation and scaling, it is preferable to allow
realignment of the structure to find the ideal fosifor comparison.

‘Procrustes superimposition’ is another type gfesimposition that provides an optimum fit and
the structure’s alignment is free of all arbitragsumptions beyond the list of landmarks
involved[9]. In this method, the geodesics betwwemshapes are defined and the positioning of
the structure is determined by minimizing this aigte (Procrustes distance). It allows for direct
comparison of shapes and the calculation of thenf2@h This method has certain advantages,
and among them is the fact that multiple specinedrssingle population can be superimposed
onto a single or base specimen and an averagedneivor that population can be generated for
comparison with others, which also allows intuitawed immediate interpretation [23]. It has
been shown in previous studies that Procrustesmatsts show no evidence of bias and are the
most accurate among the other morphometric metiagg 5]

. One of the earliest examples of effective usgro€rustes method in biologic morphology
analysis was a study on the fluctuating asymmatiiie honey bee wings[26]. In this study,
several landmarks on honey bee wings were selecigdhey were aligned in a way defined by
procrustes superimposition. The author concludatittiis method successfully showed the
asymmetric property of the shape, demonstratinffereint way of shape analysis than the

multivariate analysis or edge superimposition.

1-2.  Current view of craniofacial shape analysisand Previous Studiesfor a new

approach



Conventional cephalometrics has long been useds&sdard modality in a variety of
circumstances, including studying craniofacial aabes[27, 28], evaluating growth[29] or
treatment outcomes[30, 31], studying dental oretlaépattern[32, 33], and prediction of
surgery[34]. One important application of cephalbioe was obtaining a norm of a certain
population, which could then be used for a comparisith other groups of subjects[35].

Despite the overwhelmingly dominant applicatiorcephalometrics a historical review of
craniofacial imaging[36] reports the facts limititige validity of two dimensional cephalometry
and its application: 1) A conventional headfilnaisvo-dimensional object. 2) It is based on the
assumption of a perfect superimposition of thetragtd left sides. 3) Significant size
magnification and distortion errors can result frprojection. 4) It has low accuracy and
precision. 5) There are landmark identificatioroesr The unreliability using the landmarks,
reference planes, and measurements of 2-dimengiephbhlometrics have been documented in a
number of studies[37-40].

Recently, the introduction of computed tomograpHy)({Dto the orthodontic specialty has led to
the increased application of 3-dimensional dat@hémage have shown to provide a more
accurate landmark identification and analysis[4]1-#3s documented that CT analysis offers
significant advantages and benefits[44, 45] antefbee 3-dimensional analysis has significant
potential in diagnosis, treatment planning and auke evaluation[46].

However, the analyses developed to better undetstse images have never fully described 3-
dimensional shape, since most of the analyses ngpeating the conventional methods used in 2-
dimensional radiographs where CT images were ogéyl fior linear measurements between
conventional cephalometric landmarks [47-54].

These approaches all show the inherent limitatidmaultivariate morphometrics. The norm that
could be obtained using this method is the numieaicarage of the linear measurements, and the
visualization of the shape or its comparison isexely difficult. Based on these facts, some
literature concludes that there is no significaffecence in measurements between CT and

-5.-



conventional cephalograms[55], and that there ikigh-quality evidence regarding the benefits
of CBCT use in orthodontics[56]. Among the previoesearches,a different approach has been
shown by a study that incorporated procrustes guapesition to discover the spatial distribution
of fifty-two landmarks in 3-dimensional space[5&]similar methods were used to achieve
superimposition and comparison between groups basethnicity [24] or gender[58]. In these
studies, it was shown that the morphological charatics of the craniofacial structure can be
visualized using numbers of landmarks and the geesapes of groups of subjects could be
compared with one another. It should be notedttrhumber of landmarks were limited in the
studies and therefore only the gross outline ofthecture could be studied.

One study[59] recently demonstrated the use ofrpsbes superimposition assisted by the use of
topology based registration, to find the normalizadace of sixty-seven skulls. This study
showed a great resolution of the surface, reve#fiagnorphologic traits of the craniofacial

structure of an individual or a group of individsal

[Fig.3 ] Superimposition of the craniofacial landhswithout using cranial bajeg]



A more accurate outline of anatomical structurestmthe described using continuous curves
approximated by a larger number of landmarks aedgs-landmarks along the structure. This
approach was used to delineate the 2-dimensiorsgeérnf the human mandible successfully
showing a direct morphologic comparison betweeratlerage of a treatment group and control
group[60]. A similar method was expanded into Bwsions where average shapes were
obtained for different developmental stages ofditeorbit and differences in size and shape
were investigated[61]. In both of these studiesrifr analysis provided a set of functions that
led to a smooth and continuous curve connectingdies. Most recently, there was an attempt
to use the same method to describe the human niardth 104 points collected along the
border of the image and to find the average ofulfjets [62]. Although rotational alignment
was not corrected for the samples, procrustes sapesition allowed the comparison of shapes
under the best fit found by repositioning the dnee along three axes, which has been presented
in a visualized way. This study on the human mdedilas proven the possibility that the 3-
dimensional craniofacial structure can be repregsthy curved outlines defined by a number of

point coordinates, allowing normalization and supebsition.
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Traditionally, craniofacial structures were dividatb three major parts — cranium, maxilla, and
mandible - since they are distinct in their featueilad growth patterns[63]. The final shape
representation of the craniofacial structure shindtude all three components.

The aim of this study is to develop a way to repnéshe shape of the maxilla, mandible and
cranial base-zygoma which will allow superimpositicomparison, and normalization of the
components as well as the entire facial complexovi@come the shortcomings of conventional
cephalometrics and provide a useful applicatiocait be summarized that this new approach
must :

1. Avoid excessive dependence on limited landmarks

2. Represent the actual shape

3. Allow Superimposition

4. Provide Normal(Average) form

5. Allow Statistical results for comparison

The new approach will allow a true 3-dimensionatphometric method for analyzing

craniofacial structure, which will serve as a bésianore reliable diagnostic and analytic tools.



2. Materialsand Methods

2-1. Collection of the coordinate infor mation

CBCT images taken at the UCLA School of Dentistyythie Newtom 5G CBCT scanner
(Image Works) were collected. This will includeipats that are candidates for Orthodontic
treatment, as well as patients from other departsratnJCLA such as OMFS, Periodontics, and
Orofacial pain. Images were imported into a betaiva of Dolphin Imaging ® software for
initial analysis. Following image import, the saemplith significant craniofacial defects were
excluded, resulting in a collection of 10 samptetotal without morphologic abnormality. All
the subjects were females, between age of 19 & 8ié time the images were taken. The image
was formatted for optimum hard tissue thresholdpacity. Finally, the 3-dimensional image
was sectioned out according to five different sfi@oggions of interest for the purpose of
defining the outline of the mandible, maxilla amdrdal base (Fig. 5). Using an interface
developed for a previous study[62], point coordisatere collected for each structure where all
the measurements were made in millimeters. Thedidin of coordinates was divided into three
different components, resulting in a total of 1@ings, 92 points, and 117 points for Mandible,

Maxilla and Cranial base / zygoma , repectively.

The coordinate data for each component was savadeas file (Table 1, 2, 3), ready to be used

for the following geometric realignment and anaysi



O©CoO~NOOOUOITA, WNPE

Frontal

RFrontal
RFrontal -1
RFrontal -2
RFrontal -3
RFrontal -4
RTemporal
RTemporal -1
ROutZygoFront
ROutZygoFront -1
ROutZygoFront -2
ROutZygoFront -3
RUpZygoma
RUpZygoma -1
RUpZygoma -2
RUpZygoma -3
RUpZygoma -4
RUpZygoma -5
RLowZygoma
RLowZygoma -1
RLowZygoma -2
RLowZygoma -3
RLowZygoma -4
RLowZygoma -5
RLowZygoma -6
RLowZygoma -7
RLowZygoma -8
RLowZygoma -9
RKeyridge
RZygoMax -3
RZygoMax -2
RZygoMax -1
RZygoMax
RLatOrbit
RLatOrbit -1
RLatOrbit -2
RInZygoFront
RInZygoFront -1
RInZygoFront -2
RInZygoFront -3
RInZygoFront -4
RInZygoFront -5
FrontoNasal
FrontoNasal -1
Nasion

Frontal

LFrontal
LFrontal -1

165.1 44.0

156.2
146.4
136.4
126.9
118.9
115.9
113.4
112.3
110.7
111.3
112.0
111.2
107.6
105.1
102.3
102.3
105.2
107.9
106.8
104.1
104.8
105.2
106.6
108.9
111.7
115.7
119.1
123.5
124.6
126.6
128.2
127.8
122.1
118.8
117.8
117.2
120.4
127.8
136.0
144.7
152.9
156.6
160.7
165.4
165.1
173.1
180.9

43.6
45.8
48.0
52.3
59.1
59.4
62.3
66.3
69.5
69.5
70.5
73.1
79.6
85.4
95.5
100.3
114.4
116.4
107.7
104.7
96.8
90.6
85.6
79.9
76.3
73.1
70.9
67.4
63.7
61.6
59.6
56.9
60.5
62.7
63.4
60.1
55.2
51.9
49.8
48.0
46.6
49.8
46.2
45.0
44.0
44.0
45.4

50.5
50.6
50.4
49.6
48.7
47.0
42.3
34.7
28.2
25.0
20.5
15.8
12.3
9.2
8.8
7.3
7.1
7.4
4.2
6.9
2.5
3.6
4.2
3.5
0.9
-1.0
-6.0
-7.8
-9.2

-4.9
-0.1
3.9

7.9
12.7
18.5
24.0
32.7
38.5
42.6
44.6
45.3
42.0
36.8
39.5
41.5
50.5
51.9
52.4
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49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

LFrontal-2
LFrontal -3
LFrontal -4
LTemporal
LTemporal -1
LOutZygoFront

LOutZygoFront -1
LOutZygoFront -2
LOutZygoFront -3

LUpZygoma
LUpZygoma -1
LUpZygoma -2
LUpZygoma -3
LUpZygoma -4
LUpZygoma -5
LLowZygoma
LLowZygoma -1
LLowZygoma -2
LLowZygoma -3
LLowZygoma -4
LLowZygoma -5
LLowZygoma -6
LLowZygoma -7
LLowZygoma -8
LLowZygoma -9
LKeyridge
LZygoMax -3
LZygoMax -2
LZygoMax -1
LZygoMax
LLatOrbit
LLatOrbit -1
LLatOrbit -2
LInZygoFront
LInZygoFront -1
LInZygoFront -2
LInZygoFront -3
LInZygoFront -4
LInZygoFront -5
FrontoNasal
FrontoNasal -1
Nasion

Frontal

Cranial

Cranial -1
Cranial -2
Cranial -3
UpEthmoid
UpEthmoid -1
UpEthmoid -2
UpEthmoid -3

18€.5 47.¢ 52.2
198.2 515 524
204.3 555 520

210.2 60.9 51.2
213.5 58.7 437
216.3 63.1 38.2
2188 69.5 319
2188 713 26.5
2191 709 221
2192 722 18.6
221.0 76.3 14.0
224.7 843 127
2282 939 119
229.3 103.2 10.9
2253 115.1 12.7
2275 1239 139
220.8 123.1 6.0
2245 116.0 7.2
227.8 106.3 5.2
227.6 100.7 5.7
2264 964 7.8
2256 874 8.5
2232 826 53
2203 78.7 1.2
2176 753 -2.1
2129 699 -55
2135 674 1.4
2127 651 6.0
2112 616 10.1
208.6 59.5 133
211.0 623 184

212.6 63.7 24.6
2131 629 311
213.0 60.5 36.0
207.8 55.1 417
2009 518 451
191.3 49.0 464
181.4 50.8 45.2
1754 46.8 424
1751 515 36.6
169.8 46.4 38.8
165.4 45.0 415
165.1 44.0 505
1645 59.8 52.8
164.6 63.7 48.6
165.2 67.0 424
165.3 70.8 37.1
163.8 84.6 31.9
163.7 89.3 31.2
163.5 93.7 30.9
162.8 97.7 333
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100 UPEthmoic-4 163.¢ 102.1 31.

101 Sella 164.4 1054 29.9
102 Sella -1 163.6 106.6 28.2
103 Sella -2 164.0 107.6 234
104 Sella -3 164.6 109.6 224
105 Sella -4 165.7 112.7 21.0
106 Sella -5 163.9 1148 294
107 PostCranial 164.0 1163 27.4

108 PostCranial -1 164.2 116.6 22.1
109 PostCranial -2 165.1 117.7 14.3
110 PostCranial -3 166.0 122.0 -0.1
111 Basion 166.6 126.3 -15.6
112 LowEthmoid 167.4 1127 -2.7
113 LowEthmoid -1 165.9 102.6 -0.3
114 LowEthmoid -2 1649 896 54
115 LowEthmoid -3 1645 814 135
116 LowEthmoid -4 163.6 839 226
117 UpEthmoid 163.8 84.6 31.9

[Table 1] Point coordinate text filesubject 1 (Cranial Base / Zygoma )

1 RInfOrbitalrim 155.7 50.8 36.7
2 RInfOrbitalrim-1 157.3 53.4 31.0
3 RInfOrbitalrim-2 157.3 53.1 26.1
4  RInfOrbitalrim -3 156.3 52.6 20.9
5 RInfOrbitalrim-4 153.0 52.9 16.9
6 RiInfOrbitalrim-5 149.1 534 14.1
7 RInfOrbitalrim -6 143.9 53.7 12.1
8 RInfOrbitalrim-7 138.8 54.0 9.9

9 ROrbitale 132.8 55.2 8.5

10 RZygoMax 1278 569 7.9

11 RZygoMax -1 128.2 59.6 3.9

12 RZygoMax -2 126.6 61.6 -0.1

13 RZygoMax -3 1246 63.7 -4.9

14 RKeyridge 1235 67.4 -9.2
15 RKeyridge -1 128.8 68.8 -10.5
16 RKeyridge -2 134.1 66.8 -13.5
17 RKeyridge -3 138.3 66.9 -16.2
18 RKeyridge -4 141.2 65.9 -20.5
19 RKeyridge -5 1425 649 -26.4
20 RUG6 1419 63.6 -32.9
21 RUG6-1 1442 58.6 -34.8
22 RUG6-2 1447 515 -36.2
23 RUG6-3 1476 479 -35.9
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24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

RU¢4

RU6-5

RU6-6
Uppermid
LabialCEJ
A-point

ANS

ANS -1

ANS -2

ANS -3
RPiriform
RPiriform -1
RPiriform -2
RPiriform -3
RPiriform -4
RPiriform -5
RPiriform -6
RInfOrbitalrim
LInfOrbitalrim
LInfOrbitalrim -1
LInfOrbitalrim -2
LInfOrbitalrim -3
LInfOrbitalrim -4
LInfOrbitalrim -5
LInfOrbitalrim -6
LInfOrbitalrim -7
LOrbitale
LZygoMax
LZygoMax -1
LZygoMax -2
LZygoMax -3
LKeyridge
LKeyridge -1
LKeyridge -2
LKeyridge -3
LKeyridge -4
LKeyridge -5
LUG

LUG -1

LUG -2

LUG -3

LUG -4

LUG -5

LUG -6
Uppermid
LabialCEJ
A-point

ANS

ANS -1

ANS -2

ANS -3

150.¢

156.7
40.2
168.6
168.8
168.2
168.5
164.0
159.8
50.8
154.8
155.3
156.5
158.8
160.2
160.5
160.2
155.7
175.3
173.8
174.5
177.4
181.4
188.6
193.7
199.1
203.9
208.6
211.2
212.7
213.5
212.9
208.1
200.1
196.2
194.5
197.6
192.8
191.1
188.6
184.8
180.5
1751
169.8
168.6
168.8
168.2
168.5
176.5
178.6
179.0

44.C

41.1

-35.0

39.6
41.1
42.9
44.0
46.5
49.4
-4.0
50.8
49.3
48.0
50.3
50.4
51.5
49.3
50.8
54.2
52.2
51.5
51.6
53.0
53.0
541
55.8
57.6
59.5
61.6
65.1
67.4
69.9
70.0
68.1
68.7
67.4
61.7
58.4
51.7
48.3
44.6
41.8
40.0
39.6
39.6
41.1
42.9
44.0
50.1
51.2
50.4

-35.C

-34.1

-35.1
-26.2
-19.3
-9.8
-9.3
-9.3

1.5
7.4
12.5
18.7
241
28.0
34.1
36.7
34.2
27.8
23.5
19.0
16.2
13.4
12.2
11.7
12.0
13.3
10.1
6.0
1.4
-5.5
-7.5
-11.1
-15.1
-22.6
-33.3
-32.7
-33.2
-32.7
-32.6
-33.6
-34.2
-35.4
-35.1
-26.2
-19.3
-9.8
-9.5
-6.3
-1.4
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75 LPiriform 178.7 49.c 5.C

76 LPiriform -1 177.8 475 114
77 LPiriform -2 175.8 493 153
78 LPiriform -3 173.0 48.2 19.9
79 LPiriform -4 170.6 49.3 25.9
80 LPiriform -5 170.0 50.4 29.8
81 LPiriform -6 169.7 48.2 35.9
82 LInfOrbitalrim 175.3 54.2 34.2
83 ANS 168.5 44.0 -9.8
84 Palate 165.6 58.8 -0.7
85 IncisCan 167.1 62.0 -7.9
86 IncisCan -1 166.4 749 -6.6
87 PNS 166.9 89.2 -13.3
88 PNS-1 168.2 724 -11.7
89 PalatalRidge 167.0 62.6 -13.2
90 PalatalRidge -1 166.8 57.4 -16.8
91 PalatalCEJ 168.0 515 -24.6
92 Uppermid 168.6 39.6 -35.1

[Table 2] Point coordinate text filesubject 1 (Maxilla)

1 RtTopCondyle 110.5 113.6 6.0
2 RtTopCondyle-1 113.9 1105 6.6
3 RtTopCondyle -2 112.7 108.9 45
4 RtTopCondyle -3 110.2 107.7 -2.3
5 RtCorNotch 118.8 97.1 -11.1
6 RtCorNotch -1 1189 879 -5.0
7 RtCorNotch -2 118.2 86.6 -1.3
8 RtCorTip 1185 849 0.2
9 RtCorTip-1 1199 832 -1.0
10 RtCorTip -2 121.8 84.2 -10.2
11 RtCorTip -3 1245 85.0 -16.7
12 RtCorTip -4 125.7 85.0 -23.1
13 RtAlvBorder 127.9 84.6 -29.1
14 RtAlvBorder-1  132.1 86.1 -34.4
15 RtAlvBorder-2 1404 74.1 -35.7
16 DistalLR6 144.1 69.6 -34.9
17 DistalLR6 -1 147.8 64.9 -33.4
18 MesialLR6 150.3 62.7 -35.0
19 MesialLR6 -1 152.1 589 -35.2
20 MesialLR6 -2 153.4 529 -33.7
21 LR3Tip 156.4 47.4 -334
22 LR3Tip-1 160.7 45.0 -33.5
23 LR3Tip -2 164.4 443 -32.9
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24 DentMidline 168.¢ 43.z -32.¢
25 DentMidline -1 169.0 425 -36.2
26 CEJ 169.3 43.2 -39.5
27 CEJ-1 169.6 44.3 -44.3
28 CEJ-2 169.6 46.0 -47.7
29 B-point 169.8 46.5 -52.1
30 B-point -1 169.8 46.1 -55.8
31 B-point -2 169.9 45.7 -58.7
32 B-point -3 169.5 450 -61.4
33 Pog 170.3 440 -65.0
34 Pog-1 170.5 439 -66.1
35 Pog -2 170.5 443 -67.2
36 Pog -3 170.9 44.7 -68.1
37 Me 170.7 46.9 -70.5
38 Me-1 183.5 51.7 -70.0
39 Me -2 197.2 66.3 -65.1
40 Me -3 2059 81.0 -56.7
41 LtAntGonNotch 209.4 93.8 -51.7
42 LtAntGonNotch -1 210.2 984  -53.2
43 LtGonAngle 211.3 106.2 -49.6
44 LtGonAngle -1 211.3 109.9 -46.0
45 LtGonAngle -2 211.6 1124 -39.3
46 LtGonAngle -3 213.1 112.0 -29.3
47 LtGonAngle -4 2149 1125 -20.9
48 LtConNeck218.1 113.0 -12.6

49 LtConNeck -1 219.6 116.0 -8.1
50 LtConNeck -2 220.7 118.1 -4.2
51 LtConNeck -3 217.7 1191 1.6
52 LtConNeck -4 216.8 1175 8.1
53 LtTopCondyle 2156 1140 84
54 LtTopCondyle -1 220.6 109.4 5.1
55 LtTopCondyle -2 221.1 109.1 -2.2
56 LtTopCondyle -3 214.7 106.2 -6.4
57 LtCorNotch 212.7 100.9 -10.1
58 LtCorNotch -1 213.1 96.2 -6.1
59 LtCorNotch -2 2127 93.0 -22
60 LtCorTip 211.0 889 35
61 LtCorTip -1 2104 883 0.3
62 LtCorTip -2 2095 889 -75
63 LtCorTip -3 209.0 89.7 -15.2
64 LtCorTip -4 207.3 89.3 -20.5
65 LtAlvBorder 205.6 89.3 -25.2
66 LtAlvBorder -1 1954 78.1 -30.9
67 LtAlvBorder -2 193.1 74.8 -31.3
68 DistalLL6 1909 71.6 -31.8
69 DistalLL6 -1 190.2 66.8 -31.3
70 MesialLL6 187.3 63.7 -33.8
71 MesiallLL6 -1 186.3 59.3 -31.8
72 MesiallLL6 -2 1846 54.1 -325
73 LL3Tip 1825 48.1 -32.1
74 LL3Tip -1 1779 46.1 -32.2
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75 LL3Tip-2 1728 451 -31.€

76 DentMidline 168.9 43.2 -32.6
77 CEJLingual 169.6 49.6 -38.1
78 CEJLingual -1 170.0 496 -41.1
79 CEJLingual -2 170.0 52.1 -43.8
80 CEJLingual -3 170.0 52.8 -46.2
81 CElJLingual -4 170.0 53.2 -48.7
82 ConcavePtChin 170.1 54.3 -53.0
83 ConcavePtChin-1 170.0 55.4 -57.8
84 ConcavePtChin-2 170.1 554 -62.1
85 ConcavePtChin-3 170.2 55.0 -64.8
86 ConcavePtChin-4 1704 539 -67.3

87 Me 170.7 46.9 -70.5
88 RtMe -1 161.6 54.7 -71.6
89 RtMe -2 146.6 61.1 -69.4
90 RtMe -3 136.1 711 -63.5

91 RtAntGonNotch 127.1 89.6 -56.7
92 RtAntGonNotch -1 124.3 96.8 -56.0
93 RtGonAngle 122.4 101.7 -54.9
94 RtGonAngle -1 121.3 104.8 -50.4
95 RtGonAngle -2 121.7 108.7 -44.2
96 RtGonAngle -3 119.2 108.2 -34.1
97 RtGonAngle -4 1159 109.3 -24.9
98 RtConNeck 112.7 1109 -16.0
99 RtConNeck -1 109.8 1119 -125
100 RtConNeck -2 107.7 1134 -8.6
101 RtConNeck -3 106.5 1149 -4.4
102 RtConNeck -4 106.2 114.8 -0.9
103 RtConNeck -5 108.4 1153 2.8
104 RtTopCondyle 110.5 113.6 6.0

[Table 3] Point coordinate text filesmbject 1 (Mandible)
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[Fig. 5] A screen capture of collecting points
(A) Subject 1 (B) Right Zygoma (C) Left Zygoma (B)d Cranial Base (E) Right Maxilla (F) Left Maxill
(G) Palate (H) Mandible

5]

2-2.  Shaperegistration and alignment of each component

Correspondence of points in each component wasnagsbased on manual labeling as
shown in the previous example of the text filetfor mandible. Methods for automated curve
registration exist; however, we found that the ioaymanually-defined correspondence appears
at least as accurate and often more accurate ¢lsatis from some state-of-the-art curve
registration approaches.

Given a pair of homologous weighted point $atsy;, w;}, x;, ¥; € R3,w; € R, the
transformation that minimizes the sum of squarsthdces between each pair of points is known
as a Procrustes alignment [64], and can be endogadix4 homogenous matux This matrix

minimizes the following functional:

C(A) = Xiwi(AX, — y,)%, 1)

-18 -



wherex,, y, are the 4-dimensional versions of the original peets, augmented by 1 in th& 4

dimension to account for translation.

2-3. Computing Average Affine Transformations

Assuming existing correspondence, we seek an awgmagjtion, size, and orientation —
the mean affine transformation — of the averageehgiven the sample of normal subjects. It
will become clear below why computing the averaffieatransformation is done prior to
computing the average shape itself. In fact, comguhe mean transformation is essentially
equivalent to computing the average shape itssédban our approximation of the latter.

We note here that a true “average” shape necessita idea of a shape metric. In this
formalism, shapes can be represented simply as-peis [9], continuous one-dimensional curves
[65], or orientable 2-manifolds [66]. Each of thesses leads to a different metric formulation,
d: M x M - R* forming its own Riemannian manifold of shapés In our case, the average
shape is approximated simply as the Euclidean gees&the individual shapes based on their
embedding in the original space R”3, and after réngpeffects of affine alignment.

A Riemannian metric naturally induces a manifolt] ¢he task of finding a mean of a

set of points on this manifold becomes a minimaafroblem:

A =arg minz d?(4,4,). (2)
A

This is known as the Karcher mean [67]. An equinglthough more general definition of the
Karcher mean is the point whose unit vectors alpemgplesics to each sum to zero in the

tangent space of.
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While we have tried the formulation of [65], weviedound that the Euclidean average
approximation with assumed correspondence is nobsist. Further, because the essential
measurements of interest in clinical practice aged on Euclidean displacement from the norm,

such a construction of the normative shape is eyostopriate.

The essential idea behind the computation of a raffare transformation is similar in
spirit to the idea of a metric space of shapeselped by Roger Woods [68], the approach
formulates a semi-Riemannian metric of linear tfamsations based on matrix exponentiation.
As noted in the study [68], the latter definitiditlee mean can be used to drive a local

optimization of (2). This is based on two facts:

1. Given an exponential map on a manifold at ppintr the geodesic path

parameterized byin the directiorv, y, (t) = Exp,(t = v), the condition for the

mean0 = ¥)_, Exp;' (4;), is also the local gradient for the current appration
to the mean.
2. As affine transformation matrices form a Lie grotig exponential map on the

manifold is equivalent to matrix exponentiation.

This leads to an iterative approach for findingtiean affine transformation.

2-4.  Reconstruction of a comprehensive 3D model

Armed with the computational methods of the prasisection, we can now reposition
the 1D skull components of each normal subjecgsaberage position. To do this, we can
initially choose a single subject to serve as #nget for all alignments. In this way, our mean

affine transform will be the mean of all inversartsforms to the target. Then, each subject’s

average repositioning matrix is computedias A~*. However, this approach is still potentially

-20-



confounded by the arbitrary choice of the targéjestt, which can reduce the stability of the
computed mean. An alternative which avoids thiS@amd is to compute the full set of Nx(N-1)
affine alignments, and find the corresponding nteamsformation for each subject. This is a true
group-wise approach, as no target subject nedos selected. We use the latter approach, as
implemented by Roger Woods in the “AIR Reconciledgram of the AIR package available at

http://bishopw.loni.ucla.edu/air5/

2-5.  Measurements and Analsysis by Superimposition

Two subjects were selected for comparison withnibrenalized craniofacial complex. First, one
subject was internally selected from the origieal subjects. Another subject from a patient with
crouzon syndrome was used to represent a speaffctbat had a great variation from the
population used for the normalization. The coortiinaf the points that define the boundary
were collected for both samples, and procrustelysinavas used to superimpose the cranial
base, maxilla, mandible, and the integrated craoiaf complex of each subject with the
normalized structures. The deviation from the ndized structure was analyzed in a vector form
as well as a linear distance for each landmark.dewation was also compared with the size-
standardized, or non-size-standardized standatidtd@vinternally determined among the
original ten samples. The 117, 92, 104, and 316tpdor Cranial base, Maxilla, Mandible, and
the Craniofacial complex include both sagittal pei@long the midline and asymmetric points
that are off the midline that can be analyzed ti#dl boundary point data were included in the
computation and were analyzed both visually anderigally. Every set of points as
morphologic entities and analytic results coulglmted in 3-dimensions using LONI

Shapeviewer software® developed by UCLA Laboratdrideuro-Imaging. However, the
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process of reviewing the data will only focus dimdted number of points to simplify the

evaluation. Thus, a number of points was seleciéd &able. 4 to represent arbitrary points of

interest.
Type of . _—
Components Landmarks Points Description
, . Basion 108th point of Cranial base
Cranial Base Sagittal - ) )
(CB) Nasion 45th point of Cranial base
Asymmetric | Right Fronto-zygomatic 37th point of Cranial base
) ANS 30th point of Maxilla
Sagittal - - -
Maxilla A Point 29th point of Maxilla
(Mx) | Rt Orbitale 9th point of Maxilla
Asymmetric — - - -
Right Lat. Nasal Cavity 34th opoint of Maxilla
B point 29th point of Mandible
) Sagittal Pogonion 33th point of Mandible
Mandible - -
(Mn) Menton 37th point of Mandible
_ | Rt Gonial Angle 93rd point of Mandible
Asymmetric - -
Rt Condylar Head 1st point of Mandible
[Table 4] Satted points of interest and the description
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3. Results

3-1. Representation of Individual Samples

The coordinates of the boundary points for thgimal ten samples showed a well-defined
boundary that represents the morphology of eactpooent of each patient. Fig. 6,7,8 Shows an

example of one sample.

[Fig. 6] Cranial Base / Zygoma of Sample 1

[Fig. 7] Maxilla of Sample 1
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[Fig. 8] Mandible of Sample 1

3-2. Normalized result of each component

10 samples of Cranial base, Maxilla and Mandibdpeetively are superimposed and averaged to
yield a normalized form of each component. Eacimadized structure is plotted as shown in Fig.
9,10,11.

The variation within the group of samples was gffiadtby the deviation of each landmark from
one another. Table 5 and Table 6 Show the statissult of the selected points of each

component in the case of non-size-standardizatidns&ze-standardization.

-24-



[Fig. 9] The normalized Cranial Base / Zygoma

[Fig. 10] The normalized Maxilla
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[Fig. 11 ] The normalized Mandible

Non-size-standardized
Component Type of Landmark STDV of Coord
Landmark STDV of
X Y z displacement
. Basion 1.21]2.10 | 4.32 2.23
Sagittal
CB Nasion 0.40 | 1.39 | 1.76 1.11
Asymmetric | Right Fronto-zygomatic 1.97]1.86 | 1.03 1.51
i ANS 1.10| 2.84 | 1.24 1.52
Sagittal
\ A Point 0.93 | 1.34 | 1.54 1.05
X

.| Rt Orbitale 273|121 |171 1.47

Asymmetric
Right Lat. Nasal Cavity 0.65]1.39 | 2.31 1.84
B point 0.33 | 1.80 | 1.54 1.20
Sagittal Pogonion 0.56 | 1.93 | 2.50 1.96
Mn Menton 0.63 | 1.76 | 1.96 1.60
. | Rt Gonial Angle 2.30 | 3.93 | 1.97 2.74

Asymmetric
Rt Condylar Head 3.03|1.02| 234 2.24

[Table 5] Non-Size-Standardized Resfithe Deviation
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T ; Size-standardized
ype o
Component Landmark Landmark STDV of Coord STDV of
X y z displacement
. Basion 1.18 | 2.90 | 4.32 2.44
Sagittal
CB Nasion 0.38 | 1.66 | 1.70 1.16
Asymmetric | Right Fronto-zygomatic 0.93 | 1.38|1.17 0.82
i ANS 1.08 299 |1.24 1.64
Sagittal
\ A Point 092|150 |1.48 1.14
X
.| Rt Orbitale 2.12 | 1.23 | 1.55 1.39
Asymmetric
Right Lat. Nasal Cavity 0.64 | 1.37 | 2.27 1.83
B point 0.34 ] 1.95| 1.09 1.11
Sagittal Pogonion 0.59 | 2.04 | 1.46 1.38
Mn Menton 0.65 | 2.00 | 1.07 1.08
. | Rt Gonial Angle 2.14 | 3.42 | 1.98 2.56
Asymmetric
Rt Condylar Head 2.45|1.90 | 2.59 2.25

[Table 6] Size-Stardized Result of the Deviation

3-3. Average of the complex

Reconstruction of the normalized craniofacial ginte was carried out by applying the invert
transformation and repositioning each componertt véspect to one another. The result is a set
of 313 points, representing the outline of the redimed craniofacial structure. The normalized

feature and numerical values of the coordinatessushown in Fig. 12 and Table 7.

[Fig. 12 ] The normalized craniofacial complex
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Type of

Ave Coord

Component Landmark Landmark
X y z
. Basion 169.44 | 126.85 | 31.14
Sagittal
CB Nasion 170.63 | 51.31 | 58.43
Asymmetric | Right Fronto-zygomatic 123.95 | 65.08 | 52.84
) ANS 170.61 | 46.98 5.53
Sagittal
Mx A Point 170.38 | 47.07 | -1.15
.| Rt Orbitale 136.54 | 58.96 | 28.22
Asymmetric
Right Lat. Nasal Cavity 157.92 | 53.39 | 17.58
B point 169.45 | 49.30 | -38.35
Sagittal Pogonion 169.31 | 47.56 | -52.70
Mn Menton 169.21 | 52.01 | -58.16
.| Rt Gonial Angle 123.75 | 112.58 | -36.83
Asymmetric
Rt Condylar Head 115.57 | 121.96 | 23.49

[TableThe normalized coordinate points

3-4. Superimposition of an internal subject with the Norm

The first sample was selected as the internal sutgebe superimposed and compared with
the norm. The non-size-standardized and size-stdizéd superimposition of the Cranial

base, Maxilla, and Mandible revealed that the cioatds of the boundary points were

deviated from the norm, and the visualized comparis shown in Fig. 13 & 14.
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[Fig. 13] Non-Size-Standardized Superimpositi
of the components of Sample 1

(White: Sample 1, Colored : Norm)

on

[Fig. 14] Size-Standardized Superimposition ¢
the components of Sample 1

(White: Sample 1, Colored : Norm)

=Y
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. Deviation of Dev. of Coord.
Landmark Subject Coord. Coord In STDV b Dev.
andmar . ev | .
in STDV
X y z X y z X y z

Basion 168.51 | 12342 | 37.56 | -0.93 | -3.43 | 6.42 | -0.76 | -1.63 1.49 | 7.33 3.29
Nasion 170.89 52.45 | 59.04 | 0.26 1.14 | 0.60 | 0.64 | 0.82 | 0.34 | 1.31 1.18
Right Fronto-

g . 0 122.24 67.43 | 5296 | -1.71| 235 | 0.12 | -1.71 | 235 | 0.12 | 2.91 1.93
zygomatic
ANS 171.76 47.88 5.72 1.14 | 0.90 | 0.19 1.04 | 0.32 | 0.15 | 1.47 0.96
A Point 171.07 46.78 -3.76 | 0.69 | -0.28 | -2.61 | 0.74 | -0.21 | -1.69 | 2.71 2.59
Right Orbitale 136.53 57.67 | 25.66 | -0.01 | -1.28 | -2.56 | 0.00 | -1.06 | -1.50 | 2.86 1.94
Rt, Lat. Nasal

L 158.34 54.13 17.65 | 042 | 0.75 | 0.07 | 0.64 | 0.54 | 0.03 | 0.86 0.47
Cavity
B point 169.61 52.58 | -37.77 | 0.16 | 3.28 | 0.57 | 050 | 1.82 | 0.37 | 3.33 3.33
Pogonion 169.39 50.19 | -50.70 | 0.07 | 2.63 | 2.00 | 0.13 1.36 | 0.80 | 3.31 3.31
Menton 169.54 53.13 | -56.19 | 0.33 1.12 1.97 | 0.53 | 0.64 1.00 | 2.29 2.29
Rt Gonial Angle 123.00 | 108.51 | -37.58 | -0.75 | -4.07 | -0.75 | -0.33 | -1.03 | -0.38 | 4.20 4.20
Rt Condylar Head | 114.54 | 120.04 | 23.96 | -1.02 | -1.93 | 0.47 | -0.34 | -1.88 | 0.20 | 2.23 2.23

[Table 8] Non-Size-standardized superigiipan of each component
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Numerical values of selected points of the Non-siaedardized superimposition and size-

standardized superimposition are given in TablaBE&able 9.

Deviation of Dev. of Coord.
Subject Coord.
) Coord. In STDV

Dev.

Landmark Dev in

X y z X y z X y z STDV

Basion 168.50 | 123.95 37.53 | -0.94 | -2.90 | 6.38 0.80 | -1.00 1.48 | 7.07 2.90

Nasion 170.91 52.06 | 59.28 0.28 | 0.75 | 0.85 0.72 | 045 | 0.50 | 1.16 1.00

Right Fronto-
ight Fronto 121.62 67.23 | 53.13 | -2.33 | 2.15 | 0.29 -2.50 | 1.56 | 0.25 | 3.18 3.90

zygomatic

ANS 171.78 47.67 558 | 1.17 | 0.68 | 0.05 1.08 | 0.23 | 0.04 | 1.36 0.82
A Point 171.08 46.55 -4.10 | 0.70 | -0.52 | -2.95 0.76 | -0.35 | -2.00 | 3.07 2.71
Right Orbitale 135.80 57.67 | 25.94 | -0.73 | -1.29 | -2.28 | -0.35 | -1.05 | -1.47 | 2.72 1.96

Rt, Lat. Nasal
158.08 54.05 17.77 0.16 | 0.67 | 0.18 0.25| 049 | 0.08 | 0.71 0.39

Cavity

B point 169.67 51.61 | -38.42 | 0.22 | 2.30 | -0.07 0.65| 1.18 | -0.06 | 2.31 2.08
Pogonion 169.43 49.14 | -51.74 | 0.12 | 1.59 | 0.97 0.21 | 0.78 | 0.66 | 1.86 1.34
Menton 169.59 52.18 | -57.40 | 0.39 | 0.17 | 0.77 0.60 | 0.08 | 0.72 | 0.88 0.81
Rt Gonial Angle 121.63 | 109.25 | -38.22 | -2.12 | -3.33 | -1.39 | -0.99 | -0.97 | -0.70 | 4.19 1.63

Rt Condylar Head 112.92 | 121.12 | 25.20 | -2.65 | -0.85 | 1.71 | -1.08 | -0.45 | 0.66 | 3.26 1.45

[Table 9] Size-standardized superintmsof each component
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The non-size-standardized and size-standardizeatisymosition can be performed to focus
on the overall difference of the craniofacial stawes of sample 1 and the normalized form.

The visualized result of the superimpositions amvided in Fig. 15 & 16.

[Fig. 15] Non-size-standardized superimpositiothef craniofacial complex of Sample 1 with the

normalized form

(White : Sample 1, Colored : Norm)
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[Fig. 16] Non-size-standardized superimpositiothef craniofacial complex of Sample 1 with the

normalized form

Again, selected point data were given in Tabledd Bable 11 for non-size-standardized and

size-standardized results.

. Deviation of Dev. of Coord.
Subject Coord. D.ev.
Landmark Coord. In STDV Dev | in

X y z X y z X y z STDV

Basion 168.72 | 123.81 | 38.06 | -0.72 | -3.04 | 692 | -0.61 | -1.05| 1.60 | 7.59 3.12

Nasion 170.96 50.45 | 58.67 0.33 | -0.86 | 0.24 0.85 | -0.52 | 0.14 | 0.95 0.82
Right Fronto-

g . 121.02 65.99 | 52.32 | -293 | 090 | -0.52 | -3.15| 0.65| -0.45 | 3.11 3.81

zygomatic
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ANS 171.11 48.86 587 | 050 | 1.88 | 0.35 0.46 | 0.63 | 0.28 | 1.97 1.20
A Point 170.24 47.63 -3.84 | -0.14 | 0.56 | -2.69 | -0.15| 0.38 | -1.82 | 2.75 2.43
Right Orbitale 135.59 60.65 | 26.63 | -095| 1.70 | -1.59 | -0.45 | 1.39 | -1.03 | 2.51 1.81
Rt, Lat. Nasal
. 157.74 56.00 | 18.20 | -0.18 | 2.62 | 0.61 | -0.28 | 1.91 | 0.27 | 2.69 1.47
Cavity
B point 169.96 50.97 | -37.62 | 0.51 | 1.67 | 0.72 151 | 0.86 | 0.66 | 1.89 1.70
Pogonion 169.71 48.27 | -50.86 | 0.39 | 0.71 | 1.85 0.66 | 0.35| 1.27 | 2.02 1.46
Menton 169.80 51.19 | -56.56 | 0.59 | -0.82 | 1.61 091 |-041| 150 | 1.90 1.76
Rt Gonial Angle 121.27 | 107.78 | -38.30 | -2.48 | -4.80 | -1.47 | -1.16 | -1.40 | -0.74 | 5.60 2.18
Rt Condylar Head 112.67 | 120.69 | 24.75 | -2.89 | -1.28 | 1.26 | -1.18 | -0.67 | 0.49 | 3.40 1.52
[Table 10] Non-Size-standardized superimpositiothefcomplex of subject
Deviation of Dev. of Coord.
Subject Coord.
) Coord. In STDV
Dev.
Landmark Dev in
X y z X V% z X y z STDV
Basion 168.72 | 123.81 | 38.06 | -0.72 | -3.04 | 692 | -0.61 | -1.05| 1.60 | 7.59 3.12
Nasion 170.96 50.45 | 58.67 | 0.33 | -0.86 | 0.24 0.85 | -0.52 | 0.14 | 0.95 0.82
Right Fronto-
. 121.02 65.99 | 52.32 | -293 | 0.90 | -0.52 | -3.15 | 0.65 | -0.45 | 3.11 3.81
zygomatic
ANS 171.11 48.86 587 | 050 | 1.88 | 0.35 0.46 | 0.63 | 0.28 | 1.97 1.20
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A Point 170.24 47.63 -3.84 | -0.14 | 056 | -2.69 | -0.15| 0.38 | -1.82 | 2.75 2.43
Right Orbitale 135.59 60.65 | 26.63 | -095| 1.70 | -1.59 | -0.45 | 1.39 | -1.03 | 2.51 1.81
Rt, Lat. Nasal

Cavity 157.74 56.00 | 18.20 | -0.18 | 2.62 | 0.61 | -0.28 | 1.91 | 0.27 | 2.69 1.47
B point 169.96 50.97 | -37.62 | 051 | 1.67 | 0.72 151 | 0.86 | 0.66 | 1.89 1.70
Pogonion 169.71 48.27 | -50.86 | 0.39 | 0.71 | 1.85 0.66 | 0.35| 1.27 | 2.02 1.46
Menton 169.80 51.19 | -56.56 | 0.59 | -0.82 | 1.61 091 |-041| 1.50 | 1.90 1.76
Rt Gonial Angle 121.27 | 107.78 | -38.30 | -2.48 | -4.80 | -1.47 | -1.16 | -1.40 | -0.74 | 5.60 2.18
Rt Condylar Head 112.67 | 120.69 | 24.75| -2.89 | -1.28 | 1.26 | -1.18 | -0.67 | 0.49 | 3.40 1.52

[Table 11] Size-standardized superimposition ofdtmplex of subject

3-5. Superimposition of an external subject with the Norm

The boundary information of a CBCT image from dguatdiagnosed as Crouzon syndrome (Fig.

17 ) was collected in the form of point coordinaté€ranial base, Maxilla and Mandible. The

set of points was used to be superimposed and cethpédth the normalized form.
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[Fig.17] CBCT image of Crouzon syndrome patien

used as an external subject

First, Cranial base, Maxillary and Mandibular coment were individually superimposed
with the normalized component, showing a distimrhparison between the subject and the
norm. The visualized image is shown in Fig. 18 a8 dwhereas the numberical values for

selective points are provided in Table 12 and TaBle

[Fig. 18] Non-Size-Standardized Superimposition
of the components of the external subject

(White: external subject, Colored : Norm)
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[Fig. 19] Size-Standardized Superimposition of
the components of the external subject

(White: external subject, Colored : Norm)

. Deviation of Dev. of Coord.
Subject Coord. D.ev.
Landmark Coord. In STDV Dev | in
X y z X y z X y z STDV
Basion 169.34 | 117.04 3292 | -0.10 | -9.81 1.78 -0.08 | -4.67 0.41 | 9.97 4.47
Nasion 169.41 47.35 57.66 | -1.22 | -3.96 | -0.77 -3.04 | -2.86 | -0.44 | 4.22 3.79

Right Fronto-
123.46 67.61 | 56.79 | -049 | 253 | 394 | -0.25| 136 | 3.82 | 4.71 3.12

zygomatic
ANS 171.66 44.33 10.27 1.05 | -2.66 | 4.74 095 | -094 | 3.82 | 553 3.63
A Point 170.71 51.26 2.43 0.33 | 419 | 3.58 0.36 | 3.13 | 2.32 | 5.52 5.28

Right Orbitale 138.08 57.86 | 23.50 | 1.54 | -1.10 | -4.72 0.56 | -0.91 | -2.76 | 5.08 3.45
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Rt, I._at. Nasal 154.05 57.83 17.25 | -3.87 | 445 | -0.34| -592 | 3.20 | -0.15 | 5.91 3.21
Cavity
B point 168.63 4457 | -43.59 | -0.82 | -4.73 | -5.24 | -2.52 | -2.62 | -3.40 | 7.11 5.93
Pogonion 168.56 42.21 | -60.13 | -0.75 | -5.34 | -7.43 | -1.32 | -2.77 | -2.97 | 9.18 4.68
Menton 168.39 48.54 | -6597 | -0.82 | -3.47 | -7.80 | -1.30 | -1.97 | -3.97 | 8.58 5.37
Z;;Zmal 12291 | 103.04 | -37.07 | -0.84 | -9.54 | -0.24 | -0.36 | -2.43 | -0.12 | 9.58 3.49
Rt Condylar
Head y 123.72 | 126.29 | 25.17 8.16 | 4.33 1.69 269 | 423 | 0.72 | 9.39 4.19
[Table 12] Non-Size-standardized superimpositiothefcomponents of the external subject
Deviation of Dev. of Coord.
Subject Coord.
) Coord. In STDV
Dev.
Landmark Dev in
X y z X y z X y z STDV
Basion 169.33 | 117.98 32.72 | -0.11 -8.87 | 158 | -0.09 | -3.06 | 0.37 9.01 3.70
Nasion 169.40 46.38 58.14 | -1.23 -493 | -0.29 | -3.21 | -2.96 | -0.17 5.09 4.37
Right Fronto-
. 122.19 67.20 57.24 | -1.76 212 | 4.40 | -1.89 1.53 | 3.77 5.19 6.35
zygomatic
ANS 171.67 44.20 10.25 1.06 -2.78 | 472 | 098 | -0.93 | 3.81 5.58 3.39
A Point 170.71 51.19 2.34 0.33 413 | 349 | 036 | 275 2.36 5.41 4.77
Right
. 137.78 57.86 23.60 1.24 -1.10 | -4.61 | 0.58 | -0.90 | -2.98 4.90 3.53
Orbitale
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Rt, l._at' Nasal 153.89 57.83 17.29 | -4.03 445 | -0.29 | -6.31 | 3.24 | -0.13 6.00 3.28
Cavity

B point 168.58 47.03 | -41.94 | -0.87 -2.28 | -3.59 | -2.59 | -1.16 | -3.29 4.34 3.90
Pogonion 168.52 4481 | -57.46 | -0.79 -2.75 | 476 | -1.34 | -1.35 | -3.27 5.55 4.01
Menton 168.35 50.75 | -62.94 | -0.85 -1.26 | -4.78 | -1.32 | -0.63 | -4.46 5.01 4.63
i;glzmal 125.67 | 101.90 | -35.82 1.92 | -10.68 1.01 | 090 | -3.12 | 0.51 | 10.90 4.25
Rt Condylar

Head 126.43 | 123.73 22.60 | 10.86 1.76 | -0.88 | 4.44 | 093 | -0.34 | 11.04 4.92

[Table 13] Size-standardized superimposition ofdbeponents of the external subject

[Fig. 20] Non-size-standardized superimpositiothef craniofacial complex of Sample 1 with the
normalized form

(White : External Subject , Colored : Norm)
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normalized form

(White : External Subject , Colored : Norm)

[Fig. 21] Size-standardized superimposition of cheniofacial complex of Sample 1 with the

. Deviation of Dev. of Coord.
Subject Coord. D.ev.
Landmark Coord. In STDV Dev in
X y z X y z X y z STDV
Basion 168.92 | 116.97 32.28 | -0.52 -9.88 1.13 | -0.43 | -4.70 0.26 9.96 4.47
Nasion 170.78 48.07 59.09 0.14 -3.24 0.65 0.35 | -2.34 0.37 3.31 2.97
Right Fro,nto_ 124.33 67.16 57.75 0.38 2.07 4.90 0.19 1.11 4.76 5.34 3.54
zygomatic
ANS 170.62 51.04 11.98 0.00 4.06 6.46 0.00 1.43 5.20 7.63 5.00
A Point 169.75 58.70 4.85 | -0.63 11.64 6.01 | -0.68 8.69 3.90 | 13.11 | 12.53
Right
. 137.09 63.47 26.37 0.55 4.52 -1.85 0.20 3.73 | -1.08 4,91 3.33
Orbitale
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Rt, I._at. Nasal 153.07 63.93 20.19 | -4.84 10.55 261 | -7.40 | 7.60 1.13 | 11.90 6.47
Cavity
B point 168.18 42.77 | -51.98 | -1.27 -6.53 | -13.64 | -3.91 | -3.62 | -8.84 | 15.17 | 12.65
Pogonion 168.32 42.74 | -68.69 | -0.99 -4.82 | -1599 | -1.76 | -2.50 | -6.39 | 16.73 8.54
Menton 168.44 49.82 | -73.59 | -0.77 -2.19 | -1543 | -1.22 | -1.25 | -7.86 | 15.60 9.78
itnglzmal 124,19 | 101.25 | -37.95 | 0.44 | -11.33 -1.12 | 0.19 | -2.88 | -0.57 | 11.40 4.15
R ndylar
Htegg dyla 124.68 | 115.60 | 26.93 | 9.11 -6.37 3.44 | 3.01 | -6.22 1.47 | 11.64 5.19
[Table 14] None-Size-standardized superimpositioiihe@ complex of the external subject
Deviation of Dev. of Coord.
Subject Coord.
: Coord. In STDV
Dev.
Landmark Dev in
X y z X y z X y z STDV
Basion 168.92 | 116.56 | 32.08 | -0.51 | -10.29 0.94 -0.44 | -3.56 0.22 10.35 | 4.25
Nasion 170.76 | 48.35 58.62 | 0.13 -2.96 0.19 0.33 | -1.78 0.11 2.96 2.55
Right Fronto-
'sht 0. to 124.79 | 67.25 57.30 | 0.84 2.16 4.45 0.90 | 1.57 3.81 5.02 6.15
zygomatic
ANS 170.61 | 51.29 11.99 | -0.01 4.31 6.47 -0.01 | 1.44 5.22 7.77 4.73
A Point 169.74 | 58.88 4.94 -0.64 | 11.81 6.09 -0.69 | 7.87 4.12 13.30 | 11.72
Right
. 137.41 | 63.60 26.23 | 0.87 4.64 -1.99 0.41 | 3.79 -1.28 5.12 3.69
Orbitale
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Rt, Lat. Nasal

Cavity 153.24 | 64.06 | 20.12 | -4.68 | 10.67 253 | -7.34 | 7.79 112 | 11.92 | 6.52
B point 168.19 | 43.11 | -51.33 | -1.26 | -6.19 | -12.98 | -3.75 | -3.17 | -11.90 | 14.44 | 12.96
Pogonion 168.33 | 43.07 | -67.87 | -0.98 | -4.48 | -15.16 | -1.66 | -2.20 | -10.42 | 15.84 | 11.44
Menton 168.45 | 50.08 | -72.72 | -0.76 | -1.93 | -14.55 | -1.17 | -0.96 | -13.58 | 14.70 | 13.57
it]glznial 124.65 | 100.99 | -37.44 | 0.90 | -11.59 | -0.61 | 042 | -3.39 | -0.31 | 11.64 | 4.54
Ete;:;)ndybr 125.13 | 115.20 | 26.79 | 9.56 | -6.77 3.30 391 | -3.56 | 1.28 | 12.17 | 5.42

[Table 15] Size-standardized superimposition ofdtmnplex of the external subject
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4. Discussion

4.1 Significance of the study

Normalization of a group of subjects is an impartep for analyzing the irregularity or
abnormality of an individual subject by comparisdraditionally in cephalometrics, the
normalized property of a population was given am@ical values derived from multivariate
analysis based on edge-superimposition. As disdusseve, the most recent attempts have
focused on overcoming these constrictions, focusmghe true morphological nature of the
anatomical structure [24, 60, 62] . These studa& partially succeded in developing methods
to represent part of the craniofacial structures émabled superimposition or normalization of
the craniofacial component. However, the studiegwmited to a fraction of the entire facial
anatomy, therefore the morphologic information lor@eader scope could not be provided. On the
other hand, indiscriminately collecting the landksairom different anatomical regions will not
preserve the alignment of each component thattisatrfor the normalization of the components.
Due to the unique characteristics of different amat structures in their growth and
development, the separation of different anatonstraktures is crucial for utilizing the
cephalometric image for clinical purposes suchiagribsis and treatment planning

This study attempted to reconstruct the entiraiofacial complex by combining normalized
component of three different segmented anatominattsires. The process of superimposition
and normalization of the components inevitably agganies incoherent affine transformation of
the components that result in their separationraisdlignment. The irregular arrangement of the
normalized components is shown in Fig. 22 . Thegmments were highly coordinated after the
inverse transformation method was applied, whidvigled a reconstructed craniofacial complex

(Fig. 23).
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[Fig. 22] Averaged components before realignment

[Fig. 23] Averaged complex reconstructed with tineerse transformation method

A close-up look at the boundaries of the maxilld apgoma shows that the structures are well
aligned with a high degree of accuracy (Fig. 24sing this method, a representative figure of
the entirety of craniofacial structures is estditds and averaged. Most importantly, each
component corresponding to cranial base, maxilthraandible is a normalized form itself. The
averaging process of human craniofacial morpholag/never been accomplished, and this
model will serve as the first 3-dimensional normattban be used as a reference for comparing

either the individual component or the whole créas@l complex.
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[Fig. 24] A close-up look at the reconstructed nalimed craniofacial complex

In this study, it was shown that a superimposittban individual can reveal the difference
between the target subject and the norm. Usingtikeihod can reveal how far each point along
the border of an individual is deviated from themoWith the statistical data such as the internal
variation of the group, the point with an unusuaiiation can be determined for an individual
sample.

The superimposition of each component showed thtoarical variation of the cranial base,
maxilla, and mandible, while the superimpositiorttef whole craniofacial complex showed the
morphologic variations when the relative positignof the components were also taken into
consideration. . The comparison was available niyt for finding the small variation of an
internal subject that was used for generating trennbut also for an external subject that was
greatly deviated from the norm in general.

The superimposition of the subjects was cdmigt in two different ways: non-size-
standardized and size-standardized method. Whesinerstandardized superimposition was
used, the procedure allowed rigid transformatidritbe structures without size correction, and is
useful when the original structure needs to begmvesl. On the other hand, size-standardized

superimposition eliminates the size factor, andvimiation of shape alone was clearly revealed.
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The difference was most obvious in an anatomictira that had a great size difference, which

in this case was the mandible of the external stilffgg. 25).

[Fig. 25] Non-size-standardized mandible (Whitedl aize-standardized mandible (Blue)

The limitations of conventional cephalometiiesre been noted by the clinicians for over
decades, and the need of a 3-dimensional analgsibden increasingly gaining attention. As
CBCT has been introduced as an effective tool tpiae 3-dimensional skeletal image of the
craniofacial area, numerous studies have usedtdéliff@pproaches to provide an adequate
analytic method to evaluate the subject’'s morphplétpwever, a vast majority of the studies
have not been successful in capturing the truargdsional figure of the anatomic structures,
still relying upon conventional landmarks and thigiear measurements. Therefore we have set
an essential requirement of a true 3-dimensionallyais as discussed above, and this new
approach has shown to be successful in differqreds:

1. The new method has eliminated the excessive depeadm limited landmarks. Instead, the
analysis considers each boundary point with eqopbitance.

2. The geometric figure used in the analysis teiiles each anatomic structure represents the

actual shape. The craniofacial structure remairss3asgimensional entity, and the shape is

preserved throughout the process.
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3. The analysis provides superimposition of défgrsubjects to provide a normative form and
its comparison with individual subjects.
4. The analysis provides statistical results tewheine the distinct characteristic of an individual

sample.

One of the significant findings of the current atsid is the fact that certain anatomic structures
that are assumed to be fixed in conventional cephetrics are in fact deviated in the current
analysis. In the craniofacial complex superimpositsella was greatly deviated especially in the

case of external sample (Fig. 26).

[Fig. 26] Non-size-standardized superimpositionsarfiple 1 (Left) and the external subject (Right)

This was expected, since the superimposition isedrby multiple points that define the border of
the structure, and lesser points were used toal#iim sella area which in turn imposes a lesser
weighing factor on that specific area. The result superimposition that shows a better
approximation in the facial area than the sellaairefact, there is no scientific reason explajnin

why sella should be the reference for the compariga@raniofacial structures. This analysis
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focuses on the area that is of greatest intetestefore, a true comparison of the morphology is

possible.

4.2 Applicationsand Limitations

The morphologic analysis described in this study$sveral potential applications.

First, the new method can be used to find ndz@dimorphology of specific population.
Human subjects can be categorized by certain fastorh as age, gender, ethnicity or even facial
patterns, and the general morphologic trait caexbeacted from the selected group of subjects.
This will provide insight on understanding the traerphologic differences among different
populations, and will also be helpful in etting pattient specific treatment goals of orthodontic or
surgical correction.

Second, the clinicians treating the patienttwithodontic treatment or orthognathic surgery
can use the new analysis to determine which péttearaniofacial structure are deviated from
the norm. In conventional cephalometrics, theltedithe analysis is only given by a collection
linear measurements and angles, and understardingature of the overall morphologic
abnormality is extremely unrealisitc. Moreover, tumventional analysis could only represent
the 2-dimensional projection of the object, losing true geometry of the structure. Using the
new technique as a tool, the clinicians are novabkgof visualizing the defect or abnormality in
a 3-dimensional space.

Third, clinical and scientific research is anothetential field that this new analysis may be used
for. The absence of a regulated protocol for molqayioal study was the limiting factor for the
human skull studies. In previous anthropologic igsidfor example, landmark based linear
measurements including the conventional cephaldcseatrere some of the limited number of
analytic methods. Using the visual and numericsilséance of the new morphologic analysis,

each part of the craniofacial structure can befalyecompared between different subjects or
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subgroups, which will allow the researchers toaigc unknown variables. This will eventually
help scientists and clinicians improve their untierdings of the evolution and development of
the human face.

The analytic method shown in this study has cldaaatages over the conventional
cephalometrics, but certain limitations can alsmbiced.

In the current analysis, every point in a 3-dimenal structure is used in the registration process
for the superimposition. This is useful for findiag overall deviation of the structure, when there
is no reliable information of stable points. However a subject that has a clear defect only in
certain area, the irregularity is evened out okeréntire structure and therefore does not show a
clear contrast. This will be solved if some of Hmindary points can be selectively used for the
procrustes superimposition.

Another limitation of the study is that the cramicifal structure cannot be fully described with the
boundary information. Surface topology of the cofatial anatomy is also an important part in
evaluating the facial structure. Therefore only whige surface structure is combined with the
well-defined border can a complete evaluation lveazhout. This analysis is part of the
development of a comprehensive morphologic anatisiswill follow this study. Ultimately,

this boundary mapping study will be combined with surface mapping study[59] to establish

the final 3-dimensional analysis of the human sklbchematic picture is shown in Fig. 27.
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[Fig. 27 ] An example of Normalized surface and tary of the craniofacial structure
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5. Conclusion

With this novel approach, the average of the cifacial components and the craniofacial
complex can be obtained. The normative structunebeasuperimposed with individual samples
for comparison. This approach provides a basis feew morphologic analysis that fulfills the
requirement of a true 3-dimensional cephalometialysis and eliminates the limitations of
conventional cephalometry. The method describékdrstudy can be improved with the

introduction of surface mapping methodology to lelssa a comprehensive analysis.
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