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Shape differences among symmetrically
shaped skeletal growth patterns in a
panoramic view: a Fourier analysis

Abstract: The objective of this study was to apply elliptic Fourier
analysis (EFA) to find shape differences among skeletal growth patterns
in both radiographic and tomographic panoramic views, controlling
for asymmetry. Lateral and panoramic images were obtained from
350 patients. After screening patients with asymmetric linear and angular
values and natural asymmetric hemimandibular shape, 240 patients
were included in the study: 48 with tomographic information and
192 with radiographic information. The images were classified according
to the mandibular plane angle and the ANB angle. Mandibular contours
were digitized on the panoramic images and EFA was performed with
20 harmonics, filtering rotation, translation and size properties. As there
were no differences between radiographic and tomographic panoramic
mandibular contours and normal distribution was found in all groups,
MANOVA was conducted to determine differences using a Hotelling’s
p-values with Bonferroni correction and an XY graph tool was applied
to visualize these differences graphically. A 95% confidence level was
used. Significative differences were found among hypodivergent,
normodivergent, and hyperdivergent patternsin Class I, I, and III (p < 0.05),
located mainly in the symphyseal region. The results of this study suggest
that EFA is a useful tool to mathematically analyze mandibular contours
and their morphological differences given by facial biotypes. This method
could improve the precision of the mandibular prediction models.

Keywords: Fourier Analysis; Mandible; Radiography, Panoramic;
Tomography.

Introduction

Mandibular reconstruction systems offer few alternatives for
resembling shape for the purposes of assisting in rehabilitation following
mandibulectomy or forensic identification purposes. This is mainly related
to the limitation of some studies to achieve an adequate analysis of the
mandibular contour. One solution for obtaining more natural morphology
resides in customized mathematical models."*>* Although progress is
evident compared to a few years ago, limitations are found in the scope
of these systems for the general population.

Factors such as the cost and availability of resources in many places
of difficult access exert an influence on this process. To establish an
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economical proposal for a mandibular prediction that
is accessible to the entire Latin American population,
bidimensional analyses are being extrapolated to a
three-dimensional view.*>* However, morphological
components must be studied in depth to integrate
the pertinent variables, enabling the determination
of a mathematical model that can be generalized
for the mass creation of models that resemble each
property of mandibular bone, especially shape. For
such purpose, elliptic Fourier analysis (EFA) could
be employed.”#%1

In facial reconstruction, it is relevant to highlight
that the individuality of each personis directly related
to its craniofacial biotype."'*** For both maxillofacial
surgery with rehabilitation purposes as for forensic
identification, it is important to consider the best way
to group the sample based on simple characteristics
with morphological relevance. As craniofacial anatomy
is highly complex, it is necessary to choose structural
measures used in anthropology, orthodontics, and
orthognathic treatment. Under these conditions,
the combination of the ANB angle used to establish
skeletal classes' and the mandibular plane angle (S-N/
Go-Gn) used to establish skeletal growth patterns
seems to be adequate to perform shape explorations.”®

However, the study of skeletal growth patterns is
mainly related to rotation and size factors of facial
components.’® Besides, growth is generally measured
in a lateral view by lines and angles and not by
the shape given by the mandibular contour.*"*
As seen in previous studies,®” the evaluation
of panoramic images allow an overview of the
morphologic aspects of the mandibular contour. The
use of EFA could give an idea of the specific regions
that are characteristic of each biotype, allowing
in the future the location of relevant landmarks
that could be related to craniomaxillary angles
for predictive purposes.* As the explorations are
performed in a panoramic view, linear, angular,
and shape asymmetry should be controlled, as
suggested previously by Nifio-Sandoval.?

Thus, the aim of the present study was to apply
EFA to find quantitative and qualitative shape
differences among skeletal growth patterns in both
radiographic and tomographic panoramic images,
controlling for asymmetry.
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Methodology

Acquisition of images

An observational exploratory research was carried
out. Information from 350 patients was collected
retrospectively from July 2017 to December 2018 at
the Boris Berenstein Clinic in the city of Recife, Brazil.
Fifty-four patients had tomographic information and
296 had information from lateral and panoramic
radiographs. All patients were adults with full permanent
dentition with no posterior crossbite, tumors, cysts, severe
bone defects, congenital or acquired malformations,
and no history of orthognathic or aesthetic surgery.

This study received approval from the Human
Research Ethics Committee of the Dean’s Office of
Graduate Research and Innovation Programs of
the University of Pernambuco (certificate number:
83767517.7.0000.5207) in the city of Recife and was
conducted in accordance with the precepts stipulated
in the Declaration of Helsinki.

Lateral radiographs were collected using a single
Xray device (ORTHOCEPH® OC200 D, Instrumentarium
Dental; 60-85 kV; 3.2-16 mA; 8-20 s. Panoramic
radiographs were taken using a single panoramic
digital image system (ORTHOPANTOMOGRAPH®
OP200 D, Instrumentarium Dental; 57-85 kV; 2-16 mA;
14.1-17.6 s, Milwaukee, USA). The CLINIVIEW™
software (Instrumentarium Dental, Milwaukee, USA)
was used for acquisition of radiographic data.

The I-CAT cone beam 3D dental imaging system
was used for the tomograms (Version 3.1.62. Xoran
Technologies, Ann Arbor, USA; and Imaging Sciences
International, Hatfield, PA; 360° rotation; 120 kVp; 6mA;
0.30 mm pixel size; CT images: 768x768x576, Ann Arbor,
USA). The XoranCat® software (version 3.1.62. Xoran
Technologies, Ann Arbor, USA; and Imaging Sciences
International, Hatfield, USA) was used to visualize the
images and to extract the lateral images.

To perform this task, the cutting plane lines were
used to find the intermeatal plane in the axial view.
Next, the slice thickness of the sagittal view was set
to 75.3 mm. The sagittal slice plane was first moved
to the right and then to the left to confirm the correct
alignment of the planes. The sagittal slice plane was
then moved to the midline and the slice thickness was
set to 150.3 mm. For the panoramic view, the oblique



tool was used to make a contour on the axial plane
starting from the left meatus and ending with the
right meatus, encompassing the condyles, sigmoid
notch, coronoid process, teeth, mandibular body,
and symphysis. Slice thickness was set to 20.1 mm to
obtain a detailed image. Both images were adjusted
to high resolution and exported to a.jpg format.

Digitization of landmarks

TPSUtil and TPSDig?2 applications (Rohlf, F. J.
2005. Department of Ecology and Evolution, State
University of New York at Stony Brook, New York,
USA) were used to prepare the data and digitize
the landmarks, hemimandibular curves, and total
mandibular curves. Landmarks in lateral images were
digitized as seen in Figure 1A and those in panoramic
images were digitized as seen in Figure 1B. Three files
were created for lateral images and three were created
for panoramic images, each containing 350 images.
The first and second files were used to perform the
repeatability test with a three-week interval between
the digitization of the two files.

The CLIC package was used to perform repeatability
in panoramic and lateral images (Dujardi, Jean-Pierren,
2002, Institut de Recherches pour le Développement -

S: Midpoint of the sella turcica; N: Anterior
point in the frontonasal suture; A: Deepest
point of the anterior maxillaru contour;

B: Deepest point of the anterior mandibular
contour; Go: Intfersection of the posterior
border of the ramus to the inferior border of
the mandibular body; Gn: Most anteroinferior
point on the symphysis of the chin
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IRD, Montpellier, France). The MOG application was
employed to perform a Procrustes analysis where
the coordinate configurations of individuals are
superimposed on a consensus, which corresponds
to the average of all geometric configurations.

In this analysis, the properties of translation,
scaling, and rotation were filtered. When translation
was filtered, the geometric center of each individual
shared the same centroid of the consensus. With
those results, the size in each individual was scaled
without losing its geometry. Then, those properties
were submitted to the rotation filtering, where the
homologous points of each configuration were adjusted
to those points of the consensus configuration on the
criterion of the least squares.

The results were submitted to partial warps and
their principal components, the relative warps. Those
outcomes were analyzed in the VAR function to
compare the difference between both files in terms of
the Xand Y coordinates, using a Model II (or random
effects) one-way ANOVA on repeated measures.”® The
value of repeatability was provided by the ratio of the
between-individual variance and the total variance.
Considering these values, definitive landmarks were
digitized in the remaining files.

Cd: Most superior point on the condyle; Go: Intersection of the posterior
border of the ramus to the inferior border of the mandibular body;
Menton: Lowest point on mandibular symphysis; Sig: Deepest point of the
sigmoid notch. R: Right; L: Left.

Figure 1. Landmarks location and definition. A. Landmarks in lateral cephalogram for determining ANB and S-N/MP angles.

B. Landmarks in the panoramic view to evaluate asymmetry.
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Digitization of curves

For hemimandibular curves, a sagittal plane was
traced to establish the facial midline, as described
by Nifio-Sandoval.® The contours were then created
using the “draw background curves” tool of the
TPSDig?2 software. In a closed contour, it is necessary
to have the same starting point in all individuals in
order to be comparable. Thus, the mandible needs
to have an initial point that is easily identified and
located.®* As the mandibular outline does not
have any type 1 landmarks, such as sutures or
edges, the landmark with the highest coefficient in
the repeatability test was considered as the starting
point. The right curve was drawn from the initial
point. In another file, the left side was reflected to
facilitate the asymmetry analysis and from the same
initial point, the curve was drawn.

Likewise, the total mandibular contour was drawn
from the same initial point for the entire sample. As
the curves were closed contours, repeatability in this
phase was not necessary. Each hemimandibular curve
was re-sampled by length in 100 equidistant points
and each total mandibular curve was re-sampled in
200 equidistant points, as made previously.”®*

Control of asymmetry and final selection
of patients

MATLAB® (R2017b - MathWorks, 2017, Natick, USA)
was used to calculate linear and angular measures
from X and Y coordinates. From the panoramic view,
left and right mandibular ramus height (CdL-GoL
and CdR-GoR), left and right mandibular body size
(GoL-Me and GoR-Me), left and right gonial angle
(CdL-GoL-Me and CoR-GoR-Me), and distance
between left and right condyles (CdL and CdR) to
the menton (Me) were calculated.

A comparison was made by using a t-test, taking
into account the right side and the left side as two
independent samples. To perform this comparison, as
an initial exploration, individuals that had differences
between left and right sides greater than 5 mm and
5° were excluded. These measures were adjusted
until significant differences were no longer obtained.

The Morpho ] program was used to perform the
shape asymmetry tests on the selected patients.”> The
‘find outliers” function was applied. This tool allows
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to visualize and exclude those individuals that are
outside the expected mean shape of the whole sample.
From this average, the cumulative distribution of the
distances of each individual included was considered.

A Procrustes fit analysis was used for the remaining
sample. In this analysis, size, position, and rotation
were filtered, leaving only the shape property. An
ANOVA was applied to compare panoramic shapes
digitized in tomographic and radiographic sources
in order to unify the contours. Once there were no
significant differences between the sources of data
collection, another ANOVA was used to compare the
right and left sides to confirm the general symmetry
of the samples.

Grouping of patients

With Matlab, the SNA, SNB, ANB, and mandibular
plane angles were calculated in the selected patients.
An ANB angle between 1° and 3° was considered
Class I; an ANB angle > 4° was considered Class II,
and negative angles obtained by subtracting SNA
from SNB were considered Class III. The mandibular
plane angle was measured and the hypodivergent
pattern was established if the S-N/MP angle was < 28%
anormodivergent pattern was established when the
angle was between 28° and 36° and a hyperdivergent
pattern was established when the S-N/MP angle
was > 36°.°

Panoramic shape differences

The PAST software (Hammer, &, Harper, D.AT,
Ryan, P.D. 2013. PAST: Paleontological Statistics
software package for education and data analysis,
Version 2.17c, Oslo, Norway ) was employed to quantify
differences between hyperdivergent, normodivergent,
and hypodivergent skeletal growth patterns in patients
categorized in Classes I, II, and III by using EFA.

EFA is a tool that decomposes each coordinate that
conforms a contour into cosine and sine functions.”*
It is applied when a figure placed on a Cartesian
plane is in a relationship in which a coordinate on the
X-axis has two or more values on the Y-axis (Figure
2A). Each set of functions is seen as an ellipse called
harmonic that encompasses the greatest number of
points on the curve.® A greater number of harmonics
leads to a better definition of the shape. However,



when there is no difference between harmonics, it is
important to establish a limit to avoid redundant data.®
Considering this, twenty elliptic Fourier harmonics
with the same starting point were chosen (Figure 2B).

Direct shape comparisons between different
biotypes are possible by filtering scale, translation,
and rotation properties. The scaling is defined as the
size property of the contour. The greatest variation
in shape comparisons is related to the differences
in the magnitude of the contours, especially if they
came from different sources of collection, such as
tomograms and radiographs (Figure 2C). EFA removes
the differences from the data by reciprocal scaling,
that is, the contours are re-scaled to eliminate size
differences among a set of outlines.0*

The translation describes the displacement of
each point of the figure in the same direction, it is a
property that also influences the variation. This is
because the contours could be located in different
regions of the cartesian plane, hence the variation
is greater if the distances between the points of the
contours are greater. Rotation, on the other hand, is
a movement from one coordinate system to another
in a given space that retains at least one point in its
original position.”

To control both location properties, EFA considers
the starting point, helping in the alignment of the
other harmonics set by the first harmonic. After that,
the model coefficients obtained from EFA are adjusted
into a standing rotational orientation, aligning all the
specimens in the same position (Figure 2D). When
that happens, the X cosine of the first harmonic
corresponds to 1.2 The data obtained from the
harmonics by using EFA was processed by a principal
component analysis (PCA). A Mardia multivariate
normality test was employed to determine whether a
parametric MANOVA or non-parametric MANOVA
should be applied to evaluate shape variations and
their distinctiveness.” A confusion matrix tool of the
MANOVA was employed to analyze the discriminatory
capacity of the model. The main value is determined
by the accuracy, defined as the proportion of correct
classifications among all classifications. Values > 80%
were considered excellent accuracy, < 80% to 70%
was considered good accuracy, < 70% to 60% was
considered moderate accuracy, < 60% to 50% was
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considered mild accuracy, and < 50% was considered
low accuracy.

For the qualitative analysis, Tpsrelw32 (Version 1.65.
Rohlf, F. ]. 2016. Department of Ecology and Evolution,
State University of New York at Stony Brook, New
York, USA) was used to determine the mean shape
of each group. These data were extrapolated to PAST
and the "XY graph’ tool was applied to visualize the
differences among the skeletal growth patterns.
This graphic was a visual aid to indicate the specific
places where differences were found. A qualitative
description of the differences in hypodivergent and
hyperdivergent growth patterns compared to the
normodivergent pattern was given.

Results

Table 1 shows the results for repeatability by
coordinates of each landmark. Coefficients closer
to 1 were observed, indicating a low variation in
the location of points. Considering that the highest
values for both coordinates in the panoramic view
were obtained in the right sigmoid notch, this
landmark was designated as the starting point of
the mandibular contour.

In the linear and angular symmetry selection of
the sample, p-values of 0.97, 048, 0.84, and 0.34 were
obtained for the mandibular height, mandibular
body, the distance between Cd and Me, and the
gonial angle, respectively. The mean differences of
those measures were of ~1.58 mm for the mandibular
height, 1.98 mm for the mandibular body, #1.72 mm
for the distance between condylion to the menton,
and ~2.05° for the gonial angle.

Considering this, panoramic radiographs of
229 patients and tomograms of 49 patients were
selected for the next phase of exploration of
the sample distribution. Accordingly, with the
distribution parameters related to the expected
mean shape, the ‘find outliers” function indicated
the additional exclusion of one tomographic sample
and 37 panoramic radiographs.

Subsequently, shape explorations were carried
out. Shape differences between tomographic and
panoramic contours were not significant (p = 0.735),
allowing the unification of the contours obtained by
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Shape differences among symmetrically shaped skeletal growth patterns in a panoramic view: a Fourier analysis
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Figure 2. Example of the mandibular contour processing through an Elliptic Fourier Analysis (EFA). A. Mandibular contour placed
in a Cartesian plane: when a value in X-axis has two or more values in Y-axis, a relationship is established. B. To avoid statistical
problems, those relationships are transformed with EFA info sine and cosine functions to form 20 harmonics reconstructing the
mandibular curvature. C. An example of raw data of two panoramic contours from two different collection sources: size and position
determine the main differences. D. EFA controlling for size, translation, and rotation aligning the samples from the same starting
point, so the shape can be directly compared.

Table 1. Landmarks repeatability evaluation using random-
effects one-way ANOVA.

View Landmark X coordinate
S 0.94
N 0.90
Lateral A 095
B 0.92
Go 0.95
Gn 0.94
CdR 0.96
CdL 0.93
SigR 0.99
Panoramic SigL 0.98
GoR 0.93
Gol 0.95
Me 0.92

Closest values to 1.0 show better repeatability by coordinates.

Braz. Oral Res. 2021;35:e034

Y coordinate

0.97
0.96
0.96
0.93
0.95
0.93
0.92
0.92
0.98
0.97
0.93
0.93
0.93

different collection sources. In addition, no significant
difference was obtained when comparing the left and
right shapes (p = 0.8302), confirming the control of
natural asymmetry in the selected sample.

After those analyses, the definitive sample was
composed of 240 patients: 48 with tomographic
information and 192 with radiographic information.
Table 2 shows the biotypes classification of those
patients, defining facial biotypes as the union of skeletal
classifications with the skeletal growth patterns. The
mean and standard deviation of the ANB angles were
determined, and it can be seen that the data extend
in a wider range of values, especially in group 6 that
corresponds to hyperdivergent class Il and group 9 that
corresponds to hyperdivergent Class II1.

In groups 1, 2, and 3 that correspond to
hypodivergent, normodivergent, and hyperdivergent
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Table 2. Classification by skeletal classes and skeletal growth patterns in selected patients after the asymmetry filtering process.

ANB angle
Group
Mean  SD  Skeletal class Mean  SD

1 2.47 0.7 23.83 3.6 22.51
2 259 0.73 31.73 2.38 29.63
3 237 0.74 39.21 267 37.23
4 5.03 0.89 23.79 3.63 23.14
5 579 1.55 Il 32.81 2.47 30.5
6 6.94 211 41.81 4.99 38.22
7 -2.03 0.73 22.58 3.54 18.84
8 -1.9 0.9 I 31.59 226 29.51
9 -1.41 1.4 40.23 2.97 38.09

patterns of the skeletal Class I, and groups 4 and 7 that
correspond to the hypodivergent pattern of class II
and III respectively, a more centralized dispersion
in ANB angles were obtained. On the other hand,
groups 5 and 8 that correspond to normodivergent
patterns of class II and class III presented values
with broader ranges.

In reference to the classification by skeletal
patterns, due to the ordinal nature of the data and
greater standard deviations, a quantile analysis was
performed. In general, the median values were close
to those of the mean, especially in groups 2 and 5.
The furthest median value from the mean occurred in
group 6. The widest interquartile ranges were found in
groups 6 and 7, and the lowest was found in group 3.
The distribution by sex was generally unbalanced,
especially in group 6. Due to this imbalance, no tests
for sexual dimorphism were carried out.

Quantitative comparisons between all skeletal
growth patterns in Classes I, II, and III were made
with the first 10 axes of the PCA applied to the
20 harmonics that explained 94.58% of the variance.
Figure 3 shows the principal component analysis
scatter diagram. Convex hulls were used to facilitate
the visualization of the distributions of the sample.
A centralized distribution of the normodivergent
pattern that overlaps the other skeletal patterns was
observed in the skeletal Class I group (Figure 3A)
and the skeletal Class III group (Figure 3C). Also,
in reference to the main axis in both class I and
III groups, hypodivergent patterns tended to the
positive side and the hyperdivergent group tended
to the negative side. Despite being on opposite sides,

25% Quantile  Median

S-N/MP Sex
75% Quantile  Skeletal growth pattern ~ F M

24.73 26.34 Hypodivergent 5 12
31.5 34 Normodivergent 33 22
38.15 39.83 Hyperdivergent 10 9
24.89 26.39 Hypodivergent 7 10
32.59 34 Normodivergent 22 15
39.7 43.82 Hyperdivergent 32 7
23.55 25.26 Hypodivergent 5 10
30.87 32.79 Normodivergent 14 17
39.39 41.83 Hyperdivergent 4 6

the hypodivergent and hyperdivergent patterns
partially overlapped in the center of the two axes.
Referring to Class 1II, the distribution of the groups
remained similar, overlapping in the central part of
the first two axes.

The Mardia multivariate normality test gave
a value of 0.1569, following a normal distribution,
hence a parametric MANOVA was applied and its
results are shown in Table 3. In this analysis, two
statistical tests were performed to assess whether
the means of the variables differed between the
groups. The first test, which is the Wilks” Lambda,
indicated significant differences in the three skeletal
classes. The Pillai’s trace test was also performed to
find significant differences. Both tests rejected the
null hypothesis of no differences between groups. To
find out specifically which groups determined those
significant differences, pairwise comparisons by
skeletal patterns using Hotelling’s p values, corrected
by Bonferroni test, were done. The results showed
a statistically significant difference between all the
skeletal patterns in Class I, II, and IIL

Figure 4 shows the mandibular regions where
the main differences between skeletal patterns by
class were concentrated. The zone with the greatest
variation was located mainly in the mandibular
inferior border in Class I, II, and III (Figures 4A, 4B,
and 4C, respectively).

Considering the normodivergent pattern
(blue) as a reference, in all three skeletal classes,
the hypodivergent pattern (beige) was directed
upward and the hyperdivergent pattern (red) was
directed downward, especially in the symphyseal

Braz. Oral Res. 2021;35:e034 7
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Figure 3. Scatter diagram with convex hulls of the principal component analysis (PCA) for the skeletal growth patterns in each
ANB class, defined by the first two principal components. A. Scatter diagram in Class |. B. Scatter diagram in Class Il. C. Scatter

diagram in Class |ll.

contour. A similar distribution was observed
in the alveolar zone, primarily in Class I and
Class II (Figures 4A and 4B); in Class III, the
normodivergent and hyperdivergent patterns were
very similar (Figure 4C). In the gonial angles, it
was noteworthy that the hyperdivergent pattern

8 Braz. Oral Res. 2021;35:e034

presented angles that were more open, being
consistent with a more elongated morphology,
specifically in Class I (Figure 4A) and Class 111
(Figure 4C). Table 4 shows a confusion matrix of
the MANOVA results. Accuracy in Class I was of
73.6%, in Class II, 70.9%, and in Class III, 76.7%
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Table 3. Comparison of mandible mean shapes between skeletal growth patterns in Class |, Il, and Ill, by MANOVA. Significant
differences are considered when p <0.05.

Pairwise comparisons*

Variable Value Variable Value
Skeletal growth patterns p-values

Class |

Wilks” Lambda 0.64 Pillai trace 0.37

df1 2 df1 2 Hypodivergent vs Normodivergent 4.61E-06

df2 88 df2 88 Hypodivergent vs Hyperdivergent 5.05E-06

F 24.05 F 26.93

p(same) 4.65E-09 p(same) 7.51E-10 Normodivergent vs Hyperdivergent 0.003
Class Il

Wilks” Lambda 0.69 Pillai trace 0.31

df1 2 df1 2 Hypodivergent vs Normodivergent 0.02

df2 70 o2 70 Hypodivergent vs Hyperdivergent 8.86E-06

F 19.65 F 21.05

p(same) 8.29E-08 p(same) 3.1E-08 Normodivergent vs Hyperdivergent 8.35E-05
Class Il

Wilks” Lambda 0.53 Pillai trace 0.53

df1 2 df1 2 Hypodivergent vs Normodivergent 6.18E-05

df2 >3 of2 >3 Hypodivergent vs Hyperdivergent 0.0002

F 23.08 F 30.02

p(same) 6.1E-08 p(same) 1.91E-09 Normodivergent vs Hyperdivergent 0.002

*Hotelling’s p values, corrected by Bonferroni post-hoc test.

Class Il C Class Il

A Class | B

Figure 4. Differences in mean shape between hypodivergent (beige), normodivergent (blue), and hyperdivergent (red) skeletal
growth patterns. A. Differences in Class I. B. Differences in Class Il. C. Differences in Class IIl.

Discussion

The present study offers the quantification of a
complex geometric figure. The mandible is a composition
of several curves that differ significantly among growth
patterns in each skeletal class. The geometric contour is
essential to establish these differences graphically, and
the results of the EFA enabled obtaining mathematical
values that can be compared.”

The mandibular measures have been previously
highlighted as output variables in different
classification model.*>¢ The relationships between

craniofacial variables have obtained satisfactory
results, however, the mandibular curvature and
its characteristic shape for each biotype have not
been explored as output variables, especially in
panoramic shape. In this exploration, it was possible to
understand that the mandibular shape can be related
to each biotype determined with angles in lateral
images, giving an important link between sagittal
and panoramic views. This association highlights
the importance of geometric morphometric analysis
like EFA, and that shape is a property that must be
considered a variable as important as size and position.
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Table 4. Confusion matrix for mandibular shape in Class I, II, and Il

Variable
Accuracy Class |: 73.6%
Hypodivergent 11

True hypodivergent

Normodivergent 7
Hyperdivergent 2
Class Recall 55%
Accuracy Class Il: 70.9%
Hypodivergent 13
Normodivergent 4
Hyperdivergent 8
Class Recall 52%
Accuracy Class Ill: 76.7%
Hypodivergent 12
Normodivergent 4
Hyperdivergent 0
Class Recall 75%

The common finding in the shape analysis of the
three skeletal classes was the fact that the greatest
variation was located in the symphyseal zone. This is
in agreement with data described by Ajmera et al.”®
who found that symphyseal morphology, especially
the symphyseal angle, had discriminatory power
in determining skeletal patterns in panoramic
radiographs. In the present study, an upward and
more horizontal shape of the mandibular body was
found in the hypodivergent pattern. Conversely,
a V-shaped symphyseal zone was found in the
hyperdivergent pattern.

The normodivergent pattern was located between
the hyperdivergent and hypodivergent patterns in
the middle zone of the mandible. The importance
of this result is the discriminatory capacity found
in this specific area, which is linked to the lateral
view.”” This enables connecting certain anatomical
points, thereby facilitating the three-dimensional
characterization. Thus, special attention should be
given to this anatomical zone in future investigations.

Despite similarities in the condylar anatomy
between skeletal patterns, it is important to mention
that shape analyses are difficult to perform in this
zone due to its small size and numerous details. To
adapt this structure equally to the general contour,
it is necessary to soften many of its characteristics.
Anticipating this situation, 200 points were used
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True normodivergent

True hyperdivergent Class precision

4 2 64.7%

42 6 76.3%

3 14 73.6%
85.7% 63.6%

3 1 76.4%

28 S 75.6%

6 25 64.1%
75.6% 80.6%

2 1 80%

23 4 74.1%

2 8 80%
85.1% 61%

for each mandibular contour, thereby minimizing
possible losses in its anatomy. However, it is highly
recommended to perform an additional specific
condylar analysis to confirm these shape differences.

Regarding shape in the gonial region, the
differences occurred mainly in the hyperdivergent
pattern. According to some researchers, the gonial
zone in the posteroanterior and lateral views is very
important and offers high accuracy in prediction
tasks.*¢?* Although the differences were not as great
as those in the symphyseal zone, the differences found
in the present study could have higher discriminatory
power in lateral cephalograms and tomograms, which
would facilitate prediction tasks.

One of the most variable areas was the coronoid
process. This zone presented a high degree of
differences between the individuals of the same
group, observable in the distribution with the Morpho
J program. This situation was reflected in the mean
shapes (Figure 4), mainly in the hypodivergent
pattern in Class I and Class II, and in all three
patterns in Class III. Despite this situation, this
structure was not relevant in the general analysis,
since it did not affect the other mandibular regions. In
mandibular morphology studies, this area is usually
not contemplated for reconstruction purposes, and it
is sometimes considered only for graphic purposes
but after that, it is modified or removed.??%%



Regarding the confusion matrix tool results, in
the three skeletal classes, the class precision in the
hyperdivergent and hypodivergent patterns are mainly
influenced by those normodivergent values considered
as positive. Likewise, in the normodivergent pattern,
the distribution of misclassified values between
hypodivergent and hyperdivergent are similar. In
the class recall, the proportion of correctly classified
values also decreases due to the influence of false
negatives given mainly by the misclassification of
the normodivergent pattern.

This is explained by the fact that the normodivergent
pattern is located among a spectrum of morphologies
where one end is identified with hyperdivergent
morphology and the other one is identified with
hypodivergent morphology. This would also explain
the trends of the PCA scatter plot, especially in Class I
and III. This could be reflected also in the intermediate
morphology of the normodivergent pattern between
the other two patterns, especially in the symphysis
(Figures 4A and C).

The only exception was found in Class II for
which the main influence on the lower classification
values of the hypodivergent pattern was given by the
hyperdivergent pattern. In this class, there was also
an important overlap between these opposite classes
with the normodivergent pattern in the PCA scatter
plot. This could be explained by the influence of the
data of the group 6, (class Il normodivergent pattern)
that had the widest interquartile ranges and the
greatest standard deviations in both ANB and S-N/
MP angles. These ranges possibly prevented greater
discrimination of the model, even if the differences
were significant. Figure 4B shows that although
differences among patterns are observable they are
not as remarkable as in the other classes.

One of the essential aspects of this study was
the control for asymmetry and all preprocessing
steps.”® With the initial check of the linear and
angular measurements and the control of the natural
asymmetry of the mandibular shape, it was possible
to exclude samples that would skew the results of
the general shape outcomes. The panoramic view
favored this process, with advantages over other
mandibular views by assisting in the study of the
mandibular asymmetries. The panoramic view also

Nifio-Sandoval TC, Frazdo M, Vasconcelos BCE

encompasses the entire mandibular morphology,
enabling a description of the natural contour.®*

Moreover, EFA enabled controlling for the unequal
distribution of the sample. As the ‘find outliers’ tool of
Morpho] software was applied, the distances between
the individuals and the mean shape were lower, hence,
the sample was more uniform. When the sample
was submitted to this tool by group distribution, a
general low variation was also observed. In this case,
when future patients fall within the average of each
group, they are expected to not alter this consensus
significantly and the results will be similar regardless
of the number of the patients in each group. On the
other hand, with EFA, after determining the mean
shape, the number of patients included in a group
is not a variable that modifies the results, therefore
the imbalance between the groups was not relevant
in the statistical analyses.

Despite this, the distribution of patients in the
present study limited other possible explorations and
the creation of more specific groups that integrate
other variables. An example of this was the inability
to perform a sexual dimorphism test, which was
significantly relevant to the panoramic shape in
a Colombian sample in a previous study.® Other
variables of considerable interest to the diagnosis,
such as jaw size, molar and canine relation, and/or
sub-classifications given by the SNA and SNB angles,
also had to be excluded due to the lack of a sufficient
sample size in each group.

However, itis important to point out that controlling
natural asymmetry led to the exclusion of 31.4% of
the initial sample in the present study. Without this
control, the data would not have been as precise
and the differences in both numerical values and
graphs would not have been accurate. Therefore,
it is necessary to have a larger universe without
apparent asymmetries to increase the probability
of choosing a more symmetric sample that does not
affect morphometric outcomes.

Moreover, the processing of contours obtained
from radiographs and tomograms indicated that
the dissimilarities between different types of
images were controlled by filtering size and rotation
characteristics, leaving only the most essential feature
of mandibular configuration (shape). With this data,
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the extrapolation of this two-dimensional information
to three-dimensional models could be facilitated.

Previous studies of the same line of research
have observed how lines and angles represented by
dimensional values and radians values respectively
can be related to craniomaxillary angles in predictive
models.*® Taking this idea into account, it is possible
in future approaches to relate craniomaxillary angles
with the mandibular values corresponding to the sines
and cosines obtained from EFA, or other methods
provided by Geometric Morphometrics, for the
creation of predictive models.

Although in this exploration the size, translation,
and rotation factors were filtered to only compare
shape, the latter proved to be a descriptive and
distinctive property of mandibular morphology
and should be considered as important as the other
traditional variables. Another advantage of EFA is
related to the generation of a consensus, which is the
mean shape of a set of figures. Table 2 shows nine
biotypes, each one constituted by an unbalanced
sample; however, by averaging the mandibular
contours of a group, a consensus per biotype is
created, and then it can be compared with another
consensus quantitatively and qualitatively. This is
very useful, especially when the prevalence of the
skeletal patterns varies in different populations.

In this article, some aspects should be considered
to continue the explorations for the creation of
three-dimensional models. The first is that it is
possible to reduce the differences between the
contours obtained between various sources of
data (tomograms and radiographs) which can
facilitate the extrapolation of two-dimensional
data to three-dimensional approaches.

The second aspect is related to the achievement of
results that can contemplate various facial biotypes
in populations. We showed that the combination
of Angle’s skeletal classes and skeletal growth
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