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Abstract

Aim: The aims were: (1) to examine the clinical application of a geometric morphometric method (GMM) that
quantifies the three-dimensional (3D) configuration of the facial soft tissues in patients with a repaired unilateral
cleft lip and palate (UCLP); and (2) to determine the morphological characteristics that distinguish between non-
cleft participants and patients with UCLP.

Methods: 3D facial images at rest were recorded from Japanese patients with a repaired UCLP (Cleft group; n =
60) and healthy adults featuring a straight type facial profile with normal occlusion (Control group; 7 = 200) using
3D photogrammetric cameras. For each participant, wire mesh fitting was conducted based on the assignment
of landmarks to each 3D facial image. This method generated landmark-based GMM models consisting of 6017
nodes on the fitted wire mesh. For each node, the mean and standard deviation were determined in the Control
group and were used as the normative range of the faces. With this normative range, the Z-scores before and
after surgery were evaluated for patients with UCLP who underwent orthognathic bimaxillary surgery. Further,
the morphological characteristics of the Cleft group were evaluated using a principal component (PC) regression
analysis that distinguished between two subject groups. In addition, K-means clustering analysis and MANOVA
were used to examine the morphological variation of the Cleft group.

Results: A patient with UCLP was evaluated with the system. After surgery, the normal area increased by 8%-20%
on all axes, which means that the surgery was effective for normalizing the patient’s face. However, even after
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surgery, the protrusion of the lower lip and asymmetry remained. Nine PCs were extracted, and seven PCs were
selected for the regression model to discriminate two subject groups, e.g., midfacial retrusion, nasal bump, and
chin protrusion. The MANOVA also revealed significant differences between both the Cleft and Control groups
and the sex subgroups, and the effects of cleft on the facial morphology was found to be related to sex (all, P <
0.0M.

Conclusion: The clinical application of GMM was confirmed to be effective. GMM detected variations of the Cleft
group and morphological characteristics. GMM is considered to be a powerful tool to quantitatively evaluate faces
in clinics.

Keywords: Cleft lip and palate, face, geometric morphometric analysis, three-dimensional analysis

INTRODUCTION

The extent of recognition of an individual's own face by others exerts a great sociopsychological influence
on that individual’s sense of acceptance by his or her community. It is known that there are several
facial deformities associated with congenital cleft lip after primary lip revision surgery. It is thus crucial
for patients with cleft lip and/or palate to normalize their facial morphology with primary repair and
any subsequent revision surgery. The extent and type of these facial deformities varies among patients
due to the extent of the original abnormality and any prior surgeries performed" ™. Several experts
have recommended using subjective checklists to provide assessments of the extent and type of facial
abnormalities'*”; however, this could result in bias. The development of a systematic method for the
evaluation and classification of the morphological traits of the cleft facial shape could greatly facilitate
the surgical/orthodontic diagnosis and the design of treatment plans for the optimization of treatment
outcomes.

The analysis of the form of the nose and lip is important for revision surgery and many attempts have been
made to establish systematic analytical methods. Conventional photographs have been employed in some
studies™”. Several three-dimensional (3D) analysis techniques, including direct anthropometry of the
human face™”, stereophotogrammetry["’"1], laser scanning, gypsum cast™™, and computer tomographyhs],
have been employed to assess the facial morphology of patients with cleft lip. Because these analyses are
primarily conducted with the use of linear and/or angular measurements between/among landmarks,
the detailed morphological characteristics of the entire facial surface forms are not considered. There
have also been a few attempts to extract detailed morphological characteristics of the entire facial surface
forms using the slice lines. In these studies, traced nasal lines in an axial view were assessed using a curve
fitting method that provides the extent of asymmetry"”, and an automatically extracted nostril shape was
assessed"”. These studies succeeded in describing the morphological characteristics of the nasal surface;
they mainly attempted to describe the nasal forms in an axial view and the nostril shapes before and after
surgery. A 3D quantitative analysis of the lip was also reported, in which the morphological traits of the lip
surfaces were measured from the frontal and lateral views”. However, thus far, few studies have reported
the 3D holistic analysis of the entire facial form from all three views (i.e., frontal, lateral, and axial views).

With recent computation advances, landmark-based geometric morphometric methods (GMMs) have
recently emerged that-together with conventional measurements in medicine-have revealed some statistical
variation in the shape and size of target objects (phenotypic variation). In developmental biology, GMMs
use homologous landmarks, which can be defined as precise locations on biological specimens that hold
some functional, structural, developmental, or evolutionary significance, and which are directly comparable
between specimens'”. GMMs have four types of landmarks: Type I landmarks can be clearly defined on a
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structure (e.g., the corner of the mouth); Type II landmarks are more ambiguous and usually describe the
maxima of curvature (e.g., nasal tip); Type III landmarks are geometric constructions generated from lines
or Type I and/or II landmarks (e.g., midpoint of the right and left eyes); and semi-landmarks represent
surfaces or curves between landmarks™®. A key concept of GMM is based on the fact that morphology can
be mapped systematically, often within a “morphospace’, with the use of these landmarks. Morphospaces
are maps that show how shapes are defined by quantitative traits. GMM:s rely on the superimposition of
landmark coordinate data r to place individuals in a common morphospace.

Recently, the clinical application of a GMM-a novel 3D quantitative analysis method-in the quantification
and visualization of the 3D configuration of the facial soft tissues was reported"”. 3D faces were fitted with
mathematical wire meshes based on 26 landmarks, and the nodes of the fitted meshes were used as semi-
landmarks. All faces were superimposed based on the landmarks and were statistically analyzed in the
facial morphospace. The analysis included the average range of faces with regard to sex, age, and race, and
the method compared a patient’s face with this normal range. This enabled us to understand the patient’s
static facial form characteristics quantitatively and instantaneously. In their report, the applicability of
the system to three cases, namely one case each of Class II malocclusion, Class III malocclusion, and jaw
deviation, was reported; however, the applicability of this system to the cleft facial shape remains unclear.

Thus, the objectives of this study were as follows: (1) to examine whether the previously published soft-
tissue evaluation methods developed based on GMMs'"” could be applied to patients with a cleft lip
before or after treatment; (2) to determine soft-tissue morphological characteristics that distinguish non-
cleft participants from patients with a cleft lip; and (3) to examine the variations of cleft facial shapes.
Furthermore, we discuss the clinical application of the GMM based on the results of Objectives (1)-(3).

METHODS

The study was approved by the ethics committee for medical research at Osaka University Dental Hospital
(ID: H25-E37-1). An informed consent to participate in the study was obtained from all participants.

Systems

A system for evaluating facial morphology that was developed in a previous study” was employed in the
present study. The overview of the system is shown in Figure 1. The system was divided into three parts: (1)
mesh fitting on the 3D facial picture; (2) development of the normative ranges of faces; and (3) evaluation
of the new face with the normative face. In the present study, the normative range of the face was defined
as the average and +1 standard deviation ( +1 SD), and the patient data were compared to the normative
range of faces. To develop the normative ranges, 200 participants (female, #n = 100; male, #n = 100) between
18 and 35 years of age were recruited from the students and faculty of Osaka University in Japan. For the
detailed inclusion criteria, please see the previous study[w]. Then, the normative faces, including the mean
coordinate values and the standard deviation for each sex group, were used to evaluate new patients. The
equations were as follows:

Z-score ) = | p,- my s,

Z-score ) = - (P, - mg)Is
Z-score ;= (P - my)ls

where Pep Poy and 2 indicate the coordinate values of each image of the sample patients; My, M), and
m,,, indicate the average coordinate values of the control group; and s ), 5 ,), and s indicate the standard
deviation of the coordinate values of the control group in the x-, y-, and z-directions, respectively. To
visualize the results, the Z-scores were visualized as color values. For a detailed description, please see the
previous study"”.
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Figure 1. A schematic illustration of the wire mesh fitting (Step 0), the generation of averaged faces (Step 1), and their statistical
analysis (Step 2)

Samples

Application of the system to patients with unilateral cleft lip and palate

To demonstrate the applicability of the system, one Japanese patient with unilateral cleft lip and palate
(UCLP) (example case) was selected from the patients who visited our department to undergo orthognathic
bimaxillary surgery (Le Fort I maxillary surgery and bilateral sagittal split osteotomy, Figure 2). The details

of the treatment have been described elsewhere™.

Morphological characteristics of the faces of patients with UCLP

Japanese patients with a repaired UCLP (Cleft group, n = 60; mean age, 22.0 + 5.0 years; male, n = 36;
female, n = 24) and healthy adults with a straight-type facial profile with normal occlusion (Control group:
n = 200; mean age, 25.4 + 5.3 years; male, n = 100; female, n = 100) were enrolled in the present study. The
Control group samples were the same as those used in the previous study[“]. The inclusion criteria for the
Cleft group were as follows: UCLP, patients who visited the orthodontic department, Osaka University
Dental Hospital, during 2011-2015; age 15-37 years; positive overjet (i.e., most patients were in the post-
treatment “retention” period); no facial paralysis; body mass index, 18.50-24.99; and no maxillofacial
plastic surgery in the past six months. A written informed consent form was distributed to and signed by
all participants.

Data acquisition

The subjects were asked to sit on a fixed chair with a natural head position without head support. Facial
images at rest were recorded once with a 3D image capturing device (3-DMDcranial System, 3-DMD,
Atlanta, GA, USA). This data acquisition was conducted once for each patient. For an example case to show
the pre- and post-treatment changes, 3D images were acquired three months before and six months after
treatment.
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Figure 2. Cephalogram and 3D facial images of a patient with cleft lip and palate: cephalogram (A); 3D image pre-treatment (B); and 3D
image post-treatment (C). These images were used for applicability of the system proposed in the previous study"

Data processing

Landmark identification

Each 3D facial image was displayed on a monitor, and the positions of 18 landmarks [nasion, pronasale,
subnasale, labiale superious, stomion, labiale inferious, submentale, pogonion, porion (right and left),
exocanthion (right and left), endocanthion (right and left), alar curvature (right and left), and cheilion
(right and left)™] were identified and digitized using a commercial software program (Face Rugle, Medic

Engineering Co., Kyoto, Japan). Facial images were standardized with a common coordinate system [Figure 3]"".

Wire mesh fitting

For each participant, landmark-based GMM analysism] was performed using HBM software (National
Institute of Advanced Industrial Science and Technology, Japan). This analysis generated a fitted mesh
consisting of a set of 6017 points as nodes. The arithmetic means m,, m), and m, and standard deviations
Sup Sy and s, of the points were computed, and m,, £ s, m,, *s,,and m, + s, were used as the
normative range for each point in the X-, Y-, and Z-directions, respectively.

Quantitative facial evaluation before and after treatment

For the example case, the system was applied to exemplify the system results. Surface areas showing -1 SD
< Z-score < 1 SD were defined as the normal area. The percentages of the surface before and after treatment
were evaluated in each axis and presented as radar charts.

Morphological differences between Cleft and Control groups

For the Cleft and Control groups, to determine morphological characteristics of the facial soft tissue
surface, the coordinate values of each node of the wire mesh on the facial surface on the x, y, and z axes
were statistically analyzed. A two-sample t-test was performed to compare each axis in the two subject
groups. To visualize the differences between the two subject groups, the results were represented as a color
map showing the P-values for the comparison between the two subject groups (hereafter referred to as the
significance probability map) and a color map representing the differences between two subject groups
(hereafter referred to as the distance map)”"*”. P values of < 0.05 were considered to indicate statistical
significance.
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Figure 3. The coordinate system. The 3D coordinate system. The nasion (N) was defined as the origin (O). The sagittal plane was
defined as the plane passing through the origin and perpendicular to the line through the midpoint of the right exocanthion (Ex) and
endocanthion (En) and the midpoint of the left Ex and En. The axial plane was defined as the plane passing through the origin and
parallel to the line connecting the porion and the geometric center (g) of the porion (Po), subnasale (Sn), and Ex on the image projected
onto the sagittal reference plane. The coronal plane was defined as a plane passing through the origin and perpendicular to both the
axial and sagittal planes (cited from Tanikawa et a/.*"). Images of the participants with a right unilateral cleft lip were “mirrored” to left
side to simulate a left unilateral cleft lip

Morphological variation of the Cleft group

To examine the variance in each group, each sex, and their interactions, the following two analyses were
also conducted. We first performed a principal component analysis for the 6017 coordinates of each point
on the facial surface in the x, y, and z axes to reduce dimensionality. Significant principal components (PCs)
were determined by a scree plot analysis (90% was used as the cut off value). Significant PCs were entered
into a regression model that decimated the Control and Cleft groups (P < 0.01). PCs were also entered into
a MANOVA to test for significance of factors (i.e., cleft/non-cleft and sex). Then, to examine the patterns
of the face and variation of the Cleft group, the patients in the Cleft group were categorized based on the
similarities in the morphospace constructed above PCs using a clustering method (k-means and Elbow
method).

RESULTS

Quantitative facial evaluation before and after treatment

Figure 4 shows the results of the application of the system to a patient with UCLP before and after
treatment. The percentage of the normal area (-1 SD < Z-score < 1 SD) on each axis is shown in Figure 5
for each facial region before and after treatment. In total, the percentage of the normal area was increased
from 20% to 40% on the x-axis (transverse direction); from 52% to 59% on the y-axis (vertical direction);
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Figure 4. Verification of the system using a cleft case. Grey profile indicates an average face: (top) pre-surgery; and (bottom) post-
surgery. (left) The standardized X-values of the 3D face when compared with the normative mean (transverse direction). Red, pink,
light yellow, and deep yellow represent the point clouds located outwards when compared with the normative mean; light blue, deep
blue, grey, and black indicate the points located inwards (close to the medial line). Green represents the range within +1 SD. The left
column indicates the standardized Z-value (transverse direction). Before treatment, the right nasal alar and nasal tip were deviated to
the right side by more than 6 SD. After treatment, the area showing more than 1 SD was decreased; however, the right nasal alar was
still deviated by 6 SD (for the axial view, please see Figure 6). (middle) The standardized Y-value (vertical direction). Red, pink, light
yellow, and deep yellow indicate the corresponding point clouds located inferiorly, whereas light blue, deep blue, grey, and black indicate
the points located superiorly when compared with the normative mean. In this patient, before treatment, the lower lip was located
superiorly by 1SD, and the chin was located inferiorly by more than 2 SD and showed greater facial height. After treatment, the lower lip
was located within the normal range, indicating that the lower lip had moved downwards after maxillary advancement and mandibular
set-back movement due to the surgery. (right) The standardized Z-value (antero-posterior direction). Red, pink, light yellow, and deep
yellow indicate the corresponding point clouds located anteriorly, whereas light blue, deep blue, grey, and black indicate the points that
were located posteriorly when they were compared to the normative mean. In this patient, before treatment, the nasal dorsum and left
upper lip (repaired cleft site) retruded by more than 1SD, while the chin protruded by more than 3 SD. After treatment, the chin showed
normal antero-posterior position while the lower lip showed slight retrusion by more than 1 SD. The area of the retrusion in the nasal
dorsum and upper lip was also decreased

Transverse (X-axis) Vertical (Y-axis) Antero-posterior (Z-axis)
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Figure 5. Radar chart of the normal area for the example case with unilateral cleft lip and palate [Figure 2]. Surface areas showing -1 SD
< Z-score < 1SD were defined as the normal area. The percentage of the surface before (red) and after treatment (blue) was evaluated
on: x-axis (left); y-axis (middle); and z-axis (right)

and from 41% to 59% on the z-axis (antero-posterior direction). In detail, the figures for the x-axis show
that before surgery there was greater asymmetry in the cheeks, the nose, nasolabial region, upper lip,
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Figure 6. Axial view of the standardized X-values of the 3D nasal dorsum in comparison to the normative mean (transverse direction):
(top) pre-surgery; and (bottom) post-surgery. Grey indicates the averaged face of the Control group (female; » = 100). Red, pink,
light yellow, and deep yellow represent the point clouds located outwards when compared with the normative mean; light blue, deep
blue, grey, and black indicate the points located inwards (close to the medial line). Green represents the range within +1 SD. Before
treatment, the right nasal base was deviated to the right side by more than 6 SD before and after treatment. The left nasal base was also
deviated to the left side by more than 5 SD before and after treatment. These results indicate that the width of the nose was greater in
comparison to the normative range, which was not corrected, even after bimaxillary surgery

lower lip, and chin. After surgery, the asymmetry in the upper and lower lip vermilion (the normal area
changed from 19% to 84% and from 20% to 100%, respectively; Figure 5, left) and the right cheek improved
remarkably (from 20% to 60%); however, the nose and nasolabial area and left cheek showed deviation to
the right (x-axis), which is clearly observed in Figure 6 showing the axial view. In the z-axis, the figures
also show that, before surgery, the patient had a retruded area corresponding the cleft scar (-1 SD) and
a protruded chin (+1 to +2 SD). After surgery, the retrusion of the chin (normal area was changed from
18% to 98%; Figure 5, right) and lower lip improved remarkably, yet maintained a mean of -1 SD of the
normative face for the lower lip (z-axis). As for the vertical direction, the upper lip vermillion was displaced
downward (y-axis) into the normative range after surgery (from 90% to 100%; Figure 5, middle), while the
greater facial height remained after surgery (from 20% to 20%; Figure 5, middle).

Morphological differences between the Cleft and Control groups

Figures 7 and 8 show the average differences between the Control and Cleft groups and the significance
probability map of the X-, Y-, and Z-values, respectively.

In the transverse direction (x-axis), the Cleft group showed that significant widening of the nasal wall at the
non-cleft side, and the nasal dorsum and nasal alar of the non-cleft side was deviated to the non-cleft side.
The upper lip, lower lip, and chin were significantly deviated to the cleft side (P < 0.001). This indicates that
the nasal tip was more rounded on the non-cleft side.
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Figure 7. Average shape of the Cleft group (yellow) and Control group (blue). The statistical significance of the differences is shown in
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Figure 8. Distance maps (top) and significance probability maps (bottom) of the difference in the coordinate values of nodes of the
fitted mesh between the Control and Cleft groups in three directions [horizontal (left); vertical (middle); and anteroposterior (right)
directions]. For the significance probability maps, the colors designate: blue, £ < 0.05; pale pink, £ < 0.017; dark pink, £ < 0.007; and
purple, £ < 0.0001. For the distance maps, red indicates that the difference in the coordinate values between two subject groups (Cleft
group - Control group) is a positive value, whereas blue indicates that the difference in the coordinate values between the two subject

groups (Cleft group - Control group) was a negative value
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Figure 9. A scatter plot matrix of the principal component (PC) scores in the Cleft and Control groups with a histogram in the diagonal
cells. PCs 1-9 explain 90.5% of the shape variation across samples. Pink denotes facial configurations in the male Control group (male);
green denotes those in the male Cleft group; red denotes those in the female Control group; and cyan denotes those in the female
Cleft group. The PCs are defined as +1 SD (yellow) and -1 SD (blue) in the top column. For example, the top column indicates that a
+1 SD value of PC2 represents a smaller facial height, which was represented as yellow (1 SD). The histogram shows that the bimodal
distribution and female patients in the Cleft group (cyan) showed a greater PC2 value, suggesting that the female Cleft group had a
smaller facial height

In the vertical direction (y-axis), the position of the lower lip was significantly higher by approximately 4.5 mm
in the Cleft group; however, the upper lip showed vertically normal position (P < 0.001).

In the antero-posterior direction (z-axis), the Cleft group showed significant retrusion of the nose, cheek,
upper lip, and lower lip in comparison to the Control group at rest, by approximately 2.5-4.5 mm (P < 0.001).
On the other hand, the nasal alar at the cleft side showed no differences between two groups, indicating
nasal alar at the cleft side was flattened.

Morphological variation of the Cleft group

The first nine significant PCs, which explained 90% of the sample’s variance, were determined to be
significant by a scree plot analysis [Figures 9 and 10]. Based on the principal component regression
analysis, PC3 (weight = 0.39), PCs (0.36), PC4 (0.35), and PC2 (0.34) were extracted as important features
to discriminate the Cleft and Control groups. Visualization of the between-group structure of the surface
data revealed that PC3 was characterized by midfacial retrusion, well-developed nasal bone, and chin
protrusion, and the Cleft group showed greater PC3 values (P < 0.001). PCé was characterized by retrusion
of the nose, upper lip, and lower lip, and the Cleft group showed a greater PCé value (P < 0.000). PC4 was
characterized by the retrusion of the cheek, eyes, and upper lip, and the Cleft group showed a greater PC4
value than the Control group. PC2 was characterized by a vertically short face. The Cleft group showed
greater PC2 values, indicating that the patients in the Cleft group showed vertically shorter faces.
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Figure 10. Superimposition of the averaged coordinate values of a male Control group patient (pink), a male Cleft group patient (green),
a female Control group patient (red), and a female Cleft group patient (cyan)

MONOVA revealed that there were significant differences in the facial morphology in the Cleft and Control
groups and sex the subgroups; and that the effects of cleft on the facial morphology were related to sex [P <
0.01, Table 1].

With these nine PCs, the optimal number of clusters was mathematically created. The Elbow method
showed that the samples could be classified into four typical patterns of the Cleft group (i.e., codes) [Figures
11 and 12]. Using color maps, the differences among the codes were described in detail: midface retrusion
with short mandibular height (Code 1), midface retrusion combined with mandibular protrusion with well-
developed nasal bone (Code 2), smaller nasal height and retruded cheeks (Code 3), and severe mandibular
protrusion (Code 4).

Table 2 shows the demographic data of patients in each code. Code 1 consists of female patients, while
Codes 2-4 consist of male patients. It was difficult to compare the surgical techniques or orthodontic
treatment, because the sample size in each attribution was small.

DISCUSSION

In the present research, we took advantage of GMM to propose a 3D quantitative analysis method for
quantifying and visualizing the 3D configuration of the soft tissues of the face at rest. This method was
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Table 1. The multifactor analysis of variance of the surface-based model

Df Pillai Approx F Num Df Den Df Pr(>F)
Cleft 1 0.8149 108.756 10 247 <2.2e-16*
Sex 1 0.6727 50.761 10 247 <2.2e-16*
Cleft: Sex 1 0.1969 6.056 10 247 <313e-8*
Residuals 256

*P < 0.01. Df: degrees of freedom; Pillai: Pillai's trace, which is a test statistic in the multifactor analysis of variance. This is a positive
valued statistic ranging from O to 1. Increasing values means that effects are contributing more to the model; Approx F: the F statistic
for the given predictor and test statistic; Num DF: the number of degrees of freedom in the model; Den Df: the number of degrees of
freedom associated with the model errors; Pr(> F): the P-value associated with the F statistic of a given effect and test statistic. The null
hypothesis that a given predictor has no effect on either of the outcomes is evaluated with regard to this P-value

Codel (n=17) Code2 (n=15) Code3 (n=14) Code4 (n=14)

Figure 11. The results of the clustering method. Sixty samples were classified into four categories (codes). Figures 11 and 12 show that
Code 1 represents patients having midface retrusion with short mandibular height; Code 2 represents those with midface retrusion
combined with mandibular protrusion with well-developed nasal bone; Code 3 represents those with smaller nasal height, retruded
cheeks, and asymmetric face; and Code 4 represents those with severe mandibular protrusion with asymmetric nose

applied to the face of one example patient with cleft lip and palate. GMM is considered to be eftective for
describing the changes from before to after surgery.

A key concept of GMM is based on the fact that morphology can be mapped in the same dimensions
as space, i.e., “the morphospace”, using these landmarks. Once 3D face images are converted to the
morphospace, we can apply several statistical analyses to these face images. Examples of applications of
GMM include the detection of facial sexual dimorphism®™, the examination of relationships between faces

P 26 . 2
|, computer vision"”*, and computer graphlcs[ 8

and genetics”*", the clinical diagnosis of dysmorphology™
In the present study, we used GMM for the quantitative evaluation of the treatment effects in patients with
CLP and for the examination of the variation of the faces of patients with CLP based on a combination of

principal component regression, MANOVA, and the clustering method (described below).

Quantitative evaluation of the treatment effect in patients with UCLP
GMM could be applied to detect the normal area before and after surgery. For the selected case, the
percentage of the normal area was increased for all axes; however, several portions showing deformities
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Figure 12. Z-scores for the four categories (Code) of Cleft patients. The average shape was evaluated with the normative range™. Only
the z-axis (anterior-posterior direction) results were exemplified. A grey profile indicates the average face. Z-score was calculated by
the equation: Z-score ., = (p,, - m))/s ., where p,, indicates the averaged coordinate values of each code, m,,, indicates the average
coordinate values of the control group, and s ,, indicates the standard deviation of the coordinate values of the control group in the
z-direction. Please note that Code 1 shows that the anterior-posterior position of the upper and lower lips was within 1 SD. In Codes 2
and 3, the cheeks (midface) were remarkably retruded, while the anterior-posterior position of the upper lip was within 1 SD. Codes 4
shows greater protrusion of upper and lower lips

Table 2. Demographic data in each code

Code 1 Code 2 Code 3 Code 4

Patient number 17 15 14 14
Sex

Male 1 13 1 1

Female 16 2 3 3
Cleft side

Left 1 13 il 1l

Right 6 2 3 3
Orthodontic treatment

Camouflage 4 4 2 3

Surgery 13 n 12 n
Surgical technique for the palatoplasty

Wardill-Kilner push-back 15 15 12 12

Early two-stage with modified Furlow veloplasty 2 0 2 2
Age (years old)

Mean 20.6 219 22.2 235

Standard deviation 3.2 2.3 7.5 5.6

remained, even after surgery. This was considered to be due to treatment limitations. Another possibility
is that there were no measures to analyze the 3D face when we had performed surgery. The method
introduced in the present article helps both patients and orthodontists share a mutual understanding of the
soft tissue problems of patients with CLP. The patient’s facial soft tissues can be quantified and visualized
three-dimensionally. This is useful for developing optimum treatment plans based on the evaluation of soft
tissue.
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Examination of the variation of the faces of patients with CLP

In the present study, we also clarified the morphological variations and characteristics of the face in
patients with CLP using several statistical methods. This became possible because the faces could be
converted to vectors of the same dimension (i.e., morphospace). Because the present study only included
patients with positive overjet (i.e., most patients were in the post-treatment “retention” period), our study
mainly detected antero-posterior facial deformities. If we examined patients before or during treatment,
our method would be able to detect transverse facial deformities as well.

Decreased nasal height and its related obscure nasal tip were identified as characteristics of the Cleft group
in the present study. These results were compatible with those of previous reports'****”. The Cleft group was
also characterized by downward rotation of the dorsum and a well-developed nasal bone (PC3 and Code 2).
This can be explained by the assumption that the retruded midface and deficient maxilla of the nose in
patients resulted in a significant nasal hump and downward rotation of the columella. This observation was
well-matched with a previous analysis from the lateral view"", which stated that this “beaky type nose” was
often observed in adult patients with a cleft lip"**".

A MANOVA also showed that the facial morphology was significantly different between the Cleft and
Control groups and sex subgroups, and that the effects of a cleft on the facial morphology were related to
sex. Figure 10 shows that patients in the Cleft group tended to have greater lower lip protrusion, and this
was exaggerated in males. As our samples were from patients who underwent treatment in our hospital,
this fact might be related to the treatment goal or treatment demands in males in our hospital.

The 3D analysis of patients with CLP

The reason 3D technology has not shown any further clinical progress thus far can be due to technical
challenges in the analysis of 3D structures”. To solve the problem that 3D images containing an enormous
quantity of information cannot be fully utilized in GMMs, this study introduced a new method to
statistically analyze the entire 3D morphology and to simply visualize the results in patients with CLP. For
the treatment of patients with CLP, a 3D quantitative analysis of the craniofacial structures is important for
determining the treatment objectives and results.

Limitations

There are two major limitations in this study that could be addressed in future research. First, the sample
size for the exemplification of the system application was limited. Secondly, the specific features and
categories identified in this study might be different from those observed in other centers.

Conclusion

GMM was applied for quantifying and visualizing the 3D configuration of the soft tissues of the face. This
method was effective in describing the changes from before to after surgery. GMM was also used to detect
morphological variations of the face in patients with CLP. GMM will be a powerful tool to instantaneously
and comprehensively evaluate faces in clinics.
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