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Abstract

Objectives: Palatal shape contains a lot of information that is of clinical interest. Moreover,
palatal shape analysis can be used to guide or evaluate orthodontic treatments. A statistical shape
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model (SSM) is a tool that, by means of dimensionality reduction, aims at compactly modeling
the variance of complex shapes for efficient analysis. In this report, we evaluate several competing
approaches to constructing SSMs for the human palate.

Setting and Sample Population: This study used a sample comprising digitized 3D maxillary
dental casts from 1,324 individuals.

Materials and methods: Principal component analysis (PCA) and autoencoders (AE) are
popular approaches to construct SSMs. PCA is a dimension reduction technique that provides a
compact description of shapes by uncorrelated variables. AEs are situated in the field of deep
learning and provide a non-linear framework for dimension reduction. This work introduces the
singular autoencoder (SAE), a hybrid approach that combines the most important properties of
PCA and AEs. We assess the performance of the SAE using standard evaluation tools for SSMs,
including accuracy, generalization, and specificity.

Results: We found that the SAE obtains equivalent results to PCA and AEs for all evaluation
metrics. SAE scores were found to be uncorrelated and provided an optimally compact
representation of the shapes.

Conclusion: We conclude that the SAE is a promising tool for 3D palatal shape analysis, which
effectively combines the power of PCA with the flexibility of deep learning. This opens future Al
driven applications of shape analysis in orthodontics and other related clinical disciplines.

Keywords
biological shape analysis; geometric deep learning; palate

11 INTRODUCTION

Palatal shape varies significantly among individuals and is related with a wide range of
factors of interest to orthodontists, including breathing pattern! and occlusion.2 Moreover,
there is an evidence that palatal shape is related to facial pattern.3# Clinically, the objective
evaluation of palate shape has the potential to aid in the evaluation and outcome prediction
for orthodontic/dentofacial orthopaedic procedures such as maxillary expansion and those
involving tooth extractions.>8

While the palate has a complex structure, most studies on palatal shape rely on a

limited number of measures. Commonly used examples are palatal surface area, > palatal
volumel:8.7 and depth8 or linear and angular measurements between landmarks placed at
specific anatomical positions. Such approaches, however, fail to describe the palate in its
full complexity and result in loss of information. Additionally, the computation of these
measurements often requires an expert observer to manually record or annotate a set of
landmarks on all shapes. This is a labour-intensive task that is subjected to inter- and
intra-observer error.

Thanks to recent advancements in imaging technologies, we are now able to capture dense
representations of three-dimensional shapes, but the use of a restricted amount of shape
measures neglects the information available in these highly detailed images. Statistical shape
models (SSMs) offer a solution to this problem, since they allow for a compact description
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of dense shape representations and their variations in a population sample.? SSMs reduce the
dimensionality of shape data by describing each shape as a combination of a mean shape
and a small number of variables. These variables capture possible geometric variation within
a given data set. Moreover, SSMs have a generative power: By changing the variables, new
shape instances that are plausible within the given population can be created. Various studies
have proven the efficacy of SSMs in clinical settings including implant design and treatment
planning.®-12 Traditionally, SSMs model shape variation by principal component analysis
(PCA) of a set of training shapes. PCA decomposes the complete 3D shape variation data
into uncorrelated variables, each representing an individual's position along a complex linear
transformation of the shape. The variables are constructed in such a way that as much
variance as possible is represented by the smallest number of variables possible, resulting in
an optimally compact representation. Two major applications of SSMs are biological shape
(or morphometric) analysis and active shape models. In the first instance, SSMs provide

a succinct representation of the complete shape of individuals as a set of uncorrelated
variables suitable for multivariate statistical analysis and comparisons. Examples employing
SSMs in this way are association studies between palatal shape and facial patterns,34 and
analysis of human teeth in archaeological research.13 In the second instance, SSMs act as a
probability or prior model of what constitutes normal shape variation and have been used,
for example, to infer the most plausible missing portions of tooth surfaces.14

The past decade has seen rapid advances in deep learning methodologies. These have been
successfully implemented in a wide variety of image-based applications including face
recognition and image segmentation. While most other machine learning approaches rely on
predefined and often handcrafted features (eg edge detection in images), the success of deep
learning and convolutional neural networks (CNNs), in particular, mainly stems from their
ability to learn meaningful features for a given task by itself. CNNs can learn to extract the
important information from images given only the training data and a suitable loss definition
for the task at hand. Furthermore, the non-linear nature of neural networks allows them to
model more complex functions than traditional approaches. Neural networks have a kind

of universality, meaning that for any continuous target function, there exists a network that
can accurately approximate it.1516 In 2006, Hinton et all” described an autoencoder (AE)
network as a non-linear generalization of PCA. AE networks consist of two main parts: an
encoder and a decoder. The encoder compresses the data into a small number of variables
and the decoder aims to reconstruct the original data from that compact representation. One
advantage of using an AE, in contrast with PCA, for data compression is that it does not
assume linearity. It could, for example, capture the non-linear change of palatal dimensions
at different stages of dentition.18 In further contrast to PCA, an AE can easily be expanded
to perform additional or more complex tasks (eg breathing pattern classification). However,
an important disadvantage of using an AE is that, opposed to PCA, the resulting variables
are not necessarily uncorrelated. Therefore, it remains uncertain to what extent an AE can
serve as a non-linear generalization of PCA in applications such as biological shape analysis
and active shape models.

In this work, it is hypothesized that we can use CNN-based learning to create SSMs of
the palatal and dental shape with similar performance and properties as PCA. Therefore,
we compare the performance of PCA-based and AE-based SSMs for three-dimensional
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dental casts. We analyse their ability to compress and reconstruct both seen and unseen

3D shapes; and test their ability to generate synthetic shapes from the constructed lower
dimensional spaces. To address the lack of orthogonality in AE networks, we also introduce
and evaluate a new AE-based SSM that combines the orthogonality property of PCA with
the non-linearity and flexibility of AE-based encoding.

21 MATERIALS AND METHODS
2.11 Data

2.1.11 Subjects—Dental scans were collected in the context of the Pittsburgh Orofacial
Cleft (POFC) study. POFC Study participants were sampled under the University of
Pittsburgh Institutional Review Board approved protocol (IRB FWAS00006790, approval

# STUDY19080127). POFC aimed at collecting data of subjects with cleft lip and/or
palate, their unaffected biological relatives, and demographically matched unrelated normal
controls. This study excludes individuals with clefts and includes only controls and
unaffected relatives with permanent dentition, which leaves unique dental scans of 1,324
Individuals. The sample comprised 535 men (40%) and 789 women (60%). All participants
were aged between 10 and 80 years at the time of collection (median = 27.9 years, IQR

= 14.7 years). It was a heterogeneous sample with self-reported ethnicity grouped in the
following categories: White (47%), Black (32%), Asian (10%) and other, mixed or unknown
(11%).

2.1.21 Image acquisition and pre-processing—The shape of the palate was
obtained by scanning maxillary dental casts using a 3D laser scanner (3Shape). This resulted
in a representation of the surface as a ‘mesh’, that is, a cloud of 3D point coordinates that
are interconnected by edges to define the surface. Co-incident points were removed using a
custom-written routine in MATLAB. Subsequently, a spatially dense surface registration was
performed using the MeshMonk toolbox!® (Supplementary Material. 1): First, five distinct
landmarks, positioned at the canines, first molars and at the palatal midline between the first
molars, were indicated on each cast. These landmarks were used to obtain a rough alignment
of the shapes with a template cast consisting of 8915 quasi-landmarks. Next, the template
was non-rigidly and iteratively reformed to fit the shapes’ surfaces. Finally, generalized
Procrustes analysis was performed to remove any differences in position, orientation and
scale.20 This is a standard operation in biological shape analysis that is performed prior to
dimension reduction of shapes represented by landmark coordinates in either 2D or 3D. All
shapes were scaled to unit size to remove size variation, but to preserve interpretability we
recorded the average scaling factor, which was used to transform all results back to mm.
After the generalized Procrustes analysis, the data were organized in a three-dimensional
data tensor with dimensions N, referring to the number of shapes; 8915, representing the
quasi-landmarks; and 3, for the x-, y-, and z-coordinates of each landmark. To increase the
size of the data set, mirrored images of the shapes were constructed by changing the sign of
the x-coordinate of each landmark and subjected to the same non-rigid surface registration
as the original cast. The mirrored images were added to the data set, resulting in a total of
2648 dental images. Data were randomly split into a training (N = 2,028), a validation (N
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= 224) and a test (N = 396) set for the construction and evaluation of the models. Mirrored
images of the same individuals were paired and sorted in the same set.

2.21 Shape models

This section introduces three approaches for dimensionality reduction of 3D shapes, which
can be used to obtain SSMs representing normal shape variation. Additional details on the
training strategy for each of the models can be found in Supplementary Material. 2.

2.2.11 Principal component analysis—Principal component (PC) analysis recodes
complex and correlated variation in landmark coordinates into a relatively small number of
uncorrelated variables is called scores. Each variable represents variation on a dimension

of shape variation (a PC). PCs do not necessarily correspond to verbal descriptions but,
loosely speaking, a dimension of shape variation might be the transformation from a wide
to a thin dental arch (Figure 1). We accomplish this by a singular value decomposition
(SVD) of the mean-centred data matrix X. The SVD is defined as X=UXV7 where Zis a
diagonal matrix containing the singular values s, and {/and V/contain the left and right
singular vectors, respectively. The right singular vectors in Vare the PCs. These are weights
on each quasi-landmark coordinate, specifying a linear transformation of the average shape.
The variance along the it PC is:

where 77is the number of rows in X. Together the PCs and variances conveniently
parameterize normal-range shape variation. PCs with a large variance capture large aspects
of shape variation and code a lot of information about the data, while PCs with small
variance carry little or noisy information about the data and can often be discarded with no
significant information loss. Scores of the training data are given by UZ; while unseen data
Y can be scored by multiplication with V/(Figure 2A). Thereby, any shape characterized by
the same landmarks, seen (training data) or unseen (test data), can be described as a vector
of uncorrelated scores ajand can be reconstructed as the sum of the average shape X and a
linear combination of principal components?L:

d
X=X+ Zaiui

where 1 is the ith singular vector and a; is the corresponding score.

2.2.21 Autoencoder—Autoencoders (AEs), like PCA, aimed to encode data into

a relatively small number of scores and then reconstruct the original data from that
representation. An AE consists of two main parts: the encoder that performs the
compression of the data, and the decoder, that reconstructs the original data given in the
output of the encoder. Typically, the decoder has a symmetric structure to the encoder,
though this is not required. The shapes in our data set are represented as three-dimensional,
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triangulated surface meshes. This is a fundamentally different representation to the 2D and
3D volumetric images on which CNNs were first developed. To generalize the approaches to
3D mesh data, we draw on techniques of ‘geometric deep learning’.22

Figure 2B shows the structure of the autoencoder network. The first four layers of

the encoder are spiral convolutional layers in which the size of the image (number of
points) is reduced. Each spiral convolutional layer consists of a spiral convolution operator
followed by an exponential linear unit activation and a mesh simplification step. Spiral
convolutions?3:24 are filters that are applied to each point of the image and extract important
features analogous to the grid-based convolutional operators in traditional CNNSs. The filters
are designed as spirals starting at a centre point and proceeding outwards from a random
adjacent point, in a spiral (Figure 3A). The mesh simplification step reduces the image size
according to a fixed mesh simplification scheme estimated prior to building the network.
The simplification scheme (Figure 3B) was defined by performing four iterations of quadric
edge collapse on the template in MeshLab software.2> The four spiral convolutional layers
consist of 16, 32, 64, and 128 learned filters, respectively. Afterwards, two fully connected
layers are added to compress the data even further to the desired number of scores. As
usual, the decoder is symmetric to the encoder and, thus, consist of two fully connected
layers, followed by four spiral convolutional layers. The encoder and decoder were trained
simultaneously by submitting shapes of the training set to the network, computing the
reconstruction error, and updating the network using the backpropagation algorithm.26

2.2.31 Singular autoencoder—In this work, we propose the singular autoencoder
(SAE) in which we combine the simplicity of the past (PCA) with the power of the present
(AE). The aim was to preserve important properties of PCA, that is, the uncorrelatedness of
the resulting scores and optimal distribution of variance across dimensions, with the extra
power of AEs that can model non-linearity and can be optimized to perform additional tasks.
The SAE (Figure 2C) has the same structure as the AE introduced in the previous section,
except for the last layer of the encoder and the first layer of the decoder, which are replaced
by a low-rank singular value decomposition?” to ensure decorrelated scores.

2.3 1 Evaluation metrics

The models were submitted to a set of standard evaluation metrics for SSMs28: (i)

accuracy, which represents the models’ ability to correctly reconstruct training samples after
compression; (ii) generalization, which represents the model's ability to correctly reconstruct
unseen test samples; and (iii) specificity, which represents the model's ability to generate
realistic new shapes. Additionally, we investigated the orthogonality of the constructed
spaces. To preserve interpretability of each metric, prior to calculating the shape differences
shapes were scaled back to the mean size of all dental casts.

2.3.11 Accuracy—The accuracy is defined as the mean absolute error (MAE) or the
absolute difference between corresponding points of the original input shape x;and the
reconstructed output shape x j, averaged over all training samples:
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The accuracy of a model describes its compression power, or, in other words, its ability
to efficiently capture shape variation in a compact representation for a given number of
dimensions.

2.3.21 Generalization—The generalization is especially important when the model will
be applied to new data sets in addition to the original training set, since it describes the
model's capability to capture shape variance in unseen, or non-training, data. It is computed
as the MAE for all shapes from the test set:

Ntest
Z | xi —xj |, Vx; € testset

Y
test ;"=

2.3.31 Specificity—The specificity of a model was evaluated by generating a large
number Agpec (= 10000) of random synthetic shapes and validating whether they are
realistic. Since realistic shapes are expected to be similar to existing shapes, the specificity
is defined as the MAE between the generated shapes and their most similar shape from the
training data:

1 Nspec
— m_ .
= Ny pec Z | "= xi |,

i=

S

Where x/™ represents the most similar shape from the training data to the generated shape
x';:

x'— argmin | xj— x|
xXj € train set

Synthetic shapes were generated by randomly sampling and reconstructing from the lower
dimensional space. Samples were drawn from a multivariate normal distribution specified by
the mean and covariance matrix of the scores.

In addition to the specificity, we assessed the variance of the synthetic samples as the
average Euclidean distance between each of the synthetic samples and the average shape x:

Ngpec

N 2 | F

spec ;'=

V=

2.3.41 Uncorrelatedness of the scores—An important attribute of PCA is that the
resulting scores are uncorrelated. This is useful in multivariate statistics since it guarantees
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an invertible covariance matrix, which is essential to many statistical operations. In active
shape models it means that the fitted shape can be varied along each dimension of shape
variation independently. We assessed this by plotting the covariance matrix of the scores.

If scores are uncorrelated, the off-diagonal elements of the covariation matrix are zero.
Additionally, we assessed the invertibility of the covariance matrix by calculating its
determinant. A determinant equal to zero indicates that the inverse does not exist. To exclude
differences in variance of the scores produced by different methods, we calculated the
determinant of the column-normalized covariance matrix, that is, the correlation matrix.

241 Experiments

We compared the three models at different dimensionalities by computing the evaluation
metrics, retaining different numbers of scores describing the shape of each individual cast.
Each model type was trained to generate 176 scores. Starting from the initial 176 scores,
the dimensions with the smallest amount of variance were dropped one by one by setting
the scores along those dimensions to zero before reconstructing or synthesizing the shape.
For the AE and the SAE this performance may not be the same as if the model was trained
for a smaller dimensionality explicitly. Training these networks for each dimensionality
explicitly is too expensive so we performed point-checks at dimensionality 50, 94 and 176.
These corresponded to an explained variance of 90%, 95% and 98% in the PCA model,
respectively.

31 RESULTS

3.1 1 Model evaluation metrics

Figure 4 shows the evaluation metrics for each model type for dimensionality ranging

from 1-176. Markers indicate the evaluation metric calculated when the model was trained
explicitly at that dimensionality. Table 1 shows the values corresponding to these markers
and Supplementary Material. 3 plots the results for individual samples. SAE shows equal
performance to PCA on all metrics and better performance compared to the AE. PCA
always explains the most linear variation possible for a given number of dimensions.
Therefore, its accuracy typically reflects good base performance for other models to be
compared to. Equivalent accuracy between SAE and PCA indicates that SAE can compress
variation into a small number of variables with equal efficiency. Equivalent generalization
indicates that SAE learns important variation, as opposed to noise, with equal efficiency.
Furthermore, the generalization error is approximately equal to the accuracy, indicating that
the models are not overfitted. Equivalent specificity indicates that SAE and PCA generate
equally realistic shapes that can be encountered in real life, while equivalent variance
indicates that SAE parameterizes the range of normal shape variation as accurately as PCA.
A statistical comparison of the different models is provided in Supplementary Material. 4.

3.2 Uncorrelatedness of the scores

The covariance matrix of the 50-dimensional embedding space for each type of model is
shown in Figure 5. It is observed that the covariance matrices for the PCA and SAE models
show very similar behaviour, displaying large values on the diagonal and values that are
zero elsewhere. Furthermore, the variance, which we find on the diagonal, is distributed
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over the different dimensions in such a way that for any given number of dimensions, the
explained amount of variance is maximized. On the other hand, the covariance matrix for the
AE model is less structured. While the largest values are still situated on the diagonal, there
is also a lot of correlation between different dimensions. Moreover, the amount of variance
present in each dimension is distributed more evenly over the dimensions. This is supported
by the shape variance explained by the dimension with the largest variance, as depicted in
Figure 1. This figure illustrates that both the PCA and SAE models can capture a lot of
shape variation in a single dimension.

41 DISCUSSION

SSMs are a useful tool in biological shape analysis as they allow for a comprehensive

yet computationally efficient comparison of complex shapes. Effective SSMs are expected
to generate compact representations that efficiently capture shape variation. Two common
approaches are PCA and AEs. PCA is a traditional approach that compactly parameterizes
normal variation on independent dimensions. AEs lie in the field of deep learning, offering
non-linearity and adaptability. In this study, we introduce a novel model type, the SAE,
which aims to combine the most important properties of PCA and AEs.

Results show that the SAE achieves competitive performance in terms of accuracy,
generalization, specificity, and variance. This indicates that the SAE captures normal
variation as accurately as PCA and AEs. An important finding was that there are no
significant differences in generalization power between different models. In this instance,
this means that neural network-based models, which are typically data-hungry and prone
to overfitting, handle unseen data equally well as PCA, which is known to be applicable
to smaller data sets. With the rise of large-scale 3D databases, this opens the possibility to
construct publicly available models which can be used to score unseen data samples.

PCA generates uncorrelated scores that code variation on independent aspects of shape
variation. This ability to represent shape variation as uncorrelated scores supports statistical
comparisons of groups (eg sexual dimorphism in palatal shape) in two ways: firstly,
uncorrelated variables ensure an invertible covariance matrix, essential to many statistical
tests; secondly, scores along independent dimensions can be manipulated separately, which
provides stability for active shape models.14 Moreover, PCA maximizes the variation
explained for any given number of dimensions. This offers the ability to generate a large
model and subsequently reduce the number of dimensions, which can help in defining a
suitable dimensionality and eliminates the need to retrain smaller models. These properties
of PCA are not present in regular AE networks, where there is correlation between scores
on different dimensions and scores on each dimension represent a relatively small amount
of shape variance. As a consequence, training for a specific dimensionality is warranted
for the AE. This is disadvantageous since pre-defining the required dimensionality is a
challenging and ad hoc task which heavily depends on the intended application. Even
though multiple techniques to find the optimal dimensionality exist, they often rely on the
ordered eigenvalues produced by PCA and are not applicable to regular AEs. Well-known
techniques are, for example Horn's parallel analysis,2® Kaiser criterion,3° a scree plot,3! or
retaining a certain percentage of variance explained. The last technique was used to get
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an initial dimensionality approximation for the different models in this work. Furthermore,
the determinant of the covariance matrix for the AE is close to zero, indicating that the
inverse does not exist or is unstable. In contrast to the AE, our SAE model represents shape
variation as compactly as PCA on uncorrelated dimensions.

The main value of neural networks for shape analysis lies in the fact that they can model
non-linearity and offer a lot of flexibility to adapt the model. While the assumption of
linearity in PCA does not have a significant impact in this study, it may limit performance
for more diverse data sets or for problems that are known to have a non-linear nature,

such as the modelling of growth trajectories.18:32 Furthermore, neural networks can be
extended to perform additional or more complex tasks. For instance, models can be trained
to optimize the lower dimensional space for classification problems, or conditional variables,
such as sex and age, can be incorporated to impose more biological relevance onto the
structure of the space. Moreover, they can be adapted to accept other types of input data.
The networks in this work are constructed to benefit from the fact that all shapes are
represented by the same mesh structure. As a result, all models in this work depend heavily
on the success of the data pre-processing and none of them are able to handle dental scans
without full permanent dentition. However, alternative convolutional operators exist that are
designed to accept non-uniform input data. Therefore, geometric deep-learning techniques
not needing this homology, for example, PointNet++,33 are more promising towards the
future for larger data sets with missing data and teeth, or data sets comprising different
stages of dentition. This is an important advantage of the neural network-based models over
PCA, which is inherently dependent on the homologous representation of data.

51 CONCLUSIONS

This study introduced new concepts from Al and deep learning into the context of biological
shape analysis and active shape models on 3D dental casts. We introduced the SAE, a novel
approach which combines important properties from traditional PCA with techniques from
deep learning, that is, AE networks. An SAE model was subjected to a set of evaluation
metrics to assess its ability to compress and reconstruct seen and unseen data samples

and to generate new, synthetic shapes. Results confirm that the SAE reaches comparable
performance to traditional approaches and combines the most important properties of both
PCA and AE networks, and thus might be a useful tool for shape analysis in the future. This
study was limited to shapes that underwent an elaborate pre-processing pipeline; further
research might explore the possibility to adapt the neural networks to accept unprocessed
data. Moreover, further work can be aimed at the construction of publicly available models,
which can be used to score smaller data sets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Visualization of the shape variance captured in the dimension that explains the most variance

for each type of model. The shown shape variation ranges from (~3*o (left) to (#+3*o
(middle), where pand o are the mean and standard deviation along the dimension of interest,
respectively. The right column displays a colourmap showing the difference between the first
two columns expressed in mm. We observe that both the PCA and SAE models are able to
capture a lot of shape variance in a single dimension. For the AE model on the other hand,
the maximum amount of variance explained by a single dimension is much smaller
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(a) Principal component analysis
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FIGURE 2.
Model architecture for (A) principal component analysis, (B) an autoencoder network, and

(C) a singular autoencoder network. Each model compresses 3D dental scans to a lower
dimensional space of d dimensions. The principal component model is based on a low-rank
singular value decomposition applied to a reshaped representation of the 3D shape data.
Reconstruction of the original shape data is obtained by the inverse operation. The encoder
of the autoencoder network consists of four spiral convolutional layers, followed by two
fully connected layers. The decoder architecture is mirrored to the encoder architecture.
The encoder of the singular autoencoder contains four spiral convolutional layers followed
by one fully connected layer and a low-rank singular value decomposition. The decoder is
symmetric to the encoder
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8,915 2,251

(A)spiral filter (B) mesh simplification

FIGURE 3.
A, Example of the construction of a spiral filter. B, Four consecutive mesh simplification

steps, ranging from a mesh consisting of 8915 points to a mesh comprising 42 points
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specifically. This performance is approximately the same for all model types
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FIGURE 5.

Covariance matrix of the scores for the 50-dimensional spaces constructed by the different
types of models. The off-diagonal elements of the covariance matrix display the correlation
between the scores along different dimensions. The elements on the diagonal show the
amount of variance captured by each of the dimensions. Dark (blue) values indicate low
(co)variance and light (yellow) values indicate high (co)variance

Orthod Craniofac Res. Author manuscript; available in PMC 2022 December 01.



Page 18

Nauwelaers et al.

*(*swip) sUOISUBWIP 9/T 0 76 ‘0G JO 1SISUOD S80RAS [BUOISUBLUIP JOMO] PBIONIISU0D 8] “Palen|eAs pue paloniisuod aJe uoissaidwod JO SJUNOWR JUBIBLIP UM S[9pOW 81y} ‘|apow o 8dA1 yoes 104 .ajopN

00+3000T
66-39¢vT
00+3000T
10-38666
LT-3p2T'T
00+3000T
10-35666
£0-30L6¢
00+3000T

Jueulw BRJ

T0-3YYT ¥ T0-IPEL
T0-3L¥T ¥ 10-3€€L
10-3.¥T ¥ 10-300L
T0-3S¥T ¥ 10-3LTL
T0-38YT ¥ 10-36TL
70-30ST ¥ 10-322L
T0-3€ST F T0-3969
T0-31ST ¥ 10-3¥6'9

10-31S'T ¥ 10-3€0'L

[ W] eouelrep

20-3895 F T0-3685
20-3696 ¥ T0-3885
20-3¥.S ¥ 10-3565
¢0-3T/.S ¥ T0-3T.LS
20-3/8G ¥ 10-31.5
20-3565 ¥ T0-3085
¢0-386S + T0-3VYS
20-3566 F T0-3rvS
20-3109 ¥ T0-3255

[N ] Ad1y0ads

¢0-3TSY * 10-3vCT
20-369% ¥ T0-30€T
20-3vey ¥ 10-322T
¢0-3vT * 10-36.1
20-30T9 * T0-36LT
20-3/8S ¥ T0-36LT
20-3T¢'8 ¥ T0-30v'C
¢0-3ST8 ¥ T0-30t¢
20-389/. ¥ T0-32¥¢

[IWIN] voirezife sueD

¢0-30€¢ + T0-310T
¢0-3vvZ ¥ T0-30TT
¢0-3..T ¥ T0-3¥0T
¢0-3€6€ + T0-319T
20-3¢8¢ * T0-36ST
¢0-3S€€ ¥ T0-329T
¢0-3€09 + T0-3ce
20-36SG F T0-30¢¢
20-3€€G ¥ T0-39¢¢

[N ] Aoeanooy

3avs

v
VvOd swip9/1
3avs

v
vOd ‘Swip v6
3avs

v
vOd ‘Swip 05

sadA) |spow

WUBJBaYIP 834U} J0) X1ITew Uo11e[31109 8y} JO JurUIWIBlep pue (UOIIBIASP pJepuels F uesw) souelieA ‘A1101198ds ‘uoijezijesaush ‘Aoeindge ayi 104 SHNSey

Author Manuscript

T31avl

Author Manuscript

Author Manuscript

Author Manuscript

Orthod Craniofac Res. Author manuscript; available in PMC 2022 December 01.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Data
	Subjects
	Image acquisition and pre-processing

	Shape models
	Principal component analysis
	Autoencoder
	Singular autoencoder

	Evaluation metrics
	Accuracy
	Generalization
	Specificity
	Uncorrelatedness of the scores

	Experiments

	RESULTS
	Model evaluation metrics
	Uncorrelatedness of the scores

	DISCUSSION
	CONCLUSIONS
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	FIGURE 5
	TABLE 1

