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1. Introduction

Facial mimics are important to both the personal and professional lives of humans [1], so facial palsy
negatively affects the involved patients [2]. Facial paralysis grading is the first required step for
evaluating the levels of facial palsy before conducting rehabilitation treatments [3]. Facial paralysis
grading methods include clinical [4] and non-clinical [4] approaches. Because of the quantitative and
objective characteristics, non-clinical methods have been popularly employed [4]. After grading,
clinicians have to diagnose the level of facial palsy based on their clinical expertise [3].

Currently, we have developed a novel non-clinical facial paralysis-grading concept, which is based
on an analysis of muscle action lengths on the left and right heads [5]. The muscle action lines were
constructed from muscle insertion points on the skin layer of the head and muscle attachment points on
the bone layer of the skull [6]-[13]. Especially, even in healthy subjects, muscle action lengths on the
left and right-hand sides were not perfectly symmetrical [5]. If these muscle action lengths were directly
applied without considering the symmetries of the head and skull of healthy subjects, the system [14]
will misclassify the patients among the healthy subjects. Based on our hypothesis, the symmetries of
head and skull shapes affect the symmetries of the muscle action lines. Moreover, because we used the
Euclidian distance metric for evaluating the muscle action lines between the left and right-hand sides
[5], the distance metric should be used for computing the head and skull shape’s symmetries.
Additionally, to clearly describe the 3-D geometrical differences, the volume metric should also be
employed. The computed values could be used as thresholds for classifying and analyzing the patients

JTE, Issue 71A, August 2022 37


https://jte.hcmute.edu.vn/index.php/jte/index
mailto:jte@hcmute.edu.vn
https://doi.org/10.54644/jte.71A.2022.1143
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

JTE JOURNAL OF TECHNICAL EDUCATION SCIENCE
Ho Chi Minh City University of Technology and Education

HCMUTE Website: https://jte.ncmute.edu.vn/
ISSN: 2615-9740 Email: jte@hcmute.edu.vn

among the healthy subjects. In the first part of our study, we reported these symmetrical values of the
head [15]. In this second part, we will analyze more about the dissymmetry of the human skull. No
studies in the literature have analyzed this dissymmetry on the human skull.

It is important to note that, recently, most non-clinical facial paralysis grading used 2-D geometrical
information in color images for analyzing facial paralysis levels. These metrics could be pixel value
differences, 2-D coordinates of facial features, etc [16]. These studies preferred to use color images
because these features could be easily detected in real-time [17], [18]. However, the pixel values in
images were very sensitive to light conditions and lacked the third dimension. Consequently, 3-D
geometrical information could be a better choice [19]-[22]. Additionally, in our previous study, we can
animate subject-specific head models in real-time [23]. This could help evaluate facial paralysis more
robustly when using 3-D geometrical metrics. The most popular 3-D metrics are distances and volumes
[21], [22]. Some studies also tried to study symmetries of human skulls, but they just analyzed 2-D
geometrical information in original CT images not in 3-D models [24]. Consequently, in this study,
analyzing symmetries of skulls based on 3-D distances and volumes is suitable and novel for enhancing
the accuracy of real-time facial paralysis grading.

In particular, the dataset of 329 skull models has been reconstructed from the computed tomography
(CT) images of healthy subjects in neutral mimics. All skull models were cut into left and right regions
from the middle of the skulls. The left and right skulls were then mirrored through the middle plane.
Mean Hausdorff distance differences between the left skulls and mirrored right skulls were computed
as the distance symmetry quantity. Moreover, volumetric differences between the left skull convex hulls
and the mirrored skull convex hulls were also computed as the volumetric symmetry quantity. As a
result, the distance dissymmetrical values (Mean £ SD) are 1.2680 + 0.3538 mm, and the volumetric
dissymmetrical values (Mean + SD) are 32.1790 + 23.2725 cm?,

The reported values partially help explain how muscle action lengths were not perfectly symmetrical
even in the healthy subjects. These values could also be implemented in the muscle-based facial
paralysis grading for automatically diagnosing facial palsy. In perspective, the skull symmetry will be
analyzed in more detail with various local topological shapes. Moreover, these values will be
implemented in our clinical decision support system for facial mimic rehabilitation [25].

2. Methods
2.1. Datasets

The dataset included 329 skull models (male: 265, female: 64, ages (Mean + SD): 61 £ 11 years)
reconstructed from CT images of facial healthy subjects in neutral mimics. The CT image dataset was
downloaded from the public The Cancer Imaging Archive (TCIA) [26]. The CT images (DICOM
512x512) were selected so that they have full skull structure in all captured slices. The reconstruction
process was conducted using the 3DSclicer open-source tool. Details of the reconstruction procedure
were presented in our previous study [27]. After being reconstructed, the skulls were post-processed so
that they just contain the skull structure and have approximately the same number of vertices. The
reconstruction and post-processing procedures were clearly explained in our previous study [27].
Moreover, because of the limitation of CT image quality, some small structures of the skulls could not
be reconstructed. Consequently, the skull shapes were also generated from the skull models for capturing
only the global shape information. The detailed process of skull shape generation was presented in our
previous study [27]. For supporting the dataset normalizing procedure, feature points were also manually
selected on each skull model. The illustration of a skull model with feature points and a skull shape in
the dataset was in Figure 1.
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Figure 1. Skull model with feature points and skull shape: (a) skull model with feature points and (b) skull shape
generated from the skull model.

2.2. Overall Processing Procedure

The overall processing procedure is shown in Figure 2. In particular, all skull models were first
registered to the same coordinate system with a template skull during Skull Orientation Fixing. In
Left/Right Skull Cutting, all registered skulls were cut into left and right regions based on a bounding
box cutting technique. The left and right skulls were then mirrored through the center plane using a
reflecting transform in the Left/Right Skull Mirroring. Finally, Hausdorff distances between the left
skulls and the mirrored right skulls were computed as the distance symmetrical level in Hausdorff
Distance Computing. Moreover, volumetric differences between the left skull convex hulls and the
mirrored right convex hulls were also computed for volumetric symmetrical levels in Volumetric
Computing. Moreover, distance errors and volumetric differences were also computed between the right
skulls (skull convex hulls) and the mirrored left skulls (skull convex hulls).
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Figure 2. The overall processing procedure of the global skull symmetry analysis.
2.3. CT-based Skull Normalization

All skull models need to be optimally in the vertical direction with the global space. To do that, all
skulls were optimally registered to the same coordinate system with the template skull, which was
perfectly in the vertical direction in the global space. The template skull (Figure 3a) was used in our
previous study for deforming the other skull [27]. This template skull was manually designed in
computer-aided design (CAD) software, so it has perfect geometrical symmetry [27]. In this template
skull, we also selected feature points, as shown in Figure 3a. The template skull was registered to the
global space so that the Feature Point (FP) 0 was on the x-axis, FP2 & FP4 were on the y-axis, and FP6
was on the z-axis. This strategy guaranteed that the template skull was exactly in the vertical direction
(Figure 3b).
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Each skull model in our dataset was registered to the same coordinate system as the template skull
using the singular value decomposition (SVD) rigid registration method [28] based on the feature points
on the skull (Figure 1a) and the feature points on the template skull (Figure 3a). To eliminate the errors
from the manual feature point selection, the coherent point drift (CPD) rigid registration method [29]
was then used to optimally register the skull vertices to the template skull vertices. It is important to note
that the CPD registration method estimates the probabilistically optimal rigid transform between two
point sets. Consequently, after using the CPD the skull model was optimally on the same coordinate
system as the template skull model (Figure 3c).

(c)

Figure 3. Skull orientation fixing: (a) template skull with feature points, (b) orientation-fixed template skull on
the global space, and (c) registered skulls on the same coordinate system with the template skull.

2.4. Estimation of ROl Boxes and Left & Right Skull Cutting

The left and right bounding boxes were estimated for each registered skull in our dataset. A full
bounding box was defined so that its four corners must form a box covering exactly all vertices of the
skull (Figure 4a). The left bounding box was defined as the half-left part of the full bounding box (Figure
4b, c), and the right bounding box was defined as the half-right part of the full bounding box (Figure 4b,
d). The left skull region has the vertices and facets of the skull inside the left bounding box. The right
skull region has the vertices and facets of the skull inside the right bounding box. Moreover, the left
skull shape has the vertices and facets of the skull shape inside the left bounding box, and the right skull
shape has the vertices and facets of the skull shape inside the right bounding box.

<SR

(9) (h)

Figure 4. Left and right bounding boxes generated from a full bounding box and left & right head cutting using
the left & right bounding boxes: (a) full bounding box, (b) left & right bounding boxes, (c) left bounding box, (d)
right bounding box, (e) left skull region, (f) right skull region, (g) left skull shape region, and (h) right skull
shape region.
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2.5. Left & Right Skull Mirroring

For mirroring the left and right skulls (skull shapes), we used the reflecting Householder transform
[30]. In this transform, all vertices of a left (right) skull (skull shape) were mirrored through a reflecting
plane. The reflecting plane was formed from (A' B' C' D') or (A" B" C" D"). In which, Al, B, C', D!, A,
B', C', and D" are the four corners of the left (1) bounding boxes (Figure 4e) and the right (r) bounding
box (Figure 4f). The facets of the mirrored left (right) skull (skull shape) are the facets of the left (right)
skull (skull shape) with inversed directions. Figure 5 shows the mirrored left (right) skull (skull shape)
from the left (right) skull (skull shape). As a result, the left & right skulls and the mirrored left & right
skulls were ready for symmetrical analyses.

v
Mirrorred Left Mirrorred Right
Skull Skull

Original Left
Skull

v

Mirrorred Left Mirrorred Right Orignal Right
Skull Shape Skull Shape Skull Shape

Original Left
Skull Shape

Figure 5. Left & right skull and skull shape mirroring using reflecting from through the central plane of the
bounding box.

2.6. Distance Symmetry Analysis

For analyzing the distance symmetry of all skulls in the dataset, all left skulls (skull shapes) were
compared with all mirrored right skulls (skull shapes). Moreover, all right skulls (skull shapes) were
also compared with all mirrored left skulls (skull shapes). The Hausdorff distance metric [31] was used
for these comparisons. In the Hausdorff, surface differences between the first and second models were
represented as Euclidean distances between the vertices on the first model and their nearest vertices on
the second model. For each subject, the mean Hausdorff distance was computed between the left (right)
skull (skull shape) and the mirrored right (left) skull (skull shape), respectively. Figure 6 shows
examples of computed Hausdorff distances represented as color maps on the left (right) skull (skull
shape).
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Figure 6. Distance symmetrical analysis between the left (right) skull (skull shape) and the mirrored right (left)
skull (skull shape), respectively.
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2.7. Volumetric Symmetry Analysis

Because the left (right) skull models and the mirrored right (left) skull models were not closed
surfaces, so we could not estimate directly their internal volumes. Consequently, the convex hulls of the
left (right) skulls and the mirrored right (left) skull convex hulls were used instead (Figure 7). For all
subjects, volumetric differences between the left (right) skulls and the mirrored (right) left skulls were
computed as the volumetric symmetrical values. The volumes were computed using the available
function in the CGAL mesh-processing library CGAL.::Polygon_mesh_processing::volume [32].

Original Left Original Left Skull Mirrorred Right Skull Mirrorred Right
Skull Convex Hull Convex Hull Skull
'\/< 94
4 Q
Original Right Right Skull Mirrorred Left Skull Mirrorred Left
Skull Convex Hull Convex Hull Skull

Figure 7. Volumetric symmetrical analysis between the left (right) skull convex hulls and the mirrored right
(left) convex hulls, respectively.

3. Results and Discussion

Mean Hausdorff distances between the left (right) skulls (skull shapes) and the mirrored right (left)
skull (skull shapes), respectively, are shown in Figure 8. Between the left skulls and the mirrored right
skulls, the distance dissymmetrical values (Mean = SD) are 1.3403 + 0.2601 mm. The distance
symmetrical values between the right skulls and the mirrored left skulls are 1.3664 + 0.2791 mm.
Distance symmetrical values (Mean + SD) between the left skull shapes and mirrored right skull shapes
are 1.2680 = 0.3538 mm, and ones between the right skull shapes and mirrored left skull shapes are
1.2855 £ 0.3665 mm. Based on the result, we can see that dissymmetrical values of the skulls are larger
than ones of the skull shapes. This is because of the limitation of the CT scanning quality, so some small
internal structures could be successfully reconstructed on the left skull regions, but not on the right skull
regions (and vice versa). If we just focused on the global shape of the skull, skull shape dissymmetrical
values are suitable for this purpose. Additionally, the dissymmetrical values between the left skulls (skull
shapes) and the mirrored right skulls (skull shapes) are relatively the same as the ones between the right
skulls (skull shapes) and the mirrored left skulls (skull shapes). Consequently, we can only use the
symmetrical values between the left skulls (skull shapes) and mirrored right skulls (skull shapes) for
representing the distance symmetry of the human skull. Moreover, if only the overall shape of the skull
is needed, the skull shape's symmetrical values are enough.

Volumetric differences between the left (right) skull convex hulls and the mirrored right (left) skull
convex hulls are reported in Figure 9. The volumetric symmetrical values between the left skull convex
hulls and the mirrored right skull convex hulls are the same as the ones between the right skull convex
hulls and the mirrored left skull convex hulls. These values (Mean + SD) are 32.1790 + 23.2725 cm?,

In this study, we tried to analyze geometrical symmetries between the left and right skulls for 329
skull models of healthy subjects in neutral facial mimics. Compared with the first part of our study,
which analyzed symmetries of human heads for healthy subjects, in this part, we targeted the human
skulls. Regarding the methods, we applied the same data normalization techniques as in the previous
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part. However, because the skull structure contains complex anatomy inside, in this study, we tried to
estimate the convex hulls of the skulls. Finally, the distance and volumetric symmetries were computed
on the estimated skulls’ convex hulls. It is important to note that because muscle attachment points are
only on the external structures of the skulls, we can use the convex hulls of the skulls stead of the original
skulls for analyzing the symmetries. Additionally, using convex hulls, we can easily estimate the 3-D

volumes.
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Figure 8. Mean Hausdorff distances between the left (right) skulls (skull shapes) and the mirrored right (left)
skulls (skull shapes).
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Figure 9. Volumetric differences between the left (right) skull convex hulls and the mirrored right (left) skull
convex hulls.

The symmetrical values of human heads contributed to the dissymmetry between the left and right
muscle action lengths [5]. Based on the reported values in this second part of our study, we can conclude
that even the healthy subjects, their skulls are not perfectly symmetrical. This conclusion also partially
helped explain why muscle action lengths between the left and right muscles were not perfectly
symmetrical [5]. Moreover, because the muscle action lines were formed from the insertion points on
the skin layer to the attachment points on the skull layer, dissymmetrical values on the skulls could be
used to infer the dissymmetrical values of the muscle lines when being combined with the
dissymmetrical values of the heads. Some studies also tried to compute symmetries of human skulls
[33], but they only computed on 2-D geometrical metrics in original CT images [33]. In this study, we
first reported the symmetrical values including distance and volume metrics in 3-D skull models
reconstructed from CT images. These values are important to anatomy analysis and diagnosis [24].
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Dissymmetrical values of the muscle lines could be applied to diagnose facial palsy in the non-
clinical muscle-based facial paralysis grading methods automatically. In particular, in our current
clinical decision-support system for facial mimic rehabilitation, subject-specific head models could be
fast generated. The biomechanical head models which include the head, skull, and muscle network,
could be animated in real-time with acceptable accuracy [5]. Moreover, we could also compute head
muscle network symmetries in real-time. However, we lacked the functions of facial paralysis diagnoses
that can detect and grade the level of facial paralysis. The values of distance and volume differences
between the left and right-hand-side of the heads and skulls will be used as thresholds for detecting
abnormal muscle behaviors. The abnormal levels will be computed as how far the current symmetry
values are from the thresholds.

In perspective, we will analyze both human heads and skulls in more detail with different local
topological shapes (e.g. eyes, nose, mouth, jaws, etc.). In further studies, we will compute skull
symmetries locally in the muscle attachment points on the skull shapes. The muscle attachment points
will be automatically detected by using a template skull with pre-defined muscle attachment points.
Regions of interest (ROIs) defined by the muscle attachment points and a given radius were used for
narrowing the local regions of the skull. Skull parts covered by the ROIs will be compared with their
mirrored parts for evaluating the symmetries. All local and global symmetrical values will be
implemented in our clinical decision support system for facial mimic rehabilitation to automatically
diagnose facial palsy.

4. Conclusions

In this second part of our study, we have tried to report the global geometrical symmetry values of
human skulls. As a result, the distance dissymmetrical values (Mean + SD) are 1.2680 + 0.3538 mm,
and volumetric dissymmetrical values (Mean + SD are 32.1790 + 23.2725 cm?®. Because skull structures
affect the strains of facial muscle during their motions, these values are important to facial paralysis
grading applications based on muscle strains. In particular, these values are important thresholds for
classifying symmetries of healthy subjects and patients [5]. In perspective, both human heads and skulls
will be analyzed in more detail with various local topological shapes. Both local and global topological
shape symmetrical values will also be implemented in our clinical decision support system for facial
mimic rehabilitation [25]. In particular, the symmetrical values of both head and skull both globally and
locally will be used as thresholds of left and right muscle length differences. These thresholds will be
used for enhancing automatically facial paralysis classification and diagnosing.
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