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1. Introduction

Facial palsy negatively affected both the personal and social lives of involved patients [1]. Facial
paralysis grading should be first conducted to evaluate the facial paralysis levels to propose suitable
rehabilitation programs and to evaluate development progress [2]. Facial paralysis grading methods are
classified into clinical and non-clinical grading systems [1] - [3]. Compared with clinical grading
systems, the non-clinical ones have been increasingly interested due to their independence from
subjective evaluation of clinicians [1] - [3]. However, the computed paralysis levels from the non-
clinical methods still need to be assessed by clinicians to detect facial palsy [1] - [3].

Non-clinical facial paralysis grading, which mainly based on computer-aided processing methods
for analyzing static (or dynamic) facial appearances in both 2-dimensional (2-D) and 3-dimensional (3-
D) spaces [4]. However, 3-D non-clinical facial paralysis grading was more accurate and more robust
than 2-D non-clinical facial paralysis grading. In particular, regarding the 2-D grading methods, mono
cameras were usually used for capturing Red-Green-Blue (RGB) images of the subject with (or without)
facial markers [5]. The gray levels (or landmark 2-D positions) on the left facial images were compared
with ones on the right facial images through pixel values differences [5] (or 2-D location displacements
of facial markers [6,7]). Although these grading methods were fast and simple, the grading results might
be varied in light conditions [5], and they could not measure 3-D geometrical information [6]. 3-D
information is important to evaluate the facial mimics, as they are the 3-D deformation results on the
facial skin of muscle actions [8] - [10]. Regarding the 3-D grading methods, 3-D geometrical structures
of the face (or 3-D positions of facial landmarks) could be captured (reconstructed) using 3-D capturing
(scanning) devices, such as multiple camera systems [11] - [14], RGB-Depth sensors [15] - [16], laser
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scanners [17] - [18], etc., straightforwardly. These devices could reach an accuracy from 0.13 mm to
1.0 mm and real-time framerates (up to 40 frames per second (FPS)) [19]. In the 3-D grading methods,
geometrical structures on the left facial model (or landmark 3-D positions) were compared with ones on
the right facial model using 3-D Euclidean distances [18], [20], [21] (or motion analysis methods [6] -
[7]). These grading methods were not dependent on light conditions, and they can capture 3-D
geometrical structures (movements) of the face. Recently, in our previous study, 3-D head models could
be fast generated and tracked in real-time with animated facial texture based on the Kinect V2.0 sensors
coupled with the concept of the system of systems [4].

In 3-D non-clinical facial paralysis grading methods, geometrical dissymmetry between left and
right heads was computed as the facial paralysis levels [6], [7], [26], [12], [14], [18], [21] - [25]. Even
in the normal subjects, muscle action line lengths in left and right head regions were even not
symmetrical [4]. Moreover, muscle lengths were affected by both head and skull geometrical structures,
as they were formed by the attachment points on the skull and the insertion points on the head [8-10].
Additionally, Hausdorff distance and volumetric differences between the left and right head regions
were one of the most popular features for facial paralysis grading [4], [18], [20], [21]. Consequently, the
geometrical dissymmetry is valuable to be analyzed and reported in a quantitative manner for the normal
subjects. These dissymmetrical values could be used to compare with ones computed by non-clinical
facial paralysis grading [4], [18], [20], [21] to detect facial palsy automatically. Moreover, these values
will be applied to our previous clinical decision-support system for facial mimic rehabilitation [27].
They will be used as dissymmetrical thresholds for automatically diagnosing facial palsy. However, up
to now, no studies have been reported these values.

Consequently, this present study tried to analyze and report geometrical dissymmetry levels of
normal human heads. In particular, 329 three-dimensional (3-D) head models reconstructed from
medical images of subjects having normal head structures were processed and cut into left and right
regions. The left and right head regions were then mirrored to the right and left through a middle plane
using reflecting transforms. Hausdorff distances between the left head regions and the mirrored right
head regions were computed. Moreover, the volumetric differences between left head convex hulls and
mirrored right head convex hulls were also reported.

As a result, the distance dissymmetry values (Mean = SD) are 1.8243 £ 0.7029 mm, and the
volumetric dissymmetry values (Mean + SD) are 78.1254 + 65.7040 cm?. These values could be applied
in facial paralysis grading in automatic detection of facial palsy.

In perspective, with the same computing techniques, we will compute the geometrical symmetry
of the human skull in the second part of our study. Moreover, the head and skull symmetry will be
analyzed in more detail with local topological shapes in different facial mimics. These global and local
symmetries will be implemented in our clinical decision support system for facial mimic rehabilitation
[27].

In the following, we will explain in detail the analyzing methods in Section 2. Distance and
volumetric symmetry levels will also be reported in Section 3. Conclusions and perspectives of this
paper will be presented in Section 4.

2. Materials and Methods
2.1. Datasets

Three hundred and twenty-nine head models were manually reconstructed from DICOM
[512 x 512] Computed Tomography (CT) images of 329 subjects (male: 265, female: 64, ages (Mean
+ SD): 61 £ 11 years), which have normal head geometries. The CT images were collected from The
Cancer Imaging Archive (TCIA) [28]. The CT images of each subject were reconstructed and post-
processed to keep only the head regions using the 3DSlicer [29] and MeshLab [30].

Details of model reconstruction and post-processing were presented in our previous study [31]. We
will describe briefly here the model reconstruction procedure. First, 2-D CT images were selected so
that they contain both head and neck regions. The head segments were then selected by choosing suitable
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gray levels of DICOM images using the gray level selection tool in the 3DSclicer software [29]. 2-D
head segments were reconstructed into 3-D head models using the marching cube algorithm in 3DSlicer
[29]. The reconstructed head models were then cut and re-meshed so that only the head regions were in
the dataset. The cutting and re-meshing procedures were conducted using the mesh processing tools in
MeshLab [30].

After reconstruction, the volumes (Mean + SD) of the head models are 1,412.34 + 284.23 cm®. The
head  volumes were computed using an  open-source  function  (i.e. FT
CGAL::Polygon_mesh_processing::volume) in the CGAL library [32]. It is important to note that all
subjects had CT scanning when they were in neutral mimics.

2.2. Overall Processing Procedure

The overall analysis procedure is illustrated in Figure 1. In particular, all 329 head models were
first registered to the same coordinate system of a template head model. The template head model was
fixed so that it was aligned with the global x-, y-, and z-axes in the vertical orientation. The left and right
head regions were then cut from the full head models of all subjects. The left & right heads were mirrored
through the center planes of the head models. Hausdorff distance [33] between the left head regions and
the mirrored right head regions (and vice versa, between the right head regions and the mirrored left
head regions) was computed for the distance symmetry analysis. Moreover, volumetric differences
between the left head convex hulls and the mirrored right head convex hulls (and vice versa, between
the right head convex hulls and the mirrored left head convex hulls) were also computed for the
volumetric symmetry analysis.
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"

Volumes based on Left
Right Head Convex Hulls
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Figure 1. Overall analysis procedure of the head geometrical symmetry computing
2.3. Head Orientation Fixing

To minimize the rigid differences among the head models in the dataset, all head models were
registered to the same coordinate system of the template head model. The template head model (Figure
2a), which was used in our previous study [27], was exactly symmetrical between the left and right
regions. This model was fixed so that the left and right tragions were aligned with the y-axis, and the
pronasale was on the x-axis (Figure 2b). This procedure will make the template head exactly be in the
vertical direction. The head models of all subjects were then registered to the template head using the
singular value decomposition (SVD) rigid registration method [34] based on the feature points: left &
right exocanthions, nasion, pronasale, left & right cheilion, and gnathion (Figure 2c). These points were
manually selected on the whole head dataset. To minimized the manual selection of the key points, the
rigid coherent point drift (CPD) [35] registration method was finally employed on all vertices of the
subject head and the template head. This registration method will find the probabilistically optimal rigid
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transforms to rigidly fit the subject head to the template head [35]. As a result, all head models were
optimally on the same coordinate system with the template head (Figure 2d).

Gnathion S
(a) (b) (c) (d)
Figure 2. Head models and feature points for minimizing rigid-differences: (a) a template head with its
feature points; (b) the orientation-fixed template head; (c) a subject head with its feature points; and (d) all
registered head models on the same coordinate system with the template head.

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

All registered head models were cut into left and right regions using the bounding box-based
method. In particular, for each head in the dataset, a bounding box was estimated so that it covered all
vertices of the head model (Figure 3a). The left bounding box was defined as the half-left part of the full
bounding box (Figure 3b, d), and the right bounding box was defined as the half-right part of the full
bounding box (Figure 3c, d). The left head region has vertices and facets that were inside the left
bounding box (Figure 3e), and the right head region has vertices and facets that were inside the right
bounding box (Figure 3f).

A"

(d) (e) (U]
Figure 3. Bounding boxes estimating and left & right head cutting: (a) full bounding box; (b) left bounding box;
(c) right bounding box; (d) left & right bounding boxes in the same coordinate system; (e) left head region inside
the left bounding box; and (f) the right head region inside the right bounding box.

2.5. Left & Right Head Mirroring

The left and right head regions of each subject were mirrored through the center plane of the full
bounding box. The center plane was defined as (A' B' C' D') or (A" B" C' D). In which, A!, B!, C', D', A",
B', C', and D" are the four corners of the left (I) bounding boxes (Figure 3e) and the right (r) bounding
box (Figure 3f). The reflecting Householder transform [36] was used to mirror the left head region and
the right head region to form the mirrored left head region (Figure 4a) and the mirrored right head region
(Figure 4b), respectively.
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Figure 4. Left & right head mirroring using the reflecting Householder transform [36]: (a) the mirrored left
head was mirrored from the left head; (b) the mirrored right head was mirrored from the right head.

2.6. Distance Symmetry Analysis

The left head model will be compared with the mirrored right head model using the Hausdorff
distance metric [33]. In this metric, shape differences between the two surface models are represented
as Euclidean distances between the vertices in the first model and their nearest vertices in the second
model, as shown in Figure 5a. It is important to note that, in the dataset, all head models were post-
processed to have the same number of vertices as each other [31]. Consequently, the Hausdorff distance
could be used to represent for left & right head symmetrical level. In this paper, we report the distance
asymmetrical level as mean Hausdorff distances. Additionally, Hausdorff distances between the right
head and the mirrored left head were also computed (Figure 5b).

Original Left Head Original Right Head
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Hausdorff Distance . . Hausdorff Distance
Computing Computing
| I
. Min Min .
Distance Errors on Distance Errors on

] Left Head Right Head s

Mirrorred Right Head Mirrorred Left Head
(a) (b)

Figure 5. Distance symmetrical level computing: (a) between the left heads and the mirrored right heads; (b)
between the right heads and the mirrored left heads.

2.7. Volumetric Symmetry Analysis

To analyze volumetric symmetry levels, the volumes of the left, mirrored left, right, and mirrored
right head convex hulls were computed. Volumetric symmetry levels among the surface models could
be represented as the volumetric symmetry level among their convex hulls. In this study, as presented
in Figure 6, we computed volumetric differences between the left head convex hulls and the mirrored
right head convex hulls as the volumetric symmetry levels. Moreover, the volumetric differences
between the right head convex hulls and the mirrored left convex hulls were also computed.
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Figure 6. Volumetric symmetry computed from the left (right) head convex hulls and mirrored right (left)
head convex hulls.

3. Results and Discussion

Figure 7 shows the distance and volumetric symmetry levels of the human heads computed from
the whole dataset. As shown in Figure 7a, the mean Hausdorff distances (Mean + SD) between the left
heads and mirrored right heads are 1.8243 + 0.7029 mm, and between the right heads and the mirrored
left heads are 1.8692 + 0.7377 mm. It is important to know that distances errors between the left heads
and the mirrored right heads are approximately the same as ones between the right heads and the
mirrored left heads. Regarding the volumetric symmetry levels, as shown in Figure 7b, the volumetric
differences between the left head convex hulls and the mirrored right head convex hulls are the same as
ones between the right head convex hulls and the mirrored left head convex hulls. These values (Mean
+ SD) are 78.1254 + 65.7039 cm?®. Consequently, to analyze the symmetrical levels of human heads, we
just need to compare one side (left/right) and the mirrored version from the other side of the head.

Overall, based on the computed results, even the healthy subjects, which do not have great abnormal
appearances on their heads, their left and right head regions are not perfectly symmetrical both in
distance and in volumetric geometries. The reported values are meaningful to non-clinical facial
paralysis grading methods that mainly used symmetrical values between the left and right head regions
to evaluate facial paralysis. In particular, in these studies, face models were compared with their
horizontally mirrored models using Hausdorff distances to output a facial paralysis score [18]. This
score will then be evaluated by clinicians to conclude the status of facial palsy of their patient(s) based
on their experiences [2]. However, with recent increasing requirements for home telehealth, these
diagnosis processes need to be conducted automatically [37]. Based on the results of this study, facial
paralysis could be automatically diagnosis by comparing the current paralysis levels with the reported
values. Moreover, in our previous study, the muscle action lengths were computed for both left and right
sides on healthy subjects [4], and we realized that even in the healthy subjects the muscle lengths in
neutral mimics are not perfectly symmetrical between the left and right sides. Consequently, the reported
values in the present study help us partially explain that this dissymmetry of the muscle action lengths
comes from the dissymmetry of the head in the neutral mimic.

However, it is important to note that in this study we just analyzed and reported the geometrical
symmetries (including Hausdorff distance and volumetric differences) of the normal heads of healthy
subjects in neutral facial mimics. The reported values will become the normal thresholds for
automatically diagnosing the ab-normal facial appearances.

In perspective, we will apply the same processing techniques for computing geometrical symmetry
for human skulls in the second part of our study. Moreover, head and skull symmetries will be analyzed
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in more detail with local topological regions (e.g. eyes, mouth, ears, chin, and checks). Additionally, the
geometrical symmetries will be examined in different facial mimics (e.g. smiling, and kissing). This will
help automatically diagnose facial palsy in a dynamic manner. Finally, all the reported symmetrical
values including both global and local topological regions will be implemented in our clinical decision
support system for facial mimic rehabilitation [27].
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Figure 7. Geometrical symmetry levels of human heads in the whole dataset: (a) Hausdorff distance
dissymmetry between left and mirrored right heads and between right and mirrored left heads; (b) volumetric
dissymmetry between left and mirrored right head convex hulls and between the right and mirrored left convex
hulls.
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4, Conclusions

In this study, we reported the distance and volumetric symmetrical values of the human head. Base
on the dataset of 329 healthy subjects, the distance dissymmetrical values (Mean + SD) are 1.8243 +
0.7029 mm, and the volumetric dissymmetrical values (Mean * SD) are 78.1254 + 65.7039 cm?. These
values are important to automatic facial paralysis grading. In perspective, the symmetrical analysis will
be conducted on local topologies and in various facial mimics for both head and skulls. Both local and
global dissymmetrical analyses will be implemented in our clinical decision support system for facial
mimic rehabilitation [27].
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