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Abstract. The research of facial palsy, a unilateral palsy of the facial
nerve, is a complex field of study with many different causes and symp-
toms. Even modern approaches to evaluate the facial palsy state rely
mainly on stills and 2D videos of the face and rarely on 3D information.
Many of these analysis and visualization methods require manual inter-
vention, which is time-consuming and error-prone. Moreover, existing
approaches depend on alignment algorithms or Euclidean measurements
and consider only static facial expressions. Volumetric changes by mus-
cle movement are essential for facial palsy analysis but require manual
extraction. Our proposed method extracts an estimated unilateral volu-
metric description for dynamic expressions from 3D scans. Accurate po-
sitioning of 3D landmarks, problematic for facial palsy, is automated by
adapting existing methods. Additionally, we visualize the primary areas
of volumetric disparity by projecting them onto the face. Our approach
substantially minimizes human intervention simplifying the clinical rou-
tine and interaction with 3D scans. The proposed pipeline can potentially
more effectively analyze and monitor patient treatment progress.
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1 Introduction

Advancements in imaging techniques provide novel insights across various disci-
plines, particularly in the medical field. Especially in the area of facial palsy, a
unilateral palsy of the facial nerve [25], 3D scans offer new capabilities to ana-
lyze the treatment progress. The limiting scope of 2D images cannot capture the
full extent of the palsy, and, therefore, 3D models could bridge this gap [15,25].
Obtaining volumetric information can be an indicator for facial changes [4}21],
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as facial muscle contractions, in reality, lead to 3D volume shifts of facial soft
tissues, i.e., the muscle, fat tissue, and overlying skin.

Many methods for processing 3D data involve human interaction [15,23],
making them time-consuming and prone to errors. Our work aims to develop
an automated method for estimating unilateral facial volumes from generated
meshes. We visualize the disparities in a patient’s 3D scan to guide the medical
professional’s decision-making process for treatment during the clinical routine.
First, we provide a method to reliably place 3D facial landmarks for patients with
facial palsy and reduce the runtime of exiting methods by 96.6% |18|. Next, we
extract radial curves from the 3D scan, starting at the nose tip |2H4l[24]. These
curves offer a detailed and structured description of the face surface for lateral
comparisons. Our approach minimizes human intervention is fully automatic
after parameter selection, and is available as open-source softwareﬂ

2 Related Work

Existing methods for assessing facial palsy [9,[20426] rely on 2D images, either
by using landmarks [12,|14] or neural networks [20] to estimate existing palsy
grading. However, many critical facial features cannot be captured by 2D images,
such as the depth of the face or the volume differences between the face sides.
Additionally, head rotation contributes to difficulties in analyzing 2D images.

3D morphable models are a common way to describe 3D face scans [11]
13,|19]. These incorporate landmarks as the primary reference points during
the fitting [11] or leverage a symmetric template model acquired from healthy
faces [13}19]. However, facial palsy patients have a wide range of asymmetry dur-
ing facial movements, so these methods are unsuitable for this task. The fitting
process eliminates detailed information on the face surface, which we require for
understanding small volume changes. Consequently, we refrain from using 3D
morphable models for lateral comparisons giving up semantic knowledge for a
more comprehensive description of the face surface. Current methods for tracking
volume changes in the mid and lower face rely on sparse features [21]. Their find-
ings indicate that subtle facial expressions lead to measurable volume changes,
which we aim to capture using a dense representation.

Some 3D palsy assessment methods require manual interaction [15}{161/2223],
while others attempt automation [4,24] but focus only on face surface analysis.
Utilizing radial curves |3\/4] shows potential for detailed anatomical descriptions.
Initially aligned using landmarks, the curves remain on the original face scan
surface, retaining their features and overcoming template-based limitations. Ra-
dial properties enable structured face surface descriptions divided into distinct
regions. Existing facial palsy approaches demonstrated this [4]. Nonetheless, the
one-to-one mapping between curve points eliminates the influence of each side
on the other. We overcome limitations by generating lateral face meshes using
radial curves and revealing volume disparities between both facial sides.

3 lhttps://github.com/cvjena/corc
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3 Data Acquisition

We investigate volumetric changes in patients with facial palsy. Facial muscle
contractions lead to 3D volume shifts of facial soft tissues, i.e., the muscle, fat
tissue, and overlying skin [21]. We used the 3dMD face system (3dMD LCC,
Georgia, USA) to capture these movement exercises, generating a 3D facial mesh
using multiple 2D images and infrared structured light. This setup ensures that
the mesh faces towards the z-axis, and the face remains close to the coordinate
system’s center. The patients follow an instruction tutorial and are asked to
maintain a neutral expression for 3 seconds, followed by 3 seconds of smiling.
We recorded patients suffering from postparalytic facial syndrome at their
treatment’s beginning and end. Our data contains only patients with unilateral
chronic synkinetic facial palsy with symptoms persisting for over six months. A
common symptom in flaccid facial palsy is muscle atrophy, the affected side has a
lower volume than the healthy side [25]. Volume changes are expected due to the
imbalance on the affected and the contralateral side in the synkinetic patients.

4 Methods

Our goal is to achieve a fully automatic analysis of volumetric changes caused by
facial tissue shifts during muscle contractions. Furthermore, we want to visualize
the local volumetric differences between the face sides. First, we extract 3D
landmarks from the 3D scan by adapting existing methods to patients with
facial palsy |18]. Second, we obtain radial curves from the 3D scan using these
landmarks [4]. Third, we develop a volumetric description of the face sides based
on the radial curves. Lastly, we employ the lateral properties of radial curves
to produce a disparity heatmap and compare it to the volumetric results. Our
method also applies to point clouds, as we use only the vertices of the 3D mesh.

4.1 3D Landmark Extraction for Facial Palsy Patients

The structured semantic representation of 3D facial features is crucial for many
processing steps. Either by landmarks or 3D morphable models (3DMM) |11}
13}/18], these representations are the basis for further analysis. Models estimat-
ing these descriptors train on healthy faces, thus, unsuitable for patients with
facial palsy and necessitate manual intervention |15,23]. As 3DMMs modify the
template surface for fitting [11], they are unsuitable for volume analysis. We opt
for a multi-view consensus 3D landmark extraction method introduced by [18]
and adapt it to patients with facial palsy. They use several virtual camera views
(n = 96) around the face to estimate 2D landmarks. Utilizing the intrinsic and
extrinsic camera parameters, the 2D landmarks are projected onto the 3D mesh.

We aim for a fast, automatic approach to support medical practitioners dur-
ing the clinical routine. The original implementation takes 30 seconds to extract
the landmarks for one single scan on an Nvidia GeForce GTX 3070 [18]. Hence,
processing a six-second video (at 30 frames per second) would take around 5400
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Fig. 1: Virtual camera locations to approximate 3D landmarks using : The
camera positions are on a sphere around the face to generate lateral views.

seconds (90 minutes). Instead of using 96 random camera locations, we achieve
suitable landmarks with only eight fixed camera locations. We focus on lateral
views of the fa(:(ﬂ, depicted in to minimize unknown symmetry biases
in the learned model. The 3D facial landmarks, as seen in [Figure 2] for a patient
with facial palsy fit accordingly for both sides of the face. As patients often have
unilateral palsy, only one side of the face is affected, and we view both face sides
independently of each other. Thus we assume that neither the healthy nor palsy
side introduces a bias to the landmark estimation for the other side. Our fixed
camera locations are: yaw angles of —40, —20, 20, and 40 degrees and pitch an-
gles of —30 and 30 degrees. The pre-trained model uses the virtual cameras RGB
and depth images as input [18]. Additionally, we remove rendering pipeline over-
head, reduce unnecessary memory access and cache misses, and use new CUDA
features. We greatly reduce the computation time for a single surface scan to one
second, thus, reducing the processing time for a six-second video to 180 seconds.

4.2 Radial Curves

In a set X € R¥*3 with k points, either a point cloud or the vertices of a mesh,
radial curves are a structured description of the scanned surface [2/424]. Radial
curves, emitting from a common start point and limited by a maximal distance
r, are surface descriptors defined by a tensor I" € R™*™*3 with n curves with
m curve points. In the case of faces, the nose tip is the start point, and the
chin limits the distance , as depicted in To extract the curve
group I" alignment is crucial, thus, we normalize X with X = (X — T) - R;II.
The translation vector 7' € R? is the nose tip, and Ry € R3*3 is the head pose
obtained from the eye and mouth landmarks ﬂ§| Each radial curve -, resides
on a plane p,, defined by normal d! and vector along it d,, rotated through the

4 All shown individuals agreed to have their images published in terms with the GDPR.
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(a) Landmarks (b) Overlayed Curves  (c) Radial Curves

Fig. 2: We highlight the extracted landmarks (a) and the resulting radial curves
I" (b) on the face scan of a patient with facial palsy. In (c), the curves Ieg
describe the left (blue) and right Iyigh: (red) sides of the face.

nose tip with an angle @ = %. For lateral descriptions, n has to be an even
number and greater equals than four . All points in X that lie around the
plane p, with maximal distance § are selected :

Saz{xiefhgx?dm<5Ax?.da>o}. (1)

With the 3dMD camera system, we use § = 0.8 mm. A temporary projection of
S, onto the plane p, simplifies ordering and fitting, as seen in [Figure 3a] We sort
the points by distance to the nose tip and afterward for a correct surface
description with a graph traversal algorithm . A 2D spline approximates the
curve 7, in the ordered points S,. We equidistantly sample m point between
the nose tip and the most distant point, shown in Lastly, we project
the spline points back into the original 3D coordinate system. After computing
all n curves, we obtain I'. Aligning the curve tensor to the scan is only necessary
for visualization and is done with I := I" - Ry + T, as seen in

4.3 Lateral Face Mesh Generation

The tensor I" represents a structured face surface. The pointwise difference be-
tween the lateral curve pairs (7, and y360—o) computes asymmetry . However,
this approach neglects the overall state of each face, especially volume informa-
tion, which is measurable even for small movements . We overcome this lim-
itation by estimating unilateral facial volume based on a watertight mesh of I'.
A watertight mesh is a 2-manifold mesh , where every edge is part of precisely
two faces . Despite receiving a mesh surface, we create a new volumetric mesh
to ensure watertight properties and support point cloud scanners. As we already
have a face surface descriptor I', we do need general surface reconstruction al-
gorithms [1}[10]. The left tensor e includes all curves v, with o € [0, 180] and
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Fig.3: We visualize each curve extraction process step and the resulting trian-

gulation Mg of the left facial surface scan. The color coding of S,, S, and
the ~, indicate the order of the points.

the right tensor Iyigne all curves 7, with o € [180,360]. Please note, that curve
Yo and 3¢9 are identical and the views are from the patient’s point of view.
Test and Iiigne construct the closed lateral face surfaces Mg and Mighs, as
seen in The borders of Mieg, and Myigh are connected with an under-
lying sphere mesh, as seen in and a side mesh along the vertical face
center, as seen in[Figure 4d All steps are watertight, and we apply the combined
mesh for the volume approximations. A tetrahedron volume can be computed
using each triangle, with the origin as the fourth point. We obtain a correct
volume by ensuring that the triangle winding order is counter-clockwise .

Radial Curve Mesh Generation The generation algorithm is based on the
radial curves tensor Ieg and Iyigne, see As each curve v lies on the
scan surface of the face, the generated also mesh represents the face surface, see
The degree of detail is adjustable by the number of points m and the
number of curves n. Each curve starts at the same point pg, which is the nose tip
of the face. The equidistantly sampled points ensure that points between adjacent
curves describe similar perimeter locations. Between two adjacent curves v,, and
Yo 415 We create a triangulation pattern shown in[Figure 3f The triangulation M
includes all points, and the mesh is without holes and watertight. Our approach
relies only on the extracted radial curve tensors Iier; and I}igne without any
hyperparameters The outer edges of Mg and Myigne connect to the underlying
sphere and side meshes, linking every edge precisely to two faces.

Underlying Sphere Mesh Several approaches are possible to close the volume
below the face mesh to enable volume calculations. First, we require a south pole
point S as a reference point. We use the endpoint E1 of the curve 150 and the
endpoint E2 of the curve ~, as orientation. Additionally, we use the nose tip C' as
a third reference point, shown in S is the perpendicular intersection
of the centerline and the line connecting E1 and E2 with the distance r, the
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(a) Construction of the arc (b) Triangulated underlying (c) Mesh using constrained
segments sphere mesh Delaunay triangulation

Fig. 4: The side mesh (]EI) fills the gap between the facial and underlying sphere
mesh @ The inner edges of the radial curves (E[) serve as orientation.

same value as for the radial curve extraction, to C'. The case of E1, E2, and
C being co-linear cannot occur since these points reference anatomical facial
structures and would otherwise indicate a severe facial deformity or a severe
error during previous extraction steps. We could use the south pole point S
and the boundary points of the face to form simple triangles. However, different
facial shapes (e.g., a deep eye socket or mouth being open) will lead to self-
intersections . A spherical approach prevents trivial self-intersections, even
though theoretically possible but unlikely in practice, as the sphere is convex,
and the head will fit inside the sphere. For each radial curve 7, we calculate
the arc on the corresponding sphere using the corresponding endpoint and S,
ensuring alignment with the outer edges of the surface mesh. We triangulate
sphere segments like the facial mesh, as depicted in Consequently,
the underlying sphere is closed and directly connected to the scan surface mesh.

Face Side Mesh The final component is the face side closing the facial and
sphere mesh gap. A triangulation scheme as in is not feasible due
to the different point densities. However, we can use a constrained Delaunay
triangulation to fill the gap . We use the curves g and 7159 of the curve
tensor I' and sphere meshes boundary edges to constrain the triangulation, as
depicted in The face side mesh is useable for both the left and right
sides of the face. This operation guarantees a watertight mesh, as the boundary
edges constrain the triangulation. Therefore, we obtain three watertight meshes,
the facial mesh Mg and M ight, the underlying sphere- and the face side mesh.

4.4 Volume Estimation for Lateral Face Sides

We create a 2-manifold mesh from the radial curve tensor Iies and Iyigne, as
described in Please note that self-intersections are possible but
unlikely in practice. The meshes are watertight and closed, allowing us to esti-
mate the patient’s lateral face volume; examples are shown in[Figure 6 Summing
up the signed tetrahedrons’ volumes yields the total volume of the mesh :

1 1 2) (3
V=35 0 < p?), (2)
i=1
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(a) Vector field visualization ) between (b) Projection of the volumetric difference
tensors ey and Iest. onto the facial surface

Fig.5: Both visualizations show the disparities (maximum 1 ¢m) between the
left and right sides of the face between the neutral and happy expressions.

where p§1)7 pl@) and pl(-g) are the vertices of the triangle . We assume all tetrahe-

drons share the same origin [0,0,0]7 as a fourth point. Overlapping tetrahedron
bodies cancel each other out due to the triangle’s counter-clockwise winding or-
der, thus providing a correct volume estimation. As before, the degree of detail is
adjustable by the number of points m and the number of curves n. We observed
that the relative difference among the face sides is not affected significantly. We
chose n = 64 curves and m = 64 spline points in our analysis to balance accuracy
and computation time. The calculations are conducted in the original coordinate
system, resulting in real-world values measured in millimeters.

4.5 Volumetric Difference Visualization

Volume estimation provides crucial information about the disparities between
the left and right sides of the face. Additionally, identifying the specific locations
of volumetric differences can aid doctors in optimizing the treatment of facial
palsy patients. We assume the left side is the palsy side, and the right is the
healthy side. Mirroring the curve tensor I;ign. along the vertical centerline, de-
fined by vo and 7150, yields I, which describes the left side without palsy. As
the curve tensors and face scan align, we can directly compare the points of Ijeg
and Ie;. Due to the equidistant spline sampling, this pointwise correspondence
enables us to indicate where the palsy and contralateral sides differ.

For a 3D visualization, we create a vector field V between pairwise points
from Ieg; to Iege. The vector length measures the side disparities. As the radial
curves 7, lie on the face’s surface, the vectors also originate on the surface. For
the visualization, we use a sequential colormap (Imola) without dark shades to
reduce interference with shadows introduced by the render engine, as depicted in
We set the upper limit of the color range to 1 em to ensure comparable
visualizations between the different time steps. This visualization aids doctors
in identifying the affected areas of the palsy side.
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Additionally, we project the volumetric differences onto the facial surface,
see This visualization is more intuitive for doctors, who can more
easily identify the affected areas without interpreting a vector field or interacting
with the 3D renderer. We use the identical color mapping used for the vector
field visualization. The projection requires computing the intersection between
V and the facial surface mesh Mjgg. The vertex colors are then assigned to the
corresponding vector length color range value. This approach is similar to |25],
indicating the differences between time steps but does not require registration
of the facial surface meshes. For example, shows that the chin area is
affected more than the cheek area.

5 Volume Analysis during Dynamic Movements

Lastly, we are interested in the dynamic analysis of the facial volume during
an instructed movement. Thus, we analyzed patients’ volumetric changes and
locations mimicking facial expressions. During dynamic movements, temporal
noise might occur from the 3dMD camera system (3dMD LCC, Georgia, USA),
which propagates to the 3D landmarks and radial curves. Thus, we apply a sliding
window of 5 frames to the 3D landmarks to reduce the impact on subsequent
processing steps. The radial curve range is set to r = 85 mm, the distance
between the nose tip and the chin. Patients were instructed to mimic a happy
facial expression following a meutral phase that lasted about three seconds. We
visualize the time progression in The top row displays four face scans,
the lateral meshes, and the projected volumetric differences of a patient during
selected time steps. The second row illustrates the volume of the left (blue) and
right (red) sides of the face, as well as the absolute volume difference between
the two sides (black). The third row shows the averaged one-to-one pointwise
distance of V between the affected and contralateral sides [4].

The initial difference might be due to inherent facial asymmetries, muscle
atrophy or compensatory hypertrophy, a mixture of both, or inaccuracy in the
method. However, as it remains constant during the neutral phase, we assume our
method is stable throughout dynamic movements. During the movement phase,
the volume difference increases, indicating increasing facial asymmetry for both
measurement methods. However, the volumetric analysis enables insight into the
impact of both faces sides. The palsy side mesh (left/blue) decreases in volume,
whereas the healthy side (right/red) experiences an increase in volume. A change
is expected as the facial muscles contract [21]. The volume reduction on the palsy
side could be due to tissue pulled towards the healthy side. The facial muscles
of both sides form a more extensive interwoven network. Suppose one side (the
healthy contralateral side) is contracting stronger. In that case, this automati-
cally pulls over the facial soft tissue (that we observe as volume change) from
the palsy side to the healthy side, as the contraction on the healthy side is not
counterbalanced by a symmetric activity on the palsy side. Our method exhibits
similar behavior to the pointwise distance [4], indicating that it measures the
same asymmetry. However, pointwise distance cannot reveal the palsy side’s im-
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Fig.6: We measure the volumetric changes from a neutral to a happy facial
expression. The palsy side (blue) decreases while the healthy side (red) increases
in volume, indicating a shift from the palsy side to the healthy side.

pact on the healthy side, making volumetric analysis more suitable for assessing
this effect. Based on pointwise disparities, our proposed visualization effectively
illustrates the volumetric differences between the healthy and palsy sides.

6 Conclusions and Future Work

We introduced a method for calculating volumetric facial disparities, improving
on existing approaches and providing insights into the palsy side’s impact. In
addition, our approach also offers visualization of volumetric differences, enhanc-
ing facial asymmetry understanding. Moreover, we can analyze dynamic changes
during a single movement, extending the method’s usefulness.

As our approach is automatic and requires minimal parameter tuning (num-
ber of radial curves n, spline points m, and ¢ based on the sensor), we do not
rely on any assumptions and estimations about facial symmetry. The joint visu-
alization, see of the volume differences, the facial expression, and the
difference heatmap helps to understand the behavior of the facial muscles dur-
ing a single movement. The projected volumetric differences between the meshes,
see can be used to identify the affected areas of the face in a single
image. Visualizations guide treatment decisions during the clinical routine, and
our approach can help doctors better understand facial asymmetry. This insight
is significant for treating facial palsy, as the muscle contractions create facial
expressions. Our work offers a combined tool to analyze facial volume changes
during dynamic movements bridging the gap between static and dynamic anal-
ysis based on 3D data. We open up future medical research to define instance
exercises that address counter-actions to volume shifts towards the healthy side.

Our approach’s effectiveness depends on 3D scan quality and intermediate
facial landmark estimation. Our future work aims to join 3D morphable models
with radial curves, enabling the automatic identification of affected facial regions.
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