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ABSTRACT

WILEY

This study proposes an innovative method for generating patient-specific 3D models of the facial soft tissue, which can be inte-
grated into clinical routine to predict the consequences of orthognathic surgery. This surgery, which impacts both facial aesthet-
ics and functionality, requires precise tools tailored to each patient. To this end, a 3D face model has been developed, integrating
anatomically precise bone structures (mandible and maxilla) and soft tissues (skin, fat, and muscles). This reference model
is then fitted to each patient's anatomy using a nearly automatic method. This process requires only a manual selection of 34
landmarks to be performed in the clinical setting. The remainder of the patient-specific 3D model generation is fully automated
from the patient's CT imaging data. Finally, a proof of concept is presented, featuring Finite Element simulations performed
with Ansys APDL software, including orthognathic surgery and then muscle contractions applied to a patient-specific 3D model

generated by the nearly automatic method.

1 | Introduction

Orthognathic surgery is a procedure designed to correct abnor-
mal jaw positions, known as malocclusions. These anomalies
can have both aesthetic and functional repercussions, influenc-
ing mastication, phonation, and breathing. Orthognathic sur-
geries have traditionally been planned using two-dimensional
methods based on cephalometry, a technique that involves ana-
lyzing facial bone structures and soft tissues from X-rays, mea-
suring and evaluating their proportions and spatial relationships
to guide diagnosis and treatment [1-3]. However, 2D methods
are no longer sufficient to accurately predict the appearance of
soft tissue after surgery. As a result, much research has turned
to 3D approaches [4-6], which are essential for surgical plan-
ning. These techniques play a key role in predicting optimal oc-
clusion between upper and lower teeth.

The models most commonly used to digitally simulate this type
of 3D virtual representation are the Mass-spring Model (MM)
[7-9], the Mass Tensor Model (MTM) [10, 11], and the Finite
Element Model (FEM) [6, 12, 13]. Mollemans et al. [10] com-
pared these three models and concluded that the Finite Element
(FE) method is the most effective, as it allows precise integra-
tion of complex, nonlinear biomechanical tissue behaviors. In
return, it remains difficult to generate patient-specific FE mod-
els from their CT scans, an imaging modality commonly used
in orthognathic surgery. This difficulty lies mainly in the lim-
ited visualization of soft tissues, making their extraction com-
plex and requiring numerous manual steps. These constraints
prevent the integration of such models into clinical routines.
This limitation raises a critical question: how can we generate
a patient-specific FE mesh that is both accurate and seamlessly
adaptable into a clinical routine?
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To address this question, several tools have been developed to
predict the aesthetic impact of surgery while reducing the risk
of complications. Examples include Maxilim, Dolphin 3D, and
ProPlan CMF, as reviewed by Olivetti et al. [14-17]. However,
according to Olivetti et al. [17], these 3D tools remain quite inac-
curate, often less so than their 2D counterparts. Understanding
the reasons for these limitations is challenging due to a lack of
detailed information about how soft tissue displacements are
computed or the methods used to transfer 2D predictions into
3D space. Furthermore, these tissue models lack information,
particularly regarding the interior and contact areas between
bony structures and soft tissues. Overall, commercial tools, such
as Enlight CMF, do not provide any clear information about
the internal structures of the face models and are essentially
focused on the visualization of the external surface of the soft
tissue. This applies also to the recent ones using deep learning
approaches, such as those by Ma et al. and Du et al. [18, 19],
which rely exclusively on the representation of the external sur-
face. In addition, Hertanto et al. [20] carried out a perceptual
study to assess the impact of the 3D facial predictions produced
by this software after orthognathic surgery. The results revealed
that 83% of the 30 patients surveyed considered that the Maxilim
3D prediction software helped reduce their anxiety and stress,
and that 93% preferred to have a 3D visualization. However, 60%
of participants preferred the actual final result of the surgery,
highlighting the need to improve the 3D prediction software
available today.

This paper presents an innovative, nearly automatic method
for generating patient-specific FE models, without requiring
any special skills in computer sciences or computer modeling
methods on the surgeons' side, while respecting the time con-
straints and norms of standard clinical procedures. Once gener-
ated, these models can be used to simulate a surgical procedure
(Section 4.1) tailored to the patient's specific model, as well as
facial expressions resulting from facial muscle contractions
(Section 4.2).

2 | Materials and Methods

For over two decades, our research team has been working on
the generation of FE models specific to each patient's face. Until
recently, we were able to design models that were quite accu-
rately personalized. However, they were not directly integrable
into routine clinical workflows. Our methodology is based on
the manual design of a reference FE model and on the use of a
nonrigid registration algorithm to morph this reference model
onto the specific anatomy of each new patient. The design of the
reference model is time-consuming, but it occurs only once since
the same reference model is used for all the patients. The morph-
ing phase is designed to be automatic, or with minimal manual
intervention, in order to be compatible with the constraints of
routine surgery planning. The advantage of a methodology that
is based on FE mesh morphing is that it preserves the topology of
the mesh, with a patient-specific mesh that gets the same num-
ber of nodes and elements as in the reference mesh. The Mesh-
Matching (MM) algorithm, proposed by Couteau et al. [21] and
applied by Chabanas et al. [22] to a human face model, deforms
the external surface of the reference FE mesh to fit the patient's
anatomy. This algorithm requires the segmentation of the

external surface of the face tissue and of the external surface of
bony structures from the patient's preoperative CT scan, which
is time-consuming. Moreover, when strong local differences
exist between the reference and the patient morphologies, dis-
continuities can occur in the geometric transformation applied
to the reference mesh. This can result in distorted elements,
which are not compatible with further FE simulations. In 2010,
Bucki et al. [23] proposed an improvement of this algorithm, the
Mesh-Match-and-Repair (MMRep) algorithm, which corrected
the distorted elements by applying optimal nodal displacements.
However, this method remains unsuitable for integration into
clinical routine, as it still requires manual segmentation of soft
tissues on patient CT scans, a particularly time-consuming step.

To address this issue, Bijar et al. [24] proposed to replace the
morphing phase based on segmented surfaces with a morphing
algorithm based on the whole 3D CT image. Instead of a com-
plex and time-consuming segmentation step, the underlying
idea consists of using the 3D preoperative image of the patient
(CT and/or MRI) and finding the optimal nonrigid registration
method that will automatically match that patient 3D image
with the 3D image that was used to build the reference model.
Section 2.2 describes the methodology proposed by Bijar et al.
[24] and introduces the modifications of this methodology that
were necessary to address the very specific case of the trans-
formation in the context of orthognathic surgery. The reference
FE model is described in Section 2.1 while the nearly automatic
image-based registration method used to generate patient-
specific model is explained in Section 2.2.2.

2.1 | The FE Reference Mesh

The reference FE mesh of the face has been accurately designed
for a male with no irregularities in the orofacial region, referred
to as the “reference subject.” This facial mesh is an improved
version of an earlier model of the same subject [25], originally
adapted from the model developed by Nazari et al. [26]. It in-
cludes representations of the maxilla and mandible, as well as
the soft tissues, which are modeled as a heterogeneous multi-
layer structure describing the skin (epidermis and dermis), hy-
podermis (Figure 1b,c), and muscles (Section 2.1.2). Stavness
et al. [25] matched the original mesh to the reference CT scan.
We have applied significant improvements to this model to
achieve better anatomical accuracy and higher-quality elements
[27]. This was done by extracting the geometry of the anatom-
ical structures from the reference CT scan (Figure 1a) using a
nearly automatic segmentation method on 3DSlicer software,
then meshing these structures using Hypermesh software. Bone
structures and skin are modeled by shell-type surface elements,
with skin assigned a constant thickness of 1 mm. To represent
the hypodermis, linear tetrahedral elements are used, integrat-
ing the muscular structures inside (see Section 2.1.2). The FE
mesh generated is symmetrical with respect to the mid-sagittal
plane and consists of 118,756 elements, including 106,998 tetra-
hedral elements for the hypodermis, 11,758 shell elements for
the skin, and 25,014 nodes for the soft tissues (hypodermis and
skin). Additionally, the mandible is modeled with 6114 elements
and 3060 nodes, and the maxillary bone includes 6928 elements
and 3631 nodes. The size of the elements was determined follow-
ing a mesh sensitivity study.
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2.1.1 | Boundary Conditions

Realistic boundary conditions were applied to the reference FE
mesh. First, the nodes at the boundary of the mesh, notably at the
ears, neck and eye contour, were constrained to a zero displace-
ment to prevent any rigid body movement in space (Figure 2a).
Next, contacts between soft tissues (e.g., upper/lower lips) and
between soft tissues and bones (e.g., bones/face) were defined
(Figure 2b,c). Contacts can be of two types: fixed (at chin level)
or sliding (for all the other contacts). The algorithm used for these
surface/surface contacts is based on the Augmented Lagrangian
method, which consists of an iterative series of penalty methods
that tolerate small interpenetrations between structures in contact.
The Augmented Lagrangian method has the advantage of guaran-
teeing better conditioning and is less sensitive to contact stiffness.

2.1.2 | Insertion of Muscular Structures

Integrating muscles into the reference FE mesh is an essential
step both to account for the heterogeneity of the soft tissues
and to predict the action of orofacial motor functions before

FIGURE 1
and maxilla, visualized in Ansys Workbench software.

and after surgery. As described in our previous work [27],
muscle insertion into the FE mesh is performed as follows:
in the tetrahedral 3D mesh of the hypodermis, a set of points
is manually defined that specifies the main directions of the
muscle fibers. This definition is based on data from the liter-
ature [28] and on the use of a CT scan of the reference sub-
ject, allowing for the delineation of the boundaries of muscles.
These points in space represent curves that give fiber direc-
tions of each muscle and intersect mesh elements of the hy-
podermis. Each mesh element intersected by these curves is
assigned to a specific muscle. This step is automated thanks to
a code developed in Ansys APDL, which identifies the 3D ele-
ments located along the muscle curves. Each muscle element
thus identified is assigned a muscle fiber direction determined
from two successively positioned points of the corresponding
curve. Muscles can then contract along their fiber directions.
For each of these elements, an active Hill-type behavior law
is used, integrated as a USERMAT law in the ANSYS APDL
software by Nazari et al. [29] This law models muscle contrac-
tion oriented along a single fiber direction [29], with the fu-
ture possibility of integrating two contractile fiber directions
at a point [30].

| (a) Reference CT scan. (b, c) Reference FE mesh of soft tissue (hypodermis in green, skin in orange) and bone structures, mandible
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| (a) Fixed nodes in space (blue: Around the eyes, cyan: Nose and red: Around the skull). (b) Sliding contacts between the soft tissues

of the lips (yellow/orange). (c) Sliding (orange) and fixed (red) contacts between bones (cyan) and soft tissue (white).
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FIGURE3 | Reference FE model with soft tissue (gray), bones (cyan), and muscles represented by tetrahedral elements (other colors).

A total of 12 muscles were integrated as tetrahedral element
sets in the FE mesh: zygomaticus major and minor, orbicu-
laris oris peripheral and marginal, levator anguli oris, bucci-
nator, levator labii superioris alaeque nasi, risorius, depressor
anguli oris, depressor labii inferioris, mentalis, and masseter
(Figure 3).

2.1.3 | Material Parameters

The soft tissues of the human face are highly complex, being
heterogeneous, hyperelastic, anisotropic, viscoelastic, and po-
roelastic. In the reference model, heterogeneity is simplified by
distinguishing only the skin (epidermis and dermis) from the
hypodermis. These two structures are assumed to be isotropic.
They are considered hyperelastic and modeled using a second-
order Yeoh law with parameters taken from Barbarino et al. [31],
defined as follows:

» Hypodermis:
C,p=400Pa, C,,=1,400Pa,
2Cy,

1-2v

with k= and

d, = %Pa’1

v=046, d,=0Pa’!

o Skin:

C1o=3,180Pa, C,,=14,500Pa,

d,=2pPa! with k=22 and
k —2v

v=0.46, d,=0Pa”!

with C,, and C,, representing the intrinsic stiffness of the mate-

rial, and d; and d, its compressibility, aiming to approximate the

behavior of a nearly incompressible material.

Anisotropy is partially integrated in the hypodermis by the addi-
tion of muscles that feature a transversely hyperelastic behavior

along the fiber directions (see Section 2.1.2). Viscoelasticity is
modeled using Rayleigh damping, while poroelasticity is not ac-
counted for the sake of simplicity.

2.2 | Nearly Automatic Image-Based Method
for Patient-Specific Model Generation

Bijar et al's algorithm [24] generates patient-specific 3D models
from a registration method that aligns a 3D medical image of the
patient with the reference CT scan. In this study, patient identifi-
cation has been anonymized to ensure confidentiality in the publi-
cation of this article. This algorithm is based on image registration
applied to the entire CT volume, and it is illustrated in Figure 4.
The registration is based on a two-stage approach: first a rigid/
affine transformation, then a nonrigid method using FFDs (Free-
Form Deformations). The rigid registration achieves the optimal
alignment of the reference CT scan with the patient’s CT scan by
matching the voxels of the reference scan to those of the patient's
scan, based on the intensity values of the voxels. Since an affine
transformation cannot capture the local transformations required
to account for geometric variations between soft tissues, an addi-
tional nonrigid transformation is necessary. This is done with the
subsequent FFD transformation that deforms an object by using a
three-dimensional grid, called the “control grid,” made up of “con-
trol points” placed in the reference CT volume. FFD interpolates
the transformation from the control points to the whole volume
using B-splines. To perform these tasks, we use the Elastix library
[32], which enables rigid and nonrigid registration of volumetric
images to compute the deformation field T and the 3D displace-
ment field, referred to as “Image-based non-rigid registration” in
Figure 4. The deformation field T is computed using an optimiza-
tion process, minimizing a cost function C:

T = argmin C(T;If;Id),with )
T

C(T:I;;1;) = — S(T:1;:14) + yP(T) @
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where T is the deformation field, I; and I, are the reference
subject’s and patient's CT scan, respectively, called “fixed” and
“deformable” images. S is an intensity-based similarity mea-
sure between the two images, P is a penalty term, avoiding
excessive element distortions that could endanger the possibil-
ity of carrying on proper FE simulations, and y is a coefficient
representing the weight of the penalty with respect to the sim-
ilarity term.

Once the deformation between the two images has been cal-
culated, the Elastix library outputs a 3D displacement field
(Figure 4). This field is then applied directly to the nodes of the
reference FE mesh, using Elastix’s Transformix library to gener-
ate the patient-specific FE mesh (see “Application of the trans-
formation to the nodes of the reference mesh” Figure 4).

The advantage of such a method is that it preserves the topol-
ogy of the reference FE mesh. In other words, in a patient's FE

Image-based
non-rigid
registration

Reference CT-scan

Patient CT-scan

FIGURE4 | Patient-specific mesh generation process [24].

Elastix

mesh, only 3D coordinates of the nodes of the reference FE mesh
change, while the rest remains the same:

« Labeled structures (with the corresponding identified ele-
ments) such as soft tissues (hypodermis, skin), bony struc-
tures (mandible and maxilla), and muscular elements,

« Boundary conditions, including contacts and fixed dis-
placements, to avoid rigid body motion.

However, in the specific context of our application, this
method is not applicable to the whole CT scan at once, due
to several limitations. Indeed, patient CT scans often contain
artifacts caused by dental appliances, common in patients re-
quiring orthognathic surgery (Figure 5a). Strong geometric
discontinuities can also appear, particularly at the level of the
lips and teeth, due to too large differences in the postures of
mobile anatomical structures, in addition to a lack of detail
in tissue gray levels (Figure 5b,c). CT scan was chosen for its

3

Reference mesh

3D displacement field

+
Application of the
transformation to

the nodes of the
reference mesh

Transformix

Generated patient mesh

FIGURES5 | (a)Artifacts related to the dental appliance. (b) Difficulty in differentiating gray levels on soft tissues (lips) and excessive differences

with the reference CT scan in tongue position. (c) Artifacts caused by the dental appliance and significant anatomical discrepancies compared to the

reference subject at the level of the lips and the upper incisors.
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high precision on bony structures, indispensable in orthog-
nathic surgery, but it does not clearly visualize the fine struc-
ture of soft tissue. This limitation can cause discontinuities
in patient FE meshes, rendering them unsuitable for surgical
simulation.

To tackle this issue, we propose a nearly automatic three-
stage method to generate 3D patient-specific models. This ap-
proach performs registrations similar to those detailed below
(Section 2.2.1), based on the method of Bijar et al. [24]. Several
registrations are requested, not on the entire CT scan, but specif-
ically on regions of interest, namely the mandible, the maxilla,
and the soft tissues (Section 2.2.2).

2.2.1 | Description of the Image Registration Method

To overcome the limitations caused by visibility issues on the CT
scans (Figure 5), it is necessary to add anatomical landmarks
in some areas in order to provide an initial spatial alignment of
the volumetric images. Indeed, if the reference and the patient
CT scans are too far from each other, registration may not be
successful. Hence, a first rigid geometric transformation is ap-
plied to align the patient CT scan with the reference's one. This
is achieved by manually placing landmarks on the bone models
of both the reference subject and the patient, and by using the
“CorrespondingPointsEuclideanDistanceMetric” provided by the
Elastix library, to minimizes the Euclidean distance between
the reference and the patient landmarks. This transformation
requires the intervention of a clinician to locate the landmarks
of the patient, the landmarks on the reference being set by us,
as part of the reference data set. To make it easier for surgeons
to position the landmarks, they are selected from the patient's
3D bone model (Figure 6), extracted from the patient's CT scan.
This constitutes the only manual step in the entire process of
generating patient-specific FE meshes and it takes about 5min.
Thirty-four landmarks were chosen for our application, posi-
tioned on identifiable points of the face, namely the nasion, the
back of the skull, the most external points on the outer contours
of the orbital arches, the gonions, and on the outer extremity of
each tooth (x28) (Figure 6). Among them, the 28 dental markers

are particularly quick to position, thanks to the clear visibility
of the teeth. A module has been integrated into the CamiTK
open-source software [33] to enable surgeons to position these
landmarks. The advantage of this interactive module is that
only those objects that are present in the patient image can be
selected. For example, if the patient has some missing teeth, the
corresponding reference CT scan landmarks will not be selected.
In this way, a file is generated that specifies the correspondences
between the anatomical landmarks in the patient’s and the ref-
erence CT scans. After this rigid transformation based on the
landmarks, a nonrigid transformation is applied to further re-
fine the registration of the reference image onto the patient's
image. It uses voxel intensity values of the volumetric images,
as described in Bijar et al. [24]. This transformation is based
on the FFD technique introduced in Section 2.2 using BSpline
functions. A key parameter in this process is the size of the con-
trol point spacing ¢ in the grid, positioned on the reference CT
scan, which can be adjusted by the user: a larger grid limits the
complexity of the transformations, while a smaller grid inten-
sifies local deformations, thus increasing the complexity of the
deformations applied to the reference mesh. However, excessive
transformations can generate distortions in the patient's FE
mesh, compromising subsequent numerical simulations. Both
the rigid and the nonrigid transformations are achieved under
the constraint to minimize a cost function C formulated as
follows:

C(u: 153143 P Py) = a. ANC(p; I3 13) + B. CPEDM (p; Py Py )
®

where ANC (Advanced Normalized Correlation) denotes a cor-
relation metric that assesses the similarity between the voxels
of the fixed image I; and those of the deformable image I,
and CPEDM (Corresponding Points Euclidean Distance Metric)
measures the Euclidean distance between two sets of corre-

sponding anatomical points, P; and P,. The coefficients a and
p define the weights assigned to each of these metrics in the
computation of the cost. For the rigid transformation, only
involving the landmark we chose « =0 and g =1 and for the
nonrigid transformation based on the voxels, we chose a =1
and f =0.

FIGURE 6 | Landmarks positioned on the reference subject, on the upper teeth (red), on the lower teeth (blue), and on the rest of the skull (pink).
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2.2.2 | Nearly Automatic Patient-Specific FE Mesh
Generation Method

The two transformations described in Section 2.2.1 for regis-
tration are used to generate patient-specific FE meshes, but
they are not applied on the whole CT scan at once, as this
approach proved to be inefficient. In fact, performing reg-
istration on the entire CT scan leads to aberrant results due
to the significant geometric discontinuity between the max-
illary bone and the mandible. Instead, several registrations
are applied successively to different regions of interest at the
boundaries of bone structures and soft tissues. These areas of
interest are selected by applying binary masks to the reference
CT scan and using these masks as input data in the Elastix
library. These masks also have the advantage of retaining only
areas of interest, such as bone structures, while excluding re-
gions affected by artifacts related to the presence of dental
appliances (Figure 5). The binary masks are created by per-
forming automatic segmentation on 3DSlicer software, based
on the light intensities of the reference CT scan voxels. These
masks are then spatially enlarged to better visualize the inter-
face between bone and surrounding structures, notably soft
tissue. These binary masks are introduced before computing
the two transformations, rigid and FFD. It allows us to focus
on the light intensities of CT scan voxels within the regions
of interest, neglecting peripheral information. The advantage
of this technique is that the masks are placed only once, on
the reference CT scan, before the generation of any patient-
specific model starts. This step is thus invisible to surgeons,
as the mask does not need to be repositioned on the patient's
CT scan. The global registration is therefore divided into three
automatic stages: first, the generation of patient-specific bone
structures, and the next two stages for the generation of fa-
cial soft tissues. The only manual step, justifying the use of
the qualifying term “nearly” in “nearly automatic,” involves
asking the clinician to place landmarks on the patient's bone
model (see Section 2.2.1, Figure 6).

The first stage consists of the generation of the FE meshes of
the bony structure (mandible and maxilla). The anatomical
accuracy of these models is crucial in orthognathic surgery, as
the displacements applied to these bones during surgery will
have a direct impact on the facial soft tissues. In this process,
bone structures are geometrically deformed to match the pa-
tient's anatomy using geometric image registration presented in
Section 2.2.1. Each bony structure, the mandible and the maxilla,

is transformed separately, using two separate registrations ap-
plied to the CT scan regions of interest. The binary masks posi-
tioned on the reference CT scan to precisely delimit the regions
of interest to be registered are displayed in Figure 8a,b.

In the 2nd stage, a mesh representing soft tissue in the patient's
face is generated in two substeps. First, both the patient and
reference CT images were simplified to include only two voxel
categories: air (— 1000 HU and other negative values) and tissue
(> 0HU). This preprocessing step was designed to focus the reg-
istration process applied to the soft tissue on the air/tissue inter-
face and enhance tissue contrast. Voxels corresponding to bone
structures (> 300 HU) were reassigned to — 1000 HU, while
those near the air/tissue boundary (between — 200 HU and 0
HU) were set to 0 HU (Figure 7a,b). This procedure standard-
ized the air/tissue interface by eliminating the density gradient
observed at this boundary and enforcing a uniform soft-tissue
value (0 HU) in the transition zone. In a subsequent step, the CT
image was refined by removing small components connected by
pixels (“blobs™) with a surface area below a predefined thresh-
old from all 2D sagittal slices. Only regions larger than 500 pix-
els were retained. This filtering step effectively reduced noise
within bone structures, which could otherwise be misclassified
as soft tissue (Figure 7c,d). These modifications were performed
automatically using a Python script.

Soft-tissue deformation was then achieved by image registration,
as described in Section 2.2.1, applied to the 3D preprocessed
CT images within the region of interest delimited by the mask
shown in Figure 8c, which highlights the new air/tissue inter-
face. For the nonrigid registration of the two modified images, a
control point grid with a very small size is used in order to gen-
erate the 3D transformation field that will be applied to the FE
mesh of the soft tissue in the reference subject. This ensures that
the transformations account for local differences between the
two images. As a result, the generated FE patient mesh might
be highly distorted, as explained in the Section 2.2, and might
include poor-quality elements that cannot be used for future nu-
merical simulations. The goal of this stage is to accurately trans-
form the interfaces between soft tissue and air, and between soft
tissue and bones, defining the boundaries of the soft tissue. This
ensures a faithful representation of the patient’s anatomy and
preserves bone/tissue contacts for future simulations.

Another image 3D registration, similar to that described above, is
performed over the entire anatomical region to be transformed,

FIGURE 7 | Preprocessed CT scans of the reference (a) and a patient (b), where voxels with values greater than 300 HU were replaced by —1000
HU, and those between 200 HU and 0 HU were set to 0 HU. CT scans of the reference (c) and a patient (d), where blobs smaller than 500 pixels were

removed in all sagittal slices.
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FIGURE 8 | The three stages of the proposed registration method: (1) Binary masks (pink) are placed on the reference CT scan, on the maxilla

(a) and the mandible (b); (2) the masks are positioned on the outer surface of the soft tissue in the preprocessed reference CT scan (c), and an initial,

“approximate” FE mesh is generated for the patient by applying a coarse geometrical transformation (large grid of control points) to the entire CT

volume (d); (3) The final, accurate patient-specific FE mesh is produced by applying mechanical transformations to the approximate mesh (e) at the

boundaries of the bones and the soft tissue (f).

encompassing both soft tissue and bone (Figure 8d). The control
point grid size used in this registration is chosen to be large, so as
to limit local deformations of the reference FE mesh. The patient
mesh thus obtained is described as “approximate” (Figure 8e),
since it has less anatomical accuracy; although it retains a good
quality of elements, similar to that of the reference mesh.

The final stage consists of taking this “approximate” FE mesh
(Figure 8e) of good element quality, and mechanically deform-
ing it by applying an imposed displacement to all the mesh nodes
on the outer surface using Ansys APDL software, in order to re-
position them at the final coordinates obtained in stage 2. The
result is a patient anatomy faithful to reality (Figure 8f), while
preserving sufficient element quality for subsequent simula-
tions. Fully automated FE mesh generation takes around 1h on
a computer equipped with an Intel Xeon W-2155 CPU (3.30Ghz)
and 64 GB of RAM and can be started at any time according to
the surgeon’s preferences. Image registration alone takes around
30min while steps (a) to (e) take around 20 min: 5min for steps
(a) and (b), 10min for steps (c,d), and 10 min for the mechanical
registration. The remaining time is devoted to positioning the
muscle structures and calculating the orientation of the muscle
fibers.

The evaluation of this method is presented in Section 3 and this
approach was evaluated on 24 patients who underwent orthog-
nathic surgery.

3 | Results: Evaluation of Patient-Specific
Fe Meshes

An evaluation of the nearly automatic method described in
Section 2.2.2 was carried out on 24 patients. Two key aspects
were analyzed: the anatomical fidelity of the generated model
(Sections 3.1 and 3.2) and the quality of the FE mesh (Section 3.3),
to ensure its use in future FE simulations.

3.1 | Quantitative Evaluation of the Anatomical
Fidelity of the Generated Meshes

To evaluate the patient-specific 3D models generated with our
method, it is necessary to get the “real” external surfaces of the
bones and soft tissue in each patient. These surfaces are gen-
erated from the patient's preoperative CT scan. The 3DSlicer
software offers a dedicated segmentation module, enabling
areas to be selected according to the gray levels of CT scan vox-
els, expressed in Hounsfield units. This thresholding process is
used to reconstruct the 3D external surfaces of bones and soft
tissue, using the marching cubes algorithm [34]. These surfaces,
referred to as “real”, are represented by extremely dense point
clouds, with submillimeter distances between points. This ac-
curacy enables precise calculation of deviations between gener-
ated and real anatomical structures, with these deviations being
evaluated using a Euclidean distance metric.
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FIGURE9 | Color map showing the Euclidean distance between the generated patient FE meshes and the corresponding real patient 3D surfaces.

The nearly automatic mesh generation method was evaluated on
24 patients based on their preoperative CT scans. These patients
were selected based on the criterion that they were scheduled
to undergo mandibular or maxillary orthognathic surgery, with
or without genioplasty, regardless of the underlying indication
(malocclusion, sleep apnea syndrome, temporomandibular joint
dysfunction, etc.). Figure 9 shows maps representing the dis-
tances between the nodes of the generated patient FE meshes
and the nearest points on the highly dense point clouds of the
actual anatomical surfaces. For the majority of patients, errors
are less than 2mm in the most complex regions to generate due
to geometric discontinuities, and less than 1 mm for the rest of
the face (see Section 3.2 for the values). It should be noted that
the majority of errors occur at the lips, a finding also reported in
most studies in the literature, notably in the review by Olivetti
et al. [17].

The model of patient i (Figure 9) could not be generated cor-
rectly due to a large number of artifacts present in the CT scan,
resulting in a loss of soft-tissue visibility. Since the automatic
registration method relies on tissue voxel intensities, it cannot be
reliably applied in this case. Therefore, this patient was excluded
from further analysis.

It is also interesting to note an error in the lower lip of patient f
(Figure 9). This is also the result of artifacts on the patient's CT
scan, although less pronounced than in patient i. These artifacts
appear as bright streaks on the images, particularly on the sagittal
slices, interrupting the continuity of the lips in certain sections.
During the preprocessing of the CT scan, the step of removing blobs
of less than 500 pixels on the sagittal slices incorrectly induced a
partial removal of the region corresponding to the lower lip.

To analyze these results in greater detail, a statistical analysis is
performed in Section 3.2.

We focus in particular on the results generated for one patient (pa-
tient n, Figure 9), which will be used in Section 4, where proofs of
concept for orthognathic surgery and facial expression simulation
are presented. This patient is presented in Figure 10a which shows
a mapping of Euclidean distances between the real and generated
patient data. These deviations are less than 2mm. Figure 10b,c
shows the same model superimposed on the patient's preoperative
CT image, to visualize the accuracies of the external and internal
surfaces. Indeed, an analysis of the geometry of the internal sur-
face of soft tissue is essential for further simulations of the conse-
quences of muscle activations on postsurgical facial appearance of
the patients. Furthermore, contact conditions have been defined
between bones and soft tissue and excessive gaps or interpenetra-
tion can render these contacts ineffective, making the FE meshes
of patients unsuitable for future simulations.

3.2 | Statistical Analysis

In order to improve the analysis of Figure 9, a statistical study was
carried out on 23 patients. Patient i was excluded from this analysis
due to a significant number of artifacts present on their CT scan,
making it impossible to properly visualize the soft tissues and thus
generating significant errors in the corresponding 3D face model
(see Section 3.1). In order to detect possible differences in the accu-
racy of the representation of facial soft tissues in the generated pa-
tient meshes depending on the location in the face, we considered
four different anatomical regions in the face: the lips, the nose,
the cheeks, and the chin. This was done in the face meshes on the
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Comparison of the generated and real faces for patient n: (a) Deviations (mm) between the generated patient FE mesh and the actual

internal and external surfaces of the soft tissue, measured on the patient's CT scan. Visualization of the boundaries of the patient's FE mesh (in red)

superimposed on his CT scan, in sagittal (b) and axial (c) views.
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FIGURE 11 | (a)Reference model subdivided into four areas: Lips in blue, nose in pink, cheeks in orange, and chin in green. (b) Average differ-

ences (circles) and their standard deviations within each region (shaded areas correspond to + and — one standard deviation around the average)

between the generated meshes and the actual surface of the face extracted from the CT scans.

basis of the node indices, which are the same in the reference mesh
and in all the patient meshes. Figure 11a shows these regions on
the external surface of the reference mesh. Figure 11b shows for
each patient the average value of the error computed on the whole
facial regions, together with the averages of the specific errors in
each of the four regions of interest. Table 1 summarizes the over-
all averages computed across the 23 patients. The total average
deviation across these areas is 0.27 mm, with respective values of
0.32mm for the lips, 0.33 mm for the nose, 0.21 mm for the cheeks,
and 0.22mm for the chin (Table 1).

The largest errors (>2mm) are mainly located in the lip region,
as also reported in the literature [17] and also in the nose region.
The maximum error, 3.64 mm (Table 1), is observed on the lower

TABLE1 |
values of the differences across the 4 zones for the 23 patients in mm

Means, standard deviation, and minimum and maximum

(except for ).

Standard
Zone Means deviation Min Max
Lips 0.3211 0.3035 0.00005 3.6416
Nose 0.3322 0.2441 0.00000 2.3076
Cheeks 0.2102 0.1591 0.00002 1.6339
Chin 0.2186 0.1817 0.00000 2.2919
Total 0.2687 0.2187 0.00000 3.6416
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lip of patient f. This error results from the second stage of CT scan
preprocessing, which eliminates blobs smaller than 500 pixels.
The presence of artifacts induced the removal of the lower lip,
which corresponded to sections smaller than 500 pixels on sag-
ittal slices.

A notable error of 3.40 mm is observed at the patient's lips. This
value is unreliable because it results from an inadequate mea-
surement of the distance between the generated facial mesh and
the actual surface extracted from the CT scan. This inaccuracy
can be explained by the fact that the lips are almost closed and
that the marching cubes method only captures the external sur-
face of the tissues without any information on the interface be-
tween the lips. The other errors in the lips area are essentially
below 2mm, which is acceptable. For the other regions, no error
exceeds 2mm between the models and the real surfaces.

3.3 | Elements' Quality of the Patient's FE Mesh
Generated

When the reference FE mesh is deformed to fit the patient's mor-
phology, there is a risk of degrading the quality of the elements,
which can compromise the validity of future numerical simula-
tions, or induce convergence issues. To evaluate mesh elements’
quality, various geometric criteria are available in Ansys APDL
and Ansys Workbench. We focus in particular on a global metric
proposed by Ansys Workbench, called Element Quality, whose
values range from 0 (poor quality) to 1 (excellent quality). It is
calculated according to the (Formula 4), where n designates the
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15000
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0 0.1 0.2 0.3 0.4 0.5

total number of edges in the element and L, represents the length
of the i-th edge:

_ element_volume

(T, 12)’
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Figure 12 shows a histogram illustrating the quality of the ele-
ments in the tetrahedral meshes representing soft tissue for the
24 patients studied in Sections 3.1 and 3.2. Importantly, the ref-
erence FE mesh, constructed using a Hypermesh software opti-
mization method to maximize element quality, displays higher
quality than the patient FE meshes (Figure 12 in red). These
meshes lose quality since the reference FE mesh is deformed.
Nevertheless, the huge majority of elements in the patient-
specific meshes have a quality larger than 0.5, making them
suitable for future numerical simulations.

4 | Proof-of-Concept of Patient-Specific Fe Models
for Soft Tissue Function Prediction

4.1 | Face Deformation From Orthognathic
Surgery

Various software packages are now available to simulate bone
cuts in orthognathic surgery on virtual 3D models. However,
their main drawback lies in the fact that they operate on sur-
face models rather than directly on the FE mesh. This approach
results in a loss of the FE mesh topology, as well as the global
mesh boundary conditions, for both cut parts. To avoid this,

—Reference
—a
—b

0.6 0.7 0.8 0.9 1

Element quality

FIGURE 12 |

Histogram of the Element Quality (Q) of tetrahedral elements in the reference soft tissue mesh and in patient-specific soft tissue

meshes, evaluated on the 24 patients included in this study, according to the Ansys Workbench software quality criterion.
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FIGURE 13 | (a) FE mesh implementing cut-out of the patient’s mandible and maxilla (LeFort I osteotomy), (b) Bilateral Sagittal Split Osteotomy

(BSSO) with the “Z-cut,” and (c) Genioplasty with the flat cut.

we have developed a module integrated into the CamiTK open
source software. This module can access a 3D FE mesh, such
as that of the mandible or maxilla, and perform cuts used in
various commonly used surgical techniques. It specifically
implements maxillary cutting through Le Fort I osteotomy
(Figure 13a in green and orange), mandibular cutting via
Bilateral Sagittal Split Osteotomy (BSSO), which involves a
“Z”-shaped cut of the mandibular ramus (Figure 13b in blue
and purple), and genioplasty using a planar cut (Figure 13c in
pink). These types of osteotomies are particularly useful for
correcting Class II malocclusions, characterized by a retruded
lower jaw (retrognathia), and Class III malocclusions, where
the lower jaw is excessively protruded (prognathism). A partic-
ular feature of this module is that it preserves the topology of
the patient's FE mesh, retaining all node indices and elements
required for boundary conditions such as contacts. The user
can thus apply rotation and/or translation of bone structures
along the three main axes. A file is automatically generated to
record the displacements of three points on the transformed 3D
model. This approach avoids the direct application of rotations
during numerical simulations, considering only displacements
in order to speed up the calculation.

As an illustration, orthognathic surgery was simulated on the
patient n shown in Figure 10. This patient underwent mandibu-
lar surgery consisting of a BSSO, a technique for advancing the
mandible by cutting the mandibular branches (Figure 13b), and
a genioplasty (Figure 13c).

To avoid the complexity of handling elements cut by the nu-
merical surgical technique, and the necessity to generate new
elements from those cut, the mandible mesh was refined with
millimeter-sized elements. This size corresponds to the thick-
ness of the saw used during surgery, and results in a mesh
comprising 23,469 nodes and 46,732 elements. Therefore, the
core idea is to remove all elements that intersect the saw cuts.
Increasing the number of elements in bone structures has a
minimal impact on numerical simulation time, as the bones,
modeled as rigid bodies, are subject to restricted boundary
conditions. Their displacement is controlled with three mesh
points, affecting only three nodes, regardless of the total num-
ber of elements. The result of a surgical simulation on the
patient n is shown in Figure 14 after a BSSO in (b) and a ge-
nioplasty in (c).

4.2 | Face Deformations From Muscles Activations

Patient-specific FE meshes can then be used not only to simu-
late bone displacements and their consequences on facial soft
tissues after orthognathic surgery, but also to analyze the func-
tional effects of muscle contractions after bone repositioning.
Muscles, defined as sets of elements in the reference hypodermis
FE mesh (see Section 2.1.2), are also present in the generated pa-
tient FE meshes. However, after the geometric transformation,
the lines of points defining the directions of the muscle fibers
in the reference mesh no longer represent the directions of the
muscle fibers in the patient's mesh. This discrepancy arises be-
cause the patient's mesh underwent not only geometric trans-
formations but also mechanical changes during the last stage of
the registration method. To recalculate muscle fiber directions
accounting for both the geometrical and the mechanical trans-
formations, an automatic algorithm was developed to determine
the elements that include these points in the reference FE mesh,
and then deduce the position of these points in the generated pa-
tient FE mesh by interpolation calculations. A new muscle fiber
direction is thus assigned to each muscle element in the patient-
specific FE meshes. Thanks to our nearly automatic method, it
is possible to generate the patient's FE mesh and directly simu-
late muscle contraction by selecting the desired muscle.

Figure 15a shows the effect of contractions of the levator labii
superioris alaeque nasi (LLSAN) muscle on the reference FE
mesh, responsible for nose elevation. Figure 15b,c shows con-
traction results for the same muscle (LLSAN) for patient a and
n (Figure 9). Boundary conditions, as well as material proper-
ties, FE mesh topology, and contacts, have been kept identical in
both models, and bone mesh nodes were fixed.

5 | Discussion and Conclusion

This paper presents an innovative, nearly automatic method
for generating 3D patient-specific FE meshes of facial soft tis-
sue, ready for use in numerical simulations. The ultimate goal
of this work is to use this method as an initial step in a fast and
reliable clinical process that takes into account speaker-specific
characteristics to predict the outcome of orthognathic surgery.
Subsequent steps will include simulating orthognathic surgery
and predicting the aesthetic and functional consequences of
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FIGURE 14 | Total nodal displacements observed in the facial soft tissues of the FE mesh of patient n during a simulated orthognathic surgery:
(a) Patient's half-mesh preoperatively (sagittal view), (b) facial modifications after mandibular advancement (bilateral sagittal split osteotomy, BSSO)
with rotation and translation, (c) facial modifications after additional genioplasty.
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FIGURE 15 | Directional displacement (m) of reference FE mesh nodes (a), and of patients a (b) and n (c) induced by LLSAN muscle contraction.
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bone repositioning. Our approach makes this prediction possi-
ble by (1) modeling the mechanical interactions between facial
soft tissues and bony structures in three dimensions, and (2) in-
corporating within the facial tissues muscle structures, whose
bony insertions and fiber orientations are modified by skeletal
restructuring. A proof of concept is provided, showing the gen-
eration of FE meshes for 24 patients, as well as simulations of
facial movements induced by specific muscle contractions per-
formed using these meshes in two different contexts.

This nearly automated process integrates the creation of 3D
models of bones (surface) and soft tissue (volume), including
skin (epidermis and dermis) and hypodermis with passive tis-
sues and muscles. It also includes meshing, defining bound-
ary conditions such as contacts and fixed displacements, and
assigning specific material parameters to each structure. Such
a complete model, called a reference model, is then modified
using an image-based nonrigid registration technique to gener-
ate patient-specific FE meshes, while preserving mesh topology
and boundary conditions.

The main limitation of the method lies in its sensitivity to the
presence of artifacts in CT scans. When these artifacts are too
important, they alter the voxel values of soft tissues, making it
difficult to properly determine the interface between air and
soft tissue. These artifacts also make inaccurate the prepro-
cessing of the patient CT scans. When artifacts generate “rays”
in the voxels, they can cause the formation of small clusters
of pixels (with less than 500 pixels) in the sagittal slices con-
nected to each other in the soft tissue. This occurs particu-
larly in the lip region, which is often affected by the presence
of dental appliances. Unfortunately, these clusters of voxels
can be mistakenly removed during the preprocessing of the
CT scans because they are interpreted as blobs located inside
bone structures. Furthermore, as another limitation, although
this method is largely automated and can therefore be inte-
grated into a clinical routine, it requires manual intervention
by the surgeon (5min) to position the landmarks on the pa-
tients’ bone.

In the context of a clinical protocol involving 30 patients
(Annecy Hospital, France), future work will enable us to assess
quantitatively our capacity to use the thus-designed presurgery
patient-specific models in surgery planning by (1) simulating
orthognathic bone surgery on patient-specific FE meshes and
comparing the corresponding predictions with real data ob-
tained from postoperative CT scans and (2) studying the func-
tionality of muscle structures in patients after surgery. The
capacity for our model to predict orofacial functions such as
smiling, wincing, or lip rounding for speech is particularly im-
portant, since our physically based approach should enable us to
go in this respect beyond the performances of approaches based
on deep-learning methods [18, 35, 36], which have been shown
to be powerful in predicting purely aesthetic aspects.
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