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ABSTRACT

This chapter aims at illustrating how patient-specific models of human organs / soft tissues
can be implemented into Finite Element (FE) packages. First is addressed the question of the
generation of patient-specific FE models compatible with the clinical constraints. Then is discussed
the calibration of the material properties, with choices that should be done between calibrations
based on ex vivo or in vivo tissues loadings. The example of computer assisted maxillofacial surgery

is addressed and results based on patients’ data are provided.

1. INTRODUCTION

Computer-Assisted Medical Interventions (CAMI) is now a mature domain, with pioneering works
dating from the 80’s. Researchers, clinicians and industrial partners have developed CAMI
applications by building links with classical domains such as Computer Science, Robotics, Image
Processing and Mathematics. The connection to Biomechanics is more recent and began with the
study of bony structures. This was motivated by the fact that the pioneering CAMI devices were
dedicated to orthopedics, where bones are the main anatomical structures of interest and were
assumed to be non-deformable with a 3D shape easily reconstructible from Computed Tomography
(CT) imaging. The main idea for such biomechanical modeling was to define a theoretical and
numerical framework that provided information about the mechanics of the bones after a clinical
treatment or a surgical intervention. For example, a patient-specific Finite Element (FE) model of the
femur could be designed to estimate the internal stresses generated by a hip prosthesis and therefore
to help limit fracture risks. In these continuous biomechanical models, bones were usually
considered as linear elastic material that underwent small deformations, which permitted easy

calculation of numerical solutions.



More recently, CAMI has addressed a larger spectrum of clinical domains such as cardiology,
neurosurgery, maxillofacial surgery, urology or abdominal surgery. For these applications,
biomechanics faces a new challenge since the involved tissues are required to move and be deformed
by stresses generated by clinical actions. Moreover, soft tissues are difficult to model accurately
since they typically exhibit complex, patient-specific, time dependent, non-linear, inhomogeneous
and anisotropic behaviors. Most of the corresponding biomechanical models need to include large
deformation effects and visco-hyperelastic constitutive laws. Such models are very computationally
demanding which explain why most of them are limited to pre-operative use, since the simulations

often require many minutes or hours to compute.

This chapter aims at illustrating soft tissues modeling in the context of maxillofacial surgery where
Finite Element models of the facial tissues have to be developed to predict the impact on facial
aesthetics depending on the bone repositioning maxillofacial surgery plan. The following questions
will be addressed (1) “How to generate a patient-specific Finite Element model in a framework
compatible with the clinical constraints?” and (2) “How to calibrate the material properties for the

modeled soft tissues?”

2. COMPUTER ASSISTED ORTHOGNATHIC SURGERY

2.1 Clinical context

Orthognathic surgery (the “surgery to create straight jaws”, see Richter et al. (1998)) involves a
wide variety of surgical procedures performed to reposition maxilla, mandible and the dento-alveolar
segments to achieve facial and occlusal balance. This may be necessary due to congenital
abnormalities, growth disturbances or trauma. Such corrections are largely achieved by osteotomies,
surgical techniques by which parts of the jaw(s) are cut to create separate fragments, which can then
be moved to new positions while preserving their blood supply (figure 1a). Correction of these
abnormalities generally normalizes patients’ dental occlusion and temporo-mandibular joint
function, and results in improvement in functions such as chewing, speaking and breathing, while

often enhancing facial aesthetics.

A model of the patient face used to simulate the morphological modifications following bone
repositioning could greatly improve the planning of the intervention, for both the surgeon and the

patient.



2.2 Patient-specific biomechanical model of the human face

Various models of the face soft tissue were proposed in the literature. Whereas the first works were
based on discrete models such as mass-spring models (Delingette et al., 1994 ; Waters, 1996 ; Keeve
et al., 1996 ; Teschner et al., 1999 ; Barré et al., 2000), many continuous Finite Element models
were then proposed in the literature (Koch ef al., 1996 ; Keeve et al., 1998 ; Koch et al., 1999 ;
Zachow et al., 2000 ; Gladilin et al., 2001 ; Teschner, 2001 ; Chabanas et al., 2003 ; Mollemans et
al., 2007).

Building a Finite Element model of an organ requires an accurate observation of the anatomy of that
organ with a description of the various structures that constitute the organ. In particular, a focus
should be given to the mechanical differences that can be observed in terms of constitutive
behaviors, from one sub-structure to another one. Facial tissues are composed of a complex
interweaving of muscular fibers, fat, glands and mucosa (Rouviere and Delmas, 1997). The facial
skin structure is basically made of three layers: the epidermis, the dermis and the hypo-dermis. The
epidermis is a superficial 0.1 mm thick layer, mainly composed of dead cells. The underlying dermis
layer, which is much thicker (0.5-4 mm), is composed of elastin fibers mainly responsible for the
global elastic behaviour of the skin. Finally, the hypodermis layer, mainly fat tissues and mucosa,
can slightly slide over the bones of the skull and jaw. The muscular structure (mostly flat muscles
contained in the hypodermis layer) that connects these skin layers to the skull is extremely complex,
with insertion points, orientations and interweaving fibers allowing great facial dexterity (mimics,

expressions, lip gestures for speech production).

Our group has developed a “generic” 3D Finite Element face model implemented in the ANSYS
software (Chabanas 2002 ; Chabanas et al., 2003 ; Nazari et al., 2010). The volume defined by the
facial tissues located between the skull and the external skin surface of the face was manually
meshed, as regularly as possible, with an 8 nodes hexahedra-dominant mesh representing the three
layers of dermis and sub-dermis tissues with muscles courses identified inside the corresponding
elements (figure 1b). The mesh is symmetrical with respect to the mid-sagittal plane. Contacts are

added to formulate inter-lip and lip/teeth collisions.

In the framework of computer-assisted maxillofacial surgery, a model of each patient is required. A
3D mesh adapted to each patient’s morphology must therefore be defined. Most of the existing Finite
Element face models are built from patient CT scans using automatic meshing methods. However,
these methods usually lack robustness because of the complex geometry and topology of the face
soft tissues, and the time needed to generate such meshes is generally several days, which is not
compatible with clinical use. In addition, these models are limited in terms of biomechanical

modeling. Indeed, the unstructured organization of the elements does not allow one anatomical



structure to be distinguished from another within the mesh. The face soft tissues are thus modeled as
a single entity, without distinctions between dermis layers, fat, muscles and mucosa. To overcome
these limitations, our group has proposed a methodology called the Mesh-Match-and-Repair
algorithm (Couteau et al., 2000 ; Bucki et al., 2010) consisting first, in manually defining a
structured 3D mesh, in order to build one “generic”’ model of the face. Emphasis is given to the
design of the generic mesh, so that the elements inside the mesh can be associated to anatomical
entities (dermis layers, fat, muscles, mucosa...). Specific mechanical properties can therefore be
explicitly given to such substructures. The next step of our methodology consists of matching the
generic model to each patient’s morphology, using an automatic elastic registration method: a

structured Finite Element model of each patient is then automatically generated (figure 1c).

Figure 1 illustrates an example of the predictions provided by a Finite Element model adapted to the
geometry of a patient. The bone repositioning planned by the surgeon (figure 1a) is put as an input to
the model by imposing the corresponding displacements to the nodes that are supposed to be
attached to the mandible, chin and maxillary segments (figure 1d). The results provided by the

simulation can therefore be compared with the actual outcome of the surgery (figure 1e).

Figure la : A patient with a mandibular dysmorphosis (left) and the planned bone cuttings (right)
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Figure 1b: Generic Finite Element model: dermis and hypodermis fixed to the skull

(center), course (left) et action (right) of the muscular fibers (Chabanas et al., 2003).



Figure Ic: Registration generic model = morphology Figure 1d: Predictions of the skin deformations due

of the patient. L
fthe p to the planned bone repositioning.

Left: generic model (blue) and 3D reconstruction of

the patient’s morphology (yellow).

Right: Result of the elastic registration.

Figure le: Post-operative data (left) and comparison with the predictions provided by the model (right)

3. CALIBRATION OF THE MATERIAL PROPERTIES

The example provided in figure 1 needs the facial soft tissues material properties to be calibrated to
run the simulations. This can be done assuming a mean generic values for such parameters (e.g.
through ex vivo testing) or trying to fit the actual behavior of patient’s soft tissues (in vivo

measurements).

3.1 Generic ex vivo calibration of the material properties

Some years ago, our group has proposed to characterize the mechanical behavior of the human
cheek. For this, an indentation experiment was provided, by measuring the mechanical response of
cheek tissues removed from the fresh cadaver of a 74 year old woman (Gerard et al., 2005). The

experiment was run less than 24 h after death, in order to limit tissue deterioration. The method



consists in exerting a calibrated pressure onto the material and simultaneously recording the

corresponding deformations (figure 2).

The indentation experiment itself does not provide the constitutive law of the material. Indeed, the
measurements only give the non-linear relationship between the local force applied to the external
surface of the body and the resulting displacement. To get the constitutive law from this indentation
experiment, i.e. the global relationship that can be assumed between strain and stress inside the body,
an optimization algorithm based on an “analysis by synthesis” strategy was elaborated. It consisted
in (1) assuming a given constitutive law, (2) building a finite element analysis (FEA) of the
indentation experiment, (3) comparing the simulations provided by this FEA with the indentation
measurements, (4) using this comparison to propose a change of the constitutive law that should
make the FEA simulations and the measurements closer, and (5) starting again with (2) up to the

point where the comparison carried out in (3) gives satisfactory results.

According to Fung (1993), a hyperelastic material seems to be well adapted for human soft tissues.
A material is said to be hyperelastic if it is possible to find a function W, called the “strain-energy
function”, the derivative of which with respect to the strain tensor equals the stress tensor. Among
the various strain-energy functions which can describe the non-linear mechanical response measured
during our indentation experiment, we have proposed to use the incompressible two parameter Yeoh
strain-energy function (Gerard et al., 2005). Such a constitutive law can therefore be used as an input

to our ANSYS simulations to provided results such as those illustrated on figure 1d.

Figure 2: Indentation on a cheek specimen and the corresponding axisymmetric FE analysis



3.2 Invivo calibration of the material properties

Regarding the question of mechanical properties, it is now undoubtedly established that the
constitutive behaviors of human soft tissues are patient-specific and cannot be obtained by a generic
value deduced from any standard ex vivo measurements. Indeed, it has clearly been shown (Kerdok
et al., 2006; Ottensmeyer, 2002; Gefen and Margulies, 2004) that the mechanical behavior of soft
tissue can differ significantly between in vivo and ex vivo conditions, for a number of reasons,

including the vascularization of the tissue.

The various excitation methods range from suction to ultrasound with a variety of devices in each
category. Aspiration is probably the most widely used technique. Starting from the pioneering work
by Grahame and Holt (1969), several authors proposed suction cups differing mostly in the way the
aspirated height is measured (optically Kauer et al., 2002, using ultrasound (Diridollou et al., 2000))
or by their ability to accurately measure the dynamic response. Other excitation methods include
indentation (Ottensmeyer, 2001; Carter et al., 2001; Samur et al., 2007) using a handheld or robotic
indenter, and torsion (Agache et al., 1980) or ballistometer (Jemec et al., 2001) which consists of
striking the tissue with a known mass and a known force. Ultrasound measurement (Chen et al.,

1996; Gennisson et al., 2004) is another method linked with the emerging field of elastography.

Aspiration is probably the most widespread method because it is non-invasive and proved to be quite
reliable. However, most of the papers rarely address the important issue of sterilization to any great
depth of detail whereas such sterilization can be very important in case of the aspiration of human
living tissues. In such a perspective, our group has developed a sterilizable device (figure 3), called
Light Aspiration device for in vivo Soft TIssue Characterization (for LASTIC), based on the
aspiration technique and originaly introduced by Schiavone et al. (2009) while quantifying the
human brain behavior. LASTIC is a 33x34 mm?” metal cylinder composed of two compartments. The
lower one is an airtight chamber, open at the bottom by a 10 mm diameter circular aperture and
closed at the top by a glass window. The upper compartment holds the electronic part consisting of a
miniature 2 megapixel digital camera and a LED used as a light source. The aspiration chamber is
connected to a programmable syringe pump that can generate a negative pressure (measured by a
manometer) which deforms the tissues on which LASTIC is laid on. This deformation is imaged by
the camera via a 45° inclined mirror which provides a view of the tissue from the side. The height of
the tissue deformation is segmented on the recorded image. Measuring the deformation height
corresponding to several steps of increasing negative pressures can give an estimation of the
behavior of the tissues. Like for the indentation experiment (figure 2), the deformation/pressure
measurements are then processed through an inverse Finite Element analysis to estimate the tissues

constitutive laws.
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Figure 3a : Principle of the in vivo aspiration method

Figure 3b: LASTIC’s two compartments. The lower part is the aspiration chamber with the mirror and the

upper part contains the camera that images the deformation (Schiavone et al., 2010)

To be able to improve the planning of the outcome of an aesthetic or maxillo-facial surgery, it is
necessary to estimate the stiffness of the facial soft tissues in several places. Four locations with
presumably different tissue thicknesses and different amounts of fat and muscle were consequently
chosen: the cheek, the cheekbone, the forehead, and the lower lip. To study the possible variations
between subjects, the stiffness estimation was performed on a group of 16 healthy subjects, eight
males and eight females, of different ages and body mass indexes. LASTIC was used to estimate the

stiffness of the soft tissues at these four locations for these 16 subjects (figure 4).
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Figure 4: Facial tissues equivalent Young moduli (kPa) measured at four locations (Luboz et al., 2014)

Significant intra-subject differences in tissue stiffness are highlighted by these estimations. They also
show important inter-subject variability for some locations even when mean stiffness values show no
statistical difference. This study stresses the importance of using a measurement device capable of

evaluating the patient specific tissue stiffness during an intervention.

The corresponding constitutive parameters can therefore be entered into our ANSYS environment to
simulate face deformations due to bone repositioning. With a dedicated Usermat functionality of
ANSYS, a transversely isotropic material was implemented to model muscle contraction (Nazari et
al., 2011a). The activation is accounted for by adding an active stress to the Cauchy stress in the
direction of fibers. An additional isochoric term is included in the strain energy function, to account
for lateral normal stiffness. Figure 5 illustrates such muscle action with the deformations induced by
the activation of the orbicularis oris peripheral muscle which is a sphincter muscle running around

the lips and responsible for lip protrusion (Nazari et al., 2011b ; Stavness et al., 2013)).



Figure 5: Face deformations due to the activation of the orbicularis oris peripheral muscle

4. CONCLUSION

This chapter aimed at illustrating the design of a patient-specific Finite Element model of soft tissues
in a concrete clinical context. The example of the assistance of orthognathic surgery was chosen with
the use of a biomechanical model of facial soft tissues including skin layers and muscular structures.
The idea is to use such a model to predict the aesthetic and functional consequences of maxillary and
mandible bone repositioning.

The chapter has focused on the two main difficulties in elaborating such a model, namely (1) how to
generate structured patient-specific FE models in a time scale that remains compatible with the
clinical constraints and (2) how to calibrate the mechanical parameters associated to these models.
Ex vivo and in vivo calibrations were addressed as concerns face tissues.

However, if the constitutive laws based on such calibration processes are important, it should be
acknowledged that this importance is relative if boundary conditions are not sufficiently accurately
taken into account. Indeed, as was shown in Chabanas et al. (2004), changes in such boundary
conditions (the displacements imposed to some nodes attached to the bony surfaces in our case) can
have a much larger influence than any changes in the constitutive behaviors of facial soft tissues.

This point is consistent with the recent observations of Wittek et al. (2009) who mentioned, in the



case of a brain FE model deformed by nodes’ imposed displacements, the “unimportance of

constitutive models in computing brain deformation for image-guided surgery”.
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