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ABSTRACT. Hip fractures are largely considered as a major health-care problem. Several patient-
specific finite element models of the isolated femur are proposed to evaluate fracture risk.
However, because of their role in femur stress distribution, soft tissue covering the hip should
also be considered. Such modeling is particularly complex and major difficulties are related to
volumic muscle mesh generation, to specific muscles constitutive equations and numerous
contacts within the structure. A method was based on deformation of a parameterized muscle
mesh was proposed to get rapidly a patient-specific non distorted mesh. Based in this mesh,
finite element model included bones and soft tissues, with surface contact elements between
components. Hyperelastic constitutive equations, with hypothesis of incompressibility and
isotropy were used to model soft tissue mechanical behavior. Preliminary simulation with quasi-
static lateral compression was performed to verify the coherence of the model’s response.

RESUME. Les fractures de |’extrémité supérieure du fémur représentent un probleme de santé
publique. Plusieurs modeles personnalisés du fémur proximal sont proposés dans la
littérature. Cependant, les tissus mous recouvrant la hanche doivent étre considérés du fait de
leur réle dans la distribution des contraintes dans le fémur. De tels modéles sont complexes et
les difficultés concernent le maillage des muscles, la détermination d’équations constitutives
pour les tissus mous et la gestion de nombreux contacts. Une méthode s’ appuyant sur une
déformation d’un maillage paramétré du muscle est proposée afin d’obtenir rapidement un
maillage non distordu des muscles considérés. Le modéle intégre ainsi les structures osseuses
et les tissus mous avec une gestion des surfaces de contact entre les composants. Les lois
matériaux utilisées pour les tissus mous sont de type hyperélastique incompressible isotrope.
La premiere évaluation de ce modeéle, soumis a une compression latérale en quasi-statique, a
permis de veérifier la cohérence du comportement du modéle.
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1. Introduction

According to World Health Organization, osteoporosis is a disease involving a
diminution of bone mass associated to a deterioration of bone micro-architecture,
leading to an increase of the fracture risk. Osteoporotic fracture of the proximal femur
is a major health problem over the world: about 20% of fractured subject die during
the first year following its fracture and only 40% of patients recover a total autonomy
two years after (Dreux et al., 2001). The cost of osteoporosis (30 billions euros during
the year 2000 in Europe alone) is expected to double until 2050 (International
Osteoporosis Foundation, 2004), and considering the high cost of any preventive
strategy, the accurate identification of patients with a high fracture risk is essential.

Currently, bone density measurement with a Dual Xray Absorptiometry (DXA) is
the clinical standard protocol for diagnosis and prevention of osteoporosis. However
this exam does not enable to identify all patients who will undergo a hip fracture (De
Laet et al., 1997; Schuit et al., 2004). Indeed, this measurement refers to bone material
whereas femur geometry has also its own importance as for any mechanical structure.

While finite element model is widely used to analyze mechanical structure, the
complexity of human structures and their variability make difficult their application in
clinical routine. However, such modeling is efficient to study bone fracture such as
osteoporotic fracture. Indeed, a finite element model takes account for material
characteristics and specific geometry of the structure. Using finite element models of
the proximal femur, it is possible to consider the material and the specific geometry of
the femur for each patient and to evaluate the fracture load of the isolated structure
(Cody et al., 2000; Duchemin et al., 2007b; Keyak et al., 1998). Majority of hip
fracture result of a fall of the subject but only 1% of fall cause hip fracture (Cummings
et al., 1994). The fall from standing height is associated with an energy from 40 to 500
J (Hayes et al., 1993). This amount of energy is about ten times the energy needed to
fracture the proximal femur emphasizing the importance of the presence of soft tissue
over the hip (Bouxsein et al., 2007; Lotz et al., 1990). However patient-specific
dynamic model of the hip including bone and soft tissue is extremely complex.

Even when considering at a first step quasi-static muscular model, major
difficulties concern volumic muscle meshing from medical images and the definition
of an appropriate constitutive equation muscle mechanical behavior. Usually, muscle
volume and its associated mesh are generated from manual contouring on many
medical images (CT-scan or, IRM), but this process is long and tedious (Behr ef al.,
2006; Blemker et al., 2006; Jaegers et al., 1992; van Donkelaar et al., 1996).

Thus, the goal of this present study is to propose a patient-specific finite element
model of the hip including soft tissues and bones. First, a method is proposed to generate
a non distorted volumic mesh of muscles from CT-scan acquisitions. This mesh was the
base for a finite element model that differentiated pelvic bone, proximal femur, glutei
muscles and subcutaneous fat. Then a preliminary evaluation with quasi-static lateral
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compression was performed to establish the feasibility of an evaluation of potentials risk
factors for hip fracture associated with soft tissue using a patient-specific modeling.

2. Material and Method

CT scan axial acquisitions covering the pelvis and hip joint were used in this study
to obtain the geometry of bone and soft tissue structures. Slice thickness was 5 mm with
an inter-slices gap of 5 mm. The reconstruction diameter was 460 mm, corresponding
to a pixel resolution of 0.90 by 0.90 mm?. Ten subjects were considered (5 males and
5 females, age range 25-77 years old, Body mass index range 19.8-35.9 kg.m™) and
were meshed. A simulation of a quasi-static lateral compression was performed on one
representative subject. This subject was a female, 37 years old and a body mass index
equal to 19.8 Kg.m™2. The protocol was approved by the ethical committee of our
institution and the subject gave their informed written consent before participation.

Patient-specific modeling and mesh must take into account for large inter-individual
variation of anatomical structures geometries. For that, the Laboratory of Biomechanics
of ENSAM have developed methods of generation of anatomical structures meshes
based on a definition of a parametric mesh (Duchemin et al., 2007b; Lavaste et al.,
1992). This mesh was constructed from geometric primitives adapted to represent the
considered anatomical structure. Then the parametric mesh was deformed to fit
geometric data collected on medical images to obtain a patient-specific mesh. Specific
method for muscles geometry and muscles mesh generation is detailed hereafter.

2.1. Bone

Because pelvis was only considered as the support for muscle’s insertions and
femoral head reception, it was modeled as a rigid body. Pelvic mesh was generated
from CT-scan images with shell elements and based on a three dimensional
reconstruction of bone obtained by segmentation of bone on CT-scan slices using a
threshold of 150 Hounsfield units. A generic mesh was deformed to fit these
segmented data (Besnault et al., 1999; Lafage et al., 2001).

Femur was semi-automatically segmented on CT-scan axial slices. The volumic
hexahedral mesh of the proximal femur from this segmented volume data was
generated using a generic definition of the mesh. The mesh was constituted of
hexahedral linear isoparametric elements and was deformed by projection of the
border nodes on the isosurface defining by the segmented data according to the
method used by Duchemin et al. (Duchemin et al., 2007b). For a first estimation of
muscle and soft tissue effect, the cortical bone was represented by one layer of
elements and thickness profile was fixed to the mean repartition of cortical bone
determined from the analysis of CT-scan data on forty femurs of a previous study
(Duchemin et al., 2007b).
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Bone material was considered linear and isotropic for cortical bone as well as for
spongious bone (Couteau et al., 1998). Young modulus and Poisson’s ratios were
detailed in Table 1.

2.2. Soft tissue

2.2.1. Geometry and mesh

Muscles that contribute to energy absorption were included in the model, i.e.
gluteus maximus, medius and minimus muscles (Figure 1). They were differentiated
in the 3D mesh constructed with a method based on a predefined parametric mesh.
This parametric mesh was generated from muscle contour on a reduced number of
slices (6 contours for gluteus maximus muscle and 4 contours for gluteus medius and
gluteus minimus muscles). The digitized contour was modeled as a geometric
primitive: an ellipse whose center corresponded to the barycenter of the contour,
ellipse’s orientation on image was determined with the local inertial frame of
muscular contour and axes length from contour dimensions. A spline interpolation
of these descriptive ellipse parameters was realized along the direction of CT-scan
acquisition. In this way, an ellipse was constructed for each image of the acquisition
between the first and the last slices where the muscle was present. The number of
ellipse generated was roughly from 30 to 45 depends on muscle.

e Minimus gluteus muscle

mm Medius gluteus muscle

Maximus gluteus muscle

Pelvic contour from segmentation

Figure 1. Glutei muscles contours on CT-scan axial slices and pelvic contour from
segmentation

To construct the 3D parametric mesh, a 2D square mesh of 16 elements with
20 border nodes was associated with each ellipse modeled. Then, planar meshes were
connected together to generate the parametric hexahedral mesh of muscle.

Finally, the parametric mesh was deformed with a non linear transformation
function defining by points on muscle contours and their corresponding border nodes
(Lafage et al., 2001; Trochu, 1993). Applying this transformation function on the
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whole mesh, hexahedral mesh fit to digitalized muscle contours on the reduced
number of slices at the end of the process. Muscle elements were linear and
isoparametric with mixed pressure/displacement formulation. Once all muscle meshes
were realized, an algorithm was applied to rectify interface of contacts between
model’s components. Nodes, which were detected within the external neighboring
mesh, were retro-projected on the surface of this muscle in order to obtain adjusted
contact surface between muscles and between muscles and bones (Figure 2).

Gluteus medius muscle
urface before rectification

Subcutaneous fat

Gluteus maximus
Gluteus medius
Gluteus minimus

Pelvis

Retroprojection of
nodes

Figure 2. Nodes which were detected inside the external component mesh were
retroprojected on the surface. In this example, nodes of gluteus medius muscle in
penetration were projected on the surface of gluteus maximus muscle

The skin was automatically segmented on CT-scan axial slices. From these data, a
surfacic mesh with three nodes shell was generated. The thickness was fixed to 1 mm
(Diridollou et al., 2000; Hendriks et al., 2003). Shell elements had only membrane
stiffness with three degrees of freedom in translation at each node.

In order to generate subcutaneous fat mesh, the convex hull of the bone and muscle
meshes was computed. Hexahedral mesh was realized by horizontal projection of the
skin’s nodes on the convex hull. Five element layers were generated by linear
interpolation between skin’s nodes and their projection. The internal nodes were
smoothed with a discret laplacian filter to obtain a regular mesh with minimal
distortion of the element and acceptable aspect ratio. Fat elements were linear and
isoparametric with mixed pressure/displacement formulation.

Finally, tendons were added manually on distal extremities of the three glutei
muscles. They were modeled with slack cable element, with only a tension action (no
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stiffness in compression). Tendon insertions on proximal femur were established
under anatomical considerations.

2.2.2. Material properties

Mechanical behavior of soft tissue was considered isotropic, hyperelastic and
quasi-incompressible. A Mooney-Rivlin constitutive material law was used. The strain
energy function is formulated as follow:

W = Cio(11-3)+Cpi (12-3)+0.5*K*(J2-1) (1]

I; and I, are the invariants of the right Cauchy deformation tensor. K is the bulk
modulus and the last term of Mooney-Rivlin constitutive material law ensure the quasi
incompressibility of the material with J the third invariant of the deformation tensor that
represents the volume change. The value of material constants were determined from
compression test by Untaroiu ef /. on human muscle and fat samples (Untaroiu et al.,
2005). Material constants of the Mooney-Rivlin law are detailed for muscle tissue and
subcutaneous fat in Table 1. Skin was considered linear and isotropic and its young
modulus and Poisson’s ratio are specified in Table 1. Tendon material was also supposed
to be linear and isotropic, Young modulus and Poisson’s ratio are specified in Table 1.

Table 1. Material properties: Young modulus and Poisson’s ratio for elastic
material, coefficient and bulk modulus of the Mooney-Rivlin constitutive law used
for muscle and subcutaneous fat

Elastic Material Hyperelastic Mooney-Rivlin
Tissue Young Modulus Poisson’s ratio Cio Cos K
(Gpa) (kPa) (kPa) (Mpa)

Cortical femur 17 000 03
bone
Spongious
femoral bone 900 0.3
Muscle 0,12 0,25 20
Subcutaneus 0,19 028 20
fat
Skin 1 0,45
Tendon 12 0,3

2.3. Simulation
Meshes were generated with specific application developed on Matlab V7.0.4 SP2
software. Then meshes were transferred on Ansys V11.0 application for simulation.

First, mesh quality was analyzed. Criteria of aspect ratio, Jacobian ratio, warping
factor, parallel deviation ands maximal angle corner were analyzed for all elements.




Patient-specific FEM of the hip 123

Tied contact were defined between femoral head and the cotyle, between iliac crest
and each gluteus muscle, between gluteus medius and gluteus minimus muscles, between
gluteus maximums muscle and subcutaneous fat and between gluteus medius muscle and
subcutaneous fat. Sliding contact, without friction, was defined between glutei muscles
and femur, between subcutaneous fat and femur and finally between gluteus maximus
muscle and gluteus medius muscle. All those contacts were represented using node to
surface contact elements and defined symmetrically An augmented Lagrangian contact
algorithm was used (an iterative series of penalty method).

In order to reduce the computer time, only the left-half of the mesh was
considered. The pelvis was embedded and symmetry conditions were applied to the
node of subcutaneous fat mesh located in the symmetry plane. Nodes on upper and
lower surfaces of the subcutaneous fat were fixed to zero in vertical direction. For the
lower extremity of the three glutei muscles, vertical degree of freedom of each node
was coupled to avoid local distortion of the mesh during loading (Figure 3).

A rigid plate was created on the side of the model, close to the most lateral node of
the skin and parallel to the symmetry plane of the model. This rigid plate can only move
in direction along its normal. A sliding contact between the skin and the rigid plate was
defined with a coefficient of friction equal to 0.2 with a Coulomb friction model.
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Figure 3. Boundary conditions applied on the mesh

The volume of each glufeus muscle, the horizontal distance between great
trochanter and the rigid plate and the thickness of soft tissue thickness covering the
great trochanter were also calculated for the mesh. The goal of the preliminary
simulation was to verify the coherence of the model response. A distributed load of 25
N was applied to the most lateral surface of the rigid plate to simulate a lateral
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compression of soft tissue. So, the displacement of the rigid plate and the maximal
hydrostatic pressure within soft tissue were analyzed after the simulation on order to
evaluate the soft tissue deformation. The maximal Von Mises stress within proximal
femur was computed (Duchemin ef al., 2007a; Duchemin ef al., 2007b).

3. Results

The patient-specific model of the hip with soft tissue was generated for the ten
patients and it was composed of 29 502 to 36 559 elements with 16 352 to 27 531
nodes. For the ten models, all the elements respect quality criteria after the automatic
mesh procedure.

In this methodological paper, we focused the results analysis on the representative
subject. The volume of the three glutei muscles, the thickness of soft tissue covering
the hip and the distance from rigid plate to great trochanter in the initial configuration
are detailed in Table 2.

Table 2. Simulation’s results: muscle volumes, soft tissue thickness covering the
great trochanter, horizontal distance between great trochanter and the rigid plate
were calculated from the mesh. At the end of simulation, rigid plate displacement,
maximal hydrostatic pressure within soft tissue and maximal Von Mises stress
within proximal femur were assessed

Gluteus maximus 474
Muscle volume

3 Gluteus medius 276
(em’) Gluteus minimus 82
Soft tissue thickness 358
(mm)
Distance great trochanter to rigid plate
40.3
(mm)
Rigid pl ispl
igid plate displacement 33.2
(mm)
Max. hydrostatic pressure 9.3
(kPa) ’
Max. von Mises stress within femur 366

(kPa)

Soft tissues thickness covering the hip was 35.8 mm and the rigid plate was
initially located at 40.3 mm for the great trochanter. Maximal Von Mises stress was
equal to 366 kPa and was localized in the cortical bone of the femoral neck near the
junction with femoral head. The maximal hydrostatic pressure was localized within
subcutaneous fat, at the interface with the great trochanter of the femur. Its value was
9.3 kPa. The Figure 2 illustrates the deformed shape of the model with a load of 25 N
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distributed on the external face of the rigid plate. The Von Mises stress distribution in
the proximal femur is presented on the Figure 4.

a) Displacement b) Von Mises stress
(mm) (kPa)
m m
— e =
= 13.5 187.5
= T = 250
:| = 312.5
- :35 = o
- . El 437.5
[ | ' 500

36

Figure 4. Results: a) Vector norm of translation in deformed station frontal cut view
b) repartition of Von Mises stress within proximal femur

5. Discussion

The first difficulty when considering musculoskeletal finite element model is the
generation of soft tissue reconstruction and mesh. Indeed, muscle segmentation is
more difficult than bone segmentation since distinction between individual muscles is
often difficult or impossible to assess, making automatic contour detection unsuitable.
Therefore, muscle geometry is usually obtained with a manual contouring on axial
slices (Jaegers et al., 1992). However, manual muscle contouring is time consuming
and limits the number of subject to only one model (Behr et al., 2006; Blemker ef al.,
2005; Blemker et al., 2006). The method developed to generate muscles meshes
reduce the time of process, comparing to muscular models obtained from systematic
manual contouring on each images (Behr et al., 2006; Blemker et al., 2005; Ejima et
al., 2005). An evaluation of volume difference between the two methods was
previously performed and results have shown a good agreement (Jolivet et al., 2006).
Thus this patient-specific finite element model of the hip is the first model which
includes soft tissue composed of glutei muscles and subcutaneous fat.

Although this patient-specific model considers muscles and subcutaneous fat, several
limitations had to be dealt with. First, in the context of osteoporotic hip fracture, cortical
thickness repartition and bone material properties are determinant (Silva, 2007). In this
study, cortical thickness was not personalized because the major aim was to assess the
soft tissue effect on femur stress distribution apart from the changes in bone material
properties. However, cortical thickness and bone materials properties can be extracted
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from CT-scan images and integrated into the femur model (Duchemin et al., 2007b;
Majumder et al., 2007). Although bone tissue was known to show a high degree of
anisotropy associated with a non linear relation between stress and strain, models
considering isotropic material bone could be sufficient to represent the mechanical
response of the proximal femur (Couteau ef al., 1998; Lengsfeld et al., 1998). Thus, Von
Mises stress, in combination with ultimate stress derived from CT-scan data, could be
employed as failure criterion assuming that fracture occurs with damage accumulations
and considering the expand of contiguous failure elements (Duchemin et al., 2007b).

Secondly, the formulation of constitutive material law for muscle and fat tissue is
limited to the availability of experimental data. Untaroiu et al. determined the value of
Mooney Rivlin coefficients with unconfined compression on cadaveric samples in-
vitro (Untaroiu et al., 2005). Soft tissue material was assumed to be isotropic. This
hypothesis is consistent for fat tissue whereas fiber architecture within muscle
introduces anisotropy of the mechanical behavior of muscle tissue. However, in case
of compression transversally to fiber orientation, the hypothesis of isotropic can be
assumed (Untaroiu ef al., 2005; Weiss et al., 1996).

Third, boundary conditions were essentials to consider in this body segment model.
To preserve to confinement of soft tissue and because this simulation was realized in
quasi-static state, displacement of soft tissue was restrained in vertical direction.
Relative muscles and fat movement was arbitrary tied or sliding without friction under
anatomical consideration. Fascias and aponeurosis, which divide into compartments
soft tissue and muscle of the hip could be implemented in future developments

Another limitation regards the muscle tonicity which was not included in this
model whereas muscle activity modifies the apparent stiffness of muscle tissue and
causes an increase in the rigidity of the trunk, the pelvis and lower limbs. Muscular
contraction was reported to increase and even double the peak force transmitted to
femur (Robinovitch ef al, 1991). In the current study, muscles were meshed
independently in the model in order to allow for future developments towards
modeling of muscle activation through fiber insertion and contraction and an adapted
constitutive law with the active state of muscle could be implemented provided the
fiber direction was determined for muscles (Blemker et al., 2006; Johansson et al.,
2000; Jolivet et al., 2001; Teran ef al., 2005).

Despite those limitations and even if the simulation of soft tissue lateral
compression was realized in quasi-static state, results permitted to verify qualitatively
the coherence of the model in the context of hip fracture due to a fall of the subject.
Localization of the maximal stress within femur in the femoral neck was in agreement
with clinical observations on hip fracture location (Marks ez al., 2003). Moreover, The
localization of the maximal hydrostatic pressure in soft tissue corresponded to the
localization a subcutaneous hematoma systematically observed on the great trochanter
on patient suffering hip fracture resulting from a fall (Parkkari ef al., 1999).

At this time, only one study focused on the influence of soft tissue covering the hip
on stress distribution within the proximal femur during the impact phase with a finite
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element model (Majumder et al., 2007).This model considered only one subject with
no distinction between fat and muscle and no separation of muscles between each
other which makes difficult to analyze the role of each muscle in future evolutions to
take into account muscle activation during impact.

In conclusion, an original methodology was presented to generate patient-specific
finite element model. The feasibility of the approach was confirmed and preliminary
evaluation demonstrated the potential clinical relevance of such a modeling. The
patient-specific modeling of the hip included muscles and subcutaneous fat. This
approach could be useful to biomechanical analysis for exploring potential risk factors
associated with soft tissue in hip fracture risk.
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