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ABSTRACT

Faithful modeling of the femur accounting for bone distribution and material orthotropic
behavior is presented. In this study, a biofidel femur Finite Element Model (FEM) has been
developed from Computerized Tomography (CT) scans using a specific combination of
software’s to correctly represent bone physiology and structural behavior. Proper
identification of trabecular bone arrangement and distribution in the proximal diaphysis
enabled modeling and definition of material properties. The faithful femur model proposed
allows us to correctly account for non-isotropic properties to the proximal end explaining the
critical structural role played by trabecular bone that should be taken into account in the

design of a new innovative prosthetic system.
Keywords: Trabecular Bone, Biomimetic, Biomechanics, Prostheses.

1. INTRODUCTION

The human femur shows a high capacity to withstand external stresses and it is due to
the mass distribution, morphology, and orthotropic behaviors of trabecular and cortical bone.

Faithful modeling of the femur accounting for bone distribution and material orthotropic
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behavior is presented. The use of biofidel model is aimed to develop an “in silico” tool that

could enable the valuation of biomechanics modification induced by the alteration of the

structural and morphological characteristics in prothesized bones.

Moreover, a faithful model assists us in the development of new design criteria for
innovative prosthetic systems that, following the isostatic loading lines, could restore the
physiological and natural stress and strains distribution. In this study, a biofidel femur Finite
Element Model (FEM) has been developed from Computerized Tomography (CT) scans
using a specific combination of software’s to correctly represent bone physiology and
structural behavior. Proper identification of trabecular bone arrangement and distribution in

the proximal diaphysis enabled modeling and definition of material properties.

The faithful femur model proposed allows us to correctly account for non-isotropic
properties to the proximal end explaining the critical structural role played by trabecular bone
that should be taken into account in the design of a new innovative prosthetic system.

The human femur has been recognized to present a specific interior structure that is
characterized by a high capacity to withstand external stresses while optimizing bone mass
distribution and morphology to achieve this performance (Ashman et al., 1984; Dalstyra et
al., 1993). This highly efficient structural behavior is due to the orthotropic behaviors of
trabecular and cortical bone (Gottesman & Hashin, 1980; Oh & Harris, 1976).

The progressive physiological bone loss occurring at older age, which reduces bone
toughness and capability to dissipate energy transmitted by a shock event, is the cause of
aged people femur fracture. Internal structure of the femur proximal end defined by the Ward
triangle is the anatomical region where the osteoporotic phenomenon alters the structural
equilibrium increasing the possibility of femur neck fracture (Ashman & Rho, 1988;
Burnstein et al., 1976; Carter & Hayes, 1977).

The necessity of predicting the structural modification induced by the alteration of the
structural and morphological characteristic of the bone needs the development of faithful
modeling of the femur accounting for bone distribution and material orthotropic behavior.
This faithful model could enable us to design new prosthetic systems that restore the
physiological and natural stress and strains distribution (Apicella et al., 2010: Gramanzini et
al., 2016; Perillo et al., 2010, Rohlmann et al., 1982; Sorrentino et al., 2009; 2007).
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A femur FEM model has been reconstructed here to correctly represent its structural
behavior by modeling trabecular bone organization in the proximal end (femur head) and by
defining for it material properties that are transversally isotropic. A comparison between femur
model proposed and a model that allows isotropic properties to the proximal end makes evident
that the first model explains structural role played by trabecular bone, defining, at the same way, a
critical region in the femur neck (Abu-Lebdeh et al., 2019; Ashman et al., 1984; Dalstyra et al.,
1993; Gottesman & Hashin, 1980; Oh & Harris, 1976; Ashman & Rho, 1988; Burnstein et
al., 1976; Carter and Hayes, 1977; Apicella et al., 2002, 2010, 2018a-c: Duan et al., 2019;
Gramanzini et al., 2016; Perillo et al., 2010; Rohlmann et al., 1982; Sorrentino et al., 2009,
2007; Aversa et al., 2019, 2018a-b, 2017 a-f, 2016 a-o, 2009; Crickmore, 1997; Donald,
2003; Goodall, 2003; Graham, 2002; Jenkins, 2001; Landis & Dennis, 2005; Petrescu &
Petrescu, 2011-2012, 2013 a-c, 2014 a-c, 2015 a-c, 2016 a-b, 2017, 2019 a-d; Petrescu et al.,
2018 a-0; 2017 a-u; Petrescu, 2019 a-n; Colvin, 2004; de Silva et al., 2006; Granato et al.,
1994; Beaupre & Hayes, 1985; Reilly & Burstein, 1974; Reilly & Burnestain, 1975;
Kaebernick et al., 2002; Mangun & Thurston, 2002; Murayama & Shu, 2001; Nazzaro, 1992;
Kummer, 1986; Pliny & Elder, 1952; Tamburrino et al., 2018; Rogers-Hayden & Pidgeon,
2007).

2. MATERIALS AND METHODS

Medical Image Segmentation for Engineering application have been derived using the
Mimics software (Materialise, Belgium) for processing patient medical image coming from
CT. As reported in Figure 1, processing of CT resulted in a highly accurate 3D model of the

patient pelvis anatomy.

This patient-specific model has been processed to develop new prosthetic engineering
applications through a combined use of Mimics and 3-Matic (Materialise, Belgium)

software’s.

Namely, 3D solid and Finite Element Models (FEM) have been developed to simulate
the external and internal morphology of the femur and other complex bone structures
accounting for the orientation and densities of the head trabecular systems (Aversa et al.,
2009; Apicella et al., 2010; Beaupre & Hayes, 1985; Reilly & Burstein, 1974; Reilly &
Burnestain, 1975). The procedure is illustrated in the Figures from 2 to 5. The external

geometry of femur has been reconstructed by generating a three-dimensional volume that
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interpolates the CT scans (Figure 2).
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The results were then imported in the 3Matic software for surface and solid meshing

optimization as indicated in Figure 3.

Internal modeling of the entire femur has been realized by defining three-dimensional

internal tethraedric meshing distribution and size optimization (Figure 4).

v

Figure”é":u‘ é‘:l'“ské‘émentations and Biofidel 3D solid modelling: Transverse (upper right),
medial (upper left), frontal (lower left) and bone solid reconstruction of a patient femur
(lower right)
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Figure 3:mI5reIiminary triangle surface meshing optimization of the biofidel patient femur
model
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Figure 4: Tethraedric 3D solid meshing optimization of the biofidel patient femur model
(detail of the proximal end)
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Figure 5: Material properties definition associated to the patient femur cortical and trabecular
bone densities (left) and material properties assignation to HU bone densities (right)
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The solid mesh elements have been successively associated to the bone densities
measured according to the Hounsfield (HU) scale, which quantify the linear attenuation
coefficients of X-rays in the tissues, and then assigned to the FEM model by the Mimics

software (Figure 5).

ULLULUL U RUUL UL Ul (

162.108

Figure 6: Material properties definition according to Hounsfield scale associated to the
patient femur cortical and trabecular bone densities: Medial (upper left), Transverse (upper
right) and Frontal (lower right) sections and 3D solid sectioned femur FEM

The evaluation of mechanical properties has been done considering the trabecular
bone characteristics. The systems have been considered as transversally isotropic materials,
with elastic and shear modulus expressed in terms of values of cortical bone and the values of
elastic and shear modulus have been then evaluated multiplying those of cortical bone for the
porosity defined for each tethraedric element by the Hounsfield (HU) densities scale. In this
scale, the fat is worth about -110, the muscle about 40, the trabecular bone is in the range
between 100 and 300 and the cortical bone extends beyond the trabecular bone values up to
about 2000.

By operating on the internal structure and bone trabecular morphology, which
represents the oriented trabecular system of proximal end, the solid mesh elements
representing the trabecular-oriented material properties have been assigned (Figure 6) and the

isotropic mechanical properties calculated as indicated in Table from the Figure 12.

At each tethraedric mesh element has been assigned by the software a color
corresponding, according to the color property map reported in Table 1, to a specific

mechanical isotropic mechanical property defined by the Hounsfield (HU) scale.
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2.1.  Orthotropic Mechanical Properties Computation

The morphology of the porosity characterizing trabecular bone structure is related to
the kind of state stress acting on the system. The different typology of trabecular bone

porosity has made evident by the femur head internal structure (Figure 7).
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Figure 7: Stress state and morphology in the femur proximal epiphysis cortical and trabecular
bone

The clear orientation of trabecular system observed in the lower left of Figure 6,
which is observed in the area of the epiphysis subjected to tensile stresses, implicates that the
tensile stress state is oriented in that direction; the absence of any directionality (namely a
spherical morphology) indicates the absence of trabecular orientation that occurs in the
volumes where the stress state is compressive. From the mechanical properties stand point of
view, it can be inferred that the oriented trabecular volumes are characterized by orthotropic

material properties while non-oriented ones show an isotropic material behavior.

Figure 8: Kummer iso-tension lines (1986) mechanistic model and trabecular bone densities
and orientations in a sectioned femur head
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A mechanistic model of the hip proximal epiphysis has been proposed by Kummer
(1986), which is related to the presence of isostatic lines characterizing the oriented
trabecular systems, is reported in Figure 8. These morphological differences are better
appreciated by comparing trabecular bone of oriented and non-oriented regions (Figure 7 and
8).

The previously CT computed values of bone densities have been then related to the
isostatic lines of cortical and trabecular bone assigning to each tethraedric mesh element
an orientation according to the stress isolines directions. This work defines a FEM model
of human femur that could simulate geometrically the bone orthotropicity. The 3D solid
and meshed FEM models have been exported in Solidworks software (Dassault Systémes
SolidWorks Corp.) to run the structural evaluations under specific biological loading

conditions.
2.2. FEM Analysis: Isotropic and Orthotropic Models

On the basis of 3D models two different material mechanical properties distribution

have been developed and compared.

The first case considers the isotropic distribution of the mechanical properties over the
entire femur while the second one assigns orthotropic mechanical properties to the proximal

diaphysis (femur head).
2.2.1. Biometric Analysis

Before running the structural analysis it is necessary to define the personal
characteristic biometric parameters of the patient femur-hip system. For this analysis was

used the 3Matic software to:
e |dentify the loading axis;

o |dentify the center of the femoral head ball (creating a sphere that mediates the surface

selected);
e Define the center of the joint epicondyle and mechanical axis of rotation of the knee.
The following parameters.

Once the biometric parameters have been identified, before the structural analysis it is

necessary to define physiological loads and constrains.
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2.2.2. Loads and Constrains

The force equilibrium condition in the monopodalic posture has been considered as a

limiting loading condition.

This condition consists in the hip rotation equilibrium around the center of hip joint. It
has been assumed that, in equilibrium, the sum of moment of body weight force and of
gluteus muscular force is zero. It has been considered the patient body weight of 100 Kg, a
gluteus muscular force applied to the great trochanter of 1800 N and a joint reaction force of
2740 N, which have been calculated from the equilibrium monopodalic equilibrium posture

using the biometric parameters reported in Figure 9.

The equilibrium condition has been applied in the frontal plane, that is the plane
defined by the mechanical axis and the hip joint center. Gluteus reaction force has been
uniformly spread over 100 nodes of great trochanter region, while joint reaction force has
been allocated on 50 nodes of the head (as indicated in the upper left of Figure 10).

Figure 9: Biometric analysis: Mechanical axis of the femur, Angle of the femoral neck
(143.40°), Divergence of the neck axis with the axis of epicondyles (36.65°)
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Figure 10: Equivalent Von Mises strains in the proximal diaphysis for orthotropic (upper) and
isotropic (lower) trabecular bone properties. Red lines: Potential pertrochanteric femur
fracture planes
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3. RESULTS AND DISCUSSION;

The study is aimed to define a procedure to biofidelly model the femur structural
behavior. Von Mises strain criterion has been used to compare and validate the two-
trabecular properties mechanical properties distributions. This energetic criterion can quantify
the capability of the bone to withstand high loads (Figure 10).

The orthotropic model realizes a more uniform strains distribution and better mimics

the action of the load on the diaphysis.

The different structural behavior of the two models is also made evident by the Von
Mises distribution of the strains, which are diverse at the back and frontal bone. Posteriorly,
the strain distribution suggests the presence of flexure stress state, with maximum stress and
strain distributed at the anatomical neck and great trochanter regions (upper part of Figure
10).

Furthermore, the orthotropic trabecular distribution is characterized by highest values
of the strain distribution and energy at the femur of neck region; in this way, a more
deformable region is detected in the anatomical region where the occurrence of

pertrochanteric femur fractures are usually observed.

Figure 11: CT and fracture plane (red line) of a pertrochanteric femur fracture (left) compared
to the fracture plane and strain distribution evaluated from the biofidel Finite Element
Analysis for orthotropic distribution of the trabecular bone (right)

This area, named the Ward Triangle, is the region where the trabecular bone density
reaches its minimum and where the bone loss in aged people is higher. For this reason, the
probability to start a femur-neck fracture in this area is really high.
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The Finite Element model adopting an orthotropic distribution of the trabecular
mechanical properties is able to correctly predict the fracture behavior observed for these
pertrochanteric femur fractures as can be inferred from the CT scan reported in the right part
of Figure 11. In the right part of Figure 11, infact, the result of our analysis is overlying the
actual CT image.

The fracture plane observed for a real fracture coincides with the plane fracture

evaluated from the biofidel model developed in this study.

In the Figure 12 one can see a table with the isotropic mechanical properties assigned
to the trabecular and cortical bone:

Material editor

Color el E W
143. 672 80.7¥7156 0.3

328.532 457.489 0.3

513.392 1122.18 0.3

-698.252 2082.21 0.3
-883.111 3338.5 0.3

1067.97 4891.76 0.3
1252.83 6742.55 0.3
1437.69 B8891.35 0.3
1622.55 11338.6 0.3

1807.41 14084. 6 0.3

Figure 12: Isotropic mechanical properties assigned to the trabecular and cortical bone
4. CONCLUSIONS

A biofidel femur Finite Element Model has been developed from CT scans using
specific combination of software’s to correctly represent bone physiology and structural

behavior.

Proper identification of trabecular bone arrangement and distribution in the proximal
diaphysis enabled modeling and definition of material properties. The faithful femur model
proposed allows us to correctly account for non-isotropic properties to the proximal end
explaining the critical structural role played by trabecular bone that should be taken into

account in the design of new innovative prosthetic system.

The trabecular bone has been considered as a porous system, with a variable apparent
density.

By comparing the mechanical behaviour of the spongeous bone, which can be seen as
a trabecular bone without pores, the trabecular system, which has been modeled as differently
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oriented parts, was characterized as an orthotropic materials while not oriented ones has been

characterized as isotropic materials.

A comparison between a FEM analysis on this model and on the model that considers
the proximal end as an isotropic material shows that the orthotropic model simulates a more
realistic stress distribution in the bone because permits to simulate the structural role played

by the trabecular systems, detecting clearly a bone crisis region.

A method to correctly approach the femur/neck fracture and the femur/prosthesis
interface in a prosthesized bone have been than presented and it will be used in the design of
new prosthetic systems.
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