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SYNOPSIS

The bone mass reduction and the deterioration eftigsue micron-architecture lead to a
bigger fragility of the bone and to the consequeratease of the fracture risk. For this fact, it
is considered excellent the quantification of thasm density and the verification of its

influence in the bone resistance assessment. Th&req density is defined as the density
without fluid influence, being the effective demysiat that includes the marrow mass,
essentially fluid. This measurement is made throtighuse of a gray scale values on the
medical image in study. The values in Hounsfieldsuare determined, being this scale later
converted into measure of the bone density. Withrireasure an exponential relation will be
used allowing calculate the biomechanics propediggendence for cortical and trabecular
bone. With this work it is intended to assessmbrtdusceptible weak zones, for a human
femur with 70 years old, using the finite elemerdgthod through ANSYS® program. The

main objective is obtaining the stresses distringj using different values of bone density
and their relation with exponential laws for isqi@and orthotropic materials properties.

INTRODUCTION

The finite element method has been used in biormchatudies through the simulation of
some anatomical structures. Some authors have tordedicate their works in this area,
through numerical simulations of human femur ussajd models (Baca, 2008), (Taylor,
1996), for example. Also, in the experimental arbay have been published results from
(Bergmann, 2001), (Simdes, 2004). Some authors;gBa008), (Peng, 2006), have used
different numerical simulations with isotropic aondhotropic constituent models, for bone
tissues. The biomechanics properties depend ortstal aspects of the bone, its bone
geometry, but also on intrinsic properties of thatenial, between which, the bone density.
Particularly, the bone density keeps one strongrse/ relation with the risk of bone fracture
(Augat, 2006). The objective of this work is to guee one numerical femur model,
constituted of different cortical and trabeculaméeolayers, through the effective density
measurement under medical image. The study wildlidesloped with the previous medical
image treatment, gotten of one male femur with @8ry old. Pre-processing and treatment
techniques were used for the study of medical image femur model is converted into 3D
CAD format being later used in a biomechanics nuraesimulation. It is intended thus, to
present a methodology of scientific interest tHetves evaluating the different results that if
they get in function of bone density variation fam anatomical structure when different
materials properties were used.



METHODSAND MATERIALS

The determination of bone properties require afadyeanalysis through the medical image
study (Kourtis, 2008). The gray values of the cotepmed tomography (CT) show the
quantity of the absorbed radiation by the body artanalysis. More dense tissues absorb
more radiation than lesser dense, in X-rays forhis Type of colours and densities produce
the final medical image. For each medical imagelpizorresponds a medium value of tissues
absorbed in this zone, defined in Hounsfield uits)). The Hounsfield unit scale is a linear
transformation of the linear attenuation coeffitiemeasurement, following the expression
(Kourtis, 2008):

HU = 1000 isue ~ Hater (1)
luwater _luair
where .. is the linear attenuation value of the targetugsg.,,.. is the linear attenuation
coefficient for water angz,, is the linear attenuation coefficient for air (iggly assumed to

be 0). In the case of clinical medical image (GM§ gray scale values correspond to HU, and
equation 1 is not necessary (Kourtis, 2008).
There are some published values of Hounsfieldetabbbtained in DICOM medical images.

Table 1: Typical values of Hukeb page: //en.wikipedia.org

Substance HU

Implant >1000
Bone 400 a 1000
White material 46

Gray material 43

Blood 40

Muscle 10 a 40
Water 0

Fat -100 a -50
Air -1000

The studied male femur (M) has 70 years old. i isght femur with a body mass of 70kg.
Different numerical analyses were produced to campae final solution with different bone
density variation. For the global proximal femurdebin study, the ranges of the measured
HU were divided in different femur parts. Figureepresents different femur parts for tissue
analysis, using CAD 3D image and CT images. Thaesbbtained for each femur part were
presented in table 2.

Table 2: Measured medium values of HU in CT image.

Femur part (M) Cortical Bone Trabecular Bone
Head (Zs) 563-499

Neck (Zi1) 614-878 45-265

Body (Zi2) 1186-963

The value range could be compared with a typicderbane structure observed by (Alho,
1989). The cortical density of the femur head ssé when compared with the femur body
part density, as registered by (Alho, 1989).



Fig. 1 Femur parts and CT images.

The effective bone density was calculated with fillowing equation, obtained by linear
correlation, as reported in (Kourtis, 2008), (Ba2@08):

P =4.64x 10" xHU + . 2)
wherep represent the effective density in gfdiunction of measured HU value.

MECHANICAL PROPERTIES OF BONE

The bone is a nhon homogeneous structure consigsggntially, in two different types of
materials, cortical and trabecular. In numericanechanical simulation, the bone material
properties were assumed to be isotropic or ortpatrdor linear elastic. Different types of
material properties were used for both models:rapi¢ homogenous (IH), two isotropic
inhomogeneous (INH1 and INH2), orthotropic homogenqOH) and two orthotropic
inhomogeneous (ONH1 and ONH2). To consider the kmaysis, as a homogeneous or
inhomogeneous structure, different simulations wenade with different values of
mechanical properties through bone tissue. Theioak between bone and density are
obtained with exponential equations, as reported (Bsca, 2008), (Peng, 2006). The
following equations are used for isotropic boneperties:

E, = 20650°% @)
Et - 1904pl.64 (4)

where E is the elastic modulus for cortical or trabecuteme in MPa, function of bone
densityp in g/cnt. The Possoin coefficient was assumed equal 0r3arfig bone tissues
(Baca, 2008), (Peng, 2006), for isotropic bone proes.

In table 3, the properties of bone tissues for egotropic model were represented. The
values of these proprieties were obtained usingtsous 3 and 4 and registered values in
table 2. For trabecular bone the same value ofityanas considered.

Table 3: Bone isotropic properties.

Bone tissue Cortical Trabecular
Femur part p, glcn? E., MPa p,glcm E, MPa
IH Zs,Zil1,Zi2 | 1.39 5712.6
INH1 Z_s,Zil 1.29 4535.7
Zi2 1.49 7080.5 105 2062.6
Zs 1.25 4115.0
INH2 | zi1 1.32 4869.6
Zi2 1.49 7080.5
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The expressions used for an orthotropic bone nadtare referred by (Baca, 2008), (Peng,

2006):

By
Ey

Glz :57]102/10r2nax ;623: 71102/pf’nax G 31: 6'58)2/10r§ax

- E — 2314pl.57 ,E& = 206@3.09

2c

=E, =11570"" E, = 1904¢"%

V,,=0.4,v,,=v,= 0.2t
where E is the elastic modulus for cortical or trabecuteme in MPa, function of bone
densityp in g/cnt, G is the shear modulus in MPa ands Poisson ratio.
The orthotropic model was defined in the same waythe isotropic model, but using

expressions 5-8.
Tables 4, 5 and 6 represent the values for all fgratts considered, in the studied case.

Table 4: Bone orthotropic properties for OH model.

Bone tissug Cortical Trabecular
Femur part| p, g/cn? E., MPa p, glcm  E, MPa
E;=3880.6 E;=1262.0
E,=3880.6 E,=1262.0
E;=5712.6 E;=2062.6
G,=5.71 G=5.71
Zs,Zil1,Zi2 | 1.39 G=7.11 1.05 G=7.11
G31:6.58 G31:6.58
v1,=0.4 v1,=0.4
V23=0.25 V23=0.25
v3,=0.25 v3,=0.25
Table 5: Bone orthotropic properties for ONH1 model
Bone tissug Cortical Trabecular
Femur part| p, glcnm? E., MPa p,glcm®  E, MPa
E,=3451.4
E,=3451.4
E,=4535.7 E;=1262.0
_ G1=4.28 E,=1262.0
Zs,Zil 1.29 G,=5.33
G31=4.93 E;=2062.6
V12=0.4
V23=0.25 G12:5.7l
v3,=0.25 _
E,=4327.79 1.05 G=7.11
E,=4327.79 G3,=6.58
E;=7080.53
GlZ=5.7l V12:0-4
Zi2 1.49 gizg% V,=0.25
v12=0.4 V3:=0.25
V23=0.25
V31=0.25

()
(6)
(7)
(8)



Table 6: Bone orthotropic properties for ONH2 model
Bone tissug Cortical Trabecular
Femur part| p, g/cn? E., MPa p,glcm  E, MPa
E;=3284.8
E,=3284.8
Es=4115.0
G;=4.02
Zs 1.25 G23:5.00
G31:4.63 E1:12620
V12=O.4
V,3=0.25 E,=1262.0
V31=O.25
E,=3578.2 E;=2062.6
E,=3578.2
E;=4869.6 G1=5.71
G;=4.48
Zil 1.32 G,3=5.58 1.05 Gy=7.11
G31:5.16
V12=0-4 G31:6.58
V25=0.25
V31=O.25 V12:0-4
E,=4327.8
E,=4327.8 V23=0.25
E;=7080.5
G1,=5.71 v3;=0.25
Zi2 1.49 G=7.11
G31:6.58
V12=0.4
V,5=0.25
v3,=0.25

FINITE ELEMENT MODEL

A finite element mesh was created based on a gepmietained in STL format. This type of
format was obtained through an image processingyadein SCANIF program. With STL
format and using FEMAP program, a solid mesh was generated with differeasks to
simulate trabecular and cortical bone. The analgédimite element were made in ANSYS
program. Solid finite elements with six degreesreédom were used.

In figure 2 two meshes of finite elements are pme=sy one for cortical bone and other for
trabecular bone. A 3D and structural element fielement was choosing with 8 nodes and 3
degrees of freedom for each node.
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Fig. 2 Mesh used for cortical and trabecular boith @olid45.



The main goal of this work was to analysis the femhmeck when submitted to different
loading conditions. A joint reaction force was aeglin the femoral head simultaneously
with the influence of muscles forces. The principaiscle groups included in this work were
the abductors, the ilio-tibial tract and iliopso&sr the loading conditions, muscle and joint
reaction forces were included in the numerical nhodgoint reaction force of 1784N was
imposed in the femur-acetabulum contact systenb@irBthe transverse plane and at 12° in
the coronal plane (Bergmann, 2001), which for aerage mass of 70kg corresponds to 2.6
times body weight. The value of this load is acowgdthe activity of down stairs, as
suggested by (Bergmann, 2001), where a collectédigta were recorded and measured in
vivo. Muscles have the ability to absorb forces drsdribute load, stabilize the structure and
minimize the bending effort (Taylor, 1996). Where thone is loaded in bending, higher
stresses are generated and more bone mass ieretpiresist them. If the bone is submitted
to compression, lower stress levels and less bass ns required. In this study the muscles
loads considered were reported by (Taylor, 1996pld 7 shows the values of the analysed
load case.

Table 7: Loading condition imposed.

Load case Resultant, N
Joint reaction force (Bergmann, 2001) 1784
Abductors (Taylor, 1996) 1237
lliopsoas (Taylor, 1996) 771
llio-tibial tract (Taylor, 1996) 1200

Distal femur extremity was fixed, and axes bodyasallel to global z in finite elements,
according figure 2.

RESULTSAND DISCUSSION

Figure 3 represents the study of human femur usiegfinite element method. For results
calculation, two anatomical plans were consideredeu different bone tissue densities.
Horizontal plan (H) AMPL represents the zone of &idr, Medial, Posterior and Lateral
femur. The inclined plan (I), assigned for ADPPe]dmgs to the Anterior, Distal, Posterior

and Proximal zone femur.
Pr P
A D

p ADPPr (I)
L

AMPL (H)
o= R

Fig. 3 Planes for results analysis, femur righésid
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The results of equivalent stresses in (H) planeepeesented in figure 4. In the medial femur
part the stresses are more raised, being thatnfheemce of the mechanical properties if
reflects in the lateral femur zone. The orthotropiodel realizes a more uniform stress
distribution along (H) plane.
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Fig. 4 Equivalent stresses in cortical zone (H).

In relation to (I) plane, the result of the equerdl stresses are represented in figure 5. A
greater results influence exists when IH or OH ni®dee used. Similar results are obtained
with INH and ONH models.
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Fig. 5 Equivalent stresses in cortical zone (I).

Tables 8 and 9, represent the principal stressesn@gimum and S3 minimum stress value)
for each studied femur zone. Different results wabéained for each model used (IH/OH,

INH1/ONH1 and INH2/ONH2). Figures 6 and 7 show &welution in tensile or compressive

effect along each femur part in study.



Table 8: Principal stresses in horizontal plane (#ia.
A M P L
IH OH IH OH IH OH IH OH
S1 0.173 1.447 -1.881 -6.03P 2.999 0.1389 5.686 12.56
S3 -0.884  -1.494| -22.607 -19.762 -0.877 -0.661 81.3 -1.411
INHLI ONH1 | INH1 ONH1 | INH1 ONH1 | INH1 ONH1
S1 0.160 1.252 -1.779  -6.460 2.917 0.026 4,898 13.28
S3 -0.819 -1.576| -21.670 -185%59 -0.840 -0.744 24.2 -1.575
INH2Z ONH2 | INH2 ONH2 | INH2 ONH2 | INH2 ONH2
S1 0.159 1.291 -1.834  -6.90p 2.969 0.042 5.027 43.85
S3 -0.825 -1.626] -22.209 -19.3%6 -0.863 -0.7160 29.2 -1.573
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Fig. 6 Principal stresses in cortical zone (H)ismtropic and orthotropic model.

In table 8 or figure 6, a compressive state stiesaedial femur part is visible. The values
obtained with orthotropic model are lesser thanisb&opic model. Homogeneous model (IH
or OH) has different values in comparison with imogeneous models (INH or ONH).

Table 9: Principal stresses in inclined planeNipa.
A D P Pr

IH OH IH OH IH OH IH OH
S1 -0.194 -1.386] -0.703 -2.496 -0.006 5.010 1.8260.310
S3 -7.887 -4.042] -19.010 -21.834 -3.453 -8.443 00.2 -2.784
INHL ONH1 | INH1 ONH1 | INH1 ONH1 | INH1 ONH1
S1 1.903 9.949 -0.663  -3.330D 0.132 -3.132  13.354 .3283
S3 -0.784 0.762| -18.426 -21.273 -1.913 -4.060 1.51(.114
INHZ ONH2 | INH2 ONH2 | INH2 ONH2 | INH2 ONH2
S1 1956 10.390 -0.685 -3.649 0.131 -3.403 13.0438.45D
S3 -0.726 0.787| -18.815 -23.117 -1.906 -4.333 1.4331.258
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Fig. 7 Principal stresses in cortical zone (l)imtropic and orthotropic model.

For inclined plane (1), with the values of tablerdfigure 9, a compressive state stress in distal
femur part is also visible. Tensile state stregse@st in proximal femur zone. In anterior plan,
high values of tensile stress were obtained withatropic model. Homogeneous model (IH
or OH) has different values, in comparison withanmtogeneous models (INH or ONH), for
each mechanical properties used.

CONCLUSIONS

The research presented in this work wants essigndiiefine a finite element model of human
femur, which simulate the geometry and differemidonechanical properties, isotropic and
orthotropic. The computing of bone mechanical prope has been done using simple
exponential equations, in function of measured boeesity. The influence of mechanical
properties, due different bone density, modifiee thumerical results significantly. The
maximum values of stresses are in distal and mezbake of femur, due essentially of
compressive stress state. The relevance of the anmeh properties, under bone density
influence, is a greater importance in this studye Tresults obtained with orthotropic
materials, were lesser than when using isotropppgrties. The orthotropic model realizes a
more uniform stress distribution in the bone.
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