Subchondral Bone Properties of
Femoroacetabular Impingement Patients

by

Ahmed Alnabelseya
B.Eng. in Mechanical Engineering, Carleton University, 2009

A thesis submitted to the Faculty of Graduate and Postdoctoral Affairs
in partial fulfillment of the requirements for the degree of

Masters of Applied Science
in
Mechanical Engineering

Carleton University
Ottawa, Ontario

© 2012, Ahmed Alnabelseya

Library and Archives
Canada

Bibliotheque et
Archives Canada

Published Heritage
Branch

Direction du
Patrimoine de I'edition

395 Wellington Street
Ottawa ON K1A0N4
Canada

395, rue Wellington
Ottawa ON K1A 0N4
Canada
Your file Votre reference
ISBN: 978-0-494-91580-6
Our file Notre reference
ISBN: 978-0-494-91580-6

NOTICE:

AVIS:

The author has granted a non
exclusive license allowing Library and
Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distrbute and sell theses
worldwide, for commercial or non
commercial purposes, in microform,
paper, electronic and/or any other
formats.

L'auteur a accorde une licence non exclusive
permettant a la Bibliotheque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par telecommunication ou par I'lnternet, preter,
distribuer et vendre des theses partout dans le
monde, a des fins commerciales ou autres, sur
support microforme, papier, electronique et/ou
autres formats.

The author retains copyright
ownership and moral rights in this
thesis. Neither the thesis nor
substantial extracts from it may be
printed or otherwise reproduced
without the author's permission.

L'auteur conserve la propriete du droit d'auteur
et des droits moraux qui protege cette these. Ni
la these ni des extraits substantiels de celle-ci
ne doivent etre imprimes ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting forms
may have been removed from this
thesis.

Conformement a la loi canadienne sur la
protection de la vie privee, quelques
formulaires secondaires ont ete enleves de
cette these.

While these forms may be included
in the document page count, their
removal does not represent any loss
of content from the thesis.

Bien que ces formulaires aient inclus dans
la pagination, il n'y aura aucun contenu
manquant.

Canada

Abstract
Osteoarthritis (OA) affects a large portion of the population and is
considered to be the most common form of arthritis. It has been speculated that
OA is a result of femoroacetabular impingement (FAI), a condition in which
abnormal anatomy in the hip causes impingement of the femoral neck with the
acetabulum. This impingement may lead to an increased subchondral bone
stiffness in the femoral head and the acetabulum compared with healthy patients,
which is thought to result in articular cartilage degeneration and, ultimately, OA.
To verify this speculation, the effective isotropic elastic tissue moduli

(Eeff)

of six

subchondral bone biopsies from cam-type FAI patients were determined and
compared to that of a healthy control specimen in a combined experimental, and
finite element analysis. Initially, models of the specimens were created using
micro-computed tomography (/jCT) techniques, and then meshed using 4-node
tetrahedral elements. The bone specimens were then tested using three point
bending to determine the force-displacement relationship of the bone structure.
This data was used in a finite element analysis (FEA) simulating the three point
bending test to obtain the

Ee«

value of each specimen. The

Eeff

of the FAI

specimens varied between 1.2 GPa and 2.3 GPa whereas that of the control
specimen was 1.0 GPa. The increased

Eeff

observed in the FAI specimens may

have been due to an increased mineralization in the bone tissue and might have
contributed to articular cartilage degeneration of the specimens.
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Chapter 1
Introduction and Background

Osteoarthritis (OA) is a debilitating and painful joint disease that
involves damage to the cartilage layer covering the ends of bone in joints, due to
wear and tear. OA affects a large portion of the population and is considered the
most common form of arthritis [1]. It is estimated that 13% of the Canadian
population (4.4 million) [2] and 12.1% of the U.S. population (37.7 million) [3] are
affected by OA. With an aging population these numbers are likely to increase.

Although not fully understood, OA is directly related to cartilage
degeneration. The literature suggests that cartilage degeneration in the hip joint
is initiated by an increased stiffness of the layer of bone beneath the cartilage,
known as subchondral bone [4]. Radin et. al proposed that excessive loading of
the joint can cause microfractures within the subchondral bone [4,5]. As a result,
the healing process proceeding bone microdamage is thought to stiffen the
subchondral bone in that region. This in turn, can lead to increased stress in the
articular cartilage, which over time can cause cartilage degeneration [6].

There is an increasing body of literature that suggests that OA may be
caused by a condition known as femoroacetabuiar impingement (FAI) [7,8,9]. FAI
is a condition where abnormal anatomy of the proximal femur results in an
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impingement of the femoral neck with the acetabular rim and impedes on the
regular range of motion of the hip. In FAI patients, this impinging contact can
increase the stresses on the articular cartilage and cause cartilage degeneration
[10]. Diagnosis of FAI would allow for early intervention, before major damage
occurs, and could prove beneficial to both patients and the Canadian Healthcare
system.

1.1 Research Objectives

The main objective of this thesis is to determine the mechanical
properties of the subchondral bone of FAI patients with cam deformities. These
properties are then compared with the subchondral bone of normal patients. This
study is part of a multidisciplinary research effort to identify the natural history of
FAI and to identify 'at-risk' patients who require corrective surgery. The data
obtained from this research may help identify disease onset and progress and
will be further used in patient specific FEA to identify 'at-risk' patients.

The following section will give a brief description of the human skeletal
system, the hip joint, and continue to discuss OA and FAI.
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1.2 Biomechanics of the Hip

The adult human skeleton consists of different bones that provide
support and are joined together to form articulations and permit movement. The
adult human skeletal system primarily consists of two types of tissue: bone and
cartilage. While bone provides the human body with rigidity and structural
support, cartilage, which is mainly found in joints, acts to shield the bone from
direct contact. Cartilage provides a smooth surface at the joints and thus reduces
friction between the bone during movement.

The human skeletal system is illustrated in Figure 1.1. In order to
unambiguously describe location and orientation of bones, the 'anatomical
coordinate system' is used. The three axes of the anatomical coordinate system
are the anteroposterior axis, mediolateral axis, and the superior-inferior axis as
shown in Figure 1.2. The different planes of the anatomical system are illustrated
as well.
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Figure 1.1: lllistration of the human skeletal system [11]

SUPERIOR ASPECT

Coronal plan*

Anterior or ventral
Posterior or dorsal
Median or uglttal plant
Werior or caudal

Tnntwri* orborbonW plan*

Superior or cranial
Lateral
Medial

POSTERIOR ASPECT

RIGHT LATERAL ASPECT

Lateral rotation
Medial rotation
Proximally

PrawmaJy

ANTERIOR ASPECT

UFTUTERAl ASPECT
Supination
Pronation

Lateral rotation
Medial rotation

Inversion

Figure 1.2: The anatomical coordinate system indicating the coordinate
axes and planes
112]
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1.2.1 The Hip Joint

The part of the human skeletal system that Is of interest in this study is
the hip joint. The hip joint is classified as a synovial joint, or diarthrosis (one in
which the bones are not directly joined), allowing for a greater degree of mobility
compared to other joints [12]. From a biomechanical point of view, the hip joint
can be modeled as a ball and socket joint as it permits rotation in all three
angular directions. The hip joint is illustrated in Figure 1.3.

In the hip joint, the femoral head articulates with the acetabulum of the
pelvis. The femoral head constitutes the medial-superior (uppermost and
innermost) part of the proximal femur. The narrow region of the femur that
connects the femoral head to the rest of the femur is known as the femoral neck
(Figure 1.3). The concave cavity in the pelvis in which the femoral head lies is
known as the acetabulum.
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Acetabulum
Femoral Head

Femora Neck

Femur

Figure 1.3: The human hip showing its dfferent parts [14]

The acetabulum is located on the anterior, inferior, and lateral sides of
the pelvis. At the area of contact between the femoral head and the acetabulum,
a layer of cartilage, known as articular cartilage, exists to reduce frictional effects
within the joint. In the absence of articular cartilage on either of the contact
surfaces, the coefficient of friction between the surfaces increases, resulting in
pain and/or further damage during motion [15]. The articular cartilage on the
femoral head and that on the acetabulum are illustrated in Figure 1.4. The
cartilaginous rim surrounding the acetabulum is known as the acetabular labrum.
Between the two layers of cartilage, a lubricating fluid, called synovial fluid, exists
to further decrease friction in the joint. The bone beneath the articular cartilage is
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known as subchondral bone and was shown to play a significant role in the
articular cartilage degeneration process [16].

Synovial Fluid

^•Articular Cartilage

Ligament and Joint Capsule
Synovial Membrane

Femoral Head
Subchon

(tabular Labrum

Femur

Ligament aid Joint Capsule

Figure 1.4: Section into the femoral head-acetabulum interface. The cartilage layer can
be seen to seperate between the bone in the joint [17]

1.3 Osteoarthritis and Femoroacetabuiar Impingement

Hip pain is a common problem which can have a number of underlying
causes, the most common of which is osteoarthritis (OA). According to
Osteoporosis Canada, OA is defined as "a degenerative joint disease that
involves thinning or destruction of the smooth cartilage that covers the ends of
bones, as well as changes to the bone underlying the joint cartilage" (i.e.
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subchondral bone). Osteoarthritis results in pain, joint stiffness, and reduced
range of motion of the affected joint, which ultimately affects ones ability to do
physical activities and reduces overall quality of life [1].
1.3.1 Femoroacetabuiar Impingement

OA of the hip is characterized by cartilage degeneration, which
ultimately results in direct bone contact between the femoral head and
acetabulum. The development of cartilage degeneration is not fully understood;
however it is speculated that Femoroacetabuiar Impingement (FAI) is a possible
cause. As defined by Ganz et. al, FAI is a condition where abnormal
morphological features, present in either the proximal femur and/or the
acetabulum, result in atypical contact, which can lead to excessive wear of the
joints [8]. These abnormal features include excessive bone growth present in the
femoral neck, the acetabulum, or both locations (Figure 1.5). As movement
occurs between the femoral head and acetabulum, this excess bone rubs against
the articular cartilage in the joint generating stress between the two contact
surfaces (Figure 1.6). This contact may cause damage or wear to the cartilage
possibly leading to its degeneration and the development of OA.

FAI can be symptomatic or asymptomatic. FAI is considered
asymptomatic

when no pain or change in the range of motion of the hip occurs

despite the presence of abnormal deformities. Symptomatic patients suffering
from FAI experience hip pain and restriction in the range of motion of the hip
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joint. Treatment consists of physiotherapy and modifications to the patient's
activities to avoid certain movements that cause impingement and pain. Surgical
treatment consists of surgical correction of the deformity which is aimed to relieve
some or all of the symptoms of FAI and even prevent further damage to the joint.
In severe cases with the presence of advanced cartilage degeneration a total hip
arthroplasty or hip resurfacing may be necessary [8,18-21]

1.3.1.1 Types of FAI
FAI has been classified into three types, depending on where the
excess bone is located; cam, pincer, and a mix between the two (Figure 1.5).
Cam type FAI is caused by contact of the femoral head into the acetabulum
during motion due to the aspherical shape of the femoral head (Figure 1.6). This
abnormal contact results in shear forces that produce abrasion of the acetabular
labrum, which may eventually lead to tear or detachment of the labrum. Pincer
type FAI is caused by contact between the acetabular rim and the femoral neck
due to abnormal features present in the acetabulum. The main damage occurs in
the acetabular labrum and further contact may cause degeneration of the labrum
and adjacent articular cartilage [8]. In some cases, both cam and pincer type of
FAI exist together.
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Normal

Pincer

Mixed

Figure 1.5: Types of FAI [22]

Abnormal growth in the
femoral head-neck

Figure 1.6: Impingement caused by CAM type FAI [23]
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1.4 Bone

From a macroscopic point of view, bone is a structure and has a
number of functions in the human body including support and movement of the
body, as well as the protection of vital soft organs. To carry out these functions,
bone needs to be strong and stiff. Properties vary throughout the bone and
depend on both its composition and structure.

1.4.1 Composition of Bone Tissue

Bone is a highly vascular, mineralized connective tissue that has a dry
weight composition of about 25% organic materials (mainly collagen fibers), and
75% inorganic minerals, (mostly calcium and phosphate) [24]. Collagen
comprises approximately 50% of the bone by volume and 25% by weight [25]. It
has an internally cross-linked structure with transverse spacings between its
fibrils (Figure 1.7). Due to its structure, collagen contributes greatly to the bone's
elasticity and tensile strength and is where most of the strain energy is stored
during loading. Mineral salts make up most of the remaining 50% of bone tissue
volume (and 75% of the remaining weight). These salts, primarily calcium and
phosphate, are located within the collagen spacings and are responsible for the
hardness, rigidity, and strength of the bone [12].
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Figure 1.7: Collagen fibers in bone [12]

1.4.2 Bone Structure

Bones are structures made of porous tissue with varying porosity
levels. According to its porosity, the bone structure can be classified into two
types; cortical (compact) bone, and cancellous (porous) bone. Most bones
consist of an outer layer of dense cortical bone that encloses a core or porous
cancellous bone structure. This combination gives bone its strength while
maintaining a light weight. The outer cortical bone protects the inside structure
from fracture due to its rigidity, while the inside cancellous bone provides a strong
yet light framework, and is capable of absorbing relatively high impact loads [24].
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The basic structural unit of cortical bone is the osteon, shown in Figure
1.8. Osteons are roughly 200 jL/m in diameter, and are usually aligned with the
long axis of the bone [24]. An osteon possesses a cylindrical shape and is made
of concentric layers called lamellae. At the center of each osteon is a channel
(the haversian canal) through which blood vessels run [14]. Blood vessels extend
within the osteon through radial canals, called Volkmann's canals, that run
throughout the entire bone structure. These channels and canals allow a large
amount of blood to enter and exit the bone. This high blood flow grants bone an
excellent capacity for self repair and gives it the ability to alter its properties and
configuration according to the loads under which it is placed [14].
Osteon of
cortical
bone
Lamellae

Trabeculae of
cancellous bone

Haversian
canal

Osteon

Volkmann's
canal

(a)

(b)

Figure 1.8: A view of the inside of bone. Figure 1.8a indicates the locations of cortical
and cancellous bone. [26]. Figure 1.8b shows the cortical bone clearly illustrating the
Haversian canals within the osteons [27]
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Cortical bone has a porosity ranging from about 5% to about 30% [28].
Osteons are tightly packed within the cortical structure as shown in Figure 1.8. It
is this structure that gives cortical bone its anisotropic properties. Looking
inwards from the outer layer of bone, the porosity of the bone structure increases
and the dense packing of osteons gradually turns into a loose mesh structure
(Figure 1.8a). This highly porous mesh is referred to as cancellous bone.
Cancellous bone has a cellular structure and is composed of an interconnected
series of thin plates and rods (trabeculae) with a porosity level ranging from
about 30% to more than 90% [25,29]. Like cortical bone, the rods and plates of
cancellous bone are made up of lamellae. Figure 1.9 shows the cancellous bone
structure in the proximal femur. It is shown how the trabecular structure of
cancellous bone is open and consists of rods and plates.
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Figure 1.9: A cross section of the human femur showing the trabecular structure of
cancellous bone contained within, and the surrounding denser cortical bone along
the perimeter of, the proximal femur [27]. A magnification of the cancellous bone in
the femoral head is shown as well [30]. The porosity of cancellous bone in the
femoral head is reported to be 75% [31]

1.4.3 Modeling of Cancellous Bone
The focus of this research is the subchondral bone of the femoral
head which

is mostly made up of cancellous bone. Cancellous bone, as

described above, has a cellular structure [29, 32]. Modeling cancellous bone can
be done at various scales, with varying mechanical properties. Three hierarchal
levels of trabecular bone have been defined in this study as illustrated below
(Figure 1.10).
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1.4.3.1 The Hierarchal Levels of Cancellous Bone
The microscale level (Figure 1.10a) considers a single lamella in the
trabeculae of cancellous bone. Composed of mineralized collagen fibers, each
lamella spans a thickness of approximately 3-7 micrometers. Grouped together,
these lamellae from the single trabeculae of cancellous bone at a tissue level
(Figure 1.10b). The lamellae are oriented in different directions and are held
together at cement lines, which form around them. The average thickness of a
newly formed trabecula is about 50 micrometers. Trabeculae can have rod or
plate like shapes and, connected together at a structural level (Figure 1.10c),
form the porous, trabecular structure of cancellous bone.

Microscale Level

Tissue Level

(a)

(b)

Structural Level

(c)

Figure 1.10: Different Heirarchal levels of cancellous bone, (a) At a microscale level, an
individual lamella can be seen, (b) Grouped together, the lamellae form the bone tissue
of cancellous bone at the tissue level, (c) At a structural level, the individual trabeculae
come together as rods and plates to form the porous structure of cancellous bone [33]
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The mechanical properties of cancellous bone would greatly differ
depending on the level at which it is analyzed. At a microscale level, the
properties considered would be those of the individual lamella unaffected by its
connectivity to the others. At a tissue level, however, the cement lines between
the lamellae have different properties and do affect the mechanical properties of
the tissue. Similarly, the individual trabeculae have mechanical properties that
differ from those of cancellous bone at a structural level.

1.4.3.2 The Elastic Modulus of Cancellous Bone
When defining the elastic properties of cancellous bone, it is important
to recognize that these properties are quantified differently depending on the
hierarchal level that is considered. At a tissue level, the tissue level modulus
(Etissue)

Etissue

is equivalent to the modulus of elasticity of the individual trabeculae.

is not affected by the geometry, and porosity of the trabecular structure,

rather it is the composition of trabeculae that determines its value.

The structural modulus
trabecular structure.

Estructurai

(Estructurai)

is the elastic modulus of the

is usually determined by analyzing cancellous bone

at a structural level and is greatly affected by the porosity and trabecular
geometry as well as the tissue level properties of the individual trabeculae.

The stress-strain curve due to compressive loads, of cancellous bone
has three distinct regions when loaded (Figure 1.11). Initially, the load profile is
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linearly elastic and occurs as the cell walls of the bone structure axialiy bend.
The slope of the linear region is considered the

Estructurai

of the bone specimen.

Further loading causes the cells to collapse until the cell walls meet and touch,
resulting in a roughly constant stress. Finally, after the cell walls meet, the
resistance to load drastically increases, resulting in a final steep portion to the
stress-strain curve. We hypothesize that the subchondral bone from FAI patients
behave similarly.

0.8
Stroin , € (-)
Figure 1.11: Stress - Strain curves for cancellous bone in compression for varying
densities. [32]

Bone, as mentioned earlier, is a two-phase "composite" material that is
composed of collagen and mineral content. At a tissue level, the elastic
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properties of bone are determined by these two components. The toughness of
the tissue is due to the collagen in the bone, which is where most of the strain
energy is stored. However, the strength of the bone tissue, and the slope of the
linear (elastic) portion of the stress-strain curve, is mostly determined by the
stiffening effect of the mineral content in the bone. Burstein et. al. showed that
97% of the elastic modulus of bone is determined by the bone's mineral content
and that the collagen in the bone had little effect on the overall modulus [34].

When determining the elastic modulus of a two phase material, such
as bone, the classical law of mixtures, developed by Voight, may be used [35].
The elastic modulus of a two phase material is directly related to the moduli and
volumes of its individual phases. Equation 1.1 shows this relationship:

EC = EAVA+EBVB
Where

Ec is the modulus of elasticity of the two phase material
EA is the modulus of elasticity of the first phase
EB is the modulus of elasticity of the second phase
VA, and VB are the volume fractions of each phase.

Since the elastic modulus of the mineral content is much higher than that of
collagen (approximately 38 times higher [34]) it can be assumed that any
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increase in the bone's tissue modulus of elasticity would be due to an increase in
the mineral volume.

In this thesis, a combined tissue level and structural level analysis was
performed to obtain the effective isotropic tissue modulus
subchondral

bone of FAI patients.

Eetf

(Ee«)

of the

is defined as the isotropic and

homogenous tissue level elastic modulus. Although the tissue modulus likely
varies within the trabecula, this assumption has been made in similar analyses
[36-38].

1.5 Literature Review

1.5.1 Experimental Analysis of Cancellous Bone

The mechanical properties of cancellous bone, namely the modulus of
elasticity, have been determined through various types of mechanical tests,
including three point bending, nano-indentation, compression, and microtensile
tests. Combining experimental tests with computational finite element analysis
(FEA) is a common approach taken and has been performed most often [39]. For
healthy cancellous bone, values for the effective isotropic elastic modulus have
been reported to be anywhere between 0.1 and 4.5 GPa [40]. Modulus values of
cancellous bone from the femoral neck were reported to be below 1.4 GPa [41].
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This value provided an early indication of the effective isotropic elastic modulus
of healthy subchondral bone in this region.

Three point bending was chosen as the testing method in this analysis
mainly due to the fact that it provided a more realistic loading profile compared to
tensile or compression testing. In vivo loading of the femoral neck of FAI patients
during motion occurs when the abnormal bump on the proximal femur comes in
contact with the acetabular rim. This contact is better simulated with three point
bending compared to pure compressive or tensile loading. In addition, the size of
the available specimens are roughly 10 x 2.5 x 2.5 mm which makes pure
compressive or tensile testing very challenging.

Based on specimen size, nano-indentation would have been a
candidate

method of testing. However, the microstructure of cancellous bone

varies substantially [42] and the presence of cement lines between the lamellae
of the individual trabeculae makes the measurements sensitive to location and a
significant number of tests would be required to obtain an effective elastic
modulus (Eeff) of the subchondral specimens.

Three point bending is a common method used to determine the
mechanical behavior of bone, and has been used by Leppanen, Schriefer, and
Gustafson, to characterize the mechanical properties of animal bone [43-45]. The
same was done for human bone by Choi [46]. Obtaining the modulus of elasticity
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of the bone specimens from the recorded load-displacement curves required
either an analytical (usually beam theory) or numerical (usually FEA) solution
method. Lenthe et al. compared bone tissue modulus of human femora,
determined using beam theory to those using FEA. He found that by using beam
theory, tissue modulus was underestimated for all femoral specimens tested [36].
The reason for this discrepancy is mainly due to the nonuniform cross-sectional
area of cancellous bone that can only be accurately represented when creating a
volumetric representation of the specimen.

1.5.2 Computational Modeling of Bone

A recently developed strategy to obtain the effective modulus of
elasticity of bone tissue consists of using finite element models to simulate the
load-displacement behavior from mechanical tests [47-49], Ladd et. al combined
three point bending with FEA and determined the elastic modulus of human L1
vertebrae (composed of cancellous bone) [50]. An important aspect of using FEA
for bone tissue analysis is the accurate representation of the bone specimen in
the finite element (FE) model, particularly with cancellous bone. The level of
detail of the individual trabeculae in the model can have a significant impact on
the simulation results [51]. For this reason, micro computed tomography (IJCT)
techniques have become a common imaging method used in the creation of
computerized bone models [52-54].
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Today, juCT scans are available with resolutions as low as 2 /urn [52].
Ulrich et .al, however, reported no significant change in elastic modulus values
obtained from models with resolutions below 28 jum [55]. Obtaining volume
meshed models is usually done by converting groups of pixels into individual
elements [56-58].
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Chapter 2
Methodology
2.1 Overview of Methodology
The objective of this research was to determine the effective isotropic
tissue modulus

(Eett)

of subchondral bone in the femoral heads of patients

suffering from Femoroacetabular Impingement (FAI). The approach taken to
determine

Ee«

of each bone specimen is outlined in Figure 2.1. Subchondral

bone specimens were extracted from tissue samples obtained from the femoral
heads of FAI patients (Figure 2.2). Similarly, a control specimen was obtained
from a cadaveric femur specimen with no signs of FAI. Micro-Computed
Tomography (pCT) scans of all the bone specimens were taken. These scans
were then segmented and stacked to construct a finite element volume mesh
with tetrahedral elements. To determine the properties of the specimens, a
destructive three-point bending test was performed on each specimen. Finally, a
finite element analysis, simulating the three-point bending test, was performed for
each of the specimens using Abaqus CAE V6.10-2 [Simulia, Providence, Rl]. The
boundary conditions form the experimental three-point bending test were applied
to the model and an iterative simulation process to match the experimental
results was performed to obtain the modulus of elasticity of the corresponding
specimen. The bone specimens, model reconstruction, experimental analysis,
and finite element analysis are described in detail in Sections 2.2 to 2.5. A
validation of the methodology was performed according to Section 2.6.
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Figure 2.1: Flowchart showing approach taken in the analysis. Bone specimens undergo both a
point bending analysis and a finite element analysis. An iterative process was carried out to obtain
for Eeff. The iterations coninued untill the reaction forces from both analyses were within 0.0
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2.2 Preparation of Bone Specimens

(a)

(b)

Figure 2.2: a) FAI patient and b) healthy control model of left femur illustrating
location of the femoral head from which the tissue samples were extraced

Subchondral bone specimens were obtained from six symptomatic FAI
patients who underwent resection surgery of the cam-deformity (Figure 2.2a). An
additional control specimen was extracted from a healthy cadaveric femur
(Figure 2.2b), for a total of seven specimens. The bone specimens were
extracted by Dr. Paul Beaule from the Division of Orthopaedic Surgery at the
University of Ottawa. Ethics approval was obtained from the Ottawa Hospital
Research Board and carleton university Research Ethics Board for this
investigation. The age and gender of the hips from which the specimens were
extracted are shown in Table 2.1. The bones were extracted using a cylindrical
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rotating saw with an inner diameter of 1 cm. Since the specimens were obtained
from patients, the size of each specimen was limited and larger specimens could
not be obtained.

Table 2.1: Age and gender of each patient from which the biopsies were
extracted

1

25.5

Male

2

38.9

Male

3

29.5

Male

4

31.2

Male

5

46.9

Male

6

40.7

Male

7 (Control)

50

Male

Each specimen was composed of two layers; a layer of subchondral
bone, and a layer of cartilage (Figure 2.3). The cartilage layer was used for a
related study where the properties of cartilage were determined. Each specimen
was cut into a beam shape, using a Buelher Isomer low speed diamond tip saw
[SN 347-IS-8005, Buelher Tool Works Inc., Lake Bluff, IL], and the cartilage layer
removed using a surgical scalpel before testing. The bone specimens were cut to
obtain flat contact surfaces for the three-point bending test and to achieve the
largest possible 'span length to thickness' aspect ratio [59].
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For three-point bending 'span length to thickness' aspect ratio of 20:1
is recommended but this was not possible due to size limitations of the biopsies.
A solid material with an aspect ratio of 5 undergoing bending was reported to
have resulted in an underestimation of 29% in the measured elastic modulus due
shear stresses, which are neglected in simple beam theory [44]. However, using
FEA, shear stresses as any geometrical deviation from an ideal beam were
accounted for, by an accurate model of the specimen and the three-point bending
test.

During cutting the specimens were sprayed with saline to prevent
friction induced heating. Figure 2.3 shows one of these bone specimens. The
dimensions of each specimen after cutting were measured using a vernier caliper
and are shown in Table 2.2, along with the aspect ratio and apparent second
moment of area of the cross-section of the beam (lx) of each specimen. The
dimensions are reported as approximate values as the specimens were not
perfectly beam-shaped. The same coordinated system defined for the FE model
was used to determine lx, where the z-axis is oriented along the length of the
specimen.
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(a)

(c)

(b)

Figure 2.3: Bone specimen (a) as extracted from patients, (b) after being cut, and (c)
after removing cartilage layer

Table 2.2: Dimensions, aspect ratios, and apparent second moment of area (lx)
of beam shaped bone specimens

1

9.5

2.4

1.4

7.8

5.6

0.5

2

10.5

1.7

1.6

7.8

4.9

0.6

3

9.8

2.3

1.2

7.8

6.5

0.3

4

10.5

1.9

1.5

7.8

5.2

0.5

5

10.5

2.3

1.9

7.8

4.1

1.3

6

10.1

2.5

1.7

7.8

4.6

1.0

7 (Control)

10.4

2.8

1.6

7.8

4.9

1.0
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2.3 Model reconstruction

A meshed volume model of each specimen was required to perform a
finite element analysis. The steps taken to obtain each model were as follows:
1.

Obtaining a /JCT scan series of each specimen

2.

Segmenting the scanned 2D cross sectional images to distinguish the
bone regions

3.

Stacking the segmented 2D scan images to obtain a volumetric model
of each specimen

4.

Meshing the volumetric model

2.3.1 MicroCT Scanning

Scanning was performed using micro computed tomography
techniques. The specimens were scanned using a SkyScan 1072 X-ray CT
scanner [Skyscan, Kontich, Belgium]. The scans were taken at an in-plane
resolution of 9 £/m and with an image spacing of 9 (jm. The results of each scan
were 1016 16-bit grayscale (0 to 65535 gray scale values) cross sectional
images of each specimen that were scaled down to 8-bit (0 to 256 gray scale
value) images since 256 gray values gave a sufficient sensitivity to distinguish
the bone tissue from the background. Figure 2.4 shows a sample cross sectional
slice of one of the specimens.
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Figure 2.4: 8-bit Slice number 945 of 1016 from the micro-CT scanning of sepcimen
5 as viewed in Osirix Imaging Software v3.8.1

2.3.2 Model Segmentation
"Image segmentation is defined as the partitioning of an image into
non-overlapping, constituent regions that are homogeneous with respect to some
characteristic such as intensity or texture" [60]. A segmentation process was
required to clearly identify the boundaries of the bone specimens within the
individual scans. Thresholding is a common segmentation process used in
medical imaging that involves partitioning individual pixels in an image according
to their corresponding intensity values. Thresholding was found to be a suitable
segmentation technique [61], and was implemented using Osirix Imaging
Software V3.8.1 imaging software (Pixmeo, Geneva, Switzerland). During the
thresholding process, individual pixels in each slice were marked as either a
bone pixel or a background pixel, based on CTgray level intensity. A threshold
range with a grayscale value (GSV) between 60 and 80 was set to obtain a clear
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bone to background contrast. A number of threshold range values were
examined with negligible effect on the simulation results (see Section 2.6).
Figures 2.5a and 2.5b illustrate how thresholding clearly distinguishes bone
regions. From the figures, the surface definition of the non-thresholded slice
(2.5a) is not as clear as that after thresholding is applied. This difference occurs
because more noise pixels, due to Compton scattering of the X-rays,
electromagnet effects from the scanner, X-ray energy, and other effects [62-64],
are viewed in the non-thresholded image. This noise tends to distort the image,
resulting in a rougher surface.

(a)

(b)

Figure 2.5: Cross sectional slice 945 of 1016 of specimen 5 (a) before and (b) after
thresholding as viewed in Osirix Imaging Software v3.8.1

2.3.3 Volume Mesh Generation

2.3.3.1 Volume Reconstruction
To obtain three-dimensional models of the bone specimens, the
segmented images from each f£T scan series were stacked one on top of the
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next. Using Matlab (Mathworks Inc., USA), an algorithm (volume.m) was
developed to perform the model reconstruction. Algorithm 'volume.m' can be
found in Appendix G. The algorithm was designed to read in a series of 2D
matrices and "stack" them one after the next to create a volume rendering (3D
matrix) resembling each of the specimens. Figure 2.6 shows one of the resulting
models.

(a)

(b)

Figure 2.6: 3D rendering of specimen 1 obtained by stacking individual micro-CT slices
using the 'volume.m' Matlab algorithm

2.3.3.2 Determining Specimen Porosity Values

The porosity of bone is defined as the ratio of pore volume to the total
volume of the bone sample. The porosity value of each specimen was obtained
by calculating the ratio of non-bone pixels in the 3D model to the total number of
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pixels in that model. The CT slices were superimposed to identify the outline of
the each model. A bounding volume was created just inside the image of the
superimposed slices to ensure that all of the pixels considered in the porosity
calculation were contained within the model (Figure 2.7).

Figure 2.7: Cross sectional images of Specimen 1 superimposed to show the bounding
surface. The image shows all 1016 micro-CT slices from one of the psecimens
superimposed. The area enclosed denotes that taken into consideration when
calculating the porosity of that specimen.
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2.3.3.3 The iso2mesh Algorithm

Fang et al. devised an algorithm (iso2mesh) that creates volumetric
meshes from 3D binary or gray-scale images. The input parameters of the
algorithm include the 3D image to be meshed, the isovalues parameter (the
maximum number of voxels contained in each tetrahedral edge), and the opt
parameter (the maximum number of voxels enclosed by each tetrahedral
element) [58].

In the first step of the iso2mesh algorithm, a surface mesh is
generated from a 3D matrix created by stacking a series of cross sectional
images. A 'surface simplification' approach is used to extract the surface mesh
where a voxel-resolution triangular surface mesh bounding the 3D image is
created. A following mesh simplification process is then applied to re-mesh the
surface based on the isovalues input parameter in what is called the resampling
process.

After the surface mesh is created, it may contain topological and/or
geometrical errors. These errors include isolated vertices (vertices not contained
in a surface element), duplicated elements (surface elements that share the
same vertices), or non-manifold vertices (a non-manifold vertex is one that is
shared by two faces that do not share a common edge) (Figure 2.8) [65,66]. The
re-meshed surface is repaired using embedded algorithms, which locate the
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mentioned errors and delete them. This repair process is performed prior to and
after the resampling process.

To produce a volume mesh in the third, and final, step, a point, P, is
located inside the surface mesh. A 'distance-field' method is applied to ensure
that this point lies inside the surface and not too close to the surface edge. In this
method, the edge voxels, which define the surface, are assigned a value of '1'
while assigning all other voxels a value of '0'. An iterative Gaussian smoothing
kernel is then applied to create a 3D field in which the voxels are assigned
numerical values that are inversely proportional to their corresponding distance
from the surface edge. The coordinates of the voxel with the smallest field value
are assigned to point P. Finally, tetrahedral elements are generated from point P
towards the surface mesh to create a volume mesh of the 3D image that are
created according to the isovalues and opt input parameters. Figure 2.9 shows a
surface mesh converted into a volume mesh using the iso2mesh algorithm. The
functions of the iso2mesh algorithm are shown in Appendix G.
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4
Non-manifold
vertex

Isolated
2
3

(a)

(b)

Figure 2.8: Topological errors that may arrise during the meshing process include (a)
isolated, and (b) non-manifold vertices

(a)

(b)

Figure 2.9: Illustration of (a) surface mesh and (b) corresponding volume mesh as
output by the iso2msh algorithm. The hollow surface mesh is filled with elements
(highlighted in orange)

2.3.3.4 Meshing Using the iso2mesh Algorithm

The final output of the iso2mesh algorithm included two arrays for
each model; a "nodes" array, which consisted of a list of all the nodes in the
model along with their corresponding coordinates, and an "elements" array,
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which listed the 4-node tetrahedral elements in the model along with the nodes
associated with them. The resulting node and element definitions were then
written into an Abaqus input file (.inp) using user-defined Matlab code, shown in
Appendix G. This step was necessary in order to import the mesh into Abaqus
CAE.
The element size and number of elements were controlled by
changing the two parameters, isovalues and opt, in the iso2mesh algorithm.
Changing these parameters allowed for the generation of coarse and fine
meshes when optimizing the mesh for the finite element analysis, a processes
discussed in Section 2.6.

2.4 Experimental testing

For the experimental analysis, a displacement controlled three-point
bending test was performed on each of the seven bone specimens. The reaction
force on each specimen was measured as displacement was applied. The force
and displacement data was later used for the finite element analysis, a process
described in more detail in Section 2.5. Details of the experimental setup are
described below.
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2.4.1 Setup and Calibration

The apparatus used in the test included a three-point bending frame, a
load frame, a 5N load cell, a cantilever displacement measuring device (CDMD),
and a P3 digital strain gauge indicator (see Appendix E). The deflection of the
loading arm measured using the MTS Flextest built-in linear variable differential
transformer (LVDT). The readings from the LVDT, however, were confounded by
the presence of a localized deformation at the point of load application and would
not correspond to the deflection of the specimens. Hence, deflection was
measured using a cantilever displacement measuring device (CDMD) which
provided a more accurate reading of the deflection due to bending only.

The CDMD was fabricated out of a spring steel beam and a strain
gauge (Figure 2.10). The strain gauge was fixed to the end of the beam and
measured strain at the tensile surface the beam. The deflection of the beam
could be determined as it is proportional to the surface strain measured by the
strain gauge [67]. Calibration of the CDMD as well as the load cell was required
to ensure accurate measurements by the components were achieved.

Before testing the bone specimens, the load cell and strain gauge
indicator were calibrated. The calibration process for both the load cell and
CDMD are outlined in the section below.
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Strain Gau^e

Figure 2.10: Image of CDMD showing
location of strain gauge

2.4.1.1 Calibration of the CDMD

The calibration process used to calibrate the CDMD involved applying
a known deflection to the end of the CDMD beam while recording the voltage
change of

the strain gauge on the beam surface. The deflection applied was

measured using a micrometer and the voltage change was measured using a P3
strain gauge indicator [Vishay Micro-Measurements, Raleigh, NC, USA]. This
procedure was performed for a deflection range of Omm - 0.6mm at 0.05mm
intervals and a calibration graph for the "applied deflection" vs "strain gauge
voltage reading" was created. The calibration process was performed twice, both
before starting and after the completion of the three point bending test. A
regression line was created from the calibration data of the CDMD from both
calibrations. The calibration equations of the lines before and after testing along
with the corresponding r2 and squared error values are shown in Table 2.3. The
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calibration data and resulting graph and regression line from the CDMD
calibration are shown in Appendix C.

Table 2.3: Calibration equations along with r2 and squared error values for calibration
lines. In the equations, X represents the displacement measurement of the CDMD in
mm, and £ represents the voltage measurement of the CDMD's strain gauge in volts.

2.4.1.2 Calibration of the load cell
A MTS [MTS Systems Corporation, Eden Prarie, MN] load cell with a
capacity of 5N was used to measure the reaction force during the analysis. The
load cell used was designed with built in shunt resistors used to automatically
calibrate the device using the Flextest software. According to the specification
sheet provided by MTS, the error associated with the load cell is 0.05%. Prior to
testing the load cell was calibrated using this automatic calibration process.
2.4.2 Experimental test

To experimentally determine the structural modulus of elasticity of the
bone specimens, a miniature three-point bending frame was used (see Figure
2.11). The bone specimen being tested rested on cylinders A and B of the frame,
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both having a diameter of 1.5 mm, with a span of 7.8 mm kept constant for all the
specimens (aspect ratios of specimens in Table 2.2).

A loading arm with a third identical cylinder, cylinder C, was then
driven down by a Sintech 1/G servo electric MTS load frame [MTS Systems
Corporation, Eden Prarie, MN] at a speed of 0.25 mm/s to bend the bone
specimen to fracture. The loading procedure used to control the test was written
in MTS Flextest, the controller software for the MTS load frame. The step
definition of the test is shown in Appendix B.

To measure the reaction force on the top cylinder, an MTS 5N load cell
was used (see Appendix E). The load cell was attached to the load frame
between cylinder C gnd the driving shaft. Throughout the test, values for
displacement and corresponding reaction forces were recorded by the MTS
Flextest software at a rate of 20 Hz. During the test, the deflection of the
specimen was measured using the CDMD. A measured reaction force of 0.01 N
was applied by the CDMD. This force was corrected for after the test.
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(a)

CDMD

(b)

(c)

Figure 2.11: Three point bending test setup (a) showing dimensions. During the test, (b
cylinder C was driven down to bend the bone specimen. The CDMD (c) measures the
deflection of the bone specimen as it is being bent

55

2.5 Finite Element Analysis

A finite element analysis was performed on each specimen model
using Abaqus CAE V6.10-2 [Simulia, Providence, Rl]. The analysis simulated the
experimental three-point bending test discussed in Section 2.4, and was
performed to determine an effective isotropic tissue modulus (Eetf) for each
specimen. The models developed, using the procedure outlined in Section 2.3,
were verified then imported into Abaqus CAE and used for the analysis. Three
rigid cylinders were created in the assembly to simulate the three supports of the
three point bending test. Simulating the supports

using rigid cylinders and

contact elements allowed for a more realistic load distribution on the specimens.

2.5.1 Input File

Abaqus input files ('.inp'), containing only geometry information, were
written for each model using data obtained from the iso2mesh algorithm. These
'.inp' files each contained node and element information for the corresponding
model. Each node was defined by a node number, and three x, y, and z
coordinates. Each element was defined by an element number and a list of all
nodes associated with that element. The input file was then imported into Abaqus
CAE, which was used to perform the finite element analysis.
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2.5.2 FEA preprocessing

To perform a finite element analysis, an assembly was created to
simulate the three-point bending test. The assembly consisted of the meshed
bone model and three cylindrical rigid bodies simulating the contact points in the
three-point bending test. The meshed model was imported into Abaqus CAE
using the input file described above. The elements used in the meshed model
were 4 node tetrahedral elements (C3D4).

2.5.2.1 Parts and Assembly
The rigid cylinders were defined using the Abaqus CAE preprocessor
as analytical rigid bodies. By approximating the cylinders as totally rigid, a lower
simulation time (approximately half) was achieved. This approximation is justified
by the large difference in stiffness between the steel cylinders and bone, and was
further verified as shown in validation Section 2.6.5. The diameter of the cylinder
was defined as 1.5 mm (identical to the cylinders in the experimental analysis).
The length of the cylinder was defined as 3mm, just wider than the bone
specimens. The parts were positioned to simulate the experimental test, and
contact surfaces between bone and cylinders were defined. The span between
the two bottom cylinders matched that in the three point bending test at 7.8 mm.
The final assembly is shown in Figure 2.12.
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Figure 2.12: Assembly used in finite element analysis

2.5.2.2 Material Properties
The next step consisted of defining the material assigned to the
specimen model. A linear isotropic model, defined by modulus of elasticity and
Poisson's ratio was used. Poisson's ratio of bone was assumed to be 0.3 as
verified by Ito et al. [39] and the modulus of elasticity for each specimen was
initially defined as 1GPa. The rigid cylinders required no material definition as
they would not deform during the simulation.

2.5.2.3 Boundary Conditions, Interactions and Applied Deflections
The constraints of the simulation included boundary conditions,
interactions (contact definition), and applied deflections. The initial boundary
conditions were defined for the specimen model and each of the three rigid
cylinders. The specimen model was restricted at two points on the line of contact
of the top cylinder in both the x and z direction as shown in Figure 2.13. This
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constraint restricted the specimen from slipping or rotating and ensured bending
in the y direction during the simulation. The two bottom cylinders were fully
constrained in all directions. The top cylinder was constrained to prevent
translation in the x and z directions and rotation about any axis.

(b)

Figure 2.13: Boundary conditions applied to finite element model shown (a) in
the y-z plane and (b) in the x-z plane

The general contact algorithm in Abaqus Standard algorithm was used
to define contact between the cylinders and the bone model, which introduced
nonlinearity to the analysis. This contact algorithm used the finite sliding
formulation, where arbitrary relative motion of the contact surfaces is permitted,
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arid 'surface to surface' formulation, where contact conditions are enforced over
the entire contact region, during the analysis [68]. Each contact interaction
occurred between two surfaces, a master surface and a slave surface, which
resulted in a total of six contact surfaces (Figure 2.14). For general contact, any
rigid surface associated with contact should be defined as the master surface
and the deformable surface defined as the slave surface, hence the cylinder
surfaces were defined as the master surfaces and the corresponding surfaces on
the mesh as the slave surfaces. Contact constraints were enforced using the
penalty method, in which slight penetration of the master surface into the slave
surface, linearly proportional to the contact force, was permitted between the
contacting surfaces based on a recommended stiffness factor of 10 times the
underlying element stiffness [68]. Enforcing contact constraints using the penalty
method ensured no localized high stresses formed between the contact surfaces.

Figure 2.14: Contact surfaces in the finite element model indicated in red.
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2.5.3 FEA analysis (post-processing)

Figure 2.15a shows the final assembly with one of the specimens
surrounded by three rigid cylinders prior to running the simulation. A
displacement was applied to the top cylinderand was determined from the linear
region of the resulting force displacement graphs of the three-point bending tests.
The top cylinder would, hence, interact with the specimen model to deflect it. The
simulated reaction force resulting between the top cylinder and bone was then
compared to that measured during the experimental analysis, and the simulation
was rerun iteratively with a different elastic modulus until the simulated reaction
force matched experimental results with an elastic modulus value within 100
MPa. This elastic modulus corresponded to the effective isotropic tissue modulus
(Eeff)

of the bone. To avoid distorting elements during this forced contact

procedure, the deflection was applied gradually with time (Appendix F). Figures
2.15a and 2.15b show the bone specimen before and after the simulation. The
nonlinear analysis, due to nonlinear contact in the model, was solved using the
Newton-Raphson method in Abaqus Standard. The average running time for
each simulation was 300 minutes.
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Figure 2.15: Showing Specimen 1 (a) before and (b) after simulating three point bending

2.6 FEM VALIDATION

To verify the results from the FEA simulations, a sensitivity analysis
was performed for a number of parameters; namely, a mesh validation, the
thresholding level applied to the juCT scans, the type and number of the mesh
elements used to create the models, and the use of rigid cylinders in the FEA
model. The results of this analysis are shown below.

2.6.1 Volume Mesh Validation
Before proceeding with the analysis, the meshed models were verified
by directly aligning the juCT scans and volume mesh of each specimen in Amira
5.3.3 [Amira Visage Inc, Berlin, Germany], (Figure 2.16). The alignment was
performed by importing the scans and volume of each model into the software
and applying the appropriate translation and rotation transformations. The
aligned model data for the specimens are shown in Appendix A.
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Figure 2.16: Micro-CT scans and meshed volume of Specimen 1 aligned in Amira 5.3.3.

2.6.2 Threshold level validation
The threshold level used for the segmentation of the /JCT scanned
images prior to reconstructing the model has a visual effect on the shape of the
trabecular structure of the model. To ensure that the results of the simulation
were not significantly affected by the threshold level, a sensitivity analysis was
performed using models created with different threshold levels. Threshold levels
with 8-bit grayscale intensity ranges of 50 - 70, 60 - 80, and 70 - 90, iteratively
chosen based on visual confirmation, were used in creating three different
models, (Figure 2.17). The results from running these simulations are shown in
Table 2.4. Based on these results it was determined that the thresholding level
had negligible effect on the final results, hence the middle level of thresholding,
with a grayscale intensity value of 60-80, was used.
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Figure 2.17: Bone Specimen meshed using grayscale threshold ranges of
(a) 50-70 (b) 60-80 and (c) 70-90

Table 2.4: Simulation results for specimen 1 using different threshold ranges

300000

E = 2.0 GPa

E = 2.0 GPa

E = 2.0 GPa

650000

E = 2.3 GPa

E = 2.3 GPa

E = 2.3 GPa

2.6.3 Element type Validation
The element type used in the analysis was determined by running the
simulation using first order (4-node) tetrahedral, and second order (10-node)
tetrahedral elements and comparing the results. Typically, second order
tetrahedra are preferred over first order tetrahedra in FE meshes due to their
capability to simulate areas of high stresses. According to Cifuentes and Kalbag,
however, using a large number of 4-node tetrahedral elements will eventually
result in similar simulation results as when fewer 10-node tetrahedral elements
are used [69]. In modeling cancellous bone, it was important to accurately model
the complex geometry of the trabecular tissue in order to obtain accurate results.
To properly define this geometry, a large number of elements was required. With
this high number of elements there was no difference in Eetf when 4-node or 10node elements were used (Table 2.5). Therefore first order tetrahedra were used
for the analysis. The results from the sensitivity analyses are outlined in Table 2.6
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Table 2.5: Simulation results for specimen 1 using both 4-node and 10-node
tetrahedral elements

E (GPa)

Run Time (min)

E (GPa)

Run Time (min)

300000

E = 2.0 GPa

50

E = 2.3 GPa

2100

650000

E = 2.3 GPa

150

E = 2.3 GPa

6900

2.6.4 Element Size Validation
When creating each mesh using the iso2mesh algorithm, the element
size used was determined based on the algorithm's input parameters, isovalues
and opt (Section 2.3.3). To verify the element size used in the meshes, a mesh
convergence test was performed by initially creating a mesh discretization and
recording the

Eeff

value obtained using that mesh. This procedure was then

repeated for a finer mesh (approximately twice the number of elements) and the
Eeff

from both meshes were compared. Figure 2.18 shows the sensitivity of the

element size on the mesh quality of the models. Table 2.5 shows the results of
this process for specimen 1. The percentage error value was calculated using the
following equation,

Eeff

%error =

previous mesh-

Eeff

current mesm

Eeff previous mesh

x 100%

Eq.2.1
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A solution was obtained once an increase in the number of
elements resulted in an error of less than 10% of the previous Eeff value. The
iso2mesh input variables used to create element size of the solution were
used in meshing the remaining models. Figure 2.19 shows the resulting
convergence graph. The x-axis indicate the number of elements used in the
mesh and the y-axis is the percent error calculated using Equation 2.1. The
convergence criteria for determining the mesh size of the models resulted in
an uncertainty of about ± 200 MPa in the final Eeff value.
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Figure 2.18:Varying degree of detail as a result of the number of elements in the mesh.
Figure shows specimen 1 with (a) 300,000 (b) 650,000 and (c) 1,250,000 elements
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Table 2.6: Results from convergence test including % error value calculated according to
Equation 2.1

75,000

1.1

-

150,000

1.6

45.5%

300,000

2.0

25.0%

650,000

2.3

15.0%

1,250,000

2.5

8.7%

FEA Convergence test
50.0
41.7
33.3
25.0
16.7
8.3
0
0

250000 500000 750000 100000012500001500000
Number of Elements

Figure 2.19: Convergence test perfomered for the finite element analysis of speicmen 1.
The curve shown represents the percent error associated with the number of elements
used in the finite element model. The results indicate a difference of 8.7% in Eeff between
using 650,000 elements and 1,250,000 elements
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2.6.5 Rigid Cylinder Validation

In the analysis, analytical rigid cylinders were created to simulate the
contact points of the three-point bend test. A verification analysis was performed
using a beam specimen, assigned an elastic modulus of 2 GPa, and deformable
steel cylinders, assigned an elastic modulus of 200 GPa, to validate choosing
rigid cylinders, as opposed to deformable steel cylinders, in the simulation. The
results of this analysis confirmed that using rigid cylinders in the final analysis
would not affect the results.

2.7 Specimen Models

Obtaining the models for the computational analysis involved creating
volume models from the IJCT scans, then meshing these models for the finite
element analysis. The /jCT scans of each specimen were segmented and the
reconstructed models were obtained using Matlab. The reconstructed models
were meshed, using tetrahedral elements, to be used in a finite element analysis.
The size of the elements, hence number of elements, used for each model was
determined based on the convergence procedure outlined in Section 2.6. Table
2.7 shows the number of elements used to mesh each specimen, and Figures
2.20a to 2.20g show the individual meshed models.
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Table 2.7: Number of elements used to mesh each
specimen volume model

1

731902

2

865791

3

592896

4

765973

5

795633

6

763280

7 (Control)

671810
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(a)

(b)

Figure 2.20: Meshed models of specimens (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6, and (g)

Chapter 3
Results

The results (namely the elastic moduli of the specimens) obtained
from the analysis allowed for a primary comparison between FAI bone and
healthy bone. The goal was to gain a better understanding of the relationship
between subchondral bone properties in FAI in the region of the bump. The
mechanical properties of six FAI specimens and a healthy (control) specimen
were obtained through a combined (experimental and finite element) analysis.
The results from both parts of the analysis for all seven specimens are outlined in
this chapter.

3.1 Porosity of the Specimens

The porosity values for each of the specimens are outlined in Table
3.1. As shown, these values range between 35% and 78% which is typical for
trabecular bone in human femurs [25].
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Table 3.1: Porosity values of the bone specimens

1

35%

2

49%

3

40%

4

78%

5

59%

6

61%

7 (Control)

64%

3.2 Experimental Results

The experimental analysis involved each of the bone specimens
undergoing a three-point bending test until fracture (except for specimens 1 and
6 which did not fracture). The data collected during the tests included force data
from the load cell and displacement data from the CDMD. For each specimen, a
force vs displacement graph was created using the data obtained during the test,
Figure 3.1. The initial linear portion of each graph indicating elastic deformation
of the specimen during the test and was the region of interest in this analysis.
Beyond that region, nonlinear behavior, due to collapsing within the trabecular
structure and plastic deformation, occurred followed by failure. The slope of the
linear portion of the graphs were calculated as the stiffness values of the
corresponding specimens. A point, P, at 80% of the displacement prior to
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yielding, was chosen within the linear elastic region of each graph. The stiffness
value of each specimen was calculated as the slope of the linear region. An
estimated structural modulus

Estructurai

of elasticity was calculated using simple

beam theory, where the specimens were assumed to be perfect beams and
shear effects were not accounted for (Equations shown in Appendix D).
Calculating

Estructurai

was done to verify its correlation with porosity. A porosity vs

Estructurai is shown in Figure 3.2. The displacement and corresponding reaction
force values from point P, along with the stiffness and

Estructurai

values are shown

in Table 3.2. The data from each point was then analyzed in the finite element
analysis to determine the effective tissue modulus. The results from the finite
element analysis are shown in the next section.
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Table 3.2: Total elastic displacement and corresponding reaction force of each
specimen during three point bending

1

0.05

4.3

89.6

2.5

2

0.08

1

12.5

0.3

3

0.04

1.1

27.5

1.0

4

0.08

0.7

8.8

0.2

5

0.06

1

16.7

0.2

6

0.06

1

16.7

0.2

7 (Control)

0.04

1.1

27.5

0.4
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Figure 3.1: Graphs for reaction force vs. displacment from three-point bending of the
specimens
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3.3 Finite Element Analysis Results

After completing the finite element analysis Eeff values for the
specimens were obtained. The results from the FEA are shown in Table 3.3. A
porosity vs Eerr graph is shown in Figure 3.3. The Eeff obtained for the six FAI
affected specimens varied between 1.2 GPa and 2.5 GPa. The Eeff of the control
specimen was 1.0 GPa.

Table 3.3: The effective isotropic tissue modulus of each of the seven specimens as
obtained from the finite element analysis

1

731902

150

2.3

2

865791

400

1.2

3

592896

300

2.5

4

765973

350

2.2

5

795633

200

1.5

6

763280

400

2.1

7 (Control)

671810

250

1.0
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Figure 3.2: Graph of porosity vs Estructurai
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Figure 3.3: Graph of porosity vs Eetr
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Chapter 4
Discussion

The importance of the results obtained from this analysis along with
their potential applications are discussed in the following section. The limitations
of the analysis along with recommendations for future work related to this study
are also included.

4.1 The Relationship Between Osteoarthritis and FAI

This study determined effective isotropic tissue modulus of
subchondral bone in 6 symptomatic cam type FAI patients. Although no general
conclusion can be drawn due to the insufficient number of control specimens
available, the subchondral bone Eeff values in the FAI patients were almost twice
that of the healthy control specimen. Since the mineral content of bone is the
determining factor for elastic modulus, an increase in

Eeff

value suggests that

there is a substantial amount of increased mineralization present in the 6 FAI
bone specimens. This increased tissue level modulus with increased density and
mineralization may contribute to the degeneration cascade of the the articular
cartilage.

80

The reason for increased mineralization of the bone specimens is not
known, but it has been postulated that mineralization can be a result of contact
induced microfractures of the subchondral layer. According to Simon et al.,
microfractures in the trabecular structure of subchondral bone can occur as a
result of excessive loading expected during FAI. During the healing process, a
higher mineralization was observed in the trabecular tissue [6].

4.2 Experimental and FEA Results

The Eeff of specimens 2 and 5 were shown to be significantly lower
than the other 4 FAI specimens. A reason for the lower Eeff might be due to active
remodeling, an ongoing process where bone cells are removed (bone resorption)
and replaced by newly formed bone in response to local stresses and/or other
environmental factors [25, 70]. Active bone remodeling has been observed at the
bump of FAI patients and is known to decrease the tissue level modulus of bone
by lowering its calcified mineral content [71,72].

The porosity vs

Estructurai

graph indicates that a correlation may exist

between these two properties (Figure 3.2). This possible correlation may be due
to the fact that the Estructurai of bone relies on its trabecular structure as well as its
tissue properties. Looking at the porosity vs

Eeff

graph, however, no clear

correlation is observed since Eeff quantifies the elastic properties of the bone
tissue and is unaffected by the structure, or porosity, of the bone (Figure 3.3).
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The

Estructurai

values obtained were significantly lower than

Eeff

(between 0.5 and

0.1 times that of Eeff depending on the specimen) due to the porosity of the
structure.

4.3 Error Analysis

An error analysis was performed to quantify the effect of any sources
of error throughout the analysis. The sources of error included those due to
measuring the specimen displacement in the experimental analysis, measuring
the dimensions of each specimen, and neglecting shear in the

Estructurai

calculations.

The displacement measurements obtained from the CDMD did not
take into account the vertical parallel shift of the specimen due to local
deformations to the specimen from the two support cylinders. To quantify the
error associated with the CDMD measurements, the displacement of the top
cylinder (measured by the LVDT), which included the displacement due to
bending of the specimen and the local deformations due to the support cylinders,
was compared with the measurements by the CDMD, which only included the
displacement due to bending of the specimen and the local deformation of the
two button support cylinders. An averaged difference of 25% at the point used in
the finite element analysis was found between the displacement values, which
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corresponded to localized deformation of the bone specimen at the top cylinder.
This value was calculated as the ratio of the difference between the two
displacement measurements to the total deflection measured by the CDMD.
Assuming the loads are symmetrically distributed half of this error existed at each
of the bottom cylinders, the error associated with the CDMD was determined to
be 13%. Figure 4.1 shows the load displacement graphs of both displacement
measuring devices from one of the tests. This error in displacement
measurement corresponded to

an overestimation of up to 0.01 mm, which

resulted in an error of ±100 MPa in the Eeff value.

Other sources of error were shown to exist in the Estructurai calculations.
As previously mentioned, shear effects were neglected when calculating Estructurai.
Due to the relatively small aspect ratio of the three point bending test, shear
effects were not negligible and according to Schriefer et al., a 35 % error was
found to exist when bending bone at an aspect ratio of 8 [44]. As well, due to the
varying cross sectional area and porosity of the specimens, the second moment
of area could not be accurately

calculated. The

Estructurai,

however, is an

approximated value calculated to verify a relationship between the porosity of the
specimens and Estructurai*
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4.4 Limitations

The results obtained were based on six FAI specimens and one
control. This sample size was limited by the number of accessible patients. A
larger sample size, particularly fpr control specimens, is necessary to draw any
conclusive data from this study.

The density of the bone tissue was assumed to be constant and an
effective modulus of elasticity of the tissue was obtained. The variability of the
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density in the tissue was, hence, not accounted for and might have limited the
certainty of the results.

4.5 Future Work

More samples are required to confirm the findings of this investigation.
Recently, 5 additional FAI specimens along with an additional control specimen
have been obtained for this study. These specimens will undergo the procedure
outlined in this thesis to obtain their corresponding

Eeff.

Increasing the sample

size (n) will further validate the increase in Eeff due to FAI.

A quantitative micro-CT scan can also be performed to obtain the
density distribution of the specimen models. Assigning density values to the
individual elements of the model would be possible and allow for the Eeff
distribution within the specimen to be determined.

One speculation made based on the results of this analysis was the
increased mineralization of the FAI specimens. This speculation can be further
analysed by determining the mineral content of the FAI specimens using an ash
density [73] or spectroscopic [74] analysis.
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Chapter 5
Conclusion
5.1 Conclusions

The resulting Eetf values varied between 1.2 GPa and 2.3 GPa for the
FAI specimens. The Eettof the healthy bone specimen had a value of 1.0 GPa.
Based on the

limited number of specimens in this analysis, the results

suggested that subchondral bone from cam-type FAI patients possess an
increased stiffness due to FAI. An increased stiffness of the subchondral bone in
the femoral head has been speculated to promote the notion of OA [6,15,75],
which is an indication that FAI may be considered an early symptom of OA.

The porosity of the specimens and the

Eeff

values obtained suggest

that the trabecular structure of bone does not affect its tissue properties. Hence,,
no correlation was observed between the two variables. Relating the specimen
porosity to the corresponding Estructurai values a negative correlation was found.
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The results obtained in this thesis are primary and may not be
considered representative due to the lack of control specimens analyzed. These
results, however, can be used to guide future analyses and with additional control
specimens, general, more representative results may be obtained.

5.2 Contributions

As part of the experimental analysis, a three point bending test was
performed on human biopsies obtained from the femoral hips of FAI patients. The
development, manufacturing, and calibration of a displacement measuring device
was achieved and used in measuring the deflection of the specimens in the
experimental analysis.

Micro finite element models of the specimens were developed in the
analysis to simulate the trabecular structure of the specimens. These models
were used in a finite element analysis to determine the tissue level properties of
6 subchondral bone specimens from FAI patients and 1 control specimen from a
hip showing no signs of FAI.
The tissue level properties of subchondral bone in FAI patients were
quantified for the first time in this analysis. These results provided material
property data for patient specific finite element models which will determine the
acetabular subchondral bone and cartilage stresses. This will help understand
whether FAI related OA is due to biomechanical effects.
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Appendix A: Mesh Validation: CT and Mesh Alignment

Figure Al: Specimen 1 Micro-CT scans and meshed volume aligned in Amira 5.3.3.

Figure A2: Specimen 2 Micro-CT scans and meshed volume aligned in Amira 5.3.3.

Figure A3: Specimen 3 Micro-CT scans and meshed volume aligned in Amira 5.3.3.
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Figure A4: Specimen 4 Micro-CT scans and meshed volume aligned in Amira 5.3.3.

Figure A5: Specimen 5 Micro-CT scans and meshed volume aligned in Amira 5.3.3.

Figure A6: Specimen 7 Micro-CT scans and meshed volume aligned in Amira 5.3.3.
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Figure A7: Specimen 7 (Control) Micro-CT scans and meshed volume aligned in
Amira 5.3.3.
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Appendix B: MTS Step Definitions
The image below is a screenshot from the MTS Flextest software showing the
step definitions used in the experimental analysis
Mxirnple/

3V\ Bcrui

1

IcstWoiks

^ Me

El di Pre-Sampte
i^ Required Inputs
i

Formulas

1

^ Verify Sample Name

B Q Pre-Speclmen

j•••••K Play WAV Fto
!Required Inputs
K Test Message - Insert your specimen now
! |^ Formulas
!

^ Tare Crosshead

B Hi Specimen
| . . S e t ClutchL o w
! ^ Tare Time
!

GoTo - Down, 0.10 mm/s

1

^ Stop Crosshead

B ® Post-Specimen
!

Required IrrpUs

j^ Return to Zero
| ^ Recalculate Specimen
1

B

Export

Hi Post-Sample
•••••

j

Save Sample

-K Print Report

Figure Bl: Step definition for experimental analysis as created in Flextest
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Appendix C: Calibration Data and Results
The data and graphs from the CDMD calibration both before and after performing
the experimental analysis are shown in Tables C1-C2 and Figures C1-C2.

Strain Gauge
Output (V)

Before Test

Micrometer Micrometer
Reading (In) Reading (mm)

0.000

0.000

0.000

0.004
0.009
0.013
0.017
0.021
0.026
0.030
0.034
0.038
0.042
0.046
0.050

0.002
0.004
0.006
0.008
0.010
0.012
0.014
0.016
0.018
0.020
0.022
0.024

0.051
0.102
0.152
0.203
0.254
0.305
0.356
0.406
0.457
0.508
0.559
0.610

Standard
error
4.25E-03

Standard
error squared
8.49E-03

Table CI: Voltage output from CDMD strain gauge as a result of displacement applied
by micrometer (Before testing)

Before test

0

0.01

0.02

0.03

0.04

0.05

Voltage Reading (mV)
Figure CI: Pre-testing CDMD calibration graph showing CDMD strain gauge reading
on the x-axis and its deflection as measured by the micrometer on the y-axis
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Strain
Micrometej Micromete Standard
Gauge
r Reading ! r Reading
error
Output (V)
(mm)
(In)

After Test

0

0.000

0.000

0.004

0.002

0.051

0.008

0.004

0.102

0.013

0.006

0.152

0.017

0.008

0.203

0.021

0.010

0.254

0.025

0.012

0.305

0.030

0.014

0.356

0.034

0.016

0.406

0.038
0.042

0.018
0.020

0.457

0.046
0.050

0.022
0.024

0.559
0.610

3.97E-03

Standard
error
squared
7.94E-03

0.508

Table C2: Voltage output from CDMD strain gauge as a result of displacement
applied by micrometer (After testing)

After test
y = 12.097x - 0.0004
R2 = 0.9996
E 0.5
c 0.4
8 0.3

0.02

0.03

0.05

Voltage Reading (V)

Figure C2: Post-testing CDMD calibration graph showing CDMD strain gauge reading on
the x-axis and its deflection as measured by the micrometer on the y-axis
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Appendix D: Equations used to calculate Estructural
M=I F
4
_wt

2

My

a= —

K

£=~
R

E Structural = —
&

Where,
w:

Width of the specimen (mm)

t:

Thickness of the specimen (mm)

A:

Approximate cross sectional area of specimen (mm2)

M:

Bending moment (Nmm)

I:

Span of three point bending test (mm)

F:

Reaction force on specimen (N)

U:

Second moment of area (mm4)

y:

Deflection of specimen (mm)

o:

Stress due to bending (MPa)

£:

Strain due to bending (jjstrain)

R:

Radius of curvature of the specimen (mm)

Estructural

Approximate structural modulus of elasticity (GPa)
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5peclmen

Thickness
t(mm)

Width w
(mm)

Approx.
Approx. Pispiacem .
Stiffness
Porosity AreaW ent(mm) ^ (N/mm)

Moment
(Nmm)

Stress
<MPa)

Strain
0«train)

1

1.4

2.4

0.35

3.36

0.048

4.3

89.6

8.4

0.55

0.74

0.3

2.5

2

1.6

1.7

0.49

2.72

0.08

1.0

12.5

2.0

0.58

0.27

0.8

0.3

3

1.3

2.3

0.4

2.99

0.04

1.1

27.5

2.2

0.42

0.20

0.2

1.0

4

1.6

1.9

0.78

3.04

0.08

0.7

8.8

1.4

0.65

0.17

0.8

0.2

5

1.9

2.3

0.59

4.37

0.06

1.0

16.7

2.0

1.31

0.09

0.5

0.2

6

1.7

2.5

0.61

4.25

0.06

1.0

16.7

2.0

1.02

0.11

0.5

0.2

Control

1.7

2.8

0.64

4.76

0.04

1.1

27.5

2.2

1.15

0.08

0.2

0.4

Table Dl: Values obtianed for Estructural calculations
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Appendix E: Equipment and Apparatus

MTS Load Frame
MTS Sintech 1/G Mechanical Load Frame
PN: 200-1005

Vishay P3 Strain Gauge Indicator
Vishay Instruments Division
P-3500 Strain Indicator

MTS Load Transducer
MTS 5N Load Transducer
PN - 4501016/B
SN - 650840

Buelher Diamond tip Saw
Buehler Isomet Low Speed Saw
Cat# 11-1180-170
S/N 347-IS-8005

Appendix F: Abaqus Time Step Increments for
Applying Displacement in FEA
.Fraction of Applied
Displacement

Time In
Step

l
2

0.05

3

0.15

4

0.2

5

0.25

0.1

6

0.3

7

0.35

8

0.4

9

0.45

10

0.5

11

0.55

12

0.56

13

0.57

14

0.58

15

0.59

16

0.6
0.61
0.62

17

18
19 i

0.63

20

0.64

21
22

0.65

23

0.66
0.68

24

0.7

25

0.72

26

0.74

27

0.76

28
29

0.78
0.8

30

0.9

31

1

Table Fl: Change in fraction of applied displacment with FEA step time

Appendix G: Matlab Algorithms

The main functions used from Fang and Boas's iso2mesh algorithm can be
obtained from the iso2mesh webpage, http://iso2mesh.sourceforge.net/cgi-bin/
index.cgi. The functions written for the analysis are outlined below.

Mesh

function
[IfII,III,node,elem,face]=Mesh(iso,opt,maxvol,plot)
%Function
%Mesh: used to convert a series of image slices into a
single meshed
%
volume
%0utput Arguments
%node: array containing the x, y, and z coordinates of the
nodes
%elem: array containing the node numbers defining the
elements
%face: array containing node indices of the triangular
surfaces
%Input Arguments
%iso:
levelset is defined
%opt:
size)
%maxvol:
%plot (optional):
%
required
%
required
%
argument
if nargin==3

a list of the isovalues where the
size of Delaunay sphere (initial elemtn
maximum size of elemental tetrahedra
type of plot to output (if any)
'element' if volume element plot is
surface' if volume surface plot is
if no plot is required, omit input
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invert='no';
plot='no';
rotate='no';
end
format longG
[I,II,III]=Volume;
load;
end
t node,elem,face]=v2m(III,iso,opt,maxvo1);
node=0.01*node;
if strcmp(plot,1 element')
plotmesh(node,elem)
elseif strcmp(plot,'surface')
plotmesh(node,face)
end
mat2inp('nodes.txt',node,'elements.txt',elem);
end

Volume.m

function [I,II,III]=Volume(nimages,nmax)
clc;
if nargin<l
nimages = 1016;
nmax = 1016;
end
nmin = nmax-nimages+1;
II = uint8(zeros(875,1028,nimages));
j - i;
for i = nmax:-1:nmin
if (0 < i) && (i <= 9)
prefix = '1 rec0005.000 ' ;
end
if (9 < i) && (i <= 99)
prefix = '1 rec0005.00';
end
if (99 < i) && (i <= 999)
prefix = '1 rec0005.0';
end
if (999 < i) && (i <= 9999)
111

prefix = '1

rec0005.';

end
imagenumber = int2str(i);
filename = strcat(prefix,imagenumber,'.tif1);
I = imread(filename);
II(:,:,j) = I(:,:,l);
j - j+1?
end
111=11(280:600,400:620,:);
save;
end

mat2inp

function
[NumNode,NumElem]=mat2inp(Nf ilename,nodeM,Ef ilename,
elemM,Nrows,Erows)
%Function
%mat2inp: used to extract convert the 'node' and 'elem'
arrays into comma seperated text files
%
%Input Arguments
%Nfilename: filename to which node information will be
saved
%nodeM:
node array from which node text file is to be
written
%Efilename: filename to which element information will be
saved
%elemM:
element array from which element text file is
to be written
%Nrows (optional): number of nodes in mesh
%Erows (optional): number of elements in mesh
format longG
if nargin==4;
[Nrows,Ncols]=size(nodeM);
[Erows,Ncols]=size(elemM);
end
elemM(:,5)=[];
n=[1:Nrows]';
e=[1:Erows]1;
NumNode=[n nodeM];
NumElem=[e elemM];
dlmwrite(Nfilename,NumNode,'delimiter',',','precision',7)
dlmwrite(Efilename,NumElem,'delimiter',',','precision',7)

end

porosity

function
[alpha]=porosity(SpecimenMatrix,rStart,rEnd,cStart,cEnd,zSt
art,zEnd)
%Function
%porosity: used to determine the porosity value of 3D
images based on
%
grayscale intensity value
%Input Arguments
%SpecimenMatrix: Input 3D Matrix (resembling specimen)
%rStart:
Beginning row for bounding box
%rEnd:
Ending row for bounding box
%cStart:
Beginning column for bounding box
%cEnd:
Ending column for bounding box
%zStart:
Beginning slice for bounding box
%zEnd:
Ending slice for bounding box
[r,c,z]=size(SpecimenMatrix);
if nargin==l
rStart=l;
rEnd=r;
cStart=l
cEnd=c;
zStart=l
zEnd=z;
end
totVol=(rEnd-rStart+1)*(cEnd-cStart+1)*(zEnd-zStart+1)
counter=0;
for i=zStart:1:zEnd
for j=cStart:l:cEnd
for k=rStart:1:rEnd
if SpecimenMatrix(k,j,i)<=0
counter=counter+l;
end
end
end
end
counter
alpha=counter/totVol;
end
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