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Abstract

The purpose of this study is to conduct computational modeling and simulation of
Avascular Femoral Necrosis (AVN) using linear elastic finite element analysis to predict
failure in femoral neck. AVN is complex disease of the femoral head. Since femur is the
only weight bearing bone in the body, AVN may cause hindered movements and stiffness
in the hip joint. Clinical and anatomical significance of AVN has been well established
already in the literature. Moreover, it is extensively studied that bone become weaker to
provide mechanical support after necrosis. Until now, different animal models have been
developed to study mechanical strength and properties of healthy and necrotic bones.
However not a single human model is reported in the literature to predict rate of degradation

for estimation analysis.

In this research, an effort is made to create computer models using physics of different
stages of AVN deploying techniques like image based modeling and Finite Elements. This
will enable us to understand more about distribution of stresses localized in the groin area

and femoral head w.r.t load alignment.

A mechanically elastic finite element analysis was performed. Our results show that with
the progress in bone damage during necrosis, bone behavior changes. Stress become higher
in the femoral neck at the point of articulation and shaft become weaker hence prone to
fracture. With the increase in the load, femoral neck narrowing risk also increases due to
more stresses in this localized region. Von Mises Stress on the superior and inferior regions
of femoral neck intersected with frontal plane. Additionally, this study also conducted a
mechno-elastic finite element analysis with varying body weights. Increasing weights tend
to increase the unborn stresses. Convergence analysis was also carried out for finer meshes.
Maximum stress of (146MPa) and displacement of (0.04mm) was observed in stage IV of
the AVN models whole bone model whereas in the necrotic region a localized Von Mises
stress value of 4.6MPa is observed compared to the health model which was only 1.6MPa.
The stresses inferred from this research reasonably correlates with values reported in the

literature. We believe that results obtained from this study will be very useful for clinical

XVi



prognosis in future; since these computer models will be used as an aid to understand in

depth analysis and etiology of necrosis in various stages with numerical accuracy.

Keywords: Finite element analysis, validation, simulation and AVN.
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Chapter 1 Introduction

Chapter 1
Introduction

Overview

This chapter covers the motivation behind this research (section 1.2) and states the research
question (section 1.3). It then discusses objectives and contribution of this research (section
1.4). In the last organization of the thesis is explained.

1.1 Motivation

The motivation of this study comes from the fact that orthopedic problems which are
occurring worldwide and affecting large number of population and estimated to be
increased by 12.91 million by 2050 thus imposing a major burden on the economy.
Countries like Pakistan where basic diagnostic facilities are not available situation is much
worse. So the author wants to work on a special and uncommon orthopedic condition which
sometimes goes undetected. Furthermore, during the under graduate studies, author worked
on a research project which was related to determination of vitamin D levels in healthy
adults. Later on, when the author came across biomechanics course at graduate level, author

opted for a research project which created a link between both the courses.

Bone is a complex material which provides protection and support to the body. It is a
reservoir of minerals such as calcium and phosphorus and also provides protection to major
organs such as skull protects the brain, rib cage provides protection to the lungs and heart.
Bone also work together with muscles and tendon and helps in the movement and
locomotion. The femur is the longest and strongest bone in the human body. It bears most
of the body weight and provides stability to the core. Bone can lose its functional support
and function in the event of damage, this damage can be cause of disease or trauma. There
are a variety of diseases associated with the bone such as osteoarthritis, osteoporosis, bone
fracture, osteomalacia, avascular femoral necrosis and many more. Avascular Femoral
necrosis (AVN) is a rare disease with unclear pathogenesis in which head of the femur is
affected due to the loss of blood supply. The head of the femur bone may be lost and also
lead to the destruction of hip joint.
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The idea of this project originated from the fact that while femur bone is the strongest
weight bearing bone in the body, therefore it is important to calculate forces and strain

progression during normal functioning as for example, walking, gait, jumping and hoping.

In literature Finite element-based AVN models are generated to predict the biomechanical
and pathophysiological features of the necrotic femur head. However, the possibility of
weakened femur shaft due to AVN and its ability to support hip structure and overall body
weight is not reported objectively. Since, femur bone forms a ball and socket joint with the
pelvis, it is important to calculate the degree of disease progression and its effect on the
pelvis with respect to the normal body physiology.

1.2 Research Question

“To predict bone strength during different stages of Avascular Femoral Necrosis using

mechanically elastic finite element analysis (Linear Analysis)
1.3 Research Objectives

In order to address the research question as cited, the research is divided into following

objectives:

1. To develop computer models of AVN in order to assist clinicians/ doctors for
medical prognosis.

2. To create Finite Element models of AVN femoras for insightful study.

3. To understand physics of AVN corresponding real bone damage

4. To predict damage progression in femur neck to create more awareness for

support mechanisms in the event of different stages of osteonecrosis.
1.4 Research Contribution

This research directly contributes to the Orthopedic Engineering discipline specific to the
AVN studies, which is a deadly disease and also known as the “Coronary disease of hip”.
It affect a large number of population, mostly who are in the prime youth and affecting
their ability to perform daily activities. Developing image based FE-models of AVN will
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help in a reasonable prognosis. As this is first kind of study in Pakistan to develop
computer models for AVN , it will serve as benchmark for other researchers and open new

dimension for research in this domain.
1.5 Thesis Layout

This thesis consists of 5 chapters in total. A brief description of each chapter is given

below.
Chapter 1--Introduction

This chapter provides insight to the topic and states the research question. The objective
and motivation behind this research .

Chapter 2--Literature Review

This chapter provides the necessary information about Avascular Femoral Necrosis and
past research done in this area of bone biomechanics. A brief review of FEM on AVN is

also provided.
Chapter 3--Methodology

In this chapter the methodology opted for this research project is explained. It also gives
detailed insight to the approaches used for the creating the models and tools to analyze

them.
Chapter 4--Results

In this chapter, all the acquired results are present and discussed. It also gives brief insight
of the results how they are obtained and what is their significance. It further critically

analyzes the results and validate the simulated values with the numerical values.
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Chapter 5--Discussion

In this chapter, results are critically discussed. It also explains the correlation between the
past and this present study. Correlation between the healthy and diseased models along with

the stage of diseases is explained.
Chapter 6--Conclusion and Future Work

In this chapter a careful conclusion of the study is presented. It also talks about the
limitation and problems faced during this study. Recommendation for the future work are

also given.



Chapter 2 Literature Review
Chapter 2
Literature Review

Overview

This chapter is divided into three sections. In the first section we discuss about the basic
science, what is bone and anatomy of hip and femur bone. The second section deals with
avascular necrosis (AVN), it’s pathogenesis, prevalence, classification and treatment
options available. The last section talks about finite element analysis of AVN and different
models available to study AVN.

2.1 Basic Science:

2.1.1 What is Bone?

According to Merriam-Webster dictionary(2013) formal definition of bone is “the hard
largely calcareounes connective tissue of which the adult skeleton of most vertebrates is
chiefly composed”. This formal definition does not explain all the functions of bone which
are; support and protection to vital organs such as heart and brain. Bone serves as
attachment site for muscles, facilitate in movements and also serves as reservoir for ions

such as calcium, phosphorus and other trace elements(Shahi Avadi, 2016).

Bones are categorized according to their shape such as flat, long, short or irregular. The flat
bones are associated with protection such as sternum, whereas long bones are weight
bearing bone such as femur and tibia. The short bones are ones which are associated with
support, stability and have limited range of motion(Marangalou, 2013).

Bone has many important functions yet the most important function is mechanical one. For
mechanical purposes bone is highly optimized and acts as an excellent biomaterial. It is a
strong yet light weight material which has ability to adapt mechanical environment and can

repair itself in the event of damage(Marangalou, 2013).
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As a material, bone is considered as a composite material with varying degree of porosity
and has complex structure(Rho et al., 1998, Weiner and Wagner, 1998). It comprises of
organic and inorganic components. The organic components include collagen,
peptidoglycans, cytokines and growth factors, whereas inorganic components include
calcium hydroxyapatite, calcium phosphate and non-collagenous proteins(Currey, 2002).
Bone composition remains constant extracellular but porosity can be varied and changed

according to loading conditions.

Bone is a dynamic tissue and is of great physiological importance (Byrne et al., 2010). To
understand mechanical properties of bone it is important to understand its hierarchical

organization which ranges from macro-scale to nano-scale Figure 2.1 (Beniash, 2011).
A. Marco-Scale

Bone in macrostructure consists of two types of bones called the cancellous bone and

cortical bone.

I. Cortical bone also known as compact bone and is highly dense

I1. Cancellous bone also known as spongy or trabecular bone.

Cortical bone is mostly present at diaphysis region (shaft) of long bones whereas cancellous
bone mostly fills the entire volume and mostly present in epiphysis region of the long

bones.

At microstructure level cortical bone and cancellous bone can be distinguished by
difference in density and porosity. Cortical bone is less porous whereas cancellous bone
has interwoven structure with large cavities and is metabolic active site. It also has ability
to repair itself quickly than cortical bone in the event of damage( Reznikov et al., 2014,
Rho et al., 1998). Both types of bones are structurally composed of regular, cylindrically
shaped lamellae. The difference lays in the orientation of fibril lamellae; in compact bone

lamellae are unidirectional whereas in spongy bone lamellae are multidirectional.



Chapter 2 Literature Review

B. Micro-Scale

At this level, bone consists of mineralized collagen fibrils which are arranged in sheets
called lamellae (Rho et al., 1998). The thickness of lamellae ranges from 3-7 microns and
are arranged in concentric layers to form a structure known as osteons. Osteons are
categorized as primary osteons and secondary osteons. The secondary osteons or Haversian
canal, cylindrical structures with 100-200 microns in diameter are product of primary
osteons and have role in bone remodeling (Reznikov et al., 2014).

C. Nano-structure

At nano level main building blocks of bone is collagen fibril. Type I collagen fibrils are
most abundant type of protein present in body and play an important role in mechanical
properties of bone. The mineral concentration in bone varies from 4 to 7% most important
type of mineral present in bone is the hydroxyapatite, (Cai0(PO4)sOHz2) a calcium phosphate
(Rho et al., 1998, Reznikov etal., 2014 ) .
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Figure 2.1 Hierarchical Organization of Bone , (a) Macroscale: micro-computed (micro-CT) scan of
bone showing internal trabeculae and cortical shell ,( b) Mesoscale: three dimensional
microarchitecture of trabeculae bone of femoral head, (c) Microscale: main ultrastructure of the
cortical bone (canal network and osteocyte lucane), (d)Nanoscale: scanning electron micrographs of
mineralized collagen and fibrils adapted from (Ruffoni and van Lenthe, 2017, Beniash, 2011)

2.1.2 Anatomy of Hip Joint

The hip joint is the ball and socket joint and is most important joint as it serves as a primary
connection between the upper limbs and lower portion of the body (Figure2.2). It consists
of spherical femur head and acetabulum along with ligaments and muscles. The muscles
and ligaments forms a smooth surface and stable joint, which gives a wide range of motion

to hip joint and prevent it from dislocation.

Hip joint is synovial type of joint, which are most common type of joints and are
characterized by a joint cavity in which bones articulate with one another. At synovial
joints, the articulating surfaces are connected by connective tissue or cartilage which allows

free movement of bones. These joints are surrounded by ligamentous capsule and have a

8
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synovial membrane. The synovial membrane produces synovial fluid, which lubricates

bones and reduces friction between them(Byrne et al., 2010).

Articular cartilage N =
Acetabular X
labrum < ~

Femur

Coxal (hip) bone

Ligament of
the head of
the femur
(ligamentum
teres)

Synovial cavity

Articular capsule

Frontal section through the right hip joint

Figure 2.2 Anatomy of the Hip Joint adapted from(Head and Barr, 2013)

2.1.3 Anatomy of Femur Bone

Human femur (Figure 2.3) is the largest, strongest and weight bearing bone also known as
“thigh bone”. Femur bone consists of diaphysis (shaft) and two epiphyses (proximal and
distal epiphyses). The proximal epiphysis consists of head and neck where the head forms
ball and socket joint with hip and neck serves as attachment site for head and shaft of femur
bone. Proximally femur has two trochanter areas i.e greater trochanter area and lesser
trochanter area. These trochanter areas serve as site of attachment for muscles. The body
of femur is known as diaphysis or shaft which is hollow cylindrical structure, the distal part
of femur consists of medial and lateral condyles which connect femur bone with knee joint
(Gray, 1878).
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Proximal — Articular cartilage
epiphysis |
Spongy bone
Metaphysis (contains red
marrow)
—— Endosteum
™ — Compact bone
—— Periosteum
‘ o Medullary (marrow) cavit
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\ i T~ Nutrient artery
in nutrient foramen
I
:
Metaphysis i\k
' L
— ,,/ Y
J B
Distal | (F°% b s !
epiphysis P Articular cartilage

Figure 2.3 Anatomy of the Femur bone adapted by(Marieb and Smith, 2003)

2.2 Avascular Femoral Necrosis

Avascular femoral necrosis (AVN) is an orthopedic condition which is represented by the
loss of osteocytes (bone forming cells) due to interruption of blood supply (Saini and
Saifuddin, 2004, Malizos et al., 2007, Cooper et al., 2010). The cell death which is caused
by the loss of blood supply is known as ischemia. The first case of AVN was studied by
Munro in 1738, then after 200 years Mankin studied 27 cases and hence coin the term AVN.
In literature osteonecrosis is represented by different synonyms such as avascular necrosis
(AVN), ischemic necrosis (IN) and aseptic necrosis (Assouline-Dayan et al., 2002, Jones
Jr and Peltier, 2001). All of these terms represent bone cell death and end-stage disease.

In clinical literature, two terms “avascular necrosis” and “osteonecrosis” are often use
interchangeably. Both of these terms define bone cell death and end-stage of disease.
According to James Andreson in the early stages of disease when bone maintains its
structure and only ischemic lesions is present term “avascular necrosis” is often employed
to explain such clinical conditions whereas term “osteonecrosis” covers the whole bone

pathology ;when bone is damaged enough and has been converted into cartilaginous cyst.
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Although these distinctions are not widely supported by clinical literature and therefore

border terms are often employed to explain osteonecrosis (Anderson, 2015).

Osteonecrosis can occur at multiple sites such as shoulder, knee and ankle (BARRACK,
1999, Lv et al., 2009, Assouline-Dayan, 2002). In this thesis our main focus is on avascular
necrosis of femur head (AVN) which is a destructive disease and mainly affects younger
population, who are mostly in third, fourth and fifth decade of life (Mont et al., 1996,
Aarvold et al., 2013, Mont and Hungerford, 1995, Shen et al., 2016) as compared to other

bone diseases such as “osteoporosis and osteoarthritis.
2.2.1 Occurrence of AVN

Avascular femoral necrosis is mostly prevalent in Asian population as compared to
Caucasian population as major load of the disease is reported from the Asian population
and is most common diagnosis for patients who undergo hip replacement therapy.
According to a study in China by Chiu et al. (1997) reported that in their center 33 patients
were undergone through total hip arthroplasty(Chiu et al., 1997). All of them were below
40 years of age and 40% of them were diagnosed with AVN(Chiu et al., 1997). In the same
follow up study after 10 years most common diagnosis is avascular femoral necrosis(Chiu
et al., 2005). In another study by Lai et al. (2008) on Taiwanese population during period
1996-2004 period, reported that out of 38,323 patients who undergone total hip
replacement, 47% were diagnosed with AVN. The average mean age of the patients who
were diagnosed with AVN is 50 years and 73% of patients were below 60 years. This study
also reported that 79% of AVN patients are male(Lai et al., 2008).

In 2005 a study in Japan showed that 11,400 patients received treatment for the idiopathic
osteonecrosis. Most of the patients are in their 40s, 20% males and 18% females are in this
range(Fukushima et al., 2010). In Korea, the incidences of femoral necrosis are increasing
over time. In 2002 incidences are increased from 20.53 occurrences per 100,00 whereas in
2006 the occurrences increases from 37.96 occurrences per 100,00. These cases account

for the between 50% to 60% of primary hip replacement over five years (Kang et al., 2009).

In Taiwan, annually 4000 THR procedures are performed and leading cause of this is AVN.
A study by Ching et al. is conducted to find possible etiologies of AVN; they reviewed
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medical data from January 2000 to May 2010 with key word “Osteonecrosis” and
concluded that 59.1% individuals were diagnosed for AVN with average age of 44.5 to
50.2 years. The prevalence of AVN is more in male (69.3%) as compared to females
(49.2%) but risk factors for male and female were found to be different(Tsai et al., 2016).

The rate of incidence of avascular necrosis in European countries are different from Asian
countries. A report for England and Wales in 2011 for National Joint Registry stated that
2% of patients were suffering from AVN under gone for hip replacements. This report does
not state that percentage of patients who develop secondary osteoarthritis after progression
of AVN (Labek et al., 2011). Similar statistics were reported in the Swedish population by
Garellick et al. According to their report; between 1995 to 2010, 6,476 cases were reported
of AVN and average age of patient is 67.5 years. They also find out that 32% patients
develop secondary osteoarthritis following AVN(Garellick et al., 2009). In 2014 another
report by National Joint Registry (NJR) for England, Wales and Northern Ireland reported
that 22% patients are suffering from AVN are under the age of 30 and have undergone
through the hip replacement procedure (Sabah et al., 2015). In a review study for “General
Practice Research Database” (GPRD) and The Health Improvement Network (THIN) of
United Kingdom by Copper et al. reported cases of AVN between year 1989 to 2003 and
also find out that individuals which are under 60 are more prone to AVN(Cooper et al.,
2010).

The Australian Joint Registry in 2014 reported that total 3.4% total hip replacement and
1.7% hip resurfacing replacements were performed following incidences of AVN. These

demographs doesn’t identify the number of secondary osteoarthritis following the AVN.

In United States, actual number of patients are not reported till so far but it is estimated that
20,000 to 30,000 individuals are annually diagnosed for AVN (Orban et al., 2009,
Amanatullah et al., 2011, Moya-Angeler et al., 2015). Annually 5-18% of hip arthroplasty
are done following progression of AVN (Amanatullah et al., 2011, Kaushik et al., 2012).

2.2.2 Etiology of AVN

There are lot of theories presented to decipher the mechanism of AVN, but its pathogenesis

is still unclear. A series of hypotheses are present in literature such as decrease in blood
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flow, osteocytes apoptosis, gene polymorphism, genetic causes, immune factors, lipid
metabolism and biomechanical factors (Ma et al., 2017). Although AVN is a multifactorial
disease with unclear pathogenesis with lot of known risk factors (Lieberman, 2004). Some
of the risk factors are listed in the Table 2.1.

Most of the researcher believes that AVN occurs due to loss of blood supply to
bone(Assouline-Dayan, 2002). Once blood supply is disrupted, cell death occurs due to loss
of nutrients and oxygen. Other factors reported for cell death are genetic predisposition,
metabolic factors and factors affecting blood supply such as increased osseous pressure,
vascular disruption and mechanical stress(Moya-Angeler et al., 2015).

According to Gauiter et al. 2000, AVN of femoral head occur due to loss of vascular supply
(Gautier et al., 2000). This loss of blood supply can happen due to variety of reasons which
can be (Chen, 2011)

I. Traumatic
I1. Non-Traumatic
I11. Idiopathic

. Traumatic AVN

Femur head has intravascular and extravascular supply and an insult to blood supply results
into traumatic AVN (Kaushik et al., 2012). Once blood supply is compromised, cell death
occurs due to loss of nutrients and oxygen supply (Kaushik et al., 2012). There are many
traumatic events such as hip dislocation and bone fracture that results into Traumatic AVN.
There are different studies reported in literature which show that after certain period of
trauma bone leads toward AVN. One study shows that after the 8 hours of trauma and lack
of blood supply bone would lead towards avascular necrosis (Hougaard and Thomsen,
1986). A study on 100 hip dislocations shows that after 6 hour of hip dislocation if not
treated there is 53% chances of AVN development (Hougaard and Thomsen, 1986).

Another traumatic factor that leads toward AVN is the fracture of femur head. Fracture
causes disruption of vascular supply to the head and ultimately AVN occur if not treated
in time (Smith, 1959, Holmberg and Dalen, 1987, Bachiller et al., 2002, Ehlinger et al.,
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2011). A brief review on fracture shows that 6-26% fractures of femur lead progress
towards AVN (Asnis and Wanek-Sgaglione, 1994, Lu-Yao et al., 2005, Loizou and Parker,
2009).

I1. Non-traumatic AVN

Most common causes for non-traumatic cases of AVN are alcohol abuse, corticosteroid
therapy, fat emboli and other disease complications such as renal failure, protein C/protein
S deficiency. Among these risk factors, alcohol and corticosteroid are the most important

causes of AVN and ranked higher for the development of AVN.

Alcohol abuse is reported to be leading cause of AVN 10% to74% whereas corticosteroid
use is ranked second higher cause 5-58%. The possible mechanism of alcohol is that it
causes mesenchymal cells not to differentiate in bone forming cells. The corticosteroid
use, ranked second major cause of non-traumatic cases of AVN. The incidences of steroid

use ranges from 5-58%.

Human immunodeficiency syndrome (HIV) is also associated with the AVN and is
presented after diagnosis of HIV , however mechanism of disease is not clear. It is believed
that highly active anti-retroviral therapy (HAART) was the biggest risk factor.

Allogenic bone transplantation is considered another important risk factor. In USA, 10%
of patients who receive allogenic bone transplants developed AVN within 1-2 months after

treatment.
I11. Idiopathic AVN

When bone is damaging asymptomatically(without any apparent reason) than the condition
is known as Idiopathic avascular necrosis and is diagnosed when the only choice of treatment
available is hip replacement therapy. In literature a lot of idiopathic cases are reported and
the leading cause of such cases is considered to be genetic one(Chen, 2011). A study
conducted on Japanese family by Miamoto et al. reported a mutation in type Il collagen
protein which is responsible for the osteonecrosis in children(Miyamoto et al., 2007). A

study on Taiwan population reported a gene responsible for hereditary osteonecrosis(Liu et
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al., 2005). Glueck et al and Jones et al reported hereditary conditions in the Western

countries.

Traumatic

Femoral neck fracture

Vessel disruption

Hip dislocation

Extensive burns

Non-traumatic

Alcoholism Smoking
Steroid Radiation
Contraceptive use Pregnancy

Diseases

Sickle cell anemia

Diabetes mellitus

Hyperparathyroidism

Cushing disease

Gout

Collagen diseases

Pancreatis

Resistance to activated

protein C

Hemoglobinopathies Chron’s disease

Erythematosus Hemophilia

Table 2.1 Risk Factors of AVN adapted from (Malizos et al., 2007, Séguin et al., 2008)

2.2.3 Stages of AVN

To understand AVN it is very important to understand different stages of this orthopedic
condition. Each stage represents a clinical condition which if treated in time will not only
limit the disease progression but ultimately also save joint. As true etiology of AVN is still
unclear and there is not true link is present between the etiology and pathogenesis of
disease. It is also believed that there is no link between stage and disease progression, that
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is some time patient with advance stage of disease are asymptomatic as compared to other

patients with early stage which are symptomatic.

Figure 2.4 explains events that leads toward AVN. There are lot of factors which trigger
onset of AVN, pathway may vary but disease progression remains same in majority of the

case.

Mon-traumatic

factors ] [ Traumatic factors ] [ Systemic factors
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v

Death of bone and marrow
cells
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i Ty
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Tissue is weak under
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v

Osteoarthritis develops

Figure 2.4 Series of events for the onset of AVN Adapted from(Shahi Avadi, 2016)
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Bone necrosis starts when it is deprived of blood supply. The interruption of blood supply
can occur because of various risk factors which are explained above in table 2.1. Once bone
is blood deprived it starts degrading and condition is further alienated if not treated properly
and ultimately develop necrosis. There are three type of zones present in the necrotic femur;
avascular zone, reparative vascular zone and normal vascular zone Figure 2.5. These zones

depends upon the number of arteries involved in site of damage.

Figure 2.5 Micro-angiographic Study of Femur Head with AVN, adapted from (Shahi Avadi,
2016)

When AVN starts to progress it affect all the cell types present in the bone and bone
marrow. The bone marrow generally consist of fat cells known as adipocytes (yellow
marrow). These cells have a small nuclei, cytoplasm and have a lipid vacuole. In the event
of bone damage these vacuoles are not affected by cell death and they remain unchanged
for some time and can be detected by the magnetic resonance imaging (MRI) which
otherwise can be distinguished from healthy cells figure2.6(a) figure 2.b).
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Figure 2.6(a) Radiograph of early Stage of AVN with no visible change. Adapted from(Anderson,
2015)

Figure 2.6 (b) MRI of Stage 0 AVN Adapted from(Anderson, 2015)

As disease progress in a few days or weeks mesenchymal stem cells starts to develop at the
necrotic region. The osteocytes develop in necrotic area and start healing process, whereas
osteoclast start eating dead bone and osteoblast starts bone growth. Although it is believed
that the rate of bone degradation is much faster than the bone formation in AVN. Bone tries
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to repair itself in the event of damage and forms a band near the necrosis area known as
sclerotic band as shown in Figure 2.7. At this phase femur head dose not lose its structure
and joint space is also retained(Anderson, 2015). During later stages when sclerotic band
forms and adipocytes bursts their contents are spilled and get calcified. At this stages MRI

shows clear picture of bone necrosis.

N e

Figure 2.7 Representation of Necrotic and Sclerotic area, adapted from(Anderson, 2015)

Bone has capacity to remodel itself in the event of damage but in case of bone necrosis
bone remodeling process is ill adapted. This results in the resorption of subchondral bone
and mechanical properties of bone are weakened. When mechanical properties are weaken
,bone cannot bear mechanical stress and other physiological factors. This results in bone
fracture which is known as crescent sign figure 2.8. This crescent sign is visible on

radiographs as well as other imaging modalities (Saini and Saifuddin, 2004).

The disease progress 1 to 5 years in different individuals. The end stage of disease is
collapse of femur head and development of secondary osteoarthritis. At this point patient

feels pain and femur head lost most of its structure.
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2.2.4 Diagnosis

Diagnosis of AVN is like any other orthopedic condition. It generally starts with the
medical and family history, physical exam and further to imaging techniques. If certain
medical conditions are linked then a differential diagnosis is done. Mostly patients comes

with groin pain.
2.2.5 Diagnostic Techniques

There are different diagnostic techniques available to diagnose AVN such as Radiography,
Magnetic Resonance Imagining (MRI), Computed Tomography (CT), Dexa Scan (to

calculate bone density).

The choice of the imaging technique employed to diagnosis AVN depends upon stage of
the diseases. A variety of imaging techniques are discussed in literature to diagnose AVN
and most common imaging modality is radiography, but it has some limitations. Initial
stages of AVN are not diagnosed by plain radiography. Plain radiographs show AVN when

subchondral bone is fracture and has a characteristics crescent sign Figure2.8 .

Figure 2.8 (a) Femur head showing the area of hyperlucency with arrows (b) Femur head showing
subchondral fracture with crescent sign. Adapted from (Pappas, 2000)
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With the advancement in imaging modalities it is possible to diagnose AVN in early stages.
Magnetic resonance imaging (MRI) is the most sensitive and accurate method to diagnose
AVN in early stages. It can detect signal changes in bone marrow and osteocytes cells
death. MRI is important for early diagnosis and quantification of AVN(Saini and Saifuddin,
2004) and has major role in accurate prognosis of AVN as choice of treatment depend upon
the diagnosis of AVN(Jergesen et al., 1990).

Other imaging modalities are also used to diagnose AVN such as Computed tomography
(CT), but they have accuracy over MRI for the early detection of AVN. In a study capability
of MRI, X-ray CT and radio nucleotide sequencing were compared with controlled group
and it was found out that MRI is more sensitive diagnostic technique for early
diagnosis(Mitchell et al., 1986).

2.2.6 Staging and Classification of AVN

There are several classification systems present to classify AVN. These classification
system helps to diagnose, quantify the stage of disease (Assouline-Dayan et al., 2002).
According to literature present to date more than sixteen system are present for staging
AVN, but three to four systems are widely in use. These classification systems depend upon
the severity of symptoms and radiographic findings. Although there is no consensus on
different classification systems therefore it is difficult to analyze and compare data from
different sources (Choi et al., 2015).

Of the many systems available for classification of AVN Ficat and Arlet system was the
first system developed in late 1960°s (Table 2. 2), then University of Pennsylvania grading
system also known as Steinberg classification (Table 2.3), the Association Research
Circulation Osseous System (ARCO) grading system (Table 2.4) and Japanese Orthopedic
Association grading system (Table 2.5).

Ficat and Arlet system of classification is the basic system of classification which starts as
3 stage system then with the advancement in the diagnostic methods, it expands to four and
six stages. The University of Pennsylvania and ARCO grading systems are comprehensive
one and are extension of basic Ficat and Arlet grading systems. These systems use the
information from the radiographs, MRI and Scintigraph.
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Of all the systems present for grading these four systems are reported in 85% of the studies.
The Ficat and Arlet is reported in 63% of the studies, University of Pennsylvania 20%,
ARCO in 12% and Japanese Orthopedic Association system in 5% studies(Choi et al.,
2015).

Since there is no mutual agreement present on grading system therefore the prognostic
feature depend upon several factors which are size of the lesion, extent of subchondral

fracture and location of lesion(Choi et al., 2015).

Size and location of the necrotic lesion are important prognostic feature of AVN but they
cannot fully explain whether collapse occur or not. In literature general consensus is present
for lesion size that is <15%, 15-30% and >30% are small, medium and large. This lesion
size calculation is done by calculating the extent of lesion damage by two angular

calculation in the sagittal plane and coronal MRI slices.

1 None (Only evident on MRI)

2 Diffuse sclerosis, cysts (Visible on
radiographs)

3 Subchondral fracture (Crescent sign, with,

or without head collapse)

4 Femoral head collapse, acetabular
involvement, osteoarthritic degeneration

Table 2.2 Ficat and Arlet Classification of AVN Stages Adapted from(Anderson, 2015)
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Stage Radiographic findings Sub- Invelvement
classification
0 Normal or non-diagnostic Mot applicable
madiograph, bone scan and MEI
1 MNormmal mdiograph. Abnormal | A Mild <15% of head involvement as
bone scan and o MEI seen on radvograph o MRI
B | Modsrate 15% to 30
C $-='|-'=1r| =30%
II Abnormal radograph showmg | A Ml <15% of head nvolvement as
"cysnc” and sclerotsc changes in seen on radiograph or MRI
the femoral bead. Head remains | B | Moderats 15% 10 30%
sphencal C| Severe =30%
Il | Subchondral collapse producmg | A Maild Subchondral collapse (crescent)
a crescent sign below beneath <15% of the articular
subchondral layer, surface
B | Moderate Crescent beneath 15% o 30%
C | Severe Crescent beneath =30%%
v Flarteming of the femoral head | A Mald =1 5% of surface has collapsed
and depression s <?mm
B | Moderate | 15% o 30% collapsed or 2-4mm
depression
C Severe =30% collapsed or >4mm
depression

Table 2.3 Pennsylvania Grading System by Steinberg adapted from (Anderson, 2015)

_rge 0 1 i i Iy
ndings Xeray, CT ase Crescentsignon | Osteoanhntss,
All present normal, af Jeast | No crescent sign, x-rav and o 10k space
techmques show one of the X-ray absormal: flatienang, of the NATOWBE,
normal or pow- ) shomng sclerosss, | articulas surface acetabular
} ) below is osteolysis, Jocal of the femoral changes, yount
results positive porosis head destruction
Technuques X-ay Scissograph Xy Xsay X-rav only
CcT MRI cT cT
Quantitate wsmg Quantzate on X-
Scintograph MRI Scumograph @y
MRI MRI
Quantitane wsmg
MRI
Quantitation No Length of crescent No
A<15%
B 15%10 30%
C >30%
s Surface
collapee and domne
depression
%2 Area myvolvement A<18% 2mm
Mineal A <15% B 15% 10 30%,
Moderate B 15% 10 30% 2mm-4mm
Extensive C ~30% C »30Ps 4mm
‘R\\ ‘ \\\ ‘\‘
- Y NN
clasnafic
ation No Medual Central Latenal No

Table 2.4 ARCO Grading System Adapted From (Anderson, 2015)
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Stage | Finding (uantitation | Location
l Demarcation lime, subdiveded by relationshap to waight- | 14 Medial
beaning ams I8 Centnl
IC Latesal

Early flantening WITHOUT demarcanon Imelnmuud
N&Crofc area

Cystic lesions, subdivided by site m the femoral head 1 Medial

1 iB Lateral

Table 2.5 JOA Grading System Adapted from (Anderson, 2015)

2.2.7 Treatment

There are many treatment options available for the AVN. The main goal of the treatment
is to provide relief to patient from pain , to preserve joint and provide aid in performing

daily normal activities. The choice of treatment depend upon certain factors which are

a. Age

b. Physical Condition

C. Extent of the bone damage
d. Stage of the disease

There are two types of treatment options available; non-operative and operative. The choice

of treatment depends upon the stage of the disease and extent of bone damage
1.  Non-Operative Treatment:

The non-operative treatment options are employed when the AVN is in initial phases and

bone is not damaged. Some of the treatment option are enlisted as

. Medication : to relief pain

o Limit range of motion

J Support by the crutches or walker to minimize

o Avoid other risk factors such as corticosteroid and alcohol use
o Use of the hyper baric oxygen chamber

o Shock wave therapy
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2. Operative Treatment

The operative treatment options are used when extent of damage is beyond repair and only
choice of treatment is available. The goal of surgical treatment is to repair and provide
support to the joint. Some of the most common treatment options are core decomposition,

bone grafting, rotational osteotomy and total hip replacement therapy.

Core decomposition is prophylactic surgery which is usually done before collapse. It is
done by drilling hole in the necrotic bone. The main aim of this method is to improve blood
circulation and decrease bone pressure. The core decomposition procedure is usually
suitable for Ficat | and Il stages. Core decomposition along with bone grafts allows bone

to start the healing process by forming new bone.

Rotational osteotomy is that; femur head is rotated either anteriorly or posteriorly along
longitudinal axis of bone. This twisting of head reduces pressure in the bone and also
allowing healthy area to bear stress.

Hip arthroplasty or total hip replacement therapy is done when the joint fully damaged
and boneis beyond repair. In this treatment joint is removed surgically and replaced with
artificial one. THA has been an important factor in pain relief. This is usually done to
preserve joint. THA is mostly done on younger patients so that they can perform daily

activities without any difficulty.

2.3 Finite Element Method and AVN

2.3.1 Introduction to FEM:

The mathematical approach to solve any problem from any discipline to get an approximate
result is known as the Finite element method. In this method the bigger problem is divided
into small problems which are connected by nodes and they mimic the original

system/problem (Mustansar, 2015)

The term FEM is coined in 1960’s. Since then this is used by engineers to study stress and
strain in different areas such as heat flow, load transfer, stress analysis and many others. In

the recent decades FEM play a major role in biomechanics.
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Over the past 40 years, bone is most common biomaterial use to simulate mechanical
behavior by finite element analysis and has substantial impact on bone research. Thus it is
very important to plan finite element analysis very carefully as small change in anatomy,
boundary conditions and material properties would lead to errors or false results. The
choice of element type is very important, different types of elements have different types
of assumptions and can lead to different type of results. The most common type of elements
are tetrahedral as they are easy to solve and take less computational time. To predict stresses
and deformation iterative methods are used. The purpose of iterative method is to simplify
the problem and to get analytical solution of the problem. To check whether analytical
solution is good enough convergence analysis is done with varying mesh densities. The

steps involved in the FEM are explained in the figure 2.9.

Meshing

Solve the global
(v) equations

(M Solution 3
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% equations
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Select the
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Figure 2.9 Steps of Finite Element Analysis adapted from (Mustansar, 2015)
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In 1972 Brekelmans first used FEM to investigate stresses in human bone under
physiological conditions. Finite element method has vast applications in orthopedics
biomechanics from mechanical behavior of bone in normal and pathophysiological
condition, bone remodeling and bone fracture analysis.

Since determination of mechanical stresses is important in human bones under natural
physiological conditions for both clinical and research purposes hence FEM is most
important in the Orthopedic Mechanics. As it is not possible to measure stress strain non-
invasively in living tissues so FEM is the ultimate choice as it measures stress and strain
non-invasively. These analysis requires exact geometries of bone which is obtained from
CT or MRI data of bone.

2.3.2FEM and AVN:

Finite element is promising and valid technique in modern literature to answer the scientific
questions as well as bringing solutions to clinical research. A lot of studies are conducted
on AVN to investigate progression and mechanical strength of femur bone. Brown et al.
(1981) was the first one to investigate mechanical properties of human femur AVN. They
tested eight post-collapse and one pre-collapse femur head by uniaxial compression testing.
In this study three different types of cubes are taken for testing that are completely necrotic,
sclerotic region and adjacent to the necrotic region. The results from the study show that
there is 51% reduction in the bone strength for the necrotic bone part. The sclerotic region
adjacent to the necrotic region does not show any statistically significant reduction in
strength. The pre-collapse group also shows similar reduction in strength and stiffness.
Thus it is concluded that there is visible change in strength and mechanical properties in

femur AVN in early stages.

Later on in 1992 Brown et al. studied mechanical properties of bone using finite element
method. The main purpose of the study was to investigate mechanical effect of subchondral
plate on the under lying damage bone due to AVN. They found out that the structural
integrity of subchondral bone was unaffected and stress levels were 70% more in the bone
near to cancellous bone. This study shows that the onset of collapse in AVN is dominated

by the structural degradation of cancellous bone rather than the subchondral plate.
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Brown et al. in 1993 further studied the effect of core decomposition on AVN. The main
purpose of the study was to investigate the mechanical integrity of the necrotic femoral
head using linear elastic model. For this study they created lesion in the femur head form
MRI data and physically attenuated its modulus by 75% and strength by 50% from their
previous study. The results of the study show that it is the loss of the mechanical strength
of cancellous bone whose causes high stress in the necrotic bone and is responsible for the

fracture in subchondral plate in later stages of AVN.

The study by Brown et al. remains a standard for many other studies. In 2002, Yang et al.
conducted a study on femoral head AVN. They cited Brown et al. to assign material
properties to necrotic bone. They uses 445MPa and 218MPa, and yield strength of 19.4
and 5.5MPa respectively. They assumed bone to be anisotropic and ignored all the effects
of cortical bone. A Poisson ratio of 0.33 was used throughout, neither cartilage nor cortical
bone was modelled. MRI scans of 55 patients with AVN were gathered. Location and lesion
size were considered to be as a cone. For the determination of stress index which is defined
as ratio of the measured stress over yield strength and compare to highest stress index and
location of the fracture site in the necrotic head. They studied the static failure and fatigue
fracture. In normal healthy bone the stress index was considered to be unity. The static
failure stress index was greater than the unity whereas the same stress index was much
lower than unity in fatigues fractures. The same stress index was found in the necrotic head
when the conical angle of the lesion was less the 110 degree. The authors concluded that
the lesion of this size cannot cause fracture because it was compared to the healthy bone.

In 2005 a series of studies are conducted in post collapse AVN to find out the relationship
of cartilage degeneration in the femur head of AVN. A series of tension, compression and
shear tests are performed on the cartilage and subchondral plate. They found out that the
tensile strength of the cartilage is decreased due to the degeneration of the cartilage in AVN,
whereas less correlation is present between the shear and compressive strength. These
results were compared with the osteoarthritis bone and it was found that the cartilage
degeneration in AVN was different histologically and mechanically than from

osteoarthritic bone.
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There are many complications associated with the osteonecrosis hips and the major one is
the development of osteoarthritis. Daniel et al. (2006) simulated the contact stress index in
the femur head with the major articulating surface. According to the study the load bearing
capacity of the hip is decreased as the necrotic lesion size in increased and is sensitive to

the load vector direction(Daniel et al., 2006).

In literature there are many studies are present which simulate the AVN femur head
according to the lesion size and location of the lesion. In a most recent study by Zhou et
al. in which they modelled the physiological (healthy) and pathophysiological (necrotic)
model. The use a pervious study by Brown et al for the material properties assignment. The
outcome of the study was lesion play a major role in the stress distribution in the AVN.
Similar study was done by Bae et al. with same material properties. They considered the
lesion as simplified structure like cone at an angle 100°. However there study did not
measure the effect of lesion on the stress.

Bone is highly anisotropic structure but all the studies on the AVN till to date considered
the bone and necrotic lesion as homogenous material and assign the same material
properties to both. This may be true given the fact that lack of literature is present on the
necrotic lesion and the complexity of femur head structure with lesion. So to cover this
aspect multi-scale modelling approach was employed by Vaughan et al. In this approach
they model the tissue fibers from micro to macro structures. The concept of this approach

is to predict the elastic properties as a function of radiographs.
2.3.3 AVN Models

In literature several attempts have been made to create a valid AVN model to study the
natural progression of disease. As it is not possible to study the natural progression of
disease in human models therefore till to date several animals models are developed for
this purpose. AVN is induced in the animals to study the mechanical and biological aspect
of the disease. There are two type of models are created non-traumatic models and

traumatic models which are explained below in detail.
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2.3.3.1Non-Traumatic Models

Since corticosteroid abuse is one of the major risk factor for the development of AVN, so
many authors used this approach for the induction of AVN in the animals. Various animals
such as mice, rats, pigs ,rabbits and ponies are used to model AVN. Although AVN is
induced successfully in these animals but they do not reflect the natural mechanical aspects
of the AVN as are seen in humans. This may be of the effect that all these animals are

quadrupeds not the bipedal and also the multifactorial nature of AVN.

The other major risk factor in humans for the development of AVMN is alcohol, which
have been used to induce AVN in animals. A study by Manggold et al. (2002) develop a
model of sheep AVN by the induction of ethanol in the sheep head. The sheep develop the
necrotic lesion in the head but the sheep did not lead to the mechanical collapse of femur

head after the 12 weeks of alcohol administration.

Some of the other novel methods have been reported in literature for the induction of AVN
in femur head of animals. Some of these methods are hormone induction in rabbits,
autoimmune activation in rats, intravascular coagulation in rats, rabbits and pigs, induced
hypersensitivity in rabbits and inducing oxidative stress and cryogenic freezing in
rats(Shahi Avadi, 2016).

2.3.3.2 Traumatic Models

Several traumatic animal models have been created in literature to study femur head AVN.
the trauma occurs when disruption occur in the vascular supply to the femur head. In
humans the most common cause of the traumatic AVN is the fracture of femur head. There
is a study conducted in 1996 by Seiler et al. to show that the if vascular supply is disrupted
then the AVN occur. They induce the osteotomy in the head to cause a fracture. After 8
weeks of monitoring they reported that there is decrease in the blood flow to the femur head

and histology works confirmed the development of AVN.

Since all the models developed so far are quadruples therefore these models cannot explain
the exact mechanism of AVN progression. To overcome this problem Conzemius et al.
(1999) developed an emu model to develop a human like mechanical model. The theory
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behind this model was that all the previous models were quadruples and they filed to
progress the end stage of AVN but Emu is a bipedal animal and is highly active and
represents more changeling environment therefore it may result in to progress into the end
stage of AVN and mechanical failure of the hip due to the AVN. There were 19 emu and
AVN was induced by ischemia or cryogenically. Out of 19, 18 emu develop end stage AVN
with 6 showing the crescent sign. This study was successful in developing the end stage of
AVN just as found in humans but it does not compare the properties of collapse bone with

human femur head.
Missing link in the literature

In literature a lot of studies are present on AVN explaining the natural progression of the
disease. Animal models are developed to study the AVN but up till now no mechanical
models are generated to study the AVN. This represents a gap in the literature, so there is
need to develop the mechanical models for the AVN which would help in the better

prognosis and treatment of AVN.
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CHAPTER 3
Methodology

Overview

This chapter talks about the materials required and methods adapted to create healthy and
diseased models of the femur bone. This study is divided into three-fold stages. In first
stage, computed tomography scans were used for image based modeling by using Mimic
Innovation Suite 19, in second stage FEM was performed for both healthy and diseased
models under physiological loading conditions. In last stage, the simulation results were

validated by using a mathematical solution (analytical solution).

3.1 Work Flow

To investigate stress and deformation in femur bone mechanically is difficult and
expensive process, as physical specimens are required for mechanical testing. To cope
with this difficulty computer based models are generated. The methodology adopted for

this project is explained in Figure 3.1
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Figure 3.1 Project Flow Diagram
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3.2 Image Acquisition:

Computed Tomography scans of femur bone are used in this study with pelvis intact.
Images were chosen with reasonable internal structures for both healthy and necrotic
models. Dataset was obtained from hospitals first which was missing a lot of information
regarding planar images and axial geometry which is why images were not used to create
more models. Moreover the quality was too vague. Therefore authors fetch dataset from

online DICOM image repository,Osirix (http://www.osirix-viewer.com/resources/dicom-

image-library/) in November 2016.

The dataset was human femur model with a whole body normal computed tomography
angiography (CTA) study of a 43 Years male. Images were acquired on a CT 16 scanner.
The femur was 497.07 mm in length with an adult weight of 50 Kg. The image

specifications are given the table 3.1

Image Specifications

Pixel Spacing (2D) 0.7412875\0.7421875
mm
Source to Image 1040 mm
Distance
Total no.of slices 1559
Slice Thickness 2 mm
X-Ray Tube 354 mA
Current

Table 3.1 Image Specifications

Dataset was later refined, and noise was removed from images using advanced filters.

34


http://www.osirix-viewer.com/resources/dicom-image-library/
http://www.osirix-viewer.com/resources/dicom-image-library/

Chapter 3 Methodology

3.3 Image Segmentation

For segmentation, an advanced image processing suite was utilized known as Materialize
Interactive Medical Image Control System (MIMICS) developed by Materialize
Belgium. This software is an interactive tool which provides ability to visualize and
segment CT data for correct image segmentation. For this project a recent version of
MIMICS know as Mimics Innovation Suite 19 was employed. Software consist of two
modules, Mimics and 3-Matic. In Mimics image segmentation is done and 3-Matic deals

with mesh generation. The process flow diagram of this software is shown in Figure 3.2.

Mimics Innovation

Suite 19
e Image
« Two Modules Segmentation « Smooth and Fix
« Mimics + Split Mask Option Non-manifold
. * Femur and Plevis assembly
+ 3-Matic .
separate masks * Adaptive remesh
+ Boolean Operation  Volume mesh
» Cortical and « Material Properties
Cancellous Bone assignment
* Mask based non- « Exported as .inp

manifold Assembly

\J

Figure 3.2 Process Flow Diagram of Mimics Innovation Suite 19

The data was thresholded using predefined values for Bone CT data and a whole-body 2D
view was calculated as shown in Figure 3.3. As whole-body scan was not required for the
present study so region of interest (ROI) was cropped out by using crop mask feature
available in the software, i.e femur attached with the pelvis, Figure 3.4. For simplification
purpose and to limit the computational cost, only right femur bone attached with pelvis was
used for present study Figure 3.5. Combinations of “mean” and “median” filters were
applied to remove any noise and unwanted information. In Mimics Innovation Suite , a
special Split mask feature is available which splits different anatomical structures into

separate masks. Femur has a ball and socket joint with pelvis, so split mask option was
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utilized to separate out femur and pelvis in two distinct masks Figure 3.6 (a, b, ). In Figure
3.6 (a) split mask function is presented by two different colors; Pink color presenting femur
bone mask and Purple color presenting Pelvis mask. Figure 3.6 (b) presented separated

femur bone after split mask application and Figure 3.6 (c) presents pelvis

A B T C
Figure 3.3 Predefined Threshold Values

Views; A. Coronal view, B. Axial view, C. Sagittal view
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A B C

Figure 3.4 Cropped ROI 2DViews; A. Coronal view, B. Axial View, C. Sagittal view

A B C

Figure 3.5 Right Femur bone attached with Pelvis Model 2D

Views; A. Coronal view, B. Axial view, C. Sagittal view
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A B C

Figure 3.6 (a) Split Mask Function 2D Pink color: Femur bone and Purple color: Pelvis Views; A.
Coronal view, B. Axial view, C. Sagittal view

A B C

Figure 3.6 (b) Femur Bone after Split Mask Function

Views. A. Coronal view, B. Axial view, C. Sagittal view
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Figure 3.6 (c) Pelvis after Split Mask Function

Views, A. Coronal view, B. Axial view, C. Sagittal view

The femur bone was segmented into (i) cortical bone Figure 3.7 (a) ; (ii) cancellous bone
Figure 3.7 (b) by Mimics Innovation suite 19. A Boolean intersection operation was
performed between cortical bone and pelvis so that a realistic model was created for loading

conditions.

Figure 3.7(a) Cortical Bone 2D

Views. A. Coronal view, B. Axial view, C. Sagittal view
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Figure 3.7 (b) Cancellous Bone 2D,

Views; A. Coronal view, B. Axial view, C. Sagittal view

In Mimics Innovation Suite, a 3D model with multiple structures is constructed as a non-
manifold assembly. The non-manifold assembly forms common surface between different
masks to achieve good quality mesh. For example cortical bone with trabeculae bone, these
geometries are known as non-manifold assemblies typically contains two or more volumes

sharing common surface.

3.4 3-Matic For Mesh generation

3-Matic is 3D modeling program which enables to create, optimize and modify meshes
using CAD designs or scanned data for finite element analysis. While running FE analysis
on multiple parts it is important to create link between different layers, for this purpose

non-manifold assembly is created.

In creation of non-manifold assembly the order in which masks were placed is of prime
importance as explained in Chapter 4 ,section 4.3. Figure 3.8 presents different stages of
non-manifold assembly. Once non-manifold assembly (Figure 3.8 A) is formed, smooth
and reduce functions were applied (Figure 3.8, B, C) and then volume mesh with tetrahedral

elements was formed (Figure 3.8 D). The assembly was then copied to mimics for material
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properties assignment (Figure 3.8 F). After material properties assignment, models were

exported as input deck files for finite element analysis in a numerical solver Abaqus CAE.

A B

Figure 3.8 Non-manifold Assembly Formation for Mesh Generation, A. Non-manifold Assembly, B.
Non-manifold Assembly after smooth function application, C. Non-manifold Assembly after Reduce
function application, D. Volume Mesh generation, E. Internal view of volume elements, F. Material
Properties assignment

3.5 Healthy and Diseased Models

To create healthy and necrotic models for finite element analysis; same dataset was used.
Firstly, healthy models were created from dataset with varying mesh densities.
Additionally, necrosis is virtually induced in the same dataset using data from the literature
as bench mark. The process of generating healthy models is same as explained in section
3.3and 3.4.

The diseased models were created by manually editing healthy data set using the
benchmark dataset (Beaulé and Amstutz, 2004). Random slices were edited for the
induction of necrosis. For reference guide, a scheme representing different stages of
necrosis was followed as established in the literature (figure 3.9). As femoral necrosis is
present in femur head so the actual site of disease progression is not universal and varies

from patient to patient.
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Figure 3.9 Scheme of Stages of Avascular Femoral Necrosis Adapted for the Project Adapted from
Management of Ficat Stage 111 and IV Osteonecrosis of the Hip, Beaulé PE, Amstutz HC, J Am Acad

Orthop Surg. 2004;12(2):96-105
3.5.1 Diseased Models Generation

To create diseased models, scheme presented in figure 3.9 was followed. The diseased
models were presented in figure 3.10(A) Stage I, figure 3.10(B) Stage I, figure 3.10(C)
Stage I11, figure 3.10(D) Stage IV. Different color scheme represent different mask which
were edited manually to create four stages of AVN. The color scheme adopted is explained

in figure legends and dotted area presents the area from where pixels were deleted for

diseased models creation.
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Figure 3.10(A) Satges of AVN:Stage I, Views A. Sagittal view, B. Coronal view,C. Axial view , Color
Scheme:,Pink =Pelvis, Red=Cortical bone, Green=Cancellous bone

Figure 3.10(B) Satges of AVN:Stage |1, Views A. Sagittal view, B. Coronal view, C. Axial view,Color
Scheme: Pink =Pelvis, Red=Cortical bone, Green=Cancellous bone
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A B C

Figure 3.10(C) Satges of AVN: Stage I11;Views A. Sagittal view, B. Coronal view, C. Axial view,Color
Scheme: Pink =Pelvis, Red=Cortical bone, Green=Cancellous bone

¥
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»

pmm—————

f
——

A B C

Figure 3.10(D) Satges of AVN :Stage IV,Views: A. Sagittal view, B. Coronal view, C. Axial view,Color
Scheme: Pink =Pelvis, Red=Cortical bone, Green=Cancellous bone
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3.6 Numerical Modeling using FEA

Computational models of joints anatomy and function provide a means for bio mechanist,
physician, and physical therapist to understand the effect of repetitive motion, acute injury,
and degenerative diseases. Furthermore, such models may be used to improve design of

prosthetic implant (Mackerle, 2006).

In early 1970’s finite element analysis found its application to find out stresses in bone
biomechanics. Later, finite element modeling becomes most promising technique to
develop subject/patient specific models in a rapid and reliable manner. Among the existing
methods, FEA is most widely used because of its ability to represent complex geometries
and anatomical features. It gives insight of the structure being analyzed and often is the only
choice where physical examination is not feasible (Reznikov et al., 2014).Once models are
formed by the 3-mtaic and tetrahedral mesh with C3D4 type elements are formed, then

models are imported to a numerical solver Abaqus for analysis.
3.6.1 Boundary Conditions

As small change in boundary conditions can lead to erroneous results, boundary conditions

therefore play a great role. The choice of boundary condition depends upon the type of
analysis. For FE analysis of femur bone attached with pelvis the BC used are, femur bone
is fixed at the distal end such that it cannot translate or rotate in any direction. For this
purpose, ENCASTER boundary condition was used Figure 3.11. Mathematically
ENCASTER boundary conditions is presented as

Ul=U2=U3=UR1=UR2=UR3=0, where U represents displacement and R represents
rotation. This means that proximal end of femur bone is not allowed to displacing or
rotating in any X, y and z direction. This type of BC is utilized for natural loading

conditions.

The type of load applied on the surface present between the pelvis and cortical bone is
Surface Traction at an angle in X direction. In surface traction a vector is chose for load
application. This load is transferred to head of the femur from pelvis and then to shaft
Figure 3.11.
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The load applied calculated by equation

Force = Mass of the body * acceleration due to gravity ....... (1)
F = 50Kg * 9.8 ms-2
F = 490N
To calculate nodal force which is applied on chosen vector the formula is

Nodal F _ Total Force
oaarforee =\, of nodes

490N
Nodal Force = 3 = 163N

This nodal force is applied on the chosen vector at an angle in X direction so that force is

exerted in the same direction to ensure natural loading condition.

Direction of Force
applied

Figure 3.11 Boundary Conditions

The material properties are second most important part of FE analysis. The material properties which

are used in this analysis are given in the Table 3.2.

46



Chapter 3 Methodology

Young’s Poisson Reference
Modulus Ratio

(MPa)

Cortical Bone 22500 0.33 (Lai et al.,
2015)

Cancellous Bone 13500 0.33 (Lai et al.,
2015)

Pelvis 2875 0.29 (Hao et al.,
2011)

Necrotic Bone 124.6 0.152 (Zhou et al.,
2014)

Table 3.2 Material Properties Utilized in the analysis
3.6.2 Convergence Analysis

Often it is asked whether results obtain from finite elements analysis are valid or not? For this
purpose, convergence test is done. For most of the linear problems iterative methods are not
required yet mesh convergence is important for linear problems. Convergence analysis is
when by changing the number of elements in the mesh; solution for that mesh does not change
and becomes constant. Then the results are said to be converged. For convergence analysis
four coarseness levels are attain by changing edge lengths from Model 1 to Model 4 which
are presented in Table 3.3. The model A has lowest mesh coarseness level where as model D

has finer mesh.
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Models Mesh Densities

Model A 18,986
Model B 38,318
Model C 57,176
Model D 76,527

Table 3.3 Mesh Densities for Convergence Analysis

3.7 Comparison of Results

In computational work it is quite important to validate results by some mathematical model. But in
some cases the geometries are complex and to develop a mathematical is quite difficult task. So in

order to verify results of the simulations are compared with literature. If simulation results follow

the same trend as available in literature then results are said to be true for that scenario.

In this research we have created a model of femur with intact pelvis, for which a mathematical model

can be archived but that would not explain the real geometry. In order to validate this study we have

conducted literature search and found a reference study to compare our results with it.

48



Chapter 4 Results

Chapter 4

Results

Overview

This chapter critically discusses results obtained from this study. The chapter further reviews

limitations and discussion on acquired results. The chapter is divided into following sections:

1
2
3.
4

Results from Scanning (Computed Tomography)
Results obtained from image processing.

Results obtained from finite element analysis
Validation

4.1 Results from Scanning

The results from whole body micro computed tomography scan were acquired on 16 CT

scanner to create 2D images as shown Figure 4.1. The image specification was presented
in Chapter 3 table 3.1.

49



Chapter 4 Results

C

Figure 4.1 2-D presentation of dataset, A. Sagittal View, B. Axial View, C. Coronal View
4.2 Results from Image Processing using Mimics Innovation
Suite

After image segmentation, whole body scan Figure 4.2(A) was obtained. Since whole-body
scan was not required for the study so region of interest was cropped out i.e. pelvis attached
with femur bone Figure 4.2(B). Due to time constrains and computational cost only right
femur attached with pelvis was used for image base modeling in this study (Refer Figure
4.2 (C).
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A B C

Figure 4.2 Image Processing Results

A. Whole Body Scan, B. Segmented ROI, C. Femur attached with Pelvis

After the required ROI was segmented out, femur and pelvis were separated by split mask
function and assigned distinctive masks. In Figure 4.3 femurs was presented with pink mask
whereas pelvis was presented by blue mask. After split mask function was performed femur

was assigned blue mask and pelvis purple mask as presented in Figure 4.3.

Femur bone is the strongest, largest bone and bears around one fifth of the total weight of
human body. It is segmented out into two distinctive parts (i) Cortical Figure 4.4 (A) bone
and (ii) Cancellous bone Figure 4.4 (B) by Boolean operation and Figure 4.4 (C) show outer

cortical and inner cancellous bone in high transparency.
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i

Figure 4.3 Image Processing Results

Split Mask Function: A. femur pink mask and pelvis in purple mask, B. Femur, C. Pelvis

Cancellous Bone

Cortical Bone

A B C

Figure 4.4 Cortical and Cancellous bone Presentation in 3D A. Cortical Bone, B. Cancellous Bone, C.
Outer Cortical and inner Cancellous Bone in 3D
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4.2.1 3-Matic Results

As explained in the Chapter 3 section 3.5 - 3-Matic forms non-manifold assembly. This is
presented in the figure 4.5 (A). The orders in which masks are present in non-manifold
assembly are;

1. Pelvis
2. Intersecting mask between the pelvis and cortical bone

3. Cortical bone mask
4. Cancellous bone mask, figure 4.5 (B).

Pelvis

Intersecting Mask

Cortical Bone

Cancellous bone

Figure 4.5 3-Matic Results

A.Non-manifold Assembly, B. Non-manifold Assembly in high transparency showing internal msks
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4.2.2 Results for Healthy Models

Once non-manifold assembly is formed four healthy models with varying edge length were
generated for finite element analysis. In figure 4.6, (A) Model 1 represents first mesh with
lowest elements, whereas in figure 4.6 (B) model 2 represent mesh with increased elements.

In this way model 3 figure 4.6 (C) and model 4 figure 4.6 (D) were generated. Models 4
have highest mesh density.

Figure 4.6 Four Healthy Models with increasing mesh densities from Model A- D, Mesh Densities
Presented in Chapter 3, Table 3.2

4.2.3 Results for AVN Models

In figure 4.7 four AVN models were presented according to stage of the disease. These
models were created by following the scheme presented in chapter 3; section 3.6. The black

color in figure 4.7 represents diseased area.

Table 4.1presents four stages of AVN along with mesh densities. The first stage of AVN

has highest number of elements and number of elements decreased in second stage.
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Whereas in third and fourth stage of necrosis number of elements were increased. This

increase in number of element could be due to large interfaces in geometrical details and

as disease progresses empty places were created in the models.

Figure 4.7 Stages of AVN, Black color presents diseased area

A. Stage |, B. Stage II, C. Stage Ill, D. Stage IV

AVN Models Mesh Densities

Stage of AVN Number of Mesh
Elements
Stage | 89,863
Stage I 53,172
Stage Il1 1,12681
Stage IV 1,42915

Table 4.1 Stages of AVN Models with Mesh Densities
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4.3 Results from Finite Element Analysis

Finite element analysis is the most common computational technique used to study
biomechanical function of bone. The advancement in imaging modalities and wide spread
use of FEM provides a strong impulse for bone research to understand complex nature of
bone and to develop patient specific models. Below the results from FEM analysis are

explained, which are obtained from this research.

4.3.1 Convergence Analysis

In Finite element analysis, convergence analysis is often required to verify results.
Convergence analysis is the iterative method in which results are converged to a solution

and become independent of mesh size.

For this study four models were created for convergence test. Models were created with
increasing mesh densities as presented in figure 4.6. The results obtained from convergence

analysis are explained in the following paragraph.

In figure 4.8 a graph between displacement and mesh densities is plotted. The mesh
densities for models A-D were present on x-axis and displacement on y-axis. Mesh densities
and respective displacements are presented in table 4.2. Model A has lowest mesh density
of 18,986 elements and has displacement of 0.062mm. The second model has displacement
of 0.02mm:; with increase in the mesh density from model C to D we achieved a constant
displacement which is 0.01mm. At this point results are said to be converged and become

independent of mesh size

Mesh Density Displacement (mm)
18,986 0.062 mm
38,378 0.02mm
57,176 0.01 mm
76,524 0.01 mm

Table 4.2 Mesh Densities vs. Displacement for Converged Models
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Convergence Analysis
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Mesh Densities

Figure 4.8 Analyses for Deformation

In figure 4.9, graph of Mises stress in relation with mesh density is plotted. According to
FEA theory, accuracy of FEM results depends upon mesh density (element size) and
computational time. Models with fine mesh density (small elements size) yield more
accurate results as compared to results obtained from coarser mesh densities (large element
size) (Liu and Glass, 2013). This is because; denser elements tend to have more saturated
distribution for stress as well as pressure. Models with fine mesh densities give accurate
results and take more computational time as compared to results from coarser meshes. In
finer meshes there are more elements to compute thus yield accurate results. It can be seen
from the graph that with the increase in mesh density Mises stress decreases. Model A has
highest Mises Stress (113 MPa) which is significantly reduced from model B to model D
(45MPa). Although overall, the models are not converged perfectly, however they are going
towards finer stress numbers which means they will converge after one or two more
iteration. The reason why, we could not run more models were due to the computational
limitation of our system. In future, it will be possible to have run more models and get

more accurate results.
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Mises Stress with Mesh Density

Mises Stress (MPa)
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Figure 4.9 Mises Stress Analysis with increasing mesh density

4.3.2 Results from Healthy Models

Results from healthy models with varying mesh densities were obtained using Abaqus
CAE by applying boundary conditions and material properties assignment exactly in the
similar was as in the diseased models. Four coarseness levels were defined for healthy

models. A constant surface traction was applied on a chosen vector for all models.

A set of deformation and Mises Stress are shown in the Figure 4.10 and Figure 4.11 for
four converged healthy models under same loading conditions.

Figure 4.10 shows deformation contours in healthy models from A to D for four converged
models. The minimum deformation noted is 0.062mm. Values used for contours are very
much same as for models from A to D. Model B has deformation of 0.02mm which

decreases to 0.01mm for model D. At this point displacements were converged.

Figure 4.11 shows contour of Mises stress in healthy models. The maximum value of Mises
Stress obtained for this study was 113MPa as compared to yield stress (180-200MPa) of

bone. This stress is in bone safety limit as reported in literature.

In figure 4.11 it is seen that much of the stress is concentrated in shaft region. The shaft
region has ability to withstand compressional loads than other tensile loads (Einhorn,
1992). More over shaft is considered to be solid in this study. Maximum Von-Mises stress

values obtained for this study was 113MPa for Model A with highest mesh density. This
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stress is in safety region of bone as reported in literature which is 180-200 MPa (Reilly and
Burstein, 1975, Izwan et al., 2012, Biewener, 1993).

Mechanically femur bone is adapted to bear compressive forces. The arrangement of
cortical and cancellous bone in femur is of advantage, these bears compressive forces to
prevent bending moment in bone (Rudman et al., 2006). Structurally shaft of femur bone

is the weak part and is prone to fracture at high stresses.

In this study bone is considered to be solid and mathematically stress distribution in solid
bone is directly related to the measure of moment of inertia I. The moment of inertia is
defined as” the area of moment of inertia across the natural axis of bone/beam”. The

moment of inertia for the solid cylinder is given as

The moment of inertia is the measures of resistance to the bending and it depends upon the

cross sectional area and radius of cylinder (Whiting and Zernicke, 2008).

In literature values reported for the strength of bone are in the range of 180-200 MPa, the
model under study is femur bone which is long bone and bears most of the body weight.
The maximum stress seen in this study is 113 MPa towards the lower condyle in is
concentrated in shaft region. This shows that femur shaft is weak part of bone and cannot
bear higher stress. Naturally humans are bipedal and have strong femur to provide stability

to core.
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Figure 4.10 Plot of Deformation in Healthy Models from Model A-D
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Figure 4.11 Plot of Mises Stress Distribution in Healthy Models from A-D
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4.3.4 Results of AVN Models

In this section, FE analysis of AVN models is presented according to the stage of the
disease. One of the aims of this thesis was to develop models of different stages of AVN to

investigate effect of different necrotic lesion sizes.

For the AVN models same boundary conditions were applied but material properties of
necrotic tissue were employed. A constant surface traction force was applied on the chosen
vector. The results obtained after the Abaqus CAE are discussed below in detail.

Four different models were generated according to the stage of the disease, the number of
mesh elements depend upon the stage of the disease. The stage | has the 89,863 number of
elements then in the second stage 11 the number of elements decreases to 53,172 but in the
third and fourth stage of disease the number of elements increases. The mesh densities

according to the stage of the disease are presented in Table 4.1.

The deformation and Mises Stress plots of AVN models are presented in the figure 4.12 and
4.12 respectively. It can be clearly seen form the figures that with the increase in stage of
disease deformation and Mises Stress increases. The maximum deformation and Mises

Stress is seen the Stage IV which is 0.04mm and 163MPa respectively.

Displacement in AVN Models

Stage 1 Stage 2 Stage 3 Stage 4
Stage of AVN

Figure 4.12 Deformation w.r.t Stages of AVN
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Mises Stress in AVN Models
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Figure 4.13 Mises Stress w.r.t Stages of AVN

In Figure 4.14 and 4.15 the plot of deformation and Mises Stress are presented w.r.t the
stages of AVN. It can be seen from the figures that with the increase in the stage of disease
deformation and Mises Stress increased and maximum deformation is seen in stage IV of
AVN. The stress distribution in the models depend upon certain factors such as the
magnitude and direction of load, material properties and the physical connections between

environment (Anderson, 2015).

Due to necrosis internal structure of healthy and necrotic bone is different (Zhou et al.,
2014), therefore their material properties are different as well. This change in material
properties will affect mechanical strength of bone (Anderson, 2015). From the results it is
seen that with the increase in the stage of disease stress pattern were different and highest

Mises Stress was seen in stage IV of AVN.

The stress distribution in structure depends upon certain factors such as geometry of bone,
load applied and material properties. According to Wolf’s bone adapt to the load applied.
The minimum stress was seen in the Stage | (55MPa), this was because during initial stage
of disease bone tries to remodel itself and distribute load according to new bone geometry,

which results in less stress.

The maximum stress from FE analysis of AVN was seen in Stage IV 163 MPa and
deformation was 0.04mm. This Mises Stress is concentrated in the neck region of the femur
bone, the site where bone structure is lost. There are two important factors in the

determination of the stress distribution
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) Size

. Location of the necrotic lesion.

Lesion size is important for identifying stage of the disease. Lesions can vary in size,
location and frequency (Shahi Avadi, 2016). In this study, Ficat classification was
followed; according to which if more than 30% femur head is damage is considered as stage
IV AVN. In literature different studies are reported to study effect of lesion size and
reported that when more than 30% head is damage then femur head would collapse. At this
stage only choice of treatment available is hip replacement therapy, to provide support and

stability to core.

Finite element studies showed that cancellous bone play important role in support and
strength of cortical bone. During necrosis cancellous bone lost its structure in femur head
as a result cortical bone losses it mechanical strength and bend (Chen et al., 2017, Zhou et
al., 2014).

This may be due the reason and also reported in literature stress is concentrated at the
necrotic site. This changes the internal microstructure of cortical and cancellous bone. Bone

also try to remodel itself at necrotic region to redistribute stress locally (Chen et al., 2017).

In the present study necrotic area is described as material with decreases elastic modulus.
According to the Wolf’s law bone adjust to the mechanical environment (Chen et al., 2015).
In case of necrosis; bone adapt to change in material properties and try to remold itself so
distribute load. But this remodeling process is slow, this results in the increases stresses at
the necrotic region.

Today most of the FE studies focus volume of necrosis on impact of damage progression.
FE results showed that the stress concentered at the necrotic site. This localization of stress
could be function of many parameters, including traumatic incidents, mechanical

environment and slippage event(Wen et al., 2017).

The internal view of the femur bone shows the stress distribution in the head and neck.
Maximum stress was seen in the head and neck region, which eventually travels down to

shaft and forms an evident pattern of stress.
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In Figure 4.16 stress pattern of the articulating surface is presented. The main trend is that
as the stage of the necrosis increases, stress pattern increases due to loss of bone structure.
However, in our study, stage Il is a bit exaggerated in terms of an abnormal stress pattern.
This could be perhaps because of the singularity or mesh error as well. Pelvis forms a ball
and socket type of joint with femur head and reduces friction but disease condition the
frictional forces came into play and may degrade the cartilage. This results in increased
stresses at the attachment site. Maximum Mises Stress is present in the stage IV which (43
MPa).
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Figure 4.14 Plots of Deformation w.r.t stages of AVN
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4.3.5 Effect of Weight on AVN Models

Here FE analysis under different loading conditions have been presented for different body
weights. For this purpose four models were generated according to the stage of the AVN
but with varying body weight. The bone is subjected to the same loading and boundary
conditions but force applied is different and calculated by the following equation
F = body weight * gravity
F=50%x98=490N

Nodal F _ Total Force _ 490 PP
0aatFote = No of Nodes 3

Where m varies from 50-80 Kg and for each case a different nodal force is calculated

according to body weight as presented in Table 4.3.

AVN Models

Weight Force (N)
(Kg)

50 Kg 163.33 N
60 Kg 196 N
70 Kg 228.6 N
80 Kg 261.3 N

Table 4.3 Force Calculation w.r.t Body Weight

The results which were obtained after FEA analysis are represented below. It can be seen
from Figure 4.17 and Figure 4.18 that with the increase in body weight deformation and
Mises stress also increases. The maximum deformation and Mises Stress is observed for
the stage IV for 80Kg body weight.

In the Figure 4.17 there is similar trend seen in case of displacement pattern at stage | and
stage Il, but Mises Stress distribution is quite different. The difference is may be due to
reason at early stage of necrosis bone try to bear stress and redistribute load internally and
thus preventing it from large displacement but Mises Stress shows increasing trend. In this

study the pattern maybe showing not the similar trend as we try to induce manually which
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may be depict the internal stress pattern as in case of real bone damage. But overall results
present the similar pattern. At stage IV with maximum body weight maximum stresses and
displacement were observed Mises stress exceeds bone safety. This result in the permanent

increases in stress as bone can no longer in the elastic limit to withstand stress.

Displacment in AVN Models w.r.t Increasing Body
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Figure 4.18 Mises Stress w.r.t Increasing Body Weight
4.4 Comparison of Results from Literature

FE analysis were validated by comparing the simulated results obtained with the already
data available in literature. In this study intact hip surface with different stages of necrosis

was subjected under same loading conditions but with different material properties.

Although simulated results were validated by mathematical modeling but in case of

complex bone geometries it is sometime difficult to acquire mathematical solution which
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cannot explain the complex geometry so the results were compared with already data

available for model validation.

For the present study femur bone intact with pelvis was conducted and results after FE
analysis were subjected to be compared with already available literature. In literature
different studies are conducted to study the effect of necrotic lesion size on the stress
distribution. As stress distribution in the diseased area would help not only in prognosis but
also for treatment options. The results of the present study were compared with results from
literature and it was found out the stress pattern observed in the FE results were quite

consistent with available literature.

Stage 1 5

Model
(20mm 125
Stage 1l 19 degradation)

Model B

(20mm 17.8

Stage 11 235 degradation)

(ST0Z “[e 18 UBYD)

Model D

(30mm 26.78

Stage IV 26.5 degradation)

Table 4.4 Validation of Results from Literature

69



Chapter 4 Results

4.5 Comparison of Results of Healthy and AVN Models

Healthy and AVN model results were compared in order to get a clear picture of how
stresses and displacement travel in both models. In healthy model stresses were less
concentrated in the neck region as compared to the AVN models. The healthy femur bone

head is able to withstand more compressive strains because of the bone architecture.

In AVN models corresponding regions of femoral neck was utilized to calculate stress and
strain. As the damage progresses to later stage, stress increases in the head and neck of the
femur bone. Since AVN is the disease of femur head so it’s the ultimate site for stress and
strain progression. The size of the necrotic lesion plays important role in the stress
distribution pattern as well as the lesion location. This would lead to abnormal stress
concentration and stress distribution in the femur head and ultimately femur head would

fell off losing its functional support.

In table 4.5 comparisons of the healthy converged models is presented with different stage

of AVN. As Table shows that with the increases in the stage displacement and Mises Stress

increases.
Comparison of Healthy and AVN Models
Healthy Model AVN Models
Mises Displacemen AVN Mises Displacement
Stress t (mm) Model Stress (mm)
(MPa) (MPa)
S1 5 0.01
3.6 MPa 0.01mm S2 19 0.01
Healthy Healthy
Converge Converged S3 23.5 0.02
d Model Model s4 2650 0.04

Table 4.4 Comparison of Results of Healthy and AVN Models

The localized stress from both the healthy and AVN models were compared from the same

region. There is an increasing trend that was observed that with the increase in the stage of
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the disease localized stress also followed the same trend. The neck of the femur bone in the

event of AVN experiences compressive loads

The stress and the contact distribution pattern in the healthy and necrotic bone is different.
Healthy bone has tendency to bear more compressive loads because of the cortical and
cancellous bone architecture. Cortical bone has the capacity to bear compressive loads and
provide support to femur bone. Whereas in case of AVN bone micro architecture is lost
and load distribution becomes uneven thus bone fail to bear loads and stress is concentrated
in the femur head and neck. In our full model bone shaft bear excessive stress at the distal

end of the joint.
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Chapter 5

Discussion

In this research we have created healthy and necrotic models to study stresses and strains
under normal physiological loads. This study is particularly designed to investigate stresses
encountered by the necrotic models under normal body functioning the event of disease
progression. The physical models were constructed using image processing and finite

element analysis.

Both healthy and necrotic bone show stress and deformation pattern. However stresses are
much higher in the necrotic regions as compared to the healthy ones. These stresses travel
down to shaft and makes it vulnerable to fracture, since shaft is the weakest structure in the
femur, yet bears a lot of load and moments. This damage and behavior could be related to
the changes in the mechanical properties of necrotic bone as compared to healthy bone (for
example 41% change in ultimate tensile strength and 51% reduction in elastic modulus)
(Anderson, 2015). There is evidence that stiffness and strength is reduced 72% and 51 %

respectively after necrosis in the femur bone (Shahi Avadi, 2016).

Our results at necrotic region show that the where there is the geometrical curvature stresses
are the function of the bone degradation location of necrosis in neck. In calculating
localized Misses Stress from same location of healthy and necrotic bone it came out that as
disease progresses to later stages stress is increased in the head and neck region of the bone
which eventually travels down to the shaft. We infer that there is no short cut to the
treatment of necrosis however correct diagnosis is required before a logical treatment is
planned. Wrong measure may lead to traumatic dislocation of the hip and slipping of the

upper femoral epiphysis

From literature it is observed that stress and deformation in necrotic models depends upon
number of factors, some of which are size and location of the necrotic area respectively,

application and direction of load on cortical and cancellous bone structure.

The pattern of the stress in healthy and necrotic femur bone play important role in the bone
strength. Presence of the different size lesion in case of AVN results in altered stress
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transfer which causes region of higher stress. Furthermore change in the mechanical

properties of bone also results in higher stresses.

Literature to date reported a lot of data on elastic behavior relative to elastic beam theory.
Larger the curvature of the beam larger the bending moments. In our full model of femur
bone apart from the femur neck shaft did not experiences larger bending moments due to
small curvature. Moreover, if we apply Euler's Bernoulli equation to our analysis since
bone is analogous to a beam; we will get quite similar results as in the classic beam

mechanics.

73



Chapter 6 Conclusion

Chapter 6

Future Work and Limitation

FEA is the most reliable tool for biomechanical analysis. Though approximated, but
there is no other way to test the intricate geometries except testing them physically.

Some compromises are made in this research are

e AN Online dataset was used whereas ideally patient specific dataset should be used
for analysis.

e Forthe FE analysis, static body weights were used whereas ideally other forces such
as muscle forces, ground reaction forces should also be considered.

e Only static- elastic analysis was performed in this analysis, which might not be very

accurate yet would serve as a starting point for dynamic analysis
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