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ABSTRACT

Osteoarthritis (OA) is a degenerative disease which is associated with the articular cartilage
in the synovial joint. As the disease progresses, it changes the macromolecular structure
inside the cartilage tissue and alters the biomechanical properties. Hence, the ability to detect
the disease at its earliest stage is crucial for early intervention of the disease. The OA is
clinically diagnosed using magnetic resonance imaging (MRI) by examining the
morphology of the articular cartilage and the geometrical data of the synovial joint.
However, most of the diagnoses were performed when this disease is already progressed into
advanced stage. At early stage of OA, the biomechanical properties start to show noticeable
change. Although studies were conducted to correlate between the biomechanical properties
of cartilage and MRI image, high-field MRI was utilised to produce the cartilage image.
Therefore, this study aimed to investigate the potential use of low-field MRI to monitor the
biomechanical properties of articular cartilage. This includes to determine the greyscale of
low-field MRI image, characterise the biomechanical properties of articular cartilage and
finally to observe the correlation between the greyscale and biomechanical properties of
articular cartilage from both fresh and frozen joint specimen. Intact hip joints of bovine were
scanned using 0.18 T MRI. The images of cartilage were characterised based on the intensity
of the greyscale. Creep indentation test was then conducted on the cartilage specimens and
subsequently the indentation test was simulated using finite element method. The
biomechanical properties of elastic modulus and permeability of cartilage were characterised
by incorporating the experimental data from the indentation test with the computational
finite element model. The average elastic modulus was found to be 1.70 + 0.65 MPa while
the permeability was 0.53 = 0.25 x10"'> m*/Ns. Further correlation analyses were performed
to examine the relationship between the greyscale of MRI image and biomechanical
properties of elastic modulus and permeability of the cartilage. Good correlation was found
between the cartilage greyscale and cartilage biphasic elastic modulus (= 0.85) and a
moderate correlation with negative value was observed between the cartilage greyscale and
cartilage permeability (r= -0.51). Whereas in frozen condition, moderate correlation was
found between the cartilage greyscale and cartilage biphasic elastic modulus (= 0.66) and
a moderate correlation with negative value was observed between the cartilage greyscale and
cartilage permeability (= -0.56). Hence, present results indicate that the low-field MRI have
the potential to provide reliable data to determine the condition of articular cartilage. It could
be further developed to serve as an early intervention of OA disease.



KORELASI CIRI-CIRI BIOMEKANIK DAN IMEJ SKALA KELABU TULANG
RAWAN ARTIKULAR DENGAN MENGGUNAKAN MEDAN PENGIMEJAN
RESONANS MAGNETIK BERKEKUATAN RENDAH

ABSTRAK

Osteoartritis (OA) adalah salah satu penyakit degenerasi yang berkait rapat dengan tulang
rawan artikular pada sendi sinovia. Penyakit ini akan mengubah struktur makromolekul di
dalam tisu tulang rawan dan ciri-ciri biomekaniknya. Oleh itu, keupayaan untuk mengesan
penyakit ini pada peringkat awal adalah penting sebagai intervensi awal bagi rawatan
penyakit ini. Secara klinikal, OA didiagnosis menggunakan pengimbas pengimejan resonans
magnetik untuk memeriksa morfologi tulang rawan artikular dan data geometri pada sendi
sinovia. Walau bagaimanapun, diagnosis bagi penyakit ini biasanya dijalankan apabila
penyakit ini sudah di peringkat akhir. Walaupun kajian telah dijalankan untuk mendapatkan
korelasi antara ciri-ciri biomekanikal tulang rawan dengan imej dari medan pengimejan
resonans magnetik, medan pengimejan resonans magnetik berkekuatan tinggi telah
digunakan untuk menghasilkan imej tulang rawan tersebut. Oleh hal yang demikian, kajian
ini bertujuan untuk mengkaji potensi pengimejan resonans magnetik berkekuatan rendah
dalam pemantauan ciri-ciri biomekanikal tulang rawan artikular. Ini termasuk, untuk
menentukan skala kelabu imej dari medan pengimejan resonans magnetik berkekuatan
rendah, untuk mencirikan sifat biomekanikal tulang rawan artikular dan akhirnya untuk
memerhati korelasi antara skala kelabu dengan sifat biomekanikal tulang rawan artikular
dalam keadaan segar dan beku. Sendi pinggul utuh lembu telah digunakan untuk pengimejan
dengan mengaplikasikan medan pengimejan resonans magnetik yang berkekuatan serendah
0.18 T. Imej tulang rawan ini kemudian dicirikan mengikut keamatan skala kelabu. Di dalam
kajian ini, didapati urutan gema kecerunan adalah urutan yang paling sesuai dalam
pengimejan resonans magnetik berkekuatan rendah untuk mengkaji tulang rawan pada
sendi sinovia. Ujian lekukan dijalankan ke atas spesimen tulang rawan dan seterusnya data
eksperimen daripada ujian lekukan telah disimulasikan dengan menggunakan kaedah unsur
tidak terhingga. Kajian mengkaji ciri-ciri biomekanikal tulang rawan dilakukan dengan
menggabungkan data eksperimen dari ujian lekukan dengan model unsur tidak terhingga.
Nilai purata elastik modulus tulang rawan adalah 1.70 £ 0.65 MPa manakala purata untuk
kebolehtelapan adalah 0.53 + 0.25 x107"° m*/Ns. Selanjutnya, analisis korelasi telah
dilakukan untuk mengenalpasti hubungan antara skala kelabu dan sifat biomekanikal
modulus elastik dan kebolehtelapan tulang rawan. Berdasarkan hasil kajian, skala kelabu
tulang rawan menunjukkan hubungan yang sangat baik dengan modulus elastik tulang
rawan (r=0.85) dan hubungan yang sederhana baik dengan nilai negatif diperhatikan
diantara skala kelabu tulang rawan dan kebolehtelapan tulang rawan (r=-0.51). Sedangkan
pada keadaan beku, skala kelabu tulang rawan menunjukkan hubungan yang sederhana
baik dengan modulus elastik tulang rawan (r=0.66) dan hubungan yang sederhana baik
dengan nilai negatif diperhatikan diantara skala kelabu tulang rawan dan kebolehtelapan
tulang rawan (r=-0.56). Oleh itu, hasil dari kajian ini menunjukkan pengimejan resonans
magnetik yang berkekuatan rendah berpontensi untuk menghasilkan data yang boleh
dipercayai untuk menentukan keadaan tulang rawan artikular. Pendekatan ini boleh
dikembangkan lebih lanjut sebagai panduan kepada intervensi awal penyakit OA.
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CHAPTER 1

INTRODUCTION

1.1  Background

Osteoarthritis (OA) is a significant problem worldwide, especially in developed
countries. In western nations, it was estimated that up to 2.5 % of the gross national product
(GNP) was spent on arthritis and in the United States, $65 billion were spent annually
(Nicolau, 2015). Thus, the economic burden of this disease to society is great especially to
the patient. It was estimated that 10 % of the world's population aged 60 years or more
effected by OA making it a leading cause of disability (Egloff et al., 2012; Woolf et al.,
2012; Sandell et al., 2014; Daghestani and Kraus, 2015). OA is also associated with some of
the poorest quality of life issues particularly in terms of pain and physical function (Cross et
al., 2014). With respect to these issues, patients fare less well than those with gastrointestinal
disorders, chronic respiratory diseases, and cardiovascular conditions.

Clinically, OA was divided into two types which were primary and secondary
(Sandell et al., 2014). The primary OA was caused from joint degeneration and most of the
secondary OA was attributed from traumatic joint injury that may have occurred years
previously known as post-traumatic OA (Wu and Little, 2015; Cher et al., 2016). Impact
injuries, such as those that happen during motor vehicle collisions, falls, and sporting
incidents, have been implicated in the development of post-traumatic OA, though the precise
pathophysiology was not fully understood (Pedoia et al., 2016).

Studies have shown that the cartilage function was deteriorated as a result of
chondrocyte death, changes in the tissue biochemical composition and weakening of the

tissue biomechanical properties, especially the compressive stiffness (Angel et al., 2003;

1



Mosher and Dardzinski, 2004; Khan et al., 2008; Changoor et al., 2010; Binks et al., 2013;
Manzano et al., 2015). However, most of cartilage explant studies have investigated these
changes only at early time points post-injury, leaving the chronology of these changes
unknown.

Diagnosis of patient with joint pain was performed to identify the type of arthritis
and to determine other disease that could be associated to arthritis. This includes physical
examination, laboratory test and imaging (Juras et al., 2009; Bansal et al., 2010). These
diagnoses were mostly carried out at the progressive stage of the joint pain. However, the
outcome of therapy often depends on early detection in a symptomatic patient (Raynauld,
2003; Winalski and Rajiah, 2011; Ashinsky et al., 2015). To enhance the ability to detect
disease at its earliest stages, novel non-invasive imaging technologies are needed to pinpoint
signifying events that mark disease onset and define its biologic characteristics.

Magnetic resonance imaging (MRI) has long been recognised as a non-invasive
imaging diagnosis in which increased spatial resolution has given new windows into the
anatomy, cell structure, and histopathology of living tissues as shown in Figure 1.1.
Generally, the field strength of MRI can be classified into low (<1.5 T), high (1.5-7.0 T),
and ultra-high (>7.0 T). However, most of the studies were carried out using high-field MRI
unit to examine articular cartilage properties since this MRI units were clinically used to
diagnose patients (Blumenkrantz and Majumdar, 2007; Gold et al., 2009; Braun and Gold,
2012). High-field MRI techniques have successfully been developed to provide measures of
the macromolecular environment within cartilage tissue (Nieminen et al., 2004; Chou et al.,
2009). This is possible via the interaction between interstitial water, probed by MRI, and the
macromolecular constituents that affect the nuclear magnetic relaxation properties
characterising the spin energetics of the water proton system (Braun and Gold, 2012; Hani

etal., 2015).



Figure 1.1: MRI image of knee joint using 1.5 T MRI (Hani et al., 2015)

MRI has become essential diagnosis procedure to monitor the condition of articular
cartilage since it was introduced to medical imaging in early 1930s (Winalski and Rajiah,
2011). However, imaging on low-field strength is recently being favoured due to its smaller
size, lower initial purchase price compared to high-field MRI, lower operational costs, lower
energy deposition in tissues and availability of easily installed scanners (Ejbjerg et al., 2005;
Ghazinoor and Crues, 2006). It also shows the potential of producing similar image quality
of high-field MRI (Cotten et al., 2000; Coffey et al., 2013; Dam et al., 2015). Figure 1.2
shows MR images obtained at 1.5 T and 0.2 T of medial meniscal tear injury which both

images showed well the affected area.



Tear injury.

Figure 1.2: Image of medial meniscal tear injury at different magnetic field strengths (a)

1.5 T (b) 0.2 T (Cotten et al., 2000)

1.2  Problem statement

In previous quantitative MRI studies, cartilage was examined based on thickness,
volume and cartilage loss (Hayashi et al., 2013; Roemer et al., 2014). However, it has been
reported that there 1s no significant differences of cartilage thickness at early stage of OA
(Kladny et al., 1995; Hani et al., 2015). It was found that in the early stage of OA, the
biomechanical properties of articular cartilage starts to change relatively rapidly which then
lead to morphological alterations (Hani et al., 2015). Although further quantitative MRI
studies were carried out using high-field MRI to quantify the cartilage matrix composition
particularly proteoglycan and collagen content using contrast agents, the results described
the biphasic behaviour within the tissues (Braun and Gold, 2012; Binks et al., 2013; Chan
and Neu, 2013). There were lack of studies on the cartilage correlation of quantitative MRI
and mechanical properties of elastic modulus and permeability because it appears that only
morphological properties of the cartilage were previously being investigated.

Thus, there is a need to study on the potential application of the low-field MRI image

in order to examine the condition of articular cartilage. Furthermore, it is important to

]
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determine the biomechanical properties of the cartilage in order to detect early changes in
OA. The correlation of the quantitative low-field MRI image greyscale and cartilage
biomechanical properties of elastic modulus and permeability is yet to be fully explored.
These findings could serve as the long-term goal to develop non-invasive technique for the

early detection of the changes in biomechanical properties of articular cartilage.

1.3 Objectives
The aim of the study was to investigate the potential use of low-field MRI system to

examine the cartilage tissue based on the image greyscale assessment. Therefore, the study

commences on the following objectives:

1) To determine the greyscale image of articular cartilage in the synovial joint using
low-field MR

2) To characterise the biomechanical properties of elastic modulus and permeability of
cartilage using a combination of creep indentation test and finite element method.

3) To correlate the MRI greyscale image with the characterised biomechanical
properties of elastic modulus and permeability of articular cartilage in both fresh and

frozen conditions.

1.4  Scopes

This research was carried out to study the characterisation of biomechanical
properties of articular cartilage in synovial joint using bovine hip joint. Intact hip joints were
scanned using a 0.18 T Esaote C-scan (Genova, Italy) MRI system. Only normal joints were
used in this study. Matlab software (V7.12.0 R2011a, MathWorks Inc., MA, USA) was used
to determine the greyscale of articular cartilage. Creep indentation test was conducted on the
cartilage specimens and was subsequently simulated using finite element (FE) method. An
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axisymmetric FE model was developed according to the measured thickness and curvature
of articular cartilage using Abaqus 6.9-1 software (DS Simulia Corp., Providence, RI, USA).
The data from both experimental and computational methods were used to characterise the

elastic modulus and permeability of articular cartilage.

1.5  Significance of study

The establishment of this study could be used to examine the biomechanical function
of the cartilage in a synovial joint based on low-field MRI image. These findings will be
served as the long-term goal to develop sensitive and non-invasive clinical technique for the
early detection of the changes in the mechanical properties of both solid and fluid phases
that appears in degenerated cartilage. This information could enhance the ability to detect
OA disease at early stage and could also be applied to early interventions aimed at delaying
or reversing the degeneration of articular cartilage. The application of this study could be

extended to other tissues such as intervertebral disc, tendon and meniscus.

1.6 Outline of thesis

The thesis is divided into five chapters as per following sequence:

Chapter 1: Introduction
This chapter briefly introduces the general information about OA disease, causes of
OA and the current imaging modality used to detect the disease. It also states the

problem statement, objective, scope and significance of this study.

Chapter 2: Literature Review
This chapter was divided into six sections which provides the information about the

anatomy of human synovial joint, osteoarthritis, articular cartilage and its biphasic
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behaviour, and application of magnetic resonance imaging to assess the articular
cartilage. It also briefly describes the characterisation of biomechanical properties of
articular cartilage which includes the previous experimental and related

computational studies.

Chapter 3: Methodology
This chapter outlines the specimen preparation, equipment, imaging and
experimental procedures, computational modelling, and image processing methods
in order to characterise the MRI image greyscale and biomechanical properties of the

articular cartilage.

Chapter 4: Result and Discussion
This chapter presents the results and the analysis on both MRI image greyscale and
biomechanical properties of articular cartilage. In the analysis, the correlation
between the cartilage greyscale and biomechanical properties are discussed. The last
section shows the biomechanical properties results obtained from the fresh and frozen

joint specimens.

Chapter 5: Conclusion and Recommendation
This chapter states the conclusion of this research and provide recommendations for

future research.



CHAPTER 2

LITERATURE REVIEW

This chapter starts with explanation on anatomy and physiology of synovial joint. This is for
better understanding of human joint architecture to acquire the association with osteoarthritis
(OA). Then, a brief overview of OA including the causes of this disease, factors that lead to
its occurrence, diagnosis and available treatments to cure this disease. Subsequently, the
anatomy of articular cartilage was discussed in more depth which includes the previous
theories that had been used to describe the behaviour of articular cartilage, its composition
and structure, storage of cartilage tissue for experimental study and the biomechanical
properties characterisation methods. The finite element models used previously for articular
cartilage characterisation were also identified to get a better understanding on cartilage
properties. The performance and ability of low-field MRI and high-field MRI were also
discussed with the computational techniques adapted to obtain better greyscale image result
which includes crucial MR parameters selection such as magnetic field strength and pulse

sequence selections.



2.1 Synovial joint

A synovial joint also known as diarthrodial joint is the most flexible type of human
joint between bones. It allows the bones to move and rotate freely about each other with
large range of motion. The most common synovial joints found in the human body are knees,

hips, shoulders, wrists and ankles.

2.1.1 Structural anatomy of synovial joint

The synovial joint is an elaborate structure of the human musculoskeletal system
consisting of various connective tissues including the articular cartilage, synovial membrane,
joint capsule containing synovial fluid, subchondral bone, fibrous cover and ligament that

contributes to the functioning of the joint and performance as shown in Figure 2.1.

[J{/ | Subchondral bone

i
1

Articular cartilage

Synovial fluid Fibrous cover

Synovial membrane

Figure 2.1: Structure of a normal synovial joint



The synovial joint features at the end of two articulating bones, touching together
and covered with thin layer of articular cartilage around 0.1 mm to 5 mm thick depending to
the location of the joint and which allows smooth articulation between the opposing joints
with minimal friction and acting loads are dispersed over a large area (Athanasiou et al.,
1991; Rossler et al., 2011). Each synovial joint is surrounded by a fibrous, highly vascular
joint capsule whose internal surface layer is lined with a synovial membrane, this capsule
insulates the joint from surrounding tissues and helps to provide stability to the joint
movement with the aid of synovial fluid that acts as biological lubricant to reduce friction

and wear between the cartilage surfaces (Khan et al., 2007; Kogan, 2010; Tamer, 2013).

2.1.2 Types of synovial joint

The structure of synovial joint presents according to its position and function.
Therefore, it can be classified into six different categories for the whole human body
anatomy such as plane joint, hinge joint, pivot joint, condyloid joint, saddle joint and ball-
and-socket joint (Siddaiah and Menezes, 2016). For instance, shoulder and hip joints are
known as ball-and-socket joint which have different structure of synovial joint compared
with knee joint as hinge joint. Figure 2.2 shows the types of synovial joints presented in

human musculoskeletal system.
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Figure 2.2: Types of synovial joint (Siddaiah and Menezes, 2016)

The pivot joints allow rotational movement because this type of synovial joint exist

in rounded bone area where rounded end of one bone fits into a ring formed by the opposing

bone. The articulation between the axis bone and atlas can be found in neck vertebrae and

the wrist, which allow the head to turn back and forth and the palm of the hand can be turned

up and down. In hinge joints, only slightly rounded end of one bone fits into the slightly

hollow end of the other bone. Hinge joints are usually found between the upper and lower

arm bones, such as elbow, ankles, fingers, toes, and knees. Hinge joints act like a door hinge

that allow one bone to move while the other remain stationary. Saddle joints allow angular

movements with greater range of motion. Thumb joint is an example of saddle joint, which

can move freely back and forth and up and down.
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Plane joints allow gliding movements where the range of motion is limited, and no
rotation is involved. Usually plane joints are found in hand carpal bones and foot tarsal
bones. Condyloid joints allow angular movement along two axes such in the joints of the
fingers (metacarpophalangeal joints). Condyloid joints composed of an oval-shaped end of
one bone fitting into a similarly oval-shaped hollow of another bone. Whereas, in ball-and-
socket joints ball-like end of one bone fits into a cup-like socket of opposing bone. Ball-and-
socket joints allow greatest range of motion compared with other types of synovial joints,
full-circle rotation is achievable and usually this type of joint is found in hip and shoulder

joints.

2.2 Osteoarthritis

Osteoarthritis (OA) is one of the most common forms of arthritis that epitomize
chronic joint diseases in the human musculoskeletal system. Therefore, arthritis can be
recognized as the standard term used to depict pathological changes to joints and their
corresponding anatomical structures. This includes bones, structures within joints and the
periarticular structures which incorporates muscles, tendons, cartilage, and ligaments
leading to being classified as inflammatory and non-inflammatory and by relying on the
involvement of the immune system (Mody and Brooks, 2012; Wang and Ward, 2015). There
are various types of inflammatory and non-inflammatory arthritis that exists. However, most
of the previous studies conducted on OA, rheumatoid arthritis (RA), ankylosing spondylitis,
gout, psoriatic arthritis, Reiter’s syndrome, inflammatory bowel disease, lupus, osteoporosis
and fibromyalgia (Ralphs and Benjamin, 1994; Pienaar et al., 2008; Woolf et al., 2010;
Lambert, 2015). Figure 2.3 illustrates the typical human joints that can be affected with

arthritis.
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Figure 2.3: Body parts that can be identified with arthritis

Apart from the many types of arthritis, RA and OA are identified as being the most
prominent in the class of inflammatory and non-inflammatory arthritis, respectively (Ahmed
et al., 2015). Morphological joint transformation characterises RA and OA together due to
cartilage depletion, but in different etiologies (Jiisten et al., 2000). RA is a paradigm of
chronic and inflammatory polyarthritis, which occurs in the small joints of the hands and
feet causing joint swelling, pain, and bone and cartilage destruction, leading to functional
disability and reduced quality of life (Moon et al., 2013). Most importantly, RA is a chronic
systemic autoimmune disease in which the immune system generates inflammatory cells that
target the lining tissue of the joint which is the synovium. Whereas, OA is a non-

inflammatory disease that could be changed to inflammatory as the disease gets more severe
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progressing to a critical stage. Figure 2.4 illustrates the significant differences between joints

affected by progressive RA and OA.

Osteophyte
Erosion friction
point

) . Scarred
Synovium Effusion synovium
spreading (%XC.ZSS
over uid) Damaged
damaged cartilage
cartilage
¢ (a)

(b)

Figure 2.4: Diagrammatic representation of two main types of arthritis. (a) Joint affected

by RA (b) Joint affected by OA (Arthritis Research UK, 2011)

OA is acknowledged as a degenerative arthritis because of its degenerating

characteristics, and the progression of OA changes some of the articular cartilage features.

It was categorised into three distinct classes which are morphological, biomechanical or

bioelectrical and molecular composition as shown in Table 2.1.

Table 2.1: OA-related features (Hani et al., 2011)

Morphological

Biomechanical/Bioelectrical

Molecular composition
Joint space width

Biometric impedance

Water
Inflammation Hydraulic permeability Proteoglycans
Osteophytes Fluid pressure Collagen network

Cartilage thickness

Electrokinetic phenomena Collagen content
Cartilage surface area Young’s modulus

Cartilage volume

Cartilage roughness
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A joint can dramatically change into a condition where it permanently loses the
ability to move without friction, with the formation of irregular bones at the edges of the
joint known as osteophytes causing narrowing of the joint space width (Haq et al., 2003;
Roemer et al., 2011; Winalski and Rajiah, 2011). The friction point that arises because of
the presence of osteophyte makes the joint less tolerable to excessive forces which
alternatively causes inflammation of synovium and the pain that strike when a random
movement is made makes the condition of the cartilage tissue even worse (Hani et al., 2011;
Roemer et al., 2011). Other morphological features related to OA include the decrease in
surface area, cartilage volume and increase in surface roughness due to prolonged damage
of the synovial joint (Eckstein and Wirth, 2011; Kroon et al., 2012; Hani et al., 2015).

The molecular composition of articular cartilage influences the change in its
biomechanical and bioelectrical properties apart from its morphological features. Water,
proteoglycan and collagen were the main macromolecules in cartilage matrix tissue that are
vital to its physiology (Fox et al., 2009; Fisher et al., 2018). In OA, the water content
becomes more than 90 % due to increased hydraulic permeability and disruption of the
matrix which occurs originally in the superficial zone of the cartilage which compact in
collagen network and subsequently cascades down to the deeper zone with higher
proteoglycan content (Bhosale and Richardson, 2008; Castaneda and Vicente, 2017). This
leads to decreased modulus of elasticity and thus, a reduction in the load-bearing capability
of the articular cartilage together with the alteration in other biomechanical and bioelectrical

properties of the cartilage tissue (Lu and Mow, 2008).
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2.2.1 Risk factors

Factors that contribute OA can be divided into modifiable and non-modifiable risk
factors. Modifiable risk factors comprise of joint injury from sports or intense physical
activity, involvement in occupations requiring heavy physical work, obesity with higher
body mass index (BMI) and bone density, diet, structural malalignment and muscle
weakness (Haq et al., 2003; Brody, 2015). This type of risk factors can be controlled through
non-pharmacological interventions (Hunter, 2009). Whereas non-modifiable risk factors
involves age, gender, genetic heredity and ethnicity which are cannot be controlled (Brody,

2015). Table 2.2 shows the occurrence and progression of typical risk factors of OA in

selected human joints.

Table 2.2: Typical risk factors of OA (Bijlsma et al., 2011)

Factors Knee Hip Hand
Age, gender, physical activity, Age, physical Age, grip
BMLI, intense sport activities, activity, BMI, strength,
quadriceps strength, bone density, = previous injury,  occupation,

Occurrence o
previous injury, hormone

intense sport

intense sport

replacement therapy, vitamin D, activities, activities,
smoking, malalignment, genetics. genetics. genetics.
Age, BMI, vitamin D, hormone
Age,
replacement therapy, ' Age,
symptomatic
malalignment, chronic joint o symptomatic
Progression . o activity, gender, o
effusion, synovitis, intense sport . activity,
o mtense sport
activities, subchondral bone gender.

edema on MRI.

activities.
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Age is the strongest non-modifiable risk factor for OA and obesity with high BMI is
seen as the strongest modifiable risk factor for OA (Malfait and Little, 2015; Plotnikoff et
al., 2015). The prevalence of OA conditions increases markedly with age, and other risk
factor that is closely related this factor is gender whereby it is stated that women are more
prone to have mobility limitations as well as hip and knee pain after menopausing over the
age of 50 (Haq et al., 2003; Woolf et al., 2010; Plotnikoff et al., 2015). Ageing causes
changes to the chondrocyte cells activity in repairing and maintaining the cartilage matrix
and ultimately leading to degradation of the articular cartilage (Bijlsma et al., 2011; Kuyinu
etal., 2016).

High BMI or obesity can expedite the process of cartilage loss in the synovial joint
of knee as the effect from excess force during walking and intervention in response to this
risk factor may provide an opportunity to decrease the rates of diffuse pain in patients with
OA by diet control, regular exercise and weight loss (Hagq et al., 2003; Thompson et al.,
2010; Bijlsma et al., 2011). Moreover, intense physical activity by the athletes and
occupations which requires repetitive body movement such as knee bending, squatting and
kneeling can make the cartilage tissues to wear out and degenerate progressively over a long

period of time (Cohen et al., 1998; Haq et al. , 2003).

2.2.2 Diagnosis

An accurate diagnosis of the musculoskeletal complaint is the first step to effective
management. Initially, the problematic pain location should be identified as arising from
either the joint or from the soft tissues such as ligaments or tendons around the joint. If the
location is within the joint, the next step is to determine whether the problem is due to a
process that is either predominantly degenerative or inflammatory (Fitzcharles et al., 2010).
The way in which symptoms evolve and respond to treatment can be a crucial guide in
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making a diagnosis (Arthritis Research UK, 2011). Clinically, the morphologies of the

cartilage were effectively diagnosed using plain film radiography, ultrasonography,

computed tomography (CT) and magnetic resonance imaging (MRI) (Eckstein and Wirth,

2011; Kroon et al., 2012; Hani et al., 2015). Table 2.3 shows the most used imaging

modalities to diagnose OA together with its primary use, advantages and disadvantages.

Table 2.3 Imaging modalities and morphological features of articular cartilage (Bijlsma et

al., 2011)
Imaging Modality Primary use Advantages Disadvantages
Plain film Cartilage thickness Low cost and Indirect, 2D image of a
radiography easily applicable 3D problem
Ultrasonography Inflammation and =~ Cheap and direct  User dependent and
vascularisation measure relative importance for

OA

CT Cartilage volume 3D information Radiation exposure,
and bone on cartilage only bone, as standard
characteristics plus contrast agent

needed

MRI Cartilage 3D, quantitative, = Time-consuming
morphology, information on analysis, complex

collagen and
proteoglycan
distribution, fixed

charged density

cartilage quality

and early changes

interpretation, observer
variance and contrast
agent needed in some

types of techniques
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Imaging affected joints by using plain film radiographs is traditionally used widely
among medical practitioners because some of the morphological changes of the joint caused
by OA progression is visualised indirectly by producing 2D image of the joint (Hayashi et
al., 2015). Hence, the Kellgren-Lawrence grading scale is a conventional method adopted
by most of the radiologist and medical practitioners in diagnosing the stages of OA (Bijlsma
etal.,2011; Woolfet al., 2012). Table 2.4 shows the grades of the Kellgren-Lawrence score
together with its description (Kellgren and Lawrence, 1957). The classification focuses on a
sequence of osteophyte formation, joint space narrowing, and bone sclerosis, and provides
simple and practical ordinal scales for each joint condition. Figure 2.5 shows the example of
2D images acquired from knee joint radiographs with the corresponding Kellgran-Lawrence
score. White arrow shows formation of osteophyte and black arrow shows the narrowing

between the joint space.

Table 2.4: Kellgren-Lawrence grading scale (Kellgren and Lawrence, 1957)

Grade Description
0 No effect.
1 Doubtful narrowing of joint space and possible osteophytic lipping.
2 Definite osteophytes, definite narrowing of joint space.
3 Moderate multiple osteophytes, definite narrowing of joints space,

some sclerosis and possible deformity of bone contour.
4 Large osteophytes marked narrowing of joint space, severe sclerosis

and definite deformity of bone contour.
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(b)

Figure 2.5: 2D image from knee joint radiographs (a) Kellgran-Lawrence grade 1
(b) Kellgran-Lawrence grade 2 (c) Kellgran-Lawrence grade 3 (d) Kellgran-Lawrence
grade 4 (Hayashi et al., 2015)

In contrary to plain film radiography, the ultrasonography is a simple and inexpensive
evaluation modality to image cartilage structure directly without ionising radiation and also
any validated scoring system to indicate OA progression (Moller et al., 2008, 2009).
Ultrasound can provide direct information on soft tissue morphological features and perform
better in detecting osteophytes and meniscal extrusion compared to radiograph (Podlipska

et al., 2016). Figure 2.6 shows an example of cartilage image from ultrasound.

Figure 2.6: Ultrasound image showing meniscal extrusion (Podlipska et al., 2016)
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In ultrasound image, the osteoarthritic cartilage appears as a homogeneous anechoic
band due to the high-water content between the bony cortex and the soft tissues delimited
by two sharp and hyperechoic interfaces (Naredo et al., 2009). However, ultrasound has its
own drawback in clinical practice which are operator-dependability, which cannot be used
to image bone because the sound waves cannot penetrate into bone and deeper structures
and a longer time duration for monitoring a joint (Moller et al., 2008; Desai et al., 2010).

CT is a valuable modality for the detection of bone fractures and erosions and further
delineation of fractures but it involves iodinated contrast and ionising radiation, it can lead
to damage in the event of prolonged exposure to radiation (Pienaar et al., 2008). Hence, CT
has similar disadvantages to plain film radiography with clearly higher ionising radiation
exposure and limited ability to evaluate soft tissue, but its main advantages are 3D image
and the option of contrast agents in contrast enhanced CT to visualise cartilage surface as
hypodense structure (Bijlsma et al., 2011; Hayashi et al., 2015). Furthermore, CT imaging
is less expensive, more widely accessible and able to achieve higher spatial resolution over
shorter acquisition times compared to MRI (Bansal et al., 2010). Figure 2.7 shows knee joint

image difference using conventional CT and MRI.

(b)

Figure 2.7: Image of knee joint using (a) CT (b) MRI (Rathnayaka et al., 2012)
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Alterations in subchondral bone composition are vital to be observed in the
progression of OA and it was well visualised by using MRI. Generally, MRI provides
excellent contrast enhancement in soft tissue evaluation and enables both morphologic and
physiologic imaging techniques (Hani et al., 2011, 2015). It also enables the joint to be
evaluated as a whole organ and multiple tissue changes can be monitored simultaneously
(Hayashi et al., 2015). Figure 2.8 shows early focal cartilage surface changes depicted by

MRI image.

(b)

Figure 2.8: (a) White arrow shows discrete surface indentation of knee cartilage (b)
After 2 years, definite fissure-like full thickness defect of cartilage have developed
(Roemer et al., 2014)

The MRI use images, providing quantitative information and have a distinct
advantage over conventional imaging modalities regardless of its non-invasive, non-
ionising, non-radiant and in-vivo nature (Raynauld, 2003; Blumenkrantz and Majumdar,
2007). MR imaging techniques for the morphologic assessment of cartilage provides
fissuring and focal, diffuse partial and full-thickness cartilage loss (Crema et al., 2011). Also,
changes in cartilage thickness and volume are extensively studied using non-invasive MRI

as a significant morphological change detector to indicate the progression of OA (Raynauld,
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2003; Eckstein et al., 2006; Qazi et al., 2007; Olive, 2010). Furthermore, available MRI

sequences and whole joint semi-quantitative scoring systems provide good quantitative

analyses of selected joint structures, with more advanced techniques providing information

about musculoskeletal system. Table 2.5 shows semi-quantitative MRI scoring systems to

assess components related of knee OA.

Table 2.5: Validated semi-quantitative MRI scoring systems to assess components of knee

OA (Demehri et al., 2015)

Whole joint semi-quantitative

MRI scoring system

Components

Whole Organ MRI Score
(WORMS)

Cartilage size, bone marrow lesions, subchondral
cysts, bone attrition, effusion and synovitis,
periarticular cysts, bursitis, loose bodies, osteophytes,

meniscal tear, cruciate and collateral ligaments.

Knee OA Scoring System
(KOSS)

Cartilage size and depth, bone marrow lesions,
subchondral cysts, osteophytes, effusion, meniscal
tear and extrusion, popliteal cysts, synovial

thickening.

Boston-Leeds OA Knee Score
(BLOKS)

Cartilage size, depth and extent of lesions, bone
marrow lesions, osteophytes, effusion, meniscal
extrusion, synovitis in Hoffa’s fat pad, synovitis at
other sites, meniscal status (multiple scorings),

ligaments, periarticular cysts/bursitis, loose bodies.

MRI OA Knee Score (MOAKS)

Cartilage size and depth, bone marrow lesions,
osteophytes, synovitis or effusion, Hoffa synovitis,
meniscal extrusion meniscal status (multiple
scorings), ligaments, periarticular cysts/bursitis, loose

bodies.
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2.2.3 Treatment

Pain and stiffness are the focal points of OA symptoms and treatment should give
emphasis on the reduction of these pain and stiffness together with the maintenance and
improvement of functional capacities (Bijlsma et al., 2011). Non-pharmacological
intervention is the first treatment strategies adopted by healthcare professionals to slow down
the progression of OA in patients with modifiable risk factor but when this fails the next
strategy will turn towards pharmacological intervention and when both non-pharmacological
and pharmacological interventions fails then proceed to surgical intervention (Hunter, 2009).

Table 2.6 shows available OA treatment modalities.

Table 2.6: Available OA treatments modalities (Clouet et al., 2009)

L. . Pharmacological Surgical
Non-pharmacological intervention . I . .
intervention intervention
Patient education Paracetamol Osteotomy
Self-management programs (acetaminophen) Arthrodesis
Weight loss activities Non-Steroidal Anti- Arthroplasty
Aerobic exercise programs Inflammatory Drugs Allografts
Physical therapy (NSAIDs) Autografts
Muscle-strengthening exercises Weak opioids Scaffolds
Appropriate footwear Opioids
Occupational therapy Disease Modifying OA

Joint protection and energy conservation Drugs (DMOADs)
Assistive devices for activities of daily
living

Most treatments of bone, joint or connective tissue disorder have involved
conventional pharmacological intervention, predominantly painkillers. For instance,
acetaminophen relieves OA pain but does not reduce inflammation, it is effective for treating
OA patients with mild to moderate pain (Mobasheri, 2013). Moreover, long-term
acetaminophen use can cause liver damage. Non-steroidal anti-inflammatory drugs

(NSAIDs) such as ibuprofen or naproxen can reduce inflammation and relieve pain, and
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weak opioids and opioids analgesics are effective for treating more chronic forms of OA
pain in older people (Wang and Ward, 2015). However, all this type of pharmacological
drugs had adverse effects if used long-term such as nausea, sedation, dry mouth,
constipation, cognitive impairment, respiratory depression and urinary retention (Fitzcharles
et al., 2010).

Various pharmacological interventions to obstruct the degenerative process of OA
have been assessed in preclinical studies, particularly the disease modifying osteoarthritis
drugs (DMOADs) and also the advances in the field of cell therapy and tissue engineering
deserve to be given major attention (Clouet et al., 2009). There are several techniques that
have been developed to treat damaged articular cartilage which are bone marrow stimulation
technique, osteochondral autografting, autologous chondrocyte implantation, mesenchymal
stem cells therapy and more recently medical ozone therapy (Manoto et al., 2016). These
techniques were conducted using intra articular injection into the superior joint space of the
patient with additional aid from the clinical MR imaging and this have yielded a good clinical
outcome (Link et al., 2007).

The avascular characteristic of articular cartilage presents restriction on its ability to
repair itself and for drug delivery, so joint homeostasis is maintained, preserving the articular
cells to proceed down the differentiation pathway that leads to chondrocyte hypertrophy and
bone replacement such as it occurs in the growth plate cartilage (Longobardi et al., 2015).
Therefore, the study on cartilage behavior is substantial to identify the disease related to it,
Tanaka and co-workers suggests focusing on the mechanical stress loaded on the articular
cartilage in order to better understand the related factors in the development of OA (Tanaka

et al., 1998).
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2.3 Articular cartilage

Articular cartilage is a glossy white tissue that can be seen as shiny surface lining of
the synovial joints and does not have blood vessels, nerves or lymphatics unlike most tissues
in living organism (Clouet et al., 2009; Fox et al., 2009). This avascular and aneural nature
of articular cartilage has made it hard to heal spontaneously after a shock or trauma and will
often progress to OA with time (Khan et al., 2007). Articular cartilage has a unique structural
arrangement and is typically made up of cells (chondrocytes), matrix (fibres) and
extracellular matrix (Brody, 2015).

The principle function of the articular cartilage is to act as a shock absorber between
the corresponding synovial joints (Fox et al., 2009). This property comes from its high-water
entrapping capability and also from the structure and intermolecular interactions among
polymeric components that represent the cartilage tissue (Servaty et al., 2001). No artificial
material has been able to replicate this property so far (Brody, 2015). Understanding the
articular cartilage normal functioning, composition and structure are crucial to develop
treatment and preventive modalities to restore long-term joint function following trauma and

disease (Cohen et al., 1998; Khan et al., 2007).

2.3.1 Composition

Articular cartilage is a unique tissue that shows biphasic behaviour in which both the
solid and fluid properties need to be considered. Interstitial fluid of articular cartilage was
made up of water and dissolved electrolytes which supports most of the joint contact load
and provides nutrition and medium for lubrication in the corresponding synovial joint
(Cohen et al., 1998; Bhosale and Richardson, 2008; Kung et al., 2015). The articular
cartilage tissue mainly consists 65 % to 80 % of water while the remainder of the tissue were

composed primarily of solid sources of chondrocyte cells comprising 1 % to 10 % of the

26



cartilage volume and an extracellular matrix rich in collagen (especially collagen type II)
which comprises 10 % to 30 % of its wet weight, proteoglycan (especially aggrecan) which
comprises 5 % to 15 % of its wet weight, and other non-collagenous proteins, glycoproteins
and lipids (Fox et al., 2009; Hosoda et al., 2009; Marks, 2014; Fisher et al., 2018).

The extracellular matrix was synthesized, organized and maintained by chondrocytes
which were the primary cellular component of the articular cartilage and liable for the
integrity of the cartilage (Chen et al., 2006; Sandell et al., 2014; Fisher et al., 2018). Figure

2.9 shows components forming the extracellular matrix of articular cartilage.
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Figure 2.9: Extracellular matrix of articular cartilage (Chen et al., 2006)

Chondrocyte is protected from excessive joint forces and harmful chemical substrates
through the formation of pericellular matrix such as shown in Figure 2.9 where it is the
region surrounding immediately the chondrocyte, territorial matrix is the next to pericellular

zone and inter-territorial matrix is the most distant from the chondrocyte cell (Bhosale and
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Richardson, 2008; Garcia-Carvajal et al., 2013; Marks, 2014). From Figure 2.7 above it can
be seen that chondrocyte is the central vital component and surrounded by three classes of
proteins which are collagens (mostly type II), proteoglycans (primarily aggrecan) and other
non-collagenous proteins including link protein, fibronectin and cartilage oligomeric matrix
protein (COMP) and the smaller proteoglycans including biglycan, decorin, fibromodulin
and hyaluronic acid (HA). All these macromolecules act together to keep the extracellular
matrix of the articular cartilage to retain its flexibility and have high tensile strength
throughout the life.

Collagens are the most abundant macromolecules in an organism (Gelse et al., 2003).
In articular cartilage the collagen fibrils provide resistance to compressive forces and allow
diffusion of small molecules in and out of the cartilage tissue matrix. There are at least 19
types of collagens inside the extracellular matrix which comprises no less than 33
polypeptide chains (Kielty and Grant, 2003 ). Cartilage is known to contain at least five types
of collagen and among them type II collagens are vastly dispersed across the extracellular
matrix of articular cartilage which is around 90 % to 95 % of its framework (Thomas et al.,
1994; Kielty and Grant, 2003; Bhosale and Richardson, 2008). The other minor collagens
help to form and stabilize the type II collagen fibril network. Table 2.7 shows the different
types of collagens together with their function and morphological location in the cartilage

extracellular matrix.

28



Table 2.7: Types of collagen and their function (Bhosale and Richardson, 2008)

Collagen type

Morphological location

Function

II

VI

IX

XI

Principal component of macrofibril

(90-95%)

Pericellular matrix

Cross-linked to surface of macrofibril

Closely related to the hypertrophied cells

in calcified cartilage layer

Within or an macrofibrils

Tensile strength

Helps chondrocytes attach
to the matrix

Tensile properties and
inter-fibrillar connections

Structural support and aids
in cartilage mineralisation

Nucleates fibril formation

All types of collagen contain a region consisting of three polypeptide chains (o-

chains) which forms into a triple helix structure containing hydrogen bonds to stabilize the

extracellular matrix (Thomas et al., 1994; Fox et al., 2009). Figure 2.10 shows the variety of

collagens molecular structure with triple helices formation. It was observed in a previous

study that this triple helix structure will break when applying freeze-thaw cycle and release

acid-soluble collagens into the extracellular matrix tissue and altering the biomechanical

properties of articular cartilage (Szarko et al., 2010). Therefore, the study of collagen fibrils

structure and orientation in articular cartilage is important for understanding the pathological

changes in cartilage tissue.
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Figure 2.10: Diagrammatic representation of cartilage collagens molecular structure

(Thomas et al., 1994)

In articular cartilage, proteoglycans represent the second largest group of
macromolecules in the extracellular matrix. From the variety of proteoglycans present in the
extracellular matrix of the cartilage the most prominent is the aggrecan, which controls more
than 100 chondroitin sulfate and keratin sulfate chains (Fox et al., 2009). Proteoglycans are
composed of a protein core with one or more glycosaminoglycan (GAG) chains. Figure 2.11

shows in detail the components of proteoglycan aggregate.
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Protein core

Aggrecan ~ Chondroitin sulfate

Keratan sulfate
HA

Link protein

Figure 2.11: Component of proteoglycan aggregate (Cohen et al., 1998)

The balance between fluid and electrolytes in the cartilage tissue is maintained by
proteoglycans because the sulfated GAG chains are high in fixed negative charges and can
draw water into the cartilage creating osmotic pressure gradient which provides compressive
resistance to the cartilage tissue (Chen et al., 2006; Jahn et al., 2016). In a normal articular
cartilage, many aggrecan molecules binds to HA chain and the binding site is further
stabilised by link protein. HA is a water retentive molecule that also responsible for the high
water content in cartilage tissue (Sandell et al., 2014). Thus, the permeability of the cartilage
tissue is fully controlled by the proteoglycan concentration. It is worth pointing out that, the
biomechanical properties of articular cartilage depend mainly on the maintenance of high

proteoglycan and collagen concentrations within the extracellular matrix.
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2.3.2 Structure

Articular cartilage can be divided into four distinct zones namely, superficial zone,
transitional zone, deep zone and calcified zone which consists subchondral and cancellous
bone. Figure 2.12 illustrates the zones and shape of the cells and their arrangement

respectively.

Zones Cells

Superficial zone
(10-20%)

Flat, parallel

Transitional zone Rounded, random

(40-60%) oblique
De(g%(;)(;ne Spherical, in
columns
Tidemark

Mesenchymal stem

Subchondral bone
cells

Cancellous bone

| W“LLMHL’ NS AT

Figure 2.12: The zonal architecture and cells arrangement of articular cartilage (Sandell et

al., 2014)

Each zone is distinguished by the shape and orientation of the chondrocyte cells and
the distribution of type II collagen fibrils and large aggregating proteoglycans (Mosher and
Dardzinski, 2004; Brody, 2015). The superficial zone which has parallel oriented collagen
fibrils and flat shaped chondrocytes are thought to act as a protector for the rest of the
cartilage tissues below and makes up approximately 10 % to 20 % of the total cartilage

thickness (Vanwanseele et al., 2002; Ateshian and Hung, 2006; Fox et al., 2009; Danso et

32



al., 2014). Water content is highest on this zone with 80 % of the total wet weight of the
cartilage because it was said that chondrocytes on this zone actively synthesises high
concentration of collagens and low concentration of proteoglycans especially aggrecan
(Bhosale and Richardson, 2008; Garcia-Carvajal et al., 2013). This zone also secretes
abundant lubricin, HA and phospholipids which are vital to lubricate joint articulation
(Garcia-Carvajal et al., 2013; Seror et al., 2015; Jahn et al., 2016). Superficial zone can be
stated as the thinnest zone compared with the other three zones and any injury that damages
this surface will expose the underlying zones to shear and tensile forces (Bhosale and
Richardson, 2008; Brody, 2015).

The transitional zone takes up the largest portion in the cartilage structure where
around 40 % to 60 % of the total cartilage thickness. In this zone, collagen fibrils start to
bend and twist forming whimsical network and the chondrocyte cells are arranged randomly.
The proteoglycan concentration is higher in this zone (Bhosale and Richardson, 2008). The
deep zone comprises 30 % of the total cartilage thickness and contrast to the superficial zone,
in deep zone the collagen fibrils are aligned perpendicularly to the surface and the
chondrocytes are arranged in columns to provide the greatest resistance to compressive
forces (Fox et al., 2009). This zone contains the largest diameter of collagen fibrils and
highest concentration of proteoglycans but poor in water content because chondrocytes
density is lower in this zone (Bhosale and Richardson, 2008; Hani et al., 2011; Winalski and
Rajiah, 2011). In calcified zone the chondrocytes are hypertrophic and secretes mineralized
matrix near the subchondral bone (Bhosale and Richardson, 2008; Fox et al., 2009; Fisher
et al., 2018).

The water content, proteoglycan concentration, collagen fibrils concentration and
orientation together with chondrocyte morphology vary throughout the depth of the cartilage
tissue. This anisotropic structure of cartilage tissue has given the laminar appearance of
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cartilage in MR images and makes the study on cartilage unique structure at molecular,
macroscopic, histological and gross anatomic levels to be interestingly demanding
(Rubenstein et al., 1993; Xia, 2000; Watrin et al., 2001; Mosher and Dardzinski, 2004;
Nieminen et al., 2004). Articular cartilage tissue is fragile, once damaged it will be hard to

heal itself and this what makes OA a big clinical challenge.

2.3.3 Preservation of articular cartilage for experimental study

In an experimental study which requires biomechanical testing of tissues, sample
preparation, storage and hydration are vital elements to be considered (Franke et al., 2007).
The cartilage tissue needs to be kept under preserved conditions in order to retain its
properties throughout the specimen preparation. There are several types of storage medium
that have been used previously in clinical research to preserve cartilage tissue during
experimental study. Table 2.8 shows type of storage medium used to store cartilage tissue

specimen.

Table 2.8: Storage medium used in experimental study to preserve cartilage tissue

Type of storage medium Reference

(Franke et al., 2007; Pallante et al.,
2012)

(Willett et al., 2005; Changoor et al.,
2010; Szarko et al., 2010)

(Tavakol et al., 1993; Zheng et al.,
2009)

(Kwan et al., 1992; Espino et al.
2014; Temple et al., 2016)

Low-glucose Dulbecco modified Eagle medium

Phosphate buffered saline (PBS)

Dimethyl sulfoxide (DMSO) in saline medium

Ringer’s solution
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In a review by Katta and colleagues (2008) have discussed about the usage of PBS
and Ringer’s solution as storage medium and compared with synovial fluid constituents
which were HA, lubricin, and chondroitin sulphate (Katta et al., 2008). Even tough, HA was
considered as the major component of synovial fluid that influences its viscosity but it was
shown that this constituent produces a lower coefficient of friction when compared with
Ringer’s solution (Katta et al., 2008; Kung et al., 2015). In a study by Pownder and
colleagues (2015) they have discussed about the stabilising agent involvements in the
freezing process which includes DMSO and paraformaldehydes. These stabilising agents
even though said can prevent proteolysis and formation of ice crystals to preserve the frozen
specimen condition, but they can alter T2 values of tissue if performed MRI scans with these
solutions (Pownder et al., 2015). Whereas, PBS is a water-based salt solution containing
disodium hydrogen phosphate, sodium chloride, and in some formulations, potassium
chloride and potassium dihydrogen phosphate and this solution is widely used in biological
research as buffer solution because it was shown that PBS is better in providing friction
levels compared to other constituents of synovial fluid (Katta et al., 2008). Furthermore, the
osmolarity and ion concentrations of the PBS solution is similar to human synovial fluid and
it can replicate the properties of synovial fluid well (Siddaiah and Menezes, 2016).

Temperature and period duration of specimen storage in an experimental study are
major elements to be considered in order to maintain the biomechanical properties of the
living tissues. Conflicting theory on these elements can be seen in previous studies where
there were widespread of storage temperature and period duration that have been chosen to
store cartilage tissue specimen. Table 2.9 shows commonly used storage temperature and
duration in cartilage studies together with their effects to the biomechanical properties of

cartilage tissue.
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Table 2.9: Storage temperature and duration used in cartilage studies

Storage Storage Effect to mechanical properties of
Reference
temperature duration articular cartilage
Aggregate modulus reading at 7 days and
37 93 60 days period shows little difference with
o control group. (Kwan et
4°C and 60 .
Aggregate modulus reading at 3 days and  al., 1992)
days .
28 days shows drastic increment compared
with control group.
4°C 90 Does not detect any ultrastructural changes
) ) (Tavakol et
minutes between the extracellular matrix of fresh
al., 1993)
-70 °C 24 hours and freeze-thawed cartilage samples.
Aggregate modulus reading shows 13.5 %
4°C Less than ) ) )
decrease in patella-femoral region and (Willett et
8 hours . .
20.1 % decrease in femoral condyle region  al., 2005)
-20 °C 7 days
after freeze-thaw cycle at day 7.
4°C Less than . _ -
Shows less signal intensity in the MRI
3days . . (Zheng et
image of the freeze-thawed cartilage tissue
-20 °C 4 days al., 2009)
indicating loss of GAG concentrations.
-80 °C 4 days
Cartilage thickness was constant in all
groups (1.5 mm ~ 2.5 mm).
No significant differences detected between
day 1 and 6 on elastic modulus and
4 °C 6 and 12 permeability.
. ~ (Changoor
days By day 12 elastic modulus show drastic
. ~etal, 2010)
-20 °C 7 days  decrement and permeability show drastic

increment.
Single freeze-thaw cycle at day 7 shows
little decrements in elastic modulus and

permeability.
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From Table 2.9 the mechanical properties of articular cartilage resulted in various
common storage temperature including 4 °C, -20 °C, -70 °C and -80 °C and the timeframe
for further testing can range from a few days to months at a time. Basically, the temperature
of -20 °C is the common temperature used to preserve specimens within most laboratory
studies and seven days of storage duration is enough to check whether the freezing affects
the biomechanical properties of the articular cartilage (Willett et al., 2005; Changoor et al.,
2010; Pownder et al., 2015).The differences between the fresh and single freeze-thaw cycle
specimens could be due to the weakened extracellular matrix structure which was susceptible
to the formation of ice crystals or ice lens during freezing (Kennedy et al., 2007; Szarko et
al., 2010).

Intrinsically during freeze-thaw cycle, the micro damage caused to the triple helix
structure of the collagen fibres was enough to change the mechanical properties of articular
cartilage because this process will release acid-soluble collagens into the matrix (Szarko et
al., 2010). Consequences from this situation was the changes in pH conditions of the
extracellular matrix which affects the functioning of the chondrocytes to maintain the tissue
metabolism which will slowly deteriorate the cells viability. Another study suggested that
surviving chondrocytes in the freeze-thawed specimens need a longer incubation with
specific protease inhibitors after thawing to overcome the freezing shock and prevent the
degradation of cartilage matrix due to the action of endogenous proteases released from lysed
chondrocytes during freeze-thawing (Tavakol et al., 1993).

In the study by Qu and colleagues (2014) they analysed GAG content and
proteoglycan structures to check whether freeze-thawing process affects the proteoglycan
content and the proteoglycan subpopulation sizes and they found that cryoprotected group
had higher content of GAG than the fresh controlled group indicating that stabilising agents
used in cryopreservation can influences this result (Qu et al., 2014). Previously there have
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been discussed about the GAG distribution change in frozen cartilage tissue where ice
crystallisations breaks down proteoglycans GAG chains out from the extracellular matrix
and resulting in degraded cartilage tissue vulnerable to physical injury from impact test
(Kaur et al., 2013). Therefore, further mechanical testing to the freeze-thawed specimens

results in reduced compressive stiffness and peak stresses.

2.3.4 Cartilage thickness

The cartilage thickness is an important morphological biomarker in characterising
the biomechanical properties of articular cartilage as the thickness of the cartilage varies at
different locations in the joint (Wu et al., 1996). There were two types of methods that have
been used widely in cartilage studies to measure the cartilage thickness which were the direct
method and the indirect method. Both methods are mutually exclusive to perform matching
point-to-point validation (Koff et al., 2010). Indirect method is a method that can measure
the thickness collaterally without no direct contact with the cartilage tissue usually through
image data set. Radiography, ultrasonography, MRI and CT scans were example of imaging
modalities that can perform indirect measurement of cartilage thickness. Whereas, in the
direct method there is nothing in between the cartilage tissue and the apparatus used to
measure the cartilage thickness and example of this direct method includes indentation test,
confined compression and unconfined compression tests. Table 2.10 shows the different
values for the cartilage thickness of different synovial joints in human body using different

methods of measurement.
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Table 2.10: Thickness of normal articular cartilage in human synovial joints with different

methods of measurement (Latif, 2011)

Body Cartilage Thickness Method Reference
part (mm)
Femoral condyle (L) 2.31+£0.53 Indentation (Athanasiou,
Femoral condyle (M) 2.21£0.59 test 1991)
Patella groove 3.57+1.12
Knee (Eckstein
Patell 2.80-3.16 MRI ’
atetla 1995)
Femoral condyle (L) 3.7+0.8 )
R h Hall, 1
Femoral condyle (M) 40+0g Radiography - (Hall, 1980)
Femoral head 1.03-1.84  Indentation (Athanasiou,
Acetabulum 1.06 - 1.83 test 1994)
Femoral head 1.14-2.84 MRI (Nakanishi,
Hip 2001)
Acetabulum 1.0-2.0 (R;lgsgfilt’
Ultrasound (Eckstein
F 1 head/Acetabul 7=3. ’
emoral head/Acetabulum 0.7-3.6 1997)
(Vanwanseele,
Shoulder Humeral head 1.30£0.06 MRI
1997)
Humerus 1.35
Radius 1.20 MRI (Graichen,
Elb Ulna dorsal 1.23 2000)
oW Ulna ventral 0.99
Radial head 0.87—1.17  Indentation (Schenck,
Capitellum 1.02-1.42 test 1994)
Tibial 0.95-1.30 Indentation (Athanasiou,
Talar 1.01 —1.45 test 1995)
Ankle Talus 1.34+£0.14 o
Tibia 121+0.14 MRI (Mlzlggfion’
Fibula 0.91+0.08
Upper cervical spine 0.73 £0.07 (Yoganandan,
Facet T
ace Lower cervical spine 0.47 +£0.02 CT scan 2003)
. Ulnar head 0.80+0.23 (Yoshioka,
Wist Lunate 1,10 + 0.24 MRI 2007)
) Indentati Ath iou,
Toe First metatarsophalangeal — 0.75 +0.21 f etI;:tl on ( IZI;ZS)IOH

Note: (L) = Lateral; (M) = Medial
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In the direct method, an indentation test using a needle indenter is the most common
method used to obtain the thickness of the cartilage tissue. The cartilage is penetrated
perpendicularly to the cartilage surface by a sharp needle with force. The displacement of
the cartilage is recorded to enable the calculation of the thickness (Latif, 2011). Based on
Table 2.10, it was found that the thickness of the cartilage varies depending on the location
of the synovial joint as it was fully adapted to withstand compression forces. Furthermore,
the thickness was also seen to be different across the same synovial joint, for example the
thickness in knee joint varies even though the same technique was used to measure it
(Athanasiou et al., 1991). This could be due to the different degree of dynamic loading of
the joints (Latif, 2011). Figure 2.13 shows thickness value measured on patellar groove and

femoral condyle from human knee joint.

3.57+ 1.12 mm

231+
0.53 mm

Figure 2.13: Thickness values from human knee joint (a) Patellar groove (b) Femoral

condyle (Athanasiou et al., 1991)

2.3.5 Biomechanical properties of articular cartilage

The function ability of the synovial joints was greatly controlled by the
biomechanical properties of the articular cartilage and vast experimental studies have done
previously by using mechanical testing configurations to analyse and observe the mechanical

response of cartilaginous tissues. Taylor and Miller (2006) in their review have list out
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several types of popular mechanical tests that have been used previously to measure the
mechanical properties of cartilage tissue which were confined and unconfined compression,
uniaxial tension, pure shear (torsion) and indentation (Taylor and Miller, 2006). However,
the mechanical tests that more preferred by the researchers were unconfined compression,
confined compression and indentation tests (DiSilvestro and Francis Suh, 2001; Knecht et
al., 2006; Lu and Mow, 2008). Figure 2.14 shows the difference between these three

mechanical testing configurations.

1Load

Load
Lateral > h + Non-porous ﬁ
deformation g ‘ Indenter i

loading N
‘/ Cartila;
444 ge
Non—porous Reaction force
tal 1L0ad -
me .~ Subchondral bone
indenter L i .
(c)

Confining
chamber

Fluid flow illll. Porous filter

Figure 2.14: Mechanical testing configurations (a) Unconfined compression (b) Confined

compression (c) Indentation (DiSilvestro and Francis Suh, 2001)
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From Figure 2.14 in all three mechanical testing configurations presented the
cartilage specimen was immersed in saline fluid throughout the tests to create physiological
conditions. The main difference between these testing was only indentation test was done
with the subchondral bone attached to the cartilage whereas the unconfined and confined
compression tests were done with the cartilage tissue detached from the subchondral bone.
Also, in both confined and unconfined compression tests the load was transferred through
non-porous platen or indenter which was different from the indentation test that uses rigid
porous indenter. Furthermore, exudation of fluid was encountered in unconfined
compression test since the cartilage specimen was compressed in between two non-porous
loading platens which allows lateral deformation of the tissue. Whereas in confined
compression testing there was porous filter below the cartilage specimen to allow fluid flow
through it. However, the problem with the interpretation of confined compression testing
lies in the nature of the boundary conditions at the cartilage/porous filter interface and at the
radial-edge/confining-wall interface where it was assumed to be nil by previous researchers
(Buschmann et al., 1998). Indentation test is simplified in nature since the specimen used
was attached with the subchondral bone and no boundary conditions come into importance
to accounting for them.

It is well accepted that articular cartilage is a biphasic material, with both the solids
and the fluids phases contributing to its ability to absorb and dissipate loads (Cohen et al.,
1998; Pearle et al., 2005; Lu and Mow, 2008; Brody, 2015). The solid phase has porous and
permeable extracellular matrix with low permeability due to high frictional resistance to
fluid flow, which causes high interstitial fluid pressurisation in the fluid phase (Changoor et
al., 2010). Moreover, this behaviour needs to be demonstrated through the mechanical
testing adopted to measure the stiffness and viscoelastic properties of the articular cartilage.

Therefore, the most suitable mechanical testing is indentation test.
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Indentation test has been carried out to obtain the mechanical properties of articular
cartilage such as elastic modulus (£), permeability (k), and Poisson’s ratio (v) (Jin and Lewis,
2004; Lu and Mow, 2008). These material properties are important to the characterisation of
the linear biphasic theory of cartilage which was firstly introduced in 1980 by Mow and co-
workers (Mow et al., 1980). Table 2.11 and 2.12 shows the biphasic biomechanical
properties of articular cartilage in human and animal synovial joints respectively

characterised in previous studies.

Table 2.11: Biphasic biomechanical properties of articular cartilage in human synovial

joints

Elastic Permeability,

Miz]:g:lgcal S};I;?I‘l’tlal modulus, E£ K (x 1013 Vondvratlo, Reference
(MPa) m*/Ns)

Indentation Hip 4.89+0.76 0.19+0.20 - (Taylor et al.,
2011)

Unconfined Knee 0.19-0.96 - - (Nissi et al.,
2007)

Confined Hip 1.64 £0.34 1.10 £ 0.60 0.14+£0.09 (Démarteau
et al., 2006)

Confined/ Knee 1.24 £ 0.49 1.75 £1.82 0.16 £0.15 (Jurvelin et

unconfined al., 2003)
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Table 2.12: Biphasic biomechanical properties of articular cartilage in animal synovial

joints
Animal/ Elastic Permeability, .
Mechanical Vv
izs:;::lca Synovial  modulus, E K (x 1013 rat(i)(l)dv Reference
5 joint (MPa) m*/Ns) ’
Indentation Bovineknee 4.89+0.76  0.19+0.20  0.13 - 0.45 (11\94;9"; ot al,
Bovine hip  1.86+0.44 0.27+0.11 - (Taylor et al
Indentation ~ Porcine hip  1.18 £0.17 0.63 +0.09 - 20 1}1) v
Ovine hip 3.94+2.52 0.26 +1.08 -
. : 0.50 + Jin and Lewis,
Indentation  Bovine knee  1.79 + 0.59 - 0.03 g (;3 4a)n oIS
. . (Temple et al.,
.65+ 0. - -
Unconfined  Bovine hip 1.65+0.31 2016)
. . 0.20 +
Indentation  Murine knee  2.00 = 0.30 0.11+£0.04 0.03 (Youn, 2006)
Bovine 0.13 + (Démarteau et
fi 28 £0.14 .70 £ 0.
Confined EREER S O fiteaial 0.07  al,2006)
Unconfined Bovine knee  0.32—-0.97 - - (Nissi et al.,
Porcine knee  0.35-1.16 - - 2007)
Confined Bovia e 0.60-0.92 2.18-3.92 0.04 -0.14 (Miller and
Unconfined =" © 0.55-1.07 - - Morgan, 2010)
Bovine (Ateshian et
A40+0.14 == 1
Confined shoulder ot o =l o al., 1997)
. Ovine spinal (Abd Latif et
TH6ECIY |61 Al -
Indentation UVE 0.76 £ 0.35 1.61 10 al., 2012)

From Table 2.11 and 2.12 can be seen that indentation test gives higher value in the

biomechanical properties especially in elastic modulus when compared with the other

mechanical testing. Also, the values of elastic modulus show topographical variation

between different test sites. It was suggested that the equivalent isotropic, homogeneous

elastic models for the indentation and other compression tests were not the same and the size

of difference was relied on the specific values of anisotropic and non-homogenous material

parameters (Jin and Lewis, 2004). The collagen network in the extracellular matrix are the

major determinants of the tensile behavior of the articular cartilage since these collagens are
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oriented anisotropically throughout the zones of cartilage (Cohen et al., 1998; Korhonen et
al., 2002). Furthermore, this collagen network is held in place by the proteoglycans through
shear stress resistance and depletion of these proteoglycans will make the collagen network
to degrade during mechanical tests. In a study by Jurvelin and colleagues (2003) they list out
the possible causes of this mechanical anisotropy in cartilage tissue during mechanical test
which were species, site, depth and age (Jurvelin et al., 2003). Therefore, appropriate
mechanical test protocol needs to be identified prior to analyse the biomechanical properties
of the selected cartilage tissue.

The biomechanical evaluation of articular cartilage is crucial in identifying the
importance of the mechanical properties involved in describing the overall feature and
workflow of cartilage tissue to the synovial joint. An improved understanding of the
composition—property—function interrelationship, intensifies the knowledge and
understanding of the mechanisms of cartilage tissue disease such as OA, thereby providing

new tools for early diagnosis in the future (Taffetani et al., 2014).

2.3.6 Animal model

Animal models were vastly used in the field of OA research since the early 1970s
and these models were able to reproduce the pattern and progression of OA in a controlled
rate (Simon, 1970; Teeple et al., 2013). However, for mechanical testing of the
musculoskeletal system, researchers prefer to use cadaveric and animal tissues as their
models to study human biology and diseases to enhance human health. Furthermore, animal
size roughly corresponds to the size of the joint and cartilage thickness which are two
important factors to determining utility in modelling applications to human disease (Ahern
et al., 2009). Table 2.13 shows the common animal OA models used previously to study
cartilage repair.
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Table 2.13: Common animal OA models (Teeple et al., 2013; Cook et al., 2014; Xing et

al., 2016)
Animal Age at  Cartilage
. Joint(s) skeletal  thickness Special considerations
species .
maturity (mm)
Murine Knee 10 weeks Below Murine cartilage is very thin and does not
(mouse) 0.10 have distinct superficial, transitional and
deep zones.
Murine Knee 3 months Below OA progression may be accelerated with
(rat) 0.10 exercise protocols.
Guinea - 6 months - Animals in paired housing have
pig significantly greater OA progression
compared to single caged animals.
Rabbit Knee, 8-9 0.21-0.56 Lateral compartment is predominantly
shoulder = months loaded in the knee.
OA progress more rapidly in older animals
following surgical OA induction.
Canine Knee, 9-18 0.95-1.30 Certain breeds are chondrodystrophic
shoulder, months (beagles, dachshunds) and should not be
elbow, used.
hip, ankle
Ovine Knee 2 years 0.50-1.70 Variability in cartilage thickness and
dense subchondral bone.
Caprine Knee 2 years 0.80—2.00 Lentivirus infection may cause synovitis
and joint degeneration.
Bovine Shoulder, 2 years 0.50—-3.30 Thick cartilage and the shape is distinct
knee and from other species (quadruped).
hip
Equine Knee, 2 years 1.80—-2.00 Large cartilage thickness defects.
carpus, Animal housing, size, and handling
ankle difficulties.
Loading environment.
Porcine Knee 18-22 1.50—2.00 Pig strains are preferred to domestic
months strains due to growth velocity and adult

size.
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Lin et al. (2005) in their study stated that large animal models with a body weight
similar to a human could imitate the human conditions well (Lin et al., 2005). Canine, ovine,
bovine, caprine, porcine, and equine models are considered large animal models with higher
body weight and thicker cartilage. Whereas, mouse, rat, guinea pig and rabbit are considered
small animal models which was suitable to study early disease mechanisms since these
models are easier to handle with less housing space is needed and economically practical.
However, small animal models are not suitable for the comparison to the human situation.

For cartilage study many choices of animal models are available. However to get
reliable mechanical properties the chosen animal model must be a mammalian species that
is easy to maintain, work with, availability when needed, inexpensive and free of regulatory
constraints (Little and Smith, 2008). Table 2.14 shows the average maximum cartilage
thickness of selected animal species anatomically to study the mechanical properties of

articular cartilage.

Table 2.14: Average maximum cartilage thickness in mm (Simon, 1970)

Animal species Hip Knee Patella Ankle Shoulder Elbow

Bovine 2.49 3.17 3.13 1.43 3.03 1.44
Ovine 1.36 1.68 1.65 0.27 1.39 0.62
Canine 1.19 1.30 1.10 0.06 0.98 0.76
Murine (Rat) 0.091 0.165 0.060 0.038 0.188 0.095
Murine (Mouse)  0.053 0.030 0.024 0.023 0.038 0.034

From Table 2.14 bovine has the highest maximum cartilage thickness in every joint
tested. Furthermore, most studies with mechanical testing on cartilage tissue prefers to use

bovine as studied animal model since the thickness and biomechanical properties of this
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species correlates significantly with human cartilage (see Table 2.12). Many researchers in
their studies supported the use of bovine by comparing histologically the intact bovine with
human tissues (Démarteau et al., 2006; Jeffrey and Aspden, 2006; Temple et al., 2016). The
intact bovine patella cartilage was found to be histologically similar to both the intact human
cartilage taken from the non-lesion sites reported previously for healthy human cartilage

(Hargrave-Thomas et al., 2013).

2.3.7 Computational studies

The computational method is an advanced technique used for the analysis of the
mechanical function of synovial joint under different loading and pathological conditions.
The technique is reliable and effective for the investigation of the mechanical behaviour of
articular cartilage (Zdero and Bougherara, 2010). The finite element (FE) model has been
used to examine the biomechanical properties of joints at the cell, tissue and joint levels and
to model and analyse the biomechanical properties and behaviour of cartilage under
compressive stress, whereby it enables parameters and boundary conditions to be
investigated that were not accessible experimentally or analytically (Goldsmith et al., 1996;
Kazemi et al., 2013). In earlier times the biomechanical application of FE method used 2D
or axisymmetric modeling. The first FE model of the knee joint was proposed by Chand and
co-workers in 1976, where a 2D model of a knee generated from the X-rays of a live subject
was used in their simulations to analyse the contact stress between the femur and tibia with
the absence of soft tissue (Chand et al., 1976). The FE software was used to obtain the force-
deformation relations and a numerical approach. An advanced in computational power, more
widely available larger models became feasible and results from 3D models were

increasingly reported in the literature.
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The FE analysis is a numerical technique of stress analysis that has been widely
applied to investigate the mechanical response of a structure. In addition, this method can
develop a model with complex material properties, where the process of modeling articular
cartilage has evolved from the single-phase analytical model to the biphasic analytical
model. With the advancement in computational techniques, the mechanical response can be
predicted to improve the understanding of load distribution in the normal and pathological
cartilage tissue. The FE model provides reasonable predictions of average pressure and
contact area regarding the sensitivity of changes in thickness and shape variation in a joint.
It is important to detect abnormalities in contact stress, as it is one of the reasons for the
primary cause of OA disease. The contact stress, contact area, fluid pressure and fluid
support ratio can be investigated and compared between models with different parameters
regarding their influence, such as joint size, cartilage compressive modulus, thickness,
clearance and hemiarthroplasty (Li et al., 2013). Taylor and Miller (2006) in their review
have listed all the constitutive models of the articular cartilage available from previous
studies to study the cartilage mechanical behaviour as shown in Table 2.15 (Taylor and

Miller, 2006).
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Table 2.15: Constitutive modelling of cartilaginous tissues (Taylor and Miller, 2006)

Constitutive

. Description
modeling P
Monophasic Considered for time and strain rate dependence of mechanical
viscoelastic response.
model

Limited use and one-dimensional model.

Linear biphasic  Considered for time dependence of mechanical response.

model Describes cartilage as binary mixture of immiscible solid and

fluid phases.

The tissue is imagined as a porous linearly elastic intrinsically
incompressible solid matrix permeated by an inviscid
incompressible fluid.

Has become the most widely employed formulation for
modeling of cartilage mechanical behavior

Isotropic model Assumption of solid phase of the cartilage with isotropic
material symmetry.
Defined by three parameters: As, ps, and K.

Anisotropic and Use incompressibility assumption for solid-phase elements of
inhomogeneous  biphasic models.

models Describes the orthotropic symmetry (within the context of
tension-compression nonlinearity) of articular cartilage.

Finite Employs hyperelastic solid phase formulations.

deformation

Study the effects of nonuniform moduli on the chondrocyte

biphasic model . .
mechanical environment.

Study the implications for indentation response through finite
element analysis.

Poroviscoelastic Generalisations of the linear biphasic models that include flow-
model independent viscoelasticity in the solid-phase description.

Conewise linear Describes the solid-phase response in the biphasic model.

biphasic model 1. ¢ o bic mechanical symmetry.
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24 Magnetic resonance imaging

MR imaging is possible if the atomic nuclei of tissue of interest possess a nuclear
magnetic moment. For instance, the nucleus of the hydrogen atom consisting only one proton
is the simplest atomic nucleus with an odd number of nucleons which has the biggest
magnetic moment of all nuclei (Brix et al., 2008). This hydrogen nuclei spins around its own
axis in a cone-shaped way known as precession and starts to vibrate with the excitation from
the external magnetic field (B,) and radio frequency (RF) pulses (Sands and Levitin, 2004;
Hani et al., 2011; Grover et al., 2015). This resonance phenomenon defines the plane of
longitudinal magnetisation and when RF pulses are transmitted into the tissue and increases
the energy state and in return changes the plane to transverse magnetisation.

The recoveries of longitudinal and transverse magnetisation are also termed
relaxation (Sands and Levitin, 2004). Longitudinal relaxation is referred as spin-lattice
relaxation or T1. Whereas, transverse relaxation referred as spin-spin relaxation or T2.
Generally, in a biological tissues T1 values range from 100 to 2000 ms and T2 values range
from 10 to 1000 ms in which water molecules shows long T1 and T2 values (Brix et al.,
2008). Longitudinal magnetisation recovers more quickly in fat than in water which is why
fat has a relatively short T1 and T2 values (Bitar et al., 2006). Tissues with OA
characteristics will show higher water content comparing to the surrounding tissues and a
longer T1 and T2 times indicating the onset of OA (Sands and Levitin, 2004).

An MR signal can principally only be detected from the volume of region of interest
in which the nuclei have been excited before by an RF pulse (Brix et al., 2008). This signal
will be captured by an antenna system housed within the magnet before applying certain
sequences of RF pulses to emphasize certain tissue characteristics to be displayed in the
resulting image (Sands and Levitin, 2004). Then, the computer system takes the composition
of different signals that appears and rearrange the different frequencies of the various protons
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and the different phases for those protons with the same frequency by means of the Fourier

transform which in the end the generated amplitudes are displayed as shades of grey on the

final clinical image (Sands and Levitin, 2004). Table 2.16 shows the basic components that

can be found in clinical MRI system by which each component is important in the formation

of the diagnostic image.

Table 2.16: Basic components of clinical MRI system (Brix et al., 2008)

MRI ..
Description
components

The magnet Most of the magnets are made of solenoid coils.
Creates a static and homogeneous magnetic field Bo, which is needed
to establish a longitudinal magnetisation.

The gradients  Gradient coils generate additional linearly rising magnetic fields that
can be switched on and off.
Gradient fields allow assigning a spatial location to the received MR
signals (spatial encoding).
For an image acquisition three independent gradient systems in x-,
y-, and z- direction are required.

The radio RF field is generated by a transmitter and coupled into the patient via

frequency (RF) an antenna, the RF coil.

system

The computer
system

RF coils are also used to receive the weak induced MR signals from
the patient, which are then amplified and digitised.

Measurement setup and image post-processing are performed by
(distributed) computers that are controlled by a host computer.

New measurements are planned and started, and the reconstructed
images are stored and analysed.

MRI is identified as being the hallmark for the non-invasive diagnosis of joint disease

and clinical imaging especially for the detection of cartilage injury (Crema et al., 2011). MRI

also provides quantitative information on the structural and molecular contents measurement
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of articular cartilage through various available quantitative methods (Nieminen et al., 2004;

Hani et al., 2015). Table 2.17 shows advantages and disadvantages of various quantitative

MRI methods used for the study on cartilage properties.

Table 2.17: Advantages and disadvantages of various quantitative MRI methods used in

cartilage studies (Choi and Gold, 2011; Chan and Neu, 2013)

MR Imaging .
Method Advantages Disadvantages
Sodium MRI High specificity for proteoglycan content and Requires special

T1 rho imaging

dGEMRIC

T2 mapping

directly related to GAG content.

Directly measure cartilage FCD.

High contrast image without exogenous
contrast agent.

Feasible for assessment of cartilage damage
and repair quality.

Variate based on cartilage zone.

Sensitive to early proteoglycan depletion.
Correlation with compressive modulus and
hydraulic permeability.

Sensitivity = to ~ pre-radiographic -~ and
radiographic damage.
Correlation with  clinical = measures = of

degeneration.

High resolution and sensitivity.

Indirectly measure cartilage FCD.

Directly related to GAG content.

Correlation with proteoglycan and collagen
content.

Correlation with material properties and
mechanical behaviour found ex-vivo.
Sensitivity to pre-radiographic damage and
significant difference with radiographic
damage.

Sensitive to structural changes in collagen
matrix, water content, and water motion.
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transmit and receiver
coils and long imaging
times.

Requires high radio

frequency power-
specific absorption rate

limits.

Delay period between
injection and imaging.
Need for contrast agent.

Technical concern when
selecting pulse

sequence.



MR Imaging
Method

Advantages

Disadvantages

Ultrashort echo
time imaging

Magnetisation
transfer

Diffusion
weighted
imaging

Correlation with material properties and
mechanical behaviour found ex-vivo.
Correlation with various clinical measures of
cartilage damage.

Only technique to examine the region of
osteochondral junction.

Improved contrast between cartilage and
fluid in the detection of localised cartilage
lesions.

Useful tool in imaging biochemical changes
in cartilage after repair.

Postoperative tissue

evaluation.

cartilage  repair

Requires high resolution
mapping.

Disadvantage of scan
time.

Difficulty in
selection.

slice

Prone to artifacts and
poor SNR in low-field
MRIL

Difficult quantification.
Limitations in
diagnosis of OA.

early

Low SNR and spatial
resolution.
Need motion correction.

2.4.1 Magnetic field strength

The external magnetic field strength of the MRI unit is rated using a unit of measure
known as Tesla (T). MRI can be categorised into ultra-low-field MRI (< 0.1 T), low-field
MRI (0.1 — 0.4 T), mid-field MRI (0.5 — 1.4 T), high-field MRI (1.5 — 3 T), very high-field
MRI (4 — 6 T), and ultra-high-field MRI (> 7 T). Table 2.18 shows list of previous cartilage

studies conducted using various magnetic field strength of MRI.
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Table 2.18: List of previous cartilage studies conducted using various magnetic

field strength of MRI
Magnetic
field Species Synovial joint/description of the study Reference
strength (T)
0.2and 1.5 Human MRI evaluation of a painful hindfoot of patients (Eshed et
with spondyloarthritides. al., 2008)

3.0 Human Femoral condyle (Li et al.,
T1 rho and T2 mapping to detect cartilage 2007)
matrix degeneration between normal and early
OA patients.

4.7 Rat  Femoral condyle (Chou et al.,
Study correlation between MR T2 value and 2009)
relative water content in cartilage.

9.4 Bovine Shoulder and knee joints (Nieminen
Study biomechanical properties of the cartilage et al., 2004)
tissue.

0.2and 1.5 Human Compare MR imaging of the knee obtained with (Parizel et
low-field and high-field systems al., 1995)
0.5and 1.5 Human MR diagnosis of internal derangements of the (Barnett,
knee. 1993)
0.27,1.0and Equine Study the effect of sequence selection and field (Werpy et

1.5 strength on detection of osteochondral defects in  al., 2011)
the metacarpophalangeal joint.

3.0 Porcine Femoral condyle (Hamada et
Comparing T1 rho and T2 values under loading al., 2015)
and unloading conditions.

9.4 Porcine Femoral condyle (Laouar et
Study biochemical properties of the cartilage al., 2007)

tissue.

Most of the previous studies were carried out on high-field MRI and mid-field MRI,

with a limited number of studies directly comparing the accuracy of different high-field and

low-field MRI systems in the diagnosis of joint disorders. To study human joints, mid-field

MRI was preferred and was commonly found in clinical settings. Cadaveric animal models

are more suitable to be used in the study using ultra-high-field MRI. A high-field scanner is

required to obtain high spatial resolution images to conduct high temporal resolution studies
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and to perform refined techniques requiring a high SNR, such as MR spectroscopy and
functional MRI studies (Hayashi et al., 2004). However, there is a drawback in using high-
field MRI because the increasing field strength might increase the chemical shift and provide
false registration due to the higher frequency difference between fat and the water content
throughout the depth of the tissue (Potter and Foo, 2006). Also, the risk of side effects is
assumed low if the magnetic field is < 1.5 T, except for the danger caused by ferro- magnetic

subjects accelerated into the magnet (Brix et al., 2008).

2.4.2 Pulse sequence selection

Pulse sequences are wave forms of RF pulses and gradients applied in MR image
acquisition. Fundamental pulse sequences of MRI originate from the two major sequences
which are spin echo (SE) and gradient echo (GE) (Hani et al., 2015). Other MRI sequences
are only variation of SE and GE with different combination of the repetition time (TR), echo
time (TE) and inversion time.

The selection of MR pulse sequence plays a major role to image cartilage tissue. The
image quality was largely determined by three main factors which were signal-to-noise ratio
(SNR), contrast-to-noise ratio (CNR), and artifacts (Werpy, 2007). The visibility of the
cartilage can be increased by displaying better contrast of the cartilage compared to the
surrounding tissues, resulting in higher SNR and quicker scanning time. Previously, MR
sequences used to assess cartilage tissue morphology are two-dimensional or multi-section
T1-weighted, proton density-weighted, and T2-weighted imaging sequences with or without
fat suppression (Crema et al., 2011). Figure 2.15 illustrates several differences that can be

observed in the knee joint images produced with different types of pulse sequences.
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(b)

(d)

Figure 2.15: Arrow showing articular cartilage in different pulse sequences (a) Fat
suppressed T1-weighted GE sequence and (b) T2-weighted fast spin echo sequence (c) Fat
suppressed proton density-weighted sequence and (d) T1-weighted 3D GE sequence
(Potter and Foo, 2006; Werpy et al., 2011)

Conventional T1-weighted pulse sequences have short TE and TR values. Whereas,
conventional T2-weighted pulse sequences have long TE and TR values. Proton density-
weighted pulse sequences are combination of both with short TE and long TR values and in
this type of pulse sequence tissues with more protons exhibits higher signal intensity than
tissues with fewer protons (Bitar et al., 2006). Most conventional SE sequences have very
long acquisition time compared to GE sequences because GE sequence have short TE and
TR values. High contrast between the cartilage and bone was observed by using gradient
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echo sequence which can allow the assessment of the cartilage thickness and volume
measurement (Potter and Foo, 2006). The T1-weighted gradient echo sequence demonstrates
image with higher sensitivity than the T1-weighted spin echo sequence in destructive joint

changes (Ejbjerg et al., 2005).

In general, the trend in MR sequencing is moving towards generating images with
higher spatial resolution and with shorter and faster scanning times. In the future, combined
physiologic and morphologic information from the articular cartilage should be targeted
using a single pulse sequence. Additionally, future developments will need to determine the
best pulse sequence that provides reliable data for assessing the morphological and

physiological features associated with early degeneration of cartilage tissue.

2.4.3 Imaging artifacts

Artifacts are signal intensities that were not produced from the imaged anatomy but
contributes to false information in the image (Werpy, 2007). Budrys and co-workers (2018)
listed the reason behind artefact formation can be coming from technical problems which
includes calibration and voltage instability of the system, software problems, physiological
phenomena from movement of the patient and physical limitations from the ferromagnetic
foreign bodies (Budrys et al., 2018). There are four common types of artifacts that can be
found in MR imaging of articular cartilage which are magnetic field artifacts, susceptibility

artifacts, motion artifacts and chemical shift artifacts (Werpy, 2007; Hodgson et al., 2012).

In magnetic field artifacts, uncontrollable room temperatures can influence the
magnetic field inhomogeneity thereby distorting the magnetic field and producing
nondiagnostic study. This artefact can be avoided by maintaining room temperature and

restore the magnetic field homogeneity by shimming the magnet (Werpy, 2007). Motion
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artifacts are commonly caused by patient movement and this artefact will results in creating
ghost images. To avoid this, the images must be obtained as fast as possible with using pulse
sequence with faster acquisition time. Whereas, chemical shift artifacts happens when the
scanned anatomy consists of water and fat whereby incorrectly registering fat and water
pixels in the image (Budrys et al., 2018). This artefact is prominent in higher magnetic fields
especially on T2-weighted images and can be avoided by choosing fat-suppressed pulse

sequence with short TE (Krupa and Bekiesinska-Figatowska, 2015).

Susceptibility artifacts will create images with hyperintensity due to the existence of
ferromagnetic impurities or metallic objects within scanned structure. Furthermore,
increased signal intensity over some of the intra-articular structures of the cartilage joints
can be the result of a magic angle or a volume averaging effect occurring during the
interpretation of the acquired images (Fry et al., 1991). In 1990, Farahani and co-workers
recommended several useful measures that could be adopted to minimise the amount of
susceptibility artefact in an image. These included using a lower field strength, choosing
sequence with short TE and taking an appropriate axis in relation to the anatomy of interest

(Farahani et al., 1990).

It is important to identify artifacts and noise factors in MRI in order to maintain high
diagnostic quality for image interpretation. A well-developed scanning protocol is needed to

be established in order to avoid the imaging artifacts.
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2.4.4 Greyscale intensity

Greyscale is expressed in the diagnosis of density changes based on brightness and
darkness in radiographic images. The MRI images are widely stored in the format called
Digital Imaging and Communications in Medicine (DICOM). A digital MRI image consists
of an array of number, known as greyscale. Each number displays different shades and digital
contrast resolution. It is expressed as pixel and each pixel has a varied set of tones consisting
of black, white and shades of grey in between. The pixel size in digital image usually
indicates the size of the pixel within the subject and is expressed in millimeters (mm)
depending on the field of view (FOV) and the matrix of the MRI image. Pixel size is also a
measure of resolution, whereas the smaller the pixel, the better the resolution. The formula

to calculate the image pixels is as below:

Fov
Matrix

Pixel size (mm) =

2.1)

Intrinsically, the greyscale intensity depends on the fundamental binary format
termed as bit depth. The image size known as matrix is expressed in terms of the number of
pixels in an array, based on the bit depth. The array is generally rectangular or square in
shape with a common matrix size of 256 x 256. A smaller bit depth implies a smaller number
of greyscale as well as a larger bit-depth. With a group of 8 bits, there are 256 different
numbers that can be displayed. Similarly goes to 2!? which can possibly display value up to
4096 and 2'° with 65,536. In MRI, the common bit depth referred to 16-bit and the greyscale
values are in the range from 0 to 65,536. The shades of grey can be range from pure white
at the strongest to the pure black at the weakest (Indrajit and Verma, 2007).

A high spatial resolution is importantly required to verify enough number of image
points or pixels that are available, to be able to measure the cartilage thickness efficiently.

Recognition of normal greyscale stratification with lower signal intensity closer to the
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subchondral bone and higher signal intensity closer to the cartilage surface is important to
assure intact structure (Black et al., 2009). The loss of normal greyscale transition of signal
intensity is related to the loss of articular cartilage structure integrity which is the hallmark

to the onset of OA.

2.5  Low-field magnetic resonance imaging

In the past decade has seen rapid development of imaging on low-field strength (<0.5
T) MRI, be it on hardware development, or on the techniques employed to acquire more
accurate imaging results. Improved imaging would not only produce good quality images
but would deliver affordable scanners, be cost effective with low installation and
maintenance costs where a room of ten meter square in size is sufficient for installing the
dedicated system and the RF shielding is incorporated into the magnet gantry, so no special
shielding has to be installed (Riel et al., 1999; Ejbjerg et al., 2005).

Hayashi and colleagues (2004) discussed in detail the cost benefit of the low-field
MRI through a model case comparison between 0.3 T scanner and and 1.5 T scanner which
costs RM 2,588,040 and RM 4,436,640, respectively showing more than 41.7 % of
decrement in the total cost spent to purchase the systems (Hayashi et al., 2004). Other
advantages of dedicated low-field MRI are providing exceptional patient comfort with
removing problems associated with claustrophobia, minimal noise irritation, and continuous

contact with the examiner.

2.5.1 Imaging technique

Modern low-field MR scanners provide sensibly larger SNR and higher spatial
resolution when compared to earlier low-field scanners since they are equipped with slightly
higher magnetic fields, stronger imaging gradients and more efficient RF coils (Biirk et al.,
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2015). In the study by Riel and colleagues (1999) they found out that T1-weighted SE images
and T2-weighted GE images provides sufficient image quality to diagnose internal
derangement of the knee joint with sagittal and coronal slice thickness ranging from 3-5 mm
(Riel et al., 1999). Also, there were numerous types of sequence selections used to study the
cartilage conditions depending on the suitability of the applied parameters, as listed in Table

2.19 below.

Table 2.19: Commonly used pulse sequences for cartilage imaging using low-field MRI

Slice thickness  Pixel size

Pulse sequence Te (ms) Tr (ms) (mm) (mm) Reference
STIR 16 700 3 0.70 (Eshed et
SE T1 26 520 3.5 0.56 al., 2008)
GE Tl 16 35 0.86 0.83

Axial GE 25 700 5 0.78 (Barnett,
Coronal GE 30 600 5 0.78 1993)

Axial SE T1 26 650 4 0.83 (Sanders et
Coronal SE T1 26 750 5 0.93 al., 2007)
Axial STIR 16 1210 4 0.83

Coronal STIR 16 1380 5 0.93

Axial GE 18 50 3.1 0.83

Coronal STIR 25 2250 4 0.94 (Biirk et al.,
Coronal SE T1 26 1000 4 0.63 2015)
Sagittal GE 11 940 3.5 0.70

Axial FSE T2 100 5460 4 0.75

GE T2 30 1260 3 - (Harper et
STIR 25 1889 3.5 - al., 2011)
Sagittal SE T1 24 840 5 - (Riel et al.,
Coronal SE T1 24 630 4 - 1999)
Coronal SE T2 40 2000 5 -

Coronal GE T2 18 570 4 -
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The CNR, is independent of field strength and more dependent on imaging
parameters unlike the SNR (Ghazinoor and Crues, 2006). Previously, in low-field imaging
the CNR has been improved using optimised imaging sequences like T2-weighted FSE, fat-
water separation GE and fast 3D steady-state sequences which are available in modern low-
field MR scanners (Biirk et al., 2015). Also, these sequences contribute towards the reduction
of motion artifacts because they can induce greater comfortability of patient positioning,
together with faster imaging protocols (Kegler et al., 2007). Santos and co-workers (2015)
stated that articular cartilage and subchondral structures are best visualised on T1-weighted
3D-GE sequences in low-field MRI study (Santos et al., 2015). Also, the new dedicated low-

field systems are promising, providing reliable diagnostic information on OA progression.

2.5.2 Studies of articular cartilage

Low-Field MRI has been used actively for human and animal research since 1980s.
In the beginning, ultra-low-field (<0.1T) scanners were studied before proceeding to use
low-field MRIs (0.1 - 0.5T) extensively. Table 2.20 shows the cartilage studies using low-

field magnetic resonance imaging in previous studies.
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Table 2.20: Cartilage studies using low-field MRI

Magnetic Synovial
Machine Type field Species 'Oili’t /disease Reference
strength (T) )

Acutscan, Instrumentarium 0.02 Human  Musculoskeletal (Hovi et al.,
Corporation, Helsinki, Infection 1989)
Finland
Magnaview, 0.04 Human  Anterior Cruciate (Ekelund et
Instrumentarium, Finland Ligament (ACL) al., 1991)
Artoscan, Esaote 0.2 Human  Wrist and finger joints (Savnik et
Biomedica, Genoa, Italy al., 2001)
Magnetom Jazz, Siemens 0.2 Human  Glenohumeral joint (Sanders et
Medical Solutions al., 2007)
C-Scan, Esaote, Genoa, 0.2 Human  Hindfoot/ (Eshed et
Italy Spondyloarthritides al., 2008)
Hallmarq Veterinary 0.27 Equine  Metacarpophalangeal (Werpy et
Imaging Ltd., Guildford, joint al., 2011)
Surrey, UK
Vet-MR Universal Medical 0.2 Canine  Meniscal lesions (Harper et
Systems, Cleveland, OH al., 2011)
Artoscan, Esaote, Genoa, 0.2 Human = Meniscal tears (Chen et al.,
Italy 2014)
O-Scan, Esaote, Genoa, 0.31 Human Knee (ACL, medial (Biirk et al.,
Italy and lateral meniscus)  2015)
Vet-MR Grande System, 0.25 Equine  Stifle joint lesions (Santos et
Universal Medical al., 2015)
Systems, Inc., Cleveland,
OH
Hallmarq Veterinary 0.27 Equine  Centrodistal/tarsal (Ley et al.,
Imaging Ltd., Guildford, joints 2016)

Surrey, UK

As shown in Table 2.20, Magnetic field strength of 0.2 T is the most favoured and

common in human cartilage study using low-field MRI. Esaote scanners have also become

the favourite type of low-field MR brand and are widely used by researchers. The C-scan
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and E-scan are immobile low-field extremity scanners with MR qualities and physics like
those of conventional whole-body systems. The C-scan, manufactured by the Esaote
Company in Italy, is distributed by Hologic (previously distributed by General Electric). The
system operates in a uniform 0.2 T and uses a permanent magnet that does not require
magnetic shielding as shown in Figure 2.16, and images the extremities, including the elbow,

wrist, hand, knee, ankle, and foot (Ghazinoor et al., 2007).

Figure 2.16 Esoate C-scanner (Ghazinoor and Crues, 2006)

2.6 Summary

Osteoarthritis is a degenerative disease which is associated with the articular cartilage
in the synovial joint. As this disease progresses, it will change the macromolecular structure
inside the cartilage tissue by altering its biomechanical properties. Diagnosis is often
identified by medical practitioner when this disease is already progressed into advanced
stage and no specific treatment is available to stop the progression of this disease until the
disease becomes severe and need to do joint replacement. Hence, study on early detection of

this disease is crucial to identify the biomarkers for the onset of OA.
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Morphological changes in the synovial joints caused by progression of OA is visible
through non-invasive imaging modality. From the vast selection of imaging modalities
available to image the structure of the articular cartilage however MRI becomes the most
suitable candidate to produce reliable images with high spatial resolution and excellent soft
tissue contrast without ionising radiation. Furthermore, cartilage is a complex structure
which shows anisotropic characteristics and requires further mechanical testing and
computational modeling to get accurate results on its biomechanical properties.
Additionally, proper setting of mechanical testing and storage protocols are crucial to obtain
reliable results on cartilage biomechanical properties.

Previously, most of the studies performed correlation between quantitative MRI
parameters with the cartilage biomechanical properties using high-field MRI. Conventional
low-field system was only used to measure geometrical data of the articular cartilage such
as thickness and volume. However, new dedicated low-field MRI system shows promising
capability to enhance patient comfort along with other beneficial factors that could give

better results and reliable diagnostic information on OA progression.
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CHAPTER 3

METHODOLOGY

This chapter describes the methodology used in this study including the material, specimen
preparation, low-field MRI scanning, the indentation apparatus for creep and thickness test
and the computational modelling. In general, it could be divided into experimental and the
computational methods. In the experimental method, creep indentation test was performed
to determine the deformation of cartilage tissue using indentation test rig. In the
computational method, a finite element (FE) model was developed in accordance to the
measured thickness and curvature using the Abaqus 6.9-1 (DS Simulia Corp., Providence,
RI, USA) software. Simulation data from the FE model was then incorporated with the
experimental data to obtain the biomechanical properties of the articular cartilage before
proceeded to the correlation of characterised cartilage properties and greyscale image
obtained from low-field MRI. The overview of the workflow conducted in this study is as in

Figure 3.1.
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Figure 3.1: Flowchart of overall methodology
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3.1 Material and specimen preparation
3.1.1 Phosphate buffered saline

Phosphate buffered saline (PBS) was used extensively for maintaining structural
moisture of the studied cartilage joint in cleaning and cutting processes during specimen
preparation, storage and testing. PBS solution is a composition mixture of 137 mM sodium
chloride, 10 mM phosphate buffer and 2.7 mM potassium chloride, with the pH value
between 6.6 to 7.6 (Kuhlmann, 2006). The PBS was obtained in tablet form as shown in
Figure 3.2 where each tablet was diluted into 100 ml of distilled water to produce the PBS

solution as suggested by the manufacturer (Medigene Sdn. Bhd.).

B2
(KAL b A
7 Distilled water
PBS tablet

Figure 3.2: PBS solution
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3.1.2 Hip joint specimen

Bovine hip joint was harvested from six Kedah-Kelantan (KK) breed cows (female,
age two to three years) with an average weight between 150 to 200 kg obtained from a local
abattoir within 24 hours of slaughter. Excess flesh and ligaments were discarded using
scalpel, scissors and electric handsaw as in Figure 3.3. The intact hip joint (n=12) with both
femoral head and acetabulum parts attached was wrapped with plastic wrapper in moist
condition. The specimens were prepared with two different conditions which were the fresh
joint (n=6) and frozen joint (n=6) specimens. The fresh joints were stored in refrigerator with
temperature of 4 °C prior to MRI scanning and testing (Kwan et al., 1992; Changoor et al.,

2010; Szarko et al., 2010; Taylor et al., 2011).

Figure 3.3: Bovine hip joint specimen

While, for the frozen joint specimens, the intact joints were directly stored in the
freezer at -20 °C for a period of seven days (Willett et al., 2005; Changoor et al., 2010). This
is to examine the effect of a single freeze-thaw cycle to the cartilage properties in synovial
joint. The frozen joint was slowly thawed in the refrigerator at 4 °C for 24 hours prior to

MRI scanning and further testing.
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3.1.3 Cartilage specimen

The intact hip joint was dissected into femoral head and acetabulum parts using
electric handsaw. In this study, only the cartilage of the femoral head from fresh and frozen
hip joints were used to perform indentation test. Therefore, the femoral head was then cut
into four sections which comprised lateral left (LL), lateral right (LR), medial left (ML) and
medial right (MR) to make cartilage specimens from fresh joint (n=24) and frozen joint
(n=24) as shown in Figure 3.4(a) and (b). Anterior cruciate ligament (ACL) was made as the

reference point since it was visible in the MRI scanning images.

-
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(a) (b)
Figure 3.4: Cartilage specimen preparation (a) Femoral head marked into four sections

(b) Cartilage specimen

3.2 Low-field magnetic resonance imaging

The intact hip joints were scanned using 0.18 T Esaote C-scan (Genova, Italy) MRI
system. The scanner system uses copper shielding collars instead of a shielded room for
radio frequency shielding that is more susceptible to environment noise than the MRI with
a shielded room. Radio frequency shielding is supplied by the flexible material located

around the aperture of the magnet. The receiving coil in the gantry is used to send radio
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frequency to the specimen. It requires standard 110 volt power outlet and operates in
controlled room temperature. The C-scan MRI system used in the present study is shown in
Figure 3.5(a) and the intact hip joint was positioned in the middle of the receiving coil as
shown in Figure 3.5(b). This position enabled to visualise the synovial joint effectively with

both the femoral head and acetabulum still intact.

o —— Intact hip joint Receiving coil

Figure 3.5: (a) C-scan MRI system (b) Intact hip joint set-up at receiving coil

Five imaging pulse sequences that available in the MRI system were used to scan the
intact hip joint. The selection was made based on previous literatures which utilised low-
field system to visualise intact joints (Woertler et al., 2000; Ejbjerg et al., 2005; Eshed et al.,
2008; Olive, 2010; Pujol et al., 2011; Arencibia et al., 2015). The imaging pulse sequences
were the gradient echo (GE), gradient echo short-T1 inversion recovery (GE-STIR), spin
echo T1 (SE-T1), spin echo T2 (SE-T2) and turbo spin echo (Turbo SE). The parameters of

the imaging pulse sequences are tabulated in Table 3.1.
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Table 3.1: Imaging parameters of different pulse sequences in low-field MRI

Imaging pulse sequences

Parameters
GE |[GESTIR [SET1|SET2| Turbo SE

Echo time, TE (ms) 18 16 26 90 90
Repetition time, TR (ms) 2660 2400 2900 | 4940 4940
No. of slices 59 59 59 59 59
Field of view (mm) 180 180 180 180 180
Matrix 256 256 256 256 256
Thickness (mm) 2 2 2 2 2

33 Greyscale assessment of MRI image

The MRI images were stored in standard DICOM (Digital Imaging and
Communication in Medicine) image format and the images were processed using Matlab
software (V7.12.0 R2011a, MathWorks Inc., MA, USA). Cartilage MRI images were
characterised based on the intensity of the greyscale in every pixel and utilised to correlate
with biomechanical properties of cartilage by using a custom written Matlab program
(Appendix A).

Greyscale is a range of number correlated with the image pixel characterising the
shade of white, grey and black. The greyscale resolution of the MRI image was 12-bits per
pixel, which resulted in the greyscale intensity from 0 to 4,096 possible grey values. To
determine the greyscale, a rectangular region of interest (ROI) was selected in the identified
location from coronal and transverse view where the indentation test was exactly conducted.
The ROI consisted of 22 pixels (11x2 pixels) consistent engagement of cartilage across the
thickness of cartilage which covered the indentation area as shown in Figure 3.6. The
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cartilage greyscale of the exact area was determined by averaging the 2-pixel-wide columns

across the cartilage depth.

Figure 3.6: MRI image of bovine hip joint at sagittal view with identified ROIs

Sagittal plane view was chosen to extract cartilage greyscale because this view shows
in detail the full cartilage thickness and most previous studies also prefers to use this view
to study cartilage from MRI image (Blumenkrantz and Majumdar, 2007; Chou et al., 2009;
Gold et al., 2009; Wu et al., 2014; Shen et al., 2015). Sagittal slice separates the medial and
lateral quadrants equally for femoral head to visualise the transacted ACL as reference plane
as shown in Figure 3.6. Transverse and coronal views were used to locate the ROI from the
generated MRI image because the indentation test was carried out on that particular site of
the specimen as been marked in Figure 3.7. The assessment of MRI image was based on
visual investigation of generated cartilage image and the greyscale range. Thus, the samples

were divided into groups based on the visually selected sequence (two sequences); and using
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the unpaired Student’s t-test, P values (p<0.05) for separating the groups based on greyscale
values were calculated (Qazi et al., 2007; Eshed et al., 2008; Olive, 2010). The significance
levels were computed for the greyscale image calculated on the ROI and then compared with

the significance levels generated from the chosen sequences.
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Figure 3.7: Marked ROIs for indentation test

34 Experimental method

The experimental method comprised of three important tests which were creep
indentation test, cartilage thickness measurement and cartilage curvature measurement.
Cartilage thickness and curvature were used to develop finite element model of the cartilage.
The data obtained from the creep indentation test was then used to integrate with the
computational simulation to obtain the biomechanical properties of elastic modulus and

permeability of the articular cartilage.
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3.4.1 Indentation test apparatus

To characterise the biomechanical properties of the articular cartilage, the time-
dependent and the deformation response of the cartilage were recorded in indentation test.
The custom-made indentation test apparatus as shown in Figure 3.8 was used to perform

creep indentation test and thickness measurement of the articular cartilage specimen.

<"\ Lot
} Indenter weight

Spherical
indenter

Specimen
holder Force digital
LVDT digital display
display

Figure 3.8: Indentation test apparatus

The indentation test apparatus comprised several main parts such as linear variable
differential transformer (LVDT), force transducer, stainless steel frame, 4mm diameter
spherical indenter and specimen holder. The function of the force transducer was to detect
the force when the indenter pressed on the cartilage surface. The total weight of force
transducer shaft assembly was 0.38 N. Meanwhile, the LVDT recorded the deformation on

the cartilage surface and monitored the displacement of the shaft during the contact moment
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between the indenter and cartilage surface. The data from LVDT and force transducer were
shown at the digital display and data acquisition (DAQ). These data were stored into
computer using LabVIEW 8.5.1 (National Instrument Corporation, Austin, TX, USA)

software.

3.4.2 Calibration procedure

Calibration of the LVDT was performed as an initial step before starting the creep
indentation test to test the reliability of the apparatus and to obtain the calibration factor for
the displacement. Stainless steel gauge blocks were used to calibrate the displacement data
measured from the LVDT transducer. The indenter was released onto the gauge block at

different heights as shown in Figure 3.9.

Stainless
steel gauge
block

(b)

Figure 3.9: (a) Calibration test set-up (b) Different height of gauge blocks

The weight of shaft was maintained while the differences in the output voltage from
LVDT were recorded during the addition or removal of the gauge blocks during the process.

This step was repeated three times to obtain the average value and to test the repeatability of
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the measurement. During the test, the calibration factor was used to convert the value of the
displacement data from voltage to millimetre units. The displacement of the indenter onto
the gauge surface was recorded to plot the linear regression fit graph as shown in Figure

3.10.
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Figure 3.10: Graph represents the measurement taken in the load calibration

3.4.3 Creep indentation test

Creep indentation test provides the data of displacement and time of cartilage
deformation which was then used to characterise the biomechanical properties of elastic
modulus and permeability. The tests were performed for each femoral head at ROI
previously described in the Section 3.1.3. The impermeable spherical indenter with a 4 mm
diameter was set as close as possible to the cartilage surface and was released to the cartilage
surface with 0.38 N compression load which was subjected to 10% to 20% cartilage strain
of the cartilage thickness (Abd Latif et al., 2012; Meng et al., 2013). The creep indentation

test set-up is shown in Figure 3.11.
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Figure 3.11: Creep indentation test set-up

The cartilage tissue was immersed in the PBS solution during the entire period of the
test to avoid dehydration and to maintain the environment of the cartilage in synovial joint.
The displacement was recorded continuously at a sampling time of 0.01 seconds for more
than 2000 seconds so that it reached equilibrium state at 2000 seconds (Ateshian et al., 1997;
Graindorge et al., 2005; Jaafar et al., 2016). All data were recorded using the data acquisition

software (LabVIEW 8.5.1, National Instruments Corporation, Austin, TX, USA).

3.4.4 Cartilage thickness measurement

The specimen was allowed to equilibrate in PBS solution for 60 minutes to ensure
that the cartilage returned to its initial shape after the creep indentation test (Kwan et al.,
1992; Abd Latif et al., 2012). A sharp needle indenter was assembled to the shaft of
indentation test apparatus to penetrate the cartilage tissue until it reached the underlying

subchondral bone. The indentation thickness test was carried out subjected to 3.18 N loads
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indented to the point marked on the cartilage surface as shown in Figure 3.12 as described
previously by (Katta et al., 2007). The displacement of the needle indenter and the load were
recorded every sampling 0.001 seconds to enable accurate measurement of the cartilage

thickness (Abd Latif et al., 2012).

Needle indenter

(a) (b)

Figure 3.12: Apparatus for indentation thickness test (a) Close-view on the thickness test

(b) Needle indenter

The needle indenter was released to penetrate the cartilage surface. The load signal
increased drastically when the needle came in contact with the cartilage surface and finally
remained constant when it reached the underlying subchondral bone. The thickness was
obtained by determining the difference between the contact points of the needle to the
cartilage surface (point A) and underlying subchondral bone (point B) as shown in Figure
3.13. Throughout the thickness test, the cartilage specimen was fully immersed in PBS

solution to obtain accurate results.
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Figure 3.13: Cartilage thickness measurement based on load and displacement data

3.4.5 Cartilage curvature measurement

The curvature of the specimens was measured using a SeDOz-G XTR micro-
processor profile projector (Model: JT12A) as shown in Figure 3.14. A profile projector is a
shadow graph or optical instrument used to measure radii, hole position and other dimension
measurement. In the present study, the specimen was fixed on the platform by using
adhesive clay to avoid any movement during the measurement. The profile of the specimen
on the platform was magnified by the projector and displayed in the built-in projection
screen. Then maximum of ten points were marked as shown in Figure 3.14 on the edge of
the specimen to calculate the radius of the curvature. The step was repeated for three times

to ensure the reliability of the measurement and to obtain the average reading.

81



Curvature point
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Figure 3.14: Cartilage curvature measurement using profile projector

3.5 Computational method

Computational method was incorporated with creep indentation test results to
characterise the cartilage biphasic properties. Cartilage biphasic properties of elastic
modulus (E) and permeability (k) were characterised using an idealised axisymmetric
biphasic poroelastic FE model. All the FE models were developed using ABAQUS 6.9

software (DS Simulia Corp., Providence, RI, USA).

3.5.1 Modelling of contact-dependent flow

The model developed by Pawaskar (2010) was reconstructed in this study by using
the same interface and boundary conditions, element types, and cartilage properties in order
to implement and verify the contact-dependent flow algorithm. The contact-dependent flow
algorithm able to determine the flow condition based on the contact stress at the cartilage

surface nodes.
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The cartilage was modelled as axisymmetric FE model with 3 mm thickness and 20
mm radius of cartilage and a rigid spherical indenter of 5 mm radius. The element type was
set as four-node bilinear displacement and pore pressure elements (CAX4P). For the
boundary conditions, the bottom nodes of the cartilage were constrained in both horizontal
and vertical directions, while the nodes on the axis were constrained in horizontal direction.
The spherical indenter was only allowed to move in vertical direction. The cartilage surface
which was in contact with the indenter was set as the contact-dependent flow, while the
bottom and vertical symmetry axis of the cartilage were set as no fluid flow to prevent the
fluid to flow from the cartilage. The outer edge of the cartilage was set as zero pore pressure

to allow the unrestricted fluid flow as illustrated in Figure 3.15.
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Figure 3.15: Axisymmetric FE model of a cartilage

Deformation phenomenon was simulated in creep-deformation and stress-relaxation
to verify the cartilage behaviour. The creep-deformation simulation was performed by
applying a ramp load of 0.9 N on the indenter for two seconds with the load maintained for
a further 1000 seconds. The stress-relaxation was performed by applying 10% of

deformation over a ramp time for two seconds and then the indenter position was maintained
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for a further 1000 seconds. Table 3.2 shows the cartilage properties that were applied in

previous study.

Table 3.2: Material properties of articular cartilage (Pawaskar, 2010)

Parameter Value
Young’s modulus, £ 0.54 MPa
Poisson’s ratio, v 0.08
Permeability, & 4.0 x 10 "> m* Ns
Void ratio, ¢ 4.0 (80% interstitial fluid)

3.5.2 Development of finite element model

The articular cartilage was modelled as axisymmetric biphasic poroelastic element
to represent the solid and fluid phases of the cartilage (Pawaskar, 2010; Pawaskar et al.,
2010; Abd Latif et al., 2013). The FE model of the cartilage was developed using measured
thickness and radius with 4 mm width and 2 mm height of the bone. The spherical indenter
of a 2 mm radius was modelled as analytical rigid surface. The FE model for the cartilage

and the spherical indenter is shown in Figure 3.16.
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Figure 3.16: Axisymmetric FE model of cartilage specimen

The element type for the cartilage was modelled using four-node bilinear
displacement and pore pressure elements (CAX4P), while the subchondral bone was
modelled using four-node bilinear elements (CAX4) with the elastic modulus of 2000 MPa
and a Poisson’s ratio of 0.2 (Pawaskar et al., 2010). The boundary and interface condition
were applied on the FE modelling to simulate the experimental creep indentation test. For
the boundary condition, the nodes on the axis were constrained in the horizontal direction,
while the bottom nodes of the bone were constrained in both horizontal and vertical
directions. The spherical indenter was only allowed to move in the vertical direction.

The contact-dependent flow condition was applied at the top of the cartilage. Fluid
flow was prevented at the bottom and the vertical symmetry axis of cartilage surface. For
the outer edge of the cartilage, the nodes were maintained at zero pore pressure to allow the
unrestricted fluid flow. The material properties of the articular cartilage applied in the FE
models as in Table 3.2 and the Young’s modulus and Poisson’s ratio for the subchondral

bone are 2000 MPa and 0.2 respectively.
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A ramp load of 0.38 N based on the weight of indenter in experiment was applied on
the spherical indenter for two seconds, and the load was then maintained at 0.38 N for further
1000 seconds to simulate the creep deformation phenomenon. The two seconds ramp period
was based on the experimental studies as an instantaneous effect, which found that the
minimum time at which the creep indentation test of the cartilage could be compared reliably
after the application of load (Pawaskar et al., 2010). Automatic time increment was
employed for each model and the increments were controlled using UTOL parameter, which
specified the allowed maximum pore pressure change in one increment at 600 kPa was used

to produce acceptable results (Pawaskar, 2006; Abd Latif et al., 2013).

3.5.3 Mesh sensitivity analysis

The mesh sensitivity analysis was performed to obtain an optimised FE model of the
cartilage. Mesh density is a significant metric used to control the accuracy of the FE model
simulation. A high-density mesh will produce results with high accuracy but requires longer
time to process and larger computer memory. In this study, the mesh density of the cartilage
was uniformly generated, which consisted of 320 (80%4), 500 (100x5), 2000 (200x10), 2420

(220x11), and 2880 (240%12) elements for comparison, as shown in Figure 3.17.

(a) (b)

Figure 3.17: Examples of finite element mesh for mesh sensitivity analysis

(a) 320 (80%4) elements (b) 2000 (200x10) elements
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3.6

Characterisation of biomechanical properties of articular cartilage

The axisymmetric biphasic FE models as described in Section 3.5.2 was employed

to simulate the experimental creep indentation test using measured thickness and surface

curvature of the cartilage specimens. From this simulation, the biomechanical properties of

articular cartilage were then characterised. The cartilage biphasic elastic modulus (£) and

permeability (k) were characterised by matching the cartilage deformation curve generated

from the FE model to the experimental deformation curve by sequentially tuning these

properties as shown in Figure 3.18. The deformation graph was generated from the least-

square method to resolve the Equation 3.1 (Pawaskar, 2010).

£(x0,E0) =

N [U4(x0,E0) — U, 4;]?

3.1)

Where N was the total number of observations, U;; (0, EQ) and U, ,; were predicted

from FE and experimental displacements respectively at time t; of the ith observation.

Deform
0.24 T

ation (mm)

0221

02

018

016

014+

0121

0.1

OOOOOOOOOOOOOOOOOOOOOOOOOO
o]

O Experimental |
— FE model

0.08

0 100 200 300 400 500 600 700 8OO 900 1000
Time (seconds)

(a)

Deforma

0.24

0231

022

0.21p

02r

019}

018

0.17,

0.16

0.15

tion (mm)

O Experimental
— FE model

0

1
100 200

300

400

500 600 700 8OO SEI]U 1000
Time (seconds)

(b)

Figure 3.18: Cartilage deformation curve (a) Before matching (b) After matching
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The parameter values were altered until the deformation-time curve implemented
from the FE model fitted to the experimental data after iteratively changing the properties of
FE. Non-linear least-square method was imposed to generate the curve-fitting using
‘Isqnonlin’ function in Matlab software (V7.12.0 R2011a, MathWorks Inc., MA, USA),

similar method developed by Pawaskar (2010).

3.7 Correlation between biomechanical properties of articular cartilage and
greyscale of articular cartilage
Linear Pearson correlation coefficient was performed to determine the relationship
between the greyscale of cartilage and the biomechanical properties of the cartilage. The
linear correlation coefficient, » was used to measure the strength and the direction of the
linear relationship between cartilage greyscale and biomechanical properties. The formula
for the linear Pearson correlation coefficient, 7 is as below (Mukaka, 2012):

L X(x—x)(y—y)
VIx-0)2(y-y)?

(3.2)
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3.8 Summary

This chapter presents the methodologies to characterise the cartilage greyscale and
biomechanical properties of cartilage using experimental and computational methods. The
cartilage joints were scanned using 0.18 T Esaote C-scan MRI system and the MRI images
were processed using Matlab software to characterise the greyscale image. The experimental
methods involved creep indentation test, cartilage thickness measurement, and cartilage
curvature measurement. The creep indentation test was conducted to provide the
deformation and the time data of the cartilage specimens. Subsequently, the value of
thickness and curvature of the cartilage were used in the development of axisymmetric
biphasic poroelastic FE model to simulate the creep indentation test which was used to
characterise the biomechanical properties of elastic modulus and permeability. Finally, the
correlation between the MRI greyscale image and the biomechanical properties of cartilage

was performed using the linear Pearson correlation for all the cartilage specimen.
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CHAPTER 4

RESULT AND DISCUSSION

This chapter presents the results and discussion of the present study. The greyscale values
were obtained from the selected MRI sequence image with better quality of articular
cartilage image. The biomechanical properties of the articular cartilage were characterised
using a combination of creep indentation test and computational axisymmetric finite element
model. Next, providing the definition of the correlation between the greyscale values and
biomechanical properties of the articular cartilage. Both fresh and frozen joints of articular
cartilage were studied to show the effect of freezing temperature on cartilage biomechanical

properties.

4.1 Evaluation of low-field MRI sequence

Five imaging sequences from low-field MRI were assessed and to obtain the best
sequence to produce clear image of articular cartilage before proceeding further analysis.
The sequences include gradient echo (GE), gradient echo short-T1 inversion recovery (GE-
STIR), spin echo T1 (SE-T1), spin echo T2 (SE-T2) and turbo spin echo (Turbo SE). The
selection of the imaging sequence for the cartilage is crucial because it could give better
image contrast of the cartilage compared to the surrounding tissues. Different quality of

cartilage images was produced from the low-field MRI as shown in Figure 4.1.
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Articular, Cartilage Articular Cartilage

Articular Cartilage

Figure 4.1: Articular cartilage MRI images from different imaging sequences (a) GE (b)
GE-STIR (c) SE-T1 (d) SE-T2 (e) Turbo SE

Generally, cartilage appears bright and laminated in MR images because of its
relative long T1 and short T2 while fluid, fat and bone marrow appears darker (Winalski and
Rajiah, 2011). Loss of this laminated appearance may represent an early sign of cartilage
degeneration (Hodler and Resnick, 1996). Based on visual assessment, the GE and SE-T1
imaging sequences showed clear and better image quality with good contrast between
articular cartilage and subchondral bone compared to other sequences. These imaging
sequences were also used in previous studies using other low-field MRI systems to generate
articular cartilage image to examine the morphology of articular cartilage such as cartilage

thickness, volume, and joint space (Blackburn et al., 1996; Hodler and Resnick, 1996;
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Tavernier and Cotten, 2005; Pujol et al., 2011; Werpy et al., 2011; Arencibia et al., 2015).
This is due to the better definition of the anatomic structure of the synovial joint that
maximises the signal and contrast between the joint structures.

Further assessment of cartilage images generated from GE and SE-T1 imaging
sequences were carried out to evaluate the greyscale intensity. Different range of greyscale

values were obtained at the same ROI where the average greyscale for GE was 1287.41 +

399.72 and SE-T1 was 1218.25 + 460.63 as shown in Figure 4.2.
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Figure 4.2: Average greyscale generated from GE and SE-T1 sequences

Although the difference between the average greyscale was comparable with only
5.52 % difference, higher greyscale deviation was generated from the SE-T1 imaging
sequence. Statistical t-test analysis was carried out to evaluate the statistical significance
between the two imaging sequences. The greyscale generated from the GE imaging sequence
was found statistically significant (p < 0.05) compared to SE-T1 imaging sequence.
Therefore, based on the image and the statistical greyscale analysis, the GE imaging
sequence was noted to be the most reliable imaging sequence to assess the articular cartilage

using the present low-field MRI system.
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In addition, optimal visualisation of cartilage requires thin slices and high in-plane
resolution along with good contrast-to-noise ratio (CNR) between cartilage and joint fluid,
intraarticular fat, and subchondral bone (Winalski and Rajiah, 2011). Previous studies have
shown that at low-field strength, signal-to-noise ratio (SNR) and CNR of GE is better
compared with SE sequence to give better visualisation of cartilage tissue and better contrast
between cartilage and both synovial fluid and the subchondral bone plate (Hodler and

Resnick, 1996; Cotten et al., 2000; Olive, 2010; Pujol et al., 2011).

4.2 Characterisation of cartilage greyscale

The MRI displays its digital image in an array of numbers and each number
represents the brightness in the region of interest. These index numbers also known as
greyscale is depending on the MRI system where the present system produces 4,096 possible
grey values (Berry and Bulpitt, 2008). Higher magnetic resonance signal will produce a
higher greyscale value and brighter screen intensity. In this study, two layers of pixel
throughout the cartilage depth were obtained from the MRI images with plane resolution of
0.70 mm for each pixel. These two layers can be categorised as superficial zone and deep
zone of the cartilage as shown in Figure 4.3. Previous studies also found two layers from
each cartilage in the analysis of depth and angle dependence using low-field MRI (Juras et

al., 2016; Nozaki et al., 2016).
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Figure 4.3: MRI image of cartilage with two layers of pixel cropped region

Therefore, differences in the average greyscale across the layers were observed
through the entire depth of the articular cartilage. The average greyscale of the superficial
zone and deep zone was found to be 1340.30 & 373.41 and 1220.43 £ 422.90 respectively as
shown in Figure 4.4. The greyscale of the superficial zone was 9.36 % higher compared to

the deep zone.
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Figure 4.4: Average greyscale of the superficial and deep zones
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Higher greyscale of the articular cartilage at the superficial zone compared to the
greyscale at the deep zone could be attributed to the water content where previous studies
showed that higher water content is found in the superficial zone of cartilage (Fox et al.,
2009; Iwamoto et al., 2013). The articular cartilage is a stratified tissue which contains
different composition and structure throughout the thickness of the tissue. The ability of
articular cartilage to perform its physiological functions depends on the structure, the
composition and the integrity of its extracellular matrix as the matrix generates the tensile
and compressive stiffness of the cartilage (Fox et al., 2009; Iwamoto et al., 2013).
Furthermore, the collagen fibrils and chondrocyte orientation in the extracellular matrix
leads to higher signal intensity in the transitional zone due to the presence of water in
between the loosely packed collagen fibrils and chondrocyte which adds up to 75 % of the
weight of the articular cartilage (Cohen et al., 1998; Potter and Koff, 2012; Sandell et al.,
2014).

Apart from its water content the varying collagen orientation in cartilage tissue
produces localized differences in cartilage T2 values. The anisotropy of cartilage T2 has a
strong influence on the appearance of cartilage on most MR images with short echo time
(TE) and since gradient echo images can be acquired with a short TE, they are well suitable
for imaging short T2 value tissues like articular cartilage (Winalski and Rajiah, 2011).
Previously, Xia et al. have described how T2 will vary with depth from the articular surface
due to collagen fibril orientation to the external magnetic field and Watrin et al. have relate
the T2 anisotropy to observe high T2 value in the superficial layer and a lower T2 value in
the deeper layer of the cartilage (Watrin et al., 2001; Xia et al., 2001). Similar trend was also
observed using high-field MRI between the greyscale stratification and the zones in the
cartilage where higher signal intensity at the superficial zone was generated compared to the
zone closer to the tidemark and subchondral bone for normal cartilage (Kersting-
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Sommerhoff et al., 1996; Eckstein et al., 2006). This coincide with the present study that the
differences in greyscale values could be attributed to the depth-related variation in the
cartilage composition throughout the entire thickness of the articular layer and indicate that
the low-field MRI has the potential to evaluate different physiological characteristics

throughout the thickness of the articular cartilage using the image greyscale.

4.3 Cartilage thickness measurement

Cartilage thickness is an important parameter in the study, where the measured
thickness was used to develop the finite element model. In obtaining the thickness across the
cartilage, the thickness measurement was carried out based on the four distinct quadrants of
the bovine femoral head. The average thickness of the fresh joint specimens (n=24) obtained
from the indentation test was 1.14 £ 0.19 mm. The thickness of the cartilage was within the
range of the thickness recorded in previous studies (Jeffrey and Aspden, 2006; McLure et
al., 2012; Temple et al., 2016).

The present study shows similar thickness deviation compared to results from
previous studies because the thickness of cartilage varies across the joint. Therefore, it is
important to determine this parameter at four distinct quadrants as shown in Figure 4.5.
Based on the results, the medial left quadrant was found to be 4.37 % higher compared to
the medial right quadrant while the lateral left quadrant was 5.31 % higher compared to the
lateral right quadrant. It was observed that the medial left quadrant had the highest average
cartilage thickness with 1.17 mm and lateral right had the lowest average cartilage thickness
with 1.10 mm. Lateral quadrants shows higher thickness deviation and medial quadrants
shows smaller thickness deviation when compared to the lateral quadrants while the

differences between the lateral and medial quadrants were not significantly statistic.
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Figure 4.5: Average cartilage thickness of bovine femoral head

Thickness variation in bovine cartilage was prominent in most previous studies
involving thickness measurement (Athanasiou et al., 1991; Koff et al., 2010; Afara et al.,
2013; Temple et al., 2016). For instance, in 2004 Oberg and co-workers found that bovine
hip joint cartilage demonstrates large variation in the thickness range, from 0.67 mm to 1.98
mm (Oberg et al., 2004). Therefore, the result of the present study on the thickness
measurement consistent to previous reported values in the literature and the average value
measured is within the range of normal bovine cartilage thickness. The measurement of
changes in cartilage thickness may provide an early indication of degeneration and can be

used as morphological features to detect early OA (Hani et al., 2015).

4.4 Finite element model: Verification of contact-dependent flow algorithm

The verification of the FE model was conducted in order to verify the contact-
dependent flow algorithm implemented by Pawaskar (2010). Contact-dependent flow
algorithm was developed to change the flow conditions based on the contact stress at the

cartilage surface nodes. Figure 4.6 and 4.7 shows the matching results produced in the
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present developed model for both stress-relaxation and creep-deformation simulations

compared to the results produced by Pawaskar (2010).
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Figure 4.6: Contact pressure distribution on the cartilage surface for (a) Stress-relaxation at 2

seconds and 1000 seconds (b) Creep deformation at 2 seconds and 1000 seconds
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Figure 4.7: Pore pressure distribution on the cartilage surface for (a) 2 seconds

and (b) 1000 seconds
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According to the result shown in Figure 4.6 and Figure 4.7, it was observed that the
developed FE model generates similar results with the previous study for contact pressure
and pore pressure in both 2 seconds and 1000 seconds. Thus, the application of the contact-

dependent flow algorithm was verified.

4.5 Finite element model: Mesh sensitivity analysis

The mesh sensitivity study was carried out to identify the most suitable mesh density
for the axisymmetric model as described in Section 3.5.2. The difference of the contact
pressure and deformation generated from the FE model with different mesh density were
observed to ascertain the effect of the meshing to the axisymmetric model.

According to the results shown in Figure 4.8, the contact pressure and deformation
of the cartilage at 1000 seconds showed less significant difference for 320, 500, 2000, 2420

and 2880 elements.
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Figure 4.8: Contact pressure versus deformation of cartilage at 1000 seconds
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The contact pressure distribution at the cartilage surface were examined of 2 seconds

and 1000 seconds. Figure 4.9 shows the similar results of the contact pressure distribution

of the cartilage between the FE models.
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Figure 4.9: Contact pressure distribution of the cartilage at (a) 2 seconds (b) 1000 seconds

The 2000 (200x10) elements mesh was considered to be optimum due to the ideal

number of meshing among other meshes and for the computational time required. These

should also give reasonable contour plot. The 2000 elements mesh only takes 157 seconds

compared to the 2880 elements mesh which takes 228 seconds. Furthermore, the time taken
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for the computational time required was insignificant compared to the model with 320

elements.

4.6 Biomechanical properties of cartilage

A combination of experimental and computational data was used to characterise the
cartilage biphasic properties of elastic modulus and permeability. The data obtained from
both techniques were compiled to generate a deformation graph using Matlab software
(Pawaskar et al. 2010). The characterisation of the biomechanical properties was conducted
on four distinct quadrants of femoral head namely lateral left, lateral right, medial left, and
medial right as shown in Section 3.1.3.

The average elastic modulus was 1.70 £ 0.65 MPa, where the elastic modulus was
within the range compared with previous reported values in the literature (Jin and Lewis,
2004; Taylor et al., 2011; Temple et al., 2016). The highest average elastic modulus of the
cartilage across the femoral head was found at lateral right quadrant with 1.95 MPa, while
the lowest was lateral left quadrant with 1.56 MPa as shown in Figure 4.10. The percentage
difference between these two quadrants is 22.22 %. Medial quadrants show higher elastic

modulus deviation when compared to the lateral quadrants.
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Figure 4.10: Average cartilage elastic modulus of bovine femoral head
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The average permeability was 0.53 £ 0.25 x 10°1° m*/Ns, where the permeability was
within the range compared with previous reported values (Démarteau et al., 2006; Taylor et
al., 2011). The highest permeability of the cartilage across the femoral head was found at
medial right quadrant with 0.66 x 101> m*/Ns, while the lowest was at medial left quadrant
with 0.44 x 10"'> m*/Ns as shown in Figure 4.11. The percentage difference between these
two quadrants is 40.0 %. Left quadrants show higher permeability deviation when compared

to the right quadrants.
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Figure 4.11: Average cartilage permeability of bovine femoral head

Based on the present study, the values for elastic modulus and permeability showed
topographical variation between the different quadrants across the entire articular cartilage
of the bovine femoral head. Particularly, left and right quadrants showed distinctive variation
in biomechanical properties where lateral left and medial left quadrants consists of softer
and less permeable tissue. Whereas, lateral right and medial right quadrants with stiffer and
more permeable tissue. This pattern may indicate differences in the functional requirements

of the two quadrant surfaces. It has been suggested that an irregularly loaded area may have
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a smaller compressive modulus than that of a habitually or high-load bearing region

(Athanasiou et al., 1991, 1995).

4.7  Correlation of cartilage greyscale and biomechanical properties

Linear Pearson correlation analysis was used to examine the relationship between the
MRI greyscale and the biomechanical properties of the cartilage specimens. Hence, the
strength of the correlations were evaluated using the absolute value of » (Evans, 1996).

An increase in the elastic modulus was observed to cause an increment in the
greyscale value creating a positive correlation (» = 0.85) as shown in Figure 4.12. However,
an inverted trend with a negative correlation (» = -0.51) was observed between the

permeability and the greyscale as shown in Figure 4.13.
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Figure 4.12: Linear Pearson correlation between the greyscale and elastic modulus of the

cartilage
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Figure 4.13: Linear Pearson correlation between the greyscale and permeability of the

cartilage

Results from the present correlation analysis showed that the changes in MRI
greyscale were related to the biomechanical properties of articular cartilage. The
biomechanical properties tested provide good correlation with MRI greyscale. Also,
inversed magnitude of correlation values was observed for these two biomechanical
variables tested with MRI greyscale where the » values for elastic modulus and permeability
were 0.85 and -0.51 respectively. The opposite trend between the two variables shows that
both elastic modulus and permeability are inversely proportional to the MRI greyscale.
Previous study have shown similar trend when correlating biomechanical properties of
articular cartilage with tissue components (Williamson et al., 2001).

The intrinsic material properties of cartilage have been shown to be related to its
biochemical composition. Specifically, the compressive stiffness of articular cartilage is
proportional to the tissue’s total proteoglycan content and collagen content but varies

inversely with its water content (Kempson et al., 1970; Armstrong and Mow, 1982; Jurvelin
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et al., 1988). Permeability is proportional to the water content and varies inversely with the
proteoglycan content and collagen content (Muir et al., 1970; Armstrong and Mow, 1982).
Previous studies have also investigated the relationship between quantitative MRI imaging
parameters and cartilage biomechanical properties using high-field and ultra-high-field MRI
systems (Wayne et al., 2003; Kurkijarvi et al., 2004; Nieminen et al., 2004). However,
Lammentausta et al. have observed statistical linear correlation between T2 and Young’s
modulus at 1.5 T and 9.4 T MRI and concluded that field strength does not affect the
topographical variation of the T2 that was similar to the cartilage Young’s modulus
(Lammentausta et al., 2006). The T2 anisotropy is closely associated with the collagen
framework in the magnetic field and it has been found that collagen content was a great
determinant of MRI signal intensity (Xia et al., 1997; Watrin et al., 2001). This could provide
useful parameters to explain the correlations between the greyscale and the biomechanical

properties of the cartilage tissue.

4.8 Study of cartilage storage in freezing temperature

The limited availability of fresh animal or human cartilage and the extended testing
procedures utilised in some experimental protocols usually requires the specimens to be
stored before or throughout an experiment. Sometimes, these specimens are left frozen until
they are needed for testing, this timeframe can range from a few days to months at a time.
Understanding the consequences of storage, which often include refrigeration or freezing,
on biomechanical properties is important to properly planning storage protocols and
clarifying produced results.

The effect of the freezing temperature on cartilage MRI image greyscale and
biomechanical properties was investigated in this study. A total of six new fresh joints,

cleaned from unwanted flesh and ligaments immediately upon obtaining them from the local
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abattoir, wrapped and kept stored in -20 °C freezer before undergoing a single freeze-thaw
cycle to determine the MRI image greyscale and biomechanical properties of frozen (n = 24)

joint cartilage. The specimen for frozen joint analysis was kept frozen for seven days.

4.8.1 The effect of MRI greyscale

The study on the effect of the storage temperature of -20 °C was carried out to observe
the greyscale between the fresh and frozen joints. Significant difference between the
greyscale in superficial and the greyscale in deep zone of the cartilage was noted. The
average greyscale of fresh joint at superficial zone was 1340.30 & 373.41 whereas the frozen
joint was 1210.45 + 392.97. The greyscale of frozen joint at superficial zone was found to
be 10.18 % less compared to the greyscale of the fresh joint at superficial zone. At deep
zone, the average greyscale of fresh joint was 1220.43 +422.90 whereas the frozen joint was
1129.56 +431.63. The percentage difference between the greyscale of fresh and frozen joint
at deep zone was slightly lower at 7.73 %. Figure 4.14 shows the comparison on the

greyscale of fresh and frozen joints based on superficial and deep zones.
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Figure 4.14: Comparison of MRI greyscale for fresh and frozen joints
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Zonal difference in greyscale values shows decreasing trend between fresh and frozen
joints, proving that the level of intensity in cartilage is different in both control groups
dependent on the examined zones. This trend also has been discussed in a study by Pownder
et al. where significant 12 % reduction of T2 values were demonstrated between the fresh
and frozen specimens (Pownder et al., 2015). Freezing and thawing during specimen
preparation and MRI imaging could alter the fluid content of cartilage and soft tissue and

causes changes in image characteristics (Hodler and Resnick, 1996).

4.8.2 The effect of biomechanical properties

To further investigate the fresh and frozen joints, their biomechanical properties were
compared. Moderate differences in the elastic modulus and permeability were observed
between fresh and frozen joints. The average biphasic elastic modulus derived from the
frozen joints was 1.20 = 0.47 MPa. The elastic modulus of the frozen joint decreased by

34.48 % compared to the fresh joint as shown in Figure 4.15.
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Figure 4.15: Comparison of the average elastic modulus for fresh and frozen joints
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Opposite trend was observed in cartilage permeability where the value increased by
55.78 % after undergoing freezing temperature. The permeability value for frozen joint was

0.94 + 0.33 x10""* m*/Ns as shown in Figure 4.16.
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Figure 4.16: Comparison of the average permeability for fresh and frozen joints

Preservation becomes important when a study is using specimens like articular
cartilage. The growing need and restricted accessibility to the feasible cartilage specimens
have demanded the development and improvement of the preservation techniques with
minimising the alteration in the biomechanical properties of the cartilage. However, there
were some previous studies suggested that the freezing effects on the biomechanical
properties were minimal while other studies reported no adverse effect to the properties due
to the freezing temperature between 4 °C to -80 C (Kennedy et al., 2007; Abazari et al., 2013;
Kaur et al., 2013; Pownder et al., 2015). The present results showed the effect of the freezing
temperature of -20 ‘C where the elastic modulus decreased by 34.48 % and the permeability
increased by 55.78 %. Importantly the freezing effects the permeability of the tissue twice
the effect to the elasticity of the tissue. This possibly due to the alteration of the extracellular

structure in frozen joint where the water molecules in between the loosely packed collagen
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fibrils got crystallise into ice and attracts surrounding water that creates a convex shaped ice
lens (Szarko et al., 2010). When going through a single freeze-thaw cycle the water mobility

inside the extracellular matrix got increased thus resulting in increased permeability.

4.8.3 Correlation result comparing fresh and frozen joint specimen

As in fresh joint specimen, the frozen joint specimen also shows similar correlation
trend in both elastic modulus and permeability properties. However, the correlation value
for both the mechanical properties of frozen joint specimen was found to be lower than that
of fresh joint specimen. The elastic modulus and greyscale create a strong positive
correlation (» = 0.66) as shown in Figure 4.17. Meanwhile, inverted trend with a strong
negative correlation ( = -0.56) was detected between the permeability and the greyscale as

shown in Figure 4.18.
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Figure 4.17: Linear Pearson correlation between the greyscale and elastic modulus of the

fresh joint and frozen joint cartilage
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fresh joint and frozen joint cartilage

According to the present results, the correlation analysis for the frozen joint specimen
shows that the storage temperature significantly effects the MRI greyscale and the
biomechanical properties of articular cartilage. When comparing both fresh joint and frozen
joint specimens, the maximum greyscale value decreases from 1800 to 1400 which shows
loss of signal intensity. This is probably due to loss of free water molecules from the
extracellular matrix component because freezing induces the formation of ice crystals
(Kennedy et al., 2007; Abazari et al., 2013; Pownder et al., 2015). This ice crystals can make
changes in image intensity where subsequent changes in the value of T2 were observed by
previous studies (Laouar et al., 2007; Pownder et al., 2015). Furthermore, increased negative
correlation between tissue permeability and image greyscale in frozen joint specimen

clarifies the freezing effect on the extracellular fluids in cartilage.
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4.9  Summary

In the present study, the low-field MRI presents encouraging results where the range
of the greyscale value of the cartilage can be determined using the selected pulse sequence
and the greyscale characterisation method. The greyscale difference at the superficial zone
compared to the greyscale at the deep zone of the cartilage is related to the variation in the
cartilage composition throughout the entire thickness of the articular layer.

The biphasic nature of cartilage makes it vital to study its biomechanical properties
consisting of elastic modulus and permeability. By using the suggested experimental and
computational methods both elastic modulus and permeability of the cartilage were
successfully identified, and the values were verified through the comparison with the
previous studies.

Good correlations were observed between the MRI image greyscale and the
biomechanical properties of fresh joint specimens. Previous studies found that linear
correlations existed between compressive modulus and water content in terms of MRI
parameters, T2 relaxation time. T2 value in an MRI image corresponds to image intensity as
in image greyscale which makes it a verified parameter to be compared in previous studies.

A significant drop in the elasticity and the increasing percentage in permeability were
observed when comparing frozen joint and fresh joint specimens, suggesting that cartilage
loses its properties gradually when subjected to freezing temperature. Therefore, initially
identifying proper storage protocols in a research is essential to maintain the integrity of the

articular cartilage.
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CHAPTER 5

CONCLUSION AND RECOMMENDATION

5.1 Conclusion

In the present study, the potential use of low-field MRI to monitor the condition of
the intact cartilage joint was investigated. The establishment of the method proposed could
enhance the ability to detect degenerated articular cartilage at early stage. These findings
will be serving as the long-term goal to develop sensitive and non-invasive low-field MRI
for the early detection of the changes in cartilage properties.

Low-field 0.18 T MRI system was used to study the articular cartilage greyscale
using gradient echo pulse sequence. The intact joint studied demonstrated significant
greyscale stratification with lower signal intensity closer to the subchondral bone and higher
signal intensity closer to the cartilage surface which is important to assure intact structure.
The low-field MRI image produced detail information on the greyscale with respect to the
depth of the cartilage as compared to the composition of the cartilage. Two distinct layers
namely superficial zone and deep zone were obtained from the MRI image of the cartilage
region. Greyscale at the superficial zone was found to be 9.36 % higher compared to the
deep zone.

The experimental data obtained from creep indentation test was then incorporated
with the simulation of axisymmetric poroelastic finite element model to characterise the
elastic modulus and permeability of the cartilage. It is important to investigate the changes

in cartilage biomechanical properties since they were related to the onset of OA when

112



damaged. The biomechanical properties can be used as an indicator to determine the
alterations in structural integrity of articular cartilage. Based on the results, both elastic
modulus and permeability showed topographical variation between different measurement
sites across the entire articular cartilage. In order to have an accurate measurement of the
biomechanical properties, it is feasible to conduct the testing on fresh joint specimen.

In the present study, good correlation results were observed between biomechanical
properties of fresh joint specimen and MRI image greyscale indicating low-field MRI was
capable to produce reliable cartilage image. Furthermore, significant change in
biomechanical properties were observed between fresh and frozen joint specimens when
compared indicating that the adopted storage protocols gives visible damaging effect to the
cartilage tissue. Moreover, the elastic modulus value is higher in fresh joint specimen
compared to the frozen with 34.48 % difference indicating weakened extracellular matrix

structure resulting from the freeze-thaw process.

5.2 Recommendation for future research

For future research related to this field, there are several suggested recommendations.
This suggestion may be useful for better understanding and classifying of experiment to
biomechanical properties and related to this field.

The specimen needs to be classified, for instance considering the age factor; young,
middle and old. The thickness of each type of group is studied for comparing purpose. The
aim of comparing the age group is to investigate whether the biomechanical properties of
cartilage is influenced by the age of the animal. The usage of different joints and species for
the specimen in the experiment are suggested. This is due to the possible reasons for the
different mechanism, including the geometry of the articular cartilage surface, joint motion

and load of the different joints. Furthermore, different type of joint may carry different load
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capacities. For example, incongruent joint such as the knee carries the heaviest load and the
thickness of cartilage is thicker compared to other joints. Different species of animal also
give different result depending on their size and weight. Other than that, storage protocol
also important in studies using animal specimens. Future studies comparing different freeze-
thawing protocols before and during biomechanical testing could provide explanations on
the differences observed in the literature by concerning the effect of freezing temperature to
the biomechanical properties of the articular cartilage.

In the present study, the technique used to segment the cartilage tissue is less
appropriate since the shape of the synovial joint surface is curved. Hence for
recommendation, segmentation technique could help to trace out the boundaries of the
corresponding cartilage surfaces along the synovial joint. Image processing software such as
Mimics (Materialise, Leuven, Belgium) can generate 3D geometry model from the 2D MRI
image of articular cartilage as it provides reliable model and geometry to represent the actual
cartilage tissue.

The ability to correlate the cartilage greyscale and biomechanical properties is
valuable, in hindsight, different correlation between the cartilage biomechanical function
and biochemical properties should be further studied as these could allow for a better
diagnostic approach. Considering these conflicting results, further studies include the ability
of low-field MRI image to detect early changes in greyscale intensities before cartilage
morphologic alterations are necessary to investigate in the extent to diseased cartilage in
synovial joint. Thus, the present study can provide a more sensitive and non-invasive
investigation on the cartilage pathologies and may provide an opportunity to refine the

reliability of cartilage greyscale and biomechanical properties in MRI studies.
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APPENDIX A

Matlab script

. x=dicomread ('F:\DICOM\Filename') ;

info=dicominfo ('F:\DICOM\Filename') ;
y=dicomread (info) ;
figure, imshow (y) ;

imcontrast;

. X2=imcrop (x,maps, [xmin ymin 32 32]);

subplot (1,2,1);

imshow (x, maps) ;

. title ('Original Image');
10.

subplot (1,2,2);

. imshow (X2, maps) ;
12.
13.

title ('Cropped Image');

whos;
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Model

Magnetic system
Magnet type
Field direction
Shimming system
Gantry opening

Imaging system
Anatomical area
Images reconstruction
Sequences

Slice thickness

Distance between slices
Slice orientation
Multislice

Field of view
Sequence parameters

APPENDIX B

MRI technical specifications

Esaote C Scan

Permanent, ferrite, proprietary design magnetic circuit
Transverse to the magnet axis

Passive

Altezza: 33.6cm — Larghezza: 16 cm

Knee, calf, ankle, foot, hand, wrist, forearm, elbow

Fourier transform 2D, Fourier transform 3D

Orthogonale multiplanar scout, spin echo T1, spin echo T2,
multi-echo, short T1 inversion recovery, gradient echo, short
time inversion recovery gradient echo, spin echo half echo, spin
echo half fourier, turbo SE T2 weighted and turbo ME, spin
echo, turbo ME, turbo 3D T1 isotropic and anistropic

2D : from 3mm to 10 mm, step 0.5mm

3D: from 0.6mm to 10 mm, step 0.lmm

Contiguous slices may be acquired

Transverse, sagittal, coronal, oblique

Multiple parallel and/or obliques multislice TR independent of
the numbers of slices

From 100 mm to 200 mm, step 10 mm displayed 120 mm

Spin echo T1:

TR from 50 ms to 5000 ms step 10 ms
TE from 18 ms to 34 ms step 2 ms
Minimum FOV 100 mm

Minimum thickness 2mm

Gradient echo:

TR from 50 to 5000 ms step 10 ms
TE from 8 ms to 24 ms step 2 ms
FA from 10° to 90° passo 5°

Turbo 3D T1:
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Radiofrequency system
Gantry

FR power

Image processing
Greyscale

Display monitor
Data display

Marketing region

TR from 25 ms to 5000 ms step 5 ms

TE from 8 ms to 24 ms step 1 ms

FA from 10° to 90° passo 5°

Minimum FOV 100 mm

FOV 3D (volume thickness) from 40 to 200 mm step 10 mm

Contains gradient coils and radio frequency transmitting coils
Allows fast positioning and effective shielding for ambient
radio frequency noise suppression

Allows coil fast connection and automatic receiving coil
recognition

Up to 250 W pep

4096 levels
19’ CRT Colour

Image code

Institute and department name
Anatomical area

Patient data and patient ID
Scan parameters

Display parameters
Examination hour and date

Worldwide (Esaote), USA (GE Healthcare)
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Display

Display size
Range

Polarity indicator
Overrange
Decimal points
Hold and lamp test

Sample rate

Power supply
Voltage

Power

Fuse

General

Operating temperature

Storage
Weight

Case
Material
Bezel size
Depth

Panel cut-out

Amplifier
Input range

Input resistance

APPENDIX C

LVDT specifications

11 mm (0.43 in) 7-segmen high brightness red LED
+ 19999

“- “sign display

Flashing display

4 positions via selector switch

Via rear terminal connections to common or TTL level signals

400 mS

240 V ac standard or 120 V ac selected via solder links +10/-
20%. 50/60 Hz

10VA typical
250 Ma/S 20mm

0°C to 55 °C
40 °C to 85 °C
1.3 kg/2.9 Ib

Black anodised aluminium

144 x 72 mm overall

190 mm (behind bezel, excluding connectors)
139 x 67 mm

50 Mv to 20 V via potentiometer and Gain Range switch
100 kQ
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Linearity

Zero stability
Gain stability

Bandwidth
Noise p-p
CMRR

Output voltage

Output current

Protection

+0.1 % F.S. typical

0.003 % FS/ °C typical (display):

0.01 % (analogue output)

0.003 % FS/ °C typical (display):

0.01 % (analogue output) Optimum at + full scale
300 Hz (flat)

5 Mv/ 10 pA typical
120 dB
+ 10 V at 5 mA

0 or 4-20 mA into 0 to 500 ohms. This is an active output that
should not be connected to any external power supply as this
will damage unit.

Short-circuit proof

Note: Outputs normally factory-set so that = 19999 display corresponds to = 10 V and 0 to

+19999 display to 4-20 Ma

Excitation
Voltage

Frequency

Controls

Coarse zero adjustment
range

Fine zero adjustment
range

Analogue output

Limits

Set point range
Display
Indication
Mode

Relays
Operating time
Mechanical life

Accuracy

5 V rms., 100 mA max. Short-circuit proof.

5 kHz, = 5 %:
1 kHz — 10 kHz is possible if stated when ordering

+ FS via 5-lever switch
+ 2000 to + 5000 digits according to Fine Gain setting

Zero potentiometer range 0 to 10 mA (for zero display). Gain
potentiometer allows setting 10 V output for displays between
2400 and 19999

+ 19999 via 20-turn potentiometer

3-way switch for Limit 1/Normal/Limit 2 levels

2 LEDs ON when relays ON

Positive or negative going operation selected via solder links
2 changeover contact types. 0.3 A at 120 V ac/1A at 24 V dc.
5mS

> 12 x 10° operations

+ 0.1 % of full scale typical
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Hysteresis + 0.05 % of full scale typical

Logic outputs TTL Source 2 mA
Sink 10 mA

Connectors
Transducer/analogue output 7-pin DIN shielded. Case grounded by socket
Limits output 9-pin DIN type. Case grounded by rear panel.
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