E% University of
OPEN (") ACCESS d BRISTOL

This electronic thesis or dissertation has been
downloaded from Explore Bristol Research,
http://research-information.bristol.ac.uk

Author:
Li, Yunfei

Title:
Cartilage Degeneration and Subchondral Bone Microarchitecture in Hip Osteoarthritis
and Osteoporosis

A Regional, Zonal, and Compartmental Comparison

General rights

Access to the thesis is subject to the Creative Commons Attribution - NonCommercial-No Derivatives 4.0 International Public License. A
copy of this may be found at https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode This license sets out your rights and the
restrictions that apply to your access to the thesis so it is important you read this before proceeding.

Take down policy

Some pages of this thesis may have been removed for copyright restrictions prior to having it been deposited in Explore Bristol Research.
However, if you have discovered material within the thesis that you consider to be unlawful e.g. breaches of copyright (either yours or that of
a third party) or any other law, including but not limited to those relating to patent, trademark, confidentiality, data protection, obscenity,
defamation, libel, then please contact collections-metadata@bristol.ac.uk and include the following information in your message:

* Your contact details
« Bibliographic details for the item, including a URL
» An outline nature of the complaint

Your claim will be investigated and, where appropriate, the item in question will be removed from public view as soon as possible.



= [ A University of
BRISTOL

Cartilage Degeneration and Subchondral Bone Microarchitecture
in Hip Osteoarthritis and Osteoporosis:

A Regional, Zonal, and Compartmental Comparison

F=K

Yunfei Li

A dissertation submitted to the University of Bristol in accordance with the
requirements of the degree of Doctor of Philosophy in the Translational Health
Sciences, Bristol Medical School, Faculty of Health Sciences

July 2021

39228 Words



For my beloved family



ABSTRACT

Osteoporosis (OP) and Osteoarthritis (OA) are two of the most common musculoskeletal
diseases in the ageing population. This study aimed at a comprehensive comparison of
subchondral bone and cartilage changes between OP and OA, in order to better understand
their commonalities and differences and provide new information on the pathological process
of OA.

Femoral heads with OP (N=7) and OA (N=31) were collected from patients undergoing
arthroplasty surgeries. Osteochondral plugs were extracted from different regions of the
femoral heads according to the severity of cartilage degradation assessed by a new
macroscopic and a modified OARSI microscopic grading system. Plugs were scanned by micro-
computed tomography and it was shown that subchondral bone with early cartilage
degradation in OA was similar to those in OP in terms of both microarchitecture and matrix
mineralisation, in both subchondral plate and trabecular bone. In contrast, subchondral bone
in OA with advanced cartilage degradation was sclerotic and hypo-mineralised. These data
indicate that subchondral bone remodelling in OA is a biphasic process and at an early stage
it may have similar features to those seen in OP. Moreover, subchondral trabecular bone was
more mineralised than the subchondral plate in both OP and OA, and the relationships among
trabecular bone volume fraction, material density, and apparent density were similar in OP
and different stages of OA.

Chondrocytes expressing MMP13 and ADAMTS4 were located mainly in the upper zone(s) of
cartilage in both OP and OA as shown by immunohistochemistry. The percentage of
degradative chondrocytes in different zones of cartilage in OA exhibited a significant variation
with the severity of cartilage degradation. The percentage was significantly lower in OP in all
zones compared to various stages of OA, but exhibited greater heterogeneity. The
correlations between expression of degradative enzymes by chondrocytes and subchondral
bone properties in OP and OA were statistically significant for only a few parameters
examined, and the correlations were generally weak. Based on these data a novel model of
cartilage degradation in OA was proposed, in which biochemical disruption is more important
in early stages while mechanical wear is critical in advanced stages.
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Chapter 1

Introduction

Osteoporosis (OP) and Osteoarthritis (OA) are two of the most common musculoskeletal
diseases in the ageing population. OA is characterised by cartilage degeneration, subchondral
bone sclerosis, synovial inflammation and osteophytes formation at diarthrodial joints,
leading to pain and disability. OP is characterised by systemic loss of bone due to unbalanced
bone resorption, leading to increased risk of fragility fractures. The relationship between the
two conditions has been a topic of discussion for decades. While the historical view is that OP
and OA are mutually exclusive diseases, recent evidence suggests an overlap between their
pathophysiology. The purpose of this study is a comprehensive comparison of subchondral
bone and the overlying cartilage in OP and OA, in order to build a more detailed knowledge

of the commonalities and differences between the two diseases.

1.1 DIARTHRODIAL JOINT

A diarthrodial joint (Figure 1.1A), also known as synovial joint, consists of the two ends of
adjacent bones which are covered by a layer of articular cartilage. The joint is protected and
stabilised by joint capsule, ligaments, tendons and muscles. The inner layer of joint capsule is
lined by a thin membrane called synovium or synovial membrane, which encloses the joint
creating a cavity. The joint cavity is filled with synovial fluid that lubricates joint movements
and provides nutrient for articular cartilage. Additional components such as meniscus may

also present in specific joints like the knees.

A hip joint is composed of the proximal end of femur (femoral neck and femoral head) and
acetabulum of pelvis (Figure 1.1A, B). It is a typical ‘ball and socket’ joint. The sphere-like
femoral head is superiorly and medially contained by the cup-like acetabulum, bearing the
weight of body and allowing movement of the lower limb. Hip OA and low-energy fracture of
the femoral neck due to OP are both common in the elderly population (Figure 1.1C, D).

Surgical treatments of these conditions, including total arthroplasty and hemiarthroplasty,



can provide readily available joint specimens. Therefore, the hip joint is a good candidate for

clinical and translational research investigating and/or contrasting OP and OA.

Figure 1.1. Hip joint. (A) Schematic illustration of hip joint. Hip joint is a ‘ball and socket’
joint consisting of the proximal end of femur and acetabulum of pelvis. Articular surfaces
are covered by articular cartilage. The joint is protected and stabilised by joint capsule,
ligaments, tendons and muscles. The inner layer of joint capsule is lined by synovium, which
encloses the joint creating a cavity that is filled with synovial fluid. (B) X-ray of a healthy hip
joint. A clear joint space (yellow arrow) between femoral head and acetabulum can be
observed. (C) X-ray of fracture of the femoral neck (white arrow) due to OP. (D) X-ray of a
hip joint with OA. Narrowing of joint space (black arrow), sclerosis of subchondral bone
(green arrow) and growth of osteophytes (red arrow) can be observed. (A) was adapted
from https://efmurgi.wordpress.com/2019/09/26/the-skeletal-system/ with
modifications. (B), (C) and (D) were from the participants recruited in this study.



https://efmurgi.wordpress.com/2019/09/26/the-skeletal-system/

1.2 BASIC SCIENCES OF BONE

Bone is a multifunctional organ that provides mechanical support and protection, contributes
to the mobility of body, and participates in metabolic homeostasis and hematopoiesis. These
functions of bone are dependent on its hierarchical and adaptive architectures at molecular,
ultrastructural, microstructural, and anatomical levels (1-3), and are tightly regulated by bone

cells in response to various biochemical and biomechanical factors (4-7).

1.2.1 Composition, structure, and anatomy

1.2.1.1 Extracellular matrix

1.2.1.1.1 Collagen

Organic components account for 20 — 25% of bone wet weight, of which roughly 90% is
attributed to type | collagen (Col 1) (2). A mature Col | molecule is a heterotrimer consisting of
two al chains and one a2 chain, which assemble into a long helix structure in the middle,
with short non-helical telopeptides at the C- and N-terminus (Figure 1.2A) (8). Five Col |
molecules are crosslinked in a quarter-staggered manner by various enzymatically or non-
enzymatically generated bonds to form microfibrils (Figure 1.2B), which further aggregate
laterally and longitudinally to constitute fibrils that are about 10um in length and 150nm in
diameter (Figure 1.2C) (8-12). Such arrangements yield the typical periodical appearance of
collagen fibres under electron microscopy (Figure 1.2C, D). The holes between the ends of
molecules and the lateral space between the neighbouring molecules are bound with water

attracted by hydroxyprolines and filled with mineral crystals (Figure 1.2B) (8, 10, 13).
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Figure 1.2. Type | collagen in bone extracellular matrix. (A) Mature type | collagen (Col I)
molecule consists of two al chains and one a2 chain forming a long helical structure in the
middle, with short linear domains at the C- and N-terminus. (B) Five Col | molecules are
crosslinked in a quarter-staggered manner to form microfibrils, which further aggregate
laterally and longitudinally to constitute fibrils. The spaces between molecules are filled
with hydroxyapatite (HA) crystals. (C) Collagen fibrils assemble into fibres that have typical
periodical appearances under electron microscopy (D). (A) and (B) were adapted from (693),
(C) was adapted from (694) and (D) was adapted from (18) with modifications.

1.2.1.1.2 Minerals

Minerals account for about 65% of bone wet weight (14). Bone minerals are predominantly
hydroxyapatite (Cai0(POas)s(OH)2), which crystalises and grows laterally to develop a thin-plate
shape that is orientated parallel to one another and to collagen fibrils (Figure 1.2B) (13, 15).
The size of hydroxyapatite crystals in bone is approximately 30-50nm in length, 15-30nm in
width and 2-10nm in thickness (9). The HA at crystal surfaces often exists in a unique dynamic
phase. It is deficient in calcium (non-stoichiometry) with a Ca:P ratio lower than 1.67, and the

hydroxyl and phosphate ions are substituted by carbonate (8, 15-17). Such chemical



impurities, together with the relatively small crystal size but large surface area, bestow bone
minerals with the solubility needed for rapid resorption and release, allowing bone to
continuously remodel itself and play a role in the regulation of acid-base homeostasis and

calcium-phosphate metabolism (9, 12).

Mineral deposition in new bone is a biphasic process that follows the ‘mineralisation law’ (18-
20). According to this law, upon the laying down of organic scaffold, hydroxyapatite is quickly
deposited within the spaces of collagenous matrix. This primary rapid phase is responsible for
approximately 70% of bone mineralisation at physiological conditions and lasts for up to 3
weeks. It is followed by a much slower secondary phase that is characterised by the
maturation and growth of apatite crystals and takes months to years to complete. The exact
mechanism of mineral deposition in collagen framework during bone formation is yet to be
defined but nucleation of amorphous calcium phosphate (ACP) mediated by non-collagenous

proteins (NCPs), Col | fibrils and water may be involved (9, 16, 21-23).

1.2.1.1.3 Others

NCPs represent a minor proportion of organic members in the extracellular matrix of bone,
but are indispensable for bone biology. They include proteoglycans (e.g., hyaluronan, small
leucine-rich proteoglycans (SLRPs) and versican), glycoproteins (e.g., alkaline phosphatase,
fibronectin), proteins of the small integrin-binding ligand N-linked glycoprotein family
(SIBLING, e.g., osteopontin, dentin matrix acidic phosphoprotein 1 (DMP), and sialoproteins),
osteocalcin and osteonectin (24, 25). These proteins interact with bone cells, collagen fibrils,
and/or minerals and herein participate in activities such as regulation of cell proliferation,

modification of collagen framework, and deposition of minerals (22, 24).

Water occupies about 10% of bone wet weight (9). It comprises mobile water that is free-
flowing in vascular, lacunar or canalicular systems, and structural water which is bound to or
situated between collagen and mineral crystals (21, 26, 27). The former phase of water is
important for transportation of nutrients, waste products and signalling molecules (28), while
the bound water is critical for the organisation of collagen fibrils and apatite crystals, and

contributes to the biomechanical properties of bone (15, 21, 29).



1.2.1.2 Ultrastructure

1.2.1.2.1 Haversian system

The ultrastructural unit of cortical bone is the osteon, also known as haversian system (Figure
1.3A, B) (3, 30). In the osteon, collagen fibres are orientated alternately in concentric layers
known as lamellae, which enclose a central canal (haversian canal) containing a neurovascular
bundle (Figure 1.3A) (31). In adult bone each osteon is about 1 —10mm in length, 100 —250um
in diameter (50um for haversian canal) and has 20 — 25 laminar sheets (30). Haversian canals
of adjacent osteons are connected by transversely running tunnels named Volkmann’s canals
(Figure 1.3A) (32). Though Volkmann’s canals, the haversian vessels are connected to each
other and to the local vascular plexus, allowing inter-osteonal communications and
transportation (33). The interface between neighbouring lamellae is interspersed by holes
(200-600um?3 in volume) called lacunae (Figure 1.3A), in which osteocytes are embedded (34).
They resemble a solar system spreading around the haversian canal. Lacunae are connected
by tinny tunnels called canaliculi (100-700nm in diameter) in which cell processes are
encapsulated to allow inter-cellular communications (35, 36). The lacuna-canalicular network
plays a critical role in the mechano-transduction that induces bone remodelling and repair
(36-41). Osteons are commonly orientated roughly along the direction of the primary
mechanical force borne by the bone. For example, osteons in the diaphysis of femur are
aligned roughly along the long axis with slight inclination (5° — 15°), as the femur is subjected
to mainly vertical compression and some degree of torsion and bending (42). Individual
osteons are separated from each other and from the interstitial area by their outer wall — the
cement line (43). Between osteons lie the interstitial lamellae which comprise disorganised
incomplete lamellae representing the remnants of previously resorbed bone (Figure 1.3A)
(14). Osteons and interstitial bone are surrounded by circumferential lamellae which form the

outer shell of cortical bone (Figure 1.3A).
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Figure 1.3. Ultra- and microstructure of bone. (A) Schematic presentation of bone structure.
Bone processes a compact outer shell called cortical bone and a spongy-like inner structure
called trabecular bone. The ultrastructural unit of cortical bone and trabecular bone is
osteon and lamellar packet, respectively. The electron microscopy images of osteon and
trabecular packet are shown in (B) and (C). Osteon consists of concentric lamellae
surrounding the central canal, while lamellar packet consists of lamellae running along the
direction of the trabecula. (A), (B) and (C) were adapted from (695), (30) and (18)
respectively with modifications.

1.2.1.2.2 Trabecular packet

The ultrastructural unit of trabecular bone is lamellar packet, which is composed of parallel
lamellae running along the direction of individual trabecula (Figure 1.3C) (31). Osteocyte
lacunae and canaliculi are buried across the packets as in osteons, except that there is not a

central canal for them to circle around.

1.2.1.3 Microstructure

1.2.1.3.1 Cortical bone

Bones possess a dense outer shell made of compact cortical bone (Figure 1.3A), the thickness
of which varies between various types of bones and between different locations within bones
(e.g., epiphysis or diaphysis of long bone). Cortical bone accounts for about 80% of total bone

volume in human skeleton (31, 44). Cortical bone consists of harversian systems and



interstitial and circumferential lamellae arranged in a compact manner with limited porosity.
Porosity of cortical bone (intra-cortical porosity) can be attributed to harversian and
Volkmann’s canals, osteocyte lacunae, canaliculi, resorption cavities, and holes where blood
vessels penetrate the cortical shell into the medullary cavity (33, 45, 46). The inner walls of
harversian and Volkmann’s canals are termed intra-cortical surfaces. They are covered by a
layer of osteoprogenitor cells (lining cells) (33) and represent locations of remodelling
activities in cortical bone (46, 47). The external surface of cortical bone is covered by a
membrane called periosteum which consists of an outer fibrous layer for protection and

muscle attachments, and an inner osteogenic cell layer for bone growth and repair (48).

1.2.1.3.2 Trabecular bone

Inside the cortical shell is the trabecular bone (also called cancellous or spongy bone) that
comprises of lamellar packets which assemble into rod- or plate-like struts (i.e., trabeculae)
(Figure 1.3A, C) (49). Trabeculae stretch out from the internal surface of cortical bone and are
connected to each other to form a spongy-like porous structure that is filled with bone
marrow (14). Porosity of trabecular bone commonly refers to the volumetric ratio of the
interspersed marrow space, which normally ranges around 70% (45, 47). Though trabecular
bone contributes to only about 20% of total bone in human, it provides a relatively large
surface area for bone remodelling which is important for mineral metabolism in physiological
conditions (31, 47). These surfaces are covered by lining cells and can be further classified
into those facing the medullary cavity (endosteum or endosteal surface) and those within the

trabecular framework (trabecular surface) (30).

1.2.1.4 Gross anatomy

Adult human skeleton consists of 206 bones. Based on the shape, location and anatomical
functions they can be subdivided in to 5 categories. Long bones are present at extremities of
body such as femur of thigh, tibia of leg, radius of arm and phalanges of fingers. They are
characterised by a long hollow shaft (diaphysis) and two relatively enlarged ends (epiphysis)
with transitional areas (metaphysis). They act like levers to support muscular movements and
bear the weight of body at lower limbs (31). Flat bones, such as occipital/frontal/parietal
bones of cranium and ribs and sternum of chest, usually have a broad and strong surface to

protect vital organs like brain, lungs, and those in the abdomen. Irregular bones include



vertebrae and sacrum which are the support of the axial skeleton. Short bones have roughly
three equal dimensions and are often those connecting long bones at joints and facilitating
joint movements, e.g., carpal bones of wrist and tarsal bones of ankle. Sesamoid bones are
usually embedded in tendons subjected to stress and frictions, such as the patella in the
guadricep femoris tendon of the knee joint. In diaphysis of long bone the central space often
enlarges to form a medullary cavity, which is surrounded by a thin trabecular framework
immediately beneath cortical bone. In other types of bone and the epiphysis of long bone,
the internal space is often occupied completely by trabecular bone. Bones also develop
anatomical marks symbolising their physical functions such as tuberosities and processes for
tendon and muscle attachment, and grooves for the passage of ligaments, muscles, and

neurovascular bundles.

1.2.2 Bone cells

1.2.2.1 Osteoblast

Osteoblasts are bone-forming cells (Figure 1.4). They originate from osteoprogenitors which
are mesenchymal stem cells found in bone marrow or periosteum (14, 50). Upon stimulation
by various growth factors, cytokines, hormones and biomechanical factors, osteoprogenitors
at the site of bone formation proliferate and differentiate into osteoblasts (51, 52). These
procedures are mediated primarily by the classic canonical Wnt/B-catenin signalling pathway,
which is also important for osteoblast survival and function and regulates osteoclast activities
indirectly through the RANK — RANKL — OPG pathway (see Section 1.2.3.3) (53, 54). Mature
active osteoblasts resemble typical biological features of protein-producing cells — cuboidal
shape with large nuclei, prominent Golgi apparatus, and extensive endoplasmic reticulum (55).
Osteoblasts are also recognised by the expression of alkaline phosphatase (ALP) and
osteocalcin, which play pivotal roles in the mineralisation process (56, 57). The level of these
proteins in the circulation can be used as indicator of osteoblast number and bone formation
(55, 58, 59). During bone formation, osteoblasts produce and secrete matrix components
including Col | and proteoglycans to first construct an organic template/scaffold known as
osteoid (60). This is followed by primary and secondary mineral deposition as mentioned in
Section 1.2.1.1.2. Upon fulfilling their role in bone formation, a large proportion of

osteoblasts progress to apoptosis. Of the remaining cells, some are transformed into bone



lining cells covering the quiescent bone surface, while others are embedded in the newly
synthesised matrix and become osteocytes (61, 62). Bone lining cells have the osteogenic
potential to convert back to active osteoblasts (63), a process that is implicated in the reversal

phase in bone remodelling (see Section 1.2.3.3) (64).

Bone Remodelling Canopy Osteoclast

Marrow Space

Osteoblast
precursors

Resorption Cavity
./
Osteocytes -

Bone lamina

Figure 1.4. Basic multicellular unit and bone remodelling compartment. Upon stimulus by,
for example, microdamage, RANKL can be released by osteocytes and stimulates relocation
and differentiation of osteoclast progenitors at the site of remodelling. The lining cells are
lifted to form the bone remodelling compartment where cells involved in the remodelling
process are contained. These cells, including osteoclasts, osteoblasts, reversal cells (lining
cells) and osteocytes, form a functional unit called basic multicellular unit. Mature
osteoclasts resorb bone matrix, followed by a reversal step in which osteoblasts are
recruited to the previously resorbed surface. Osteoblasts lay down newly synthesised
osteoid which is then subjected to primary and secondary mineralisation. Osteoclasts die
by apoptosis at the end of remodelling, while osteoblasts are buried in new bone and
become osteocytes. Figure is adapted from (65) with modifications.

1.2.2.2 Osteocytes

During bone formation some osteoblasts are embedded in the lacunae in new matrix and
become osteocytes (Figure 1.4). Osteocytes are mature bone cells and represent the largest

population (>90%) of bone cells (66). Like neurons, osteocytes possess numerous projections

10



(processes) stretching out from the cell body and are in contact with the neighbouring
companions through the canalicular system. Communications between osteocytes, and
between osteocytes and other cells (osteoblasts, osteoclasts, lining cells and progenitors) on
bone surfaces, are mediated via gap junctions formed by connexin 43 (66, 67), and via
transport of soluble factors through canaliculi (40, 68). The primary function of osteocytes is
to modulate bone homeostasis through regulation of bone resorption, formation and
mineralisation in response to various stimuli, mainly growth factors, cytokines, hormones and
mechanical stress (60, 61, 68, 69). Osteocytes are able to perceive changes in their
biomechanical environment (e.g., motions, immobilisation, and injuries) either directly
through cell and matrix deformation, or through alternations in the dynamics and streaming
potentials of canalicular fluid (37, 68, 70-72). These biochemical and biomechanical
simulations are transduced by osteocytes through various signalling pathways (e.g., Wnt/B-
catenin) into biological regulators (e.g., RANKL/OPG, macrophage colony stimulating factor 1
(M-CSF)) that act on progenitors or mature osteoblasts and osteoclasts, either inhibiting or

promoting bone formation and/or resorption (66, 73-75).

1.2.2.3 Osteoclast

Osteoclasts are responsible for bone resorption (Figure 1.4). Upon receiving osteocyte and/or
osteoblast derived signals, hematopoietic monocyte-macrophage precursors in bone marrow
or the circulation are recruited to the target bone area, where they fuse and differentiate into
mature osteoclasts, a process called osteoclastogenesis (61, 68, 76, 77). Mature osteoclasts
are multinucleated polarised cells with an apical membrane domain facing the bone surface
and a basolateral membrane domain facing the cavities (marrow space, haversian canal, etc).
The apical domain can be further divided into the peripheral ring-like sealing zone responsible
for cell-bone attachment; the central ruffled border responsible for the secretion of protons
(H*) and proteinases needed for bone digestion; and the transition zone between the sealing
zone and ruffled border. The apical domain encloses the resorption space and contains
degraded bone matrix fragments within it (76). During bone resorption, protons pumped out
from osteoclasts acidify the resorption space to allow dissolution of mineral crystals (60). This

is followed by degradation of the exposed organic components by enzymes such as cathepsin
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K, matrix metalloproteinases and tartrate-resistant acid phosphatase (TRAP) (78, 79). Once

resorption is completed, osteoclasts end up dying by apoptosis (76).

1.2.3 Bone development, modelling and remodelling

1.2.3.1 Bone development

Development of bone includes two distinct processes: intramembranous ossification (skull,
scapula, clavicle, etc) and endochondral ossification (e.g., long bones) (80-82).
Intramembranous ossification relies on the establishment of primary ossification centre by a
collection of mesenchymal cells, which differentiate into osteoblasts and then produce bone
matrix. In endochondral ossification, however, the condensation of mesenchymal cells results
in their differentiation into chondroblasts instead of osteoblasts. Chondroblasts produce a
cartilaginous template for bone formation. Initially, osteoblasts appear at the outer surface
of the template and build an osteal structure called the bone collar. This is accompanied by
the hypertrophy and death of chondrocytes in the centre of cartilage and subsequent invasion
of blood vessels, delivering osteoblast and osteoclast progenitors and triggering the
formation of primary ossification centre. The primary ossification centre continuously
expands radially and longitudinally. Later the secondary ossification centres occur at the distal
ends of cartilage template in a similar way. Primary and secondary ossification centres join at
the so-called growth plate. Cartilage at the upper part of growth plate keeps proliferating
while at the bottom it becomes hypertrophic and is continuously resorbed and turned into
bone. This ‘chase and run’ process is responsible for the longitudinal growth of long bone. At
the time of skeletal maturity, growth plate is completely ossified and becomes the epiphyseal

line.

1.2.3.2 Bone modelling

In the growing skeleton, modelling is the preliminary mechanism for bone to develop and
optimise its shape and mass to meet the challenge of increasing body size and activities (5).
Unlike remodelling (see next section), modelling is an uncoupled process involving either
bone resorption (by osteoclasts) or formation (by osteoblasts) (83). A good example would

be the enlargement of the medullary cavity of long bone by bone excavation from endosteal
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surface, and the expansion of cortical bone by radial growth at the periosteal surface. These
two simultaneous modelling procedures happen at different surfaces of bone and are
independent from each other. These procedures result in the increasing diameter of long
bones with relatively consistent thickness of the cortical shell. Bone growth via modelling is
different from that via intramembranous or endochondral ossification in that modelling
always happens on an existing bone surface, while the latter does not need an osteal template

(83).

1.2.3.3 Bone remodelling

In the adult skeleton, remodelling is the key mechanism by which bone can adapt to the
dynamic biomechanical demands, repair and renew itself, and participate in the mineral
metabolism (84). The remodelling process, which takes months to complete, is a coordinated
cycle of focal bone resorption and formation mediated by osteoclasts, the osteoblast lineage
(osteoblasts, osteocytes, lining cells), and their progenitors (85). These cells form a functional

group named basic multicellular unit (BMU) at the site of remodelling (Figure 1.4) (5, 86).

Initiation of bone remodelling is characterised by recruitment and differentiation of
osteoclasts. The key regulator of this step is the signalling pathway involving the receptor
activator of nuclear factor NF-kB (RANK), RANK ligand (RANKL), and osteoprotegerin (OPG)
(76). RANKL is expressed by osteoblasts and/or osteocytes in response to biomechanical or
biochemical stimuli (loading-unloading, microdamage/fracture, hormones, etc) (Figure 1.4)
(55, 85). RANKL, either in secreted or membrane-bound form (87), binds to its receptor (RANK)
expressed by progenitors of osteoclast, triggering their relocation to the remodelling site and
subsequent activation/polarisation (88). This process can be antagonised by OPG, which is an
osteoblast- and osteocyte-derived soluble decoy receptor for RANKL and therefore prevent
its binding with RANK (89, 90). The RANKL/OPG ratio is an indicator of osteoclastogenic

activities (85). Other factors such as M-CSF are also important for osteoclastogenesis (91).

Along with recruitment of osteoclasts, lining cells in the target bone area prepare the surface
by lifting up to form a canopy and create the bone remodelling compartment (BRC) as a
shelter for the ongoing remodelling process (Figure 1.4) (77, 92). Mature osteoclasts attach

to the bone surface through the interactions between the sealing zone and bone matrix
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components (77). Then they remove the enclosed bone matrix as described in Section 1.2.2.3,
which is the second step of the bone remodelling cycle. The released fragments of matrix
components such as C-terminal telopeptide of Col | (CTX-I) in serum or urine can be used as

clinical marker for bone turnover status (93).

In physiological conditions, bone resorption and formation in each remodelling cycle is locally
coupled, meaning that the amount of bone removed roughly equals the amount of bone
formed (94-96). The ‘coupling’ is mediated by the so-called ‘reversal’ step through which
osteoblasts are recruited to the resorbed bone surface (Figure 1.4) and then start laying down
newly synthesised Col | (77). Molecular and cellular mechanism for the reversal step is yet to
be defined. It is generally accepted that, as osteoclasts move along, the exposed destructed
bone surface is covered by a layer of mononuclear cells, which are commonly described as
the ‘reversal cells’ covering the ‘reversal surface’ (97). Reversal cells are suspected to be
members of the osteoblast lineage, especially lining cells (98). Upon attraction to the exposed
surface, these cells first clean up the resorption pit, followed by a phenotype change into
osteogenic osteoblasts (64, 98-101). In the meantime, osteoclastogenesis and osteoclast
function are suppressed and bone resorption gradually stops. A number of mechanisms have
been suggested to be involved in the reversal process, including the bidirectional
communication between osteoclasts and reversal cells through the membrane-bound
ephrinB2/EphB4 signalling system, the growth factors and cytokines liberated from degraded
bone matrix or released from osteoclasts, and morphological sensing of the resorbed cavity

by reversal cells (77, 85).

The last step of the remodelling cycle, bone formation, starts with production of organic
matrix by osteoblasts, which is followed by primary and secondary mineralisation as
described in Section 1.2.1.1.2. The cement line symbolises the loci where bone resorption

stops and formation begins (100).

1.2.4 Biomechanics

Bone is exposed to a variety of biomechanical challenges in vivo, including, but not limited to,
compression, torsion, tension, shear and bending forces in daily activities. Bone must be

strong to resist deformation in order to provide support and protection, yet it has to exhibit
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some extent of flexibility so that it absorbs energy without fracture (43, 102). Bone’s
capability of meeting these mechanical demands comes from its hierarchical structure. More
intriguingly, it is able to dynamically adjust its structure in response to the changes in these

demands through modelling and remodelling, a process well known as the ‘Wolff’s law’ (103).

At material level, minerals contribute to bone tissue strength and stiffness while collagens
determine its ductility and toughness (104, 105). Completely demineralised bone is soft and
easily deformed while fully deproteinated bone is strong but brittle, thus prone to fracture
(106-108). An optimal trade-off is often achieved under physiological conditions. At apparent
level, the strength and toughness of the entire bone specimen, including pores, canals, and
marrow space, are determined not only by the mineral and collagen composition of the bone
tissue itself, but also by the presented quantity and architectural arrangements of the bone
tissue (109). This is illustrated in Figure 1.5. Given a fixed volume and architecture, bone that
has a lower tissue mineralisation is less capable of weight bearing. However, given a fixed
level of mineralisation, cortical bone that has thinner and more porous walls with smaller
diameter, and trabecular bone that is thinner, less connected and rod-shaped, are generally

less resistant to load.

Material and apparent mechanical properties of bone can be examined using a number of
mechanical tests (110). A series of parameters, for example, elastic modulus (a measure of
stiffness), ultimate stress (a measure of strength) and failure energy (a measure of fracture
toughness), can be calculated by plotting stress (force applied per unit area) against strain

(percentage deformation) to describe the mechanical properties of bone (110-112).
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Figure 1.5. Determinants of bone strength at material and apparent levels. Graphs were
created using Microsoft PowerPoint.

1.3 BASIC SCIENCES OF ARTICULAR CARTILAGE

Articular cartilage in diarthrodial joints is a layer of hyaline cartilage covering the surface of
bone. It provides a cushion for joint loading (weight bearing) and prevents frictions between
bones upon joint movements. In healthy conditions, articular cartilage is an avascular and
aneural connective tissue composed of extracellular matrix (ECM) and cells (113). Its thickness
in normal conditions varies between different joint types and also depends on the location

within the joint, ranging from 2mm up to 8mm (114, 115).

1.3.1 Extracellular matrix

The ECM consists of mainly collagens (50% — 60% dry weight), proteoglycans (25% — 35% dry
weight), NCPs and glycoproteins (15% — 20% dry weight), and water (65% — 80% wet weight)
(116, 117).
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1.3.1.1 Collagens

Type Il collagen (Col II) (Figure 1.6) represents 90% to 95% of collagenous molecules and is
the most abundant organic component in cartilage ECM (114). Col Il is produced by
chondrocytes as a precursor (procollagen). Upon secretion into ECM, the terminal globular
domains (procollagen Il C- and N-pro-peptide, PIICP and PIINP) of procollagen were removed
by specific proteinases (118). Level of these globular domains retained in cartilage or released
into biological fluid is an indicator of collagen synthesis (119, 120). Mature Col Il is a
homotrimer comprising three identical polypeptide al chains that intertwine to form a triple
helical structure along most of the molecular length, with short linear sequences at both ends
(118). The helical domain of Col Il is resistant to enzymatic degradation by most proteinases,
but is subjected to cleavage by collagenases. In cartilage matrix, Col Il molecules stagger
together to form fibrils through pyridinoline crosslinks anchoring linear C- and N-terminal
telopeptides to triple helixes (118). The fibril formation further stabilises and strengthens
collagen network, protecting it from thermal and mechanical dissociation and providing

cartilage with resistance to deformation under tensile and shear forces (117).

Other collagens that present in articular cartilage include type |, VI, IX, X and XI, etc. They
account for a much smaller proportion of the collagen pool but are indispensable to the ECM
homeostasis. For example, type Xl collagen (Col Xl) interacts with Col Il to construct
heterotypic fibrils, where Col XI resides in the centre to regulate the size of collagen fibrils
(117). Type IX collagen (Col IX) appears on the surface of fibrils and may act as a bridge
between collagen and other macromolecules such as proteoglycans (121, 122). Type VI (Col
V1) collagen is a non-fibrillar collagen mainly found in the pericellular matrix (123). It forms a
complex with matrilin and small proteoglycans such as biglycan and decorin to build the
scaffold and determine the mechanical properties of the pericellular matrix (124, 125). Type
X collagen (Col X), which is abundant in the growth plate during skeletal development and
symbolises the hypertrophy of cartilage and chondrocytes, is absent in adult healthy cartilage

but re-occurs in disease conditions such as OA (126, 127).
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Figure 1.6. Type Il collagen in cartilage extracellular matrix. Type Il collagen (Col 1) is
produced as procollagen. Upon secretion into cartilage extracellular matrix, the terminal
globular domains are removed. Mature Col Il is a homotrimer comprising three identical al
chains that intertwine to form a triple helical structure along most of the molecular length,
with short linear sequences at both ends. Collagen molecules stagger together to form
fibrils through pyridinoline crosslinks anchoring linear C- and N-terminal telopeptides to
triple helixes. Figure was adapted from (696) with modifications.

1.3.1.2 Proteoglycans

Aggrecan is the dominant type of proteoglycan in cartilage (Figure 1.7) (115). Aggrecan
consists of a core protein which is covalently bound by glycosaminoglycans (GAGs) forming a
brush-like structure. There are three globular domains (G1, G2 and G3) on the aggrecan core
protein (128, 129). The N-terminal G1 domain is linked to the G2 domain through an
interglobular domain (IGD); and between the G2 and C-terminal G3 domain lies the GAG
attaching region. GAGs attached to the core protein, mainly keratan sulfate and chondroitin
sulfate, are long polysaccharide chains with repeating negatively charged disaccharides (114).
In articular cartilage, aggrecan monomers tend to aggregate on a hyaluronan backbone by
binding the link proteins through the G1 domain (116). Large aggrecan aggregates are

entrapped within the collagen meshwork. Due to their negative charge and hydrophyllic
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nature, aggrecans are able to absorb and preserve water in cartilage matrix. This process is
critical as it generates an osmotic swelling pressure, which together with molecular charging
repulsion gives cartilage its elasticity and resistance against compressive force (114, 129, 130).
During joint movement, cartilage matrix functions like a sponge to repeatedly squeeze out
and take back water. This procedure facilitates diffusion of soluble materials within cartilage,
and promotes exchange of materials with synovial fluid, providing nutrients for cartilage (113,

131).

Another large proteoglycan found in cartilage is perlecan. It is exclusively located in the
pericellular matrix, where it is implicated in the cell-matrix communications and mechano-
transduction (132-134). There are also SLRPs in cartilage. They include decorin, biglycan,
fiboromodulin, and lumican, etc. They do not form aggregates but are often bound to other
macromolecule such as Col I, Col VI and growth factors (117). They have a role in the
stabilisation of collagen network, modulation of matrix homeostasis, and regulation of cell

activities (117, 135, 136).

1.3.1.3 Others

Other organic components present in smaller amount in cartilage matrix include various NCPs
and glycoproteins. Through its C-terminal domain, Cartilage oligomeric matrix protein
(COMP) binds to Col Il and influences fibril formation. It plays a role in both maintenance and
degeneration of fibrillar network in articular cartilage, depending on its quantity relative to
collagen (137-139). Matrilins and fibronectin interact with both chondrocytes and other

matrix constituents, contributing to cell biology and organisation of the ECM (136, 140, 141).
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Figure 1.7. Aggrecan in cartilage extracellular matrix. An aggrecan monomer consists of
three globular domains (G1, G2, G3), an interglobular domain (IGD), and a domain attached
by various glycosaminoglycans (GAGs) such as keratan sulfate (KS) and chondroitin sulfate
(CS). Aggrecan monomers aggregate on a hyaluronan backbone via link proteins. Aggrecan
can be degraded by aggrecanases within the IGD and GAG-attaching domain, and by matrix
metalloproteinases (MMPs) within the IGD. Figure was created using Microsoft
PowerPoint.

1.3.2 Chondrocytes

The singular resident cell type in mature hyaline cartilage is chondrocytes. Chondrocytes are
derived from chondroblasts, which are differentiated from mesenchymal cells within the
mesoderm germ layer during skeletal development (142). In mature cartilage, chondrocytes
are highly specialised and mitotically inactive cells accounting for about 1 — 2% of total

cartilage volume (143).

The primary role of chondrocytes is to maintain cartilage homeostasis and repair damage,
through controlled production and degradation of the ECM components. Chondrocyte
metabolism is relatively low in normal conditions, which is consistent with the low turnover
rate of collagen and proteoglycans (122, 144). The catabolic and anabolic activities of
chondrocytes are tightly regulated by the biological (matrix components and fragments,

growth factors, cytokines) (117) and biomechanical (physical stress, osmotic/hydrostatic
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pressure, piezoelectric forces) environment (131). The cell membrane of chondrocytes is
integrated with a variety of receptors, ion channels and organelles (i.e., cilium) that perceive
biomechanical stimuli and transduce them into intracellular signals (145-147). The metabolic
outcome of such mechano-transduction depend on the magnitude, duration and rate of
mechanical stimuli (131). In addition, as cartilage is an avascular connective tissue,
chondrocytes are adapted to anaerobic metabolism and can survive with limited oxygen
supply (1 — 10% of normal arterial oxygen tension) (148-150), while maintaining metabolic

flexibility toward aerobic energy production (144, 151).

1.3.3 Microstructure

1.3.3.1 Zones

Depending on the shape and alignment of chondrocytes and collagen network, articular
cartilage can be divided into three horizontal zones (115-117) (Figure 1.8). They are, from
articular surface downward, the superficial zone (SZ) or tangential zone, middle zone (MZ) or
transitional zone, and deep zone (DZ) or radial zone. SZ accounts for about 10 — 20% of full
cartilage thickness. In the SZ, spindle-shaped elongated chondrocytes are embedded in the
tightly packed, horizontally arranged collagen network that is roughly parallel to the articular
surface. The SZ has relatively higher collagen and lower proteoglycan content compared to
the MZ and DZ. The MZ represents approximately 40 — 60% of cartilage thickness. Collagen
fibrils in the MZ are obliquely orientated and are occupied by randomly distributed, relatively
large, and sphere-like chondrocytes. The DZ has collagen fibrils that are aligned perpendicular
to the articular surface and are the largest in diameter. It also has the greatest amount of
proteoglycan among the three zones. Chondrocytes in the DZ are mostly grouped in columns

that are vertically orientated.

The DZ of articular cartilage is connected to the underlying subchondral bone through a thin
and irregular layer of a specialised type of tissue — calcified cartilage, which functions as an
anchor and is important for the transformation of stress between hyaline cartilage and
subchondral bone (152, 153) (Figure 1.8). The histologically defined basophilic line separating
the DZ and calcified cartilage is called the tidemark. Chondrocytes in this area are scarce in

number and are hypertrophic (117).
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Figure 1.8. Osteochondral unit, showing zones and territories of cartilage extracellular
matrix, and compartments of subchondral bone. Depending on the shape and alignment of
chondrocytes and collagen network, articular cartilage can be horizontally divided into
superficial, middle, and deep zones. According to the relative location and proximity to
chondrocytes, the extracellular matrix of cartilage can be subdivided into pericellular matrix,
territorial matrix and inter-territorial matrix. Calcified cartilage anchors articular cartilage
to the subchondral bone, which can be divided into different compartments: subchondral
plate and subchondral trabecular bone. Articular cartilage, calcified cartilage, and
subchondral bone form a structural and functional unit called osteochondral unit. Figure
was created using Microsoft PowerPoint.

1.3.3.2 Territories

According to the relative location and proximity to chondrocytes, the ECM of cartilage can be
subdivided into different territories (Figure 1.8). Chondrocytes are situated in a
microenvironment named lacunae, in which they are immediately surrounded by a thin layer
of pericellular matrix (PCM) separating them from other chondrocytes and the rest of the
ECM. The chondrocyte(s) and its PCM constitute a functional unit termed as chondron (125,

154). The PCM has a unique composition as it is rich in Col VI, Col IX, aggrecan monomers and
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small aggregates, and other proteoglycans such as biglycan, decorin, and perlecan (124). In
normal cartilage, these macromolecules assemble to build a meshwork anchoring and
connecting chondrocytes to the outer ECM, putting cell-matrix communications and cell
activities under control (125). The PCM also functions as a passage and a repository for
extracellular regulators (e.g., cytokines and growth factors), newly synthesised matrix
molecules and degraded fragments (116, 155). Biochemical changes in the PCM can be
perceived by chondrocytes to initiate cellular reactions. Moreover, the PCM is where
biomechanical stimuli such as cartilage deformation and osmotic changes are transduced into
intracellular signals through the interactions between chondrocytes and the PCM framework

(125, 131, 133, 156).

The territorial matrix (TM) is located around chondrons and is thicker than the PCM. It
contains dense and thin collagen fibres to form a basket-like structure, protecting
chondrocytes from hazardous mechanical stress (116). The rest of the ECM filling the spaces
between territorial matrices is called inter-territorial matrix (ITM). The arrangement of
collagen fibres in the ITM follows the zonal features described in the above section and the

ITM contributes largely to the overall biomechanical property of cartilage (157).

1.3.4 Biomechanics

The primary function of cartilage is to provide a smooth gliding surface to allow frictionless
articulation, and to absorb and distribute stress during joint movement when it is exposed to
a combination of shear (tearing), tensile (stretching), and compressive (pressing) forces. The
mechanical properties of cartilage supporting these functions are determined by the
composition, arrangement and molecular characteristics of the ECM (116). The collagen fibrils,
especially within the SZ where they are aligned parallel to the articular surface, are stretched
but only to a limited extent as their elongation is restricted by the intra- and inter-molecular
crosslinks (114, 158). This provides cartilage with its resistance against shear and tensile stress.
In the meantime, the vertical compression is resisted and absorbed by the viscoelastic nature
of cartilage, which is attributed to aggrecans, especially in the MZ and DZ where the content
is higher. The viscoelasticity of cartilage consists of two aspects, one is the mutual repulsion

among negatively charged GAG molecules; the other is the hydrostatic and osmotic pressure
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generated by water flow (115, 157). As mentioned previously, aggrecans are responsible for
maintaining a certain osmotic pressure in cartilage by attraction of water. Upon application
of load on the surface, cartilage is deformed and the trapped water is squeezed out at a low
speed due to limited permeability of cartilage, generating an increased interstitial and

hydrostatic pressure against the applied stress (159).

1.4 CARTILAGE-BONE CROSSTALK

1.4.1 Osteochondral unit

Bone at the end of long bone covered by articular cartilage is named subchondral bone. It can
be further separated into two compartments: subchondral plate, which is composed of
Haversian systems and is biologically comparable to cortical bone, and subchondral
trabecular bone, which spreads out from the bottom of subchondral plate and connects with
deeper epiphyseal trabeculae (Figure 1.8) (160, 161). Articular cartilage, calcified cartilage,
and subchondral bone form a structural and functional bio-composite termed as the
osteochondral unit (Figure 1.8) (113). It is where communications between cartilage/joint
cavity and bone/bone marrow happen and plays a critical role in mechanical and biological

homeostasis of joint.

1.4.2 Cartilage-bone interactions

1.4.2.1 Biomechanical relationship

Subchondral bone provides a mechanical support and protection for cartilage, absorbing and
distributing mechanical forces, transforming shear stress into compressive and tensile stress
(113, 153, 161-163). On the other hand, articular cartilage also protects subchondral bone in
that it lubricates joint movement, prevents direct bone-on-bone contact, and distributes load
avoiding concentrated focal stress (115, 164). Changes in the biomechanical properties of

either of these two tissues will inevitably affect the transmission and transformation of load
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to the other, which can be perceived by chondrocytes and osteocytes to initiate adaptive

activities respectively (165-167).

1.4.2.2 Biochemical communication

There is also a biochemical communication between cartilage and subchondral bone through
the osteochondral unit. Supply of nutrients and regulatory factors from the bottom of
articular cartilage was thought to be ceased in adulthood as osteochondral ossification stops,
and calcified cartilage and subchondral bone plate were traditionally considered
impenetrable (114, 168, 169). However, cumulating evidence show that the transport
between cartilage and subchondral bone exists in normal, ageing, and diseased joints,
through direct cartilage-bone contact (170), vascular channels (171-174), microcracks (163,
175, 176), and actually permeable calcified cartilage (168). In fact, regulatory factors
produced by bone cells may be crucial for chondrocyte physiology in normal conditions, as
the coculture of cartilage explants with the underlying subchondral bone greatly improved

chondrocyte survival, compared to cartilage cultured alone (177).

1.5 OSTEOPOROSIS

OP is a systemic bone disease characterised by reduced bone mass and deteriorated

architecture, eventually leading to fragility and fracture.

1.5.1 Epidemiology and risk factors

Age is a primary risk factor for OP. The prevalence of OP increases from 2% at the age of 50
years to 25% at the age of 80 years in women (178). According to the National Health Services
(NHS) of the United Kingdom (https://www.nhs.uk/conditions/osteoporosis/), more than
three million British citizens have OP and about half million of them suffer a fragility fracture
each year. Itis estimated that in the United States (US) about 10 million people over 50-years
of age are affected by OP, of whom about 1.5 million would suffer fragility fracture each year

(179, 180). Females generally have higher risk of fragility fractures than their male
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counterparts. A study in England and Wales reported that about half of women and a fifth of
men at 50 years of age will suffer a fracture related to OP in the remaining lifetime (181). The
economic burden imposed by OP is huge across the world. In 2010, OP-related fractures
costed over 37 billion Euros in 27 European countries (182). It is projected that there will be
3 million fractures annually and the medical expenditures for osteoporotic fractures will

amount to 25.3 billion dollars per year by 2025 in the US (183, 184).

1.5.2 Pathophysiology

The nature of OP is the imbalance between bone resorption and formation, with the former
overweighing the latter leading to loss of bone mass and structural integrity. According to the
aetiology, OP can be classified into primary and secondary categories. Primary OP includes
menopause related type | OP in female and age-related type Il OP in both male and female
(also known as the senile OP) (185-188). Secondary OP is attributed to specific medical or
physical conditions such as glucocorticoid overuse, hyperthyroidism, smoking, Vitamin D
deficiency and immobilisation (188-190). This section will focus on the primary OP. Of note,
whether or not the imbalance between bone resorption and formation and its related bone
loss will eventually lead to OP is also dependent on the peak bone mass achieved in adulthood
(191), i.e., the more bone one has at the baseline, the more tolerant he or she is to the bone
loss in later life. Peak bone mass is reached around 30 years of age, and is influenced by

various genetic and non-genetic factors in different individuals (192).

1.5.2.1 Type | primary OP

Age-related bone loss is a chronic procedure that commences around the age of 30 years in
both male and female (193). However, in female, during the first 5-8 years of menopause, the
loss of bone is greatly accelerated due to the acute drop in oestrogen level, but returns to the

ageing-driven slow phase afterwards (185, 187, 194, 195).

At physiological level, oestrogen has an overall anti-remodelling effect. It suppresses
osteoclastogenesis by downregulating RANKL and upregulating OPG in the osteoblast lineage,
stromal cells, monocytes and lymphocytes, a process mediated by oestrogen receptor (ER)

(185, 187, 196). Production of other cytokines by these cells such as M-CSF, interleukin-1 (IL-
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1), IL-6, and tumour necrosis factor-a (TNF-a) which are stimuli of osteoclastogenesis is also
inhibited by oestrogen (197-199). In addition, oestrogen directly inhibits the differentiation
of osteoclast precursors through the ER-mediated interference with the signalling cascade of
RANK (187, 196, 200, 201). Moreover, oestrogen promotes apoptosis of mature osteoclasts
directly through the Fas ligand pathway, or indirectly through the regulation of transforming
growth factor B (TGF-B) production in osteoblasts (202-204). Except for the effects on
osteoclasts, oestrogen compatibly suppresses osteoblastogenesis to maintain the restrained
rate of remodelling (205-208). In the meantime, apoptosis of osteoblasts and osteocytes is
inhibited by oestrogen (194, 207-210). This action is likely to be mediated by the survival
signalling pathway — Src/Shc/ERK and its downstream transcription factors such as Elk-1,

CCAAT enhancer binding protei-B, and c-Jun/c-Fos (210, 211).

Oestrogen deficiency during menopause leads to a global increase in bone remodelling events
with an overproduction of both osteoclasts and osteoblasts, meaning that both bone
resorption and formation activities are boosted (185, 212, 213). This is due to relaxation of
the restraint on osteoclastogenesis and osteoblastogenesis. Accelerated apoptosis of
osteocytes which releases remodelling initiating signals may also contribute (195, 214).
However, as apoptosis of osteoclasts is inhibited while that of osteoblasts is promoted, the
lifespan of osteoclasts is much longer than that of osteoblasts (215, 216). This phenomenon
results in the unbalanced remodelling cycle —the inadequate bone formation cannot keep up

with the aggressive bone resorption, eventually leading to systemic loss of bone mass.

1.5.2.2 Type Il primary OP

Age-related factors that contribute to bone loss include those associated with chronic
decrease of sex hormones in both male and female, in contrast to the abrupt reduction during

menopause in female, and those associated with ageing per se.

The general mechanisms of bone loss related to hormonal deficiency have been discussed in
the previous section. Androgen also has a biological influence on bone remodelling mainly
through regulation of bone formation (217), but is less important compared to oestrogen. In
fact, BMD and fracture risk in men are predominantly associated with the circulating level of

oestradiol (from aromatisation of testosterone) rather than testosterone (216, 218).
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Ageing itself is characterised by the shortening of chromosomic telomere, mitochondrial
dysfunction, cumulation of reactive oxygen species (ROS) and excess oxidative stress, leading
to the disrupted cell proliferation, damage of macromolecules and dysregulation of
intracellular signalling pathways (219-221). Oxidative stress can lead to apoptosis of
osteoblasts and osteocytes through DNA damages as in numerous other cell types (222-226).
Also, retention of the anti-oxidative forkhead box O (FOXO) transcription factors in the
osteoblast nucleus competes for the binding of B-catenin, disrupting the canonical Wnt
signalling pathway that is important for normal osteoblast formation and activities (227).
Consequently, ageing of the skeletal system is associated with both reduced number and
compromised function of osteoblasts. In addition, apoptosis of osteocytes is accompanied by
increased production of signals (e.g., RANKL) that stimulate osteoclast differentiation and

activity (228), further worsening the imbalanced bone turnover.

Due to the fact that trabecular bone possesses a relatively large surface available for
remodelling events, bone loss at early phases before the age of 65 years, including the period
of menopause, is largely from trabecular bone(229). However, with progression of bone loss,
endocortical and intracortical surfaces are gradually exposed and enlarged, becoming the
predominant sites for remodelling (216, 230). As cortical bone accounts for larger proportion
(~80%) of total bone volume in mature skeleton, intracortical remodelling is responsible for
over 70% of bone loss after the age of 50 (44). Later phases of bone loss are therefore
associated with further thinning of individual trabeculae, trabecularisation of the inner
cortical wall, and increased intracortical porosity (44, 216, 230). This is why vertebral
fractures, which are mainly due to collapse of trabecular bone, are more common in people
<65 years of age while non-vertebral fractures, which are due to fragile cortical bone,

represent a relatively larger proportion in the older population (207, 231).

1.5.3 Signs and symptoms

Loss of bone mass by itself is symptomless, until fragility fracture happens. Fragility fractures
are defined as those caused by low-energy trauma, such as falling from the standing height
(232). They are most common at locations such as vertebrae, proximal femur, proximal

humerus, and distal radius. Fracture of limbs leads to acute pain, deformity, and immobility,
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while compressive fractures of vertebrae are often painless and are found incidentally by
radiography. Though various surgical procedures are available, fragility fractures in the elderly
are associated with serious reduction in mobility and life quality, multiorgan complications,

and excessively high mortality (181, 233-235).

1.5.4 Imaging of OP

Fracture can be diagnosed on plain or digital X-ray (Figure 1.1). Evaluation of bone quality for
clinical or research purposes is typically carried out using dual-energy X-ray absorptiometry
(DXA) due to its low radiation, cost-effectiveness and wide accessibility with good
reproducibility (236). By calibration against a standard phantom with known density of
calcium hydroxyapatite, DXA provides an in vivo measurement of bone mineral content (BMC)
and areal, two-dimensional bone mineral density (BMD) (237). Areal BMD measured by DXA
correlates with and explains about 60-70% of bone strength (238). Limitations of DXA include
that the two-dimensional measurement is greatly affected by the volumetric size of the target
bone, and that in the elderly people it is subjected to the influence of degenerative changes

such as bone spurs (239).

In contrast to DXA, quantitative computed tomography (QCT) can be used to generate
volumetric measurement of BMD. It is able to precisely define a three-dimensional region of
interest, therefore averaging out the effect of skeletal size and avoiding inclusion of unwanted
bony structures (239). It also allows investigation of cortical and trabecular bone separately,
and provides additional parameters of bone quality such as bone volume fraction and cortical
thickness (240, 241). However, the use of QCT is limited by its higher radiation and cost, more
complex acquisition and analysis procedure, and that currently there is not a standard

reference range for the evaluation of OP (238, 239).

1.5.5 Diagnosis

Occurrence of a fragility fracture by itself is adequate for the diagnosis of OP (242, 243).
However, diagnosis of OP solely based on fracture inevitably excludes people who are at risk
and who are more likely to benefit from available treatments (244). The World Health

Organisation (WHO) recommended a standardised criterion according to the measurement
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of BMD at the lumbar spine, femoral neck, or total hip area using DXA (245). The outcome
can be reported as a comparison to the standard deviation of sex-matched young healthy
population (T-score) or sex- and age-matched healthy population (Z-score). A T-score above -
1.0 indicates normal range of BMD while less than -2.5 is diagnostic of OP. Osteopenia is
indicated by a T-score lying between -1.0 and -2.5. The T-score correlates well with fracture
risk (246). The definition of OP by DXA derived BMD is widely adopted for clinical and research
purposes. However, this definition has been criticised for the difficulties in the generalisation
to non-Caucasian populations, and for not being able to incorporate other identified risk
factors for a more sensitive prediction of fractures (232, 244, 247). In 2008, WHO developed
the Fracture Risk Assessment Tool (FRAX) for the individualised estimation of 10-year
probability of fragility fractures, based on established risk factors such as low body mass index
(BMI), smoking, alcoholism, glucocorticoid use and previous fracture (247, 248). This new tool
can now be used clinically in combination with BMD measurements for a more
comprehensive evaluation of fracture risks and assist in decision-making of intervention (242,
249, 250). Serum or urinary biochemical markers of bone turnover such as CTX-I can be useful
for general assessment of response to therapies in clinical or observational studies (251). A
few studies claimed their value in predicting fractures (252). But their diagnostic value for OP

is still limited (253).

1.5.6 Treatment

The aim of therapies for OP is to reduce fracture risks by improving bone quality and
preventing falling. When fractures happen, efforts shall be made to relieve symptoms,

prevent sequelae, and preserve physical functions.

1.5.6.1 Non-pharmacological approaches

Lifestyle managements build the primary non-pharmacological care for OP (250). Reducing
smoking and alcohol intake removes adverse effects of these risk factors on bone metabolism.
Individualised exercise programmes improve muscle strength and motion balance, therefore
help reduce frequency of falls. Various exercises have also been reported to be beneficial for
the BMD of spine and hip (254, 255). A sufficient protein supply is important for the general

health of musculoskeletal system. Supplementation of calcium and Vitamin D through dietary
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or supplements are generally recommended, to maintain normal daily intake and serum

levels (256, 257).

1.5.6.2 Pharmacological approaches

Pharmaceutical therapies include those targeting bone resorption and those promoting bone
formation (188, 254). They aim to maintain and/or improve BMD and thus lower the risk of
fractures. Selection and administration of drugs depend on gender, types (causes) of OP, and
comorbidities. Before and during therapies, calcium and Vitamin D deficiencies should be

corrected and contradictions should be carefully evaluated.

1.5.6.2.1 Antiresorptive agents

Bisphosphonates are analogues of pyrophosphate. They have a high binding affinity for bone
minerals and can be endocytosed by osteoclasts during the remodelling cycle. They disrupt
intracellular signalling of osteoclasts by interfering with the GTPases’ functions, resulting in
decreased resorptive capabilities (258). Bisphosphonates can be administered either orally or
intravenously. There are four subtypes of Bisphosphonates that are currently prescribed:
alendronate, risedronate, zolendronic acid and ibandronate. The former three have been
proven effective for reducing fracture risks in vertebrae, hip and non-vertebral sites, while

ibandronate is not yet fully determined for hip and non-vertebral fractures (250).

Denosumab is a monoclonal antibody to RANKL. Through competitive binding to RANKL,
denosumab imitates the actions of OPG and reduces RANK-RANKL interactions leading to
reduced osteoclast differentiation and activation and increased apoptosis (259). In contrast
to bisphosphonates, denosumab efficiently lowers the number of osteoclasts (260).
Subcutaneous administration of denosumab is capable of decreasing vertebral, non-vertebral

and hip fracture incidence in postmenopausal women (261).

Raloxifene is a selective oestrogen receptor modulator (SERM) that is used for
postmenopausal OP in women, to counteract the plunged oestrogen level and inhibit bone
resorption. It has been shown to reduce vertebral fracture risk but not for hip and non-

vertebral fractures (262). Hormone replacement therapies (HRT) utilising various
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formulations of oestrogen to target the reduced hormone level are also available. However,

usage of them is restricted due to risks of tumour and cardiovascular side effects (263, 264).

When classic antiresorptive options have been exhausted or excluded due to, for example,
contradictions, some surrogates such as calcitonin (265) and strontium ranelate (266, 267)
are available but are not recommended as first-line candidates (242, 243, 253). It is worth
noting that strontium ranelate may have dual effects on bone metabolism — promoting bone
formation and inhibiting resorption simultaneously, though the exact mechanism is not fully

understood (268, 269).

1.5.6.2.2 Anabolic agents

Parathyroid hormone (PTH) regulates bone remodelling as one of its mechanisms to maintain
systemic calcium homeostasis. Continuously elevated serum PTH promotes catabolic bone
activities while intermittently administered PTH exerts anabolic effects (270). The anabolic
effects of intermittent PTH can be attributed to the modulation of Wnt signalling pathways
leading to stimulated proliferation of osteoblast precursors and/or inhibited osteoblast
apoptosis (271). Intermittent subcutaneous injection of teriparatide, a recombinant human
PTH1-34, has been shown to lower the incidence of vertebral and non-vertebral fractures

(272).

1.6 OSTEOARTHRITIS

1.6.1 Epidemiology and risk factors

Prevalence and incidence of OA reported in the literature depend on the joint studied (hip,
knee, hand, etc), population selected (country origin, ethnicity, age, gender, etc), and the
definition of OA adopted (symptomatic, radiologic, etc) (273-275). About 1 in 5 adults over 45
years age have knee OA and around 1 in 9 have hip OA in England according to Versus Arthritis
(https://www.versusarthritis.org/public-health-bulletins/osteoarthritis/). Approximately 10-
12% of the adult Americans have symptomatic OA (276), while radiologic OA has been

reported in ~¥60%, 33% and 5% of adults over 65 years of age in north America and Europe for
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hand, knee, and hip, respectively (277). OA imposes a huge burden on the affected individuals
and on the society and economy. OA is one of the leading causes of disability accounting for
3.9% of years lived with disability worldwide in 2015 (278). In high-income countries the cost

of medical care for OA has been reported to represent 1-2.5% of gross domestic product (276).

Age and gender are well-known systemic risk factors for OA. Prevalence and incidence of
symptomatic OA increase by more than 10 folds from 30 to over 80 years of age (279, 280).
The effects of age on OA development are attributable to alternations at systemic, organ,
tissue and cellular levels, which include, but are not limited to, lifestyle changes, muscle and
ligament weakness, ECM degeneration and cell senescence (274, 281, 282). With the increase
in the ageing population and expected lifespan, the world is likely to witness a further growth
of OA prevalence and incidence. Females are not only more prone to the development of OA,
but are also associated with greater severity of the disease (283, 284). The gender related
disparities are likely to be due to the hormonal differences and variations as the incidence of
OA in females are significantly increased at the time of menopause (275, 284-286). OA is also
associated with ethnic and genetic factors (285, 287, 288). For example, The Beijing
Osteoarthritis Study (289) reported that the Chinese elderly has a significantly lower
prevalence of hip OA than the American whites; knee OA in African-American females is more
prevalent than in white females (290). A few independent susceptibility genetic loci have been

suggested to be related to hand, hip, or knee OA (291-294).

OA is also associated with a number of risk factors that are related to joint biomechanics
including joint trauma, joint malalignment, joint shape, occupation, physical activities, and
obesity (280). For example, people with previous anterior cruciate ligament injury or meniscal
tears have a risk of OA 2.5 times higher than those without such history (295); varus or valgus
alignment of knee is correlated with OA progression on the medial or lateral tibial plateau,
respectively (296, 297). All these factors can contribute to the development of OA by altering
the pattern and magnitude of mechanical stress imposed on cartilage and bone (298-300),
thereby interrupting normal remodelling mechanism of these tissues. They may also be
related to OA through mechanisms that are irrelevant to joint biomechanics, such as the
inflammation induced by adipokines in obesity (301-305) or by hemarthrosis in acute intra-

articular injury (306-308).
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1.6.2 Pathophysiology

Historically, OA was considered a disease of synovial joint affecting cartilage, subchondral
bone and synovium. But recent evidence also suggest a role for systemic factors such as
inflammation and metabolic syndrome in the pathophysiology of OA. Based on the initiating
factors OA can be stratified into primary and secondary subtypes. Secondary OA is
attributable to a specific triggering event or disease such as joint trauma (e.g., meniscus or
ligament injury, intra-articular fracture), anatomical abnormalities (e.g., congenital dysplasia,
malalignment, unequal leg length), inflammatory arthropathy and metabolic syndromes (309).
Primary OA, in contrast, is mainly affected by intrinsic factors such as genetic predisposal,
hormonal deficiencies, and ageing (285). All these contributing factors of OA, through various
pathways, may converge and end up with common similar pathological processes affecting
all components of a joint as a whole (278, 310-313). Of these processes, cartilage degradation,
subchondral bone remodelling, and low-grade synovial inflammation are considered the

hallmarks of OA.

1.6.2.1 Cartilage in OA

Cartilage is capable of remodelling itself through chondrocytes mediated degradation and
synthesis of matrix macromolecules. However, unlike bone, this process in adult cartilage is
extremely slow; complete turnover of proteoglycans and collagen takes decades or more in
normal conditions (150, 314). The remodelling is under the delicate regulation by growth
factors such as TGF-f3, bone morphogenic proteins (BMPs), and insulin-like growth factors (IGF)
(117). In the development of OA, however, the homeostasis is disrupted and cartilage
turnover is accelerated. Both synthetic and proteolytic activities are elevated (315, 316), with

the latter overweighing the former (150).

Depletion of proteoglycans, indicated by reduced cationic staining in the superficial zone of
cartilage, is one of the earliest event in OA cartilage degradation (317). This is accompanied
by also the dissociation of collagen network and subsequently an initial swelling and
thickening of cartilage (113). It is not certain yet whether proteoglycan or collagen is the first
to be affected in OA, but some researchers suggested that collagen breaks down only after

proteoglycans are lost, indicating a protective role of proteoglycans (318-320). Progressive
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loss of aggrecan and collagen leads to fibrillation of cartilage beginning at the articular
surfaces, followed by thinning of cartilage with loss of matrix and development of fissures
into middle and deep zones. Along with these changes there is also the re-initiation of
chondrocyte proliferation symbolised by cell cluster formation, which, together with focally
increased synthetic activities, may reflect an early attempt to repair (321, 322). However, with
disease development eventually full-thickness cartilage will be lost and subchondral bone will

be exposed (323).

Proteolytic degradation of aggrecan and collagen are mediated by aggrecanases and
collagenases which belong to two subfamilies of metalloproteinases, namely matrix
metalloproteinases (MMPs) and a disintegrin and metalloproteinase with thrombospondin
motifs (ADAMTS) (318). Fibrillar collagens are fairly stable — their degradation can only be
initiated by collagenases including MMP1, 8, 13 and 14 (318). Cleavage of intact Col Il by
collagenases is located at the Gly794-Leu795 site of a chains, producing two fragments that
are 1/4 and 3/4 of molecular length (117, 118, 324). These fragments then disassemble from
their triple helix structure (denature) spontaneously at physiological temperature and are
subjected to further enzymatic degradation by gelatinases (MMP2 and MMP9) and other
proteinases (118, 325). A few ADAMTS family members, including ADAMTS], 4, 5, 8, 9, and
15, are capable of degrading aggrecan in vitro and are named ‘aggecanases’ (318, 326). They
cut the aggrecan core protein at the Glu373- Ala374 site within the IGD and four other sites
between the G2 and G3 domains (Figure 1.7) (327, 328). These processes cause the
detachment of GAG-rich regions and their subsequent loss from cartilage matrix. Numerous
studies have identified altered expression profile of the above enzymes in OA in both humans
and animal models, implicating their distinct roles in the unbalanced cartilage metabolism

(329-337).

The shift of cartilage metabolism can be a result of multiple conditions including unfavorable
mechanical stress, local or systemic inflammation, and senescence of chondrocytes and

matrix macromolecules.

Metabolic response of chondrocytes to the biomechanical environment depends on the
pattern and magnitude of strain. Physiological and dynamic loading of cartilage enhances

anabolic activities of chondrocytes and inhibit catabolism and inflammation (338-340).
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However, in the context of acute or chronic injurious loading, such as those seen in joint
trauma and deformities, a series of hazardous consequences can be observed. They include
direct damage to chondrocytes leading to apoptosis or necrosis, and activation of catabolic
and proinflammatory pathways with increased expression of proteinases, cytokines and other
inflammatory mediators (131, 150, 341). These outcomes are mediated by the interactions
between chondrocytes and the PCM. As discussed in Section 1.3.3.2, PCM serves as a
reservoir for various biological signals and is responsible for mechano-transduction due to its
unique biochemical composition and biomechanical properties. Chondrocytes, through its
surface mechano-sensitive primary cilia (342) and receptors (e.g., integrins (343) and the
transient receptor potential cation channel subfamily V. member 4 (TRPV4) (145)), transform
extracellular stimuli into intracellular signals and promote the production of catabolic factors.
It is worth noting that the alternations in chondrocyte metabolism upon injurious loading
persist even when the loading is set back to normal, indicating a sustained phenotype change

of chondrocytes (113, 131).

One of the catabolic factors released in response to abnormal mechanical stress is the serine
proteinase high temperature requirement Al (HTRA1) (343-346). Elevated expression of
HTRA1 has been identified in human OA cartilage and in animal OA models induced by joint
destabilisation (346-348). Substrates of HTRA1 include those highly expressed in the PCM,
such as decorin, fibronectin and Col VI (318). Disruption of PCM is an early event in OA and
leads to exposure of chondrocyte surface receptors (e.g., integrins (343), syndecans (349),
discoindin domain receptor 2 (DDR2) (350)) to their ligands. These are components and
degradation products of territorial and inter-territorial matrix which are not accessible in
normal conditions. Activation of these receptors further enhances the production of
cytokines, aggrecanases and collagenases, forming a positive feedback loop leading to

progressive degradation of cartilage (310, 351).

Chondrocytes are both sources and targets of many cytokines, the level of which are elevated
in OA cartilage, synovium, and synovial fluid (310, 332, 352-354). Of these cytokines, IL-1B
and TNF-a are probably the most extensively studied. They are expressed by both
chondrocytes and synoviocytes. They can stimulate the expression of themselves and other

cytokines and inflammatory mediators such as IL-6, -17, -18, oncostatin M, chemokines, nitric
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oxide and prostaglandin E2 (PGE2) in an autocrine and paracrine manner (150, 301, 313, 355-
357). Many of these factors function in a synergistic way to promote catabolic activities of
chondrocytes and induce production of various proteinases including MMPs and ADAMTS,
leading to degradation of cartilage matrix (313, 351). The degradation products may act back
on cell surface receptors as mentioned in the previous paragraph. They may also activate
innate immune mechanisms involving the complement pathways, toll-like receptors, and
receptor for advanced glycation end-products (RAGE) (301, 358, 359), further amplifying local
inflammation and matrix catabolism. All the above processes reflect the existence and
importance of an inflammatory environment in the pathogenesis and progression of OA (360).
Indeed, synovitis, represented by mononuclear cell infiltration and joint effusion, is
detectable by magnetic resonance imaging (MRI), ultrasound, arthroscopy and histology in up
to 75%-90% of OA patients at both early and late stages (320, 351, 359, 361). Though at a
lower grade compared to rheumatoid arthritis, presence of synovitis in OA is associated with

more severe symptoms and tissue destruction (301).

Ageing is one of the major risk factors for OA but the exact link between ageing and OA is to
be elucidated. Unlike other cell types, mature chondrocytes exhibit limited mitotic activities
so their senescence is largely due to extrinsic stress rather than intrinsic mechanisms (i.e.,
shortening of chromosomic telomeres as a result of repeated replication) (362). With
advancing age, chondrocytes are subjected to the effects of chronic low grade systemic
inflammatory stress (termed as ‘inflammaging’) in addition to local inflammation discussed
above (281, 363). Inflammaging is characterized by abrupted adaptive and innate immunity,
impaired autophagy, cumulation of inflammasomes, metabolic syndromes and excessive
oxidative stress (281, 364). These conditions, together with repeated mechanical loading and
injuries, potentiate the senescence of chondrocytes (362, 363). Senescent chondrocytes are
associated with increased apoptosis, dampened metabolic capacities, as well as reduced
sensitivity to biochemical (i.e., growth factors) and mechanical stimuli (362, 365). They also
develop a hypertrophic phenotype characterized by abnormal secretome (senescence
associated secretory phenotype (SASP)) with greater production of pro-inflammatory
cytokines and degradative proteinases (364, 366). In the meantime, cartilage matrix also
exhibits age-related degenerations over time, including reduced water content, accumulation

of advanced glycation end products (AGEs), decreased size and integrity of aggrecan
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aggregates, and increased crosslinking of collagen fibers (364). These changes compromise
the mechanical properties of cartilage, further contributing to the degradative status of

chondrocytes.

It should be noted that the above-mentioned mechanisms (ageing, mechanical stress,
inflammation) of cartilage degradation in OA are not independent from each other but are
intrinsically linked. However, for now there is not a consensus on a sequential or causative
relationship between them (150). It is likely that one or more mechanism(s) are more
important than others in a specific type of OA but once initiated, all other mechanisms will be
involved to form a vicious feedback loop amplifying the effects and eventually leading to the

disease.

1.6.2.2 Subchondral bone in OA

Although cartilage degradation has been the focus of OA research since the beginning and
was believed to be the primary pathological alternation in OA (367), increasingly more
evidence point to a critical role of subchondral bone. Subchondral bone sclerosis,
characterised by increased radio-opacity on X-ray, is an established feature of OA (368, 369).
Initially, Radin and colleagues suggested that thickened and therefore stiffened subchondral
bone with less shock-absorbing capability increases the mechanical stress borne by cartilage
and is responsible for its degradation (370, 371). This view has been supported by human
radiographic studies showing that subchondral sclerosis occurs months before and predicts
the thinning of cartilage represented by joint space narrowing (368, 372-374). It is also
supported by animal models showing that thickened subchondral plate is present when
histopathological cartilage changes are not obvious yet (375-379). However, the situation is

not that simple and several aspects of Radin’s hypothesis has been challenged.

First, human ex vivo studies combining structural and mechanical examinations showed that
subchondral trabecular bone in early OA, characterised by cartilage with macroscopically
identifiable fibrillation, was actually less stiff than normal at the apparent level despite its
sclerotic structure (denser, thicker, and more plate-like trabeculae) (380, 381). This was
attributable to a significant decrease (up to 60%) in the elastic modulus of bone at the tissue

material level, which the authors speculated was a result of compromised mineralisation.
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Second, human in vivo studies showed that radiographic early OA of the knee (K-L grade <2)
is associated with a reduction rather than an increase in subchondral and/or subarticular bone
density (382, 383). This is consistent with the findings that an increase in joint bone
remodelling measured by scintigraphy precedes and predicts the progression of
radiographically detectable structural changes in both subchondral bone and cartilage (384-
386). These observations are also in line with the increase in urinary biomarkers of bone
resorption in progressive OA patients (387). Furthermore, family members bearing a
mutation leading to high bone mass did not develop OA, indicating that the process of
subchondral bone remodelling may be more important than subchondral sclerosis itself in

causing joint deterioration (161, 388).

Third, recent studies of different animal models challenged Radin’s theory. Thinning of
subchondral plate and/or trabecular bone is generally observed at early stage after OA
induction. Cartilage groove and anterior cruciate ligament transection (ACLT) induced canine
OA models both showed increased subchondral bone remodelling, which was accompanied
by cartilage degeneration and thinning of subchondral plate and/or trabecular bone in the
first 20 weeks (389-391). This was followed by sclerotic subchondral changes much later at 54
months when full-thickness cartilage erosion developed (392, 393). Similar findings have also
been reported in other animal models (377, 394-404). In some of these models, blocking the
elevated early bone remodelling following OA induction has shown a chondro-protective
effect (396, 405). Moreover, it seems that the rate of subchondral bone remodelling, i.e., the
speed of subchondral thickening, is more important than the thickness itself in OA
pathogenesis. This is supported by a comparison of two spontaneous OA models. The guinea
pig strain with thicker subchondral plate at the beginning but smaller increase in plate
thickness displayed less cartilage damage compared to the strain with thinner plate but
greater increase in thickness (406). In addition, increased bone resorption and deterioration
of subchondral bone architecture induced by oestrogen depletion not only lead to the
development of OA (407-411), but also aggravate the severity of OA in models created by
other methods such as meniscectomy (411-414). These effects of oestrogen depletion can be
counteracted by anti-resorptive treatments (407, 409, 415-417). Lastly, a manually stiffened
subchondral bone in sheep joint did not trigger development of OA in a period of 5 years (161,

418), suggesting, again, that subchondral sclerosis alone is not necessarily leading to OA.
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Altogether, the role subchondral bone plays in OA is rather complicated and cannot be simply
explained by subchondral sclerosis and stiffening. Based on the above and other evidence,
currently, an emerging theory is that the increased subchondral bone remodelling in OA may
be a biphasic process toward resorption at early stage and formation at late stage (161, 167,
419, 420). This is supported by the identification of two phenotypes of osteoblasts in OA.
Massicotte et al reported that osteoblasts collected from subchondral bone of OA knees can
be classified into two subgroups differentiated by the production of PGE2 and IL-6 (421). The
study for the first time introduced the concepts of low and high osteoblasts, corresponding
to the expression level of the two specific cytokines. Interestingly, the same research group
later reported that low osteoblasts are characterised by significantly higher level of RANKL
expression and markedly reduced OPG/RANKL ratio compared to normal and high osteoblasts
(55, 422, 423). Expectedly, low osteoblasts exhibited greater capability of inducing
osteoclastogenesis and are therefore suggested to promote bone resorption in contrast to
high osteoblasts which seem to favour bone formation (422). The authors assumed that the
different osteoblast phenotypes are responsible for the stagewise differences in subchondral

bone remodelling in OA (422, 424).

Questions remain, however, about the initiating factor(s) for the abnormal remodelling.
Candidate suspects include the alternations in the biomechanical loading caused by, for
example, joint injuries, and the cumulation of microcracks in the subchondral region which
are associated osteocyte apoptosis, release of remodelling signals (e.g., RANKL) and

subsequent targeted repair (113, 310, 425).

The morphological/microarchitectural changes (thickness, volume, etc) are only one aspect
of subchondral bone remodelling in OA. Another feature exists with bone tissue
mineralisation and composition. Hip and knee subchondral bone specimens collected from
end-stage OA patients showed decreased mineralisation and calcium to collagen ratio at
tissue level, as measured by a variety of techniques (426-430). This is reflected by a reduced
bone stiffness also at tissue level (431). The decreased mineralisation is likely to be caused by
rapid bone remodelling that leaves insufficient time for the secondary mineralisation of newly

synthesised osteoid (432), compromised biochemistry of Col | (increased hydroxylation,
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presence of homotrimers) (433-436), and a phenotype change of osteoblasts with

compromised ability to deposit minerals (421, 435, 437-439).

Subchondral bone remodelling in OA is also associated with presence of pathological features
including subchondral bone attrition (SBA), bone marrow lesions (BML) and cysts. SBA
describes depression or flattening of the contour of subchondral surface. It can be observed
by MRI at early stage of OA and reflects an altered pattern of mechanical loading (440-442).
Appearance of SBA is associated with knee pain (440) and is able to predict later focal changes
in the overlying cartilage (162). BML is also associated with joint pain and a number of OA
characteristics including joint pain, loss of cartilage, SBA, subchondral sclerosis and cysts (443-
454). It is represented by abnormal hyperintensity on T2-weighted or proton density-
weighted MRI images (167, 443). Histological studies suggested that BMLs are likely to be a
result of microdamage and the attempt to repair in the region (113, 446, 455). Bone cysts,
shown as rounded fluid phase on MRI (456, 457) or focal radiolucency on X-ray (458), seem
to develop within the pre-existing BMLs (449, 456). They are more common at advanced stage
of OA when the overlying cartilage is severely damaged or depleted and are a good predictor

of the need for joint arthroplasty (451, 458, 459).

1.6.2.3 Subchondral bone — cartilage crosstalk in OA

The disrupted interactions between articular cartilage and subchondral bone are among the
key factors in the development of OA (Figure 1.9). From a biomechanical aspect (Figure 1.9A),
deleterious tissue remodelling of cartilage, as a result of the ageing process or acute or
cumulated joint injuries, will compromise its mechanical properties and impact the
distribution of load to subchondral bone, increasing stress and initiating adaptive structural
modifications in the latter. On the other hand, abnormal remodelling and alternations in the
contour, architecture and mineralization of subchondral bone will increase the stress borne

by cartilage and contribute to its degradation.

From a biological aspect, cellular and molecular communications between subchondral bone
and cartilage through the osteochondral interface via microcracks and vascular channels
increase in OA (Figure 1.9B, C). A characteristic of inflamed and hypertrophic chondrocytes is

the production of factors that promote chemotaxis and differentiation of the precursors of

41



osteoclasts and endothelial cells, such as vascular endothelial growth factor (VEGF), IL1-B,
TNF-a and RANKL (460, 461). Local resorption of subchondral plate and calcified cartilage by
osteoclasts undermines the integrity of the osteochondral junction and creates channels
connecting the marrow space and deep layers of articular cartilage (Figure 1.9B). These
channels and adjacent marrow spaces are subsequently infiltrated by mesenchymal tissues
expressing VEGF, nerve growth factor (NGF) and platelet derived growth factor (PDGF) which
are then vascularised through angiogenesis (460, 462). The newly formed blood vessels
function as a ‘highway’ that further facilitates the bi-directional transport of molecules
between cartilage and subchondral regions (Figure 1.9C). Except for the factors mentioned
above that originate from cartilage and act on bone cells, various molecules such as TGF-§,
IGF-1 and hepatocyte growth factors (HGF) are derived from subchondral bone and can travel
to cartilage and regulate the metabolic activities of chondrocytes (461, 463). In the meantime,
the vascular invasion into calcified cartilage is associated with new bone formation and
advancement of tidemark, contributing to the thinning of articular cartilage and thickening of
subchondral plate (113, 460). The above processes seem to recapitulate the features of
endochondral ossification which is seen during skeletal development. In addition, vascular
channels penetrating the osteochondral junction are often innervated by sensory and
sympathetic nerves which are suspected to be responsible for the generation of joint pain in

OA (462, 464).
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Figure 1.9. Crosstalk between cartilage and subchondral bone in OA. (A) Biomechanical crosstalk between articular cartilage and subchondral
bone: the changes in mechanical properties of either tissue will affect the load transmission to the other, which is perceived by cells in each
tissue to initiate adaptive remodelling. (B) Local resorption of subchondral plate and calcified cartilage by osteoclasts: progenitors of
osteoclasts are attracted by inflammatory factors and differentiate into mature osteoclasts, which then create channels connecting the
marrow space and deep layers of articular cartilage through bone resorption. (C) Vascular invasion at the osteochondral unit: the channels
created by osteoclasts are subsequently infiltrated by mesenchymal tissues expressing VEGF, NGF and PDGF which are then vascularised
through angiogenesis. The newly formed blood vessels function as a ‘highway’ that further facilitates the transport of molecules between
cartilage and subchondral bone. Figure is adapted from (461) with modifications.
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1.6.3 Signs and symptoms

Joint pain is the most predominant symptom of OA and the leading cause for patients’
presentation at clinics (465). Pain often becomes worse when the joint is moved or in weight-
bearing, and is relieved after the joint rests. There is also stiffness of the affected joint. It is
most apparent in the morning but usually lasts for a shorter period of time (less than half an
hour) (466). Physical examination of the affected joint may display tenderness, pain and
crepitus along with restricted range of joint motion. Severity of these symptoms can be
evaluated using a number of validated measures including the Western Ontario and
McMaster Universities OA index (WOMAC) (467). Joint deformities and bony enlargement
may develop, for example, valgus or varus malalignment of knees, and Heberden’s or
Bouchard’s nodes on the fingers. Another feature of OA is the asymmetry — the occurrence
or severity of OA in one joint is not necessarily matched by the contralateral joint (466). In
addition, OA often presents as a mono-arthritis in contrast to the polyarthritis such as RA.

Eventually OA will lead to disability with loss of joint function and reduced daily activity.

1.6.4 Imaging of OA

Plain X-ray or digital X-ray is the most widely used imaging tool to identify structural changes
in the suspected joint and is currently the gold standard for diagnosis of OA (468). Typical
radiographic signs include joint space narrowing (JSN) due to thinning of articular cartilage,
formation of osteophytes at the joint margin, and sclerosis of subchondral bone (Figure 1.1D).
These changes can be qualitatively evaluated using systems such as the classic Kellgren and
Lawrence (K-L) grading (469). The K-L grade ranges from 0 to 4 to indicate increasing severity
of OA from normal (no radiographic features of OA) to end-stage (marked JSN, large
osteophytes, severe subchondral bone sclerosis and apparent bony deformity) on an
anteroposterior weight bearing X-ray (470). A K-L grade >2 (presence of osteophytes possible

JSN) is typically required for radiographic diagnosis of OA (471, 472).

Though not routinely used for clinical diagnosis of OA, MRI has the advantage that it allows
three-dimensional assessment of all joint components in greater details, which is especially
relevant in detection of early OA (473). MRI is more sensitive in terms of cartilage morphology

as cartilage volume and localized cartilage damage can be measured (474). Enhanced MRI
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scanning with more advanced techniques can also be used to detect changes in the
biochemical composition of cartilage (GAG depletion, collagen orientation, water content),
which are present at very early stage of OA (474, 475). In addition, features that cannot be
detected with traditional radiography, such as meniscal and ligamental degeneration and
injury, synovitis, SBA and BMLs, can be visualized by MRI (470). These advantages, plus the
non-radiological nature, make MRI a good candidate for the research of OA progression and

treatment efficacy (473).

1.6.5 Diagnosis

Various guidelines have been produced by clinical societies for diagnosis of OA in different
joints (471, 476-478). In general, diagnosis is based on patient-reported symptoms, physical
examinations, and radiographic inspections. It is worth mentioning that people who
demonstrate radiographic joint changes (radiographic OA) may be asymptomatic (274), while
those who meet both radiographic and clinical criteria are often classified as symptomatic OA
(273). Another key element of these diagnostic guidelines is the differential diagnosis
between OA and other diseases such as joint infection, rheumatoid arthritis, avascular
necrosis, and gout. In this regard, in addition to a detailed acquirement of medical history,
blood tests for biomarkers such as uric acid, rheumatoid factor, erythrocyte sedimentation
rate, and C-reactive protein may be needed to exclude other joint diseases like rheumatoid
arthritis and gout. A number of OA specific diagnostic biochemical markers (C-terminal
telopeptide of Col Il (CTX-11), for example) are currently under investigation, but to date none

of them have been proven to be clinically useful (479, 480).

1.6.6 Treatment

A number of clinical and research committees have been updating their recommendations
for the treatment of OA every few years (481-490). However, both pharmacological and non-
pharmacological approaches are still palliative, restricted to symptom relief and functional
preservation. Many of these therapeutic approaches have been controversial and
inconsistent between guidelines as conflicting results were generated due to varying size and
quality of clinical trials. No disease modifying OA drugs are available to halt structural damage,

slow down, or reverse the progression of OA.
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1.6.6.1 Non-pharmacological approaches

Weight management, and land-based (e.g., Tai Chi, Yoga) or aquatic exercises help relieve
joint load and restore joint stability. Many studies have provided evidence for their
effectiveness on reducing pain and improving joint function (491-494). They are therefore
recommended as key treatment by most guidelines for non-pharmacological management of
OA (486, 495). Patient education is another basic strategy in most cases (496). In addition,
biomechanical protections (knee braces or sleeves, foot orthoses), walking aids (canes or
crutches), psychosocial intervention and physical therapies (acupuncture, thermal therapy,
electrotherapy, ultrasound) can be conditionally exploited (485, 486). Selection of these

approaches need be tailored to individuals and the specific joint affected (481).

At end-stage of OA with severely deteriorated joint structure and function, and when
symptomatic improvement is far from being satisfactory from treatments, joint replacement
is the nly solution to restore life quality (497, 498). Despite varied magnitude of benefit (499,
500) and risks of revisions (501, 502) and complications (503-505), total knee arthroplasty
(TKA) and total hip arthroplasty (THA) are recommended as more ‘cost-effective’ for late OA

by the Osteoarthritis Research Society International (OARSI) (483).

1.6.6.2 Pharmacological approaches

Non-steroidal anti-inflammatory drugs (NSAIDs), either oral or topical, is considered the top-
ranked choice for the control of pain in OA due to a favourable trade-off between efficacy
and cardiovascular and gastrointestinal side effects (278, 485). Paracetamol has also been
widely used for pain relief in OA, but is no longer recommended by the most recent OARSI
guideline (485). The use of other pain killers such as topical capsaicin, duloxetine and opioids
has been complicated and controversial over the recent years in various guidelines due to
inconsistent data. Intra-articular injection of corticosteroids and hyaluronan may provide
short- to mid-term pain relief and are only conditionally recommended (486). Important
components of cartilage ECM, chondroitin and glucosamine, prepared either at
pharmaceutical or dietary grade, are widely perceived by patients as efficacious. However,
they are now recommended against in most conditions due to inconsistent results and

potential investigator bias (481, 486, 506-508). Again, selection of pharmaceutical
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approaches need to be individualised according to patient expectations, comorbidities,

severity and location of OA (487).

1.6.6.3 Disease modifying OA drugs

Disease modifying OA drugs (DMOADs) are a special group of OA drugs that are expected to
directly target the mechanisms and/or processes in OA pathogenesis, i.e., cartilage
degradation, subchondral bone remodelling, and inflammation (509-512). The US Food and
Drug Administration and the European Medicine Agency demand that DMOADs should be
able to provide both joint structural modifications and symptom improvement (513).
However, of the many potential DMOADs under investigation (e.g., MMP or aggrecanase
inhibitors, anti-bone resorption drugs, and cytokine antagonists), none has been approved by
the regulatory committees for routine OA treatment. Review of different types of DMOADs

can be found in (509, 513, 514)

Development of DMOAD:s is challenged by several issues. First, there is no consensus on what
measures progression of OA and what marks the response to treatments. Biomarkers
(biochemical, radiographical, and clinical) currently used as clinical end-point lack of
specificity and/or sensitivity (513, 515, 516). Second, for clinical trials, the sampling criteria
usually generates a group of subjects in which OA is already at its advanced stage, when
treatments may be too late for effective intervention (511). Thirdly, preclinical models of OA
do not closely reflect the characteristics of the human disease, imposing difficulties on

translational research (517).

1.7 RELATIONSHIP BETWEEN OSTEOPOROSIS AND OSTEOARTHRITIS

1.7.1 An inverse relationship

OP and OA are historically thought to be inversely correlated as these two diseases rarely
coexist in the same patients (518-521). It was reported by surgeons decades ago that femoral

heads resected from fractured hips often had no obvious cartilage degradation while those
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taken from OA hips seemed to have well preserved bone (519, 521-524). More importantly,
numerous cross-sectional and longitudinal studies have shown that, in general, incidence
and/or progression of OA in the hand, hip, and/or knee are associated with higher systemic
BMD (518, 525-532). For example, the MOST study showed that higher BMD of femoral neck
measured at baseline is related to an increased risk of knee OA incidence and JSN in a 30
months’ follow-up study (531). In the Chingford study, patients with OA of the hand, spine,
and/or knee had a significantly higher BMD at the spine and/or hip (518). In contrast, OP
defined by BMD at the lumbar spine or the occurrence of a vertebral osteoporotic fracture is
associated with significantly lower risk of OA and/or its progression (533, 534). Some
researchers therefore suggested that OA protects against the development of OP and fragility

fracture (522, 535-537).

Interpretation of the above clinical or population-based research needs careful
considerations. The joint of interest (interphalangeal joints, hip, knee, spine, etc), the site of
BMD measurement (spine, hip, distal arm, etc), the definition of OA and its progression
(osteophyte, JSN, K-L grade, etc), the reference population, the subtype and stage of disease,
the timeframe and endpoint of study would all likely to influence the findings of these studies
(519, 538-540). Also, a technical limitation is that the accuracy of measurement of BMD in
patients/joints with OA may be compromised by the presence of sclerosis and osteophytes
(541). Furthermore, conflicting results have been reported — the higher systemic BMD in
patients with knee or hip OA seemed unable to prevent fractures and sometimes even
increase the risk of fracture at various skeletal sites (542-545). The postural instability, muscle
biomechanics, and the associated risk of falls have been proposed to be responsible for these

observations (541).

1.7.2 A possible connection

As discussed in Section 1.6.2.2, both human and numerous animal studies have revealed a
phenomenon that at early stages of OA there is increased subchondral remodelling toward
bone resorption. In addition, accelerated loss of subchondral bone induced by oestrogen
depletion led to the development of OA (407-411), and pre-existing OP aggravated the

severity of OA surgically induced in animal models (411-414). These data suggest that there
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is a possible overlap between the pathophysiology of the two diseases (419), despite the
circumstantial results generated from clinical and populational studies mentioned above. This
overlap, in addition to the intimate crosstalk between subchondral bone and cartilage in both
physiological and pathological conditions, provides the rationale for the use of anti-OP drugs
as DMOADs with the expectation that they can retard the development of OA through

modulation of subchondral bone remodelling.

In many animal OA models, including those induced by surgeries, oestrogen deficiency, and
monosodium iodoacetate, common anti-OP therapies, such as bisphosphonates (396, 405,
546-552), calcitonin (416, 553-556), PTH (415, 557, 558), oestrogen replacement (407, 559),
and strontium ranelate (560, 561), have been shown to reduce subchondral bone pathology
and protect against cartilage degradation and/or OA symptoms. However, the mechanisms
underlying the beneficial effects are sometimes unclear. Some of these reagents, such as
hormones, strontium ranelate and calcitonin may have dual effects on both chondrocytes and
bone cells (419, 561-563). Results generated from clinical trials have been controversial and
currently there is no solid evidence of efficacy of these drugs for OA (for reviews, refer to (419,
463, 514, 562, 564, 565)). Currently, there is no bone-targeting DMOAD that has been
approved by any regulatory committees. The timing of the most effective interference and
the selection of a subgroup of patients that are most likely to benefit from these treatments

may be the bottleneck of future studies and trials (419, 424, 562, 564).

1.8 HYPOTHESIS AND AIMS

Articular cartilage and subchondral bone are specialised tissues that function as one
complementary unit in maintaining joint physiology. In OA, marked pathological alternations
have been observed in both of these tissues and they may form a vicious feedback loop,
promoting the development of OA in a synergistic manner (161). As reviewed above in this
chapter, for subchondral bone, increased remodelling seems to be a biphasic process toward
resorption at early but formation at late stage of OA development. This phenomenon has
promoted the idea that anti-OP drugs, which either inhibit bone resorption or improve bone

formation, may have the potential as DMOADs able to halt the disease progression at early
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stage. However, results generated from pre-clinical and clinical trials revealed a lack of

understanding of the overlap between the pathophysiology of OP and OA.

Study of the overlap must be built on a comprehensive knowledge of the differences and/or
similarities in bone and cartilage between OP and OA. This is a complex topic and a number
of considerations need to be taken. First, both OP and OA are skeletal conditions associated
with systemic factors (ageing, hormonal changes, metabolic syndrome, inflammation, etc) but
OP is reflected by systemic bone loss while OA is mainly represented by changes in the
articular joints (subchondral bone, cartilage, synovium, etc) (368, 384, 424). Previous studies
contrasting OP and OA most of the time focused on macroscopic features of vertebrae and
proximal femur using clinical imaging, while those looking at microscopic features of bone in
OP and OA were often separate studies focused on vertebrae/ilium/femoral neck and
subchondral bone, respectively. Data for a direct comparison of microscopic features at the
comparable relevant site, i.e., subchondral bone, are more appropriate and may help better
understand the relationship between the two diseases and provide insights into the

pathological process of OA.

Second, bone and cartilage must be studied concurrently due to the close interactions
between them under both physiological and pathological conditions. Subchondral bone
properties in OA joint are heterogeneously distributed in relation to the local status of
cartilage degeneration (420, 426, 566-572). Such spatial variation should be accounted for as
it provides an acceptable reference for the evaluation of temporal/stagewise changes in OA,
especially when longitudinal samples are not available (329, 420, 426, 450, 568). Third, the
investigation should involve all aspects of tissue properties and the associations between
them, including but not limited to, matrix composition, cellular biology, microarchitecture,
and biomechanics of both cartilage and bone. Moreover, whenever applicable, differentiation
should be made between subareas, i.e., subchondral plate and trabecular bone, and zones
and territories of cartilage, as they are biologically and mechanically distinct and may respond

differently in the disease process (160, 161).

A study of subchondral bone and cartilage in human hip OP and OA covering the above-
mentioned criteria was the aim of this PhD project. The overall hypothesis is that a

comprehensive investigation of subchondral bone microarchitecture and mineralisation and
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cartilage degeneration in OP and OA, based on an optimised sampling procedure and
stagewise comparisons, will provide important new information regarding the commonalities
and differences between the two diseases and help better understand the pathological

process of OA.

Specifically, the objectives of this PhD project were to:

1. Develop and validate a standardised osteochondral sample collection and evaluation
procedure that accurately reflects the regional differences in the stage of cartilage

degeneration in hip OA.

2. Compare subchondral bone microarchitecture and mineralisation in OP with those at
different stages of cartilage degradation in OA, in both subchondral plate and

trabecular bone.

3. Examine the relationships between subchondral bone microarchitecture and

mineralisation in OP and OA, in both subchondral plate and trabecular bone.

4. Compare the overall and zonal expression of cartilage matrix degradative proteinases

in OP with it at different stages of OA.

5. Investigate the associations between subchondral bone properties and expression of

cartilage matrix degradative proteinases in OP and OA.
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Chapter 2

General methods

2.1 RESEARCH ETHICS

The use of human tissue in this project was approved by the Health Research Authority, UK
(17/WS/0217). Written consent for tissue collection was obtained from patients prior to

surgery at the Southmead Hospital, Bristol, UK.

2.2 TERMINOLOGY

Throughout the thesis, ‘site’ refers to anatomical locations, i.e., superior, anterior, posterior,
medial, lateral, inferior. ‘Region’ refers to macro- or microscopically graded areas according
to local severity of cartilage degeneration. ‘Compartment’ is used to describe structures of
subchondral bone — subchondral plate or subchondral trabecular bone. ‘Zone’ is used

specifically for horizontal divisions of cartilage matrix, i.e., superficial, middle, and deep zones.

2.3 PATIENT SELECTION AND FEMORAL HEAD COLLECTION

Thirty-one femoral heads were collected from patients undergoing total hip arthroplasty
(THA) for hip OA (17 male and 14 female, mean age 69.03 + 9.84 years) (Table 2.1). Clinical
diagnosis of OA was based on guidelines produced by the American College of Rheumatology
(477) incorporating clinical symptoms and radiographic features (joint space narrowing and
osteophytes, etc) (Figure 1.1D). Patients with known history of hip trauma, infection,
avascular necrosis and rheumatoid arthritis were excluded. Seven femoral heads were
collected from patients undergoing hip arthroplasty for osteoporotic fracture of the femoral
neck (4 male and 3 female, mean age 69.71 + 5.94 years) (Table 2.1). Clinical diagnosis of OP
was based on established clinical guidelines by American College of Physicians and American
College of Endocrinology (242, 243), i.e., presence of low-energy fracture (falling from

standing height) of hip in the elderly population (Figure 1.1C). Patients with secondary OP due
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to prolonged use of corticosteroids, or on medications that affect bone metabolism were
excluded. Inclusion criteria also involved a macroscopic inspection of specimens, which will
be detailed in the next section. Femoral heads were soaked in ice-cold phosphate buffered
saline (PBS) and transported to the lab, where they were processed within 3 hours post

excision.

2.4 THE NEW MACROSCOPIC GRADING SYSTEM

A new macroscopic grading system (Table 2.2) was developed based on our observations in
this study to visually evaluate severity of cartilage degeneration and guide osteochondral
tissue collection. The grading is presented with the Roman numerals ranging from I to V, with
higher grade indicating more severe degeneration. Detailed description and discussion of this

new system will be presented in Chapter 3.

Except for the clinical criteria of femoral head selection described above, for OP group,
femoral heads were included in the study only when their articular surface was normal or
comparatively normal (macroscopic Grade I). OA femoral heads that were at end-stage of OA
showing complete loss of cartilage and bone exposure (macroscopic Grade V) across the

entire articular surface were excluded.
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Table 2.1. List of participants.

OoP OA
Sample ID Gender Age Side SampleID Gender Age Side
HF1 Female 71 Right HOAST Female 82  Right
HF2 Female 71 Left HOA7+ Female 63  Right
HF3 Female 70 Left HOA8* Female 70 Left
HF4 Male 60 Left HOA9+ Female 82  Right
HF5 Male 65 Right HOA10t Male 58  Right
HF6 Male 79 Left HOA11t Female 75 Right
HF8 Male 72 Left HOA14t Female 74 Left

HOA15t Female 80 Left
HOA25t Male 83 Left
HOA31t Male 65  Right
HOA32+t Male 82  Right
HOA33t Female 55 Left
HOA34+t Male 74 Right
HOA37t Male 64  Right
HOA41t Male 44  Right
HOA40% Female 77 Right
HOA42+ Male 64  Right
HOA43% Male 70  Left
HOA44% Female 72  Right
HOA46% Female 71 Left
HOA48% Female 69 Right
HOA49% Male 77 Left
HOA50% Male 82  Right
HOAS51+ Male 75 Right
HOA52% Male 55  Right
HOA53# Female 56  Right
HOA54% Male 59 Left
HOAS55% Female 59  Right
HOA56% Male 72 Right
HOAS57% Male 64 Left
HOA58% Male 67  Right

OP, osteoporosis group, mean age 69.71 + 5.94 years. OA, osteoarthritis group, mean age
69.03 + 9.84 years. T, the optimisation cohort of OA group, mean age 70.07 + 11.69 years. %,
the main study cohort of OA group, mean age 68.1 £ 8.00 years. HF, hip fracture. HOA, hip
OA.
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Table 2.2. The new macroscopic grading system for evaluation of cartilage degeneration.

Macroscopic

Feature Description
Grade
Normal or White, or slightly grey; surface intact, smooth, no visible
Grade | comparatively irregularity or fibrillation; elasticc no thinning or
normal softening.
Grade Il Surface Grey or pink; surface intact but with roughening, peeling
rade
irregularity and/or small fibrils; thinning, softening or swelling.
Matri Yellow, grey, or ‘bloody’; surface destructed, soft, fluffy,
atrix
Grade lll . with severe fibrillation, cracks and fissures; obvious
destruction .. . .
thinning compared to adjacent intact area.
Dark grey or yellow; surface can be smooth, roughened,
Grade IV Cartilage or fluffy; cartilage almost worn off, with only a thin layer
rade
erosion (<1mm) left; immediately adjacent to areas of exposed
bone.
Cartilage completely worn off, with only subchondral
Grade V Bone exposure

bone left and exposed.
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2.5 OSTEOCHONDRAL PLUG EXTRACTION AND ASSIGNMENT

A steel hollow punch with 4mm inner diameter was used to extract osteochondral plugs that
had subchondral bone 8-10mm in length. The whole procedure was carried out in a

ventilation hood under sterile condition.

Figure 2.1. Macroscopic grading and osteochondral plug collection. Articular surfaces were
regionally graded according to the new macroscopic grading system. For the OP femoral
heads (A), two immediately adjacent Grade | osteochondral plugs were collected from
anterior, superior, and posterior sites. For the OA femoral heads (B, C and D), adjacent
osteochondral plugs were collected from each of the macroscopically graded regions (Grade
I to Grade IV) depending on availability. (B), (C) and (D) show the same femoral head viewed
from different angles. A Grade V region is indicated in (D) (black arrow).

For the OP femoral heads, two immediately adjacent plugs (21 pairs) were collected from
each of the three anatomical sites: anterior, posterior, and superior (Figure 2.1A). One set
was used for the histology (Chapter 3) and immunohistochemistry (IHC) studies (Chapter 6);
the other set was used for the micro-computed tomography (microCT) study (Chapter 4 and

5).
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The OA femoral heads consisted of two separate cohorts: the optimisation cohort (N=15, 7
male and 8 female, mean age 70.07 £ 11.69 years) which represents a collection at early phase
of the study, and the main study cohort (N=16, 10 male and 6 female, mean age 68.1 + 8.00
years) (Table 2.1). For both cohorts, the articular surface of each femoral head was divided

and graded on a regional basis from macroscopic Grade | to Grade V (Figure 2.1B-D).

For the optimisation cohort, plugs were extracted from each of the macroscopically graded
regions (Grade | to Grade IV only) depending on availability. These plugs were used for the
histology study (N=37) and various optimisation purposes. For the main study cohort, two
immediately adjacent plugs (52 pairs) were collected from each of the macroscopically graded
regions (Grade | to Grade IV only) depending on availability (Figure 2.1B-D). One set was
assigned to the histology and IHC studies; the other set was used for the microCT study. In
small regions where only one plug was available, priority was given to microCT (N=4 plugs).
In larger regions, additionally available plugs (N=12) were collected and used for histology
study only. These procedures yielded 101 OA plugs (37+52+12) designated for the histology
study (Chapter 3); 56 OA plugs (52+4) assigned to the microCT study (Chapter 4 and 5); and
52 OA plugs, which are immediately adjacent and paired to the 52 microCT plugs, intended
for the IHC study (Chapter 6).

Note that Grade V regions were only used for demonstration of grading in Chapter 3 and were
not included in any analysis in this project because (i), the integrity of subchondral plate was
often breached and trabecular bone was frequently accompanied by cysts when articular
cartilage was completely eroded (153, 459), making these regions not suitable for the study
of bone microarchitecture; (ii), these regions were not applicable for the IHC study of
proteinases in cartilage as there was not cartilage left. In addition, lateral and marginal areas
where were occupied by osteophytes, medial areas surrounding the fovea, and inferior areas
where fibrillar tissue and oedema-like cartilage were present were excluded from OA plug

collection procedure (Figure 2.2).
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Figure 2.2. Excluded areas that were not suitable for the study. Lateral and marginal areas
occupied by osteophytes (blue arrows), medial areas surrounding the fovea (black arrows),
and inferior areas where fibrillar tissue and oedema-like cartilage were present (yellow
arrows).

2.6 HISTOLOGICAL PROCESSING AND SECTIONING

2.6.1 Undecalcified tissue histology

Plugs assigned to the histology and IHC studies were processed for paraffin embedding
without decalcification. The standard histological processing method was optimised to
produce a protocol for sectioning undecalcified osteochondral tissue. First, the subchondral
bone of osteochondral plugs was carefully trimmed by a surgical bone cutter to about 1mm
in length without damaging articular cartilage. Plugs were immediately fixed in formalin for
24 hours, and then processed for paraffin embedding with a 15 hours’ protocol (8 hours in
ethanol for dehydration, 3 hours in Xyline to clear ethanol, and 4 hours for paraffin
infiltration). This processing protocol has been tested to provide sufficient paraffin

penetration, facilitating later microtome sectioning.

Tissue sectioning was performed using a RM2235 microtome (Leica Biosystems, UK).
Microtome blades (N35, Feather, Japan) designed for hard tissue sectioning were chosen.
Paraffin blocks were first trimmed to the desired level, and were cooled in ice-cold water
before and during sectioning to moisturise the cutting surface and solidify paraffin to provide
stronger support. The osteochondral plug was placed with its long axis parallel to the blade,

so the blade region cutting cartilage was not damaged or blunted by bone. The clearance
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angle was set to 4°, and section thickness was 7um. The harvested osteochondral sections

were floated on a 40°C water bath to be flattened.

With the optimised embedding and cutting protocols, sections of desired quality can be
obtained without decalcification. However, there were still about 20% sections associated
with visible lesions and cracks. Therefore, random sections from an osteochondral plug,
rather than serial sections, were picked up and mounted onto SuperFrost Plus microscope
slides (2-4 sections per slide) (VWR, UK). Slides were then vertically incubated at 40°C for 2-3

days, and stored in a cool, dry and dark place for later use.

2.6.2 Decalcified tissue histology

Plugs assigned to the microCT study were snap-frozen upon extraction and stored at -80°C
until scanning. We did not have a microCT device available on-site, so frozen plugs were
transported to the collaborating lab (Skeletal.Al Laboratory) at the University of Sheffield.
Plugs were thawed at room temperature before scanning. Re-evaluation of macroscopic
grading for each plug was performed at this stage, to evaluate intra-observer reproducibility.
After microCT scanning (see Section 2.10), they were re-frozen and transported back to
Bristol. These plugs were then processed for paraffin embedding with decalcification because
the initial plan included histomorphometry and IHC on subchondral bone of these samples.
Briefly, plugs were thawed again, fixed in formalin for 24 hours without trimming of
subchondral bone, and decalcified with ethylenediaminetetraacetic acid (EDTA) based
reagent (RDF Mild Decalcifier, CellPath, UK) for 3-4 weeks. Completion of decalcification was
determined by disappearance of precipitates in the solution and physical probing of bone.

Then plugs were then embedded in paraffin and sectioned as in the previous section.

2.7 HISTOLOGICAL STAINING

Hematoxylin — Eosin (H&E) and Safranin O — Fast Green staining were carried out for
evaluation of tissue histological quality and severity of cartilage degeneration. Sections from
one plug (the standard) were used as quality control in each batch of staining to ensure

staining consistency.
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For better adherence of tissue sections, slides were first incubated at 58°C for 60 minutes to
melt and remove excess paraffin, then gradually cooled back to room temperature. This was
followed by dewaxing and rehydration starting from three washes (10 minutes each) with the
Clearene Solvent (Leica Biosystems, UK), followed by three changes of graded ethanol

solution (100%, 75%, 50%; 5 minutes each), and 10 minutes’ dipping in distilled water.

For H&E staining, slides were left in Harris Hematoxylin (Leica Biosystems, UK) for 15 minutes,
followed by a rinse with running tap water for 15 minutes (the ‘bluing’ step). Then slides were
stained with Eosin (Leica Biosystems, UK) for 1 minute, and washed with distilled water (2 x 5
minutes). Finally, slides were dehydrated in absolute ethanol for 2 x 1 minute and mounted

with coverslip using the Clearium Mounting Media (Leica Biosystems, UK).

For Safranin O — Fast Green staining, slides were first incubated with Hematoxylin and washed
with tap water as above. Slides were then stained with Fast Green (Sigma Aldrich, UK) solution
(0.05% in deionized water) for 5 minutes and quickly dipped in 1% acetic acid for 15 seconds.
This was followed by a 5 minutes’ soaking in Safranin O (Sigma Aldrich, UK) solution (0.06% in
deionized water). Finally, slides were directly washed and dehydrated in absolute ethanol for

2 x 1 minutes before mounting with coverslip.

Slides were viewed and photographed with DM5500 microscope and digital camera (Leica

Microsystems, UK).

2.8 MODIFICATION OF THE OARSI MICROSCOPIC GRADING SYSTEM

For histopathological evaluation of cartilage degeneration, the OARSI microscopic grading
system (323) was modified as detailed in Table 2.3. As with the original system, the grading is
presented with the Arabic numerals. Grade 0 indicates normal cartilage while higher grades
indicate increasing severity of degeneration. Both general grading (from 0 to 6) and advanced
grading (with 0.5 subgrades from 0.0 to 6.5) can be selected depending on the requirement
of different research. Rationales for modification, and detailed description and discussion of

this grading system are included in Chapter 3.
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Table 2.3 The modified OARSI microscopic grading system used for evaluation of cartilage degeneration.

Matrix Structure Chondrocyte Biology
General Advanced - ~ Proteoglycan
Gradin, Gradin, hrillag : : Proliferation Depletion
g g Surface Fibrillation Fissure Matrix Loss Others © Others p
& Cluster
0 0.0 Intact and smooth. N/A N/A N/A N/A (-) N/A SZ only
Superficial, usually appears
. as irregularity or small
. 1.0 Intact but irregular. fibrils on the cartilage N/A N/A (-) to (+) N/A SZ only
surface. Oedema,
. As above, with superficial matrix
1.5 Intact but irregular. microcracks. N/A N/A hypertroph (-) to (+) SZ only
Discontinuity and/or Superficial abrasion, | Y oratrophy
2.0 SZ(A] exposed. microcracks  into  and | N/A floating matrix ‘flakes’, (B)_ (+) SZ to Upper 1/3 MZ
2 confined to SZ. “fibrils’.
Discontinuity and/or As above, deeper and
25 SZ exposed. microcracks through SZ. N/A through SZ. () Cell death (empty Upper 1/3 MZ
. . Deep spallation along lacunae, membrane
1 f Mz | fi ) . . 1 Mz
3.0 Upper 1/3 o N/A simple, confined to the fissures, with major (+) to (++) ‘ghost’,  fragmented Upper 1/3 or
exposed. upper 1/3 MZ. X lower
loss of SZ. nuclei), cell
3 Branched. or simple Deep spallation along hypertrophy
35 Lower 2/3 of MZ N/A but reac,hes IO\AF/)er fissures, with complete (+4) (increased size and | Lower 2/3 MZ to
) exposed. 2/3 Mz loss of SZ and partial loss chondron  staining), | Dz
) of MZ. N/A disrupted alignment of
Erosion/excavation cells.
MZz-DzZ j i D Mz-Dz
4.0 exposed Junction N/A 'u?\vcvt?on to down to MZ-DZ junction, (++) Dz
P ) ) ) with partial loss of MZ.
4 .
DZ exposed, only a thin gz:wn :f:) Iow;;Sllj)fe Erosion/excavation
4.5 layer of cartilage | N/A resents ust down to lower DZ, with (-) to (++) © Dz
attached to SB. p - ! complete loss of MZ.
jigsaw-like surface.
5.0
5 55 Subchondral bone exposed, with (5.5) or without (5) reparative tissue.
6.0 .
6 65 Marginal (6) or central (6.5) osteophyte observed.

(A) Superficial zone (SZ), middle zone (MZ) and deep zone (DZ) are grossly divided according to the shape and alignment of chondrocytes, occupying approximately 10-20%, 50-60% and 30-40% of cartilage full depth,
respectively. (B) For small and localised sample, matrix hypertrophy or atrophy is difficult to identify on histology sections. Overall macroscopic inspection during the sampling procedure needs to be considered. (C)
Chondrocyte cluster is defined by the number of cells in the same lacunae: (-) < 4; 4 < (+) < 10; (++) > 10. At Grade 4.5, clusters may not be observed due to cartilage loss.

For cartilage changes in OA, the Generalised Grade 1 and Grade 2 (Advanced Grade 1.0-2.5) are considered as early degeneration; Generalised Grade 3 and 4 (Advanced Grade 3.0-4.5) are considered as advanced
degeneration; Generalised Grade 5 and 6 (Advanced Grade 5.0-6.5) are considered as end-stage degeneration.
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2.9 MICROSCOPIC GRADING

Microscopic grading was performed on Safranin O — Fast Green stained sections using the
modified OARSI grading system. Scoring was carried out for both undecalcified and decalcified
samples. Slide labels exhibiting sample origins and macroscopic grades were covered to
ensure that the process was implemented in a blinded manner. Three examiners were
involved to evaluate inter-observer variability. Re-scoring with at least 8 weeks’ interval was

employed to check for intra-observer variability.

2.10 MICROCT SCANNING AND IMAGE ANALYSIS

Frozen plugs were transported to University of Sheffield for microCT scanning. The scanning
was carried out with the Skyscan 1172 (Skyscan, Belgium). Plugs were thawed, wrapped in
clingfilm to keep moisture, and placed into the scanning chamber at upright standing position.
Images were obtained with a 50 KeV and 179 pA X-ray source. An isotropic voxel size of
4.87um was acquired, with 1180ms integration time and 180° rotation. A 0.5mm aluminium
filter was chosen for reducing beam-hardening artifacts. Three-dimensional reconstruction
was carried out using the NRecon software (1.6.9.4, Skyscan, Belgium) which yielded a stack
of 938 consecutive cross-sections for each plug with a slice thickness of one pixel (4.87um).
Reconstructed datasets saved in .BMP format were then imported into the CT Analyzer
software (CTAn, 1.17.7.2, Skyscan, Belgium) for image processing and analysis as described in
details in Chapter 4 and 5. The scanned plugs were re-frozen and transported back to Bristol,

decalcified, processed and sectioned as described in Section 2.6.2.

2.11 IHC FOR MMP13 AND ADAMTS4

Originally, it was planned to carry out IHC on the same plugs scanned by microCT to study
cartilage degradation and bone remodelling associated biomarkers. However, the two cycles
of freezing-thawing, together with a lengthy decalcification period, brought detrimental
effects on cell and tissue morphology and immunogenicity in both cartilage and bone. The
resultant tissue sections were fine for histopathological evaluation, but not good enough for
IHC staining. Therefore, the immediately adjacent plugs, which were processed without

freezing and decalcification (see Section 2.6.1), were used for the IHC study. Since the
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subchondral bone was trimmed, only targets in cartilage (ADAMTS4 and MMP13) were

studied.

Slides were immersed in the Clearene Solvent to remove paraffin, followed by graded ethanol
solutions and distilled water to rehydrate. Then heat-induced antigen retrieval was carried
out by incubating slides with citrate buffer (10mM sodium citrate and 0.05% Tween® 20 in
distilled water, PH=6) at 95°C for 10 minutes. This was followed by PBS wash and treatment
with hydrogen peroxide solution (3% in distilled water) for 10 minutes at room temperature
to quench endogenous peroxidase activities. Next, the blocking buffer (10% normal goat
serum (ab7481, Abcam, UK) in PBS with 0.3% Triton® X-100) was applied to tissue sections for
1 hour at room temperature to prevent non-specific antibody binding. Polyclonal rabbit
primary antibodies (IgG) against the C-terminal of human ADAMTS4 and the hinge region of
human MMP13 (ab84792 and ab39012, Lot No. GR3281410-2 and GR3327965-1, Abcam, UK)
were diluted with the blocking buffer at 1:200 and 1:300, respectively. They were then applied
to tissue sections for overnight incubation at 4°C. One extra slide from each osteochondral
plug was incubated with the blocking buffer only, as negative antibody control. Non-immune
rabbit I1gG (ab37415, Abcam, UK), prepared in the same way as primary antibodies, was also
utilised as negative antibody control on a selection of slides as a part of the optimisation
procedure, which generated negligible background. A paraffin embedded human benign
prostate tissue (a generous gift from Professor Claire Perks, University of Bristol) was

employed as negative tissue control for MMP13 (https://www.proteinatlas.org/ (573, 574)).

The next day, sections were thoroughly washed with PBS and treated with biotinylated goat
anti-rabbit secondary antibody (ready-to-use, ab64256, Abcam, UK) for 30 minutes. After
rinsing with PBS for 3 x 5 minutes, streptavidin-horseradish peroxidase (HRP) conjugate
(ready-to-use, ab64269, Abcam, UK) was applied for 10 minutes to bind secondary antibody,
followed by another round of PBS wash. Chromogenic detection was then carried out with 3,
3’-diaminobenzidine (DAB) chromogen and substrate (1:50 dilution, ab64238, Abcam, UK)
which produced brown precipitates in chondrocytes expressing ADAMTS4 and MMP13 upon
enzymatic reaction catalysed by HRP. Reaction was closely monitored under a light
microscope and was stopped by PBS rinse when optimal staining was achieved. Finally,

sections were counter-stained with hematoxylin which labelled cell nucleus purple to create
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contrast and facilitate cell counting. Slides were washed in running tap water for 15 minutes,
air-dried and mounted with the resinous Clearium Mounting Media, ready for microscopic

inspection and imaging.

2.12 MEASUREMENT OF MMP13 AND ADAMTS4 EXPRESSION

The number of chondrocytes positively and negatively stained with MMP13 or ADAMTS4 was
counted manually. A region of interest (ROI) was selected for each tissue section. The overall
expression of MMP13 and ADAMT4 was expressed as percentage of positively stained cells
through the full-thickness of cartilage in the ROIl. The zonal expression was defined as
percentage of positive cells in the superficial zone, middle zone, and deep zone, respectively,
which were differentiated according to characteristic chondrocyte morphology and alignment

as described in Section 1.3.3.1.

2.13 STATISTICAL ANALYSIS

Data are presented as mean =+ standard deviation (SD) unless otherwise indicated.
Assumptions of statistical tests were carefully evaluated. Normal distribution of data was
inspected by Shapiro-Wilk test. Homogeneity of variance was checked by Brown-Forsythe
test. Then comparisons between groups and associations between various parameters were
investigated using appropriate tests as detailly explained in each of the following chapters.
Statistical significance was indicated by two-tailed P value less than 0.05. GraphPad Prism
(8.3.0, GraphPad Software, USA) and IBM SPSS (26.0, IBM Corp., USA) were used for statistical

analysis and graphing.
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Chapter 3

Standardisation of osteochondral tissue collection and evaluation
of cartilage degeneration

3.1 INTRODUCTION

Collection of samples that cover and accurately reflect different stages of cartilage
degeneration is a fundamental step in this PhD project. It relies on a combination of both
macroscopic and microscopic evaluation of cartilage pathology, in which macroscopic
assessment directs tissue extraction and determines the range and diversity of samples, while

microscopic assessment determines the severity/stage of histopathology for each sample.

The ‘Collins system’ was one of the earliest grading scheme to evaluate chondro-pathology
for clinical and research purposes. It was based on description of macroscopic features of
cartilage surface, lesions and bony alternations on human patella (575, 576). The grading was
related to the uptake of 3°SO4 by chondrocytes (576) and suggested that OA is not simply a
result of ‘wear and tear’ but is associated with biological and cellular reactions (323). In 1971,
Mankin et al (577) developed the first microscopic grading system for osteoarthritic cartilage,
which is widely known as the ‘Mankin score’ or the ‘Histologic/Histochemical Grading System
(HHGS)'. It scores osteochondral pathology on a 14-point scale based on four parameters,
namely matrix structure, cell morphology, GAG content, and tidemark integrity. The system
has been widely adopted on samples from both human subjects and animal models for
decades. It has been through numerous rounds of modifications by different studies and for
various research purposes (578). Although it is still a popular option in OA research, the
Mankin system has been criticised for its lack of sensitivity to early disease and its
guestionable validity and reproducibility (578-580). Currently there are also grading systems
available for specific purposes such as cartilage repair (e.g., International Cartilage Repair
Society (ICRS) score (581-583)) and tissue engineering (e.g., the Bern score (584)), but they

are generally more specialised and have a narrow application (580).

65



To overcome the disadvantages of the Mankin system, in 2006 the Osteoarthritis Research
Society International developed a new microscopic grading scheme, known as the OARSI
system (323). It was original designed for human OA but has been generalised for various
large and small animal models (585-587). The scheme consists of two components, grading
and staging. The grading element evaluates the vertical development of pathology and is
designated to be an indicator of the process and severity of OA progression, while the staging
component examines the horizontal extension of the affected area (323, 578). The grading
ranges from 0 to 6 to reflect more severe focal degradation, with optional inclusion of 0.5
subgrades, while the staging ranges from 0 to 4 to represent wider articular surfaces being
affected. In a series of studies comparing the HHGS with OARSI scores, the latter performed
well with good reproducibility and minimal variability, and appeared to be more ‘beginner-
friendly’ (578, 579, 588, 589). Since then, the OARSI system, especially the grading element,

has gained increasing attention and become widely adopted by OA researchers.

However, the original OARSI scoring scheme was aimed at evaluation of cross-sections of
entire joint surfaces, e.g., a plain through the medial femoral condyle from one edge to the
other, so that both grading and staging can be implemented (323, 588). When applying just
the grading component to regionally collected samples with relatively small dimensions as in
the current study, grading may be somewhat difficult and inconsistent because adjacent areas
are not available for referencing. Grading of this type of samples should highlight changes in
the vertical direction, and relies heavily on a clear, comprehensive, and stratified description
of each assessment criterion, i.e., the structural, cellular, and biochemical features seen in
the process of cartilage degradation. Regional sample collection and evaluation are common
for studies using human joint specimens, but to date no grading method specialised for these
purposes has been reported. The variability of grading may hinder the comparison of results
between different studies. The limitations of the OARSI grading protocol in the evaluation of
small samples, in addition to our own experience with samples from femoral heads with OA,

provided the impetus to develop a modified OARSI microscopic grading scheme.

Moreover, as mentioned earlier, macroscopic evaluation is also important for regionalised
investigations as it provides a first-line screening and determines the range and diversity of

sample collection. It should be used in combination with microscopic examinations to enable
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more accurate representation of different stages of disease progression in mechanistic or
observational studies of, for example, gene expression profile, biomarkers, and subchondral
bone changes. However, macroscopic grading methods have been rather diverse, vague, and

inconsistent between studies in the literature (590-596).

Accordingly, the overall aim of this chapter is to develop a standardised protocol for collection
of osteochondral plugs that accurately represent various stages of cartilage degradation,
based on a combination of reliable macroscopic and microscopic evaluations. The specific

aims of this chapter are:

(i), Develop a new macroscopic grading system for regionalised assessment of cartilage

degradation on the articular surface of hip joint.

(ii), Develop a modified version of the OARSI microscopic grading scheme to make it suitable

for evaluation of regionally collected osteochondral samples with limited dimensions.
(iii), Evaluate the reproducibility and reliability of the above grading systems.

(iv), determine the associations between the two grading systems to validate their usage in

regionalised sample collection.

3.2 MATERIALS AND METHODS

3.2.1 Patient selection and femoral head collection

All OP (N=7) and OA (N=31) femoral heads, including both the optimisation and the main

study cohorts, were included in the histology study (see Section 2.3 and 2.5).

3.2.2 Standardisation of osteochondral plug collection

The study aimed to collect osteochondral samples in a regionalised manner to represent
different stages and severity of cartilage degradation. The study also planned to look at a

broad spectrum of pathophysiological changes in OA including cell biology, matrix
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biochemistry, and bone biological and structural properties. Therefore, though only a few
aspects were finally included in this current PhD project, at the beginning we aimed to
establish a sample collection procedure that is able to consistently generate adequate and
standardised samples for a variety of research techniques and purposes. Hence, collection of
samples needed to fulfil the following criteria. First, the physical dimensions of the sample
should be relatively small to allow precise representation of the regional features, and allow
multiple collections from the same region wherever possible to yield more samples. Second,
the dimensions of samples should be large enough to include adequate amount of tissue for
investigation, especially for subchondral bone microarchitecture. Third, the sample extraction

process should be precise and neat, producing minimum damage to tissue and cells.

We tested three different instruments: a hand-driven osteochondral tissue harvester with
8mm diameter (Platts & Nisbett, UK), a diamond coring trephine with 6mm diameter (Tacklife,
China), and a steel hollow punch with 4mm diameter (SPC, China). Finally, the hollow punch

was chosen as it best fulfilled the criteria set above.

3.2.3 Chondrocyte viability and confocal microscopic imaging

Chondrocyte viability assay was carried out with live/dead staining using two fluorescent dyes
(Invitrogen, Thermo Fisher Scientific, USA), 5-chloromethylfluorescein diacetate (CMFDA,
C2925) and propidium iodide (Pl, P3566). CMFDA crosses cytomembrane freely, and once
truncated by intracellular esterase, it is trapped in live cells and stains them green (excitation
wavelength 488nm). In contrast, Pl is impermeant to cytomembrane of live cells due to
positive charge. Once cells are dead, Pl enters the cell, combines with nucleic contents and

stains it red (excitation wavelength 543nm) (177).

Osteochondral plugs collected by either 8mm osteochondral tissue harvester or 4mm hollow
punch were incubated with 10uM CMFDA and 5uM Pl in PBS for 30 min at 37°C. Then they
were washed with PBS for 5 x 1minutes, followed by 20 minutes’ fixation in formalin.

Eventually plugs were washed in PBS and subjected to confocal microscope imaging.

Fluorescent images were acquired by confocal laser scanning microscopy (SP5, Leica

Microsystems, UK). With laser excitation of CMFDA and PI, fluorescence emissions (498-
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540nm and 576-700nm, respectively) were detected and captured by a fitted objective
through corresponding channels. The focal plane was first placed on cartilage surface at the
edge of samples, and then moved downward with a 9.9um interval to a depth of about 80-
100um, where penetration of laser met its limit. Eventually 8-10 consecutive two-dimensional
images were acquired and reconstructed into a three-dimensional stack by the Volocity

software (v6.3, PerkinElmer, USA).

3.2.4 The new macroscopic grading system

A new macroscopic grading system (Table 2.2) was designed for this study to visually evaluate
cartilage degeneration and guide osteochondral tissue collection. The system aims to
incorporate a wide spectrum of features observed on hip femoral articular surface with OA
and OP. It includes visual inspection of cartilage colour, surface integrity and fibrillation,
appearance and depth of fissure, and thickness. It also involves physical probing of surface
smoothness/roughness, overall elasticity/softness, and thickness under pressure. According
to these features, cartilage degradation is divided into five categories with ascending severity:
normal or comparatively normal, surface irregularity, matrix destruction, cartilage erosion,
and bone exposure. These categories are represented by Roman numerals from | to V, to
differentiate from microscopic grading using Arabic numerals. It should be noted that
‘normal’ and ‘comparatively normal’ cannot be differentiated by eyes, at least in the group of
elderly subjects recruited in this study; therefore, they are combined as Grade I. A template
with a series of typical examples of grading is provided in Figure 2.1 and Figure 3.1.
Osteochondral plugs collected from the femoral head shown in Figure 2.1B-C according to

the macroscopic grading system are shown in Figure 3.2.
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Figure 3.1. Macroscopic grading of articular surfaces. At Grade | (blue arrows), articular
surface is slightly grey but smooth, intact, with no superficial fibrillation. At Grade Il (yellow
arrows), cartilage appears to be grey or slightly pink, with observable superficial
roughening, pilling or fibrillation. At Grade Ill (purple arrows), cartilage becomes soft and
fluffy, with obvious fissure development and thinning. Grade IV (green arrows) is
characterised by a thin layer of cartilage remnant with a smooth or slightly roughened
surface. Grade IV is often adjacent to Grade V areas (black arrows) where cartilage is
completely worn off and subchondral bone is exposed. Each row shows the same femoral
head viewed from anterior, superior and posterior angles.

70



Figure 3.2. Osteochondral plugs collected according to the new macroscopic grading
system. The articular surfaces are intact at Grade | and Grade Il. At Grade Il, there are
observable superficial fibrillations, though they cannot be identified on the images. At
Grade lll, there are obvious fissure development, and the cartilage becomes soft and fluffy.
At Grade IV, there is just a thin layer of cartilage left.
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3.2.5 Osteochondral plug extraction

After macroscopic grading, osteochondral plugs with 4mm diameter were extracted in a
regionalised manner as described in Section 2.5. Briefly, for OP group, in which articular
surfaces were macroscopic Grade |, plugs (N=21) were collected from superior, posterior and
anterior sites. For OA group, plugs (N=101) were collected from regions with different
macroscopic grades (Grade | to IV) depending on availability. A few Grade V plugs were
collected for the purpose of demonstration of grading only and were not included in analysis

as explained in Section 2.5.

3.2.6 Histological processing, sectioning, and staining

Shaving cartilage from subchondral bone and processing it for paraffin embedding are
commonly adopted procedures for cartilage histology and IHC. However, the deepest portion
closest to tidemark and subchondral bone may be lost or destroyed by blades. More
importantly, when cartilage is at its advanced stage of degeneration and becomes soft and
fluffy, and when just a thin layer is left (Grade lll, and especially Grade IV), shaving may
completely smash the sample. This is not an option in this study as we aimed to cover a wide

range of cartilage degradation as well as provide a detailed zonal differentiation.

To maintain the integrity of full-thickness articular cartilage, osteochondral samples can be
utilised with decalcification. However, fast decalcification using strong acids may compromise
nuclear staining, tissue morphology and antigenicity of molecular targets, while mild
decalcification using EDTA based reagents is a lengthy procedure that takes weeks and is
associated with significant loss of matrix contents which will affect histological and
immunochemical examinations (581). Frozen and resin embedded sections are also options
for osteochondral tissue. Frozen sections were tested in this study but resulted in unsatisfying
quality. Resin embedding was not tested, as preliminary studies by other student in our group

showed that resin infiltration was associated with false positive IHC staining.

Therefore, a protocol for histological processing and sectioning of undecalcified
osteochondral tissue was developed for this study. It allowed preservation of the true full-

thickness cartilage with excellent quality. The optimised protocol has been explained in detail
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in Section 2.6.1. This optimised protocol was used to obtain tissue sections with 7um
thickness which were stained with H&E for evaluation of histological quality, and with

Safranin O — Fast green for microscopic grading of cartilage degradation (see Section 2.7).

3.2.7 Modification of the OARSI Microscopic grading system

The modified OARSI microscopic grading system is presented in Table 2.3. The grading system
was designed to suit regionalised collection of samples with relatively small
volume/dimensions, by emphasizing and defining the characteristic changes in each zone of
cartilage in different grades. Modifications were also made according to features that were
observed in this study on proximal femoral articular surfaces which were not accounted for
by the original OARSI grading system. For example, when fissures developed into the MZ
(even just simple unbranched ones), ‘delamination’ of the SZ had already began and there
was major or complete loss of the SZ due to shear forces. Typical features of the SZ could not
be identified at the articular surface; instead, only residuals of the SZ matrix could be
observed, accompanied by obvious thinning of cartilage. Moreover, before cartilage is
entirely eroded from subchondral bone, there was always a stage when a thin layer of
cartilage was present which had smooth or slightly roughened surface (macroscopic Grade IV,
Figure 3.1, Figure 3.2). Microscopically, the surface is jigsaw-like without fissures or clefts.
This type of cartilage often has typical features of the DZ in terms of both thickness and
chondrocyte morphology, indicating that at this stage the MZ has been mostly or completely

lost.

Presentation of the grading system has been optimised for easier learning and usage by
researchers with limited experience on cartilage histopathology. Evaluation criteria were
formulated into columns consisting of three main parameters (matrix structure, chondrocyte
biology and proteoglycan depletion) and eight sub-parameters. Grading was stratified into
rows with descriptions and positive or negative observations of each sub-parameter. By doing
so, characteristic changes in the vertical direction (i.e., in each zone of cartilage) in different
grades were highlighted and clearly differentiated. A semi-quantitative definition of cell
clusters was provided, as well as a classification of early (Grade 1.0 to 2.5), advanced (Grade

3.0 to 4.5), and end-stage disease (Grade 5.0 to 6.0). The scoring was also simplified, by
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downgrading the importance of features (such as oedema, cartilage hypertrophy, and
chondrocyte death) that are difficult to assess by inexperienced observers, subjected to the

influences of artefacts, or need referencing to the adjacent tissue areas (578, 597).

3.2.8 Microscopic grading

Microscopic grading was performed on Safranin O — Fast Green stained sections. To evaluate
and validate the modified OARSI grading method, and to see if it is ‘beginner-friendly’, except
for the leading researcher who designed the grading system (Y Li), two other examiners, Y
Liem and H Ahmed were invited in the study. Y Liem is a PhD candidate working in an
unrelated OA PhD project who has knowledge of OA but no experience of histology; H Ahmed
was a medical student who did not have experience in either OA or cartilage histology. They
were briefly trained on cartilage histology and pathology, introduced to the grading method,

and practised on about 50 slides.

The three examiners, blinded to sample origins and macroscopic grades, scored slides
independently. Scoring was carried out using the advanced grading with subgrade of 0.5. For
each osteochondral plug, two to three slides were included. Y Li and Y Liem scored all 308
slides while H Ahmed scored 195 random slides. Re-evaluation was carried out by Y Liand Y
Liem on a random subset of slides (N=100) with 8-week’s interval. Final microscopic grade for
each plug was obtained by averaging and rounding scores between the first readings by Y Li

and Y Liem.

3.2.9 Statistical analysis

Reliability and reproducibility of microscopic grading was evaluated using intraclass
correlation coefficients (ICCs) and limits of agreement (LOA) according to an established
protocol (578). ICCs were calculated using two-way random effects analysis of variance aiming
at absolute agreement. For the LOA, firstly, the mean and standard deviation of the
differences between two scores of the same slide (first and second scores from the same
observer, or scores from two observers) were calculated. Then the LOA was constructed by
adding and subtracting 1.96*standard deviation to and from the mean (598, 599). The LOA

indicates the range within which 95% of measurement errors are expected to locate. Intra-
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observer ICCs and LOAs were investigated between the first and second scores of Y Li and Y
Liem. Inter-observer ICCs and LOAs were investigated between the first scores of Y Li, Y Liem,
and H Ahmed. Reproducibility of macroscopic grading was evaluated using ICC based on the
first and second scores of Y Li. The correlation between macro- and microscopic grading was

assessed using Spearman’s Rank Order test.

3.3 RESULTS

3.3.1 Selection of tools for tissue extraction

In general, the osteochondral tissue harvester and the diamond coring trephine caused
significant damage to the edges of collected samples, and also damaged tissues around the
sample, causing an unacceptable waste. The damage can be clearly seen under confocal
microscope, showing disrupted tissue morphology and excessive cell death (Figure 3.3A). In
contrast, the hollow punch produced a neat cut of tissue (Figure 3.2) and limited cell death in
a thin belt at the edge (Figure 3.3B). Therefore, in the end the 4mm hollow punch was chosen

for tissue collection.
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Figure 3.3. Tissue morphology and chondrocyte viability of osteochondral plugs extracted
by different tools. (A) The hand-driven osteochondral tissue harvester with 8mm diameter.
(B) The steel hollow punch with 4mm diameter. Red indicates dead cells stained with
propidium iodide (PI), and green indicates live cells stained with 5-chloromethylfluorescein
diacetate (CMFDA).

3.3.2 Quality of histology

As expected, there was various degree of cracking of subchondral bone on the undecalcified
tissue sections. However, the histological quality was excellent throughout the full-thickness
of cartilage with or without degradation (Figure 3.4). The folding of tissue sections, as with
traditional histology methods, cannot be completely avoided; however, it was minimal and
did not affect histological examination. No severe cutting lesions were observed. Spindle-like
cells in the SZ (Figure 3.4E, F), isogenous chondrocyte groups (cell clusters) near fissures
(Figure 3.4G, H), and column-like cells in the DZ can be easily and clearly identified (Figure
3.4K). Interestingly, cell and tissue morphology in areas closest to the tidemark were still
excellent even when the adjacent subchondral bone is shattered (Figure 3.41, K, L). Moreover,
attachment of subchondral bone did not affect the sectioning of cartilage even in the worst
scenario where most cartilage was eroded and there was just a thinner layer left (Figure 3.5).

The undecalcified histology protocol was further tested the on the osteophyte tissue which,
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again, displayed excellent quality of fibrocartilage and hypertrophic chondrocytes (Figure
3.6). The above observations on undecalcified osteochondral tissue were clearly contrasted
by frozen sections on which significant lesions, loss of cells, excessive crumpling and folding,

and distortion of matrix were present (Figure 3.7).

Figure 3.4. Hematoxylin and eosin staining of undecalcified osteochondral tissue sections.
Full-thickness cartilage sections with (B, C, and D) and without (A) degradation are displayed
at 25x magnification. Squares in the top panel indicate areas within the superficial, middle,
or deep zones that are shown at 400x magnification in the subjacent images from E to L.
Chondrocyte and matrix histology were excellent across the full-depth of cartilage, even in
the deepest area near the cracked subchondral bone. Folding artefacts are minimal and no
obvious sectioning lesions were observed.
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Figure 3.5. Hematoxylin and eosin staining of undecalcified osteochondral tissue sections with severe cartilage erosion. Samples in which
most cartilage is eroded and there is just a thin layer left are displayed in A to D (25x magnification). Squares indicate areas that are shown
at 400x magnification in the subjacent images (E to H). The quality of chondrocyte staining and general matrix histology were excellent, with
no obvious artefacts within cartilage. Jigsaw-like surfaces can be observed on these sections.
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Figure 3.6. Hematoxylin and eosin staining of undecalcified osteophyte tissue section. The
figure show that full-thickness fibrocartilage on osteophyte can be sectioned with excellent
histology quality. 25x magnification in A, and 400x in B and C.

Figure 3.7. Hematoxylin and eosin staining of undecalcified frozen osteochondral tissue
section. Significant artefacts were observed on frozen sections, including cutting lesions
leading to loss of cells (A) and damage of matrix (B), excessive folding of tissue section (C),
and distortion of matrix (D). Original magnification 100x.
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3.3.3 Microscopic grading

The samples collected in this study covered all stages of cartilage degradation as assessed by
the modified OARSI grading method. A series of representative sections are provided here

which can be used as a template for grading.

In Grade O (Figure 3.8), GAG loss was restricted to the SZ only. The cell arrangement and
morphology were normal. The articular surface was smooth and intact; no superficial

fibrillation was observed.

Figure 3.8. Microscopic Grade 0. Articular surface is intact and smooth. No significant loss
of proteoglycans can be observed. Chondrocyte morphology and arrangement are normal.
Original magnification 25x (A) and 100x (B).

The overall trend of changes in cartilage from Grade 1.0 to 4.5 is presented at lower
magnification in Figure 3.9, showing vertical progression of degradation and obvious thinning.
The higher magnification images (Figure 3.10) provide a detailed account of the microscopic
features observed in these grades. Superficial fibrillation was observed in Grade 1.0 and 1.5,

with the latter being more severe (Figure 3.9A, B, Figure 3.10A, B). Increased staining of
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chondron was also present, indicating elevated local biosynthesis by chondrocytes. Floating
fragments which reflect the loss of matrix can be observed in Grade 2.0 and 2.5 (Figure 3.9C,
D, Figure 3.10C, D). The loss was within the upper SZ in Grade 2.0 and through the SZ at Grade
2.5. Moreover, depletion of proteoglycan developed into the MZ in Grade 2.0 and 2.5. In
Grade 3.0, the SZ was almost entirely eroded and there was a simple unbranched fissure down
to the upper 1/3 of MZ (Figure 3.9E, Figure 3.10E). In Grade 3.5, branched fissures down to
the lower 2/3 of MZ were observed (Figure 3.9F, Figure 3.10F). In addition, large chondrocyte
clusters containing more than 10 cells appeared around the fissures, and proteoglycan was
lost in the lower MZ in Grade 3.0 and 3.5. In Grade 4.0, the MZ was completely degraded,
with the interface between MZ and DZ becoming the articular surface (Figure 3.9G, Figure
3.10G). In Grade 4.5, upper half of the DZ was eroded and there was just a thin layer of
cartilage left (Figure 3.9H, Figure 3.10H). The surface was jigsaw-like without fissures, and
typical cell clusters were no longer visible (Figure 3.10H). Surprisingly, proteoglycans seemed
to be relatively well preserved in the DZ in Grade 4.0 and 4.5, despite that the remaining

cartilage was extremely thin.
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Figure 3.9. Images of microscopic Grade 1.0 to 4.5 at lower magnification. Images show the overall trend of changes in cartilage thickness
and structure from Grade 1.0 to 4.5. Arrows point to areas shown at higher magnification in Figure 3.10. original magnification 25x.
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Figure 3.10. Higher magnification of microscopic Grade 1.0 to 4.5. Superficial fibrillation and increased chondron staining can be observed at
Grade 1.0 (A) and 1.5 (B), with the latter being more obvious. Loss of matrix can be seen at Grade 2.0 (C) and 2.5 (D). The loss of matrix (black
arrows) is within the upper superficial zone at Grade 2.0, and though the superficial zone at Grade 2.5. In Grade 3.0 (E), the superficial zone
is eroded with only remnant fragments left (red arrow). A simple unbranched fissure extends to upper 1/3 of middle zone (black arrow with
zoom-in view). Branched fissures reaching lower middle zone are characteristic of Grade 3.5 (F). Large chondrocyte clusters with more than
ten cells occur around fissures in Grade 3.0 and 3.5 samples. With progression of cartilage erosion, the middle zone can hardly be observed
at Grade 4.0 (G), and almost 50% of the deep zone is lost at Grade 4.5 (H). The articular surface becomes jigsaw-like. Classic chondrocyte
clusters were not observed at Grade 4.5. Original magnification 100x.
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Grade 6.0

Figure 3.11. Microscopic Grade 5.0 to 6.5. Ordinary hyaline cartilage tissue was completely worn off at Grade 5.0 (A, E) and subchondral bone
becomes the articular surface. Reparative cartilaginous tissue can be seen around bone microcracks (black arrows) at Grade 5.5 (B, F).
Marginal and central osteophytes with fibrocartilage and hypertrophic chondrocytes can be seen in Grade 6.0 (C, G) and 6.5 (D, H),
respectively. A-D, magnification 25x, E-H 100x. Note that A and E were decalcified because sectioning of bone when there is no cartilage left
is not possible without decalcification.
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Images of typical Grade 5.0 to 6.5 samples are shown in Figure 3.11. Ordinary cartilage tissue
was completely worn off in Grade 5.0. The subchondral bone became the articular surface.
There was reparative cartilaginous tissue growing around bone microcracks in Grade 5.5.
Marginal and central osteophytes with fibrocartilage and hypertrophic chondrocytes can be
seen in Grade 6.0 and 6.5, respectively. Note that Grade 5.0 to 6.5 samples were used only

for demonstration of grading and were not included in the following analysis.

3.3.4 Reproducibility of macroscopic and microscopic grading

For microscopic grading, the ICCs and LOAs are given in Table 3.1. The inter-observer ICC
between two PhD students Y Li and Y Liem was 0.946, which is ‘excellent’ as statistically
defined (>0.900) by Koo (600) and meets the recommendations for observer performance in
the evaluation of articular cartilage histopathology (>0.900) (578). The inter-observer ICCs for
the medical student were lower, at 0.833 with Y Li and 0.869 with Y Liem, respectively, falling
in the range of ‘good’ (600). The intra-observer ICCs were 0.950 for Y Li and 0.945 for Y Liem,

again, meeting the requirements suggested by other investigators (578).

The means of intra-observer errors (differences between first and second readings) were
negligible for Y Li (-0.086) and Y Liem (-0.015) compared to the 0.5 point scoring increment,
showing no obvious systemic bias for both scorers. The intra-observer LOAs were between -
0.939 and 0.768 for Y Li and between -0.975 and 0.940 for Y Liem, showing that 95% of errors
were less than 1 point, similar to the results reported by experts in cartilage histopathology
(578). Similarly, the inter-observer LOA (-0.955 to 0.965) and mean (0.005) of errors between
Y Li and Y Liem were also excellent. However, the inter-observer differences for H Ahmed
were greater (0.437 compared to Y Li and 0.384 compared to Y Liem, respectively), and the

LOAs were wider (within 1.5 points).

The intra-observer (Y Li) ICC for macroscopic grading was 0.934 (95% confidence interval

0.887 —0.961).
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Table 3.1. Reproducibility of microscopic grading.

Intraclass correlation coefficient

Y Li Y Liem H Ahmed
Y Li 0.950 (0.926, 0.966) 0.946 (0.933, 0.957) 0.833 (0.640, 0.909)
Y. Liem 0.945 (0.919, 0.963) 0.869 (0.710, 0.929)

Limits of agreement

Y Li Y Liem H Ahmed
Y Li -0.086 (-0.939, 0.768) 0.005 (-0.955, 0.965) 0.437 (-0.947, 1.821)
Y Liem -0.015 (-0.975,0.940) 0.384 (-0.854, 1.622)

Microscopic grading of slides was carried out twice by Y Liand Y Liem, and once by H Ahmed,
to evaluate the intra- and inter-observer reproducibility. Intraclass correlation coefficients
(ICCs) are given together with 95% confidence intervals. Limits of agreement (LOAs) are
presented as the mean of the differences between two scores of the same slide (first and
second scores from same observer, or scores from two observers), plus and minus
1.96*standard deviation.

3.3.5 Association between macro- and microscopic grading

The associations between microscopic and macroscopic gradings of samples are shown in
Figure 3.12. The figure shows that the new macroscopic grading system reflects well the
differences in cartilage histopathology assessed by the modified microscopic grading system.
A significant and strong positive correlation was found between macro- and microscopic

grading as shown by the Spearman’s Rank Order test (P<0.001, correlation coefficient 0.936).
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Figure 3.12. Association between the macro- and microscopic grading. The microscopic
grading of each plug is plotted against its microscopic grading in OP and OA groups. Lines
indicate median values and bars indicate min and max values.

3.4 DISCUSSION

In this chapter, we standardised a tissue collection procedure that covered and differentiated
between samples at different stages of cartilage degradation in femoral heads with OA and
OP. The procedure was based on a combination of reliable macro- and microscopic

evaluations of cartilage pathology.

Competent histological preparation of tissue is the basis of accurate assessment of cartilage
histopathology and is critical for immunohistochemical studies. The optimised histological
processing and sectioning protocols developed here can be used to generate true full-
thickness cartilage sections of high quality. This protocol helped avoid shaving of cartilage
from subchondral bone which could cause loss and damage of the deepest area, thus
maintaining the integrity of cartilage irrespective of the severity of degradation. This study
has shown for the first time that even without decalcification, sectioning of osteochondral

tissue without affecting cartilage histological quality is possible. Decalcification is a time-
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consuming and laborious procedure and could compromise cell and matrix morphology and
antigenicity (601, 602). It is also associated with significant depletion of proteoglycans by up
to 70% (581). This is most obvious in cartilage with advanced degeneration. In this study, at
Grade 4.0/4.5 when there was just a thin layer of the DZ left, the loss of Safranin O staining
was significantly less compared to studies that utilised decalcification (323, 603). Such
artefact could potentially jeopardise the evaluation of cartilage histopathology (578) as
almost all scoring systems involve safranin O staining as a key parameter. The usage of the
undecalcified osteochondral tissue sections for IHC study of collagenases and aggrecanases is

presented in Chapter 6.

Histopathological evaluation of cartilage is a powerful tool in OA research as it provides a
semi-quantitative measurement of disease severity and progression, which can be used to
investigate disease mechanisms and assess effects of treatments. Currently, a number of
scoring methods are available, of which the OARSI system is probably the most widely used.
It has the advantage of being sensitive to early OA and has been proved to be a reliable
replacement of the HHGS scheme (578, 579, 588). However, when applied to regionally
collected samples, such as cartilage discs or osteochondral plugs/blocks with relatively small
volume, significant inter-study variability has been observed (603, 604). To overcome this
limitation of the OARSI grading module, in this project we modified the original scheme and
developed a comprehensive template (from Figure 3.8 to Figure 3.11) for grading cartilage
degradation. In this template, important pathological features of OA in terms of cartilage
surface and matrix structure, chondrocyte biology, and proteoglycan content can be clearly
identified and differentiated between different grades with or without 0.5 sub-score. This is
likely to be due to a clear description and stratification of changes in the vertical direction,
i.e., extent of proteoglycan depletion, depth of fissures, and cartilage erosion from SZ to DZ.
However, it should be noted that though examples of Grade 5.0 to 6.5 have been given, this
modified grading system focused more on cartilage changes and was not optimised for a

detailed evaluation of subchondral bone denudation when cartilage is completely lost.

Before any quantitative scoring scheme of OA histopathology can be adopted, its
reproducibility should be investigated. For this purpose, three scorers were recruited in this

study to evaluate the inter- and intra-observer ICCs and LOAs. Of these scorers, Y Li is a PhD
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candidate who is familiar with both OA and cartilage histopathology, Y Liem is a PhD candidate
who works with OA soluble biomarkers but has no experience with cartilage histopathology,
while H Ahmed is an intercalating medical student who has no experience in OA research. It
was shown that the inter-observer reliability was ‘excellent’ (ICC above 0.90) between Y Li
and Y Liem, and was ‘good’ (above 0.800) for H Ahmed, according to the recommended
criteria for general medical research (600) and criteria specific for OA histopathology (578).
The intra-observer reliability was also ‘excellent’, for both Y Li and Y Liem. The ICCs and LOAs
turned out to be as good as or even better than many other investigations of histopathological
grading published in the literature (578, 579, 588, 589). These results suggest that the
modified microscopic grading system reported here can be reproducibly adopted, and

appears to be easy to learn and can be used by researchers with limited experience.

The new macroscopic grading method developed in this study also exhibited outstanding
reliability, with an intra-observer ICC over 0.900. This is fairly good for a macroscopic
evaluation mainly based on visual assessment, and better than the values reported for other
macroscopic grading systems (596, 605). More importantly, the sensitivity of the new
macroscopic grading for evaluation of cartilage pathology has been confirmed by the
microscopic grading, as shown by the scatter plot and the close correlation between the two
systems with a Spearman’s correlation coefficient of 0.936. This data has important
implications. First, the mutual validation between the two grading schemes proved that they
are both reliable tools for the evaluation of cartilage degradation. Second, the tissue
collection procedure adopted in this study generated a group of samples representing
different stages of cartilage degradation, allowing the study to investigate subchondral bone
and immunohistochemical features according to the disease severity in the following
chapters. Future studies may carry out further validation against other existing macro- and
microscopic grading methods or biochemical and mechanical properties of cartilage, to
provide independent data on the application of these new grading systems for investigation

of cartilage degradation.

In this study, to make clear contrast to samples with OA, we limited the selection of OP
specimens to those with normal or comparatively normal (macroscopic Grade |) articular

surfaces. However, microscopically, majority of OP samples exhibited features of early
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cartilage degeneration (Grade 1.0 and 1.5) (Figure 3.12). These were treated as acceptable
age-related changes. Therefore, no further differentiation within the OP group were made.
As for the OA group, for simplicity and due to limited sample size, the advanced grading with
0.5 subgrades was generalised to Grade 1, 2, 3, and 4 based on Table 2.3. OA samples were
then grouped according to the generalised microscopic grading for comparisons in the

following chapters.

3.5 SUMMARY

In this chapter, results of experiments performed to develop a new macroscopic grading
scheme for the initial examination of cartilage conditions on femoral heads collected from OA
and OP patients were presented. Also, the OARSI microscopic grading system was optimised,
to make it suitable for the histopathological evaluation of regionally collected samples with
relatively small dimensions. Based on the reproducible and accurate assessment of cartilage
degradation using the two grading schemes, we standardised a tissue extraction protocol that
was able to collect osteochondral samples precisely representing various stages of cartilage

degradation in OA and OP.
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Chapter 4

Subchondral bone microarchitecture in hip OP and OA: a
regional and compartmental comparison

4.1 INTRODUCTION

Clinical studies investigating the relationship between OP and OA are generally based on
comparisons of BMD at systemic (femoral neck or vertebrae) or whole-joint levels using
traditional measurements such as DXA. Though in general they show that OA is associated
with higher bone density while patients with OP have lower risk of OA, careful interpretation
of these results is needed to avoid bias in terms of study design and technical limitations, as
discussed in Section 1.7.1. More importantly, these studies did not provide much information
regarding the pathological mechanisms contrasting the two diseases because (i), changes at
microscopic levels which can reflect the pattern of bone remodelling were not examined, and

(i), subchondral bone, which is the most significantly affected area in OA, was not targeted.

There have been a few studies comparing microscopic properties of subchondral bone
between OP and OA using femoral heads excised during THA surgeries for femoral neck
fracture and hip OA (606-609). Typically, these studies collected subchondral bone samples
from a fixed anatomical site (superior) assuming that the loading pattern of hip joint is
universal across the population. Also, they only included end-stage OA samples that displayed
severe or complete cartilage erosion at the site; a detailed histopathological evaluation of
cartilage degeneration was missing. Inevitably and expectably, they came to the conclusion
that subchondral bone is subjected to opposite pathological processes in OP and OA (606-
609).

However, numerous studies on knee OA specimens have revealed a spatial coupling between
pathology of subchondral bone and cartilage — microarchitecture of subchondral bone is
heterogeneously distributed within the joint and varied with local degeneration severity of

the overlying cartilage (381, 450, 567-572, 610). This is easy to understand as cartilage and
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subchondral bone act in a complementary manner in the transmission of load and there is a
mutual biomechanical adaption between them (165, 166). Failure of one tissue will inevitably
lead to failure of the other. Also, degradation of cartilage and remodelling of subchondral
bone are accompanied with biochemical signals, including growth factors, cytokines and
proteinases, that can communicate across the osteochondral unit, therefore synergising
biological activities in the two neighbouring tissues (611). Considering that progression of OA
is associated with worsening cartilage damage and that eventually cartilage will be completely
depleted from the entire articulating surface (323), the cartilage-dependent spatial variation
of subchondral bone can be used as an indication of temporal changes at various stages of
OA (420,426,567, 568, 604). This is especially important for studies based on human subjects

since longitudinal sample collection is not possible.

Surprisingly, a detailed regional variation of subchondral bone microarchitecture in relation
to local cartilage degeneration has not been reported before for hip OA. A few studies that
attempted to investigate the heterogeneity of hip OA subchondral bone microarchitecture
often used a small number of samples and had a limited scope. For example, Ryan and co-
workers explored the distribution of subchondral bone microarchitecture in six OA femoral
heads as a function of the anatomical location but not the status of the overlying cartilage
(612). Chappard et al reported the disparities in subchondral bone microarchitecture
between regions covered and not covered by cartilage, but they did not carry out a
histological evaluation and only looked at trabecular bone (426). Using histomorphometry,
Jensen et al studied only the two-dimensional area fraction of subchondral trabecular bone

with regard to the condition of the overlying cartilage (420).

Histomorphometry, based on methacrylate embedding and sectioning of tissue, is a classic
experimental method to study bone biology. A major advantage is that it allows inspection of
bone structure and ongoing remodelling at the same time, with the latter being evaluated by
a set of specialised indices such as osteoid surface and eroded surface representing focal bone
formation and resorption, respectively (97). However, a number of advanced morphometric
parameters of bone, which are among the determinants of biomechanical properties, cannot

be studied with histomorphometry due to its two-dimensional nature. MicroCT, by contrast,
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provides a gold standard for three-dimensional measurement of bone microarchitecture in

small animal models and biopsied human samples (613).

Therefore, based on histopathological evaluation of local cartilage degradation and microCT

scanning, the aims and objectives of the experiments in this chapter are to:

(i), Explore the regional variations of subchondral bone microarchitecture, including both pate

and trabecular bone, in hip OA in relation to degeneration stages of the overlying cartilage.

(ii), Compare subchondral bone microarchitecture in OP with that in different stages of OA.

4.2 MATERIALS AND METHODS

4.2.1 Patient selection

As plugs extracted from the optimisation OA cohort were exhausted by various testing
procedures and the histology study, only the main study cohort together with seven OP

specimens, were included in the microCT studies (see Section 2.5).

4.2.2 Macroscopic evaluation and osteochondral plugs extraction

Osteochondral plugs with 4mm diameter were extracted from OP and OA femoral heads using
a steel hollow punch as described in Section 2.5. Briefly, for OP group, plugs (N=21) were
collected from three anatomical sites: superior, posterior and anterior. For OA group, plugs
(N=56) were collected from different macroscopically graded regions on each femoral head
(Grade | to Grade IV). Grade V plugs were not included as explained previously. The
subchondral bone of plugs was preserved with a length of 8-10mm. Plugs were snap-frozen

and stored at -80 °C until scanning.

4.2.3 Micro CT scanning
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Plugs were transported to the University of Sheffield for MicroCT scanning. Settings of scan
can be found in Section 2.10. Reconstructed image datasets were then imported into the CT

Analyzer software (CTAn) for processing and analysis.

4.2.4 MicroCT Image processing

A global threshold of greyscale CT value (60-255) was used for binarization of images to
differentiate between bone and soft tissues including marrow and cartilage (Figure 4.1C, D).
Noises and isolated particles were removed by the Despeckle function of the CTAn. A primary
cylindrical region of interest (ROI) with 3.0mm diameter and 4.0mm depth was selected in
the centre of plugs to exclude potentially cracked edge caused by punching during tissue

extraction (Figure 4.1A, B).

This preliminary ROl was then segmented into ROIs of subchondral plate and trabecular bone
using a custom developed semi-automated method with the aid of CTAn. Specifically, the
‘narrowing points’ where trabeculae started to stretch out from the bottom of subchondral
plate were manually identified and lined up (Figure 4.1B). The drawing was repeated on every
3-5 slices depending on the variation. The lines between slices were automatically
interpolated. The dataset above this line was further contoured by the Shrink-Wrap function
of CTAn to remove redundant image areas, marrow space and cartilage, creating the
subchondral plate ROI (Figure 4.1C, E, G). The dataset beneath this line constituted the
trabecular ROI, with redundant image areas removed by Shrink-Wrap (Figure 4.1D, F, H). The
resulted ROIs were visually checked on each dataset to ensure close representation of the
subchondral bone compartments. To evaluate the reliability of the ROl selection and
segmentation protocol, the above procedure, from selection of the preliminary ROI to
generation of the compartmental ROls, was repeated with 8 weeks’ interval on all datasets.
Three-dimensional images were created by the Amira software (2020.1, Thermo Scientific,

USA).
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Figure 4.1. Selection of regions of interest on microCT image dataset. A primary cylindrical
ROI (A) with 3.0mm diameter and 4.0mm depth was selected in the centre of plugs. In the
cylindrical primary ROI, the ‘narrowing points’ where trabeculae start to stretch out from
the bottom of subchondral plate were manually identified and lined up (B). The dataset
above this line (C) was further contoured by the Shrink-Wrap function of the CT Analyser
software to create the subchondral plate ROI (E and G). The dataset beneath the line (D)
constituted the trabecular bone ROI (F and H).

4.2.5 Microarchitecture analysis

Microarchitecture of subchondral plate and trabecular bone were analysed automatically
within the corresponding ROIs using CTAn. Algorithm of measurements was described in the
Skyscan handbook and summarised by an established guideline (613). For trabecular bone,
bone volume fraction (volume of bone tissue divided by total volume of ROl including bone
and marrow space, BV/TV) and specific bone surface (bone surface/bone volume, BS/BV)
were calculated based on the volumetric marching cubes model. Trabecular thickness (Tb.Th),
trabecular separation (Tb.Sp), and trabecular number (Th.N) were calculated based on the
sphere-fitting method. Structural model index (SMI) was measured based on dilation of the
three-dimensional voxel model. It ranges from 0 to 3 to describe the shape of trabeculae, with
0 indicating pure rod while 3 indicating ideal plate model. However, it may become a negative
value in the situation of high BV/TV. The connectivity of trabecular bone was estimated by

connectivity density (Conn.Dn), which was measured as the Euler number per tissue volume.
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For subchondral plate, plate thickness (PI.Th) was calculated by applying the sphere-fitting
method to the contour of subchondral plate ROI. Total porosity (Pl.Po) was calculated as

volume of pores per volume of the plate ROI.

4.2.6 Histology and microscopic grading

After microCT scanning, without trimming of subchondral bone, plugs were decalcified and
processed for paraffin embedding and sectioning, as described in Section 2.6.2. The
osteochondral plugs scanned by microCT had been through multiple freezing-thawing circles
and lengthy decalcifying procedure. However, the histological quality of the tissue sections
remained sufficiently good for histopathological evaluation. Duplicated slides from each plug
were stained with safranin O — fast green as in Section 2.7. Microscopic severity of cartilage
degradation was scored using the modified OARSI grading system. For this batch of samples,
only two examiners (Y Li and Y Liem) were involved. Blinded to sample origins and
macroscopic grades, they scored all slides independently using advanced grading with 0.5
subgrades. Final microscopic grade for each plug was obtained by averaging and rounding

scores between the two examiners.

4.2.7 Statistical analysis

Since osteochondral plugs were collected based on the condition of the overlying cartilage
and the research aimed to investigate how cartilage degeneration was related to changes in
subchondral bone, independence of samples was assumed in this study. Comparisons of
microarchitectural parameters were first made between microscopic grades within OA group
to verify the variations in relation to the severity of cartilage degeneration, using one-way
ANOVA (followed by Bonferroni test) for parametric data and Kruskal-Wallis (K-W) test
(followed by Dunn’s test) for non-parametric data, respectively. These tests were then

repeated to include the OP group and compare OP with different microscopic grades of OA.
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4.3 RESULTS

4.3.1 Compartmental segmentation

Reliability of the protocol for segmentation between subchondral plate and trabecular bone
on microCT datasets was evaluated by repeating the contouring (lining) procedure and
comparing between the initial and repeated measurements of subchondral plate thickness
and trabecular bone volume fraction. The calculated ICC was 0.971 for BV/TV and 0.949 for

PL.Th, respectively, indicating excellent consistency of the compartmental ROl segmentation.

4.3.2 Microscopic evaluation

The inter-observer ICC for microscopic grading of this batch of samples was 0.967, as good as
the value reported in Chapter 3, indicating excellent agreement between the two observers.
As discussed in Chapter 3, in the following comparisons of bone microarchitecture, for
simplicity and due to limited sample size, the advanced grading of OA plugs was generalised
to Grade 1, 2, 3, and 4 according to Table 2.3. In addition, the advanced grading of OP plugs
ranged from 0 — 1.5, and 1 — 1.5 were treated as acceptable age-related minor degeneration.

Therefore, the data from the OP group were pooled without further differentiation.

4.3.3 Microarchitecture of subchondral trabecular bone

Representative three-dimensional microCT images of samples from OP and each OA grade
and the corresponding safranin O stained tissue sections are shown in Figure 4.2.
Microarchitectural parameters of subchondral trabecular bone and results of analysis of
variance are summarised in Table 4.1. Between-group comparisons are depicted in Figure 4.3
to Figure 4.5. Overall, a significant regional variation of subchondral bone microarchitecture
in relation to the degree of cartilage degradation in OA group was found, except for Th.Sp.

Data for the OP group were generally similar to early OA but different from advanced OA.
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Figure 4.2. Representative tissues sections stained with safranin O, and the corresponding three-dimensional microCT images of OP and OA
samples. Both generalised grading and advanced grading (values in bracket) are given.
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Table 4.1. Analysis of variance of subchondral trabecular bone microarchitecture in relation
to severity of cartilage degeneration in OA and OP.

P Value P Value
(OA Grades (OP and
only)  OA Grades)

oP OA Grade 1 OA Grade 2 OA Grade 3 OA Grade 4
(N=21) (N=14) (N=12) (N=14) (N=16)

BV/TV (%)  25.6416.24 22.04+8.81 27.32+7.19 35.93£7.95 39.06+10  <0.001 <0.001
BS/BV (mm-1) 20.6443.46 23.34+4.00 21.93+3.23 17.97+2.25 17.40+3.41 <0.001 <0.001
Tb.Th (mm)  0.18+0.03 0.16+0.03 0.17+0.03 0.20+0.03 0.22+0.04 <0.001 <0.001
Tb.N (mm™) 1.40+0.27 1.37+0.45 1.64+0.41 1.75+0.29 1.81+0.28 0.009 <0.001
Tb.Sp (mm)  0.55+0.08 0.58+0.13 0.50+0.12 0.50+0.10 0.46+0.08 0.052 0.024
SMI (-) 1.31+0.22 1.27+0.42 1.13+0.37 0.37+0.79 0.05+1.32 <0.001 <0.001

Conn.Dn (mm?3) 2.25+1.28 2.42+1.33 3.73+1.89 4.26+1.90 5.93+2.49  <0.001 <0.001

Values are presented as mean + SD. One-way ANOVA was used for parametric data and
Kruskal-Wallis test was used for non-parametric data (SMI and Conn.Dn). Analysis was first
made between OA Grades to examine the variations in relation to the severity of OA. Then
the tests were repeated to include the OP group to compare OP with different OA Grades.

4.3.3.1 Basic volumetric parameters

There was a significant increase in BV/TV with the increasing severity of cartilage degradation
in OA (ANOVA, P<0.001) (Table 4.1). BV/TV at OA Grade 1 was significantly lower than at
Grade 3 and 4 (Bonferroni test, both P<0.001), while that at Grade 2 was significantly lower
than at Grade 4 (Bonferroni test, P<0.05) (Figure 4.3A). When the OP group was included in
the analysis, it was shown that OP had a BV/TV similar to OA Grade 1 and 2, but significantly
lower than OA Grade 3 and 4 (Bonferroni test, P<0.05, P<0.001, respectively) (Figure 4.3A).

BS/BV demonstrated an inverse trend in OA against that seen for BV/TV. BS/BV reduced as
cartilage damages became more evident (ANOVA, P<0.001) (Table 4.1). The values for OA
Grade 1 and 2 were significantly higher than for OA Grade 3 and 4 (Bonferroni test, Grade 1
vs Grade 3: P<0.001; Grade 1 vs Grade 4: P<0.001; Grade 2 vs Grade 3: P<0.05; Grade 2 vs
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Grade 4: P<0.05) (Figure 4.3B). BS/BV of the OP group was higher than advanced OA and but

was statistically significant for Grade 4 only (Bonferroni test, P<0.05) (Figure 4.3B).
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Figure 4.3. Comparisons of basic volumetric parameters of subchondral trabecular bone in
relation to severity of OA cartilage degeneration. The boxplot shows the median, the
interquartile range (IQR), and individual values. Statistical significance is indicated by * or #
for multiple comparisons between OA Grades, and between OP and OA Grades,
respectively, according to post-hoc tests. *P < 0.05; **P < 0.001; the same for #.

4.3.3.2 Basic morphological parameters

Both Th.Th and Tb.N exhibited an increasing trend in the OA group toward more severe
cartilage degradation (ANOVA, P<0.001 and P<0.05, respectively) (Table 4.1). Specifically,
trabecular bone with Grade 1 degeneration of the overlying cartilage had significantly thinner
trabeculae compared with Grade 3 and Grade 4 (Bonferroni test, P<0.001 and P<0.05,
respectively). Meanwhile, OA Grade 2 had significantly thinner subchondral trabecular bone
compared to Grade 4 only (Bonferroni test, P<0.05) (Figure 4.4A). The number of trabeculae
in OA Grade 1 was significantly greater than in Grade 3 and Grade 4 (Bonferroni test, both
P<0.05), but there was not statistically significant difference between Grade 2 and advanced

OA (Grade 3 and Grade 4) (Figure 4.4B). In contrast to Tb.Th and Th.N, there was a decreasing
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trend in Th.Sp toward greater local OA severity, though the trend was not statistically
significant (ANOVA, P=0.052) (Table 4.1). No significant difference in Tb.Sp was found
between different OA Grades (Bonferroni test, P>0.05 for all pairs) (Figure 4.4C).

When the OA groups were compared with OP, Bonferroni post-hoc tests showed that Th.Th
and Th.N were not statistically different between OP and early OA (Grade 1 and 2). However,
the value of Th.Th in OP was significantly lower compared with OA Grade 4 (Bonferroni test,
P<0.05), and the value of Th.N in OP was significantly smaller compared with both OA Grade
3 and Grade 4 (Bonferroni test, both P<0.05) (Figure 4.4A, B). By contrast, Tb.Sp was not
significantly different between OP and all OA grades (Bonferroni test, P>0.05 for OP vs OA
Grade 1, 2, 3, and 4) (Figure 4.4C).
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Figure 4.4. Comparisons of basic morphological parameters of subchondral trabecular bone
in relation to severity of OA cartilage degeneration. The boxplot shows the median, the
interquartile range (IQR), and individual values. Statistical significance is indicated by * or #
for multiple comparisons between OA Grades, and between OP and OA Grades,
respectively, according to post-hoc tests. *P < 0.05; **P < 0.001; the same for #.

4.3.3.3 Advanced morphological parameters

With regional progression of disease, subchondral trabeculae became more plate-like in OA,
as shown by a decreasing SMI (K-W test, P<0.001) (Table 4.1). The values for OA Grade 1 and
Grade 2 were both significantly greater than that for OA Grade 4 (Dunn’s test, P<0.001 and
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P<0.05, respectively), while only in Grade 1 SMI was higher than in Grade 3 (Dunn’s test,
P<0.05) (Figure 4.5A). Subchondral trabeculae in OP were more rod-like at a level similar to
OA Grade 1 and 2, and was significantly different from OA Grade 3 and 4 (Dunn’s test, both
P<0.001) (Figure 4.5A).

The subchondral trabeculae in advanced OA were better connected compared with those in
early OA, with a significant increase in Conn.Dn toward worse degeneration of the overlying
cartilage (K-W test, P<0.001) (Table 4.1). However, the pairwise comparison within OA group
was statistically significant only between Grade 1 and Grade 4 (Dunn’s test, P<0.001) (Figure
4.5B). In line with most of the above-mentioned parameters, Conn.Dn in the OP group was
similar to that in OA Grade 1 and 2, but was significantly lower compared with that in OA

Grade 3 and 4 (Dunn’s test, P<0.05 and P<0.001, respectively) (Figure 4.5B).
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Figure 4.5. Comparisons of advanced morphological parameters of subchondral trabecular
bone in relation to severity of OA cartilage degeneration. The boxplot shows the median,
the interquartile range (IQR), and individual values. Statistical significance is indicated by *
or # for multiple comparisons between OA Grades, and between OP and OA Grades,
respectively, according to post-hoc tests. *P < 0.05; **P < 0.001; the same for #.

4.3.4 Microarchitecture of subchondral plate
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Data for the microarchitectural parameters of subchondral plate and results of comparisons
are summarised in Table 4.2. Subchondral bone plate became thicker with the progression of
cartilage degeneration in OA, and the trend was statistically significant (ANOVA, P<0.001).
Post-hoc comparisons showed that PL.Th in OA Grade 1 was significantly lower compared to
advanced OA (Bonferroni test, P<0.05 for both Grade 3 and 4), while the difference between
Grade 2 and advanced OA (Grade 3 and 4) was not statistically significant (Figure 4.6A). In
addition, the OP group had a significantly thinner subchondral plate compared to OA Grade
2, Grade 3 and Grade 4 (Bonferroni test, P<0.05, P< 0.001, P<0.001, respectively) (Figure
4.6A). In contrast, no obvious pattern was seen for the porosity of subchondral plate in OA
(ANOVA, P=0.974) (Table 4.2). Statistical comparisons did not reveal any significant difference
for PI.Po between different OA grades or between OP and OA grades (Bonferroni test, P>0.05

for all pairwise comparisons) (Figure 4.6B).

Table 4.2. Analysis of variance of subchondral plate microarchitecture in relation to severity
of cartilage degeneration in OA and OP.

P Value P Value
oP OA Grade 1 OA Grade 2 OA Grade 3 OA Grade 4

- - _ _ _ (OA Grades (OPand
(N=21) (N=14) (N=12) (N=14) (N=16) only)  OA Grades)

PL.Th (mm)  0.26%0.04 0.29+0.06 0.33+0.06 0.39+0.09 0.42+0.11 <0.001 <0.001

Pl.Po (%) 9.75+3.11 8.72+2.20 8.57+2.43 8.79+2.32 8.41+2.65 0.974 0.554

Values are presented as mean £ SD. One-way ANOVA was used as the data are parametric.
Analysis was first made between OA Grades to examine the variations in relation to the
severity of OA. Then the tests were repeated to include the OP group to compare OP with
different OA Grades.
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Figure 4.6. Comparisons of microarchitecture of subchondral plate in relation to severity of
OA cartilage degeneration. The boxplot shows the median, the interquartile range (IQR),
and individual values. Statistical significance is indicated by * or # for multiple comparisons
between OA Grades, and between OP and OA Grades, respectively, according to post-hoc
tests. *P < 0.05; **P < 0.001; the same for #.

4.4 DISCUSSION

Segmentation between cortical and trabecular bone on microCT-derived images has been
reported and standardised mostly for vertebrae and diaphysis of long bone (614-616), which
are enclosed environment easier to delineate using automated algorithm. For subchondral
bone in both human specimens and animal joints, contouring methods to separate
subchondral plate from trabecular bone varied among different studies and have generally
been subjective and vague (378, 617). No standardised protocol is available. Based on a
custom designed contouring method, Wen et al reported a porosity of subchondral plate in
human tibia up to 70%, which is somewhat unreasonable and does not meet the general
definition of compact bone (45, 618). This may be due to that part of the marrow space
beneath subchondral plate was unnecessarily included and interpreted as intra-plate pores.
The semi-automated protocol developed for the current study overcame this issue by

combining manual delineation with a built-in algorithm of the CTAn (the shrink-wrap function)
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which can remove redundant image spaces automatically. Segmentation between
subchondral plate and trabecular bone using this protocol was accurate (Figure 4.1) and

exhibited good reproducibility in this study.

The experiments in this chapter are the first to comprehensively investigate the regional
variations of subchondral bone three-dimensional microarchitecture as a function of local
cartilage degeneration in hip OA. Also, this study is the first to compare the microarchitecture
of subchondral bone in OP with those in OA across various stages of cartilage degeneration.
The results show that majority of the parameters tested for OA subchondral plate and
trabecular bone varied with the condition of the overlying cartilage. These parameters in OP
were similar to regions with early but different from regions with advanced cartilage

degeneration in OA.

As in tibial plateaus affected by OA (566-568, 570, 610), volumetrically denser trabecular
bone, represented by higher BV/TV, and thicker subchondral plate were present in regions
with more severe cartilage degeneration but not where cartilage is still relatively preserved
in OA femoral head. This is consistent with the findings that late-stage OA is associated with
increased bone formation outweighing resorption, leading to subchondral sclerosis (161,
619). The changes in BV/TV of trabecular bone can be explained by the variations in three
basic parameters (Th.Th, Tb.N and Tb.Sp) describing the morphological features of trabeculae.
Unlike BV/TV, data for the latter parameters have been more complicated and inconsistent
in the literature. Using histomorphometry, Bobinac et al reported that increased bone volume
fraction in regions with severe cartilage degradation in knee OA was caused by thicker
trabeculae that are less in number and closer to each other (568). Using microCT based three-
dimensional measurements, one recent study showed that only increased Tb.N was
accountable for the hypervolume of subchondral trabecular bone seen with more severe
cartilage degradation in knee OA (570), whereas another study showed that thicker, closer
and increased number of trabeculae were all responsible (567). Data presented in this chapter
revealed a different pattern — Tb.Th and Th.N increased significantly with the microscopic
grading of cartilage in hip OA but the decrease in Th.Sp was non-significant. The contradictory
results are possibly due to the locations of extracted samples, cartilage grading variabilities,

measuring techniques and settings, and varying sample sizes across different studies.
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Except for basic trabecular morphology, mechanical properties of trabecular bone are also
related to the shape and connectivity of trabeculae. Plate-shaped and well-connected
trabecular network provides stronger support than rod-like perforated trabeculae (Figure 1.5)
(49, 620). Progression of OA has been reported to be accompanied by a decrease in SMI and
an increase in Conn.Dn in subchondral bone of both human and animal models (377, 378,
381). Moreover, these two parameters correlate significantly (negatively and positively,
respectively) with the severity of focal cartilage degradation in OA knees, (49, 567, 570). Such
correlations have been confirmed in hip OA by data presented in this chapter, indicating an

architecturally strengthened subchondral trabecular bone at late stage of OA.

During progression of OA, elevated subchondral bone remodelling is associated with
increased vascular invasion and microcracks at osteochondral junction, which together lead
to increased porosity of subchondral plate (166, 463). This has been well documented in both
spontaneous and induced animal models (378, 389, 391, 394). In vivo study of plate porosity
in human is technically not possible and results generated from ex vivo studies have been
scarce and conflicting. Chu and co-workers reported that there was not a significant
difference between OA and healthy control (621) while Wen et al found more porous
subchondral plate beneath severely damaged cartilage (617). Data presented here, however,
are in agreement with a previous study of OA knees (450), showing no correlation between
cartilage degradation and total porosity of subchondral plate. Future studies may utilise more
advanced imaging techniques to differentiate between open (penetrating vascular channels

and cracks) and closed porosity (intra-plate pores and canals).

Overall, the changes in subchondral plate and trabecular bone microarchitecture in advanced
OA, which outweigh the effects of decreased mineralisation (see Chapter 5), point to a
stiffened structure with dampened capability of absorbing and dispatching stress. This
corresponds and coexists with the degradation and compromised mechanical properties of
the overlying cartilage, reflecting an abnormal and disrupted mutual adaption between the
two tissues under disease condition. However, a cause-effect relationship between
subchondral sclerosis and severe cartilage damage cannot be established in this study, as they

presented concurrently.
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For trabecular and cortical bone microarchitecture in OP, studies were almost exclusively
restricted to femoral neck, vertebrae and ilium. In these locations, cortical bone becomes
increasingly thinner and more porous (618, 622). Lower BV/TV, thinner, lesser and widely
spaced trabeculae compared with control were also found, despite some extent of variation
between genders and at different phases of disease (618, 623-626). In addition, trabeculae
become more rod-shaped and less well connected in OP, the same as in normal ageing
process, rendering bone less capable of coping with mechanical stress and potentiating risk
of bone failure (618, 626, 627). However, data specific for the changes in subchondral bone

microarchitecture in OP are rare.

In terms of comparison between OP and OA, subchondral trabecular samples collected from
a fixed site (superior) of femoral heads without accounting for cartilage degeneration
exhibited denser, thicker, more plate-like and better connected trabeculae in OA than in OP,
while the data for Tb.N and Tb.Sp have been inconsistent between studies (607-609). By
grouping OA samples according to cartilage histopathological grading, the present project
additionally demonstrated how subchondral bone properties at different stages of cartilage
degeneration are related to those in OP. It was shown that at Grade 1 and Grade 2 of OA, all
architectural parameters of subchondral trabecular bone were not significantly different from
those in OP, indicating that in these regions there may exist unbalanced bone remodelling
toward resorption. This imbalance was reversed in Grade 3 and Grade 4 toward bone
formation and sclerosis, as discussed above. It is worth noting that the difference in PL.Th
between OP and OA was already significant from OA Grade 2, which supports the view that
in non-traumatic type of OA the changes in subchondral plate are faster than and precede
those in trabecular bone, and interact more closely with cartilage degeneration (165, 376,
628-630). In any case, the presence of osteoporosis-like subchondral bone beneath cartilage
with relatively less degenerative changes does not support that subchondral sclerosis is

responsible for the initiation and early changes of OA.

Based on the quantitatively and morphologically similar subchondral plate and trabecular
bone structure, it may be reasonable to speculate that the unbalanced remodelling favouring
resorption in subchondral bone at early stage of cartilage degeneration in OA is as severe as

in the subchondral bone of OP patients, and probably has the similar pattern. This hypothesis
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can be directly tested by comparing cell biology and remodelling status between OP and
different stages of OA. Indeed, differing phenotypes of subchondral osteoblasts (i.e., high and
low osteoblasts) have already been identified between OA patients (see Section 1.6.2.2) (421-
423), as well as between sclerotic and non-sclerotic regions of the same OA joint (631-633).
These phenotypic changes may reflect the temporal alternations in osteoblast cell biology
across the process of OA (422, 424). In addition, histomorphometry studies have revealed
that the remodelling status in OA subchondral bone, measured by relative bone formation
and resorption surfaces, also displayed stagewise variations as reflected by the heterogeneity
in relation to local severity of cartilage degeneration (420). Thus, it may be useful to combine
the approaches used in these studies and incorporate subchondral bone in OP to investigate
the similarities and differences in cell biology and remodelling status between OP and
different stages of OA. By doing so, the mechanism of subchondral bone remodelling that
leads to excessive resorption at the early phase of OA can be better understood, and

therefore the use of anti-OP drugs as DMOADs can be further supported and guided.

4.5 SUMMARY

In this chapter the heterogeneity of three-dimensional subchondral bone microarchitecture
in relation to the local severity of cartilage degeneration has been reported for hip OA. It was
shown that characteristic features of subchondral sclerosis, including thicker subchondral
plate, volumetrically denser trabecular bone, and thicker, plate-like and well-connected
trabeculae, were associated with advanced degradation of the overlying cartilage. In addition,
subchondral bone in OP was compared with those in OA across various stages of cartilage
degeneration. It was shown that subchondral plate and trabecular bone in OA samples with
early cartilage damage were as porous as those in OP samples. These data provide evidence
at microscopic level that at early stage of OA there is unbalanced subchondral bone
remodelling toward resorption, probably in a similar pattern as in OP. The imbalanced
remodelling appears to be reversed toward formation leading to subchondral sclerosis in

advanced OA.
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Chapter 5

Subchondral bone mineral densities in hip OP and OA and their
associations with microarchitecture

5.1 INTRODUCTION

Mineralisation is another aspect of bone remodelling in addition to microarchitecture. As
discussed in Section 1.2.4, degree of mineralisation is the primary determinant of bone
mechanical properties at tissue/material level (the elastic modulus/stiffness/hardness of
bone tissue itself) (380, 431, 634, 635). A combination of the degree of mineralisation, the
guantity of bone present, and the characteristics of bone morphology together explains the
biomechanical properties of bone at apparent level (the elastic modulus or strength of an

entire bone specimen) (380, 591).

There are two terms that are frequently used to describe the status of bone mineralisation —
bone mineral density (BMD) and tissue mineral density (TMD). The former is an analogue to
apparent density, that is, mineral content divided by total volume of bone specimen including
bone tissue itself and marrow space; the latter, on the other hand, is comparable to material
density, i.e., mineral content divided by volume of bone tissue only, excluding the
interspersing vacuous spaces (45, 636). Accordingly, TMD is a direct measurement of the
degree of matrix mineralisation in bone tissue (566, 636), whereas BMD is a parameter
combining the effects of matrix mineralisation and quantity of bone in a defined region of

interest (572, 591).

BMD and TMD can be directly calculated for biopsied bone specimens based on gravimetric
principles, or can be indirectly measured by radiographic techniques based on resorption of
radiation by minerals (637). In clinical practice and clinical research, BMD is most frequently
measured by DXA and QCT, the pros and cons of which have been discussed in Section 1.5.4.

It is worth pointing out that though DXA and QCT are non-invasive and have the advantage of
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in vivo investigation in human joints, they are neither capable of deriving TMD and accurate
microarchitectural parameters due to the two-dimensional nature (DXA) and inadequate
spatial resolution (200-500um for QCT) (240, 241, 572, 638), nor able to allow assessment of
the local conditions of cartilage. In contrast, microCT can be used for measurement of both
BMD and TMD, and can benefit from ex vivo studies which enable histological evaluation of

tissue.

Subchondral bone specimens collected from end-stage OA joints generally exhibited
decreased mineralisation despite its sclerotic structure. Based on biochemical analysis,
Mansell and Bailey showed that subchondral trabecular bone in OA femoral head had
increased collagen synthesis but reduced calcium to collagen ratio, indicating that there was
elevated bone formation but the newly deposited osteoid was under-mineralised (430). Using
gravimetric methods, Grynpas et al reported that subchondral bone in OA is associated with
lower material density compared to aged and young controls (429). In addition, the tissue-
level stiffness of OA subchondral bone is lower than normal (639). Likely explanations for the
compromised mineralisation in OA subchondral bone have been discussed in Section 1.6.2.2,
including elevated remodelling rate and phenotype changes in osteoblasts and collagen
molecules. However, the above-mentioned studies only looked at end-stage samples and did
not account for the status of cartilage degradation. The effects of cartilage degradation on
the mineralisation of the underlying subchondral bone in OA had been investigated by just

one study to date on the tibial plateau of knee joint (566).

OP was traditionally considered as a disease with ‘too little bone’ but ‘what there is, is
normal’, meaning that bone is only inferior in quantity but the material properties and
chemical compositions may be unaffected (640, 641). However, at ultrastructural level, it was
shown that trabeculae in osteoporotic iliac bone are heterogeneously mineralised, with
presence of both hyper- and hypo-mineralised laminar packets (19, 635, 642). There is also
altered biochemical properties of hydroxyapatite and organic components such as collagen
fibres (107). Though normal ageing of human skeleton has been suggested to result in
elevated mean degree of mineralisation despite a moderate decrease in bone quantity (634),
the mean degree of matrix mineralisation in OP has been inconsistently reported across the

literature (107, 229, 635, 643, 644).
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Comparison of subchondral bone mineralisation between OP and OA has seldomly been
reported. Only a few studies on this topic have been identified (426, 427, 609), but as with
microarchitecture as discussed in the previous chapter, these studies included only end-stage

samples from fixed site(s) and neglected the influence of the overlying cartilage.

Moreover, it has been hypothesised that bone mineralisation and microarchitecture have a
mutually adaptive relationship in the biomechanical response — mineralisation and tissue
elastic modulus are optimised against the thickness, shape, and/or connectivity of cortical
and trabecular bone, and vice versa, to maintain the apparent elastic modulus at a competent
level (634, 645). Changes in any of these parameters will be followed by adjustments in the
others. This process is likely to be under the control of osteoblast and osteocyte mediated
mechano-transduction and subsequent bone remodelling (645), but may be jeopardised in

diseases with abnormal bone metabolism such as OA and OP (427, 566, 608).
Therefore, the aims and objectives of this chapter are to:

(i), Explore the regional variations of subchondral bone mineralisation, including both
subchondral plate and trabecular bone, in hip OA in relation to degeneration stages of the

overlying cartilage.
(ii), Compare subchondral bone mineralisation in OP with that in different stages of OA.

(iii), Investigate the relationships between subchondral bone microarchitecture and

mineralisation in OP and OA, and make comparisons as appropriate.

5.2 MATERIALS AND METHODS

Patient selection, macroscopic evaluation and osteochondral plugs extraction, microCT
scanning and image processing, microarchitectural analysis, and histology and microscopic

grading are as described in Section 4.2 in Chapter 4.

5.2.1 Mineral density analysis
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Two calcium hydroxyapatite phantoms of known mineral density (0.25 and 0.75 g/cm?3) were
scanned and reconstructed under the same conditions as the osteochondral plugs. The X-ray
attenuation coefficient values of these phantoms were recorded and a linear calibration

equation was used to calculate the mineral density of the samples.

On microCT images, the apparent density, or volumetric bone mineral density (BMD), was
defined as mineral density over the total volume of the defined ROI, including bone and
marrow space (613). It was measured for trabecular bone only. The material density, or tissue
mineral density (TMD), was measured as mineral density over the volume of bone only (613).
TMD reflects the mean degree of bone matrix mineralisation (566, 646) and was measured
for both subchondral plate and trabecular bone. For measurement of TMD, one-voxel thick

surface layer was removed from the bone surface to correct for partial volume effect.
5.2.2 Statistical analysis

Comparisons of mineral densities (all parametric) were first made between microscopic
grades within OA group to verify the regional variations in relation to the severity of cartilage
degeneration, using one-way ANOVA, followed by Bonferroni post-hoc tests for pairwise
comparisons. These tests were then repeated to include OP group and compare OP with
different microscopic grades of OA. Comparisons of TMD between subchondral plate and
trabecular bone were carried out by Paired Student T-test, matching the two compartments
for each osteochondral plug. The associations between microarchitectural and mineral
parameters were investigated using linear regression. Slopes of regression lines were

compared using general linear model.

5.3 RESULTS

5.3.1 Comparisons of mineral densities

Representative three-dimensional microCT images of samples from OP and OA are shown in

Figure 5.1, with coloured densitometric map to indicate the level of mineralisation in
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subchondral plate and trabecular bone. Measurements of mineral densities and results of

analysis of variance are summarised in Table 5.1.

OA Grade 1 OA Grade 4
[ -
400 (mg-cm?) 1600

Figure 5.1. Three-dimensional densitometric map of subchondral bone in OP and OA. Red
indicates higher level of mineralisation while blue indicates lower level of mineralisation. It
is shown that trabeculae in OP and OA Grade 1 are more mineralized than in OA Grade 4.
Also, the mineralization of trabecular bone is higher than subchondral plate in OP, OA Grade
1, and OA Grade 2. Th: trabecular bone. Pl: subchondral plate.

Table 5.1. Analysis of variance of subchondral bone mineral densities in relation to severity
of cartilage degeneration in OA and OP.

P Value P Value
oP OA Grade 1 OA Grade 2 OA Grade 3 OA Grade 4

- _ _ _ _ (OA Grades  (OP and
(N=21) (N=14) (N=12) (N=14) (N=16) only) OA Grades)

Th.TMD (g/cm®) 1.41+0.06 1.45+0.11 1.39+0.07 1.27+0.07 1.24#0.09  <0.001 <0.001

PL.TMD (g/cm?) 1.22+0.07 1.20+0.09 1.17+0.07 1.17+0.07 1.15+0.07 0.300 0.032

BMD (g/cm?®) 0.27£0.10 0.20£0.14 0.31+0.11 0.42+0.10 0.44+0.14  <0.001 <0.001

Values are presented as mean £ SD. Using one-way ANOVA, analysis was first made between
OA Grades to examine the variations in relation to the severity of OA. Then the tests were
repeated to include the OP group to compare OP with different OA Grades.
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5.3.1.1 Tissue mineral density

5.3.1.1.1 Subchondral plate

The status of the overlying cartilage did not have a statistically significant effect on the TMD
of subchondral plate in the OA group (ANOVA, P=0.300) (Table 5.1), and there was no
significant difference in subchondral plate TMD between different OA grades (Figure 5.2A).
The TMD of subchondral plate in OP was similar to that in different grades of OA except Grade

4, which was significantly lower (Bonferroni test, P<0.05) (Figure 5.2A).
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Figure 5.2. Comparisons of TMD in subchondral plate and trabecular bone in relation to
severity of OA cartilage degeneration. The boxplot shows the median, the interquartile
range (IQR), and individual values. Statistical significance is indicated by * or # for multiple
comparisons between OA Grades, and between OP and OA Grades, respectively, according
to post-hoc tests. *P < 0.05; **P < 0.001; the same for #.

5.3.1.1.2 Trabecular bone

A statistically significant decreasing trend was seen for the TMD of trabecular bone toward
worsening cartilage degradation in the OA group (ANOVA, P<0.001) (Table 5.1). Both Grade

1 and Grade 2 OA trabecular samples displayed significantly better mineralisation compared
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to OA Grade 3 and 4 (Bonferroni test, Grade 1 vs Grade 3: P<0.001; Grade 1 vs Grade 4:
P<0.001; Grade 2 vs Grade 3: P<0.05; Grade 2 vs Grade 4: P<0.001) (Figure 5.1, Figure 5.2B).
Trabecular bone in OA Grade 3 and Grade 4 was also significantly hypo-mineralised in contrast
to that in OP (Bonferroni test, both P<0.001), while no significant difference in the TMD was

detected between OP and early OA (Grade 1 and 2) (Figure 5.1, Figure 5.2B).
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Figure 5.3. Compartmental comparisons of TMD between subchondral plate and trabecular
bone in OA and OP. Graphs show mean * SD. T indicates comparisons between subchondral
plate and trabecular bone using Paired Student T-test. ¥P <0.05; t1P < 0.001.

5.3.1.1.3 Compartmental comparison

The comparisons of mean mineralisation between subchondral plate and trabecular bone are
illustrated in Figure 5.1 and Figure 5.3. It was shown that the TMD of subchondral plate was
significantly lower than that of trabecular bone in all conditions (OP, OA Grade 1, 2, 3, and 4).
The compartmental difference was larger in OP, and OA Grade 1 and Grade 2 (+15%, +21%,
+19%, Paired T-test, P<0.001, respectively), and smaller in OA Grade 3 and 4 (+8%, +8%, Paired

T-test, P=0.005 and 0.007, respectively).
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5.3.1.2 Bone mineral density

BMD was measured only for trabecular bone. Cartilage degradation in OA had a significant
influence on the BMD of the underlying subchondral trabecular bone as shown by one-way
ANOVA (P<0.001) (Table 5.1). Increased BMD was observed for higher OA scores. In specific,
trabecular bone in OA Grade 4 was significantly denser as compared to both OA Grade 1 and
Grade 2 (Bonferroni test, both P<0.001), whereas that in OA Grade 3 was statistically denser
only compared to OA Grade 1 (Bonferroni test, P<0.001) (Figure 5.4). When the BMD of
subchondral trabecular bone in OP was compared to OA Grades, statistically significant
difference was found between OP and OA Grade 3 and 4 (Bonferroni test, P<0.05 and

P<0.001, respectively), but not between OP and OA Grade 1 and 2 (Figure 5.4).
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Figure 5.4. Comparisons of BMD in subchondral trabecular bone in relation to severity of
OA cartilage degeneration. The boxplot shows the median, the interquartile range (IQR),
and individual values. Statistical significance is indicated by * or # for multiple comparisons
between OA Grades, and between OP and OA Grades, respectively, according to post-hoc
tests. *P < 0.05; **P < 0.001; the same for #.
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5.3.2 Associations between microarchitectural and mineral

properties

5.3.2.1 Bone volume fraction, material density, and apparent density

BV/TV and TMD are the most important determinants of mechanical properties of trabecular
bone. They are the determinants of apparent density (BMD) which explains up to 85% of
apparent bone strength. The results of the linear regression analyses among BV/TV, TMD and
BMD are summarized in

Table 5.2 and depicted in Figure 5.5.

Table 5.2. Results of linear regression between BV/TV, material density (TMD), and
apparent density (BMD) of trabecular bone in OP and OA group, and in each Grade of OA
group.

BV/TV vs TMD BV/TV vs BMD TMD vs BMD
Slope Slope Slope
P value R? P P value R? P P value 2 P

(95% Cl) (95% Cl) (95% Cl)
oP -0.009 0.016 -1.563
Group <0.001 0.81 (-0.011, <0.001 0.98 (0.015, <0.001 0.81 (-1.931,
(N=21) -0.007) 0.018) -1.195)
OA -0.011 0.014 -1.125
Group <0.001 0.85 (-0.012, <0.001 0.96 (0.013, <0.001 0.81 (-1.274,
(N=58) -0.009) 0.015) -0.976)
-0.011 0.016 -1.204

OA Grade 1
(N=14) <0.001 0.84 (-0.015, <0.001 0.97 (0.014, <0.001 0.85 (-1.523,
- -0.008) 0.018) -0.885)
-0.008 0.015 -1.484

OA Grade 2
(N-12] <0.001 0.72 (-0.011, <0.001 0.95 (0.013, <0.001 0.78 (-2.041,
- -0.004) 0.018) -0.928)
-0.008 0.013 -0.965

OA Grade 3
(N-14] <0.001 0.65 (-0.012, <0.001 0.93 (0.010, 0.003 0.53 (-1.541,
- -0.004) 0.015) -0.389)
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-0.008 0.013 -1.180

OA Grade 4
(N=16) <0.001 0.76 (-0.011, <0.001 0.94 (0.011, <0.001 0.65 (-1.674,
) -0.006) 0.015) -0.686)
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Figure 5.5. Associations between BV/TV, material density (TMD), and apparent density
(BMD) of trabecular bone in OP and OA, and in each Grade of OA group. (A) Associations
between BV/TV and TMD, and between BV/TV and BMD. (B) Associations between BMD
and TMD

In both OP and OA groups, the variation in BV/TV of trabecular bone was positively associated
with that in BMD (OP: R2=0.98, P<0.001; OA: R2=0.96, P<0.001), but was inversely associated
with the change in TMD (OP: R?=0.81, P<0.001; OA: R?>=0.85, P<0.001) (

Table 5.2, Figure 5.5A). Moreover, TMD was inversely correlated with BMD in both groups
(OP: R2=0.81, P<0.001; OA: R?=0.81, P<0.001) (

Table 5.2, Figure 5.5B). In addition, the general linear model, which incorporated an
interaction term as independent variable, showed that the slopes of regression lines were not
significantly different between OP and OA for BV/TV versus TMD (P=0.327), BV/TV versus
BMD (P=0.077), and TMD versus BMD (P=0.085).
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For the OA group, when samples were analysed separately according to the degree of
cartilage degeneration, the above-mentioned trends remained the same, i.e., at each grade
of OA, the increase in BMD of trabecular bone was accompanied by a significant rise in BV/TV
but a significant reduction in TMD (

Table 5.2, Figure 5.5). Furthermore, the severity of cartilage degeneration did not influence
the relationships between each pair of the three parameters, as shown by the non-significant
difference in regression slopes among OA grades (P=0.661 for BV/TV versus TMD, P=0.115 for
BV/TV versus BMD, and P=0.638 for TMD versus BMD). Similarly, there was no statistically
significant difference in the slopes of these correlations between OP and different grades of
OA (P=0.647 for BV/TV versus TMD, P=0.055 for BV/TV versus BMD, and P=0.399 for TMD
versus BMD).

5.3.2.2 Mineralisation and other microarchitectural parameters

The associations between mean mineralisation of bone matrix (TMD) and microarchitectural
parameters in subchondral plate and trabecular bone in OP and OA were explored by lineal
regression. Only the microarchitectural parameters that showed a variation in relation to the

severity of cartilage degeneration were included. Results were summarised in Table 5.3.

Table 5.3. Results of linear regressions between microarchitecture and mineralisation of
subchondral bone in OA and OP.

Subchondral Subchondral trabecular bone
plate
PI.Th BV/TV BS/BV Tbh.Th Tb.N SMI Conn.Dn
P ns <0.001 0.010 0.029 <0.001 0.044 ns
OoP R2 / 0.82 0.30 0.23 0.48 0.20 /
Slope / -0.009 0.009 -0.973 -0.150 0.120 /
P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
OA R? 0.20 0.85 0.69 0.57 0.48 0.62 0.44
Slope -0.352 -0.011 0.025 -2.328 -0.222 0.100 -0.036
difig’rzice / ns 0002  0.036 ns ns /
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Associations between microarchitectural parameters and mineralisation (TMD) of
subchondral plate and trabecular bone in OP and OA were investigated using linear
regression. Slopes of regression lines were compared using general linear model.

For subchondral plate, plate thickness was significantly associated with the status of
mineralisation only in OA (P<0.001). On the contrary, five of the six microarchitectural
parameters of trabecular bone showed statistically significant correlation with TMD in both
OP and OA. In specific, except for BV/TV which has been described in the previous section,
Tb.Th (OP: R?=0.23, P=0.029; OA: R?=0.57, P<0.001) and Tb.N (OP: R?=0.48, P<0.001; OA:
R?=0.48, P<0.001) were negatively associated with TMD. On the other hand, BS/BV (OP:
R2=0.30, P=0.010; OA: R?=0.69, P<0.001) and SMI (OP: R?=0.20, P=0.044; OA: R%=0.62,
P<0.001) were positively associated with TMD. The directions of these correlations were the
same in the OP and OA groups. The regression slopes were not significantly different between
OP and OA for Tb.N versus TMD (P=0.322), and SMI versus TMD (P=0.700). However, for
BS/BV and Th.Th, the disease conditions had a significant effects on their relationships with
mineralisation, as shown by the statistically significant difference between regression
gradients in OP and OA (P=0.002 for BS/BV and P=0.036 for Th.Th, respectively). Moreover,
in OA, the increase in subchondral trabecular connectivity was accompanied by a significant
decrease in mineralisation (R2=0.44, P<0.001). Such a relationship was not seen in the OP

group.

5.4 DISUCUSSION

In this chapter, material density (TMD), which reflects the level of bone matrix mineralisation,
and apparent density (BMD), which represents the combinatory effects of mineralisation and
structure, were investigated in the subchondral plate and subchondral trabecular bone in OA
and OP. To our knowledge, this is the first study looking to explore the relationship between
subchondral bone mineral properties and degeneration of the overlying cartilage in human
hip joints. In general, it was found that TMD and BMD of trabecular bone, but not TMD of

subchondral plate, had a significant regional variation in OA in relation to the severity of
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cartilage degradation. Meanwhile, these parameters in OP were similar to regions with early
but different from regions with advanced cartilage degeneration in OA. Secondly, this chapter
reports the results of novel experiments for a compartmental comparison of TMD between
subchondral plate and trabecular bone, showing that trabecular bone is more mineralized
than subchondral plate in both OP and OA, and this compartmental difference varied with
severity of cartilage degeneration. The data also showed that the relationships among bone
volume fraction, material density, and apparent density were similar in OP and in different

stages of cartilage degradation in OA, which has not been reported previously.

A number of earlier studies using tissue samples from fixed site(s) regardless of the status of
the overlying cartilage showed that the matrix mineralization of subchondral trabecular bone,
measured by material density or TMD, decreased in OA compared to healthy and OP (427,
430, 609). More recently it was shown that trabecular bone was more hypo-mineralized in
regions with complete cartilage loss compared to those still covered by cartilage in OA
specimens (426, 566). Our results are generally consistent with these studies but additionally
showed that the decrease in TMD of subchondral trabecular bone in hip OA was stagewise in
terms of cartilage degeneration and was already significant before the exposure of
subchondral bone, thus providing new evidence that subchondral bone mineralization and

cartilage degradation are intrinsically related in OA.

The matrix mineralization of trabeculae in OP had been shown to be decreased (647),
increased (644), or unchanged (427) compared to control by different studies. The conflicting
results are likely to be due to the site of tissue sampling (vertebrae, ilium, femur, etc.) and
the stage of disease (menopause-related rapid or age-driven slow phase of bone turnover)
(229, 645). The current study has been limited to the subchondral bone of hip joint with
established OP and OA. The recruited female subjects were more than eight years post
menopause and were therefore likely to be at the slow phase of bone turnover comparable
to the male subjects (185, 187). The data show that the mineralization of subchondral
trabecular bone in OP was similar compared to regions with early cartilage degradation
(Grade 1 and Grade 2) in OA, but significantly higher compared to regions with advanced
cartilage degradation (Grade 3 and Grade 4). This regionalized observation may partly explain

why the tissue hardness of trabeculae, measured by nanoindentation, was found to be
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different between OP and OA by one study (431) but similar by another study (609), as they
both collected samples from a fixed anatomical site without examining the conditions of the

overlying cartilage.

In contrast to trabecular bone, there were subtle variations in the TMD of subchondral plate
in relation to local severity of cartilage degradation. This is in line with Aspden et al who
showed that there was no site-related variation in the material density of subchondral plate,
without accounting for the condition of the overlying cartilage (428). In another study (427)
they also reported values for trabecular bone but a comparison with subchondral plate was
missing. Our study provided new data showing that the TMD of the subchondral plate was
significantly lower than that of trabecular bone in OA, and this compartmental difference
varied significantly between regions with varying severity of cartilage degradation. The
compartmental difference of TMD in hip OA supports the findings by Cox et al (566) who
showed decreased subchondral trabecular bone mineralization toward articular surface in
knee OA. Our results additionally indicate that such depth-related difference is not OA-
specific, but also exists in OP. Interestingly, a very recent publication reported that this
phenomenon was observed in disease-free femoral head as well, using a two-dimensional
imaging technique (648). However, Cox et al reported that the cartilage degradation related
regional difference of subchondral bone TMD in OA was larger toward articular surface,
whereas the regional difference of subchondral plate TMD in our study was not statistically
significant. Taken together, our results support the concept that subchondral plate and
trabecular bone are biologically and mechanically distinct (153, 166), and provide further

evidence for the view that they respond differently during the progression of OA (160, 161).

Our regionalized investigation of subchondral bone in this chapter and Chapter 4 indicates
that before a comparatively normal region progresses to end-stage OA with eroded cartilage
and subchondral sclerosis, there is a period when subchondral bone is osteoporosis-like in
terms of both microarchitecture and matrix mineralization, for both subchondral plate and
trabecular compartment (Figure 5.1). This provides further support for the hypothesis
presented in Chapter 4 that the unbalanced remodelling favouring resorption in subchondral
bone at early stage of OA may have the similar pattern with that in the subchondral bone of

OP. Collectively these results also support the hypothesis that subchondral bone remodelling
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in OA is a biphasic process with a transition from favouring resorption and mineral
preservation at early stage to favouring formation and demineralisation at late stage (161,
562). We would suggest that this transition is caused by increased shear stress concentrated
at the intervening area between sclerotic and porotic regions, i.e., a steep stiffness gradient.
The elevated mechanical stress perceived by osteocytes and osteoblasts in this area may
trigger the phenotype change described by previous studies (421, 436, 649), switching
osteoblasts from pro-resorption to pro-formation status. In the meantime, production of
collagen homotrimers and changes in mineralization-related proteins in these abnormal
osteoblasts lead to disrupted mineral deposition and consequently hypo-mineralization (436,
438, 632, 650). This theory parallels the hypothesis that the elevated shear stress, rather than
compressive stress, is the cause of cartilage deformation and degradation (113, 161). Further
research on local subchondral bone mechanical properties and cell phenotyping, using the

same regionalised tissue sampling procedure as in this study, is needed to validate this theory.

The biomechanical properties of bone are characterized by a series of parameters at both
microstructural and tissue material levels. Of these parameters, BV/TV and TMD are
considered the most important for trabecular bone (427, 608, 651). They are the
determinants of apparent density/BMD (BMD=BV/TV*TMD) (572, 591, 652) which explains
up to 85% of apparent bone strength if measured volumetrically (622, 653, 654). The rest is

attributable to other architectural parameters such as SMI and Conn.Dn (108).

Our study showed that there was an inverse correlation between BV/TV and TMD and
between BMD and TMD of trabecular bone in OA, and a positive correlation between BV/TV
and BMD. Together they indicate that in OA the decreased matrix mineralization can be over-
compensated by the increased bone volume and lead to increased apparent density. This is
consistent with a previous study showing that decreased mineralization in OA trabecular bone
only compromised but did not completely abolish the increase in bone strength with rising
apparent density (427, 519). The result is also consistent with the report that a 4-6% decrease
in TMD in sclerotic bone samples was responsible for only a 4-9% increase in BV/TV, much
less than the actual change (69%) in BV/TV (566). Another interesting observation from our
study is that the pattern of the mutual correlations among BMD, BV/TV and TMD in OA

remained the same when analysed separately by the microscopic grades. This finding was
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unexpected as the feature of bone remodelling at varying stages and regions of OA was
expected to be different, as discussed above and in several previous studies (420, 649). Also,
a study reported that there was no statistically significant correlation between BV/TV and
TMD in end-stage OA subchondral trabecular bone with cysts and no cartilage coverage (459).
A possible explanation for our finding is that the mineralization of bone is affected by a
complex mechanism involving not just remodelling rate, but also remodelling balance and

mineralization kinetics (19).

We have also shown that the correlations among BV/TV, TMD and BMD discussed above also
exist in the OP group in a similar pattern. These correlations suggest that loss of trabecular
bone in OP is associated with, but not compensated by the increased mineral content, leading
to a lower apparent density. This is consistent with the findings that the decreased trabecular
bone apparent density in OP was accompanied by stronger trabeculae (643). The increasing
TMD in OP trabecular bone can be a result of active response of osteocytes and osteoblasts
to counteract the decreasing apparent stiffness caused by the reducing bone volume (634,
645). It can also be a non-specific phenomenon as the trabeculae surviving resorption were
composed of inner, older, and thus better mineralized laminae due to complete secondary

mineralisation (634).

Apart from trabecular volume fraction, mineralisation is also correlated with other
architectural parameters (i.e., PI.Th, BS/BV, Tb.Th, Th.N, SMI and Conn.Dn) associated with
cartilage degradation in OA in both subchondral plate and trabecular bone. Together they
indicate that there is still a mutual adaption between mineralisation and bone morphology in
response to local biomechanical environment in the disease process. However, presence of
other bone pathology such as cysts, which were not sampled in the current study, may disrupt
these relationships and de-couple mineralisation from bone morphology (459). Analysis
specific for each OA grade was not performed for these parameters due to the relatively weak
correlations and limited sample size in this study. As for OP, the above mentioned correlations
are generally weaker (BS/BV, Tb.Th, Tb.N, and SMI) or insignificant (PL.Th and Conn.Dn)
compared to those in OA. This may be caused by significant loss of bone, leaving not enough
tissue for bone cells to make compatible adjustments at architectural and morphological

levels.
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5.5 SUMMARY

Similar to most microarchitectural parameters, the TMD of subchondral trabecular bone
varies with the severity of histopathology of the overlying cartilage in OA, showing decreased
mineralisation toward more sever cartilage degradation. However, the decrease in
mineralisation can be over-compensated by the increase in bone volume, resulting in higher
apparent density (BMD) in advanced OA. Mineral properties of subchondral plate and
trabecular bone in early OA are similar with those in OP, supporting the theory raised in
Chapter 4 that subchondral bone remodelling at early stage of OA is likely to have the similar
pattern with subchondral bone remodelling in OP. It is also shown in this chapter that
mineralisation of subchondral trabecular bone is better than subchondral plate in both OP
and OA, providing further evidence that the two compartments are distinct structures and
may respond differently in disease conditions. Moreover, the similar associations among
TMD, BMD and BV/TV of subchondral trabecular bone in OP and various stages of OA point
to a complex mechanism in the adaptive relationship between bone mineralisation and

microarchitecture.
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Chapter 6

Expression of cartilage degradative proteinases in hip OP and OA
and its associations with subchondral bone properties

6.1 INTRODUCTION

In the previous chapters, it has been shown that microarchitecture and mineralization of
subchondral plate and trabecular bone in OA are closely associated with the local severity of
cartilage degradation. Cartilage degradation in OA, represented by the loss of matrix
macromolecules, especially proteoglycans and type Il collagens, is attributable to the
proteolytic activities of aggrecanases and collagenases. However, it is not clear yet to what
extent these enzymes contribute to cartilage degradation at different stages of OA and how
their expression by chondrocytes may be related to the structural and mineral properties of

subchondral bone.

Depletion of aggrecans from cartilage is caused by enzymatic cleavage within the IGD of
aggrecan core protein, allowing the GAG-rich regions to detach from the hyaluronan anchor
and freely leave the matrix (655). Cleavage of the IGD can be fulfilled by both MMPs (in
particular stromelysin, MMP3 (325, 336)) and aggrecanases (see Section 1.6.2.1). However,
the GAG-containing large aggrecan fragments released into synovial fluid of OA are mainly
the N-terminal neoepitope ARGSV, a product of the aggrecanase mediated proteolysis of the
IGD (656, 657). It has therefore been suggested that aggrecanases, especially ADAMTS4 and
ADAMTSS which have the highest catalytic activities, are responsible for the pathological
degradation of proteoglycans in OA whereas MMPs are more constructive, mainly implicated
in the non-destructive processing (326, 658). The relative importance of ADAMTS4 and
ADAMTSS in the pathophysiology of OA is still debated and seems to vary between species
(326, 328). ADAMTSS5, rather than ADAMTS4, has been implicated in the cartilage
aggrecanolysis in mouse models of OA (659-661). ADAMTS4 seems to be more important in

porcine and equine (662, 663) while both ADAMTS4 and ADAMTS5 have been found

127



responsible for cartilage breakdown in bovine and canine models (335, 664). In human OA
cartilage, elevated levels of both ADAMTS4 and ADAMTS5 mRNA have been reported, with
ADAMTS4 showing a larger degree of increased expression (355). ADAMTS4 is likely to be
more important as it only presents in disease conditions while ADAMTS5 is constitutively
expressed by normal cartilage (665, 666) and seems not fully functional in OA synovial fluid

(667).

Depletion of aggrecan from cartilage is followed by destruction of the fibrillar network. Of the
collagenases found in joint tissues, MMP13 is a marker for hypertrophic chondrocyte (668),
and is highly potent for degradation of type Il collagen while MMP1 and MMP8 predominantly
act on type lll and type | collagen respectively (325, 669). MMP13 has therefore been
considered the primary collagenase involved in the cartilage pathology in OA (313, 318, 330,
670). MMP13 can hardly be detected in normal adult cartilage (336, 356, 671), but both mRNA
and active proteins are expressed in human OA (332, 334, 336). Specific inhibition of MMP13
activity is able to significantly reduce collagen degradation in human OA cartilage (324). The
role of MMP13 in OA is also supported by data from animal models. Expression of MMP13
was upregulated in both spontaneous and induced models of OA and associated with cartilage
degradation (664, 672-674). In addition, conditional expression of MMP13 in articular
cartilage led to the development of OA in mice (675), while both MMP13 inhibitors and the
knockout of gene encoding MMP13 greatly attenuated the severity of OA in surgically induced
OA models (676, 677).

Expression of the above-mentioned enzymes by chondrocytes may be interrelated with the
biomechanics and biology of subchondral bone. On the one hand, the mechanical properties
of subchondral bone determine the nature and magnitude of mechanical stress endured by
the overlying cartilage and vice versa. The elevated mechanical stress that is seen in OA can
be transduced by chondrocytes and osteocytes and osteoblasts into intra-cellular signals
disrupting normal cell metabolism and matrix remodelling in the two neighbouring tissues.
On the other hand, phenotypically shifted chondrocytes and bone cells in OA may exert
regulatory effects on each other. It has been shown by in vitro studies that osteoblasts derived
from OA joints were capable of inducing GAG release from normal cartilage and increasing

expression of MMPs and ADAMTSs by normal chondrocytes (678-680). Meanwhile,
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chondrocytes from OA cartilage were able to upregulate expression of genes involved in bone
remodelling by normal osteoblasts (679, 681). These effects are likely to be mediated by
biochemical factors (e.g., cytokines and growth factors) which can travel through the

osteochondral junction in OA joints via increased vascular channels.

Microarchitecture and mineralisation not only reflect the remodelling activities of bone cells,
but also are the determinants of bone mechanical properties. Therefore, a comprehensive
investigation of how these parameters are associated with the expression and distribution of
cartilage degradative enzymes in OA may provide crucial information regarding how cartilage
destruction and subchondral bone remodelling are synergised in the disease process. Many
previous studies have investigated the changes either in subchondral bone properties or in
expression of cartilage proteinases in human OA samples and animal models, but only a few
animal studies have examined the two aspects simultaneously (405, 682-684). To our
knowledge, study of the latter kind has not been reported for human subjects, and there have
been no studies in which chondrocyte expression of degradative enzymes is directly related
to the microarchitecture and mineralisation of subchondral bone through various stages of

OA in either human joints or animal models.

A phenotypic change of chondrocytes with increased production of cartilage degradative
enzymes may also be a result of the normal ageing process (i.e., cell and matrix senescence),
or can be caused by local or systemic inflammation. Ageing and inflammation are both
associated with pathogenesis of OP (199). More importantly, increased bone remodelling in
OP is systemic, meaning that it will also affect subchondral bone and therefore is likely to
have an impact on the overlying articular cartilage. The relationship between cartilage
expression of degradative proteinases and subchondral bone properties in OP has never been
studied previously. An investigation of this relationship and comparison with OA may provide
information on the interactions between subchondral bone and articular cartilage in the two

most common musculoskeletal conditions.

The aims of this chapter are to:
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(i), Carry out a detailed investigation on the expression of degradative enzymes by
chondrocytes and their distribution in human OA and OP articular cartilage using IHC. MMP13
and ADAMTS4 were selected to represent the enzymes responsible for the destruction of the

major ECM components, Col Il and aggrecan, respectively.

(i), Examine how their expression and distribution may differ with regard to the different

stages of cartilage degradation.

(iii), Determine the associations of MMP13 and ADAMTS4 expression by chondrocytes with

subchondral bone microarchitecture and mineralisation in OA and OP.

6.2 MATERIALS AND METHODS

6.2.1 Patient selection

The IHC study data reported in this chapter was obtained from 16 OA (the main study cohort)

and 7 OP femoral heads (see Section 2.5).

6.2.2 Macroscopic evaluation and osteochondral plugs extraction

Ideally the IHC study should have been carried out on the same plugs scanned by microCT.
However, freezing-thawing cycles together with a lengthy decalcification process had
significant detrimental effects on the histological quality and immunogenicity of both
cartilage and bone. Tissue sections resulted from these plugs were competent for histological
staining and histopathological evaluation (Figure 4.2) but could not withstand more atrocious
IHC procedures such as antigen retrieval, hydrogen peroxide incubation and rigorous washing

steps.

Therefore, as described in Section 2.5, a second set of plugs, which were immediately
adjacent to the plugs collected for the microCT study within the same macroscopically graded

regions, were used in the IHC study. They consisted of 21 OP plugs and 52 OA plugs
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(macroscopic Grade | to Grade 1V). These plugs have also been included in the histology study

in Chapter 3.

6.2.3 Histological processing and microscopic grading

Plugs were fixed in formalin immediately after extraction and were processed for paraffin
embedding without decalcification as described in Section 2.6.1. Microscopic grades of these
plugs were determined as a part of the histology study in Chapter 3 using the modified OARSI
grading. At last, two OA plugs were excluded from the IHC study because the microscopic

grading of them did not match that of the paired microCT plugs.

6.2.4 Detection of MMIP13 and ADAMTS4 in cartilage by IHC

Expression of MMP13 and ADAMTS4 by chondrocytes was detected by IHC staining. The
protocol has been described in detail in Section 2.11. Briefly, after dewaxing and rehydration,
duplicated slides were subjected to heat induced antigen retrieval and quenching of
endogenous peroxidase activity. Sections were then blocked by 10% normal goat serum
before over-night incubation with rabbit primary IgG against MMP13 (1:300) and ADAMTS4
(1:200). Negative controls including blank diluent, non-immune rabbit 1gG, and tissue known
not to express one of the target proteins (MMP13) were utilised to check for specificity of
staining (Figure 6.1). Goat anti-rabbit secondary antibody and HRP conjugates were then

applied to sections. Finally, colour was developed with DAB chromogen and substrate.
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Figure 6.1. Specificity of staining. Tissue sections were incubated with blank diluent (A) and
non-immune rabbit IgG (B) as negative antibody control. Benign prostate tissue section (C)
was utilised as negative tissue control for MMP13. OA cartilage stained with MMP13
antibody is shown in (D). Negligible background was observed in controls and specific
staining can be seen in chondrocytes. Original magnification 100x in (A), (B) and (D), and
400x in (C). Squares indicate areas shown with 400x magnification.

6.2.5 Measurement of MMP13 and ADAMTS4 expression

Stained slides were observed under a light microscope at 100x magnification. A region of
interest (ROI) was selected in the middle of cartilage sections, with a width of 2mm as
indicated by the red square in Figure 6.2. The number of chondrocytes positively and
negatively stained with MMP13 or ADAMTS4 was counted manually within the ROI. The
overall expression of MMP13 and ADAMT4 was expressed as percentage of positively stained
cells through the full-thickness of cartilage in the ROI. The zonal expression was defined as

percentage of positive cells in the superficial zone (SZ), middle zone (MZ), and deep zone (DZ),
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respectively, which were differentiated according to characteristic chondrocyte morphology
and alignment described in Section 1.3.3.1 (Figure 6.2). Availability of zones varied with
severity of cartilage degradation, i.e., SZ was lost and therefore not counted for OA Grade 3,
and both SZ and MZ were not counted for OA Grade 4 (see Table 2.3). The counting was first
carried out on all stained tissue sections, and then repeated with at least 8-weeks’ interval on
randomly selected 50 sections to evaluate intra-observer variability. The ICCs for the
percentage of positively stained cells were 0.906, 0.975, 0.943, and 0.954 for the SZ, MZ, DZ,

and full-thickness of cartilage respectively.

MZ

Figure 6.2. Region of interest for measurement of expression of MMP13 and ADAMTS4.

6.2.6 Statistical analysis

Unpaired Student T-test and one-way ANOVA with Bonferroni’s post-hoc test were used for
parametric data; Mann-Whitney U test and Kruskal-Wallis (K-W) test with Dunn’ post-hoc test
were used for non-parametric data. Inter-group comparisons of proteinases’ expression were
first made between different microscopic grades in the OA group to investigate the variations
related to severity of cartilage degradation. Tests were then repeated to incorporate the OP

group to compare OP with different grades of OA. Intra-group comparisons were made
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between SZ, MZ and DZ for OP and each grade of OA. The associations between expression
of proteinases and subchondral bone properties in OP and OA were determined using
Pearson’s correlation for parametric data and Spearman’s correlation for non-parametric

data.

6.3 RESULTS

6.3.1 Expression of ADAMTS4

Overall and zonal expressions of ADAMTS4, represented by percentage of positively stained
chondrocytes in full-depth and each zone of cartilage respectively, are summarised in Table
6.1. Results of intra- and inter-group comparisons are depicted in Figure 6.3 and Figure 6.4
for overall and zonal expression respectively. Representative images of staining are given in

Figure 6.5.

Table 6.1. Overall and zonal expression of ADAMTSA4.

oP OAGradel OAGrade2 OAGrade3 OAGrade4
(N=21) (N=13) (N=10) (N=12) (N=15)
ADAMTS4
Overall 21.1249.48 61.5946.06 62.37£10.02 51.96+10.97 53.86+13.84
SZ 53.90+17.34 88.48+5.59 92.0746.26 / /
MZ 15.17+12.96  82.82+7.68 78.97+11.26 92.0017.76 /
Dz 3.93+#3.11 13.38+7.48 18.71+11.52 10.48+5.46 53.86+13.84

Data are presented as percentage (mean * SD) of positively stained chondrocytes. SZ,
superficial zone; MZ, middle zone; DZ, deep zone.

6.3.1.1 Overall expression of ADAMTS4

Within OA group, one-way ANOVA showed that there was a statistically significant variation

in the overall expression of ADAMTS4 in relation to local severity of cartilage degradation
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(P=0.044). OA Grade 1 and Grade 2 had higher expression (61.59% and 62.37%, respectively)
as compared to Grade 3 and 4 (51.96% and 53.86%, respectively) (Table 6.1). However,
Bonferroni post-hoc test did not reveal any statistically significant pair-wise differences
(Figure 6.3). When the OP group was incorporated in the analysis, overall expression of
ADAMTS4 was significantly higher in all OA grades compared with OP, in which around 21.12%
chondrocytes were synthesising ADAMTS4 (Bonferroni test, P<0.001 for all comparisons)

(Figure 6.3).
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Figure 6.3. Comparisons of overall expression of ADAMTS4 in relation to severity of OA
cartilage degeneration. The boxplot shows the median, the interquartile range (IQR), and
individual values. Statistical significance is indicated by * or # for multiple comparisons
between OA Grades, and between OP and OA Grades, respectively, according to post-hoc
tests. *P < 0.05; **P < 0.001; the same for #.
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6.3.1.2 Zonal expression of ADAMTS4

6.3.1.2.1 Intra-group comparisons

Significant zonal variations were found in OP and all OA grades. In general, the expression of
ADAMTS4 by chondrocytes was higher in the upper zone(s) (Table 6.1, Figure 6.4A, Figure
6.5). Specifically, in the SZ of OP group, about 53.90% of chondrocytes expressed ADMATS4
and the value was significantly lower in MZ (15.17%) and DZ (3.93%) (K-W test, P<0.001;
Dunn’s test, P<0.001 for SZ vs MZ and SZ vs DZ, and P<0.05 for MZ vs DZ). In OA Grade 1,
around 88.48% of chondrocytes expressed ADAMTS4 in the SZ and around 82.82% and 13.38%
in the MZ and DZ, respectively (ANOVA, P<0.001). The differences were statistically significant
between SZ and DZ and between MZ and DZ (Bonferroni test, both P<0.001), but not between
SZ and MZ (Bonferroni test, P>0.05). As for OA Grade 2, expression of ADAMTS4 was highest
in the SZ (92.07%), followed by about 78.97% in MZ and 18.71% in DZ (ANOVA, P<0.001;
Bonferroni test, P<0.001 for SZ vs DZ and MZ vs DZ, and P<0.05 for SZ vs MZ). The SZ in OA
Grade 3 samples was completely eroded so was not counted. The MZ in Grade 3 had about
92.00% of chondrocytes expressing ADAMTS4, which was significantly higher than the
percentage expression in the DZ (10.48%) (Mann-Whitney U test, P<0.001). Zonal
comparisons were not made for OA Grade 4 as only DZ was left, in which about 53.86%

chondrocytes were producing ADAMTS4.
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Figure 6.4. Zonal expression of ADAMTS4 in OP and different stages of OA. (A) intra-group
comparisons between the superficial zone (SZ), middle zone (MZ), and deep zone (DZ) in OP
and each OA Grade. Statistical significance is indicated by t. (B) inter-group comparisons
between OA Grades (statistical significance indicated by *) and between OP and OA Grades
(statistical significance is indicated by #) in each zone. The boxplot shows the median, the
interquartile range (IQR), and individual values. TP < 0.05; t1P < 0.001; the same for * and
#.
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6.3.1.2.2 Inter-group comparisons

For the SZ, there was no statistically significant difference in the expression of ADAMTS4
between OA Grade 1 and Grade 2 (unpaired Student T test, P=0.162), but both Grade 1 and
Grade 2 had significantly higher percentage of positively stained cells compared to OP
(Bonferroni test, both P<0.001) (Figure 6.4B). In the MZ of OA group, a significant regional
variation with regard to local severity of cartilage degradation was detected (ANOVA, P<0.05)
(Figure 6.4B). Specifically, OA Grade 3 had significantly more chondrocytes expressing
ADAMTS4 than both Grade 1 and Grade 2 in the MZ (Bonferroni test, both P<0.05). When OP
group was included in the analysis, it was shown that all OA Grades had significantly higher
percentage of ADAMTS4-expressing chondrocytes than OP in the MZ (Bonferroni test, all
P<0.001). In the OA group, with loss of cartilage progressing into the DZ (Grade 4), the
remaining chondrocytes appeared to be significantly more active in producing ADAMTS4 than
those in the DZ of OA Grade 1, 2 and 3 (ANOVA, P<0.001; Bonferroni test, P<0.001 for Grade
4 vs Grade 1, 2, and 3) (Figure 6.4B). However, before cartilage matrix in DZ was affected, i.e.,
in OA Grade 1, 2, and 3, the expression of ADAMTS4 by chondrocytes in the DZ was not
significantly different (Bonferroni test, P>0.05 for each pair of comparison). The ADAMTS4
production in the DZ of OP group was significantly lower compared to that in the DZ of OA at
various stages of cartilage degradation (Bonferroni test, P<0.001 for OP vs Grade 1, 2, and 4)

except Grade 3 (Bonferroni test, P>0.05).
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Figure 6.5. Representative images of IHC staining with ADAMTS4 in OP and different stages of OA. The overall expression through full-
thickness of cartilage is presented in the first row at 40x magnification. Lines indicate separation of superficial (5Z), middle (MZ) and deep
(DZ) zones and squares indicate areas shown at higher magnification (400x) in the subjacent rows. Blue and red arrows point to typical

negatively and positively stained cells, respectively.
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6.3.2 Expression of MMP13

Overall and zonal expressions of MMP13 are summarised in Table 6.2. Results of intra- and
inter-group comparisons are illustrated in Figure 6.6 (overall expression) and Figure 6.7 (zonal

expression). Typical examples of IHC staining for MMP13 are presented in Figure 6.8.

Table 6.2. Overall and zonal expression of MIMP13.

opP OAGradel OAGrade2 OAGrade3 OAGrade4
(N=21) (N=13) (N=10) (N=12) (N=15)
MMP13
Overall 22.76£10.57 61.22+8.29 61.53+11.82 54.55+8.99 53.17+12.37
SZ 56.39119.62 88.6417.33 91.73+4.64 / /
MZ 19.25+16.11 83.59+10.35 80.22+11.82 92.52+6.34 /
Dz 4.45+3.58 17.90£8.67 17.87+12.55 11.07+6.26 53.17%£12.37

Data are presented as percentage (mean + SD) of positively stained chondrocytes. SZ,
superficial zone; MZ, middle zone; DZ, deep zone.

6.3.2.1 Overall expression of MMP13

OA Grade 1 and Grade 2 samples had 61.22% and 61.53% chondrocytes producing MMP13
across the full-depth of cartilage while Grade 3 and 4 had about 54.55% and 53.17%,
respectively (Table 6.2). There was no statistically significant variation in the overall
expression of MMP13 within OA group in relation to local severity of cartilage degradation,
as shown by one-way ANOVA (P=0.104) and Bonferroni post-hoc tests (Figure 6.6). When the
OP group (22.76% positive cells) was included in the analysis, overall expression of MMP13
was significantly higher in all OA grades compared to OP (Bonferroni test, all P<0.001) (Figure
6.6).
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Figure 6.6. Comparisons of overall expression of MMP13 in relation to severity of OA
cartilage degeneration. The boxplot shows the median, the interquartile range (IQR), and
individual values. Statistical significance is indicated by * or # for multiple comparisons
between OA Grades, and between OP and OA Grades, respectively, according to post-hoc
tests. *P < 0.05; **P < 0.001; the same for #.

6.3.2.2 Zonal expression of MMP13

6.3.2.2.1 Intra-group comparisons

In general, there were more chondrocytes expressing MMP13 in the upper zone(s) in OP and
all OA groups (Table 6.2, Figure 6.7A, Figure 6.8). In the OP group, about 56.39% of
chondrocytes expressed MMP13 in the SZ, and 19.25% and 4.45% in the MZ and DZ
respectively. The Differences between the three zones in OP were statistically significant (K-
W test, P<0.001; Dunn’s test, P<0.001 for SZ vs MZ and SZ vs DZ, and P<0.05 for MZ vs DZ). In
contrast, over 80% of chondrocytes appeared to be producing MMP13 in the SZ (88.64%) and
MZ (83.59%) in OA Grade 1, which were both significantly higher than the percentage
expression in the DZ (17.90%) (ANOVA, P<0.001; Bonferroni test, P<0.001 for SZ vs DZ and MZ
vs DZ). Similarly, in OA Grade 2, about 91.73% and 80.22% of chondrocytes expressed MMP13

in the SZ and MZ, respectively, and only about 17.87% in the DZ. The zonal differences were
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statistically significant between SZ and DZ and between MZ and DZ (ANOVA, P<0.001;
Bonferroni test, both P<0.001), but not between SZ and MZ. As for OA Grade 3, when the SZ
was depleted, 92.52% of cells in the MZ were expressing MMP13, whereas majority of cells
in the DZ were still inactive (only 11.07% cells were positively stained) (Mann-Whitney U test,
P<0.001 for MZ vs DZ). Again, zonal comparisons were not made for OA Grade 4, in which

about 53.17% chondrocytes produced MMP13.
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Figure 6.7. Zonal expression of MMP13 in OP and different stages of OA. (A) intra-group
comparisons between the superficial zone (SZ), middle zone (MZ), and deep zone (DZ) in OP
and each OA Grade. Statistical significance is indicated by t. (B) inter-group comparisons
between OA Grades (statistical significance indicated by *) and between OP and OA Grades
(statistical significance is indicated by #) in each zone. The boxplot shows the median, the

interquartile range (IQR), and individual values. TP < 0.05; t1P < 0.001; the same for * and
#.
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6.3.2.2.2 Inter-group comparisons

For comparisons between different stages of OA (Figure 6.7B), it was shown that there was
no significant difference between OA Grade 1 and Grade 2 in the expression of MMP13 in the
SZ (unpaired Student T test, P=0.258). However, the expression in MZ was significant higher
at OA Grade 3 compared to Grade 2 (ANOVA, P<0.05; Bonferroni test, P<0.05 for Grade 2 vs
Grade 3, P>0.05 for Grade 1 vs Grade 2 and Grade 1 vs Grade 3). As for DZ, MMP13 production
was significantly higher in OA Grade 4 compared to Grade 1, 2 and 3 (K-W test, P<0.001; Dunn’
test, P<0.05 for Grade 1 vs Grade 4, and P<0.001 for Grade 2 and Grade 3 vs Grade 4).

For comparisons between OP and OA Grades (Figure 6.7B), in the SZ, the percentage of
MMP13-producing chondrocytes in OP was significantly lower than those in OA Grade 1 and
Grade 2 (Bonferroni test, both P<0.001). Similarly, in the MZ, OP group had significantly less
chondrocytes expressing MMP13 compared to OA Grade 1, 2 and 3 (Bonferroni test, all
P<0.001). As for the DZ, statistically significant differences were found between OP and OA
Grade 1, 2, and 4 (Dunn’ test, P<0.001 for OP vs Grade 1 and Grade 4, and P<0.05 for OP vs
Grade 2), but not between OP and OA Grade 3 (Dunn’ test, P>0.05).
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Overall

MZ SZ

DZ

Figure 6.8. Representative images of IHC staining with MMP13 in OP and different stages of OA. The overall expression through full-thickness
of cartilage is presented in the first row at 40x magnification. Lines indicate separation of superficial (SZ), middle (MZ) and deep (DZ) zones
and squares indicate areas shown at higher magnification (400x) in the subjacent rows. Blue and red arrows point to typical negatively and
positively stained cells, respectively.

145



6.3.3 Correlations between enzyme expression and subchondral

bone properties

Results of correlations between the expression of ADAMTS4 and MMP13 by chondrocytes
and the microarchitectural and mineral properties of subchondral bone are summarised in

Table 6.3 and Table 6.4.

For the OP group, no statistically significant associations were found, for either ADAMTS4 or
MMP13. For the OA group, a few subchondral bone parameters were found to be significantly
associated with either zonal or overall expression of the two enzymes, but the correlations
were generally weak with a P value of just below 0.05 and correlation coefficients around 0.3.
In specific, the overall expression of ADAMTS4 in OA cartilage was significantly and negatively
associated with BV/TV, Tb.Th, and BMD, and positively with TMD of the subchondral
trabecular bone (P=0.049, 0.03, 0.03, and 0.02, Pearson’ correlation coefficient=-0.28, -0.30,
-0.30 and 0.33, respectively). The expression of MMP13 in the DZ of cartilage was significantly
associated with BV/TV, Th.Th, and Tb.TMD (P=0.049, 0.03, 0.02, Spearman’s correlation
coefficient=0.28, 0.31 and -0.34, respectively). The overall expression of MMP13 in full-
thickness OA cartilage was associated with Conn.Dn and BMD of the subchondral trabecular

bone (P=0.03 and 0.046, Pearson’ correlation coefficient=-0.31 and -0.28, respectively).

146



Table 6.3. Correlations between the expression of ADAMTS4 by chondrocytes and
subchondral bone microarchitecture and mineral densities.

ADAMTS4
BV/TV
Tb.Th

Th.N
BS/BV
SMI
Conn.Dn
PL.Th
BMD
Tb.TMD

PL.TMD

OA
SZ Mz Dz Overall SZ Mz Dz Overall
0.74 0.09 0.99 0.45 0.24 0.20 0.12 0.049*
(-0.08) (-0.38) (0.003) (-0.18) (0.25) (0.22) (0.22) (-0.28)
0.72 0.98 0.09 0.64 0.35 0.06 0.10 0.03*
(-0.08) (0.01) (0.38) (0.11) (0.21) (0.32) (0.24) (-0.30)
0.92 0.30 0.41 0.23 0.51 0.57 0.36 0.22
(0.02) (-0.28) (-0.26) (-0.27) (0.14) (0.10) (0.13) (-0.18)
0.52 0.65 0.18 0.93 0.50 0.05 0.15 0.06
(0.15) (0.11) (-0.31) (-0.02) (-0.15) (-0.33) (-0.21) (0.26)
0.30 0.22 0.13 0.41 0.78 0.16 0.15 0.44
(0.24) (0.28) (0.34) (0.19) (0.06) (-0.24) (-0.21) (0.11)
0.80 0.15 0.50 0.30 0.05 0.52 0.19 0.14
(-0.06) (-0.33) (-0.16) (-0.24) (0.41) (0.12) (0.19) (-0.21)
0.33 0.58 0.73 0.63 0.28 0.17 0.18 0.67
(0.22) (-0.13) (0.08) (0.112) (0.24) (0.24) (0.19) (-0.06)
0.87 0.08 0.87 0.57 0.20 0.19 0.18 0.03*
(-0.04) (-0.39) (-0.04) (-0.13) (0.28) (0.23) (0.19) (-0.30)
0.91 0.11 0.96 0.57 0.25 0.21 0.08 0.02*
(0.03) (0.36) (0.01) (0.13) (-0.25) (-0.22) (-0.25) (0.33)
0.74 0.78 0.93 0.84 0.31 0.82 0.05 0.41
(-0.08) (-0.06) (-0.072 (0.05) (-0.22) (-0.04) (-0.28) (-0.12)

Associations between chondrocyte expression of ADAMTS4 and subchondral bone properties

were determined using Pearson’s correlation or Spearman’s correlation (underlined). Data

shown are P values (correlation coefficients). Statistically significant results are indicated by

*
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Table 6.4. Correlations between the expression of MMP13 by chondrocytes and
subchondral bone microarchitecture and mineral densities

MMP13

BV/TV
Tb.Th
Th.N
BS/BV
SMI
Conn.Dn
PL.Th
BMD
Tb.TMD

PL.TMD

opP OA
SZ Mz Dz Overall SZ Mz Dz Overall
0.53 0.19 0.88 0.40 0.06 0.17 0.049* 0.12
(-0.14) (-0.30) (0.04) (-0.19) (0.40) (0.24) (0.28) (-0.22)
0.86 0.56 0.76 0.94 0.78 0.55 0.03* 0.14
(-0.04) (-0.13) (0.07) (0.02) (0.06) (0.10) (0.31) (-0.21)
0.68 0.20 0.92 0.39 0.10 0.17 0.55 0.14
(-0.09) (-0.29) (0.02) (-0.20) (0.21) (0.24) (0.09) (-0.21)
0.54 0.36 0.99 0.71 0.54 0.37 0.06 0.14
(0.14) (0.21) (-0.00) (0.08) (-0.14) (-0.16) (-0.27) (0.21)
0.14 0.61 0.11 0.28 0.05 0.30 0.09 0.99
(0.34) (0.12) (0.36) (0.25) (-0.22) (-0.31) (-0.24) (-0.00)
0.87 0.27 0.35 0.47 0.12 0.86 0.11 0.03*
(-0.04) (-0.25) (-0.22) (-0.17) (0.33) (0.03) (0.23) (-0.31)
0.95 0.16 0.27 0.60 0.93 0.87 0.37 0.20
(-0.01) (-0.32) (-0.25) (-0.12) (-0.02) (0.03) (0.13) (-0.18)
0.66 0.31 0.88 0.56 0.07 0.17 0.10 0.046*
(-0.10) (-0.23) (0.03) (-0.14) (0.39) (0.24) (0.24) (-0.28)
0.59 0.21 0.45 0.34 0.06 0.06 0.02* 0.12
(0.13) (0.29) (0.17) (0.22) (-0.40) (-0.32) (-0.34) (0.22)
0.40 0.78 0.52 0.94 0.47 0.96 0.51 0.67
(-0.19) (-0.07) (0.15) (-0.02) (0.16) (0.01) (-0.10) (0.06)

Associations between chondrocyte expression of ADAMTS4 and subchondral bone properties

were investigated using Pearson’s correlation or Spearman’s correlation (underlined). Data

presented are P values (correlation coefficients). Statistically significant results are indicated

by *.
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6.4 DISCUSSION

In this chapter, we carried out a detailed investigation of the expression of MMP13 and
ADAMTS4 by chondrocytes in OA and OP cartilage. We showed that chondrocytes expressing
these enzymes are mainly located in the upper zone(s) of cartilage regardless of the stage of
degradation. It was also shown that the zonal expression of MMP13 and ADAMTS4 in OA,
rather than their overall expression, exhibited a significant variation with the severity of
cartilage degradation. We have also shown for the first time that the associations between
subchondral bone properties and expression of the two main enzymes responsible for
cartilage ECM degradation by chondrocytes were not statistically significant in OP, and were

generally weak or not significant in OA.

Since the cloning of MMP13 in early 90s (685), numerous studies have been dedicated to
exploring its role in OA. The team led by Martel-Pelletier was among the earliest to report the
localisation of MMP13 expressing chondrocytes in both human and animal OA cartilage (686,
687). Consistent with results presented in this study, they showed that the overall
immunoreactivity through full-thickness of human OA cartilage was not significantly different
between non-fibrillated and fibrillated regions. They also reported that the increased
production of MMP13 in OA mainly came from chondrocytes in the DZ and lower MZ and thus
they suggested that biological factors diffused from subchondral bone may be, at least partly,
responsible for the phenotypic changes of chondrocytes in OA. However, this contrasts with
data presented here as well as a number of other previous studies which showed that MMP13
production was mainly located in the upper zone(s) (332, 666, 688, 689), irrespective of
whether the sample had early or advanced cartilage degradation. In addition, the steep drop
in the percentage of positive cells from MZ to DZ in OA Grade 1, 2, and 3 in this study
corresponds to the strikingly sharp transition shown by Wu et al (688) between areas
displaying extensive staining and those with limited staining. This may indicate a very slow
progression of the phenotypic change in the OA chondrocyte population (688), which will be
further discussed later. Animal studies further added to the complexity, with those showing
MMP13 expression mainly in SZ (675, 682, 683), DZ (687), or across the entire specimen (664,
684).
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Compared with MMP13, the localisation of ADAMTS4 production in OA cartilage is more
consistent in the literature. Chondrocytes expressing ADAMTS4 are predominantly located in
the upper zone(s) of articular cartilage in both patients (666, 689, 690) and animal models
(664), as was shown by the present study. This is in line with the universal observation that
the loss of proteoglycans is most significant at and near the articular surface across various
stages of OA, as demonstrated by the reduced cationic (toluidine blue or safranin O) staining.
It is also worth noting that the zonal distribution of ADAMTS4 production was similar with
that of MMP13 (Figure 6.4 and Figure 6.7), supporting the contention that these two enzymes
are co-expressed by the same group of chondrocytes in OA (689), a group termed as the
‘degradative chondrocytes’ (689, 690). Such co-expression can be further verified either by
staining the consecutive tissue sections, or by double antibody labelling. However, this is

beyond the scope of the current study.

The findings that both ADAMTS4 and MMP13 are produced by chondrocytes located in the
upper zone(s) are supportive of the concept that cellular alternations in OA cartilage,
including proliferation and hypertrophic differentiation, starts from articular surface (323,
688). With matrix degradation advancing toward subchondral bone and with increasing
severity of cartilage damage, it was expected that chondrocytes in the deeper layers of
cartilage would become affected and exhibit the degradative phenotype (688-690), starting
to express proteinases (e.g., collagenases and aggrecanases) and matrix components (e.g.,
Col X) that are not seen in healthy adult cartilage (668, 691). However, the data presented in
this chapter show that chondrocytes in the DZ, which were not expressing MMP13 and
ADAMTS4 in OA Grade 1 and Grade 2, were still ‘clean’ of staining (negative for production of
the enzymes) when matrix loss progressed into the MZ (Grade 3). More surprisingly, even
when matrix degradation developed into the DZ (Grade 4) and there was just a thin layer of
cartilage left, almost half of the surviving chondrocytes, located mainly in the lower DZ next
to subchondral bone, were still negatively stained and displayed relatively normal
morphology. In Grade 3 and Grade 4, chondrocytes expressing MMP13 and ADAMTS4
increased in the MZ and DZ respectively, but the positively stained cells were located almost
exclusively in clusters near the surface and fissures (Figure 6.5 and Figure 6.8). These
observations explain why the overall expression of the enzymes did not vary significantly

between OA grades and may have important implications.
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First, a theoretical model of cartilage degradation in the process of OA can be suggested.
Initially, degradation of the ECM is driven largely by the proteolysis of macromolecules, as a
result of the phenotypic change of chondrocytes in the upper zones with increased
production of cytokines, collagenase(s) and aggrecanase(s). Once the ECM is compromised,
cartilage loses its unique elastic and frictionless properties and becomes more susceptible to
mechanical destruction. The mechanical wear of the cartilage with inferior quality advances
toward deeper layers quickly, while the shift of chondrocyte phenotype may be a much more
gradual process that takes years (688). At a certain stage of progression (likely to be between
Grade 2 and Grade 3), the direct damaging effects of mechanical forces may outrun that of
biochemical disruption and reach the deeper layers of cartilage before subjacent
chondrocytes develop a degradative phenotype. Then at the late- to end-stage of OA (Grade
4 to Grade 5), erosion of the last portion of cartilage leading to the exposure of subchondral
bone may be largely or purely mechanical rather than biological. Earlier studies have pointed
out long time ago that OA is not simply a consequence of ‘wear and tear’ but a disease
resulting from both biological and biomechanical reactions with the former being more
important (278, 305, 323, 351, 360, 692). The model presented here is consistent with these
previous studies but additionally suggests that the relative contribution and importance of
biological factors and mechanical disruptions to cartilage degradation and matrix loss may

vary at different stages of the disease.

Second, it seems that biochemical factors (e.g., growth factors and cytokines) that induce
chondrocyte dysfunction are mainly produced by chondrocytes in the upper zones to act in
an autocrine or paracrine manner, and/or from the synovium rather than from subchondral
bone and marrow. If this was not the case then the chondrocytes in the DZ, which are closest
to subchondral bone and are subjected to vascular invasion, should be affected at least at
some point in the degradation process. Another possibility is that chondrocytes in the DZ may
function as an intermediate of subchondral bone derived signals rather than a direct effector

that produces enzymes to degrade the ECM.

In the articular cartilage of OP patients which exhibited none or minor microscopic
degenerative changes, there were also chondrocytes producing MMP13 and ADAMTS4,

although the percentage was significantly less compared to OA in terms of both overall and
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zonal distribution. This is natural since both chondrocytes and matrix macromolecules are
subjected to a series of age-related changes. Senescence of chondrocytes is associated with
an abnormal secretory phenotype characterised by increased production of cytokines, growth
factors, and MMPs (362). In the meantime, accumulation of advanced glycation end products
(AGEs) has an impact on the size and crosslinking of collagen fibres and aggrecan molecules,
compromising the mechanical properties of ECM and rendering it susceptible to the effects
of mechanical stress, which in turn further adds to the senescent phenotype of chondrocytes
(281, 364). These events could be amplified in OP patients whose subchondral bone is
subjected to accelerated and imbalanced remodelling, and whose skeletal system is exposed

to a chronic inflammatory environment that may be responsible for such remodelling (199).

The findings that the level of MMP13 and ADAMTS4 expression in OP is significantly lower
than OA are consistent with previous descriptive studies (689, 690) and explain the
comparatively normal cartilage histology of OP samples. However, the current study
additionally reported a more heterogeneous frequency of expression of these enzymes in OP
cartilage compared with OA, especially in SZ in which the percentage of MMP13 and
ADAMTSA4 positive cells ranged from 20% to 80%. Such heterogeneity was also shown by Wu
et al in aged but healthy knee joint (688). Based on this, and that the patterns of type Il
collagen cleavage and MMP13 expression were similar (e.g., more prominent in the upper
zone(s)) between aged healthy and OA cartilage, Wu et al suggested that age-related changes
in cartilage to some extent reflect the degenerative events at early stage of OA. Similarly,
based on the data presented here, it is reasonable to suggest that at least some of the joints
affected by OP may represent a pre-initiation or early stage of OA. Later in life, accumulation
of degradative chondrocytes and their products, as a result of ageing, inflammation and/or
subchondral bone remodelling, may reach a threshold that triggers an irreversible amplifying
cascade leading to the progressive degradation of ECM seen in OA. In addition, it is worth
noting that the distribution of ADAMTS4 production seemed to overlap with MMP13 in OP,
indicating a co-expression of the two enzymes by ‘degradative chondrocytes’ which is also
seen in OA as mentioned earlier. The above hypothesis is consistent with the existence of a

subgroup of patients who suffered osteoporotic fracture and OA simultaneously (592).

152



Subchondral bone is important for the maintenance of cartilage physiology in normal joint,
and contributes to cartilage pathology in disease conditions such as OA. It fulfils such roles by
affecting the distribution of load in the overlying cartilage and through the cellular and
biochemical crosstalk via osteochondral junction. However, in this study, a statistically
significant correlation between cartilage enzyme expression (overall and zonal) and
subchondral bone microarchitectural and mineral properties was only observed for a few of
the parameters investigated and the associations were rather weak with P values between
0.02 and 0.05 and correlation coefficients just around 0.3. This was unexpected since both
the zonal expression of MMP13 and ADAMTS4 by chondrocytes and the microarchitecture
and mineralisation of subchondral bone exhibited significant variations in relation to the
degree of cartilage damage (modified OARSI grading). One possible explanation for this
finding may be that the efficiency of adaption in response to various mechanical or biological
stimulus is markedly different between cartilage and bone (103, 113, 165). Bone remodelling
is a rapid process, the duration of a typical remodelling cycle takes 3-6 months from osteoclast
activation to the finish of bone formation by osteoblasts (82). On the contrary, turnover of
cartilage matrix components, especially aggrecan and Col Il, takes decades in normal
conditions, reflecting the limited capacity of chondrocytes to modify its surrounding matrix
(314). Though metabolic activities of chondrocytes are elevated in OA, it is still relatively slow
and the phenotype transition may take years (165, 688). Therefore, the pathological changes
in subchondral bone and chondrocytes are likely to be at different paces throughout OA,
despite the fact that they both contribute to cartilage degradation. This is complementary to
the cartilage degradation model suggested above: the increased mechanical stress borne by
cartilage, as a result of the rapidly deteriorating subchondral bone properties and increasing
shear forces, may outrun the biochemical degradation at some point and erodes cartilage

quickly before chondrocytes in the deeper areas can respond.

The same principles may also apply for the observation of non-significant correlations
between cartilage enzyme expression and subchondral bone microarchitectural and mineral
properties in joints affected by OP. Although there is abnormal remodelling in subchondral
bone, the number of degradative chondrocytes and the level of MMP13 and ADAMTS4
production in cartilage have not yet reached a threshold needed for the initiation of

degradation cascade leading to OA. This may be due to the fact that, except for the influence
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of subchondral bone, chondrocyte biology is affected also by many other genetic and

environmental factors which have a chronic and cumulative impact.

6.5 SUMMARY

In this chapter, it was shown that the chondrocytes expressing MMP13 and ADMATS4 were
mainly located in the upper zone(s) of cartilage regardless of the stage of degradation in OA
and OP. The zonal expression of MMP13 and ADAMTS4 in OA varied with the severity of
cartilage degradation, but the overall expression across the full-thickness of cartilage did not.
The expression in OP was significantly lower in all zones compared to various stages of OA,
but exhibited greater heterogeneity in the SZ. The associations between subchondral bone
properties and expression of the two main enzymes responsible for cartilage degradation by
chondrocytes were generally weak or not statistically significant in OA and OP. Based on these
data, a theoretical model of cartilage degradation in OA can be suggested, that is, biochemical
influences are more important for the ECM degradation at the initiation and early stage of
OA, but the mechanical wear outruns biochemical effects and is responsible for the loss of

cartilage at later stages.
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Chapter 7

Final discussion

OA and OP are two of the most common musculoskeletal disorders associated with ageing.
OP is characterised by systemic imbalanced bone remodelling toward excessive resorption,
leading to bone loss and impaired mechanical properties and subsequent fragility. In contrast,
resulting from both systemic and local factors, OA affects diarthrodial joints and involves
pathological changes in all components of a joint, including cartilage degradation,

subchondral bone remodelling, and synovial inflammation.

The relationship between OP and OA has been debated for decades. Clinical studies showed
that patients with OA of the knee, hip, spine, or fingers generally have higher systemic BMD
measured at the femoral neck or lumbar vertebrae, while the majority of patients who
suffered osteoporotic fractures seemed to be free of joint damage (Section 1.7.1). In addition,
subchondral bone sclerosis, represented by the increased radiographic intensity, is a hallmark
of the joints affected by OA. These data are supportive of an inverse relationship between the
two diseases. In contrast, there is also evidence indicating some similar features in the
pathophysiology of OP and OA. Increased remodelling (384) and decreased BMD (382) have
been identified in peri-articular bone at early stages of OA in human joints. Elevated level of
urinary biomarkers of bone resorption has been found in patients showing OA progression
(387). Moreover, numerous animal studies have revealed increased subchondral bone
resorption after OA induction, and that accelerated loss of subchondral bone can lead to the
development, or aggravate the progression, of OA (Section 1.6.2.2). The possible overlap
between OP and OA promoted the use of anti-OP drugs as DMOADs, but to date they
demonstrated limited and inconsistent evidence of efficacy for treating human OA and

therefore have not been approved by any regulatory agencies.

A comprehensive investigation of the differences and similarities between OP and OA is
needed, to better understand the associations between the two diseases and provide greater

insights into the pathological process of OA. Such investigation should focus on the
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osteochondral unit where direct relevant comparisons can be made. It should include
features of both subchondral bone and cartilage, as well as the associations between them.
It ought to be as detailed and comprehensive as possible, involving all aspects of tissue biology
and making differentiations between sub-structures. A study of subchondral bone and
cartilage in human hip OP and OA covering the above-mentioned criteria was the aim of this

PhD project.

7.1 GENERAL DISCUSSION

Longitudinal tissue collection is not possible from human subjects due to obvious ethical
restrictions. Therefore, variations in relation to different stages of local cartilage degradation
may provide an acceptable reference for the temporal changes in OA. Accordingly, in Chapter
3, we first standardised a tissue collection procedure in order to provide osteochondral
samples that cover and represent various stages of cartilage degradation in hip OA and OP.
This procedure was built on the combination of a new macroscopic grading system and a
modified version of the OARSI microscopic grading scheme for the evaluation of cartilage
pathology. The macroscopic grading, based on a more detailed description of visually
detectable changes on the articular surfaces of hip joint, guided the regionalised tissue
extraction and ensured the range and diversity of samples. The original OARSI microscopic
grading was optimised to overcome its innate disadvantage (i.e., not suitable for assessment
of regionally extracted samples with relatively small volume) and to incorporate a number of
new features that were observed on hip specimens. Based on the depth-specific and stratified
characterisation, changes in cartilage matrix structure, cellular morphology and biochemical
features can be clearly identified and differentiated and scored using the modified
microscopic grading. Both the macro- and microscopic gradings appeared to be highly
reproducible, as reflected by the excellent inter- and/or intra-observer agreement. More
importantly, the two grading systems correlated very well with each other implying that they
are both reliable tools for the assessment of cartilage pathology, and that the tissue collection
procedure was precise in the generation of samples to represent different stages of cartilage

degradation in this study.
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The collected osteochondral plugs were scanned by microCT to examine the properties of
subchondral bone in OP and in different stages of OA. In Chapter 4 and Chapter 5, we first
verified the heterogeneity of subchondral bone properties in hip OA as a function of the
severity of degradation of the overlying cartilage. The data showed that the microarchitecture
of subchondral plate (P1.Th) and subchondral trabecular bone (BV/TV, BS/BV, Tb.Th, Th.N, SMI
and Conn.Dn) varied significantly depending on the stage of cartilage degradation, changing
toward sclerosis (thicker subchondral plate and volumetrically denser trabecular bone with
thicker, plate-like and well-connected trabeculae) in more advanced disease. In addition, the
data showed that the changes in the mineralisation (TMD) of subchondral trabecular bone
was also significantly influenced by the status of cartilage, with hypo-mineralisation seen in
sclerotic samples. Such heterogeneity supports the validity of using cartilage degradation as

an indication of the process of OA development.

The next question to address was what the subchondral bone was like at early stage of OA as
compared to OP? It was shown that the subchondral plate and trabecular bone underneath
the cartilage with early degenerative changes in hip OA were similar to those in OP. Such
similarity applies to a wide variety of parameters commonly used to describe the quantity and
quality of bone, including volumetric, morphological, and mineral properties. These
observations argue against Radin’s original theory that subchondral sclerosis is responsible
for the initiation of OA, and support the increasingly popular hypothesis that subchondral
bone remodelling in OA is a biphasic process with a transition from favouring resorption at
early stage to favouring formation at late stage. This transition is also accompanied by the
altered capacity of bone to deposit minerals. Previous studies have reported the existence of
different phenotypes of osteoblasts in OA joints, which could explain the varying behaviours
of subchondral bone in the process of OA (421, 422, 632). Based on the data presented here,
it is reasonable to further suggest that the pattern of subchondral bone remodelling toward
resorption at early stage of OA may be similar to that in OP in terms of bone cells phenotype
(e.g., expression profile) and remodelling status (e.g., osteoid surfaces and eroded surfaces).
It is necessary to further compare these features in OP with different stages of OA, to provide
information regarding the mechanism of early subchondral bone changes in OA and how it

can be more specifically targeted for treatment of OA.
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Although microarchitecture and mineralisation of subchondral trabecular bone changed in
opposite directions with the increasing degree of cartilage degeneration in OA, they were
intrinsically correlated and the overall effects pointed to a stiffened structure as indicated by
the increase in BMD, which is a key predictor of bone strength at apparent level. This
phenomenon implied that in OA the decreased matrix mineralization can be over-
compensated by the increase in bone volume. Indeed, the hypo-mineralisation and increased
bone formation in OA may not simply be a result of mechano-adaption in response to each
other but are mainly consequences of the disease (i.e., disrupted joint mechanics and
dysregulated remodelling activities) (566). The inverse correlation between BV/TV and TMD
and between TMD and BMD, and the positive correlation between BV/TV and BMD were also
found in subchondral trabecular bone affected by OP. Since OP is characterised by the
progressive loss of bone, overall effects of these correlations seemed to point to an opposite
direction compared to OA —the preservation of matrix mineralisation could not keep up with
bone resorption, leading to the decreased BMD and subsequent compromised mechanical

properties.

It was expected that the relationships among BV/TV, TMD and BMD were different between
OP and OA in terms of the gradients of change, especially for samples with advanced cartilage
degradation because the remodelling patterns were supposed to be distinct. However, this
was not the case as shown by the similar regression slopes between different groups. These
findings suggest a more complex mechanism affecting the relationship between structural
and mineral properties of bone in the disease conditions, which may involve the combinatory

effects of remodelling rate, remodelling balance, and mineralization kinetics.

Since subchondral bone microarchitecture and mineralisation were closely associated with
the severity of cartilage degradation, in Chapter 6 we investigated how these properties of
subchondral bone may affect the expression of enzymes by chondrocytes that are responsible
for cartilage degradation. As in previous chapters, we first examined the zonal (percentage of
positive cells in SZ, MZ and DZ) and overall expression (percentage of positive cells in full-
thickness of cartilage) of MMP13 and ADAMTS4 by chondrocytes in OA as a function of the
modified OARSI grading. It was shown that zonal expression rather than overall expression

varied in different stages of OA. A characteristic distribution of the degradative chondrocytes
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was also found — they were mainly located in the upper zone(s) and the DZ was less affected
even when all other zones were eroded. Based on these data we suggested a novel model of
cartilage degradation in OA, in which biological disruption of the ECM is more important in
the initiation and early stages, while mechanical wear of the compromised tissue is faster

than phenotypic change of chondrocytes and is critical in advanced stages.

The degradative chondrocytes characterised by the expression of MMP13 and ADAMTS4 in
OA were also found in OP samples, probably as a result of ageing, inflammation, and/or
remodelling of the subchondral bone. The percentage of these cells in OP was significantly
lower compared to OA, but exhibited a wider variation. This may indicate that some of the
OP samples were at the pre-initiation or early stage of OA. Further accumulation of the
degradative chondrocytes and increased production of proteinases may finally reach a
threshold that triggers an irreversible and amplifying cascade leading to the progressive

degradation of ECM.

The correlations between expression of degradative enzymes by chondrocytes and
subchondral bone properties in OA were statistically significant for just a few parameters
examined, and the correlations were generally weak. For the OP group, these correlations
were not statistically significant. These findings may reflect the markedly different capacity
and efficiency of bone cells and chondrocytes to adapt to the dynamic biological and
biomechanical environment. The pathological changes in subchondral bone and
chondrocytes are likely to proceed at different rates throughout the process of OA. The
rapidly deteriorating properties of subchondral bone may accelerate the mechanical wear of
the ECM and erode cartilage before chondrocytes in the DZ adopt a degradative phenotype,

further supporting the degradation model suggested above.

7.2 STRENGTH, LIMITATIONS, AND FUTURE STUDIES

Previous clinical studies contrasting the changes in bone in OP and OA were generally based
on radiographic imaging techniques which were subjected to a variety of technical limitations

and could only provide estimation of BMD at systemic level. The current study focused on the
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comparison of subchondral bone between the two diseases, and benefited from the higher
resolution of microCT which allowed accurate assessment of bone microarchitecture and
matrix mineralisation, as well as differentiation between subchondral plate and trabecular
bone. More importantly, based on the regionalised tissue collection protocol and combined
macro- and microscopic evaluation of cartilage pathology, this study was able to compare
subchondral bone changes in OP with those in different stages of cartilage degradation in OA,
which has not been reported in the literature before. Compared to previous studies which
collected samples from fixed anatomical site(s) of femoral heads without considering the
effects of cartilage, the current study provided data that can be used as a reference for the
stagewise changes in subchondral bone in the pathological process of OA. Future studies
should include samples collected from young and age-matched healthy subjects (cadaveric
specimens) to provide baseline information for subchondral bone microarchitecture and

mineralisation.

This study developed a new approach for histological processing and sectioning of
osteochondral tissue. Compared to traditional processing protocol, the new method skipped
the lengthy and labour-consuming decalcification procedure and permitted preservation of
full-thickness cartilage without sacrificing the deepest areas. Tissue sections resulted from
the new processing approach displayed excellent quality for both histological and
immunohistochemical studies on cartilage. However, decalcification is still an indispensable
step if subchondral bone is the among the main targets of research. In this study we planned
to carry out IHC on both cartilage and subchondral bone on the same osteochondral samples
scanned by microCT. This goal was not achieved as those samples had to go through multiple
freeze-thaw cycles during which the quality of tissue was compromised. This technical

limitation shall be addressed in future studies.

In the current study we showed that subchondral bone at an early stage of cartilage
degradation had features in common with those in OP, in terms of both microarchitecture
and matrix mineralisation. However, it should be noted that desktop microCT is associated
with beam-hardening effects and can only measure the mean degree of mineralisation of
bone tissue (TMD). As a result, the heterogeneity of mineralisation at the lamellar level (bone

mineral density distribution (BMDD)) was overlooked. BMDD is a more comprehensive
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assessment of bone mineralisation status and is significantly altered in various
musculoskeletal conditions including OP but has rarely been investigated in OA (19).
Therefore, techniques such as quantitative backscatter scanning electron microscopy and
calibrated monochromatic synchrotron microCT imaging can be used in the future to confirm
the similarity and/or differences of subchondral bone mineralisation in OP and different
stages of OA. This, together with cell phenotyping and histomorphometry studies, will provide
a more detailed understanding of subchondral bone remodelling in the pathological process

of OA.

BMD is determined by BV/TV and TMD and is an indicator of trabecular bone strength. BMD
varied significantly between regions with early and advanced cartilage degradation in OA
specimens. These data may indicate a steep stiffness gradient between porotic and sclerotic
regions of subchondral bone, which we suggest may be the cause of the phenotypic changes
of bone cells that are responsible for the transition of remodelling balance from resorption to
formation. Further studies using mechanical tests to determine the elastic modulus and

ultimate strength of subchondral bone in these regions are needed to verify our hypothesis.

Calculation of the percentage of chondrocytes stained positive for target proteins is a semi-
guantitative measurement of the level of expression. Polymerase chain reaction (PCR) and
western blot, which can be used to directly measure the quantity of mRNA and protein
respectively, may be utilised in the future to examine the relationship between subchondral
bone properties and expression of proteinases. In addition, although chondrocytes in the DZ
were not producing ADAMTS4 and MMP13, they may still be abnormal and may function as
a mediator of biochemical signals originated from subchondral bone as discussed in Chapter
6. Further study of other biomarkers of chondrocyte hypertrophy is needed, such as RANKL,
Col X and VEGF. Identification of different phenotypes of chondrocytes in different zones may

help understand the role of subchondral bone derived factors in OA.

Another limitation of our study is the assumption of independence of samples in data analysis,
when multiple plugs were sampled from the same specimen. We made this assumption
because the plug collection was based on the condition of the overlying cartilage, and the
histopathological evaluation confirmed that our sampling procedure well represented and

differentiated between varying degrees of cartilage degradation. This assumption is
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supported by the intra-specimen variation of bone parameters in relation to regional severity

of cartilage degradation observed in this and other previous studies (420, 426, 566, 567).

Finally, the findings reported in this project should be confirmed by animal studies. To date a
direct and longitudinal comparison of subchondral bone microarchitecture and mineralisation
as a function of cartilage degradation between OP and OA animal models has not been
reported in the literature. As an example, animals of the same species can be allocated into
three groups: a control group, an OP group (induced by ovariectomy, orchiectomy or
glucocorticoids etc), and an OA group (induced by joint destabilisation or joint overload etc).
The temporal changes in both cartilage and subchondral bone shall be closely monitored
using different techniques such as histology, IHC, PCR, biochemical analysis and microCT to

investigate the similarities and differences between OP and OA.

7.3 CONCLUSION

This PhD project developed a new macroscopic grading system and modified the OARSI
microscopic grading scheme for the evaluation of cartilage pathology in hip OA and OP.
Development of these procedures allowed histopathological evaluation of regionally
collected samples with relatively small dimensions and permitted collection of osteochondral
samples representing various stages of cartilage degradation in a standardised manner. Using
microCT, it was shown that the microarchitecture and mineralisation of subchondral bone
varied significantly depending on the stage of cartilage degradation in OA, changing toward
sclerosis and hypo-mineralisation in more advanced disease. Moreover, subchondral bone
with early cartilage degradation in OA was similar to those in OP in terms of both
microarchitecture and mineralisation. These findings indicate that subchondral bone
remodelling in OA is a biphasic process and at an early stage it may have the similar pattern
as in OP. Based on IHC studies, it was shown that chondrocytes expressing MMP13 and
ADAMTS4 were located mainly in the upper zone(s) of cartilage in both OP and OA. The zonal
expression of MMP13 and ADAMTS4 by chondrocytes in OA exhibited a significant variation
with the severity of cartilage degradation. The expression was significantly lower in OP in all

zones compared to various stages of OA, but exhibited greater heterogeneity in the SZ. The
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correlations between expression of degradative enzymes by chondrocytes and subchondral
bone properties in OA and OP were statistically significant for a few of the parameters
examined, and the correlations were generally weak. Based on these data a novel model of
cartilage degradation in OA can be proposed, in which biochemical disruption is more

important in early stages while mechanical wear is critical in advanced stages.
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