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Abstract

In this work, the bovine patella has been used to study the changes in the cartilage, calcified
cartilage, and subchondral bone during the early stages of the development of the disease
osteoarthritis (OA).
The bovine patella was first validated as a model for intact human cartilage. The bovine
patella exhibited proliferative and progressive degenerative changes that were shown to
relate to human osteoarthritis.
Then, using this bovine model, the degenerative changes in the cartilage were correlated
with changes in the mechanical properties and mineral content of the calcified cartilage and
subchondral bone. Most significantly, this work showed that during the earliest phases of
osteoarthritis, where the cartilage is largely intact with only mild surface fibrillation, the
underlying calcified tissues are altered. The increased ratio of calcium to phosphorous with
OA development suggests an increase in carbonate-substituted hydroxyapatite at the
osteochondral junction.
Following on from this work, the changes in mechanical properties of the calcified tissues
with early OA were more broadly explored using three scales of mechanical testing, namely
macroscopic three point bending, microhardness indentation, and nanoindentation.
Mechanical changes were shown to occur concurrently with articular surface changes before
the cartilage was completely degenerated and lost. The subchondral bone initially decreases
in stiffness relative to the calcified cartilage as the cartilage begins to display surface
irregularities and fissuring. This change then reverses as the bone subsequently increases in
stiffness with more advanced cartilage fissuring and erosion. Conversely, significant changes
in the ratio of calcified cartilage to subchondral bone stiffness were not observed at the
micro or nano scales.
In the last part of this work, the osteochondral junction was examined using light and
electron microscopy to analyse the new bone growth at the osteochondral junction as seen
in OA. Regions of the calcified cartilage appear to be resorbed and filled in with bone
spicules originating in the subchondral bone. These spicules resemble the structure of
developing osteons in bone remodelling and become more bony and less vascular with
disease progression. However, their frequency and morphology do not otherwise change
with early degeneration.
This thesis provides, for the first time, a deeper understanding of the structural, mechanical,
and mineral changes occurring in the calcified tissues in the early stages of osteoarthritis. It

i

provides new insights into the mechanobiological feedback loop of degenerative change
between the cartilage and bone. While this experimental study did not resolve whether
changes first occur in the bone or the cartilage, it does demonstrate that structural,
mechanical, and mineralisation changes occur in the calcified cartilage and subchondral
bone concurrently with mild micro-level articular cartilage fibrillation.
The structural and mechanical data generated in this work will be of potential relevance to
researchers endeavouring to create biomimetic osteochondral grafts or accurate computer
models of the joint tissues that embody the complexities of the soft-hard osteochondral
junction.
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Chapter 1

Background

The freely movable joints of the body, such as the knee and hip, are complex organs
composed of many different tissues including muscle, ligament, tendon, cartilage, bone,
synovium, synovial fluid, and joint capsule. The loads and forces of the body are transmitted
through all of these tissues but the bearing surface, composed of the osteochondral tissues,
is the focus of this research. The osteochondral tissues are comprised of the articular
cartilage, the calcified cartilage, and the subchondral bone, as shown in Figure 1-1.
The cartilage acts to create a low-friction load-bearing surface. Cartilage maximises the
contact area of the joint by deforming under load [1] but does not act as a shock absorber
because it is too thin to absorb much energy [2]. Instead, the cartilage distributes loads to
the underlying bone [3]. This bone and the supporting ligaments, fibrous capsule, and
synovial fluid attenuate the joint impact energy [4].

Figure 1-1: The osteochondral tissues viewed with reflected light (left) and differential interference contrast
(DIC) microscopy (right). Articular cartilage (blue), calcified cartilage (green), subchondral bone plate (red) and
subchondral trabecular bone (yellow).

1.1

Articular Cartilage

The articular cartilage (AC) is primarily composed of water (~70% of mass), collagen (1020%), proteoglycans (5-10%), and cells (< 5%) [5, 6]. There are also small volumes of a
1

number of other matrix molecules that are vital for maintaining its structure and function
but these are largely outside the scope of this work. Collagen fibres, primarily of type II, form
a tight three-dimensional network. Proteoglycans embedded within this network bind a
large volume of water, creating an internal swelling pressure which allows the fibrillar
network to be utilized in tension. The cells in cartilage, called chondrocytes, are present
individually or in groups called chondrons. The cartilage contains no nerves or blood vessels,
allowing load bearing to be pain free. As a result, nutrients and cell waste must diffuse from
the subchondral bone blood supply or the synovial fluid, possibly aided by flows induced by
mechanical loading [5, 7, 8].
Cartilage thickness varies based on the joint and the location within the joint. In humans,
cartilage thickness ranges from 2.2 to 3.6 mm [7, 9]. The cartilage layer is arranged into
zones with different collagen and chondrocyte orientation as shown in Figure 1-2. A most
superficial zone called the lamina splendens, which is only a few microns thick and is devoid
of cells [10], is not present in some species [11] and has been suggested to be an artefact of
some microscopy techniques [12]. This layer, if it exists, may create a low-friction lubrication
surface [13] or may function as a barrier to the diffusion of large molecules in the synovial
fluid while permitting the flow of small nutrients such as glucose and haemoglobin [14].

2

Figure 1-2: DIC images showing the zonal structure of cartilage and schematics showing the fibre orientations
of each zone.

The superficial zone (also called the tangential, horizontal or upper layer) represents 10-20%
of cartilage thickness [8]. It contains collagen fibres arranged parallel to the surface which
resist joint loading forces with their high tensile strength [8]. Chondrocytes in this zone
proliferate slowly and synthesise exclusive proteins involved in joint lubrication and
protection [15]. These chondrocytes have a flattened shape and are aligned in the direction
of the collagen fibres, as seen in Figure 1-2.
The transition zone (also called the middle or intermediate zone) contains collagen fibres
arranged in leaves [16] or arches [17] transitioning from the horizontal orientation in the
superficial zone to a vertical orientation in the deeper zones. This gives the appearance of a
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random fibre orientation at high magnification [18]. The chondrocytes in this zone are round
and usually singular. This zone accounts for 20-70% of the cartilage thickness [8].
The deep zone (or radial zone) contains collagen fibres arranged predominantly radially, as
shown in Figure 1-2. The fibres show short range change in direction at high magnification
and interlock with crosslinks [19]. The chondrocytes in the deep zone are grouped in vertical
columns. The deep zone accounts for 70-100% of total cartilage thickness [8].

1.2

Calcified Cartilage

A zone of calcified cartilage (ZCC) lies between the articular cartilage and subchondral bone.
It is structurally very similar to deep zone articular cartilage but it has become infiltrated
with mineral particles. Proteoglycans are still present in the calcified cartilage but only about
half as much as in the non-calcified cartilage [20, 21]. Calcified cartilage contains
chondrocytes but it is uncertain whether these cells are viable [22-24] because they may be
unable to adequately acquire nutrients and remove waste if the surrounding mineral
particles limit diffusion of small molecules compared to the articular cartilage [25].
The ZCC can represent anywhere from 3 to 60% of the total cartilage thickness depending on
species and joint location. This zone averages ~10% of total cartilage thickness in humans
[21, 22, 26], or 100-300 µm [6]. Calcified cartilage also varies in thickness within a joint
similarly to the articular cartilage [27].
The function of the ZCC is poorly understood. It may play a role in attaching the cartilage to
the bone by creating two strong junctions: the tidemark (Figure 1-3, green line) where the
articular cartilage connects to the calcified cartilage and the cement line (Figure 1-3, red
line) where the calcified cartilage attaches to the underlying bone. At the tidemark, the
collagen fibres appear to be continuous between the calcified and non-calcified cartilage [5,
21, 28, 29].
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Figure 1-1: Labelled DIC image of the calcified cartilage and subchondral bone. Uppermost tidemark
highlighted in green, cement line in red, osteons in yellow, central canals in orange, and marrow spaces in
blue.

The cement line, also called the osteochondral junction, unlike the tidemark, contains two
distinct types of fibres on either side of the junction: type II in the calcified cartilage and type
I in the bone. Many reports state that neither fibres [21, 24, 28, 30] nor mineral particles [31,
32] cross this interface. However, at least one report claims that collagen fibres cross the
junction [23]. The strength of this cement line junction is increased by undulations, which
facilitate the transformation of shear forces generated during joint compression into
compression and tension in the bone [1, 30].
Another proposed function of the calcified cartilage is to limit the diffusion of nutrients from
the blood vessels in bone to the articular cartilage [24]. However, the ZCC has been shown
to allow relatively fast diffusion of at least small molecules [25, 33].
Finally, and most controversially, the ZCC has been thought to minimise the stiffness
gradient between the cartilage and bone [1] by providing an intermediate stiffness [34].
However, the reports of the relative stiffness of this layer conflict; the calcified cartilage has
been reported to be an order of magnitude less stiff [34] or the same stiffness as the
subchondral bone [6, 35, 36].
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The tidemark boundary between the articular and calcified cartilage is sometimes
duplicated, as shown in Figure 1-3 (contrast with the singular tidemark in Figure 1-2). This
has been suggested to represent a stratification in the degrees of mineralisation [37] caused
by subsequent activation and halting of the calcification process [38].

1.3

Subchondral Bone

The subchondral bone (SB) is the bone beneath the cartilage and can be divided into two
regions: the subchondral bone plate directly adjacent to the calcified cartilage and the
subchondral trabecular bone below the bone plate (see Figure 1-1). The bone plate is more
dense and cortical-like while the trabecular bone is more porous [39].
The subchondral bone provides support for the overlying articular cartilage by absorbing
much of the joint force acting on the cartilage [1, 30, 40]. The bone plate is thicker and
denser in regions of the joint that are more heavily loaded [30]. The bone also plays a role in
calcium homeostasis; when calcium levels in the blood are inadequate, calcium is absorbed
from bone surfaces [41].
The calcified cartilage and bone are similarly composed of collagens, additional proteins,
cells, mineral, and water [42]. While the primary type of collagen fibre differs (type I in bone,
type II in calcified cartilage), both collagen types are arranged in bundles of fibres where
each fibre is composed of fibrils and each fibril is composed of repeating collagen molecules
[43]. Each collagen molecule is made of three polypeptide strands forming a triple helix
structure [44]. The fibrils contain a distinct 67 nm periodicity visible at high magnification
resulting from the gaps between ends of molecules and offset between fibrils [43]. Similarly
to polymers, collagen fibres may be cross-linked to neighbouring fibres, increasing the
connectivity and strength of the material [44].
The inorganic mineral components in both calcified cartilage and bone are hydroxyapatite
crystals (3Ca3(PO4)2](OH)2) with small but significant amounts of impurities including HPO4,
Na, Mg, citrate, carbonate, and K [43]. The mineral crystals form plate-like structures with a
thin direction of 2-5 nm [45] and two larger dimensions averaging 25-50 nm [43, 46]. These
crystals are deposited on collagen fibres [47] and within the holes in the collagen fibril
structure [43]. The mineral crystals can vary considerably in volume fraction and
organisation, allowing bone and calcified tissues to display a wide range of mechanical
properties in different anatomic locations and disease states [45, 48].
Proteins surround the collagen fibres and mineral crystals in the ZCC and bone [42, 43],
primarily glycoproteins and proteoglycans [47]. Due to their small volume [49], they may
only contribute minimally to the overall material properties of the tissues; however, some of
the proteins may serve vital roles as binding agents between collagen and mineral
6

components [49]. Growth factors and other molecules within the materials play important
roles in growth, biological function, and regulation of the mineral deposits [43].
The cells in the bone, called osteocytes, communicate with each other in the mineralised
matrix via cellular processes reaching through small channels in the bone called canaliculi
(see Figure 1-4). Osteocytes monitor bone health and control bone removal and the
formation of new bone by osteoclasts and osteoblasts, respectively. Bone cells are
nourished by nutrient diffusion from the marrow spaces and blood vessels contained in
Haversian canals (see Figures 1-3 and 1-4).

Figure 1-4: Osteon in the subchondral bone viewed with DIC microscopy. Osteocytes, lamellae, and the central
canal are visible. The canaliculi of some osteocytes are visible (arrows). Scale bar: 50 µm

The structural organisation of the subchondral bone is primarily lamellar, meaning the
collagen is arranged into sheets 3-7 µm wide [43] with the same collagen directionality.
Neighbouring lamellae may have alternating fibre orientations [50] and differing mineral
content [51]. These lamellae often form concentric layers in Haversian systems (as shown in
Figure 1-4) or appositional layers. The subchondral bone may also contain regions of woven
bone [52] with a haphazard arrangement of collagen fibres and a higher cellular content
which is weaker than lamellar bone [38]. Cracks and microcracks of 50-200 µm in length and
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< 1 µm in width have been observed in the subchondral bone [53] which may be caused by
routine physiological loading [54].

1.4

Mechanical Properties

The mechanical properties of the cartilage, calcified cartilage, and subchondral bone are vital
to their roles in load distribution and support in the joint. The cartilage is much more
compliant than the bone but, due to its greater volume, the subchondral bone is able to
attenuate more of the joint loading forces than the cartilage [30, 55]. The calcified cartilage
is integral to force transmission between the compliant cartilage and stiff bone as a
consequence of its intermediate stiffness [34] which can theoretically minimise the shear
stress at the boundary [1]. Engineering tests can be used to quantify the mechanical
properties of the joint tissues that are relevant to the biomechanics of joint loading,
particularly stiffness, friction, permeability, and viscoelastic behaviour.
1.4.1 Cartilage
Argued to be its primary purpose [55], the cartilage, along with the synovial fluid, generates
an extremely low-friction joint surface with a coefficient of friction of only 0.0026 [56]. The
stiffness of the cartilage depends on the integrity of the collagen fibre network and its ability
to restrain the water-bound proteoglycans [57]. The stiffness of articular cartilage averages
3.6 MPa in the healthy state but decreases with degeneration as the collagen network loses
connectivity [3]. Its compressive modulus also depends on the depth within the tissue due to
the differences in collagen and proteoglycan contents between zones, increasing from the
articular surface (0.08 MPa) to the deep cartilage (1.14 MPa)[58].
The high viscoelasticity of cartilage results in mechanical behaviour including creep,
relaxation, and permeability that require time-dependant testing methods to quantify. In
situ biphasic creep indentation experiments demonstrate that the aggregate modulus of
cartilage ranges from 0.5 to 0.9 MPa and the permeability of cartilage is on the order of 10-15
m4/Ns [9]. The Poisson’s ratio of cartilage is less than 0.4 and approaches 0 [9]. At high strain
rates, cartilage acts as a brittle material due to its water content being unable to permeate
out of the matrix quickly [59]. The dynamic modulus of cartilage testing at impact speeds is
approximately 2 orders of magnitude greater than in quasistatic compression [60], or on the
same order of magnitude as that of bone.
1.4.2 Calcified Cartilage
While the mechanical properties of articular cartilage have been thoroughly quantified,
those of the calcified cartilage are much less certain. This lack of information is due to the
small volume of the layer and the difficulty separating it from the cartilage and bone for
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mechanical testing. As a result, the reported elastic modulus values of calcified cartilage are
highly variable.
Using macroscopic thee point bend testing, calcified cartilage modulus has been reported to
be ~0.32 GPa [34], or two orders of magnitude stiffer than the articular cartilage and one
order of magnitude less stiff than the subchondral bone. In contrast, using nanoindentation,
the modulus has been reported to range from 13 to 25 GPa [6] and average ~19 GPa [36], or
nearly the same stiffness as the subchondral bone. These conflicting values are further
examined in the multi-scale mechanical testing experiments in Chapter 6.
1.4.3 Subchondral Bone
On the macro scale, the stiffness of the subchondral bone plate has been reported to range
from 1 to 3.5 GPa [19, 34, 61, 62]. The subchondral trabecular bone has a greater porosity
compared to the bone plate, giving it a reduced stiffness [63] with an apparent modulus of
~0.5 GPa [64]. Many types of pores exist within the bone including cell lacunae, canaliculi,
blood vessels, and bone marrow spaces. These pores may contain cells, fluid, blood, fat, and
other tissues that may affect the mechanical response of the bone in vivo [65]. For example,
the fatty tissue in marrow spaces and the bone fluid surrounding cells and canaliculi may act
to distribute load in the surrounding bone [42]. The size and location of voids will determine
a specimen’s moment of inertia [66] and hence its material properties. On the nano-scale
where these voids are less influential, the stiffness of the subchondral bone is in the range of
10-20 GPa [35, 36].
1.4.4 Multi-scale Complexity
Their complex structures over multiple scales make determining the material properties of
calcified biological tissues difficult. Mechanical properties on the large scales are influenced
by regions of different density including the bone plate and trabecular bone; the micro-scale
is influenced by the micro-structural organisation including lamellae and Haversian systems;
the nano-scale constituents including collagen and mineral further contribute to the length
scale dependence of the material properties [67].
In general, the macro-scale material properties of bone are affected by its mineralisation
and its bone fraction [68]. The large difference in bone fraction contributes to the different
stiffness of the subchondral bone plate and trabecular bone. Further, the much larger
volume of the trabecular bone suggests that it will be more influential in attenuating joint
loads. Additionally, the small volume of the bone plate makes this region difficult to test
macroscopically, similarly to the thin ZCC.

9

The microstructural organisation of calcified tissues contributes to their mechanical
properties. The junctions between individual lamellae and between neighbouring osteons
have relatively low stiffness [69]. Also, the process of remodelling decreases the strength of
bone [70] as newly formed bone is less stiff [71]. The directionality of osteons and trabecular
struts within the bone can cause the material properties to be anisotropic [72] (dependant
on the direction of testing). Further, both these structural features and voids will act as
stress concentrations that will make the material more susceptible to failure. The size and
shape of these features influence their stress concentrating effect so that, for example, a flat
osteocyte lacunae may increase stress to seven times the normal while a cylindrical blood
vessel, though larger, will have less effect, causing stress concentrations of only three times
the normal [69]. Microcracks in the bone further decrease its stiffness as they are likely to
propagate in the stress field created by stress concentrations, leading to failure [69].
The nano-scale constituents of the calcified tissues include collagen fibres, mineral apatite,
and ground substance which combine to form complex composite materials where the
fibres and minerals act as reinforcement. Thus, the relative amounts of each component, the
size, shape, mechanical properties, and orientation of the collagen fibres and mineral
crystals, and the association between the components [45] will all affect the material
properties. Though mechanical testing of each component in isolation is lacking [43, 73], the
mineral crystals are hard and brittle (the Young’s modulus of hydroxyapatite is ~110 GPa
[69]), while the collagen fibres are flexible and strong in tension (the Young’s modulus of
collagen is inferred to be ~2 GPa [69]). The combination of these materials with very
different properties enables calcified tissues to resist a wide range of compressive and
tensile forces that their constituents alone could not. The interspersion of collagen and
mineral phases isolate the crystals from one another and prevent particle-to-particle crack
propagation, which increases the toughness of the material and will result in a composite
that is less brittle than pure mineral. During compressive loading, the forces are transferred
to the stiffer mineral crystals, resulting in a composite that is stiffer than pure collagen. The
crosslinking and bonding between collagen fibres and other matrix molecules strengthen the
matrix. So, for example, the nano-scale modulus of bone is somewhere between the moduli
of the collagen and mineral components at 10-20 GPa [35, 36].
1.4.5 Types of Mechanical Testing
The type and magnitude of loading applied to calcified tissues have a direct relationship to
their material behaviour. The applied load relative to the ultimate stress of the material will
determine whether elastic or plastic deformation occurs. Compressive, shear, or tensile
loading (or a combination of these) will produce different material responses and failure
behaviours. The calcified tissues, as biological materials, will demonstrate viscoelastic effects
where the rate of loading will affect the measured stiffness [70]. Variations in temperatures,
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humidity, and hydration will alter the microstructure and viscoelastic properties [74].
Further, biological tissues display preconditioning effects where the first few measurements
vary and are different from subsequent measurements that become highly reproducible
[75]. The mechanical testing of biological materials is further complicated by the fact that
they are often irregularly shaped, inhomogeneous, and anisotropic.
The different types of loading result in unique deformation and failure behaviours due to the
microstructure of calcified tissues. In tensile loading, defects coalesce into microcracks
which grow until the material fails. Any voids in the material will act to reduce the crosssectional area over which load is applied and cause a much reduced strength [76]. However,
in vivo, bones are rarely loaded in tension but rather undergo a combination of
compression, shear, and bending [46]. In compression, dislocations are not required to
diffuse through the material as in tension [76] but rather, microcracks form at stress
concentrations such as blood vessels or cells [69]. Further compression causes the weak
bonding between fibrils to buckle, the bone is then forced in on itself and cracks spread
along shear lines until the material disintegrates [69].
Loading bone in bending results in a non-uniform stress throughout the sample with the
centre of the beam experiencing zero stress while one surface experiences compression and
the other experiences tension. Failure will generally occur on the tensile side because bone
has a lower yield stress in tension [69, 76]. But in bending, one region of the bone can reach
or pass its yield point while the specimen remains together [46]. So during loading,
microcracks form on the outermost part of both the tensile and compressive sides of the
sample but the intact bone in the middle of the specimen allows the sample to remain
intact. Finally, failure in bending is relatively stochastic because the probability of a region
failing is related to that region’s weakness and the stress it experiences [69], which is nonuniform throughout the sample.
Hardness indentation testing quantifies an inherently different feature of a material: its
resistance to localized plastic deformation [76]. An indenter is used to apply a precise load at
a known rate to the surface of a hard material. The material usually responds with a small
region of plastic deformation under the indenter and a much larger region of the
surrounding material undergoes elastic deformation and acts as a constraint [77, 78]. As
they are inherently different measures, hardness values cannot be directly converted to
material properties such as stiffness but researchers have experimentally determined
relationships for calcified tissues [48, 72, 79].
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1.5 Life Cycle of the Joint Surface
The cartilage and bone undergo changes throughout life including development during
growth and adolescence, bone remodelling throughout life to remove and replace bone, and
changes associated with normal ageing. To study the progression of osteoarthritis, its
structural and biological features must be properly distinguished from those associated with
normal aging. Additionally, the normal processes of development and remodelling may
provide insight into the abnormal changes occurring in the disease process of osteoarthritis,
as described in Chapter 7.
1.5.1 Development
Endochondral ossification is the process by which most bones (including the patella [80])
develop. In the embryo, the initial mesodermal tissue turns into hyaline cartilage through
chondrification [81, 82]. This cartilaginous bone model then begins to ossify from the
ossification centres. In the long bones, a primary ossification centre and two secondary
ossification centres form, from which ossification spreads (see Figure 1-5). After birth, these
ossification centres continue to ossify outwards, gradually converting more of the cartilage
into bone. Three distinct ossification fronts are observed at each end of the long bone. The
metaphyseal physis, originating from the primary ossification centre, meets the epiphyseal
physis, originating from the secondary ossification centre. These two join to become the
growth plate where bone growth continues until puberty [83]. The articular cartilage physis
forms where the secondary ossification centre extends towards the end of the bone. At the
articular cartilage physis, the growth halts and the layer of cartilage remains to become the
joint surface.
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Figure 1-5: Bone growth by Endochondral Ossification. The cartilage model (light blue) is gradually converted
into bone (dark blue) via the primary and secondary centres of ossification. The long bone forms a main shaft
(diaphysis) and rounded ends (epiphyses). Three distinct ossification fronts are created: the metaphyseal,
epiphyseal, and articular cartilage physes.

Endochondral ossification continues at the growth plate with a characteristic zonal
differentiation and cell patterning, shown in Figure 1-6. The chondrocytes proliferate,
become hypertrophic (swollen), and arrange into distinct columns (see Figure 1-6, region b)
where they may undergo apoptosis [82]. The cartilage matrix then ossifies as blood vessels,
osteoclasts, and other cells invade [41] to replace the cartilage with bone (Figure 1-6, f). The
new bone formed is called primary spongiosa, which is trabecular bone consisting of
interconnecting struts of bone with remaining calcified cartilage between [84](Figure 1-6, e).
New bone may be continually deposited onto the bone struts or the struts may be resorbed
and replaced by lamellar bone.
The characteristic cell columns of endochondral ossification have been assumed to occur at
all three physes but recent analysis suggests that the articular cartilage physis may display
cell nests rather than columns [83]. These cell nests also show chondrocyte hypertrophy,
apoptosis, and matrix calcification. The cartilage of the articular surface is prevented from
becoming bone via cyclic and intermittent loading during embryonic and postnatal
development [85]. The chondrocytes that will inhibit the articular cartilage are more
numerous and singular compared to the groups of cells that will be replaced in
endochondral ossification [86]. At the end of adolescence, cell proliferation at the articular
cartilage physis stops and the previously diffuse cartilage calcification becomes a zone of
calcified cartilage with a distinct tidemark [24, 87].
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Figure 1-6: Characteristic cell columns in endochondral ossification. (Reproduced from [88]. Published legend:
Section through boundary line between diaphysis and epiphyseal cartilage from the tibia of a boy of ten. A.
Zone of central growth; b. Proliferation of the cartilage preparatory to the formation of bone; c. Boundary line
between cartilage and bone; d. Sausage shaped masses of medulla formed out of proliferating cartilage
groups; e. Processes of hyaline matrix undergoing absorption; f. Bone developed by the periphery of the
sausage-shaped masses of medulla; g. Rouleaux of cartilage-cells before their transformation into medulla; h.
Portion of the cartilage next the epiphysis. Magnified 150 diameters.)

Rather than forming via endochondral ossification, many of the flat bones and sesamoid
bones in the body such as the skull, mandible, and clavicle undergo intramembranous
ossification. In this form of bone growth, bone is formed directly from embryonic
mesenchymal tissue without an intermediate cartilaginous phase [50]. The bone initially
forms as struts that are enlarged and join together to form a trabecular network [84].
It is important to note that the model system used throughout this research, the patella,
though it is a sesamoid bone, forms via endochondral ossification [80]. It usually forms only
one ossification centre [89] which ossifies centrifugally to the periosteum on the anterior
surface and to the articular cartilage on the posterior surface.
1.5.2 Remodelling
Throughout life, bone is continually removed and replaced by new bone in order to remove
microcracks, change bone grain, remove dead bone, and maintain mineral homeostasis [90].
The bone remodelling process is a complex series of events whereby osteocytes within and
lining the bone sense the mechanical environment and trigger remodelling using
biochemical messengers. Osteoclast cells are then recruited to resorb bone and osteoblast
cells lay down new bone where the old bone has been resorbed.
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Bone resorption and formation are coordinated to form structures called basic multicellular
units (BMU, see Figure 1-7). Approximately 10 osteoclasts form a cutting cone which
proceeds in one direction by dissolving the mineral in bone using acids. The osteocytes
create a canal ~200 µm in diameter [91]. Osteoblasts then fill in the canal by depositing
layers of new bone matrix (osteoid) on the walls, creating successive lamellae. This structure
is called the closing cone [92]. As the BMU progresses, the osteoblasts become trapped in
the newly laid bone where they become osteocytes. A central canal with ~40 µm diameter
remains and is occupied by new nerves, connective tissue, and capillaries to supply the bone
cells with nutrients [92]. The completed bone structure is called a Haversian system, which is
the basic structural unit of lamellar bone. The new bone takes times to mineralise and as a
result, the new bone is generally less mineralised than older bone [46].

Figure 1-7: The Basic Multicellular Unit (BMU). (A) The cells involved in bone remodelling: red osteoclasts form
a cutting cone that resorbs bone, blue osteoblasts deposit new bone forming the closing cone. (B) Layers of
newly deposited bone, darker blue lines are older bone.

In trabecular bone, cutting cones may form half-cylinder trenches on the surface of the bone
rather than the full cylinder cutting cones [92]. Remodelling of trabecular bone is more
extensive with 25% of bone volume replaced each year [93] compared to cortical bone in
which 5% is replaced each year [92].
A review of the literature has shown that there is limited certainty on how osteocytes
receive stimulus to trigger remodelling [94, 95]. Known biochemical cues include oestrogen
mediation [96], prostaglandins [97], and localised release of nitric oxide [98]. Further,
mechanical signals are proposed to be the mechanism by which osteocytes sense; these
include shear stress due to fluid movement from tissue deformation [99], electrical
streaming potential from movement of ionic fluids [100], and electromagnetic fields [101].
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While this topic is of great interest, it is beyond the scope of this study. The unknown
mechanism that initiates BMU formation is also responsible for the direction the BMU
travels in the bone; BMUs are generally aligned with the long axis of long bones [102] or in
the direction of the prevalent local stress [99].
1.5.3 The Mechanical Determinants of Bone Formation and Remodelling
Some regulatory process produces a bone structure that is adapted to mechanical demands
[95]. Wolff’s Law states that bone adapts to the loads it is placed under [103]. If load on a
bone is increased, the bone remodels over time to resist that sort of loading, if loading
decreases, the bone remodels to remove bone volume and becomes weaker. However,
Wolff’s law has been criticised because the entire bone does not follow mathematical
optimisation rules for bone architecture, creating trabecular architecture aligned with stress
trajectories; instead, a biological regulatory process adapts the structure to mechanical
demands [95, 104].
Following on from bone remodelling, tissue differentiation is also guided by mechanical
loading history. In general, studies of tissue differentiation in fracture healing suggest the
following principles: hydrostatic pressure promotes cartilage formation, shear or tensile
forces lead to fibrous tissue formation, a combination of hydrostatic pressure and shear or
tensile strain leads to fibrocartilage formation, and low levels of stress and strain (along with
adequate vascularisation) promote intramembranous bone formation [105, 106].
Experiments have also shown that the magnitude of strain determines the type of bone
formed; strains < 2% enable lamellar bone formation, strains between 2-10% enable woven
bone formation, and larger strains between 10-30% cause bone resorption [107]. However,
it is unknown whether these systems which guide differentiation in fracture healing also
guide tissue differentiation in the embryo or in bone remodelling in the intact mature state.
1.5.4 Aging
With increased age, changes occur in the joint tissues that appear to be distinct from the
disease osteoarthritis. However, distinguishing between the disease and ageing is made
difficult by the fact that it is highly correlated with ageing [108] and that not all occurrences
of the disease progress to the severity requiring joint replacement [109]. The following
features have been described to occur with ageing in the absence of cartilage fibrillation
(however, cartilage fibrillation may be a poor marker of osteoarthritis progression, as
discussed further in section 1.6.4).
In the articular cartilage, the number of chondrocytes decrease and they become
increasingly hypertrophic with age [110]. The chondrocytes becomes less sensitive to growth
factors and regulative molecules and they become less able to synthesis replacement
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cartilage constituents such as collagen fibres and proteoglycans. Thus, the chondrocytes are
less able to maintain and restore the cartilage [108]. The degradation of proteoglycans in the
cartilage matrix decreases its ability to bind water and results in a weaker tissue. The
degradation of the collagen decreases its ability to withstand proteoglycan swelling, leading
to localised tissue softening and swelling. This softened tissue is then more susceptible to
degradation [7].
The calcified cartilage appears to undergo remodelling with age as the tidemark duplicates
[22, 38, 111, 112], the thickness of the calcified cartilage decreases [112], and the presence
of blood vessels in the calcified cartilage initially decreases then increases after 70 years of
age [113].
The amount of mineral in the subchondral bone increases with age [114] as mineral platelets
supplants the water content [41]. The bone volume of the subchondral trabecular bone
decreases with age as the trabeculae become thinner [115] and their connectivity decreases
[116]. Further, microdamage is increasingly present [117]. The combination of these changes
causes the stiffness of bone to decrease with age [118].

1.6

Osteoarthritis

Osteoarthritis (OA) is a joint disease where the articular cartilage is lost and the underlying
bone becomes eburnated (stiffened)[119]. Debate continues over the aetiology of the
disease and whether it is primarily caused by increased physical forces [120] or inflammatory
mediators [121] causing damage to the joint. OA is characterised by cartilage oedema
(swelling), fibrillation, and erosion; proliferation, hypertrophy, and death of the
chondrocytes; thickening, stiffening, increasing density, and decreasing mineralisation of the
subchondral bone; and formation of osteophytes (bony protrusions) at the joint margins
[122]. The disease commonly affects the knees, hips, and hands but is also known to affect
the ankles, spine, and feet.
1.6.1 Disease Impact
Osteoarthritis affects a large portion of the aging, with some populations displaying OA in
more than 75% of those over the age of 65 [108]. The ageing of the world’s population [123]
is making osteoarthritis an increasing concern. OA is the most common joint disease and a
leading cause of disability in the developing world [7]. Clinical symptoms of the disease
include intermittent joint pain and stiffening, loss of movement, joint deformities, and
muscle atrophy [124]. Once patients develop OA, their pain severity and disability generally
worsen for the remainder of their lives [108]. Current treatments for the disease aim to
reduce pain and joint stiffness and improve joint function [124]. These include
pharmaceuticals to lessen pain severity [125] and the most common procedure of joint
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replacement [8]. The combined costs of treatment and productivity related losses relating to
OA total 1 to 2% of the GNP of western nations [108].
1.6.2 Causes
While the aetiology of osteoarthritis is unknown, a number of factors are known to influence
its development. Acute or repetitive joint traumas may directly injure the joint tissues or
disrupt normal joint mechanics [126]. Genetic factors [125] may result in variations in joint
shape or joint-stabilizing structures such as ligaments to increase disease prevalence [127].
Genetic mutations in collagen genes are related to early-onset and a higher incidence of OA
[128]. Obesity may trigger OA through changes to joint positioning [129], release of
metabolic factors [130], and joint overloading [131]. Cardiovascular disease may be related
to OA through microvascular changes in the subchondral bone [131] and diabetes mellitus
may be related through advanced glycation end products [131]. Nutrition may have
protective effects or increase susceptibility to the disease through anti-oxidative vitamins or
oxidative damage to cartilage, respectively [124]. Gender and menopause also play roles in
OA, causing higher disease prevalence in women due to sex hormones [130].
However, the disease is often idiopathic (with no known cause). In the past, OA was
classified as primary, when the cause was unknown, and secondary, when the cause could
be attributed to injury, heredity, inflammatory, metabolic, developmental, or neurological
disorders [124]. However this distinction is no longer made as all cases of the disease are
probably affected by a number of factors [109]. Mechanical factors will interact with
systemic factors to affect the initiation and progression of the disease [126, 129, 130].
1.6.3 Current Treatments
Current treatments for osteoarthritis aim to reduce joint point and stiffness and to improve
joint function. Pharmacological treatments including analgesics and non-steroidal antiinflammatory drugs; non-pharmacological treatments including exercise, joint bracing,
weight loss, and the application of heat or ice; and surgical treatments including osteotomy,
joint distraction, and joint replacement are common [124]. Rather than replacing the joint
tissues with engineering materials such as metal and plastic in standard joint replacement,
future strategies may instead attempt to replace damaged areas with tissue-engineered
osteochondral plugs [132]. For these to be mechanically competent, the osteochondral
constructs should mimic the cartilage and bone tissues as well as the complex structure of
the osteochondral junction. However, attempts to create such osteochondral grafts have
produced constructs with a sharp transition between the cartilage and bone with large gaps
between the tissues [133], quite dissimilar to the native zone of calcified cartilage with its
undulating, but continuous, cement line.
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1.6.4 Changes to the Cartilage, Calcified Cartilage, and Bone in Osteoarthritis
Osteoarthritis is not only a disease of the articular cartilage, but also involves changes to the
underlying bone and calcified cartilage layer.
In the early stages of the disease, the articular cartilage swells, leading to increased cartilage
thickness [134]. This swelling is a result of a damaged collagen network [135], altered
collagen binding [136], and loss of collagen interconnectivity [127] leading to collagen fibril
aggregation, decreased structural integrity, and increased water content. The chondrocytes
proliferate and increase synthesis of collagen, aggrecan, and proteoglycans [137],
characterising the disease as proliferative rather than purely degenerative [119]. However,
these synthesized molecules are not fully incorporated into the matrix and are instead found
exported to the synovial fluid [138].
The superficial zone of the cartilage begins fraying and erodes, leading to a decrease in
cartilage thickness [134, 137, 139] until the bone is eventually exposed [137, 139]. This
cartilage fissuring causes an increase in the coefficient of friction from less than 0.003 in the
healthy state to between 0.01 and 0.09 [56], while the matrix changes lead to a decrease in
compressive stiffness from 3.55 to 0.76 MPa [3]. The chondrocytes become hypertrophic
[138, 140], multiply to form clusters [119], and undergo apoptosis [119, 140, 141].
The changes to the calcified cartilage and subchondral bone are not well correlated with OA
in the published literature and reported changes are sometimes conflicting. The calcified
cartilage advances episodically into the articular cartilage, resulting in tidemark duplication
[21, 24, 38, 142, 143], possibly causing a decrease in the articular cartilage thickness [40].
The zone of calcified cartilage may increase in thickness [38, 141, 144] or may decrease in
thickness as the underlying bone advances into it [145]. Nano scale testing shows no change
in the stiffness of the calcified cartilage with OA [36] or intense joint loading [35].
The subchondral bone has been shown to undergo remodelling as the cartilage degenerates
[39, 146, 147]. This bone remodelling causes an increase in bone fraction (bone mass/total
sample volume)[36, 147-149] as more bone is laid down, but a decrease in material density
(bone mass/bone volume)[150] because the bone is newer and thus less mineralised [36,
114]. The microstructure of the subchondral bone is further altered as the metabolism of
type I collagen increases [151] and the quantity, structure, and organisation of the collagen
fibrils change, leading to a reduced ability to bind mineral [152]. The thickness of the
subchondral bone plate increases with OA [36, 134, 138]. These complex changes to the
bone structure and material composition cause complex and conflicting reports of
mechanical property changes in OA with reports of no change [36, 153] or decreasing
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stiffness [150, 154]. The bone at the margins of the joint also proliferates to form
osteophytes [137, 155] which may decrease the range of motion of the joint [156].
However, these reported changes in the calcified cartilage and subchondral bone material
properties relate to the late stages of OA when the cartilage is highly fibrillated, eroded, or
largely absent (for example [36]). There is little knowledge of the changes occurring during
the earliest phases of disease development. Some reports suggest subchondral bone
stiffening on the macroscopic scale associated with very early cartilage changes where
proteoglycans are lost but no cartilage fibrillation is yet present [4, 146]. However, the early
changes on the micro and nano scales are unknown.
Further, the importance of the changing stiffness of the calcified tissues in the disease
process is unknown. It was thought that the stiffening of the subchondral bone would
increase the forces in the overlying cartilage by limiting the joint congruity under load and
thus limiting the contact area [2]. However, finite element analysis does not show that
increasing bone stiffness increases the stress in the cartilage [157]. Recent theories now
maintain that rather than bone stiffness changes contributing to disease progression, it is
instead the bone invasion into the calcified and non-calcified cartilage that may be more
important in the progression of OA [158].
The presence of bone formation in OA has been noted as early is the 1800’s [88] but the
mechanisms behind this formation and its importance in the disease process are still
debated. In the 1950s, this bone growth was described as osteophyte formation by
intramembranous ossification despite occurring beneath the central cartilage rather than at
the periphery of the joint [159]. Later, subchondral bone plate stiffening and bone formation
was attributed to focal remodelling of microfractures [54, 129, 144, 160] in OA [157]. A
theory of reactivation of endochondral ossification in OA was postulated [105, 111] and
furthered by many researchers (for example: [149, 157, 161-163]). It has recently been
recently postulated that the new bone represents primary bone formation [145] due to the
resemblance of the bone shapes to developing osteons characteristic of bone remodelling
[164].
This new bone formation could have a number of effects on the joint tissues. The
advancement of the bone into the calcified cartilage may contribute to the subchondral
bone plate thickening [30, 165, 166]. The formation of bony spicules may act to increase the
irregularity of the cement line boundary, possibly increasing its resistance to shear forces
[30]. Blood vessels contained within the new bone may increase the diffusion of molecules
from the connecting marrow spaces into the cartilage [33, 157, 167] where the growth
factors and proteases may contribute to cartilage degeneration [168].
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Finally, the late stages of OA are characterised by more advanced bone changes including
the formation of fluid-filled bone cysts below the loaded cartilage [138], osteophyte
outgrowths of bone at the margins of the joint, and enthesophyte bony projections at the
attachment of tendons or ligaments [30, 155]. These osteophytes and enthesophytes are
thought to be consequences of endochondral ossification [155] while the bone cysts are
thought to result from fluid pressure in the bone leading to bone resorption [30].
1.6.5 Disease Complexities: Pain, Progression, Ageing, and Initiation
Research into osteoarthritis is made more complex by uncertainties regarding the
relationships between cartilage degeneration and joint pain, progressive and nonprogressive degeneration, OA and ageing, and cartilage and bone changes.
There is an inconsistent association between joint pain and cartilage loss [108] where some
patients with advanced degeneration experience little pain while others experience joint
pain with limited cartilage loss. Cartilage is aneural and thus joint pain must originate
elsewhere in the joint such as in the subchondral bone, periosteum, synovium, ligaments,
and joint capsule [109]. Further, both local and central sensitisation of pain pathways can
result in normal stimuli becoming painful in OA [109].
Cartilage fibrillation may not progress to OA but may instead be considered non-progressive
[169]. In human cadavers, 96% of knees showed cartilage degeneration [170]; however, only
a small proportion of those with cartilage degeneration will require joint replacement [109].
The course of OA is highly variable with some joints remaining stable over many years while
others show clear and often rapid deterioration [130]. Importantly, OA is considered to be a
disease of proliferation rather than merely degeneration. The disease is characterised by an
increase in synthesis of matrix molecules including type II collagen and aggrecan [138] and
proliferation of type X collagen and proliferating cell nuclear antigen [171]. Vascular invasion
increases [159] and the chondrocytes proliferate [138]. This proliferation may suggest an
attempt to remodel or insert new tissue that instead causes damage, making the tissue
weaker and more susceptible to mechanical damage from normal loading [138].
Osteoarthritis is highly associated with ageing [85]. As discussed in section 1.5.4, the
cartilage becomes more susceptible to degeneration with decreased sensitivity of
chondrocytes [108], alteration of matrix components [8], and decreased cartilage failure
stress [172]. However, these changes could be manifestations of early OA so that it may be
difficult to distinguish between early OA and ageing. More information is required to
properly define early OA. Further, it is questionable whether age-matched samples are an
adequate control group against OA when they may display initial changes that may be
characteristic of early OA.
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Finally, there is debate over the initiation of OA degeneration and whether the disease
begins in the cartilage or bone. One view is that bone changes, possibly including the
reactivation of endochondral ossification, are the first to occur in OA [157]. This bone and
calcified cartilage change would increase the shear stress in the deep zone, overwhelming
the ability of cartilage to repair itself, resulting in cartilage degeneration [30, 145, 166].
Alternatively, bone changes have been proposed to be a response to cartilage changes that
affect the mechanical environments of bone cells and induce them to modulate bone
structure [136, 155, 173]. Further, cartilage and bone change may be independent processes
that commonly result from changes in joint mechanics. More research, particularly into the
early stages of the disease, is needed.
1.6.6 Early Osteoarthritis
In diagnosing OA, clinicians rely largely on patient history, physical examination, and
standard imaging techniques [124, 127]. Cartilage loss can be detected using weight-bearing
radiographic imaging of joint space narrowing, which yields an indirect measure of cartilage
thickness [155, 174] and magnetic resonance imaging (MRI) technology to quantitatively
measure cartilage volume and thickness [175]. However, these diagnostic tools are normally
only used when the patient complains of pain and the joint has already progressed to a midto-late stage of the disease [175, 176].
Detecting earlier changes in OA, before cartilage loss and the onset of pain-related
symptoms, is essential for the validation of new interventions that might halt or slow the
rate of OA advancement [124]. Recently, MRI using T2 and T1ρ mapping of collagen and
proteoglycan contents, respectively, has been investigated as a potential method for
detecting early OA [177], although such measurements may not be specific to these tissue
constituents [178]. Detection of gross mechanical property deficiencies [179] and mild or
subtle structural alterations in the osteochondral tissues [145] can provide additional
insights into the health of cartilage and its progression to OA.
1.6.7 Animal Models
While human osteoarthritic tissue remains the ideal material for studying osteoarthritis,
obtaining and working with it can be difficult. Taking osteochondral biopsies is ethically
questionable as puncturing the bone disrupts blood vessels and can lead to the formation of
fibrocartilage. While obtaining late-stage OA samples from joint replacement surgery is
relatively easy, obtaining samples in the early stages of OA is much more difficult [134]. As a
result, animal models of osteoarthritis are desired.
The many animal models currently used in OA research include the mouse, rat, guinea pig,
rabbit, dog, pig, sheep, goat, horse, and rhesus monkey [122, 180]. Cost, feasibility, similarity
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to human osteoarthritis, animal size, and method of inducing OA are all factors that
influence the choice of model [180]. Small animals are easy and inexpensive to house but
are less desirable because their cartilage thickness and short lifespans are dissimilar to
humans and their small joint sizes make mechanical testing difficult. Alternatively, housing
and experimenting on larger animals with longer lifespans presents ethical and financial
concerns [181].
Many methods are employed to induce OA in animal models including surgical intervention
to destabilise the joint, injection of degradative agents such as enzymes or chemicals to alter
cartilage metabolism, and altering joint loading with immobilisation or repetitive impulse
loads [181]. However, models that develop OA spontaneously may be preferred over those
that are induced because, for example, spontaneous OA has been demonstrated to display
different bone changes than induced OA in a mouse model [182]. Currently used animal
models that display spontaneous OA include the mouse, rat, guinea pig, and macaque [181];
however, these models display significantly smaller joints and thinner cartilage than the
human, limiting their relevance to human OA.
Given the limitations of the commonly used animal models of OA, the bovine patella has
been extensively used in our laboratory [135, 143, 145, 183-188] and by others [140, 189203] to study healthy cartilage and joint degeneration. This large animal model displays a
range of naturally occurring OA-like changes in the osteochondral tissues [204]; however, to
our knowledge it has never been validated as a model of early OA. Animal models must be
well characterised and their biological similarities and differences to human osteoarthritis
must be demonstrated before they can be used for studying the development of or
treatment therapies for OA [122].
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Chapter 2
2.1

Research Objectives

Objectives

The goal of this research is to investigate the mechanical and structural changes that occur
in a bovine model of early osteoarthritis. The specific aim is to obtain mechanical,
mineralisation, and structural data on changes in the cartilage, the zone of calcified cartilage,
and subchondral bone across a spectrum from healthy to degenerate tissues.
This thesis will address the following research questions:
1. Is intact cartilage from bovine patella an adequate model of healthy human
cartilage? (Chapter 4)
2. Does the bovine patella show progressive, proliferative changes characteristic of
human OA? (Chapter 4)
3. When (in relation to the level of degeneration) and where (in relation to the
osteochondral tissues: cartilage, calcified cartilage, and subchondral bone) do
significant changes in the mechanical and mineral properties occur in early
osteoarthritis? (Chapter 5)
4. What are the significant macro, micro, and nano-scale structural and mechanical
changes that occur with early osteoarthritis? (Chapter 6)
5. What structural and morphological features govern the new bone formation at the
osteochondral junction and how do they change with early osteoarthritis? (Chapter
7)
6. How does the new bone formation relate to the bone development (endochondral
ossification or intramembranous ossification) or bone remodelling seen in normal
tissues? (Chapter 7)
This study relies on experimental techniques that span the science, engineering, and clinical
disciplines. Histology, differential interference contrast microscopy, reflected light
microscopy, and scanning electron microscopy are used to visualise osteochondral
specimen. Cartilage degeneration is graded using standard histopathology systems including
the Osteoarthritis Research Society International’s Cartilage Histopathology Assessment
System and the Mankin Histologic/Histochemical Grading System. The engineering tests of
three point bending, microhardness indentation and nanoindentation are used to obtain
stiffness profiles of the calcified cartilage and bone. Elemental composition is explored using
energy dispersive X-ray spectroscopy.
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2.2

Relevance

This study will validate the bovine patella model that has been used extensively for cartilage
research. It will provide new insight into the possible cause-effect relationship between
cartilage and bone changes associated with joint degeneration. It will explore the
mechanobiological loop where the cartilage and bone are able to affect each other.
The experimental data provided by this study will be useful for recreating the osteochondral
junction in both computer modelling and tissue engineered constructs. Computer models
can be used to explore the mechanobiology of bone change and formation in early
osteoarthritis. This will enable researchers to form a useful 'experiment-model' link to study
the initiation and progression of osteoarthritis with the goal of using such models to test
various possible interventions to treat or prevent the onset of the disease. Additionally, the
structural and morphological information will be vital for creating accurate osteochondral
constructs to repair osteochondral defects or to replace whole sections of the joint with a
biological alternative to artificial joint replacement.
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Chapter 3

Global Materials and Methods

This chapter details the samples and experimental methods that are common between the
distinct studies. Methods that were specific for a particular study are reported in their
respective chapters.

3.1 Sample Population
The patellae come from cattle from a local
abattoir between the ages of 2-7 at slaughter.
No information is provided for each sample
regarding age, breed, or history of joint injury or
lameness. Beef steers are assumed to be fully
grown at 2 years of age [71], thus this animal
model is assumed to represent the mature state.
The patellae may originate from Friesian, Jersey,
or Ayrshire cattle with an unknown ratio. The
prolonged breeding of cattle for milk and meat
throughout history has reduced the genetic and
biologic diversity of the population [205], which
is advantageous for experimentation.
Because of the method of patella collection
during the boning process at the abattoir, we are
unable to collect matched pairs of patellae from
a single animal. The collection is entirely random
and the large numbers of patellae collected
mean the probability of obtaining matched pairs
in a single study is low. However, we are unable
to correct for bilateral sampling in the statistical
analysis [206].

3.2

Sample Preparation

Patellae from freshly slain cattle were collected
and stored at -20° C. Each patella underwent

Figure 3-1: The Bovine Patella. (A) A degenerate
bovine patella. (B) Articular surface stained with
India ink to visualise cartilage fibrillation. (C)
Location of the sample block taken from the
distal-lateral quadrant.

only one freeze-thaw cycle, which has been
shown to not significantly affect the mechanical behaviour of bone [207]. Following thawing
in cold running water, the articular surfaces of each patella were stained with India ink (see
26

Figure 3-1) and the macroscopic surface disruption was assessed using the Outerbridge scale
[139] according to Table 3-1. The percentage of the patella surface that displayed India ink
retention was recorded and used to assess the Osteoarthritis Research Society
International’s Cartilage Histopathology Assessment System (OOCHAS) stage component
(summarised in Table 3-2) [137].
A cartilage-on-bone block was sawn from the distal-lateral region of each patella, the site
where degeneration is commonly observed [143], as shown in Figure 3-1 B. This tissue block
was divided using a saline-irrigated diamond bone saw (Buehler, Isomet) at a blade
rotational speed of 500 rpm. The saline acted to prevent cartilage swelling. The cutting rate
is much higher than the 150 rpm recommended to prevent tissue damage from heat [6];
however, even at 500 rpm our samples were not warm to the touch from the bone saw.
Table 3-1: Outerbridge classification of cartilage degeneration of the patella [139]

Outerbridge grade
G0
G1
G2
G3
G4

Observation
intact cartilage with a smooth, glistening surface
softening and swelling of the cartilage
cartilage fragmentation and fissuring in an area half an inch or less in
diameter
cartilage fragmentation and fissuring in an area larger than half an inch
in diameter
erosion of cartilage down to bone

Table 3-2: The Osteoarthritis Research Society International’s Cartilage Histopathology Assessment System
(OOCHAS) - stage assessment [137]

OOCHAS Stage
0
1
2
3
4

3.3

% Involvement (surface, area, volume)
No OA activity seen
< 10%
10-25%
25-50%
> 50%

DIC Microscopy

Cartilage-on-bone samples were fixed in 10% formalin for a minimum of 2 days. 10% formic
acid was used to mildly decalcify the samples for 3 days. Tissue blocks were then snapfrozen in liquid nitrogen and cryo-sectioned to obtain 30-µm-thick transverse sections.
These sections were then wet-mounded in saline on slides and covered with coverslip. Slides
were viewed with a Nikon Eclipse 80i microscope fitted with differential interference
contrast (DIC) optics [145].
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DIC microscopy is a unique optical microscopy technique that enhances contrast based on
the relative refractive indices of areas of the specimen [208] rather than requiring
histological staining. A Nomarski prism splits incident light into two beams of different but
fixed phase relationship, called shear. As the light passes through the specimen, the light
rays’ wave paths are altered by variations in the specimen’s thickness, slope, and refractive
index. A second prism combines the two rays, removing the path difference. The light
reaching the observer then appears with differences in colour and shading. The angle of the
prism can be altered to change the relative contrasts, for example, see the colour difference
in the two images in Figure 3-2. DIC microscopy is particularly useful for visualising the
cartilage regions with little preparation time or expense because sample dehydration and
histological staining are not required.
Histomorphometry was performed on the DIC sections, as shown in Figure 3-2, to measure:


total cartilage thickness (including both articular and calcified cartilage)



superficial layer thickness (depth over which chondrocytes are arranged parallel to
the articular surface)



calcified cartilage thickness



number of duplicate tidemarks (not including the uppermost tidemark)



subchondral bone plate thickness (distance between the cement line and the first
distal occurrence of a marrow space [134, 166])
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Figure 3-2: Histomorphometry measured on transverse DIC sections

3.4

Histology and Grading

Histological sections provide contrast between sample components using standard staining.
Cartilage-on-bone samples were fixed in 10% formalin for a minimum of 2 days, as
performed for DIC specimen preparation, but were then heavily decalcified in 10% formic
acid for at least 3 weeks. Samples were then dehydrated in graded ethanol, cleared in
xylene, and embedded in paraffin wax. Sections were cut to 5 µm thickness and stained with
Safranin-O and Fast Green to stain the cartilage a red-orange and the bone a green-blue,
respectively.
Safranin-O is a cationic dye that binds to the proteoglycans in cartilage [209]. The
proteoglycan binding can be stoichiometric, allowing for quantification of the proteoglycan
content [210]. However, the formalin chemical fixative [211], the formic acid decalcifying
agent [4], the microtome alignment [137], and the staining protocols [212] can all affect
stain intensity, reducing the accuracy of this quantification method, especially for
degenerate tissue [210]. Additionally, the dehydration in ethanol required for histological
processing can cause cartilage swelling [211].
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While techniques used to characterise OA include genetic, proteomic, and structural
approaches [108, 127], histological grading is, arguably, the most widely used method to
assess the severity of OA in human tissue biopsies, in tissue removed during joint
replacement, and in animal models to allow for comparison across species [137, 213-217].
The Osteoarthritis Research Society International’s Cartilage Histopathology Assessment
System (OOCHAS) grade component [137] and Mankin’s Histologic/Histochemical Grading
System (abbreviated to Mankin) [216] are two commonly used systems that cater to
different goals.
The OOCHAS system (summarised in Table 3-3) provides a single overall grade of cartilage
degeneration, making it useful for quick analysis, and additionally provides a stage
component to assess the extent of the degeneration (see Table 3-2). The Mankin system
(summarised in Table 3-4) provides independent scores for osteoarthritic features of
cartilage structure, cellularity, Safranin-O staining, and tidemark integrity so that it may
assist in distinguishing between different patterns of OA development [217]. However, both
OA grading systems have their limitations. The Mankin system has been shown to poorly
assess mild and moderate OA [218], a particularly important measure as this time period is
central to this thesis. The OOCHAS system has been shown to be more reliable than Mankin
[218] but it disregards any changes in the calcified cartilage or bone until advanced disease
states. The two systems were used here in conjunction to improve reliability and precision.
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Table 3-3: The Osteoarthritis Research Society International’s Cartilage Histopathology Assessment System
(OOCHAS) - grade assessment [137]

OOCHAS Key Feature
Grade
0
surface and
cartilage
morphology intact
1
surface intact

2

surface
discontinuity

3

vertical fissures

4

erosion

Associated Criteria
 Normal matrix architecture
 Intact cells with appropriate orientation



















5

denudation



6

deformation





Superficial zone intact
Oedema and/or superficial fibrillation
Focal superficial matrix condensation
Cell death, proliferation, and/or hypertrophy in the
superficial zone
Reaction must be more than superficial fibrillation only
Matrix discontinuity at superficial zone
Cationic stain matrix depletion in upper 1/3 of cartilage
Focal perichondral increased stain in mid zone
Disorientation of chondron columns
Cell death, proliferation, and/or hypertrophy
Matrix vertical fissures into mid zone
Branched fissures
Cationic stain depletion in lower 2/3 of cartilage
New collagen formation
Cell death, regeneration, and/or hypertrophy in cartilage
domains adjacent to fissures
Cartilage matrix loss as delamination of the superficial
layer
Mid layer cyst formation
Excavation as matrix lost from superficial layer and mid
zone
Sclerotic bone or reparative tissue including
fibrocartilage within denuded surface.
Microfracture with repair limited to bone surface
Bone remodelling (more than osteophyte formation
only)
Includes microfracture with fibrocartilaginous and
osseous repair extending above the previous surface
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Table 3-4: Mankin Histological-Histochemical Grading System [216]

Feature
Structure

Grade
0
1
2
3
4
5
6
Cells
0
1
2
3
Safranin-O staining 0
1
2
3
4
Tidemark integrity 0
1
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Features
Normal
Surface irregularities
Pannus and surface irregularities
Clefts to transitional zone
Clefts to radial zone
Clefts to calcified zone
Complete disorganisation
Normal
Diffuse hypercellularity
Cloning
Hypocellularity
Normal
Slight reduction
Moderate reduction
Severe reduction
No dye noted
Intact
Crossed by blood vessels

Chapter 4

The Bovine Patella Model

*Based on the publication: Hargrave-Thomas, E., Thambyah, A., McGlashan, S.R., Broom, N.
(2013). The bovine patella as a model of early osteoarthritis. Journal of Anatomy, 223(6),
651-664.

4.1

Introduction

The common animal models used to study OA [122, 180] use various methods to induce the
disease [181]. However, such methods may not simulate any naturally occurring event
associated with the initiation and progression of OA. Yet the current models of spontaneous
OA including mouse, rat, guinea pig, dog, and macaque [181], have significantly smaller
joints than humans and significantly thinner cartilage. These differences in size, structure,
and load bearing limit the biomechanical relevance of these models to humans [181].
Given the limitations of the above noted models, the bovine patella has been extensively
used in our laboratory [135, 143, 145, 183-188] and by others [140, 189-203] for studying
important structure-function aspects of articular cartilage, including its degeneration. This
large animal model displays a range of naturally occurring OA-like changes in the
osteochondral tissues [204, 219], making it suitable for investigating the progression of the
degenerative process, beginning with the entirely normal joint tissues through to full bone
eburnation. Further, previous studies have described the changes seen in the bovine patella
as OA-like, including thickening, softening, fissuring of the articular cartilage (AC) and
osteophyte formation [145, 204]. Degeneration in this model tends to be localised to the
distal-lateral quadrant which, conveniently, provides a near flat surface and is thus wellsuited to mechanical testing [34] as opposed to curved joint surfaces such as the femoral
head [19]. Further, this model is easy and inexpensive to acquire in large quantities from an
abattoir.
Thus, the bovine patella has proved invaluable for joint tissue studies; however, to our
knowledge it has never been adequately compared with human cartilage and osteoarthritis.
In this study, bovine patellae displaying intact cartilage are compared with normal human
joint tissue. The degeneration seen in the bovine patella model from the intact to the
severely degenerate states is compared with the degeneration in human joint tissues from
normal to severe OA. Both the OOCHAS and Mankin histological grading systems, as well as
DIC microscopy, are used to compare morphometric measurements and qualitative
observations of OA features.
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Particular features of interest in determining if the degeneration represents OA progression
include AC swelling and increased thickness in early stages [134], AC fraying and decrease in
thickness as the disease progresses [139], eventual exposure of bone [137], chondrocyte
hypertrophy, multiplication, and apoptosis [119], proteoglycan depletion and stain loss
[131], calcified cartilage advancement and thickening, and tidemark duplication [21, 24,
142].
However, calcified cartilage and subchondral bone changes in OA are not as well
documented in the published literature. The ZCC may increase in thickness with advancing
calcification [144, 188] in the early stages of degeneration or decrease with an advancing
cement line [145]. The zone of calcified cartilage may be invaded by cone-shaped,
vascularised bony spicules [143, 157]. In this study, the changes to the calcified cartilage and
subchondral bone are documented with early OA and are compared between human and
bovine tissues.
Differential interference contrast microscopy is used to image early OA changes in the
articular cartilage matrix and to investigate whether this method provides visualisation of
key structural features of comparable quality to standard histology.

4.2 Methods
Thirty-three bovine patellae from mature females were stained with India ink and their
macroscopically visible surface disruption was assessed, as described in Chapter 3. Sixteen
showed no macroscopic surface disruption, henceforth referred to as ‘intact’, and seventeen
showed macroscopic disruptions < 1.5 cm in diameter and were thus denoted as ‘mildly
degenerate,’ as shown in Figure 4-1. The percentage of the patella surface that displayed
India ink retention was recorded and used to assess the OOCHAS stage component [137].
A cartilage-on-bone block was sawn from the distal-lateral region of each patella and sliced
into two neighbouring sections of 2.5 mm width (see Figure 4-1). These two samples from
each patella were then processed, one for histological grading and the other for DIC
microscopy, as described in Chapter 3.
Human femoral condyle tissues were obtained with consent from 7 patients undergoing
partial or total knee arthroplasty at Auckland City Hospital (Ethics: NTX/08/12/117). Within 1
hour of surgery, cartilage-on-bone slices from both grossly intact and diseased regions,
approximately 30 × 10 × 2 mm, were obtained. The OOCHAS stage component was not
measured in the human samples because only fragments of the joint surface were available
from joint replacement surgery. The human femoral condyle tissues were fixed in 10%
neutral buffered formalin for 24 hours then decalcified in Gooding and Stewart’s solution
containing 5% formaldehyde/25% formic acid for 4 weeks. They were then dehydrated in
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graded ethanol prior to embedding in
paraffin wax. 5 µm thick sections were
obtained and stained for proteoglycans
with Safranin-O and Fast Green similarly
to the bovine tissues.
Bovine and human histological sections
were imaged using bright field
transmission microscopy at appropriate
magnifications and graded using both
the Mankin and OOCHAS cartilage
grading systems by one researcher.
Scores were verified and agreed upon
by two other researchers. The intact
bovine patella tissues were compared
with the grossly intact human condylar
tissue from joint replacement surgery
and with published healthy cartilage
histology [220]. The intact human
samples may, in fact, represent an early
OA state as they originate from an
otherwise osteoarthritic joint [145].
However, they allow for comparison of
features such as staining, cellularity,
and morphometry between intact

Figure 4-1: Macroscopic view of bovine patellae with India
ink staining. A) Intact, OOCHAS Grade 0, right patella.
B) Mildly degenerate, OOCHAS Grade 4, left patellae.
Box indicates the block cut from the distal-lateral region
where degeneration is common. Samples were then cut
into 2 sections for histology and DIC microscopy.

bovine and human cartilage. The
degenerate bovine cartilage was compared with both the human OA condylar tissue and
with histological images of femoral head, femoral condyle, tibial plateau, and patella tissues
in the osteoarthritis scoring atlases developed from the Mankin and OOCHAS grading
systems [137, 221].
To quantitatively compare intact and degenerate bovine tissues, morphometry was
performed on images obtained from both DIC and histological sections. The aim was to
investigate whether the two very different modes of sample preparation and imaging
provided comparable quality of visualisation of key structural features.
For analysis, 6-12 vertical lines were drawn on each image according to the systematic
random sampling method [214] using ImageJ [222]. The following measurements were
performed at each vertical line: total cartilage thickness, superficial layer thickness, ZCC
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thickness, number of duplicate tidemarks, and subchondral bone plate thickness. The
frequency of bony spicule protrusions was also calculated over the length of the sample.
Bovine cartilage-on-bone blocks were fine-ground wet on a flat surface using graded
carborundum papers from P120 to P1200 and imaged dry using reflected light microscopy.
All data were analysed for statistically significant differences (P < .05) using SPSS (version 20,
IBM Corporation). Differences between groups were compared using non-parametric MannWhitney U tests. Correlations were tested with Spearman’s rank correlation coefficient.

4.3

Results

Representative examples of intact and mildly degenerate bovine patellae are shown in
Figure 4-1 together with the location on the distal-lateral quadrant from which the test
samples were taken. Each of the 33 samples showed a range of degeneration within the
sample block, as shown in Figure 4-2. Both the Mankin and OOCHAS grading systems assess
the most severe degeneration present on the joint surface [137] and thus the maximum
scores for both the bovine and human tissues are shown in Table 4-1. Results of the six
different morphometric measurements (see Methods, Section 4.2) from the bovine tissues
using both DIC and histological images are shown in Table 4-2.
Table 4-1: Histology scoring of bovine and human tissues using the Mankin and OOCHAS systems. Mean ±
Standard error in the mean. * Statistical significance (P < .05) between bovine intact and bovine mildly
degenerate tissues.
Mankin
Structure
(0-6)

Cellularity
(0-3)

Safranin-O
Staining
(0-4)

Tidemark
Integrity
(0-1)

OOCHAS
Grade
Stage
(0-6)
(0-4)

% Joint
Surface
Showing
India Ink
7.5 ± 1.3*

Bovine Intact
Patella (n=16)

1.0 ±
0.2*

0.6 ± 0.2*

0.6 ± 0.2*

0.6 ± 0.1

0.9 ±
0.2*

1.1 ±
0.2*

Bovine Mildly
Degenerate
Patella (n=17)

3.4 ±
0.2*

1.3 ± 0.1*

1.8 ± 0.1*

0.2 ± 0.1

3.7 ±
0.1*

3.0 ±
0.1*

38.2 ± 2.6*

Human (n=7)

3.7 ± 1.3

2.3 ± 0.5

2.1 ± 0.9

0.6 ± 0.5

4.4 ±
0.9

N/A

N/A

36

Table 4-2: Bovine morphometrics from DIC microscopy and histology. Mean ± Standard error in the mean.
Statistical significance (P < .05) between *intact and mildly degenerate and †between DIC and histology
measurements. Note that superficial layer thickness and bony spicule frequency were not recalculated from
histology sections. #Two histology samples were damaged in processing and could not be measured.
Total
Cartilage
Thickness
(mm)

Superficial
Layer
Thickness
(µm)

Calcified
Cartilage
(ZCC)
Thickness
(µm)
194 ± 12*

Subchondral
Bone
Thickness
(µm)

Number of
Duplicate
Tidemarks

Bony Spicule
Frequency (per
mm)

Intact DIC (n=16)

2.4 ± 0.1*†

Mildly
Degenerate DIC
(n=17)
Intact Histology
(n=15#)

2.7 ± 0.2*†

76.3 ±
6.9*
11.3 ±
4.9*

582 ± 49

1.3 ± 0.4*†

2.8 ± 0.2

248 ± 12*

603 ± 60

6.3 ± 0.4*†

2.4 ± 0.2

2.1 ± 0.1*†

N/A

191± 11*

594 ± 44

1.0 ± 0.45*†

N/A

Mildly
Degenerate
Histology (n=16#)

2.5 ± 0.1*†

N/A

263 ± 14*

565 ± 59

4.3 ± 0.54*†

N/A

4.3.1 Histological Comparison of Intact Bovine and Intact Human Tissues
The intact bovine patella cartilage was found to be histologically similar to both the intact
human cartilage sampled from the non-lesion sites and that reported for healthy human
cartilage elsewhere [220, 223]. The average thickness of the bovine cartilage was 2.1 mm
and compares favourably with that from the intact human femoral condyles (average 2.2
mm) and from other previously reported human medial femoral condyle cartilage (average
2.5 mm)[220]. Further, total cartilage thickness in the intact human patella ranges from 3.0
to 5.5 mm [223].
Relative to our human condylar tissue, the bovine cartilage and bone stained more strongly
with Safranin-O and Fast Green, respectively (Figure 4-3). However, the staining intensities
of the bovine tissues were similar to the body of published human cartilage histology [137,
221].
The zonality of the bovine cartilage was similar to the human with approximately 20% of the
articular cartilage comprising the superficial and transitional zones with the remaining 80%
as radial. The superficial zone was slightly thinner than the transitional zones with 7.5% and
12% of the total cartilage thickness, respectively. The average thickness of the bovine ZCC
was 0.19 mm, representing 6-10% of the total cartilage thickness. This closely follows the
calcified proportion of intact human cartilage measured to be ~10% in our samples and ~5%
in the literature [220]. Intact bovine subchondral bone thickness averaged 0.6 mm, which is
greater than the human subchondral bone plate with values in the literature quoted from as
little as 10 µm up to 3 mm thick [29] with Hunziker et al. giving an average of 0.19 mm [220]
and Frisbie et al. giving an average of 0.4 mm [224].
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The bovine cartilage cellularity resembled that in the human tissue. Superficial zone
chondrocytes were elliptical and formed single-cell chondrons. The transition zone
contained rounded, single-cell chondrons. The radial zone contained clusters of
chondrocytes in vertical chondrons.
4.3.2 Histological Comparison of Degenerate Bovine and Human OA Tissues
Histologically, the degenerate bovine cartilage resembled the human OA tissues when
structural disruptions, changes in cellularity, staining loss, and tidemark integrity were
assessed using the Mankin scale. Figure 4-2 shows the ranges of degeneration present in the
lesion region of both bovine and human tissues. Both species’ tissues display a similar range
of degeneration with human showing some more advanced stages of degeneration.

Figure 4-2: Range of degeneration visible in each sample. Bars locate each individual sample within the
continuum of osteoarthritic degeneration as graded by the OOCHAS system. Bovine bars represent the
range of degeneration over the distal-lateral sample region of the patella. Human bars represent the range
of degeneration over the most ‘degenerate’ region from the condyles. The range of degeneration in bovine
patella and human condyles was similar although the human tissue showed more advanced stages of
degeneration.

Figure 4-4 illustrates the progression of structural disruption in the bovine tissues. The most
severe form presented with a Mankin structure score of 4.5 out of 6 and had matrix erosion
into the mid-to-deep zone but not into the calcified cartilage or bone (Figure 4-4 F).
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Cellularity changes in the bovine degeneration (Figure 4-5) included diffuse hypercellularity,
cloning into large chondrocyte clusters, and hypocellularity. The Mankin cellularity scores
ranged from 0 to 3 out of 3. The bovine chondrocyte clusters (Figure 4-5 D) strongly
resembled the human OA clusters [221].

Figure 4-3: Typical histological sections of bovine and human cartilage-on-bone tissue. Articular cartilage and
calcified cartilage are orange/red. The superficial layer and subchondral bone are blue. The samples shown are
(A) bovine intact (OOCHAS grade 1), (B) bovine degenerate (OOCHAS grade 4), (C) human intact (OOCHAS
grade 1) age 60 male, (D) human degenerate (OOCHAS grade 4) age 62 male. Scale bar: 1 mm.

Stain depletion in the bovine was similar to that observed in human OA tissues and ranged
from normal to moderate reduction (0 to 2 out of 4 in the Mankin staining score) with no
complete loss of articular cartilage staining (Figure 4-6). It should be noted that all bovine
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tissues, both intact and degenerate, showed greater staining intensity than the human
tissues (compare Figure 4-3 A vs. C); however, those human and bovine tissues with a similar
severity of AC disruption exhibited similar intensities of Safranin-O staining loss (compare
Figure 4-3 B vs. D).

Figure 4-4: Bovine cartilage structure atlas using representative images with varying severities of cartilage
structural degeneration as graded by the Mankin structure score. (A) Intact cartilage with smooth surface and
normal appearance (grade 0). (B) Cartilage with uneven surface, grade 1. (C) Cartilage with surface
discontinuity, grade 2. (D) Cartilage with vertical fissures extending into the mid-zone, grade 3. (E) Cartilage
surface delamination and matrix loss, grade 4. (F) Cartilage matrix excavation, grade 4.5, maximum
degeneration observed. Scale bar: 1 mm.

Figure 4-5: Bovine cartilage cellularity atlas using representative images with varying severities of cellularity
changes as graded by the Mankin cellularity score. (A) Normal (one to two cells per chondron), grade 0. (B)
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Diffuse hypercellularity, grade 1. (C) Diffuse hypercellularity, grade 1.5. (D) Chondrocyte cloning, grade 2. (E)
Hypocellularity, grade 3. Scale bar: 100 µm.

Figure 4-6: Bovine staining atlas using representative images with varying degrees of Safranin-O stain loss as
graded by the Mankin staining score. (A) Normal staining, grade 0. (B) Slight reduction in staining, particularly
in the superficial zone, grade 1. (C) Moderate reduction of staining extending down to the mid zone, grade 2.
Scale bar: 1 mm.

Whereas the human atlas of OA cartilage [221] shows blood vessels crossing the tidemark
(Mankin tidemark integrity score = 1), the majority of blood vessels in both human and
bovine tissue were contained within bony spicules, shown in Figure 4-7. In both tissues,
most of the spicules did not reach the uppermost tidemark (Figure 4-7 A1-A5 and B1-B4;
Mankin tidemark integrity score = 0). These bony spicules infrequently reached the
uppermost tidemark but never progressed further into the non-calcified cartilage (Figure 4-7
A6 and B5; Mankin tidemark integrity score = 1). Whether the spicules reached the
uppermost tidemark did not correlate with the level of degeneration in the tissue.
Additionally, the heavy decalcification involved in histology preparation may obscure the
tidemarks and thus a spicule that appears to cross the uppermost tidemark may actually be
crossing a duplicate tidemark that is not uppermost.
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Figure 4-7: Representative images of the ZCC comparing bovine and human spicules with their central canals.
Series A are bovine spicules and series B are human. The human spicules closely resemble those in the bovine
tissue. A1-A5 show bovine spicules that do not reach the uppermost tidemark and thus are grade 0 on the
Mankin tidemark integrity score. A6 shows a spicule graded 1 because it contacts the uppermost tidemark. B1B4 show human spicules that do not reach the uppermost tidemark, grade0. B5 shows a spicule graded 1. Scale
bar: 200 µm. Arrows indicate uppermost tidemarks.

4.3.3 Comparing Intact and Degenerate Bovine Tissues
Quantitative comparisons of intact and mildly degenerate bovine tissue were performed to
evaluate the type of degeneration occurring and allow comparison with human OA.
Table 4-1 compares the Mankin and OOCHAS osteoarthritis scoring between intact and
mildly degenerate bovine tissue groups. With respect to structure, the majority of sections
from the macroscopically intact bovine tissues (i.e. exhibiting no visible microscopic India ink
staining) showed, to varying degrees, minor surface irregularities and were graded from 0 to
2.5 on the OOCHAS scale. The mildly degenerate tissues (showing macroscopic lesions < 1.5
cm diameter) were graded significantly higher than the intact tissues with the OOCHAS
grade. The OOCHAS stage component (assessed macroscopically) was also greater in the
mildly degenerate tissues with an average of 40% of the patella surface showing Indian ink
retention vs. only 7% retention in the intact patella surfaces.
The Mankin structure, cellularity, and Safranin-O staining scores were significantly greater in
the mildly degenerate than in the intact tissues. These three criteria were also positively
correlated with the OOCHAS grade for all intact and mildly degenerate bovine tissues
(correlation coefficients 0.88, 0.68, and 0.79 respectively). The Mankin tidemark integrity
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score was not significantly different between the intact and mildly degenerate bovine tissues
and showed no correlation with the OOCHAS grade.
Table 4-2 summarises the morphometric differences between the intact and mildly
degenerate bovine tissues. Morphometric measurements were performed on both DIC and
histological sections to allow comparison of the two techniques (see later). Relative to the
intact, the mildly degenerate tissues exhibited significantly greater total cartilage thickness,
ZCC thickness, and number of duplicate tidemarks. In the intact tissues, the mean thickness
of the superficial layer was significantly greater than that of the mildly degenerate samples.
There were no significant differences between the intact and mildly degenerate tissues in
subchondral bone thickness. OOCHAS grade correlated with superficial cartilage thickness (r
= -0.82), number of duplicate tidemarks (r = 0.77), and ZCC thickness (r = 0.49). Total
cartilage thickness correlated with OOCHAS grade with a quadratic relationship (constant =
1.7, b1 = 0.71, b2 = -0.14) (R2 = 0.38). This relationship shows that cartilage thickness
increases as OOCHAS score increases from grade 0 to grade 3 but thickness decreases from
grade 3 onwards.
Bony spicules were present in the ZCC of all bovine samples from both the intact and the
mildly degenerate groups (Figure 4-7). They showed no clear differences in morphometry or
frequency (see Table 4-2). Also, when imaged at higher resolution with DIC microscopy, the
AC mid zone matrix was consistently different between the groups (Figure 4-8). In the intact
tissues, the matrix texture appeared smooth (Figure 4-8, Series A). In the mildly degenerate
there were varying degrees of fibrosity ranging from a pronounced crimp (Figure 4-8, Series
B), suggesting an in-phase collapse and aggregation of the previously spatially discrete
fibrillar architecture characteristic of the normal matrix [135, 225], to severe matrix
destructuring (Figure 4-8, Series C).
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Figure 4-8: High resolution images of cartilage mid-zone matrix ‘texture’ showing a range of destructuring of
the fibrillar network. Series 1: bovine tissue in DIC microscopy. Series 2: corresponding bovine tissue in
histology. Series 3: human tissue with similar fibrosity in histology. Within each series, images labelled A-C
represent (A) smooth texture in intact tissue, (B) in-phase crimping in mildly degenerate tissues, and (C)
pronounced fibrous texture in moderately degenerate tissues. Scale bar: 100 µm. Radial direction is vertical in
all images.
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4.4 Discussion
4.4.1 Early OA in the Bovine Patella
In conducting this study we recognised the potential or actual limitations of using the bovine
animal model. Clinically relevant details such as animal-specific age or history of joint
effusion and lameness were not available to us. However, all samples were derived from a
broad population of New Zealand dairy cattle whose primary habitat was relatively flat,
grassy plains with a regular though small fraction of their time spent on concrete platforms
for milking. There was no certainty that any collected pair of patellae originated from the
same animal and this necessarily limited the validity of any statistical method requiring
independent observations (Mann-Whitney U test and Spearman’s rank correlation
coefficient). Also, the patellae only infrequently displayed degeneration as advanced as latestage human OA, seldom presenting typically end-stage features of cartilage denudation,
joint deformation, complete Safranin-O stain loss, or hypocellularity – most probably
because, in the dairy industry, the animals are generally slaughtered for economic reasons at
an age well before end-stage joint problems develop.
Despite the above limitations, the many thousands of bovine patellae that our laboratory
has collected and classified over several decades have been shown to exhibit consistent sitespecific morphological changes and these changes are represented in the 33 patellae
forming the basis of the present study.
The morphometric and histological features found in the bovine tissues were generally
consistent with those seen across the spectrum from healthy to moderate OA as defined by
both the OOCHAS and Mankin grading systems. These ‘standardized histological scoring
systems are needed to assess the severity of degradation in human tissues and experimental
models’ [221]. Thus, the significance of the present study is its provision of an appropriate
validation of the bovine patellae model for moderate OA in relation to the vast number of
past studies that have used these same scoring systems to define the extent of OA
progression.
Also important is how the characterisation of bovine patellae OA in the present study fits
with related, earlier published works. It has previously been shown that bovine patella
tissues, representative of those used in the present study and exhibiting only mild or subtle
structural changes, do indeed display significantly different mechanical responses from their
healthy controls [143, 185, 188, 226]. In the present study, such subtle structural changes
are verified as manifestations of early OA in a clinically relevant manner using the Mankin
and OOCHAS scoring systems. These changes are indeed mechanically-significant and are an
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important starting point in considering the mechanical and structural determinants of OA
initiation.
The present study shows that the intact bovine patella and human femoral condyle tissues
have almost identical average cartilage thicknesses. This similarity of anatomical scale allows
for both comparable mechanical testing and ease of correlation with structural responses,
which contrasts with the experimental difficulties associated with smaller animal models. No
lamina splendens zone was observed in either bovine or human tissue. The bovine patella
does display a thicker subchondral plate than that in the human condyle [220]. However, the
definition of subchondral bone plate thickness is often unclear [224] and its measurement is
highly variable [220, 224], so any potential relevance of this parameter for studying the
progression of OA will always depend on the accuracy of its measurement. Further, animal
models that display similar subchondral bone to humans, such as rabbit trochlea, are then
plagued with thinner cartilage, smaller joints, and disparate magnitudes of joint loading
compared to humans [227].
Although the bovine cartilage stained more intensely for PGs than the human cartilage, both
tissues showed a similar level of stain loss for an equivalent degree of structural disruption.
This suggests a similar loss of PGs in bovine and human cartilage degeneration. The
chondrocyte duplication, cartilage swelling, cartilage erosion, and spicule invasion suggest
that the degeneration observed in the bovine patella is both progressive and proliferative.
4.4.2 OA Grading Systems
Two recognised OA grading systems were used in this study in order to compensate for their
individual methodological and analytical limitations. Both grading systems neglect early or
subtle changes in the ZCC and subchondral bone, changes which have been shown to occur
in the development of OA [1, 22, 24]. The OOCHAS system assesses changes in the tissues
only at more severe levels of degeneration whereas the Mankin system focuses solely on
whether or not vascularity crosses the tidemark. Our bovine tissues did not strictly follow
the tidemark integrity changes associated with OA according to the Mankin system;
however, tidemark integrity changes have been shown to not correlate well with
spontaneous OA [228]. Neither system discusses the multiplication of tidemarks in the
advancement of calcification nor the appearance of bony spicules as a sign of subchondral
bone remodelling although they are known to be features of human OA [229].
Additionally, using the OOCHAS system proved challenging for both the human and bovine
tissue when choosing an appropriate grade for features supposedly occurring
simultaneously; for example, a grade 4 is assigned when cartilage matrix loss is present with
cyst formation, and yet there were cases where cysts were not present with such matrix loss
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in both species. In general, the progression of OA features was as consistent in the bovine
tissue as it was in the human.
The articular cartilage thickening in the mildly degenerate bovine tissue (see Figure 4-4 and
Table 4-2) is known to be associated with a general destructuring of the collagen fibrillar
network [225, 230]. Although not noted in the Mankin and OOCHAS grading systems, this
fibril-level destructuring of the cartilage matrix results in swelling which is a recognised
feature of human OA tissue [231]. However, as degeneration progressed beyond an OOCHAS
grade of 3, the combination of surface irregularities, radial fissures, and upper matrix loss,
results in the observed decrease in bovine cartilage thickness.
4.4.3 Bony Spicules in Bovine and Human Tissues
Bony spicules were observed in both the bovine and human tissues. Although any
association between spicule formation and OA remains unclear, their presence does suggest
subchondral bone remodelling, a process that has been found to occur in OA tissues [165].
Considering that spicules were present in both the intact and degenerate bovine and human
tissues (Figure 4-7), if they are in fact associated with the development of OA, then this
suggests that they are a very early occurrence that persists with degeneration. Even in the
ostensibly healthy tissue there may be subtle changes at the microscopic level that
represent the initial part of a continuum leading eventually to fully developed OA. This raises
the intriguing question of whether the intact (i.e. macroscopically normal) tissues reflect a
genuinely healthy state or, alternatively, a ‘pre-OA’ state in which microscopic changes have
already commenced. This is an area of research that requires additional consideration to
increase the knowledge of very early disease formation.
4.4.4 Comparing DIC microscopy and Histology
Both DIC microscopy of fully hydrated, mildly decalcified sections and histological
assessment of dehydrated, heavily decalcified sections provide a means of analysing changes
occurring with degeneration; however each method is suited to different purposes. In the
current study, histological staining proved useful for viewing PG loss (Figure 4-6).
Alternatively, DIC microscopy provided high resolution images of the AC matrix structure
with a level of clarity not possible with histology. In comparing the normal and mildly
degenerate bovine tissues, with DIC optical imaging the smooth/amorphous-appearance of
the healthy matrix (Figure 4-8 A) has been shown to reflect a dense, pseudo-random fibrillar
network [185, 225]. With increasing severity of degeneration there is destructuring of the
fibrillar network and the fibrils aggregate into a microscopically visible fibrosity (Figure 4-8 B
& C).
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Figure 4-10: High resolution DIC microscopy image
of bovine degenerate cartilage showing
chondrocyte cloning (grade 2 Mankin cellularity
score). Image from 30-µm hydrated section with
no staining. Scale bar: 100 µm.

DIC microscopy imaged the ZCC
tidemarks more clearly than the
histological sections (compare Figure 4-9
Figure 4-9: Imaging the zone of calcified cartilage (ZCC) of
mildly degenerate bovine patellae. Uppermost tidemark
shown by black arrow, cement line shown by white
arrow. (A) Reflected light microscopy shows indistinct
tidemark and bony spicules (dotted lines). (B) Safranin-O
and Fast Green stained histology sections show multiple
tidemarks as dark lines. (C) DIC microscopy of hydrated
sections without staining shows more clearly the multiple
tidemarks. Scale bar: 100 µm.

B and C) and allowed a greater number
to be observed (see Table 4-2), probably
because less decalcification was needed
for the thicker sections imaged under
DIC. These same DIC sections also
showed cell clusters in the mid-to-late
stage OA tissues more clearly than the

histological sections (Figure 4-10). Interestingly, while comparing the two imaging methods
using sections from the same samples there were obvious artefacts in the histological
sections that were not seen in the corresponding DIC sections. These included section
folding (visible in all images of Figure 4-4), tearing, and an uneven articular surface (see
Figure 4-4 B). Thus, when using histological grading systems such as Mankin and OOCHAS for
cartilage degeneration it is important to keep in mind that an uneven articular surface may
be due to artefact and may falsely classify as grade 1 degeneration. Total cartilage
thicknesses obtained from the histological sections averaged 260 µm less than those from
the corresponding DIC sections (see Table 4-2). Histological methods may therefore mask
subtle cartilage swelling and thickness changes that are early features of OA. Since DIC
microscopy is performed using fully hydrated tissue sections and requires minimal
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preparation time, we recommend it as an important imaging tool in joint tissue research
both for its ease of application and the additional structural insights that it provides.
4.4.5 The Progression of OA
The data from the present study can now be used to refine and advance an earlier schematic
model of progression to OA [145]. Both this earlier version and the new schematic model
(Figure 4-11) illustrate changes occurring in the ZCC and subchondral bone. The uppermost
tidemark forms a singular boundary in the healthy state (Figure 4-11 A) which, in the early
degenerative stage, progresses to tidemark duplication and ZCC thickening (Figure 4-11 C-D).
Along with this thickening, bony spicules are also shown to project from the cement line into
the calcified cartilage where they may reach as far as the uppermost tidemark (Figure 4-11
B). Further progression of OA is depicted as the advancement of the cement line into the
ZCC space via in-filling around the bony spicules. This progression, described in the earlier
model, is suggested as forming the context for the structural demise of the joint with severe
loss of the overlying cartilage in end-stage OA [145].

Figure 4-11: Schematic of the proposed progression of OA through (A) healthy, (B) intact ‘pre-OA’, (C) early OA,
(D) mid-stage OA, and (E) late-stage OA. The bovine samples from the present study fall largely within A-D,
whereas the human tissues from joint replacement fall largely within D-E. The schematic incorporates
structural changes in the cartilage, calcified cartilage, and subchondral bone as well as proteoglycan loss
shown with histological staining. The insets indicate the collagen fibril-level changes.

Included in the new schematic model (Figure 4-11) is the histological staining from the
present study to indicate the spectrum of relative PG loss occurring with OA (Figure 4-6).
Additionally, the collagen fibril-level destructuring of the cartilage matrix is included in the
schematic; the intact state is represented as a pseudo-random fibrillar network (Figure 4-11
A, inset) and as OA progresses, network destructuring and fibril aggregation occurs (Figure 411 C, inset).
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Finally, the schematic model illustrates the progression from a healthy state to a still intact
‘pre-OA’ state and then through to early-, mid-, and late-stage OA (A to E in Figure 4-11). The
bovine tissues demonstrate primarily stages A to D, with a few instances of more severe
degeneration (D to E). By contrast, the human tissue from patients with fully developed OA
would primarily be categorised as D to E. Thus, by combining the structural and histological
changes in the bovine and human tissues, we propose a model for OA progression that
spans the full spectrum from healthy to severely degenerate.

4.5


Key Conclusions
The intact cartilage of the bovine patella resembles healthy human cartilage with
regard to thickness, morphometry, and zonal differentiation.



The cartilage degeneration observed in the bovine patella model was found to be
similar to the degeneration observed in human OA with regard to cartilage structural
disruption, cellularity changes, and staining loss; however late stage-OA was not
observed.



Both bovine and human tissues displayed similar changes in the calcified tissues
accompanying cartilage degeneration including calcified cartilage thickening,
tidemark duplication, and the advancement of the cement line by protrusions of
bony spicules into the calcified cartilage.



The bovine patella is proposed to be an appropriate model for investigating the
structural changes associated with the poorly understood early phase of human OA.



The DIC microscopy technique is recommended for imaging in joint tissue research
due to its ease of preparation, ability to detect cartilage swelling, and clear imaging
of tidemarks, cartilage matrix structure, and chondrocytes.
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Chapter 5
Correlating Cartilage and Bone
Changes in Early Osteoarthritis
5.1

Introduction

The previous chapter showed that early osteoarthritis in both human and bovine tissues is
characterised by advancement of the calcified cartilage and subchondral bone as evidenced
by tidemark duplication and bony spicules, respectively. However, the effects of these
advancements on the mechanical properties of the calcified cartilage and subchondral bone
and hence how these change affect the mechanics of the overlying cartilage are unknown.
This study uses mechanical testing and mineral analysis to correlate the changes in the
calcified cartilage and subchondral bone with the known changes in the articular cartilage.
Of particular importance are the mechanical properties of the calcified tissues on a
macroscopic scale where they have the potential to alter the forces experienced in the
overlying cartilage. However, few past studies have attempted to measure the mechanical
properties of subchondral bone on the macroscopic scale [19, 34, 232] and only one also
attempted to measure the macroscopic properties of the calcified cartilage [34]. To our
knowledge, this study has not been repeated. The present study recreates the testing
performed by Mente and Lewis to consider the macroscopic changes in material properties
that may occur during early osteoarthritis.
The relative amounts of mineral present in the calcified cartilage and bone may provide
insight into advancement and remodelling of these tissues [233]. Newly formed bone is less
mineralised than older bone that has fully mineralised over weeks to months [234]. Further,
relative differences in mineralisation enable the detection of metabolic changes in the bone
that occur in conditions such as osteomalacia [235]. Energy dispersive X-ray spectroscopy
(EDS) is used here to quantify the changes in mineralisation in both the calcified cartilage
and subchondral bone. This technique has been used in past studies to quantify the
mineralisation of bone [233] and cartilage [236] but has thus far not been used to quantify
changes during the progression of OA.
Finally, while the use of female bovine (cow) tissues has been validated for use in early
osteoarthritis research, the bull (male bovine) tissues have not. Bull patellae are commonly
used for articular cartilage research [187, 212]. However, bulls may be slain at a younger age
for meat production, compared to cows which are generally maintained for longer for milk
production before slaughter (personal communication with the supplier). Further, many
studies do not specify the sex or age at slaughter of the experimental animals nor do they
51

confirm whether the samples have reached maturity [140, 192, 195, 196, 201, 202]. This
study examines the cartilage and bone tissues of bull patellae to determine whether they
indeed represent a mature state similar to the previously validated cow patellae and are
hence appropriate for study.

5.2 Methods
Five bull patellae showing no degeneration (Outerbridge grade 0), five cow patellae showing
no degeneration (grade 0), and five cow patellae showing cartilage fissuring in a small region
of the patella (grade 2) were obtained for this study. As described in Chapter 3, the OOCHAS
staging score was calculated using the
percentage of the patellar surface showing
India ink staining. A 13 x 15 mm block was
dissected from the distal-lateral region of the
patella and each block was divided into five
samples of ~3 mm thickness, as shown in
Figure 5-1. From distal to lateral the samples
were assigned to: DIC microscopy, histological
staining, EDS mineral analysis, and two
samples for 3 point bending mechanical
testing. Sample width was minimised to

Figure 5-1: Five samples cut from the sample tissue
block for (A) DIC microscopy, (B) histological
staining, (C) mineral analysis, and two samples
(D&E) mechanical testing.

reduce possible variability within the region while maintaining appropriate dimensions for
testing.
Samples for DIC and histology were processed as described in Chapter 3. Histomorphometry
was performed on DIC section to measure: total cartilage thickness, surface layer thickness,
calcified cartilage thickness, subchondral bone thickness, and the number of duplicate
tidemarks. The rugosities of both the cement line and the uppermost tidemark were also
calculated by dividing the traced length of each boundary with the section length (see Figure
5-2)[237]. Cartilage degeneration was graded on the histology sections using both the
Mankin and OOCHAS grading systems.
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Figure 5-2: The rugosities of the uppermost tidemark (blue) and cement line (red) are calculated by dividing the
length of the traced line by the length of the image.

To analyse the mineral content, energy-dispersive X-ray spectroscopy (EDS) was performed
to calculate the weight percentage of each element. One sample from each patella was fixed
in a solution of 30% formalin/ 70% ethanol v/v for at least 24 hours, dehydrated in a graded
series of ethanol alternating with defatting in hexane, and sputter coated with platinum. EDS
spectra were captured using an Environmental Scanning Electron Microscope (FEI Quants
200F, USA) with a SiLi detector with a Super Ultra Thin Window. Working distance was
between 10 and 11 mm, accelerating voltage was 20 kV, and a live capture time of 50 s was
employed. Samples were analysed for carbon, oxygen, platinum, sulphur, phosphorous,
calcium, and nitrogen weight percentages. Inter-element effects were corrected for by
applying ZAF corrections [238, 239] and platinum content (from the sputter coating) was
removed. Ratios of calcium to phosphorous were calculated to reduce systematic errors.
Five regions along the length of each sample were selected using systematic random
sampling [214]. At each location, five depths were analysed: deep cartilage matrix, upper
ZCC, deep ZCC, and 1 mm and 2 mm into the subchondral bone, as shown in Figure 5-3.
Effort was made to avoid voids and blood vessels (see the deviation in Figure 5-3).
Mechanical testing was performed according to the 3 point bending protocol of Mente and
Lewis [34]. Two samples from each patella were mechanically tested immediately after
dissection and were not chemically altered in any way. Samples were stored and tested in
saline to prevent dehydration, which has the potential to alter mechanical properties [66,
240]. The hyaline cartilage was removed from both samples using a scalpel blade. Samples
were viewed in reflected light microscopy to confirm that all hyaline cartilage was removed
(see Figure 5-4 B). One sample from each patella was left as a composite of calcified
cartilage and subchondral bone (Figure 5-4 B). These are referred to as the composite
samples. The other sample from each patella had calcified cartilage removed by grinding
with 600 grit silicon carbide paper under saline irrigation to become pure subchondral bone;
these are referred to as the pure SB samples (see Figure 5-4 C). The initial sample
dimensions were ~11 mm in length, 2.5 mm in width, and ~3.5 mm in height.

53

Figure 5-3: SEM image showing EDS measurement
Figure 5-4: Reflected light micrograph of 3 point bending
locations. Note that 1 mm deep SB location
sample preparation. (A) Tissue block with articular
deviates from the vertical sampling line to avoid a
cartilage (AC), calcified cartilage (ZCC), and subchondral
marrow space. Scale bar: 1 mm.
bone (SB). (B) Articular cartilage removed with a scalpel
blade to leave a composite of calcified cartilage and
Samples were loaded in a 3-point bending subchondral bone. (C) Calcified cartilage removed by
grinding to leave pure subchondral bone.
rig with supports 8 mm apart, immersed

in a saline bath (Figure 5-5). Samples were
loaded in their in vivo direction of loading with the composite samples showing calcified
cartilage on the upper surface and the pure SB samples showing subchondral bone plate on
the upper surface (see Figure 5-5). The radii of curvature of the supports and the loading
nose were 2.0 and 4.0 mm, respectively. Load was applied to the rig with an Instron 5543
table top testing machine. Each specimen was loaded to a maximum force of 0.5 N at a rate
of 1 N/min to keep the sample within its elastic region to prevent permanent deformation.
Each test was repeated 10 times with only the final test being used to calculate stiffness in
order to avoid preconditioning effects [75]. For the composite samples, after initial testing
with the ~3.5 mm specimen height, each sample had its subchondral bone progressively
removed by grinding to obtain ~3.0 mm and then 2.5 mm specimen heights and identical
mechanical testing was performed at each sample height.
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Figure 5-5: 3-point bending rig with a composite sample

Figure 5-6: Calculating the slope of the force-displacement curve. For each patella, four mechanical tests are
performed: one for the pure subchondral bone sample and three for the composite samples. The slope of each
test is calculated by linear regression of the region after the toe region. Note: each curve is offset for clarity.

Using engineering beam theory, the load-displacement data was used to determine the
Young’s modulus of subchondral bone and calcified cartilage [34]. The slope of the forcedisplacement curve was taken from the linear region after the initial toe region (see Figure
5-6). For the pure SB beams, Young’s modulus E is given by equation 5-1 where (P/δ) is the
force-displacement slope, L is the length between supports (8 mm), I is the moment of
inertia of the rectangular beam (bh3/12), b is the width of the specimen (~2.5 mm), and h is
the thickness of specimen (~3.5 mm).
( 5-1 )
For the composite samples, equations 5-2 through 5-7 are used to calculate the Young’s
modulus of subchondral bone (Esb) and the Young’s modulus of calcified cartilage (EZCC) using
beam theory of a bilayer composite [34]. Equations 5-6 & 5-7 optimize the values of EZCC, ESB,
and tZCC to minimise the difference between the calculated stiffness (
experimentally measured stiffness

and the

using Excel (Excel 2010, Microsoft Corporation).
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( 5-2 )

( 5-3 )
( 5-4 )
( 5-5 )
( 5-6 )
( 5-7 )
Differences between groups were compared using the non-parametric independent samples
Kruskal-Wallis and Mann-Whitney U tests. Differences between mineral contents in upper
and lower locations were compared with the one-sample Wilcoxon Signed Rank test.
Analysis was performed in SPSS and asterisks denote significance levels as follows: * P < .05,
** P < .01, *** P < .001. P-values not reaching significance (P > .05) were not indicated. In
the tables, asterisks within the variable headings indicate significant differences between all
groups (Kruskal-Wallis tests) while asterisks across groups indicate significant differences
between specific groups (Mann-Whitney tests).

5.3 Results
The intact bull samples showed cartilage morphometry generally consistent with intact cow
samples (Table 5-1) with similar total cartilage thickness, surface layer thickness, calcified
cartilage thickness, and number of duplicate tidemarks. The subchondral bone thickness was
significantly less in the bull samples. The intact bull and intact cow samples showed very
similar cartilage degeneration scoring with nearly no degeneration present (Table 5-2). Both
intact bull and intact cow samples showed mild staining loss and very small areas of cartilage
fibrillation (< 2% of the joint surface).
The degenerate cow samples showed an increase in total cartilage thickness, calcified
cartilage thickness, and number of duplicate tidemarks compared to the intact cow but
decreased surface layer thickness (Table 5-1). The degenerate cow samples showed
increased Mankin structure, cellularity, and staining scores, increased surface staining, and
increased OOCHAS grade and stage scores (Table 5-2). The rugosities of the uppermost
tidemark and cement line showed no significant differences between groups (Table 5-1).
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Table 5-1: Morphometric measurements of bull and cow tissue measured with DIC microscopy. Mean ±
Standard error in the mean.

Table 5-2: Histology scoring of bull and cow tissues using the Mankin and OOCHAS systems. Mean ± Standard
error in the mean.

EDS measurements of the elemental composition of cartilage, calcified cartilage, and bone
are summarised in Table 5-3. The C, N, and S weight percentages (wt %) are significantly
greater in the cartilage than in the calcified cartilage or bone while the Ca and P are
significantly less. The calcified cartilage and bone have significantly different N, O, and S wt
%.
Table 5-3: Weight percentages of carbon, nitrogen, oxygen, phosphorous, sulphur, and calcium across the
cartilage, calcified cartilage, and subchondral bone. Values are averaged across all bull and cow samples. Mean
± Standard error in the mean.
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EDS measurements of calcium and phosphorous wt % across the calcified tissues are
summarised in Table 5-4. There were no significant differences in Ca or P wt % between
groups at any location. In the bull tissues, there was a significant increase in both Ca and P
wt % from the upper to the lower ZCC. Similarly in the intact cow tissues, there was a
significant increase in both Ca and P wt % from the 1 mm to 2 mm depths of the subchondral
bone. In the degenerate cow and intact bull tissues, there was a significant decrease in Ca
and P wt % from the lower ZCC to the upper SB.
Table 5-4: Calcium and phosphorous wt % across the osteochondral tissues. Mean ± Standard error in the
mean.

When converted to Ca/P ratios, the degenerate cow samples showed increased ratios in the
lower calcified cartilage and upper subchondral bone (Table 5-5) compared to the intact bull
and cow samples.
Table 5-5: Ratio of calcium to phosphorous wt % across the osteochondral tissues. Mean ± Standard error in
the mean.

The stiffness of the subchondral bone plate calculated from the pure SB samples was not
significantly different between groups (Table 5-6). The optimisation used to calculate the
moduli from the composite samples produced dubious results. For every sample, the
calcified cartilage and subchondral bone moduli were equal. This set the value of n in
equation 5-5 to zero, effectively reducing the problem to a beam of a single material as in
equation 5-1 where the material modulus is set to best fit the slopes from all three sample
thicknesses. As a result, the composite results are not considered further in this study.
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Table 5-6: Material properties of bull and cow calcified tissues from 3-point bending. ESB from pure SB samples
showed no statistical difference between groups and calculated moduli from composite samples were not
analysed. Mean ± Standard error in the mean.

Intact Bull (n=5)
Intact Cow (n=5)
Degenerate Cow (n=5)

ESB from pure SB
samples (MPa)
144 ± 37
112 ± 25
120 ± 26

ESB from composite
samples (MPa)
127 ± 26
195 ± 32
62 ± 11

EZCC from composite
samples (MPa)
127 ± 26
195 ± 32
62 ± 11

5.4 Discussion
The morphometric measurements of the intact and degenerate cow samples matched
closely with the published values from the animal model validation in Chapter 4. The early
degenerative state is characterised by cartilage swelling, superficial cartilage loss, and
calcified cartilage advancement. However, the bone plate thickness and the rugosities of the
cement line and uppermost
tidemark are not significantly
altered. Rugosity has been used
to quantify osteochondral
changes in past studies [237];
however it may not be sensitive
to the bony spicule ingrowth
that is characteristic of early OA
(see section 4.4). These bony
spicules will be further studied in
Chapter 7.
5.4.1 Bull Tissues
The bull samples showed similar
articular cartilage morphometry
to the cow samples but their
calcified cartilage and
subchondral bone were very
different. The bull tissues
frequently displayed no clear
zone of calcified cartilage and a
diffuse tidemark (see Figure 5-7
B). Further, histology images
show ‘islands’ of cartilage within

Figure 5-7: Representative histology images of cow (A) and bull (B)
calcified cartilage. Cow samples show clear tidemarks and a
continuous cement line. Bull samples show diffuse calcification, no
clear tidemark, and a highly irregular cement line. Scale bars: 100
µm.
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the subchondral bone visible as red dots (see Figure 5-8). These islands contain hypertrophic
chondrocytes (see Figure 5-8 inset) and they likely represent calcified cartilage remaining
from the bone development process [236]. The initial cartilaginous model of the patella was
gradually replaced with bone via endochondral ossification (see Section 1.5.1). The presence
of these cartilage islands suggests that this tissue is not fully developed [241] and thus these
bull patellae may not represent the mature state. Immature osteochondral tissues have
been shown to display significantly different biomechanics and failure behaviour than
mature tissues [184]. These islands of cartilage, if calcified cartilage is indeed less stiff than
subchondral bone [34], will likely decrease the stiffness of the subchondral bone of the bull
tissues. Thus, bull patellae may be a poor control group against early osteoarthritis. If bull
tissues are used in future studies, the ages of the animals at slaughter should be noted and
each sample should be examined microscopically to confirm maturity before inclusion.

Figure 5-8: Histology image of a bull patella showing islands of cartilage within the subchondral bone.
Magnified view in the inset clearly shows that the red islands contain chondrocytes which are indicative of
cartilage.

5.4.2 Mineralisation
Regarding the EDS measurements, the weight percentages of the measured elements can be
related to the constituents of the materials. The C, N, O, and S are attributed to the organic
matrix components such as collagen and proteoglycans while the Ca and P relate to the
mineral component, hydroxyapatite [233]. As expected, the cartilage contains very little Ca
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or P because it is non-mineralised; in comparison, the mineralised calcified cartilage and
bone tissues have much greater Ca and P contents. The larger C, N, and S contents in the
cartilage compared to the calcified tissues relate to its greater relative amount of
proteoglycans.
The weight percentage range of 17 to 23% Ca in the subchondral bone is not unexpected
when compared with that obtained from reported ash weight measurements of 25% and
37% [63, 239], particularly as EDS has been shown to underestimate the mineral content of
bone by an average of 14% [242]. Interestingly, the calcified cartilage has very similar
mineral contents to the subchondral bone despite reports of it being much less stiff [34]. In
bulls, the higher Ca and P contents in the lower region of the calcified cartilage compared to
the upper calcified cartilage (Table 5-4) further suggests that this zone is still undergoing
radial mineralisation and is not yet fully mature. That there was no significant difference in
Ca or P contents between the upper and lower regions of the ZCC in degenerate cows (Table
5-4) which display duplicate tidemarks (Table 5-2). This calls into question the hypothesis
that tidemarks represent a stratification in the degrees of mineralisation [37]. However,
small-scale mineral quantification across individual tidemarks would further confirm this.
The intact cow samples displayed higher Ca and P contents in the deeper subchondral bone
relative to that closer to the joint surface. This difference may relate to the ossification
process, either from the initial development and maturation or a re-activation in early OA
[157].
That no significant difference in the Ca or P wt % were observed between groups may be of
little consequence since it is known that weight percentage measurements taken with EDS
are influenced by variations in the tissue’s organic content, water content, and porosity
[243]. Instead, to reduce these systematic errors, the Ca/P ratios were calculated [243]. The
theoretical Ca/P ratio in pure hydroxyapatite is 1.67 with variations of up to 0.2 in
measurements of osteonal lamellae [244]. At ~1.9 our ratios were higher than this
theoretical ratio, but were consistent, displaying small standard errors. Our generally higher
ratios may be attributed to the presence of other elements that can affect the attenuation
of the P wt % or, conversely, may arise from measurements being taken near osteonal
boundaries where the ratio has been shown to be as high as 1.9 [244]. While we found no
significant difference in the Ca/P ratio between the calcified cartilage and bone, the
increased Ca/P ratio in the deep ZCC region and the upper SB region in the degenerate cow
tissues suggests an increase in carbonate-substituted hydroxyapatite. This altered mineral
component is known to be associated with OA [245] where it may induce secretion of
proteolytic enzymes [246] and down regulate protease inhibitors [247] to enable cartilage
degeneration.
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5.4.3 Macroscopic Mechanical Testing
The subchondral bone stiffness calculated by the 3-point bending of pure subchondral bone
beams resulted in an average stiffness of ~125 MPa. This is substantially less than the
reported stiffness of 1.6 GPa from the study that we attempted to reproduce [34]. There are
a number of factors that likely influenced this result, primary among them being that our
samples, with ~3.5 mm height, contained a large volume of subchondral trabecular bone.
Trabecular bone is known to be less stiff (~300 MPa) than the bone plate [63, 150, 248]
because of its much greater porosity. Further, our 3-point bending protocol did not
completely follow the standard procedures outlined in the ASTM (American Society for
Testing and Materials) guidelines for 3-point bending of engineering materials [249]. These
include our support span to sample height ratio being much smaller than the minimum
suggested, the radii of curvature of the supports and indenter being smaller than the
minimum, and the inability to test the samples to failure. Additionally, the large variability in
the measured stiffnesses suggests that repeated testing should be performed. For further
study of the mechanical testing of subchondral bone, these factors should be improved.
Engineering beam theory for 3-point bending assumes that the beams are linear elastic,
isotropic, and homogeneous with no holes or voids [34]; however, none of these
assumptions are satisfied by our test specimens. As biological materials, calcified cartilage
and bone will display viscous effects. Their microstructures are clearly not homogeneous,
with distinct fibre and mineral domains. Both materials contain holes and voids including
cells, blood vessels, and marrow spaces which may cause stress concentrations that are
particularly influential in our small-sized test specimens. Finally, the beams are clearly
anisotropic with the bone plate and trabeculae displaying distinct directionality; however,
we test the beams in only one direction so we are unable to fully characterise these
anisotropic properties. Nevertheless, we are most interested in the material properties in
the direction of physiological loading on the cartilage surface, which is tested here.
Due to the testing protocol not following the ASTM guidelines and the samples not adhering
to the basic assumptions of 3-point bending, the results from this mechanical testing
technique are best suited for comparisons between sample groups while comparisons with
other studies employing different testing methods are limited.
The calculation of the calcified cartilage stiffness from composite beams was unsuccessful in
this study. The optimisation procedure employed resulted in identical stiffnesses for the
calcified cartilage and subchondral bone to optimally fit the experimental results. This is
explained by examining the force-displacement curves of a composite beam, shown in
Figure 5-6. With decreasing sample height from 3.5 to 3 to 2.5 mm, we expect the stiffness
of the beam to decrease; however, we can see that the beams had 56.5, 48.4, and 48.9
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N/mm force-displacement slopes, respectively so that the stiffness of the 2.5 mm beam was
greater than that of the 3 mm beam. This suggests that the mechanical testing protocol is
insensitive to changing stiffness. A greater applied force may be required for each sample
height to ensure that they are past the initial non-linear toe region while ensuring that they
remain in their elastic zone. The relative contribution of the calcified cartilage to the
composite stiffness could be increased by decreasing the amount of subchondral bone in
each beam. Additionally, the degrees of freedom of the optimisation could be reduced in
this analysis by specifying the thickness of the calcified cartilage determined from DIC
histomorphometry. Further, the high variability may be reduced by increasing the number of
sample beams created from each patella.
While this study provided useful information regarding the changing mineral profile of the
calcified cartilage and the subchondral bone with early OA, the mechanical testing protocol
requires further modification to provide data on the stiffness of these tissues. These
modifications are performed in the following chapter. Additionally, studies of mechanical
properties may consider not only the macro-scale properties but also the micro and nano
scale properties and their relation to the structure of the tissues. Further, studies of the
development of early OA should consider not just the intact (G0) and mildly degenerate (G2)
states, but should also consider the transitional G1 state to better capture the subtle
changes occurring throughout the initial stages of the disease.

5.5


Key Conclusions
Bull patellae display cartilage that is similar to that of intact cow patellae but their
calcified cartilage and subchondral bone suggest that bull tissue samples may
represent an immature state.



Calcium and phosphorous weight percentages did not significantly change in early
OA but an increase in the Ca/P ratio may suggest an increase in carbonatesubstituted hydroxyapatite at the osteochondral junction with early OA.



The mechanical testing protocol employed found no differences in the stiffness of
the subchondral bone between intact bull, intact cow, and degenerate cow samples.
However, refinement of the testing protocol and inclusion of multiple scales of
mechanical testing may provide insight into how these tissues change with early OA.
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Chapter 6
Multi-scale Mechanical Testing of the
Calcified Tissues with Early Osteoarthritis
Development
*based on the publication: Hargrave-Thomas, E., van Sloun, F., Dickinson, M., Broom, N.,
Thambyah, A. (2015). Multi-scalar mechanical testing of the calcified cartilage and
subchondral bone comparing healthy vs early degenerative states. Osteoarthritis and
Cartilage, 23(10), 1755-1762.

6.1

Introduction

The zone of calcified cartilage and the subchondral bone are believed to play significant roles
in load distribution and support in the joint. It is argued that the SB, due to its greater
volume, is able to attenuate more of the joint loading forces than the cartilage [30, 55]. The
ZCC is integral to force transmission between the compliant cartilage and the stiff bone [28];
this is assumed to be a consequence of it providing an intermediate stiffness [34], which can
theoretically minimise the shear stress at the boundary [1]. The ZCC may also act as a
biochemical barrier between the articular cartilage and the underlying bone marrow [24].
A previous study has shown that the ZCC is about 100 times stiffer than the overlying hyaline
cartilage and 10 times less stiff than the underlying bone [34]. However, this macroscopic
mechanical testing data conflicts with nano-scale testing which shows that the calcified
cartilage is nearly the same stiffness as the subchondral bone [6, 36].
In the progression of OA, the changes to the mechanical properties of the ZCC and SB are
unclear. The increased remodelling of the subchondral bone plate [39, 146, 147] and
decreased material density [114, 150] would be expected to decrease stiffness while the
increased bone plate thickness [36, 134, 138] and increased bone fraction [36, 147, 149]
would be expected to increase stiffness. Further, increased type I collagen metabolism [151]
and alterations to the quantity, structure, and organisation of the collagen fibrils leading to
reduced ability to bind mineral [152] would be expected to contribute to decreasing
mechanical strength. As expected, the reported changes in material properties with OA are
conflicting with no change reported by some studies [36, 153] and a decrease in stiffness
beneath OA lesions reported in another [154].
The changes in mechanical properties of the ZCC with OA are even less certain because of
the difficulties testing this thin region. The advance of the calcification front [24, 188, 229]
may increase the stiffness of this region. Alternatively, altered mechanical stimulus may
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increase the mineralisation of the ZCC [35], thus increasing its stiffness. However two
published studies have shown no change in ZCC stiffness with increased loading [35] or OA
[36].
Further, the reported changes in the ZCC and SB primarily relate to the late stage of OA
when cartilage is highly fibrillated, eroded, or largely absent (for example [36]). Thus there is
very little knowledge of the changes occurring during the earliest phase of the development
of OA. The previous studies in this thesis compare the intact state with the mild
degeneration classified by an Outerbridge grade of 2. However; additional insight may be
gained regarding the progression of OA by examining the changes that occur across the
range of early degeneration from G0 to G1 to G2.
It is clear that understanding the mechanical alterations that occur in OA requires
knowledge of the interplay between material stiffness, apparent density, and architectural
changes. However, by relying on only one scale of mechanical testing, many past studies fail
to address the complex hierarchal structural composition of the osteochondral tissues. Thus,
a combination of techniques at different length scales is required [43]. The aim of this
biomechanical study was to determine the changing microstructure and stiffness across the
calcified cartilage and subchondral bone in early OA by utilising three scales of mechanical
testing in conjunction with tissue imaging and analysis.

6.2 Methods
Sixteen patellae from mature female bovines displaying a range of cartilage fibrillation (see
Figure 6-1) corresponding to normal to moderate OA states [250] were selected for this
study. A ~16 × 20 mm osteochondral block was removed from each patella and divided along
its length into eight samples, each ~2 mm thick (as shown in Figure 6-1 A). One sample was
used for microstructure and morphology, and the remaining seven for mechanical testing:
one each for microhardness indentation and nanoindentation and five samples for
macroscopic 3-point bending.

Figure 6-1: Range of cartilage degeneration observed in the sample population (A) Outerbridge G0, (B) G1, (C)
G2. Patella dissection of a 20 mm long block which is divided into 8 x ~2 mm thick samples with a nonnegligible length lost in cutting.
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6.2.1 Microstructure and Morphology
One sample from each patella underwent processing for DIC microscopy as described in
Chapter 3. DIC sections were used to measure total cartilage thickness, ZCC thickness, and
number of duplicate tidemarks. Degeneration of the cartilage surface layer was graded from
0-4 with a new system described in Table 6-1
Table 6-1: Cartilage surface degeneration scoring

Score
0
1
2
3
4

Cartilage surface features
normal surface
surface irregularities
shallow clefts down to the transitional zone
clefts into the deep zone
surface loss

For imaging the subchondral bone, sections were rinsed in hexane to remove excess fat,
bone marrow, and vascular material prior to mounting on slides. A high resolution image
was created of the subchondral bone region (as shown in Figure 6-2 A). On this image, the
subchondral bone was segmented into the bone plate and trabecular bone as shown in
Figure 6-2 B. The demarcation between the ZCC and the subchondral bone plate was the
cement line, disregarding bony protrusions. The lower boundary of the bone plate was more
ambiguous; it was based on the different visual appearance of porosity [229, 251]. The bone
plate contained only small voids of vascular channels while the trabecular bone also
contained much larger voids of marrow cavities. This method of demarcation may have
limited reproducibility due to highly irregular marrow spaces and the decision of the
observer as to how irregular the demarcated boundary may be. Other studies demark this
boundary with the first distal occurrence of the marrow space [134, 138] but this is only
applicable to discrete measurements and cannot be applied to the continuous demarcation
performed here. Furthermore, these studies provide no criteria for distinguishing between a
marrow space and a vascular channel. The subchondral bone plate thickness was the
defined as the demarcated bone plate area divided by the horizontal length [252].
For both the bone plate and the trabecular bone, voids were segmented using Adobe
Photoshop CS5 (Adobe Systems, Mountain View CA, USA) (see Figure 6-2 C). Large voids
attributed to blood vessels and marrow spaces were segmented while small voids from
osteocyte lacunae were ignored [68]. The apparent porosity of the bone was calculated in
each region of the subchondral bone by dividing the area of the pores with the total area of
the demarked region using ImageJ software [222].
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For standard histology, the tissue blocks were then further decalcified and processed as
described in Chapter 3. Cartilage degeneration was graded on Safranin O and Fast Green
stained sections using the OOCHAS grade.

Figure 6-2: Porosity segmentation of the subchondral bone. (A) DIC microscopy section showing the
subchondral bone region. (B) Segmentation of the subchondral bone plate (green) and the subchondral
trabecular bone (yellow). (C) Segmentation of the pores in the subchondral bone plate (blue) and the pores in
the subchondral trabecular bone (red).

6.2.2 Macroscopic 3-point Bending
Macroscopic mechanical testing followed the 3-point bending protocol of Mente and Lewis
[34] employed in Chapter 5 with some alterations. Five samples were used from each patella
(rather than only 2) to decrease the margin of error. Two of the samples were prepared into
pure subchondral bone beams and three were prepared into composite beams of calcified
cartilage and subchondral bone. Beams were machined to approximately 16 mm in length, 2
mm in width, and 1.5 mm in initial height using a fine grinding tool. Beams were loaded in a
3-point bending rig with a support span of 12 mm at a cross head speed of 0.1 mm/min.
Following this initial test, each beam was sequentially machined to a new height of 1.0 mm
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and then 0.7 mm by progressively removing SB from the lower surface, thus increasing the
ratio of ZCC to SB in the composite beams. Figure 6-3 shows a schematic of the beam
creation and Figure 6-4 shows an example specimen imaged at each height. These modified
beams were then re-tested at each of their new heights. For each specimen height, 1.5 mm,
1.0 mm, and 0.7 mm, beams were tested to 3 N, 1.5 N, and 0.5 N maximum loads,
respectively. Each test was repeated at least 7 times to reduce preconditioning effects and
the slopes of the final 5 runs were averaged.

Figure 6-3: Schematic of 3-point bending specimen preparation. Beams with 1.5, 1.0, and 0.7 mm heights were
tested to a maximum load of 3, 1.5, and 0.5 N, respectively. Lower subchondral bone was ground away to
create each specimen height.

The increased specimen length and support span used in this study compared to that used in
Chapter 5 brought the testing procedure in line with the ASTM guidelines for 3 point
bending [249]. Different maximum loads were used for each sample height to ensure that
specimens were within their elastic range while preventing breakage. Maximum loads were
chosen based on preliminary testing of beams of varying heights to breakage.

Figure 6-4: 3-point bending composite beam at (A) 1.5 mm, (B) 1.0 mm and (C) 0.7 mm specimen heights. Red
region is the subchondral bone showing marrow spaces and blood vessels. Green region is the calcified
cartilage with white chondrocyte dots. Scale bar: 1 mm.
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The slopes of the force-displacement curves were used to solve for the Young’s moduli of SB
using standard engineering beam theory for the pure subchondral bone beams. The set of
force-displacement curves generated at the three specimen heights were used to solve for
the Young’s moduli of ZCC and SB using engineering beam theory for bi-layer composites
(see Chapter 5 for details). An example set of force-displacement curves for the three
heights of a single beam is shown in Figure 6-5. The least-squares optimisation necessary for
the composite beams was performed here using MATLAB (MathWorks, Natick, MA, USA)
rather than Excel. While Mente and Lewis optimised three values: the thickness of the ZCC
and the moduli of ZCC and SB, we specified the ZCC thickness taken from the DIC
measurements, thus enhancing experimental accuracy. The relevant MATLAB code can be
found in Appendix 9.1 for calculating the moduli from pure SB beams (9.1.1 with example
output in 9.1.2), calculating the force-displacement slopes of composite beams (9.1.3 with
example output in 9.1.4), and calculating the moduli of ZCC and SB from composite beams
using least squares optimisation (9.1.5 with example output showing function minimisation
in 9.1.6).

Figure 6-5: Force-displacement curves from 3-point bending of a composite beam at 1.5, 1.0, and 0.7 mm
specimen heights. Colours correspond to repeated runs.

6.2.3 Indentation Sample Preparation
Samples for both microhardness indentation and nanoindentation were prepared in the
same manner by wet grinding of the testing face with graded carborundum papers from
P120 to P1200 followed by polishing with diamond embedded cloths of 6, 3, and 1 µm
particle sizes. The samples were rinsed in running water to remove any remaining polishing
particles and then tested in their fresh, blot-dried state under ambient conditions. Sample
preparation and indentation were performed in less than 45 min to prevent dehydration
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[253]. The testing face is the osteochondral sectioning plane so indentations are performed
normal to the direction of physiological loading. Indentation testing was performed from the
uppermost tidemark down to the subchondral trabecular bone.
6.2.4 Microhardness Indentation
Microhardness indentation was performed using a Vicker’s hardness tester (M-400, Leco
Corporation, St. Joseph, MI, USA). Indentations were taken in the upper ZCC, lower ZCC,
upper SB plate, and lower SB plate, as shown in Figure 6-6. The series of indentations was
repeated at 5 locations along the length of each sample and the average values were
calculated. Blood vessels and marrow spaces were avoided by at least 30 µm but cells were
too ubiquitous to be avoided.
Indentations were made with a 50 gram force,
as used in other studied of microindentation of
bone [72, 243, 254]. This load has been shown
to be ideal for indenting bone as larger loads
lead to piling up of material around the
indentation and smaller loads result in
inconsistent hardness values [255]. The load
was held for 15 seconds to reduce the effects of
strain relaxation and increase the consistency of
the measurements [79]. Upon removal of the
load, the diagonals of each indentation were
measured, averaged, and converted to Vicker’s
hardness number (VHN) using equation 6-1
where F is the applied force (50 g) and d is the
average diagonal length of the indentation. If
one diagonal was significantly longer than the
other (> 15%), the indentation was excluded
[255].
( 6-1 )
Vicker’s hardness number is not a measure of

Figure 6-6: Microhardness indentations in the
upper ZCC, lower ZCC, upper SB, and lower SB
(white arrows). Scale bar: 100 µm.

elastic stiffness like Young’s modulus; in fact, it
is a measure of the purely plastic deformation caused by the indenter. However, previous
studies have shown that VHN is a good predictor of Young’s modulus in a variety of calcified
animal tissues [48, 72, 79]. To allow for comparison between scales of testing, the calculated
VHN were converted to Young’s modulus (E) using the published relationship of Ziopus et al.
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[72] shown in equation 6-2 with a high reported correlation (R2 = 0.95). The technique of
converting VHN to Young’s modulus with this relationship has been used previously for bone
[243] and is a relatively common practice for engineering materials.
E = 0.561*VHN0.747

( 6-2 )

However, we must take caution when using these relationships for a number of reasons.
Firstly, the Young’s modulus data in the quoted study was obtained from compact bone
specimens from various animals [68] whereas the subchondral bone tested in this study may
be more porous. Secondly, our samples include calcified cartilage which has not been
studied with this technique and thus, may not follow the same relationship as the reported
mineralised tissues.
6.2.5 Nanoindentation
The ground and polished, towel-dried samples (see section 6.2.1) were tested with
nanoindentation performed with a Berkovich tip using a TI 950 TriboIndenter (Hysitron Inc.,
Minneapolis, MN, USA). Each specimen was attached to a steel stub with cyanoacrylate
adhesive to prevent lateral motion and mounted on the nanoindentation stage. Scanning
Probe Microscopy was used to create surface topography images of the indentation
positions prior to testing to ensure that surface roughness was less than 100 nm (see Figure
6-7 A).

Figure 6-7: Nanoindentation location viewed with scanning probe microscopy (A) before and (B) after
nanoindentation with a Berkovich tip. Scale bar: 5 µm. Colour bars indicate relative surface height in nm.

Indentation testing was carried out using a trapezoidal loading function in displacement
control as shown in Figure 6-8. A maximum indentation depth of 400 nm and a peak load
hold of 30 seconds were used to ensure that any viscoelastic creep had reached a linear
steady state rate. Approximately 10 indentations were made in each of the ZCC and SB
regions over a radial depth spanning ~70 µm. Representative force-displacement curves for
a series of indentations in the calcified cartilage region of a sample are shown in Figure 6-9.
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Figure 6-8: Nanoindentation loading function showing indenter applied to a maximum depth of 400 nm and
held for 30 seconds.
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Figure 6-9: Force-displacement curves for a series of nanoindentations into the calcified cartilage region of a
single sample. Colours correspond to repeated runs.

A reduced modulus (Er) was calculated from the load displacement curve for each
indentation using the method of Oliver and Pharr [256], described briefly here. The power
law relationship in equation 6-3 was fit to the initial portion of the unloading curve using
least squares regression where F is the force and h is the displacement while A, m and hf are
the computed constants. The slope was then found by analytically differentiating this
expression and evaluating the derivative at the peak indentation load and displacement, as
shown in Figure 6-10. This stiffness, S, was then used to calculate the reduced modulus using
equation 6-4. The contact area of the indenter at peak load, Ac, is calculated based on the

72

standard geometry of the indenter, its depth of contact, and any deviations of the indenter
tip due to tip blunting.1
( 6-3 )

Figure 6-10: Annotated force-displacement curve of a nanoindentation. Reduced modulus is calculated by
fitting a power law to the initial unloading curve, differentiating the power law equation, and evaluating the
derivative at the peak load and displacement.

( 6-4 )
This calculated reduced modulus is not the modulus of the substrate but rather includes the
effects of deformation of both the substrate and the indenter tip. The indentation modulus
of the substrate ES can be calculated using equation 6-5 if the tip’s modulus Et and the
Poisson’s ratios of the tip νt and the substrate νS are known. However, the Poisson’s ratios of
bone and calcified cartilage are uncertain [6]. Considering that the diamond tip is
significantly stiffer than the calcified cartilage and bone substrates, the deformation of the
tip will be comparatively small.
( 6-5 )
Thus, rather than using equation 6-5, the plane strain elastic modulus, Es’ was calculated
using equation 6-6, as performed by Bushby et al. [257]. The modulus of the tip Et was set at
1140 GPa and the Poisson’s ratio vt at 0.07 for the standard diamond indenter tip [258]. This
conversion accounts for the elastic contribution of the indenter tip but does not attempt to
account for the anisotropy of the substrate and does not require an estimate of the
Poisson’s ratio of bone or calcified cartilage.

1

2

1/2

Contact area is related to contact depth h c with the following equation: A(hc) = C0hc + C1hc +C2hc +
1/4
1/8
1/16
C3hc + C4hc + C5hc +… where a Berkovich tip, used in this study, has C0=24.5 and the remaining
constants are solved by fitting calibration data [256].
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( 6-6 )
6.2.6 Validation
A number of tests were used to validate aspects of the three mechanical testing protocols.
To confirm that the microhardness indentations did not undergo recovery, a series of
indentations were measured immediately after indentation and then re-measured after one
hour and found to not appreciably change dimension. To test the influence of sample
dehydration during microhardness indentation, indentation was performed on towel-dry
samples and again after one hour of air drying and showed no change in indentation
dimensions. To determine if ultrasonic bath cleansing was necessary to remove traces of
silicon carbide or diamond particles that may have embedded in the porous structure during
grinding and polishing [150], a series of samples were indented before and after cleansing
and showed no significant difference in microhardness indentation dimensions.
To confirm that the formic acid used to decalcify the samples for microscopy preparation did
not affect the bone porosity measured by DIC microscopy, slabs of bone were photographed
before and after decalcification for one month in 10% formic acid and no visible change in
bone porosity was detected (Figure 6-11). The formic acid acts to make the bone more
translucent by removing mineral content but does not alter the apparent porosity.

Figure 6-11: Effect of formic acid on a 2 mm thick section of bone (A) before and (B) after one month of
decalcification in 10% formic acid.

Finally, while each of the three mechanical testing procedures used in the study has been
previously validated for use with calcified tissues [6, 34-36, 243, 259], the combination of
these testing procedures to quantify a material required further consideration.
Polypropylene samples were therefore tested using the same specimen dimensions, testing
protocols, and forces employed for the calcified tissues. Vicker’s microhardness numbers
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were similarly converted to Young’s moduli using an experimental relationship for
polypropylene [260]. The results from each of these methods are shown in Table 6-2. Our
measured values were consistent with those reported for polypropylene in the literature for
3-point bending [261], microhardness indentation [260], and nanoindentation [262].
Interestingly, the three testing methods produced similar Young’s moduli values but showed
increasing stiffness with smaller scales of testing. This scalar difference may be attributed to
the hierarchical structure of the material [263].
Table 6-2: Multi-scale mechanical properties of polypropylene. Mean ± Standard error in the mean.

6.2.7 Statistical Analysis
Differences between groups were compared using the non-parametric independent samples
Kruskal-Wallis tests and Mann-Whitney U tests. Analysis was performed in SPSS and
asterisks denote significance levels as follows: * P < .05, ** P < .01, *** P < .001. P-values not
reaching significance (P > .05) were not indicated. In the tables, asterisks within the variable
headings indicate significant differences between all groups (Kruskal-Wallis tests) while
asterisks across groups indicate significant differences between specific groups (MannWhitney tests). Correlations were tested using Pearson’s correlation.
To counter the effects of the inherent inhomogeneity of the bone and calcified cartilage
materials, the repetition of the three mechanical tests on the 16 patellae resulted in
approximately 1,000 individual tests; however, these were not treated as pseudoreplicates
[206] as the sample size (n=16) is based on the number of patellae.

6.3 Results
Using the Outerbridge grading system, the 16 patellae yielded six G0 (intact), four G1 (mildly
degenerate), and six G2 (moderately degenerate) samples. The inclusion of the G1 group
provided a continuum of degenerative states according to the OOCHAS scores ranging from
0 to 4.5 as shown in Figure 6-12. There was a significant correlation between Outerbridge
grade and OOCHAS score (P < .001, R2 = 0.65) (Figure 6-13) but with considerable variability
within groups. The OOCHAS scores for the G2 groups were significantly greater than those
for the G0 group.
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Figure 6-12: Safranin O and Fast Green stained sections showing progressive cartilage degeneration. OOCHAS
scores (A) 0, (B) 1, (C) 2, (D) 3, (E) 4, and (F) 4.5. Scale bar: 0.5 mm.

Figure 6-13: Mean OOCHAS score versus Outerbridge grade for the three degenerative groups. Note the two
instances of overlapping data points from specimens displaying the same score.

The result of morphometric measurements and cartilage surface degeneration scoring from
DIC microscopy are shown in Table 6-3. There were no significant differences in total
cartilage thickness, calcified cartilage thickness, or subchondral bone plate thickness
between groups. The cartilage surface degeneration, number of duplicate tidemarks, and
OOCHAS grade were significantly increased in the grade 2 group.

76

Table 6-3: Morphometric measurements from DIC microscopy. Mean ± Standard error in the mean.

The porosities of the subchondral bone plate and trabecular regions are shown in Table 6-4.
These measurements indicate that the underlying trabecular bone was about 4 times more
porous than the subchondral bone plate; however, neither porosity significantly varied
between groups.
Table 6-4: Porosities of the subchondral bone plate and subchondral trabecular bone. Mean ± Standard error in
the mean.

The data from the macroscopic 3-point bending tests are shown in Table 6-5. There were
significant differences between the subchondral bone moduli obtained from the pure SB
beams and those derived from the ZCC-on-bone composite beams. The pure SB beams
yielded more consistent measurements across the grades of degeneration and the moduli
were about half of those obtained from the composite beams. There were no significant
differences in the Young’s modulus of the SB between grades of degeneration with either
method of calculation.
The modulus of the calcified cartilage was significantly less than that of the subchondral
bone. This difference, when expressed as a ratio of SB modulus to ZCC modulus, varied
significantly across grades of degeneration such that in G0 samples the ratio was
approximately 10, G1 ≈ 5, and in G2 ≈8.
Table 6-5: Macroscopic 3-point bending Young's moduli. Mean ± Standard error in the mean.
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Data from the microhardness indentation tests were used to calculate Young’s moduli across
the calcified cartilage and subchondral bone (Table 6-6). There were no statistically
significant differences between degenerative groups. However, there was a monotonic
increase in the mean modulus from the ZCC to the SB such that the mean modulus in the
lower bone plate was nearly 50% greater than that in the upper calcified cartilage (visualised
in Figure 6-14).
Table 6-6: Microhardness indentation Young's moduli. Mean ± Standard error in the mean.

Outerbridge
Grade
0 (n=6)
1 (n=4)
2 (n=6)

E upper ZCC
(GPa)
4.4 ± 0.4
5.2 ± 0.3
5.2 ± 0.2

E lower ZCC
(GPa)
5.2 ± 0.3
5.9 ± 0.2
5.7 ± 0.2

E upper SB
(GPa)
6.8 ± 0.4
7.2 ± 0.3
6.9 ± 0.4

E lower SB
(GPa)
7.1 ± 0.3
7.6 ± 0.3
7.5 ± 0.3

Figure 6-14: Microhardness indentation material properties across the calcified cartilage and subchondral
bone.

The moduli obtained from the nanoindentation tests (Table 6-7) indicate that the SB was
about double the stiffness of the ZCC. The nano scale modulus of the subchondral bone was
significantly less in the G1 groups compared to the G0 and G2 groups but there were no
significant differences in moduli between degenerative groups for the ZCC. There were no
clear trends in stiffness with depth in either the calcified cartilage or subchondral bone plate
(data not shown).
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Table 6-7: Nanoindentation plane strain elastic moduli across the grades of degeneration. Mean ± Standard
error in the mean.

Comparing data across scales from macro to micro to nano, there were significant
differences in the moduli obtained (Tables 6-5, 6-6, and 6-7, Figure 6-15). For all groups,
there was a decrease in the modulus obtained in progressing from the smaller to the large
scales. For example, taking the G0 group data, the ZCC modulus on the macro scale was over
7 times smaller than that of the microscale, and 14 times smaller than that of the nano scale
(Figure 6-15).

Figure 6-15: Comparison of moduli obtained from the three different testing methods, macro (3-point
bending), micro (microhardness indentation), and nano (nanoindentation). Data used here is from the G0
group. Mean ± Standard error in the mean. Significant differences between moduli measured with different
testing scales for SB (black bars) and ZCC (grey bars). Significant differences between SB and ZCC moduli for
each scale indicated with double bars.

Considering the relative stiffness of the materials (Table 6-8), all three testing methods
found the subchondral bone to be significantly stiffer than the calcified cartilage but to
varying degrees. The macro scale test found an approximately 8 times difference in stiffness
while the micro and nano scales found only ~1-2 times differences.
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Table 6-8: Ratios of subchondral bone modulus to calcified cartilage modulus across the three testing methods
and degenerative grades. Mean ± Standard error in the mean.

The correlations between moduli values for calcified cartilage and subchondral bone at each
scale as well as the porosities of the subchondral bone calculated with DIC microscopy are
shown in Table 6-9. The microscale moduli of the ZCC and SB are significantly correlated (r =
0.67) as are the porosities of the bone plate and trabecular bone (r = 0.59). The moduli of
the subchondral bone on the macro and nano scales are also correlated (r = 0.61).
Table 6-9: Correlation matrix for the moduli and structure of calcified cartilage and subchondral bone across
different scales. Significant correlations highlighted.
Nano
modulus
of ZCC
Nano
modulus of
ZCC
Nano
modulus of
SB
Micro
modulus of
ZCC
Micro
modulus of
SB
Macro
modulus of
ZCC
Macro
modulus of
SB
Bone Plate
Porosity
Trabecular
Bone
Porosity
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Nano
modulus
of SB

Micro
modulus
of ZCC

Micro
modulus
of SB

Macro
modulus
of ZCC

Macro
modulus
of SB

Bone
Plate
Porosity

0.32

0.39

0.96

0.20

0.85

0.004**

0.60

0.07

0.45

0.24

0.23

0.012*

0.30

0.37

0.97

0.33

0.35

0.34

0.87

0.97

0.85

0.08

0.88

0.29

0.65

0.85

0.62

0.016*

Trabecular
Bone
Porosity

6.4

Discussion

6.4.1 Method Limitations
Each of the three testing methods used here has its own unique set of limitations, especially
when performed on biological materials and on a notoriously difficult region to access such
as the zone of calcified cartilage.
Three-point bending assumes that the material is isotropic, homogeneous, and linear elastic;
none of these assumptions are satisfied by our test specimens. Of particular concern are the
holes and voids in the materials that will causes stress concentrations that are particularly
influential due to the small size of our test specimens and the relatively large size of the
marrow space holes (see Figure 6-2). The test specimens are assumed to be perfectly
rectangular beams, which is unlikely because the uppermost beam surface relies on the
uppermost tidemark being naturally straight, which may not be the case, as shown in Figure
6-4. Further, the beams are hand-ground to the desired height and thus are not perfectly
regular. Bending theory applied to laminate composites requires the materials to have a
uniform thickness, which is not satisfied by our samples with their highly irregular cement
line boundary. Finally, the ASTM guidelines recommend testing each beam to failure [249],
which was impossible here because beams were subsequently ground down to a new height
and re-tested. The initial testing may cause microcracking or plastic deformation that may
influence the measured material properties in the subsequent tests.
Other macroscopic testing methods have been employed on bone such as 4-point bending
[240], ultrasonic techniques [118, 264], tensile testing [46], or compressive loading [65];
however, none of these have been used to isolate the mechanical properties of the calcified
cartilage layer. Despite these limitations and additional potential testing methods, 3 point
bending was chosen for macroscopic mechanical testing because many past studies have
employed this method to test bone specimens [34, 61, 66, 68, 72, 257] which sets a
precedent for its use here to quantify macroscopic stiffness.
Microhardness indentation measures plastic deformation, rather than the elastic
deformation measured in 3-point bending and in nanoindentation. This type of deformation
is not commonly seen in normal loading conditions of the calcified tissues and presents
difficulties when comparing measured values between methods.
Nanoindentation assumes that the tested material is isotropic, homogeneous, and has a
mathematically flat surface [35, 265], conditions that are clearly not met (see Figure 6-7).
Further, the Berkovich indenter tip used in this study is intended for hard engineering
materials [266] rather than the biological materials of calcified cartilage and bone, for which
it has been used extensively [6, 36, 259, 267, 268]. Nanoindentation inevitably disregards
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the effects of structural hierarchy above the nano scale [6]. It also tests ‘blind’ such that it is
unknown with each indentation whether a fibril, mineral platelet, cell, or structural
boundary is being encountered.
Differences in testing protocols between the three testing methods include hydration state,
strain rate, and loading direction. Samples submerged in a saline bath for 3-point bending
may display altered material properties to those that have undergone towel drying
necessary for indentation testing. The different strain rates employed for 3-point bending
and nanoindentation, 0.1 and 0.006 mm/min, respectively, could influence the calculated
material properties of these viscoelastic biological materials [66, 240]. Finally, both
indentation tests were performed perpendicular to the direction of loading to allow
visualisation of the depth of indentation into the ZCC and SB; however, this neglects any
potential effects of anisotropy as the macro scale test was performed in the in vivo direction
of loading.
Estimating volume fractions with morphometry is only valid if the sections are infinitely thin
[214] due to the complex three-dimensional structure of the trabecular network. 30 µm
thick DIC sections may lead to an overestimation of bone volume compared to histological
sections of 5 µm thickness due to overprojection [214]. Additionally, during section cutting,
regions of bone that are only connected to the trabecular network out of the plane of the
section may be lost, resulting in an overestimation of porosity. Thus, caution should be taken
when comparing porosity values between studies. Other studies primarily use microCT
(computed tomography) to quantify bone volume fraction [64, 251, 269-271] but this
technique may also underestimate bone volumes as newly formed osteoid would not be
identified by the X-ray beams [272].
6.4.2 Material Properties
The 3-point bending test employed here appears to be the only one to determine the
material properties of the ZCC following the method of Mente and Lewis [34]. The method
yielded subchondral bone moduli for healthy bovine specimens (2.6 ± 0.4 GPa) in the same
range as that which they reported (1.6 ± 0.7 GPa). Other macroscopic mechanical testing
methods reported similar stiffness values: 1.4 GPa for human femoral heads using shell
theory [273], 3.1 GPa for human tibial plateaus using plate bending [232], and 1.2 GPa for
human tibial plateaus tested on a much smaller scale of three-point bending [61].
While we found a significant difference in the subchondral bone modulus between boneonly and composite beams, Mente and Lewis [34] also reported a similar difference. They
attributed this difference to the influence of structural features on the modulus, including
the density and placement of voids, the irregularity of the cement line, the mineralisation of
the tissues, and the directionality of the collagen network [34]. We further attribute this
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difference to the microstructure of the subchondral bone observable using DIC (Figure 6-16).
The pure SB beams contain a relatively higher proportion of the more porous (Table 6-4)
trabecular bone, which may reduce their overall stiffness. To reduce this effect, beams could
be created with a smaller height so that no trabecular bone was included in either sample;
however, beams with heights < 0.7 mm could not be reliably created using these
preparation techniques.

Figure 6-16: Locations of composite beam (yellow) and pure SB beam (green) showing the different relative
amounts of subchondral bone plate (SBP) and trabecular bone (STB). Scale bar: 1 mm.

While there are no reports of the micro-scale stiffness of the calcified cartilage, the
subchondral bone moduli values obtained for our hydrated samples (averaging 30.3 VHN
before conversion to Young’s modulus) are considerably lower than some published values
for human (~42 VHN [243]) or equine subchondral bone (45-86 VHN [274]). However, these
two previous studies dried and embedded their samples before mechanically testing, which
have been shown to increase hardness by 10% and 35%, respectively [253]. Such differences
in sample preparation are important to note as our aim was to study these calcified tissues
in their hydrated state to more closely model their behaviour in vivo.
The Brinell method is another potential microscopic mechanical testing procedure that has
been previously used to test subchondral bone. However, reported values of 36-51 N/mm2
converted to 3.7-5.2 VHN [153] are an order of magnitude less than our measured values.
This large difference likely relates to the larger indentations and greater forces used in the
Brinell method incorporating holes and voids that were avoided with Vicker’s
microhardness.
The nanoindentation measurements were similarly less stiff than previously reported values.
The SB modulus, averaging 13.4 GPa, was less than the 19 GPa [36] or 12-17 GPa [35]
reported for human or equine samples that had undergone dehydration and embedding.
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Similarly to microhardness indentation, nanoindentation moduli have been shown to
increase by 28% and 66% due to dehydration and embedding, respectively [257]. The
calcified cartilage, averaging 6.9 GPa, was also less stiff than reported values of 19 GPa [36]
or 14-24 GPa [6], likely for the same reason.
The gradual increase in material modulus from the upper calcified cartilage to the lower
subchondral bone plate (Table 6-6, Figure 6-14) may be attributed to an increasing level of
mineralisation (demonstrated in the previous chapter, Table 5-4)[36]. This gradient of
mineralisation suggests an on-going advancement of the calcified cartilage into the overlying
articular cartilage and may result from the repeated diffusion of calcification from the
underlying subchondral bone through to the uppermost tidemark, as evidenced by the
duplication of tidemarks [142]. Functionally, this gradient probably contributes to smoothing
the transition from the compliant articular cartilage to the bone. However, the
nanoindentation measurements showed no such trend and another nanoindentation study
shows the opposite trend of decreasing stiffness with depth [6]. This may suggest that
nanoindentation occurs at such a small scale as to be insensitive to the effects of
mineralisation on the bulk material properties.
6.4.3 Comparison of Moduli Obtained at Different Scales
While there have been studies of mechanical and structural changes in the subchondral
bone with OA [36, 39, 114, 134, 138, 145-147, 149-154, 165], we believe this to be the first
study to consider the changes in the calcified tissues as measured with three scales of
mechanical testing. The three-point bending tests aimed to provide information regarding
the macroscopic mechanical properties of the integrated joint tissues which would be
relevant for assessing the effects of whole-joint loading. The microhardness indentation
testing was aimed to mechanically assess the intermediary structural organisation that
would otherwise have been averaged in the macro scale three point bending tests. These
include microstructural regions such as the mineralisation fronts of the calcified cartilage
layer, lamellae of trabecular bone, and BMUs [275]. The nanoindentation testing, though not
small enough to test the individual components of the materials such as the collagen fibrils
and mineral platelets, allows for the mechanical testing to go beyond the microscale and
thus continue assessing further the material properties without the effects of structural
inhomogeneities (such as voids and cells) found at the microscale test.
The significance of the three scale levels of mechanical testing is to acknowledge the
complexity of the hierarchical structure of the calcified cartilage and bone from the
molecular level up to the joint level. In addition, we hope to elucidate the mechanical
transition across these scale levels especially in relation to the known way in which
mineralisation and bone remodelling occurs from the molecular to the microstructural and
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up to the joint levels of tissue organisation [36, 46]. The trend of decreasing modulus with
increased scale (Figure 6-15) is consistent with the relatively few studies that have examined
the mechanical properties of bone across different scales [265, 276, 277] as well as with the
validation tests conducted on polypropylene (Table 6-2).
This may be explained by larger scales of testing being more inclusive of material
inhomogeneities. Macroscopic 3-point bending includes the effects of pores, blood vessels,
marrow spaces, and irregularities of the cement line (such as bony spicule intrusions [145]),
which are likely to reduce the average stiffness obtained. Similarly, microhardness
indentation includes the effects of cells and boundaries between regions such as osteons
[36]. These defects create a softening influence on the material properties [277]. The effect
of these defects will be greater on 3-point bending samples where stress concentrations
may become cracks that propagate through the material.
In light of previous studies performing either nano scale testing, showing that the ZCC and
subchondral bone are very similar in stiffness [6, 259], or macro scale tests, showing nearly
an order of magnitude difference in stiffness between these tissues [34], the present study
would appear to be the first to confirm this difference across all scales within a given sample
set. Considering the ratio of subchondral bone to ZCC modulus, our macroscopic testing
showed a 4 to 10-fold difference while microhardness indentation and nanoindentation
showed only a 1 to 2-fold difference (Table 6-8). From the previous chapter, the ZCC and SB
showed similar levels of mineralisation (Table 5-4) so their difference in stiffness must result
from other differences such as features of their collagen, porosities, and microstructural
organisation.
The difference between scales of stiffness of bone may be explained by its structural
inhomogeneity, but interestingly, the stiffness difference between the macro and micro
scales for the calcified cartilage is even larger than that for bone (see Figure 6-15) despite
the fact that the ZCC is relatively homogenous. This difference may be explained by the fact
that the microscale ZCC stiffness was derived from a direct measurement while the macro
scale ZCC stiffness was derived indirectly by an optimization procedure. The assumption of a
regular laminate composite structure between the ZCC and subchondral bone in this
optimization procedure would further contribute to this difference. Further, the direction in
which the load is applied in the macro vs. the micro and nano tests is, of course, different
and may contribute to the stiffness variation between scales.
Interestingly, the material properties on the different scales are not well correlated, as
shown in Table 6-9. We expected the macroscopic material stiffness to be related to the
material’s porosity [65, 248]; however, no such relationship is seen in this study. Only the
macroscopic and nano-scale stiffnesses of the subchondral bone are correlated, suggesting
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that the material stiffness may be of greater importance than porosity in determining
macroscopic stiffness. Further factors not measured here that may influence bulk material
properties include the micro-architecture; mineral and fibre contents and directions;
content and properties of the soft tissues within the bone; and tissue hydration.
From microhardness indentation, the moduli of the ZCC and SB are highly correlated, which
may suggest either that at this scale the stiffness of these two materials are highly related or
that this technique is highly influenced by some other feature of each specimen. The
porosities of the bone plate and trabecular bone are also correlated, which may be a feature
of the joint loading experienced by each patella such that highly loaded patella experience
reduced porosity in both regions.
6.4.4 Effects of Early Degeneration
The morphometric data (Table 6-3) demonstrate that the samples represent a continuum
over the earliest stages of OA. Cartilage states are variable within groups such that there
were no significant changes in total cartilage thickness between groups; however, there
were distinct stages of swelling and cartilage fissuring from G0 to G1 followed by cartilage
erosion and loss from G1 to G2. The increased number of tidemarks with early degeneration
but with no significant change in ZCC thickness indicates that while the calcified cartilage
front is advancing radially any consequent increase in calcified cartilage thickness is
countered by a simultaneous advance of the cement line. Evidence for this paired advance
of the uppermost tidemark and cement line is demonstrated firstly by the pattern of
increasing stiffness from the upper to lower subchondral bone plate as measured with
microindentation - newly formed bone is less stiff [71]. Secondly, the observation of bony
spicules in the ZCC (see Chapter 7) is entirely consistent with an actively advancing cement
line [145, 250].
This bone advancement at the cement line would be expected to cause thickening of the
subchondral bone plate as is commonly seen in more advanced OA [36, 134, 138]. However,
thickening of the bone plate is not always observed [271, 278], which could suggest that this
feature relies on the disease aetiology. Alternatively, the absence of this feature in the
present study (Table 6-3) may be due to the samples being only moderately degenerate. In
this early stage, cement line advancement may be occurring in combination with resorption
of the bone plate, thus resulting in little change in the overall bone plate thickness. This
advancement is described in Figure 6-17 with an updated schematic of the progression of
OA from Figure 4-11 to now include the structural changes in the subchondral bone. The
cement line advances with the formation of spicules (Figure 6-17 B-C). This may lead to an
increased thickness of the subchondral bone plate (Figure 6-17 C) or bone resorption (new
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marrow spaces occurring in Figure 6-17 D) may result in a ‘new’ bone plate with similar
dimension to the original.

Figure 6-17: Schematic of the proposed progression of OA including subchondral bone structural changes.
Degeneration progresses through (A) healthy, (B) intact ‘pre-OA’, (C) early OA, (D) mid-stage OA, and (E) latestage OA. The formation of spicules (B) results in cement line advancement (C). Resorption within the bone
plate (D-E) results in a bone plate with similar thickness as (A). A resulting duplicate bone plate within the
trabecular bone is highlighted in yellow.

This subchondral resorption may cause the duplicated subchondral bone plate phenomenon
[149, 159]. These duplicate bone plates are seen in human tissues (Figure 6-18 A) and in the
present study in the bovine patella (Figure 6-18 B) in samples with varying degrees of
degeneration. However, it is impossible to determine from these images if this is truly a
previous subchondral bone plate or merely horizontal sheets or rods, which together make
up the essential structure of trabecular bone [279]. Additionally, previous studies using
tetracycline labelling have shown that the bone plate is not highly active in mature animals
[142], which calls into question the ability of the bone plate to duplicate.

Figure 6-18: Duplicate subchondral bone plates (dotted yellow lines) in samples with varying degrees of
cartilage degeneration. (Series A) Reproduced with permission from [149]. Human tibial plateaus stained with
toluidine blue. Cartilage degeneration graded with the International Cartilage Repair Society (ICRS) score [280].
(Series B) Author’s own. Unstained bovine patellae viewed with DIC microscopy. Cartilage degeneration
graded with the OOCHAS grade.
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The stiffness ratio between the subchondral bone and the calcified cartilage measured with
microhardness indentation and nanoindentation showed no significant change with early
degeneration (Table 6-8). Conversely, the macro tests indicated that this stiffness ratio
decreased from ~10 in the G0 samples to ~5 in the G1 samples, but increased again in the G2
groups to ~8. These macro level structural changes in the newly advanced ZCC and bone
plate occur along with decreasing then increasing nano scale stiffness of the subchondral
bone (Table 6-7). The bone formation that produces macroscopic structural changes is the
result of bone remodelling that, at least initially, would cause a local decrease in
mineralisation [39, 146-148, 165] that would be expected to decrease stiffness on the small
scales [71, 154]. Further, the accumulation of microcracks will impair mechanical properties
[281, 282]. The piecewise change in mechanical properties is not unexpected as the changes
in the subchondral bone in OA have been reported to be biphasic, i.e. with an initial increase
in remodelling and a later decrease as an imbalance forms between bone resorption and
formation [158].
It is clear from the data obtained in this study that complex changes are occurring in the
calcified cartilage and bone in early OA. Mechanical alterations may be a combination of
changes in material stiffness, apparent density, and architecture. The composite
composition of calcified cartilage and bone suggest that their material stiffnesses are further
dependant on the properties of the collagen fibres, the properties of the mineral crystals,
and the association between them, as discussed in the previous chapter. Further, factors
such as the synthesis and post-translational modification of collagen, presence of minor
collagens or other proteins, changes in crosslinking, and altered properties of the mineral
crystals may result in altered mechanical properties [45, 283]. Thus, a combination of
techniques at different length scales is required to fully characterise and understand the
change occurring in OA [43] and to provide data for the computer modelling of early OA.
Finally, our data shows that changes in the mechanical properties of the ZCC and
subchondral bone occur in the relatively early stages of osteoarthritis during which the
overlying cartilage has remained largely intact. This is clearly indicated by the OOCHAS
scores in the present study averaging 2 for the G1 samples and 3.5 for the G2 samples (Table
6-3). Given that these scores are well below the histologically significant threshold of
subchondral bone change found in OOCHAS grades 5 and 6 [137] we suspect that subtle
bone changes involved in the very early stages of joint degeneration may have been largely
missed in previous biological descriptions of OA initiation and progression [30].
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6.5 Key Conclusions


The measured stiffness decreases with increasing scales of testing due to the
inclusion of voids and defects within the material.



The material stiffness increases from the calcified cartilage to the subchondral bone.



Changes in the mechanical properties of the ZCC and subchondral bone occur in the
relatively early stages of osteoarthritis during which the overlying cartilage has
remained largely intact.



With early osteoarthritic degeneration, significant changes in the ratio of calcified
cartilage to subchondral bone stiffness were only observed at the macro scale and
not at the micro or nano-scales.
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Chapter 7
Multi-scale Structural Investigation
of New Bone Formation in Early Osteoarthritis
7.1 Introduction
The results of the preceding chapters demonstrate that with early OA, the calcified cartilage
thickens (Chapter 4), the tidemarks duplicate (Chapter 4), and the mineralisation (Chapter 5)
and mechanical properties (Chapter 6) of the calcified cartilage and subchondral bone alter.
The present chapter considers in greater detail the microscopic bone structural anomalies
along the cement line that have been observed in bovine (Chapter 4, Figure 4-7 A)[145] and
human tissues (Chapter 4, Figure 4-7 B)[250]. These structures were described as bone
spicules and displayed a distinct morphology with a clear central canal surrounded by a bone
cuff [145]. Importantly, these bone spicules were shown to be similar in morphology to basic
multicellular units (BMUs), as shown in Figure 7-1 [145]. However, the origin of bone
spicules and their relationship to the bone formation at the osteochondral junction in OA
described by others [157, 160] is unknown.

Figure 7-1: Resemblance of bone spicules to osteons formed in primary bone healing. (A) Bone spicules at the
osteochondral junction (Author’s own). (B) Image reproduced from [284] with permission from Rockwater, Inc.
Original caption: An osteon crossing the osteotomy connects the two fragments by bone deposited in a
longitudinal direction. This process of repair by primary restoration of the original structure is called primary
bone healing.

Past studies have explored the structure and morphology of the BMUs to gain insight into
the way these structures form in continuous bone remodelling [285-287]. BMUs originate
from existing vascular spaces where they resorb through exiting bone to create resorption
spaces that are later filled with concentric lamellae of bone [287]. Similarly, this study
explores the structure and morphology of structural anomalies along the cement line in an
attempt to gain insight into how bone forms at the osteochondral junction with early OA.
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Many studies report vascular invasion of the osteochondral junction [26, 53, 148, 167, 228,
288-294] but without mention of any accompanying bone formation. These vascular spaces
contain red blood cells, fat cells, and nerves which may play a role in joint pain in OA [26,
290, 295]. Additionally, growth factors and proteases in these vessels may diffuse into the
cartilage [33, 157, 167] and may contribute to cartilage degeneration [168]. However, it is
unknown how this vascular invasion relates to bone spicules.
The bone formation along the osteochondral junction in OA has previously been ascribed to
one of the four main types of bone formation: intramembranous ossification [159], focal
remodelling of microfractures [54, 129, 144, 160], reactivation of endochondral ossification
[105, 111, 157, 161], or primary bone formation [145]. However, instead of there being four
types of bone formation, the bone formation in primary bone union is essentially the same
as the bone remodelling going on continuously in the normal skeleton [164]. Thus, we
hypothesise that the bone formation at the osteochondral junction must follow either
endochondral ossification (EO), intramembranous ossification (IO), or bone remodelling
(BR).
Determining whether the bone formation at the osteochondral junction follows EO, IO, or
BR type processes would require a complex multi-disciplinary investigation beyond the
scope of the present study’s intention. However, by exploring the structure and morphology
of structural anomalies along the cement line in tissues displaying a range of degenerative
states, it is hoped that insight may be gained into how bone forms at the osteochondral
junction with early OA. We hypothesise that the mechanism of this bone formation may
elucidate the aetiology of the initiation and progression of early OA. Different stress and
strain fields are known to determine the type of bone formation that occurs in fracture
healing [105, 296] and thus the type of bone formation occurring in early OA may inform the
stress or strain changes that occur along the osteochondral junction to initiate bone
resorption and formation. Further, the structure of the vascular and bone invasion at the
osteochondral junction may imply its mechanobiological effects. The proximity of vascular
components to the articular and calcified cartilage will influence the transport of molecules
from the vascular spaces into the cartilage [33]. The microstructure and mechanical
properties of the newly formed bone may also influence its ability to withstand strain [107].
This study represents the first attempt to quantify the morphologies of both the bone
structures and vacuous spaces along the osteochondral junction. A theory is proposed for
the relationship between the vascular space and new bone formation described in the
literature. Additionally, the morphologies of the structures are observed over the course of
OA from a healthy state with intact cartilage to a moderate OA state where the cartilage is
fissured and eroded but still present.
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7.2 Methods
Using the bovine model of early OA (see Chapter 4), 49 patellae from mature cows
displaying a range of cartilage states from normal to moderate OA were examined in this
study. The cartilage degeneration of the patellae were macroscopically assessed by the
Outerbridge system [139](see Figure 6-1). Two osteochondral blocks were dissected from
the distal-lateral region of each patella, the site where degeneration is most often present
[143]. One block was prepared for DIC microscopy and scanning electron microscopy (SEM)
and the other block was prepared for histology. The DIC and histology preparation
procedures are described in Chapter 3.
One 30 µm thick section from each patella was imaged with DIC microscopy. The
osteochondral junction was imaged at 10x magnification along ~12 mm of section. Using
Photoshop CS5, the images were stitched together to create a high-resolution image of the
osteochondral junction that was used for morphometric analysis.
Along the length of the osteochondral
image, every structural anomaly along
the cement line was analysed. These
anomalies included any deviation from
the typical irregularity of the cement line.
Each anomaly was measured for the
following characteristics, as shown in
Figure 7-2:


length from the surrounding
cement line to the tip



angle from the centre of the
structure to the cement line to
the right



maximum diameter along its
length



maximum canal diameter

Figure 7-2: Morphometric measurements of a structural
anomaly. Length (green), angle from surrounding cement
line (yellow), maximum diameter (blue), and maximum
canal diameter (red).

Additionally, each structural anomaly was classified according to the type of tissues it
appeared to contain: only bone, bone and vascular space, or only vascular space, in a new
classification system based on previous literature [291] (Table 7-1, Figure 7-3). The depth of
penetration into the calcified and articular cartilage was also graded with a new
classification system (Table 7-2, Figure 7-4).
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Table 7-1: Classification of the vascularity of the structural anomalies

Type of Structural
Anomaly
A
B

C

Morphology
Voids invading the cement line from the subchondral bone that appear
to be entirely composed of vascular space and contain no bone cuff.
Classic bony spicules [145, 250] where bone ingrowths from the
subchondral bone display a central canal and a cuff of bone separating
the vascular tissue from the cartilage.
Structures containing only bone projecting from the subchondral bone
that appear to be unvascularised with no central canal.

Figure 7-3: Examples of types A, B, and C structural anomalies described in Table 7-1. The last image in each
series shows the structure type sectioned transversely. Scale bar: 100 µm.
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Table 7-2: Classification of the extent of projection of the structural anomalies in relation to the tidemark

Score
1
2
3
4

Extent of projection
The structure does not reach any tidemark.
The structure reaches a duplicated tidemark but does not reach the
uppermost tidemark.
The structure touches the uppermost tidemark.
The structure projects past the uppermost tidemark into the calcified
cartilage.

Figure 7-4: Examples of structural anomalies with different extents of projection described in Table 7-2. A
structure with a score of 1 does not reach any tidemark. A structure with a score of 2 reaches a duplicate
tidemark but not the uppermost tidemark. A structure with a score of 3 touches, but does not extend past, the
uppermost tidemark. A structure with a score of 4 extends past the uppermost tidemark. Scale bar: 100 µm.

After high resolution osteochondral images were created with DIC microscopy, the same
sections were prepared for scanning electron microscopy (SEM). Sections were defatted in
hexane and dehydrated through a series of ethanol concentrations from 50% to 100%. The
sections were then critical point dried and mounted onto SEM stubs with adhesive discs.
Stubs were double coated with platinum for viewing with a Philips XL30S Scanning electron
microscope at an accelerating voltage of 5.0 kV.
The histological sections created from the neighbouring block were stained with Safranin-O
and Fast Green as described previously in the Global Materials and Methods (Section 3.4)
and their cartilage degeneration was graded with the OOCHAS grade component [137].
Statistical analysis was performed in SPSS. Differences between degenerative groups and
between types of structural anomalies were compared using one-way ANOVA tests. Post hoc
comparisons between groups were made with the Gabriel’s pairwise test due to differing
sample sizes between groups. Contingency tables and Cramér’s V were used to compare
proportions between groups2. Correlations were tested with the Pearson correlation
2

While continuous measures are analysed by comparing means with standard statistical

tests such as Student’s t-test or ANOVA, categorical data requires comparisons between the
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coefficient. Asterisks denote significance levels with * P < .05, ** P < .01, and *** P < .001. Pvalues not reaching significance (P > .05) were not indicated.

7.3

Results

Based on Outerbridge score, there were 22 patellae in the G0 group showing an intact
cartilage surface, 4 patellae in the G1 group with mild softening and swelling of the cartilage,
and 23 patellae in the G2 group with fragmentation and fissuring of a small area of cartilage.
The microscopic OOCHAS scores were significantly correlated with Outerbridge groups [r =
0.880, n = 49, P < .001]. To facilitate statistical analysis, the broader Outerbridge grade is
used throughout this study rather than the OOCHAS grade.
Microscopic DIC investigation of the osteochondral junction of the 49 patellae yielded a total
of 2128 structural anomalies along the cement line for analysis. The directionality of the
structures was normally distributed about 90° from the cement line with a standard
deviation of 22° (Figure 7-5).

frequencies of cases that fall into each combination of categories [297]. In a contingency
table, the categorical variables (e.g. type of spicule and grade of sample) are defined in the
column and row headings and the cells are populated with the observed frequencies in each
combination of categories (for example, see Table 7-4). To determine if the relationship
between variables is significant, the expected numbers of observations in each cell of the
contingency table are calculated by multiplying the row total by the column total and
dividing by the total number of observations, n (see Appendix 9.2). A statistical test to
determine if there is a relationship between the two categorical variables is based on the
difference between the obtained and expected values. Most commonly, this is the Pearson’s
chi-squire test; however, the categorical variables used here have more than two categories
and thus Cramér’s V is used [297]. Each observed frequency in each combination of
categories is then assessed individually using its standardised residual to calculate its
significance.
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Figure 7-5: Normal distribution of the angle of projection from the cement line. Mean = 90.06°, standard
deviation = 21.5 °, N = 2128. The inset shows the normal Q-Q plot showing a highly normal distribution.

The three types of structures, A, B, and C, each showed significantly different prevalence and
morphology, as shown in Table 7-3. Type B were the most common with 77% of all
structures displaying the standard bone cuff and central canal. Type A were the least
prevalent with only 9% of all anomalies. Type A voids contained significantly larger canals
than Type B because they had no surrounding bone cuff; they also displayed a smaller total
diameter and shorter length than Type B structures. Type C structures, which contain no
visible central canal, were significantly shorter in length than both A and B types and
displayed a smaller diameter than Type B. There were no significant differences in the angle
of projection between the types of structural anomalies.
Table 7-3: Prevalence and morphology of A, B, and C types of structural anomalies. Mean ± Standard error in
the mean.
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7.3.1 Differences Between Degenerative Groups
Although there was no change in anomaly frequency with degeneration (averaging 3.7 ± 0.1
total structural anomalies per mm length of section), there was a significant difference in the
proportion of types of structural anomalies between degenerative groups (see data in Table
7-4 or visual representation in Figure 7-6). There were significantly more type A voids in the
G0 group than expected (see Footnote 2) and significantly fewer in the G1 and G2 groups.
The proportion of type B spicules was not significantly different between grades of
degeneration. There were significantly more type C bone-only structures in the G2 group
and fewer in the G0 group than expected.
Table 7-4: Contingency table of the frequencies of each type of structural anomaly with degenerative grade.
Cramér’s V test p-value < 0.001. Statistical differences for each cell are calculated by comparing the observed
number of structural anomalies in each category (shown here in parentheses) with the expected values (see
Appendix Table 9-1).

A

B

C

Total

G0

13.6% (137) ***

75.3% (756)

11.1% (111)**

100% (1004)

G1

4.0% (8)*

84.2% (170)

11.9% (24)

100% (202)

G2

4.9% (45)***

76.8% (708)

18.3% (169)**

100% (922)

Total

8.9% (190)

76.8% (1634)

14.3% (304)

(2128)

Figure 7-6: Bar graph of the frequency of each type of structural anomaly along the cement line with
degeneration.
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The extent of projection of the structures also differs between grades (Table 7-5, Figure 7-7).
In G0 and G1 samples, the majority of structures do not reach any tidemark while in G2
samples, a significantly greater proportion reaches a duplicate tidemark. In G0 and G1
samples, ~10% of structures reach the uppermost tidemark while only ~2% reach the
uppermost tidemark in the G2 group. Only a small proportion of all structures extend past
the uppermost tidemark into the articular cartilage and this small proportion is significantly
greater in the G0 group.
Table 7-5: Contingency table of the frequencies of extent of projection of structural anomalies along the
osteochondral junction in relation to degenerative grade. Cramér’s V test p-value < 0.001. Statistic differences
are calculated by comparing the observed number of structural anomalies each category (shown here in
parentheses) with the expected values (see Appendix Table 9-2).

Structure does
not reach any
tidemark

Structure reaches
a duplicate
tidemark

Structure touches
the uppermost
tidemark

Total

11.2% (112)***

Structure
extends past
the
uppermost
tidemark
2.0% (20)*

G0

65.2% (655)***

21.6% (217)***

G1

57.4% (116) *

33.2% (67)*

8.9% (18)

0.5% (1)

100% (202)

G2

25.4% (234)***

72.0% (664)***

2.0% (18)***

0.7% (6)

100% (922)

Total

47.2% (1005)

44.5% (948)

7.0% (148)

1.3% (24)

100% (2128)

Percent of structure in each degenerative group

80%

100% (1004)

1 - Does not reach any tidemark
2 - Reaches a duplicate tidemark
3 - Touches the uppermost tidemark
4 - Extends past the uppermost tidemark

70%
60%
50%
40%
30%
20%
10%
0%
G0

G1

G2

Outerbridge Grade Degenerative Groups

Figure 7-7: Bar graph of the frequency of the extent of projection of the structural anomalies along the cement
line with degeneration.
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Micro and smaller-scale features of the structures were further examined using histology,
DIC, and SEM in conjunction. Figure 7-8 shows examples of the three types of structural
anomalies in one section as they appear in DIC and SEM. The Type B spicule shows a bone
cuff surrounding an empty central canal; in the DIC image the canal appears to be in direct
contact with the ZCC. The Type C bone structure shows no void space, making it difficult to
distinguish in the SEM image; the osteocyte lacunae confirm the presence of bone. The Type
A void shows no bone cuff surrounding the empty space but shows bone tissue below as
evidenced by the osteocyte lacunae.

Figure 7-8: Three types of structural anomalies viewed in DIC (A) and SEM (B). The same 30 µm thick section is
shown in each image.
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Figure 7-9 examines the contact between the ZCC and void space more closely. Where the
void space appears to be in direct contact with the ZCC, at higher magnification a thin
interface of unknown tissue can be seen separating them (Figure 7-9 B).

Figure 7-9: Contact between the vascular space and the calcified cartilage. (A) A Type B spicule projecting from
the osteochondral junction. (B) Magnified view of (A) showing the void space separated from the ZCC with a
thin layer of an unknown tissue. (C) Magnified view of (A) showing the vascular space separated from the ZCC
with a thick layer of bone.
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Figure 7-10 shows the SEM appearance of a Type B structure with the standard spicule
morphology. The vascular tissue remains intact in the central canal. Bone surrounds the
vascular tissue and the tip of the spicule is covered in bone.

Figure 7-10: SEM image showing a Type B spicule with a clear central canal occupied by vascular tissue.

101

Figure 7-11 shows the bone and central canal of a Type B spicule in direct connection with
the subchondral bone plate and a marrow space. The vascular space appears to originate
from a marrow space and branch within the bone plate to form multiple spicules.

Figure 7-11: A Type B spicule extending from a marrow space in the subchondral bone, bifurcating twice, and
projecting into the calcified cartilage. (A) SEM image. (B) DIC image of the same section. (C) Sketch showing the
vascular space (red) and bone cuff (blue) of the whole spicule structure from the marrow space to the three
potential spicules. Dotted line indicates that the vascular tissue projects out of the image plane.
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While a DIC microscopy image using a hydrated section (Figure 7-12 left) shows the
chondrocytes in the ZCC to be the same size as those in the AC above, a matched histology
image from the same patella (Figure 7-12 right) shows the lacunae of chondrocyte in the ZCC
near the new bone formation to be slightly swollen compared to the chondrocytes in the
non-calcified cartilage above. The contents of these cells also appear to be shrunken.

Figure 7-12: Left image shows a DIC section. The chondrocytes of the calcified cartilage show no swelling or
shrinkage. Right image shows a standard histology section stained with Safranin O and Fast Green from the
same patella. The chondrocyte lacunae in the calcified cartilage appear to be swollen and their contents
shrunken. Scale bar: 100 µm.

Distinct lamellae are visible in the bone cuff of some spicules using histology, DIC, and SEM
(Figure 7-13). The lamellae in the bone cuff of spicules resemble those in the subchondral
bone plate proper (compare Figure 7-13 and Figure 7-14). However, some spicules show
only non-uniformity in fibre directionality across regions on microscopic images without
clear lamellae at larger scales (Figure 7-15 C, red lines). Further, some spicules show less
distinct changes in fibre directionality (see Figure 7-16).
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Figure 7-13: Apparent lamellae in the bone cuff of Type B spicules. (A-C) Histology images where lamellae
appear as dark and light stained bands in the bone cuff. (D) A Type B spicule in DIC microscopy with faint
lamellae. (E-F) SEM images of the same spicule in (D).

Figure 7-14: Apparent lamellae in the subchondral bone plate. (A) DIC image of the subchondral bone plate. (B)
The section from (A) viewed in SEM. (C) Magnified view of (B) showing magnified lamellae.

Figure 7-15: (A) Type B spicule viewed in DIC showing no clear lamellae in the bone cuff. (B) SEM view of the
spicule in (A). (C) Magnified view of (B) showing alternating fibre directionality in possible lamellae.
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Figure 7-16: Images of structural anomalies along the cement line without distinct lamellae. (A) Histology
image of a Type C structure without visible lamellae organised into a bone cuff. (B) Histology image of a Type C
spicule without distinct lamellae. (C) DIC image of a Type C spicule with possible faint lamellae. (D) SEM image
of the spicule in (C). (E) Magnified view of (D) showing less distinct changes in fibre directionality without clear
lamellae.
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High resolution SEM images of the cement line junction show limited connectivity between
the fibres of the calcified cartilage and those of the subchondral bone, as shown in Figure 717. There is a distinct break between the fibrous calcified cartilage material and the fibrous
bone material with only a few fibres potentially crossing this gap. The gap was only visible in
sections where the fibres were oriented favourably to the cutting plane.

Figure 7-17: High resolution imaging of the cement line junction. Matching DIC image (A) and SEM image (B).
(C) Magnified view of the cement line outlined in (B). (D) Further magnified view of the cement line outlined in
(C) showing a gap between the ZCC and SB with limited connectivity between. (E) SEM image of a Type B
spicule. (F) Magnified view of the junction between ZCC and SB at the tip of the spicule showing a gap
between.
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7.4 Discussion
This multi-scale structural analysis of the structural anomalies along the cement line shows
some structures that appear to be vascular space voids (Type A), some that are composed
only of bone (Type C), and some that are a combination of both vascular and bony tissue
(Type B). This analysis aims to relate these structures to each other and to the reports of
bone formation and vascular invasion in the literature. Additionally, the structures are
compared throughout the development of early OA.
The bone-containing structures observed in this study resemble reports of bone formation
at the osteochondral junction in the literature. Three reports give distinct terminology for
the bone formations: elevated mounds of bone tissue surrounding blood vessels termed
monticulus elevations [298], breaks in the osteochondral junction that may be occupied by
vascularised fibrous tissue and/or bone [291], and cone shaped structures containing a
central canal surrounded by bone matrix called bony spicules [145]. All three of these appear
to be the same as the Types B or C structures observed in this study. The diameter of the
bone cuffs of our Type B spicules (~96µm) is similar to those reported for monticulus
elevations of 100-200 µm [298]. The average diameter of the canal space of Type B spicules
(~24 µm) compares to the vascular canals described to be between 10-30 µm in diameter
[26] but are larger than the features described as canals with 8-12 µm diameter in human
mandibular condyles [292] or averaging 13.8 µm in human patellae [289].
The many reports of vascular spaces at the cement line [26, 37, 53, 54, 88, 142, 144, 148,
159, 160, 167, 182, 228, 229, 252, 288-295, 299-304] use varying terminology including
vascular invasion [159], vascular canal/channel [26], blood vessels [301], granulation tissue
[304], and focal remodelling [160]. These reports likely relate to the Types A and B structures
observed in this study. The diameters of Type A voids (~58 µm) compares to descriptions of
wide contacts averaging 35 µm [289] or cylindrical canals of 30-70 µm [26] but may be
distinct from the larger resorption spaces ranging from 150-250 µm [292] or marrow spaces
measuring >100 µm [26].
The measured frequency of structural anomalies along the osteochondral junction of 3.7 ±
0.1 per mm length of section compares favourably with two reports of vascular invasion in
human knees; one report measured 0.42, 0.71, and 2.5 per mm in the articular cartilage,
ZCC, and subchondral bone, respectively [252] and a second report measured 0.26 and 0.12
per mm in the ZCC and subchondral bone, respectively [168].
However, we must note for comparisons of morphometric measurements with published
values, that differences in classification and histomorphometry techniques between studies
may influence reported values. Many studies restrict the structural anomalies they consider
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by tissue type (e.g. only considering vascular spaces but not bone structures [252]) or size
(e.g. vascular canals must be between 10 and 30 µm in diameter [26]). Our methodology
does not restrict structural anomalies by content or size as long as they are distinguishable
from the regular irregularity of the cement line. Further, when three-dimensional structures
are measured using two-dimensional sections, the measurements may be biased [214]. For
example, thicker sections may contain a greater number of structural anomalies and hence
over-represent their frequency compared to thinner sections [214]. The DIC sections used in
this study, at 30 µm thickness, may result in different measured values compared to
standard histological sections of ~5 µm thickness. Additionally, with a single 2D section, it is
unlikely that the true canal and spicule diameters of each structure were measured [305].
Many published values do not specify the histomorphometry protocols employed (e.g. [26])
so caution must be taken when comparing values between studies.
Finally, there may be differences in frequency and morphology of structural anomalies
between the bovine patella, other animal models, and humans or between this spontaneous
OA and experimental methods of inducing OA. However, in the study of human OA joints in
Chapter 4, the presence of Type B spicules was confirmed (Figure 4-7).
7.4.1 Do the Different Morphologies Represent Different Stages of a Common Process?
The sizes and frequencies of the different types of structural anomalies suggest that they
could be manifestations of different stages of development [113, 291]. Type A voids with no
apparent bone cuff may represent a resorption phase where the resorbed calcified cartilage
is temporarily filled with vascular tissue (that was largely removed during sample
preparation). Their slightly smaller diameter and length compared to Type B spicules (Table
7-3) may suggest that the resorption is not yet complete in some cases. Further, since the
total frequency of structures did not change with grade of degeneration, the higher
proportion of Type A voids in the G0 state compared with the G1 and G2 states (Table 7-4)
suggest that bone formation may complete over time so that Type A structures become
Type B. With further development, clastic cells may enlarge the vascular spaces to become
the size of Type B spicules and osteoblasts may begin to lay down the bone cuff surrounding
the central canal. The thin layer of unknown tissue separating the vascular space from the
calcified cartilage in Figure 7-9 B may be an example of the initial bone formation on the
margin of the resorption space, further suggesting that the Type B spicule was recently a
Type A void.
The Type C purely bone structures, which appear to have no central canal, are significantly
shorter and thinner than the Type B spicules; thus we believe they are more likely to be a
sectioning artefact than a different stage of development. Assume that the structures are
symmetric about their central axis, if a sectioning plane misses the central canal of a
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standard spicule, the resulting 2-D shape will be both shorter and thinner, as demonstrated
in Figure 7-18,

Figure 7-18: Spicule sectioning. (A) Three-dimensional sketch of the rounded conical shape of a spicule with a
central canal. (B) A sectioning plane through the centre of the spicule and the vascular canal in red captures a
two-dimensional Type B spicule. (C) A sectioning plane that does not capture the central canal shows a Type C
purely bone morphology with shorter length and smaller diameter than that captured in (B).

Alternatively, the Type C structures could be a further developmental state where the bone
cuff has in-filled the central canal. The increased proportion of Type C structures in the G2
state may suggest that further canal infilling has converted Type B structures to Type C. An
example of a transverse section through a Type C structure shows no central canal (last
image of Figure 7-3 C) which could suggest that no canal exists within the structure.
Alternatively, the structure may have been sectioned distal to the closure of the canal, as
demonstrated in Figure 7-19. This structural analysis is unable to confirm either theory but
the morphometric data suggest that Type C structures are more likely sectioning artefact of
Type B structures than a formation of a distinct process of bone formation. Heretofore, all
three types of structural anomalies will be referred to as spicules or new bone formation
because of their proposed shared lineage.

Figure 7-19: Type C structure sectioning. (A) Type B structure in which the central canal does not extend
completely to the tip. (B) Transverse sectioning plane near the tip of the Type B structure results in a 2D
appearance of a Type C structure with no central canal.
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7.4.2 How Spicules Change with Early Degeneration
Although the frequency of the structural anomalies along the osteochondral junction shows
no change, the proportion of structures that are vacuous (Type A) decreases with early
degeneration. This is consistent with some reports of decreasing numbers of vascular spaces
in the osteochondral region in OA [167] but conflicts with other reports of increasing
frequency with OA [182, 295, 301]. Past studies have suggested that the vessels along the
cement line are primarily perpendicular in the normal state but lose consistency with OA
[294]; however, this study showed no change in the variability of their directionality with
early OA degeneration.
With early degeneration, the proportion of spicules that do not reach any tidemark
decreases and the proportion of spicules that reach a duplicate tidemark increases. This is
likely a consequence of the tidemark duplication that has been shown in previous studies
[143, 250] and throughout this work (see Chapters 4, 5, and 6) occurring independently from
spicule formation.
The tendency for spicules to reach the uppermost tidemark decreases with early
degeneration. This contrasts with the increasing vascularity in the articular cartilage
reported in OA [168] and with the assumption that loss of tidemark integrity is a feature of
OA as suggested in the Mankin scoring system [216]. Our results showed that spicules very
rarely (less than 1% of spicules) extended past the uppermost tidemark in the early
degenerate G1 and G2 states. Thus, the vascular invasion of the articular cartilage reportedly
characteristic of OA may occur only in the later stages of the disease.
7.4.3 Why New Bone Formation in Early OA Does Not Represent a Reactivation of
Endochondral Ossification
The theory that vascularisation and bone formation at the osteochondral junction in OA
represent a reactivation of endochondral ossification (EO) has become the dominant
hypothesis [53, 105, 161, 229] leading to further studies comparing the cellular signalling
and bone adaptation in EO to OA (e.g. [149, 162]). But does a multi-scale-structural
investigation of this bone formation support this hypothesis? Table 7-6 provides a summary
comparison of the features of intramembranous ossification (IO), endochondral ossification
(EO), and bone remodelling (BR) with those features observed in this study.
Bony spicules grow from the subchondral bone into the calcified cartilage (as shown in
Figure 7-11). Similarly, during EO in the foetal skeleton, bone grows into calcified cartilage.
This presence of calcified cartilage contrasts with the mesenchymal tissue replaced in IO and
the bone or granulation tissue replaced in continuous BR or BR during fracture repair,
respectively. Previously, it was thought that distinct cells were responsible for resorption of
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calcified cartilage and bone: chondroclasts and osteoclasts, respectively [306]. This would
support the idea that in the reactivation of EO, chondroclasts resorb the calcified cartilage in
the mature joint. However, recent studies have shown that chondroclasts, rather than being
a distinct cell type, may instead be a matured osteoclast [307]. Thus, osteoclasts resorbing
bone in the subchondral bone plate may be able to mature into chondroclasts that are
capable of continuing their path of resorption into the calcified cartilage above, thus forming
a continuous vascular space from the bone plate into the ZCC.
Chondrocyte cloning, hypertrophy, and stacking in the calcified cartilage are distinctive
features of EO [308, 309]. The hypertrophy of chondrocytes in the calcified cartilage in OA
has been used to suggest the reactivation of EO in OA [24, 156]. However, we have shown
that the chondrocytes in the calcified cartilage near bony spicules appear normal when
observed in hydrated DIC sections (Figure 7-12) and that the slight hypertrophic appearance
in histology sections is merely an artefact of processing, as theorised elsewhere [211].
Further contradicting the claim of a reactivation of EO in OA, the chondrocyte cloning
characteristic of OA primarily occurs first in the superficial layers and adjacent to cartilage
fissures [137] and only occurs in the deeper zones and calcified cartilage upon later stage
OA, unlike EO in which chondrocyte hypertrophy occurs near the sites of bone formation.
Additionally, while the chondrocytes in OA have altered gene expression, they do not
express the genes associated with proliferation or hypertrophy in EO [310].
Recent attention has been given to the difference in appearance of EO at the articular
cartilage versus at the metaphyseal physis in immaturity [83]. At developing articular
cartilage, chondrocytes may not display the characteristic stacking and may instead form
hypertrophic cell nests [83]. These nests more closely resemble chondrocyte clustering seen
in OA than the stacked columns at the metaphyseal physis. Regardless, neither cell nests nor
chondrocyte hypertrophy were seen in conjunction with spicule formation.
The types of bone formed by the three methods are structurally distinct. IO forms woven
trabecular bone and EO form trabecular struts with woven bone surrounding a core of
remaining calcified cartilage [84]; both of these structures are later replaced with lamellar
bone. Conversely, BR forms a central canal containing vascular tissue surrounded by a
cylinder of bone that may be lamellar with the formation of new Haversian systems or
woven in the case of rapid fracture healing [164]. The small volume of bone formed in the
voids at the osteochondral junction make it difficult to determine the structure of the bone
macroscopically and have led to conflicting reports of woven [291] or lamellar bone [26, 62,
299]. Using both histology and SEM, we have shown the presence of lamellar bone in some
bony spicules (Figure 7-13) while other spicules do not show clear lamellae (Figure 7-16)
and, along with the presence of apparently increased cellularity and osteocyte irregularity,
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may suggest woven bone. The clear concentric lamellar arranged around a central canal
more closely resembles the lamellar pattern of Haversian systems of BR (as shown in Figure
7-1) as opposed to the woven-bone trabeculae of IO or EO.
There are further similarities between bony spicules and the units responsible for BR, called
basic multicellular units (BMUs), that suggest their relation. The resorption occurring in early
OA is focal, similar to BMUs but in contrast to EO and IO which occur over much larger areas.
Bony spicule bifurcation (shown in Figure 7-11) is similar to the branched nature of
Haversian systems [285, 287]. Additionally, Haversian systems have been shown to form
blind osteons where the vessels do not progress beyond the bone [285] which resemble the
tip of spicules with their bone cuff covering the end of the vascular space (Figure 7-10).
The size of the bone units formed by IO, EO, and BR are all variable and of similar
approximate size. Bone trabeculae from intramembranous ossification are approximately
50-150 µm in diameter [84], trabeculae from endochondral ossification are ~50-200 µm [84],
and BMUs in bone remodelling average 50-550 µm in diameter [84]. Thus, the similar sizes
of the bone units formed by these methods are unable to show which method the bone
spicules, at 50-200 µm diameters, represent. The directionality of developing bone in this
study, primarily radial from the cement line, matches both EO, where bone develops radially
outward from the secondary ossification centre [84], and BR, where bone forms in the
dominant direction of mechanical loading [99], but is distinct from the irregular
directionality of bone formed by IO.
Table 7-6: Comparing the features of the three main types of bone formation with bony spicules observed in
this study.

Bone forms within
calcified cartilage
Chondrocyte hypertrophy
Chondrocyte stacking
Forms woven bone
Forms lamellar bone
Bone forms radially
towards the joint surface

Intramembranous
Ossification

Endochondral
Ossification

Bone
remodelling

Bony
Spicules

x

x

x
x





x


x
x
x





x
x




Finally, we consider the presence of microcracks in early OA. Microcracks are assumed to
trigger BR in normal bone [90, 311]. Microcracks have been found in the subchondral bone
and calcified cartilage in OA [54, 144] and their co-location with targeted remodelling [53]
suggests that they stimulate new bone formation [311, 312]. However, in this study no
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microcracks were observed in the calcified cartilage or subchondral bone using DIC or SEM.
This may merely suggest that we did not employ techniques necessary to capture
microcracks such as block staining and the high magnification required to observe very fine
cracks [117]. Alternatively, we may not have captured the brief period between microcrack
formation and subsequent bone remodelling, or bone formation may be triggered by other
means, as discussed below.
7.4.4 Mechanical Factors of Bone Formation at the Osteochondral Junction
While the structural similarities suggest that bony spicules are more similar to bone
remodelling than either IO or EO, we must consider why this distinction is important. The
bone remodelling at the osteochondral junction will both be influenced by the stress state
and will cause changes to the stress state at this junction. The structure of the newly formed
bone may provide insight into the changes to the stress state associated with OA.
Bone remodelling is influenced by the recent loading history, particularly by a quantity called
strain-energy density (SED) [93, 105]. When SED raises above some threshold, osteocytes in
the bone respond with biochemical messengers that dissipate through the bone to the bone
surface where osteoblasts are recruited for bone formation (the nature of these biochemical
messengers is still uncertain, as discussed in Section 1.5.2)[93]. When the SED is reduced due
to altered joint loading or microcracks are formed due to the dynamic forces of daily living,
osteoclasts are recruited for bone resorption [90, 93, 147]. The osteoclast and osteoblast
activity are coupled in a BMU where the front of the cutting cone experiences low strain,
driving bone resorption, and the front of the closing cone experiences high strain, driving
bone formation [313]. Further, the magnitude of this imposed strain will determine the type
of bone formed with low strains (< 2%) enabling lamellar bone, medium strains (2-10%)
enabling woven bone, and larger strains (10-30%) causing bone resorption [107]. Thus, since
the morphology and formation of the bone spicules in the present study highly resemble
those of BMUs in bone remodelling (see Figure 7-1), it may then be useful to apply the
massive amount of knowledge and theories regarding BR to the mechanobiology of new
bone formation in early OA.
Bone resorption and formation at the osteochondral junction may thus be guided by a
change in the strain state. This could be caused by any number of factors but proposed
mechanisms include the presence of microcracks in the calcified cartilage [54, 160], changing
joint loading, and destructuring of the articular cartilage matrix [143]. It is unknown how
these factors change the strain state but based on the presence of lamellar bone in the
newly formed spicules (Figure 7-13), the imposed strain may be of relatively low magnitude
[107].
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Contrary to bone remodelling, a reactivation of endochondral ossification is proposed to be
caused by a loss of the normal compressive hydrostatic pressure and formation of shear
stress [105, 229, 314]. This occurs at the periphery of the joint where initial fibrillation
occurs and endochondral ossification forms osteophytes [105]. However, the bone
formation described in this study occurs, not at the periphery of the joint, but in a loaded
region where cartilage degeneration progresses [250]. Additionally, the bone spicules are
present while the articular cartilage remains intact.
The newly formed bone also alters the stress state at the osteochondral junction by
increasing the irregularity and rugosity of the cement line which allows shear forces in the
cartilage to be transformed to compressive and tensile force in the bone [1, 30]. The newly
formed bone will be less mineralised and less stiff than the established bone [71], which may
also affect the stress state. Focal bone remodelling will likely cause less change to the stress
state than EO or IO which occur over a larger region. Woven bone created during EO and IO,
with its irregular network of collagen fibrils, will likely be less stiff than lamellar bone from
BR [90]. Lamellar bone will also exhibit anisotropic mechanical properties which may further
influence the stress state. Computer modelling could more precisely inform how the stress
state at the osteochondral junction changes with the new bone formation seen in OA and
the differences that would be expected between the different methods of bone formation.
7.4.5 Fiber Connection at the Osteochondral Junction
As a small aside, the microstructural investigation performed in this study allowed for
examination of the potential fibre connectivity across the osteochondral junction. A distinct
gap between the calcified cartilage and bone was shown in some cases with, what appeared
to be, a small number of fibres crossing the gap (Figure 7-17 D). While many past reports
claim there is no fibre connectivity between the calcified cartilage and subchondral bone
[21, 24, 28, 30] one report showed fibres crossing the junction by using second harmonic
generation to provide contrast for the collagen [23]. Both the level of magnification and the
sample processing techniques (including fixation, decalcification, section cutting, and the
high vacuum environment of the SEM) may determine whether a connection can be
observed. Further imaging needs to be done to confirm the presence of connectivity at the
osteochondral junction. This connectivity between the calcified cartilage and subchondral
bone, if it is indeed present, may play a role in providing strength to this junction so that, in
adults, shear failure occurs more readily at the tidemark rather than at the osteochondral
junction [184].
7.4.6 Proposed Theory of Spicule Formation
Drawing from the structural findings in this study and mechanobiological relationships of
bone remodelling, we propose the following theory for the bone formation in early OA. Early
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changes in the articular cartilage such as disruption of the articular surface, matrix
destructuring, fibrillation, or altered joint loading will alter the stress state at the
osteochondral junction and microcracks may form as the result of normal or altered loading.
Osteoprogenitor cells in the bone marrow spaces, initiated by these stimuli, resorb bone
from the subchondral bone plate towards the joint surface and continue into the calcified
cartilage. The resorption proceeds only a short distance into the calcified cartilage before
the resorption halts, rarely passing the uppermost tidemark. Resorption may halt because an
initial microcrack has completed remodelling or halting may relate to other biological factors
such as the requirement for cartilage to be calcified for the deposition of lamellar bone
[315].
After a brief interval, the resorption space is filled in with bone centripetally (from the outer
surface towards the canal). The resorption and bone formation are coupled together as in
the cutting cone and closing cone of a developing Haversian system; thus, the Type A
vascular spaces are temporary and last on the order of weeks to months [305] before they
are filled in by osteoblasts. The tip of the cone also fills in so that the central vasculature is
generally not in contact with the ZCC. As the speed of bone formation decreases
progressively from osteoblast formation [92], the complete infilling of the bony spicule tip
may take considerable time and result in transitional morphologies between Types A and B
with an incomplete bone cuff, as seen in Figure 7-8.
This resorption and new bone formation may occur more quickly in situations where there is
increased strain, leading to the creation of woven, rather than the normal lamellar bone.
Further, the direction of the resorption and formation is likely influenced by the stress state
such that the directionality tends to be normal to the osteochondral junction. This bone
formation which occurs locally and throughout the development of OA may, over time, be
the mechanism by which the subchondral bone thickens [134, 149, 165, 166] and the
calcified cartilage zone thins [145, 165] in OA.
This study, using only a structural analysis, cannot presume to refute the theory of a
reactivation of endochondral ossification, and merely proposes an alternative theory that
must be studied further. Longitudinal studies, immunohistology, protein profiling, and gene
expression could provide vital understanding of non-structural features of this bone
formation. Further, this study considers only the healthy to moderate OA states; the bone
changes in the later stages of OA including subchondral sclerosis and osteophyte formation
[137] have not been studied here and may be distinct from the formation of bony spicules
observed.
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7.5 Key Conclusions


The vascular and bony morphologies observed here are similar to previous reports
of vascular invasion of the osteochondral junction in OA.



This comprehensive study of both the vascular and bone structures suggests that
they may represent distinct stages of resorption and bony spicule formation.



With early osteoarthritic degeneration, the structural anomalies along the
osteochondral junction show no change in frequency or directionality that has been
previously reported to occur in OA.



The morphologies of the structural anomalies change with early OA development as
they become more bone-invested. The calcified cartilage also advances around the
spicules so they become less likely to enter the non-calcified cartilage.



That bone spicules represent bone remodelling rather than endochondral or
intramembranous ossification is supported by:
o

the lack of chondrocyte stacking or hypertrophy in the calcified cartilage

o

the lamellar bone structure surrounding a central canal

o

the similarity of the bone structure to Haversian canals with bifurcations and
blind ends



o

the focal nature of resorption and formation

o

the spicule directionality perpendicular to the joint surface

Bone remodelling at the osteochondral junction would likely be initiated by and
cause very different changes in the loading state compared to endochondral or
intramembranous ossification.



Bony spicules are theorised to form by the resorption of subchondral bone and
calcified cartilage and the subsequent bone formation progressing from a
subchondral vascular space towards the joint surface.
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Chapter 8
8.1

Final remarks

Summary

In this work, a multi-scale structural and mechanical investigation was performed of the
articular cartilage, calcified cartilage, and subchondral bone across the span of early
osteoarthritis development in the bovine patella model.
The bovine patella was first validated as a model of intact human cartilage and its
degeneration was shown to relate to human osteoarthritis with characteristic proliferative
and progressive degeneration (Chapter 4). Then, using this model, the degenerative changes
in the cartilage were correlated with changes in the mechanical properties and mineral
content of the calcified cartilage and subchondral bone (Chapter 5). Following on from this
work, the changes in mechanical properties of the calcified tissues were more broadly
explored using three scales of mechanical testing (Chapter 6). In the final part of this work
(Chapter 7), the osteochondral junction was examined using light and electron microscopy
to analyse the new bone growth at the osteochondral junction seen in OA.
Most significantly, this work showed that during the earliest phases of osteoarthritis, where
the cartilage is largely intact with only mild surface fibrillation, the underlying calcified
tissues are altered. An increase in the ratio of calcium to phosphorous mineralisation
suggests the presence of carbonate-substituted hydroxyapatite in these tissues. The
subchondral bone initially decreases in stiffness relative to the calcified cartilage as the
cartilage begins to display surface irregularities and fissuring. The bone subsequently
increases in stiffness with more advanced cartilage fissuring and erosion. Further, the
osteochondral junction between the calcified cartilage and bone is invaded at this early
stage by vascular and bone structures that become more bony and less vascular with disease
progression. While this observational study cannot hope to determine whether changes first
occur in the bone or the cartilage, this study showed that subchondral changes are not
limited to eburnation and osteophytes characteristic of late stage osteoarthritis.
This work further provided insight into the zone of calcified cartilage, which is often
neglected by researchers because of difficulties imaging and mechanically testing this thin
region. The zone of calcified cartilage was structurally and mechanical quantified. The
discrepancy between macro, micro, and nano scale stiffnesses in the literature was
confirmed: on the nano scale, the calcified cartilage is nearly as stiff as the subchondral bone
but at larger scales this layer is considerably less stiff.

117

The bone growth at the osteochondral junction, when examined with multi-scale structural
images, resembles the process of bone remodelling more closely than the often proposed
theory of the reactivation of endochondral ossification.
The structural and mechanical data generated in this work will be vital for researchers that
hope to create accurate computer models of the joint tissues that contain the complexities
of the zone of calcified cartilage and osteochondral junction. These models may prove useful
for studying the early disease process as human tissues in this state are difficult to obtain
and animal models may not accurately represent spontaneous human OA. Further, this work
should prove a valuable resource for tissue engineers who hope to create biomimetic
osteochondral implants.

8.2

Future work

While this work demonstrated that the underlying calcified tissues are altered in the early
phases of cartilage degeneration, it is unable to determine which changes occur first. To
accomplish this, non-invasive longitudinal studies could be performed to monitor the
disease evolution. Non-invasive observation of the calcified tissues may include computed
tomography (CT) for determining bone porosity or high-resolution magnetic resonance
imaging (MRI) to observe smaller-scale structural changes such as spicule formation. Noninvasive mechanical testing with any of the techniques used in this work would likely be
impossible; however, ultrasonic testing or minimally invasive microscopic indentation testing
[316] could be considered.
The changes in the mechanical properties along the osteochondral junction could be further
explored with additional techniques. For example, Raman spectroscopy could inform
mineral crystallinity, collagen types, cross-link pathologies, and whether bone mineral is
immature or mature.
A likely next step in studying the early phases of OA is the assessment of the features
measured here in other animal models and in humans. While joints obtained from joint
replacement surgery likely represent late-stage OA, human tissue obtained from autopsy
may provide some samples with only mild cartilage degeneration with which to compare the
bovine patella model of early OA. In confirming our results in other animal models, the
mechanism by which the disease is induced must also be considered. The subchondral bone
and calcified cartilage changes observed here may be characteristic of the spontaneous OA
represented by the bovine patella but may differ from animal models where the OA
degeneration is induced surgically, chemically, or mechanically.
Finally, the structural examination of the bone and vascular anomalies along the
osteochondral junction in Chapter 7 should be extended to incorporate additional
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techniques to allow for comparison between bony spicule formation and the methods of
bone formation. While Chapter 7 showed that the bony spicules structurally resembled bone
formation, immunostaining or gel electrophoresis, for example, would allow for comparison
of their associated proteins. The phenotype of the cells responsible for resorbing the
calcified cartilage could be studied using monoclonal antibodies of macrophage and
osteoclast markers (including CD45, HLA-DR, CD68, CD14, CD51, tartrate-resistant acid
phosphatise (TRAP) cathepsin K and MMP-9). Further, the chondrocytes in the deep zone
could be studied and compared between intact and early OA states and their protein and
gene expression could be compared with the altered expressions observed in OA
chondrocytes.
Additionally, the insights from this work could be added to computational models of joint
degeneration. The multi-scale mechanical testing results may be incorporated into multiscale cartilage-bone models such as those based in the Physiome Project which are capable
of incorporating cellular, micro, and macro levels. The details of the irregularity of the
cartilage-bone interface may be added as boundary conditions between regions in finite
element modelling of the joint. The effects of the irregularity of the tidemark and cement
line could then be studied on the forces developed within the deep cartilage, calcified
cartilage, and subchondral bone plate. Further, the mechanical states that result from
vascular or bone tissue within the structural anomalies along the junction could be
compared and may provide additional insight into the changes in the stress state at the
osteochondral junction in early OA.
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Chapter 9

Appendices

9.1 MATLAB code for 3-point Bending Calculations
9.1.1 Calculating the Moduli of Pure Subchondral Bone Beams
% SubchondralBeams_t1.m Caluclates the Young's modulus of the pure
% subchondral bone beams from the first thickness (t1)

% clear variables
clear all
close all
clc
%The name of the samples being tested
for k = 1:2 %The number of beams
path1 = 'G0_cow_07_subchondral';
path2 = int2str(k);
path = strcat(path1, path2);
addpath(path);
end
%Measurements of the beams and test
b = [1.4e-3 1.8e-3];
%
t1_h2 = [1.5e-3 1.7e-3 1.6e-3];
%
t1_h1 = [1.8e-3 1.7e-3 1.8e-3];
%
h = [mean(t1_h1) mean(t1_h2)];
%
L = 12e-3;
%

rig
beam width in m
beam height t1 in m subchondral1
beam height t1 in m subhcondral2
average beam heights
Support span width

% Setup which tests are included
start_num = 3;
% First valid test number
end_num = 7;
% number of tests performed on same sample
figure
hold on
%Import the data for the specified beams that are stored in .txt files
for j = 1:2
for i = start_num:end_num
filename_a = 'G0_cow_07_subchondral';
filename_b = int2str(j);
filename_c = '_t1_spec';
filename_d = int2str(i);
filename_e = '.txt';
filename = strcat(filename_a, filename_b, filename_c, filename_d, filename_e);
delimiterIn = ',';
headerlinesIn = 87;
A = importdata(filename,delimiterIn,headerlinesIn);
%Grab only the compressive extension (mm) and the compressive load

120

%(N) from the text file. Ignore all the other data.
delta = A.data(:,11);
P = A.data(:,13);
%Plot the load vs. extension
cc = hsv(end_num);
plot(delta,P,'color',cc(i,:))
% find indices for linear part of the curve (between 3 & 6 N here)
ind_b = find(P>1.5,1,'first');
ind_t = find(P>6.0,1,'first')-1;
% Calculate the slopes using the change in extension dP and change
% in load ddelta
dP(j,i) = P(ind_t)-P(ind_b);
ddelta(j,i) = (delta(ind_t)-delta(ind_b))*10^-3;
slope(j,i) = dP(j,i)/ddelta(j,i);
end
xcor = max(delta);
ycor = max(P)*1.05;
str1 = 'Subchondral';
str2 = int2str(j);
str = strcat(str1, str2);
text(xcor,ycor,{str});
%Average the slopes from the specified runs
slope_avg(j) = mean(slope(j,start_num:end_num));
% Calculate the moment of inertia of the beam
I_beam(j) = b(j)*h(j)^3 / 12;
%Calculate the modulus of the beam
E_beam(j) = slope_avg(j) * L^3 / (48*I_beam(j));
end
xlabel('Compressive extension mm')
ylabel('Compressive load N')
slope
slope_avg
E_beam
commandwindow

9.1.2 Example Output for Calculating the Moduli of Pure Subchondral Bone Beams
slope =
1.0e+04 *
0
0

0
0

2.9699
4.1066

2.9859
4.0647

2.9837
4.1332

2.9858
4.1891

2.9600
4.2392

slope_avg =
1.0e+04 *
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2.9771

4.1465

E_beam =
1.0e+09 *
1.6660

2.4296

Published with MATLAB® R2014b

9.1.3 Calculating the Force-Displacement Slopes of Composite Beams
% CompositeBeams.m Calculates the force-displacement graphs and slopes of
% the composite ZCC/SB beams from the first thickness (t1).

% clear variables
clear all
close all
clc
%Name the .txt files contained data for each of the 3 beams
for k = 1:3
path1 = 'G0_cow_07_slice';
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path2 = int2str(k);
path = strcat(path1, path2);
addpath(path);
end
% Setup which tests are included
start_num = 3;
% First valid test number
end_num = 7;
% number of tests performed on same sample
%Create a Figure to see the load displacement graphs
figure
hold on
%For each beamm: import the data, calculate the slopes, and plot
for j = 1:3
for i = start_num:end_num
filename_a = 'G0_cow_07_slice';
filename_b = int2str(j);
filename_c = '_t1_spec';
filename_d = int2str(i);
filename_e = '.txt';
filename = strcat(filename_a, filename_b, filename_c, filename_d, filename_e);
delimiterIn = ',';
headerlinesIn = 87;
A = importdata(filename,delimiterIn,headerlinesIn);
%Grab only the compressive extension (mm) and the compressive load
%(N) from the text file. Ignore all the other data.
delta = A.data(:,11);
P = A.data(:,13);
%Plot the load vs. extension
cc = hsv(end_num);
plot(delta,P,'color',cc(i,:))
% find indices for linear part of the curve (between 3 & 6 N here)
ind_b = find(P>2.5,1,'first');
ind_t = find(P>5.5,1,'first')-1;
% Calculate the slopes of the load-displacement graph using the
%change in extension dP and change in load ddelta
dP(j,i) = P(ind_t)-P(ind_b);
ddelta(j,i) = (delta(ind_t)-delta(ind_b))*10^-3;
slope(j,i) = dP(j,i)/ddelta(j,i);
end
xcor = max(delta);
ycor = max(P)*1.05;
str1 = 'Slice';
str2 = int2str(j);
str = strcat(str1, str2);
text(xcor,ycor,{str});
dP_avg_t1(j) = mean(dP(j,start_num:end_num));
ddelta_avg_t1(j) = mean(ddelta(j,start_num:end_num));
slope_avg_t1(j) = mean(slope(j,start_num:end_num));
end
xlabel('Compressive extension mm')
ylabel('Compressive load N')
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slope
slope_avg_t1
dP_avg_t1
ddelta_avg_t1
commandwindow

9.1.4 Example Output for Calculating the Force-Displacement Slopes of Composite Beams
slope =
1.0e+04 *
0
0
0

0
0
0

3.2502
5.3354
3.6578

5.3982

3.6652

2.9924

2.9950

slope_avg_t1 =
1.0e+04 *
3.3057

dP_avg_t1 =
2.9898

ddelta_avg_t1 =
1.0e-04 *
0.9047
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0.5544

0.8172

3.2967
5.3719
3.6725

3.2357
5.3825
3.6203

3.3540
5.4384
3.6748

3.3917
5.4631
3.7007

Published with MATLAB® R2014b

9.1.5 Calculating the Moduli of Composite Beams
%CompositeModuli.m caluclates the moduli of the ZCC and SB from the slopes
%of the force-displacement data of the composite beams.

% clear variables
clear all
close all
clc
%input: beam and rig dimension
%
force-displacement slopes calculed in CompositeBeams.m
%
the thickness of the ZCC from DIC images
material_data
% Data set
sample = 3;
start_num = [1 4 7];
end_num = [3 6 9];
%specify resolution
grid_zcc = 100;
grid_sb = 200;
f_tot = zeros(grid_zcc+1,grid_sb+1);

125

% Design variables
x1 = t_zcc(end_num(sample)/3);
x2 = [0.1e9:1e9/grid_zcc:1.1e9];
x3 = [3e9:4e9/grid_sb:7e9]; %normal
figure
hold on
% axis([0 800e-6 -5 5])
%Calculate the function F that will be minimised
for i = 9%start_num(sample):end_num(sample)
for ii = 1:length(x2)
for jj = 1:length(x3)
% calculations from Mente & Lewis paper
n = x3(jj)/x2(ii);
C = 1/2 * ( (n*h(i)^2 - 2*(n-1)*h(i)*x1 + (n-1)*x1^2) / ...
(n*h(i) - (n-1)*x1) );
I_c = b(i)/12 * (x1^3 + n*(h(i) - x1)^3) + ...
b(i)*x1*(h(i) - 0.5*x1-C)^2 + ...
n*b(i)*(h(i)-x1) * (C - 0.5*(h(i)-x1))^2;
f_i(ii,jj) = ( L^3 / (48*x2(ii)*I_c) - (ddelta(i)/dP(i)) ) ...
* (dP(i)/ddelta(i));
%
cc = hsv(length(dP));
%
plot(x1,0,x1,f_i,'color',cc(i,:))
%
f_0(i) = x1(index);
end
end
f_tot = f_tot + f_i.^2;
end
%Find the point where f is at a minimum
[r,c]=find(f_tot==min(min(f_tot)));
E_zcc = x2(r)
E_sb = x3(c)
f_tot(r,c)
subplot(1,2,1)
%Plot a contour plot of F that shows where the minimum value lies
[m n] = contour(x3,x2,f_tot,20);
clabel(m,n)
subplot(1,2,2)
surf(x3,x2,f_tot)
% hold on
% f_zero = zeros(length(x2),length(x3));
% surf(x2,x3,f_zero)

commandwindow
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9.1.6 Example Output for Calculating the Moduli of Composite Beams
E_zcc =
590000000

E_sb =
4.0400e+09

ans =
2.5858e-12

Published with MATLAB® R2014b
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9.2 Expected Values of Contingency Tables
The expected frequency (Xij) of each cell in a contingency table is calculated using equation
9-1 where n is the total number of observations [297].
(9-1)
Table 9-1: Expected frequencies of each type of structural anomaly with degenerative grade, from the
contingency table in Table 7-4.

G0
G1
G2
Total

A
89.6
18.0
82.3
8.9% (190)

B
770.9
115.1
708.0
76.8% (1634)

C
143.4
28.9
131.7
14.3% (304)

Total
100% (1004)
100% (202)
100% (922)
(2128)

Table 9-2: Expected frequencies of the projection of structural anomalies along the osteochondral junction in
relation to degenerative grade, from the contingency table in Table 7-5.

G0
G1
G2
Total
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Structure does
not reach any
tidemark

Structure reaches
a duplicate
tidemark

Structure touches
the uppermost
tidemark

474.2
95.4
435.4
47.2% (1005)

447.3
90.0
410.7
44.5% (948)

69.8
14.0
64.1
7.0% (148)

Structure
extends past
the
uppermost
tidemark
11.3
2.3
10.4
1.3% (24)

Total

100% (1004)
100% (202)
100% (922)
100% (2128)
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