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ABSTRACT

Abstract

Osteoarthritis (OA) is a debilitating disease which affects the entire synovial joint,
including both the articular cartilage and underlying subchondral bone. It is
multifactorial, with biomechanical factors (e.g. joint loading) playing a significant role in
the initiation and the progression of the disease. However, relationships between the
cartilage thickness and underlying bone microarchitecture, and how they are influenced
by biomechanical factors in OA, has not yet been fully understood. The aims of this thesis
were 1) to explore regional differences in, and relationships between, the tibial cartilage
morphology and subchondral bone microarchitecture of human knees in OA and controls,
using micro-CT imaging; and 2) to determine the association of in vivo joint loading
indices, measured from pre-operative radiographs (alignment) and gait analysis

(external joint moments), with these tissues.

The first study of this thesis investigated the influence of joint alighment in OA on tibial
cartilage thickness and subchondral bone microarchitecture compared to controls (tibiae
without OA). OA tibiae differed significantly from controls in cartilage thickness,
subchondral bone plate thickness (SBPLTh), trabecular bone volume fraction (BV/TV),
and their medial-to-lateral ratios, depending on joint alighment. Compared to controls,
cartilage thickness was significantly lower anteromedially in varus-OA, but higher
posteromedially in valgus-OA. In varus-0OA, the SBPL.Th and BV/TV were higher than in
controls medially, whereas in valgus-OA they were higher laterally. In varus-OA the
medial-to-lateral cartilage thickness ratios were significantly below controls, and SBPL.Th
ratios and BV/TV ratios above controls, whereas in valgus-OA this was the opposite. This
suggests structural changes in OA may reflect differences in medial-to-lateral load
distribution upon the tibial plateau, due to joint alignment. Furthermore, in this study,
the use of micro-CT for the analysis of cartilage thickness was validated against histology

(gold standard), showing no significant differences between the two methods.

The second study investigated relationships between regional tibial cartilage thickness
from micro-CT and pre-operative in vivo knee joint loading indices in subjects with end-

stage knee OA. Significant correlations were found between cartilage thickness and joint
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loading indices, positive anteromedially with the first peak knee adduction moment and
external rotation moment, and negative with the mechanical axis deviation. In the lateral
regions these correlations had opposite signs. Interestingly, these relationships have also
the opposite sign compared to the subchondral bone microarchitecture found in a
previous study from our group on the same specimens, which may suggest a

complementary bone-cartilage interplay in response to loading.

Finally, in the third study, a systematic mapping of the cartilage and subchondral bone
morphology of the tibial plateau (22 sub-regions) was performed in healthy knees and in
OA knees. Region-specific differences and relationships between cartilage thickness and
subchondral bone parameters were investigated. In controls, cartilage thickness, SBP1.Th
and BV/TV were lowest in the external regions and highest in the central and anterior
regions. In the varus-aligned OA group, the cartilage was thinnest anteriorly in the medial
condyle, with high underlying SBP1.Th and BV/TV. In the non-varus-aligned OA group,
the cartilage distribution was similar to controls, but with higher SBP1.Th and BV/TV. In
both the OA and control groups, strong positive correlations existed between BV/TV and
SBPLTh. Interestingly, whereas in controls almost no relationships were found between
cartilage thickness and SBPLTh or BV/TV, in OA significant negative correlations were
found, within both condyles. This suggests a cartilage and bone response in OA to habitual
loading, which might be altered compared to controls. Micro-CT allows for a systematic
mapping of the cartilage and subchondral bone of tibial plateaus, which revealed region-
specific differences in cartilage thickness and subchondral bone microarchitecture, and

region-specific relationships among them, depending on the group.

In this thesis, micro-CT was used for the non-destructive concurrent imaging of cartilage
and bone microarchitecture at high spatial resolution (17 pm/pixel), which would
otherwise be unattainable using clinical scans (e.g., magnetic resonance imaging or
peripheral computed tomography). Joint loading indices (such as the knee adduction
moment, external rotation moment and mechanical axis deviation) significantly
correlated with regional cartilage thickness variations and the medial-to-lateral cartilage
thickness ratios in end-stage OA, where higher regional loads corresponded to thinner
regional cartilage. Here, negative relationships between cartilage thickness and
underlying subchondral bone were found in OA but not in controls, suggesting a whole-

joint response in OA to daily stimuli, which might be different to controls. Detectable
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morphological differences between OA and non-0A joints depend on joint alignment and
could become useful indicators of disease progression, warranting further exploration.
Further research, however, is needed to determine whether these relationships between
cartilage thickness, subchondral bone microarchitecture and joint loading indices in end-

stage OA are present in earlier stages of the disease.
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in b), g) image binarized to segment cartilage (white pixels), h) binarized image manually
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Chapter 1 Introduction

1.1 Motivation

Osteoarthritis (OA) is a degenerative joint disease that is most commonly reported in the
knee joint (Cross et al., 2014). Symptomatic knee OA affects approximately 14 million
people in the United States (Deshpande et al, 2016, Vina et al., 2018) with knee joint
replacement contributing to the majority of OA healthcare costs (Hunter et al, 2019).
Originally thought to be a disease of the articular cartilage, OA is now understood to affect
the entire synovial joint, including both the articular cartilage and underlying
subchondral bone (Radin et al., 1991, Loeser et al., 2012). In a healthy joint, the bone and
cartilage work together to distribute and attenuate loads through the joint. However, in
OA and particularly towards the later stages of the disease, the cartilage degrades, and
alterations occur in the subchondral bone, eventually becoming sclerotic. This leads to
symptoms such as pain, loss of joint functionality and altered kinematics, affecting quality
of life (Hunter et al.,, 2008).

OA is a multifactorial disease, with systemic risk factors including age, genetics, sex and
ethnicity, and modifiable risk factors such as obesity, diet, bone metabolism and joint
mechanics (Johnson etal, 2014). These risk factors may lead to the initiation of OA in any
of the joint tissues (Radin et al., 1991). There is no known cure for knee OA, with the final
treatment option being total knee replacement (Evans et al., 2019). Hence, there is a need
for the development of effective treatment strategies to delay and ideally prevent the
progression of the disease. These may be informed by a greater understanding of the
relationships between the tissues of the knee joint and risk factors of OA including local
mechanical factors (joint alignment and kinematics) (Sharma et al., 2001, Miyazaki et al.,
2002, Brouwer et al., 2007).

Abnormal joint loading and malalignment during habitual loading (e.g. standing, walking)
can affect the medial-to-lateral distribution of loads upon the tibial plateau (Wada et al,
2001, Thorp et al., 2006, Adouni et al., 2014b). This can then affect the articular cartilage
morphology and distribution (Andriacchi et al,, 2006, Eckstein et al., 2008, Andriacchi et
al., 2009, Nakagawa et al,, 2015) and also the underlying subchondral bone (Wada et al,,
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2001, Thorp et al.,, 2006, Roberts et al.,, 2017a, Roberts et al., 2017b, Renault et al., 2020,
Shiraishi et al., 2020), which may contribute to knee OA.

While studies have separately examined cartilage thickness, bone microarchitecture or
joint loading (Wada et al, 2001, Thorp et al., 2006, Chaudhari et al., 2008, Eckstein et al,,
2008, Roberts et al., 2017a, Roberts et al, 2017b, Roberts et al.,, 2018), to the best of the
author’s knowledge, these examinations have never been performed altogether in the
same patients. As cartilage and bone respond to every day mechanical loading as a single
mechanical unit, they should be investigated concurrently (Ding et al., 1998, Burr et al.,
2012).

Concurrent investigation of cartilage and bone is limited by common imaging methods.
Magnetic resonance imaging (MRI) is an in vivo technique used for the imaging of soft
tissues, but is ill suited to visualise bone. It also has a relatively low spatial resolution
(e.g., 140-550 pm in-plane, with a 1500 pm slice thickness (Jerban et al., 2020)), which
can cause cartilage thickness to be overestimated, particularly in OA, where there are
regions of thinner, denuded cartilage (Koo et al,, 2005, Koo et al., 2009). Moreover, dual
X-ray absorptiometry (DEXA) can assess bone mineral density (BMD) (Christensen et al.,
1982, Hulet et al, 2002), but it cannot be used to assess cartilage, is limited to 2D analyses,
and cannot separate the subchondral bone plate from the trabecular bone. Histology,
while able to investigate cartilage and bone at high resolutions (3-5 pum in-plane), is a
destructive 2D analysis and requires extensive preparation (Pritzker et al., 2006, Schmitz
etal, 2010).

Micro-computed tomography (micro-CT), however, which has historically been used for
the non-destructive characterization of 3D bone microarchitecture (e.g., 10-20 um/pixel;
Riiegsegger et al., 1996, Hildebrand et al., 1997b, Miiller et al., 1998, Perilli et al., 2012),
has recently been employed for the examination of human tibial articular cartilage both
with contrast agents (van Tiel et al.,, 2016, Nickmanesh et al., 2018, Gatenholm et al., 2019,
Michalak et al.,, 2019, Ylitalo et al., 2019) and without (Delecourt et al., 2016, Touraine et
al, 2017, Chen et al, 2018). Micro-CT enables the non-destructive 3D assessment of
entire excised human tibial plateaus at high resolutions, which, if combined with pre-
operative joint loading indices of the subjects, would allow for the concurrent assessment
of tibial cartilage and bone of these subjects. This, however, to the best of the author’s

knowledge, prior to this thesis, has not been done.
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1.2 Aims and significance of research

The overall aim of this thesis is to quantify cartilage morphology and subchondral bone
microarchitecture in human knee OA using micro-CT, accounting for in vivo joint loading
indices. More specifically to:

1. Consider the effects of a varus and valgus knee alignment on cartilage thickness,
subchondral bone plate thickness and trabecular bone volume fraction in OA and
how it differs from controls.

2. Validate the human tibial cartilage thickness measured from micro-CT cross-
sections (using a non-contrast agent based micro-CT imaging protocol) against
histology (gold standard).

3. Investigate, in end-stage knee-OA subjects undergoing total knee replacement,
relationships between external knee joint moments from pre-operative gait
analysis (peak knee adduction moments, flexion/extension moments and
external/internal rotation moments), joint alignment from pre-operative
radiographs, and cartilage thickness of their excised tibial plateaus quantified with
micro-CT.

4. Investigate region-specific relationships between cartilage thickness and

subchondral bone microarchitecture in end-stage knee OA and in controls.

Understanding the relationships between joint alignment, external knee moments,
cartilage morphology and bone microarchitecture may provide insights into developing
and assessing OA treatments aimed at modifying joint loading. Moreover, validating a
non-contrast agent micro-CT imaging protocol for the quantification of cartilage, would
allow for non-destructive, ex vivo imaging of the human tibial plateau, for the concurrent
examination of cartilage morphology and bone microarchitecture within the same scan,
at higher spatial resolutions (17 pum/pixel) compared to in vivo imaging modalities.
Finally, a detailed mapping of the cartilage morphology and bone microarchitecture in
the tibial plateau could reveal morphological differences between control joints (without

OA) and OA joints, which may in future become useful indicators of disease progression.
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1.3 Outline of the thesis

Chapter 1: Introduction
The introduction describes the motivation, aims and significance of research of this

thesis.

Chapter 2: Background

This chapter provides an overview of the knee joint, a review of the published literature
on the relationship between cartilage and bone in knee OA and the influence of joint
loading on these tissues. It also compares imaging modalities for the concurrent

assessment of cartilage and bone.

Chapter 3: Study 1, Tibial cartilage, subchondral bone plate and bone
microarchitecture in varus- and valgus-OA vs. controls

Study 1 firstly explores the effect of knee alignment on cartilage thickness, subchondral
bone plate thickness and trabecular bone volume fraction in end-stage knee OA patients,
comparing OA specimens with a varus or valgus knee alignment against non-OA controls
(Aim 1). It secondly validates cartilage thickness measured from micro-CT against

histology measurements (gold standard) (Aim 2).

Chapter 4: Study 2, Relationships between tibial articular cartilage, in vivo external
knee joint moments and static knee alignment in end-stage knee OA: a micro-CT
study

Study 2 examines relationships between cartilage thickness and pre-operative in vivo

dynamic knee joint loading indices in end-stage knee OA subjects (Aim 3).

Chapter 5: Study 3, Systematic mapping of cartilage and subchondral bone in
human tibial controls and osteoarthritis using micro-computed tomography

Study 3 presents a systematic spatial mapping (22 regions) of the cartilage and
underlying bone morphological parameters, and the region-specific relationships

between these, in the control and OA groups (Aims 1 and 4).

Chapter 6: Conclusions and future recommendations
The key findings, impact and significance of these findings are discussed as well as

limitations of the research and recommendations for its continuation in the future.
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Chapter 2 Background

2.1 Knee Joint

2.1.1 Function

The knee is the largest synovial joint in the body and is essential for daily activities such
as walking, running, sitting-to-standing and climbing stairs (Figure 2.1) (Hirschmann et
al, 2015, Zhang et al.,, 2020). It is a sliding hinge joint which supports body weight while
facilitating movements such as flexion and extension, with small degrees of internal and

external rotations during moderate flexion (Zhang et al., 2018).

/

Lateral femoral

-/ Medial femoral condyle
condyle

AFemur

Internal collateral
ligament

Lateral collateral

ligament
Patellar tendon

External meniscus
Internal meniscus

Figure 2.1: Anterior view of the knee joint. This figure has been reprinted from Elsevier Books
with permission from Elsevier (Affatato, 2015).
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2.1.2 Anatomy

2.1.2.1 Bones

The above movements of the knee occur due to articulations between the bones of the
knee joint. The knee joint is comprised of three bones: the femur, tibia and patella (Figure
2.1). Primary articulation occurs between the femoral medial and lateral condyles and
the tibial medial and lateral condyles (tibiofemoral joint). This is the largest articulation
within the knee and is the weight bearing component. The patella articulates with the
trochlear groove of the femur, forming the patellofemoral joint. Together, the tibia and
fibula form the proximal tibiofibular joint, but this does not contribute to the movements

of the knee (Figure 2.1).

2.1.2.2 Articular Cartilage

The contact point of the bones are covered by a specialised form of hyaline cartilage,
known as articular cartilage, which creates smooth, frictionless articulation and assists in
distributing loads onto the bones (Figure 2.2) (Fox et al., 2009). Together, the bone and

cartilage form the osteochondral unit (see Chapter 2.2 for more details).

2.1.2.3 Menisci

The medial and lateral menisci are crescent-shaped load-bearing fibrocartilage
structures that lie flat on the tibial plateau with a concave superior surface (Figure 2.2)
(Kohn et al, 1995). They act as shock absorbers for daily loads (walking, running,
jumping, etc) (Fox et al, 2012), with the wedge-like shape of the menisci playing a role in
the stability of the femorotibial joint (Ombregt, 2013). As they increase the contact area
between the femoral and tibial condyles, they assist in distributing loads over the surface
of the tibial plateau, preventing concentrated loads which can damage the articular
cartilage (Fox et al, 2012, Ombregt, 2013). Additionally, the menisci may contribute to

the lubrication and nutrition of the articular cartilage (Fox et al,, 2012).
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2.1.2.4 Ligaments

Ligaments connect bones to bones, playing the focal role in the stability of the knee joint.
The main ligaments of the knee are the anterior cruciate ligament (ACL), posterior
cruciate ligament (PCL), medial collateral ligament (MCL) and lateral collateral ligament
(LCL; Figure 2.2) (Abulhasan et al., 2017). The ACL connects the anterior intercondylar
region of the tibial plateau to the femur posteriorly at the intercondylar fossa, resisting
anterior translations of the tibia (and posterior translations of the femur) (Duthon et al,,
2006, Abulhasan et al., 2017). The PCL connects the posterior tibial plateau (in between
the posterior horns of the menisci) to the femur anteriorly at the medial condyle, resisting
posterior translations of the tibia and anterior translations of the femur (Gollehon et al.,
1987, Abulhasan et al, 2017). The collateral ligaments (MCL and LCL) resist sideways
translations and varus/valgus rotations with the MCL connecting the medial side of the
tibia and femur, and the LCL connecting the proximal fibula to the lateral side of the femur

(Gollehon et al., 1987, Abulhasan et al., 2017).

2.1.2.5 Muscles

The quadriceps muscle group, which includes the rectus femoris, vastus lateralis, vastus
medialis and vastus intermedius, facilitates the extension (or straightening) of the knee
from a bent position (Mansfield et al., 2019) (Figure 2.3). The knee flexor muscles include
the hamstrings muscle group (biceps femoris, semimembranosus and semitendinosus),
the gracilis, sartoris, gastrocnemius, plantaris and popliteus. These flexor muscles are
primarily responsible for the bending of the knee, but also play a role in the
internal /external rotation and stabilisation of the knee (Figure 2.3) (Kopydlowski et al.,

2014, Mansfield et al., 2019).
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Figure 2.3: The main flexor and extensor muscles of the knee; a) the quadriceps muscles b) the

popliteus, c) and d) the hamstring muscles. This figure has been reprinted with minor editing
from Elsevier Books with permission from Elsevier (Mansfield et al., 2019).
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2.2 The Osteochondral Unit

The osteochondral unit (OCU) is composed of articular cartilage and subchondral bone,
connected through an interface of calcified cartilage (Figure 2.4) (Olah et al., 2018, Lepage
et al., 2019). These tissues interact with each other physiologically, biochemically and
mechanically, playing a vital role in the maintenance of joint health contributing to the
distribution and transfer of loads during weight bearing and joint movements (Findlay et

al, 2016, Goldring et al., 2016, Olah et al., 2018).

S ol b od S
2mny P ‘ /

4 { P

Figure 2.4: Digital image of a histology slide stained with Safranin-O/Fast Green (taken with the
Nanozoomer Digital Slide Scanner) displaying articular cartilage (AC), calcified cartilage (CC),
subchondral bone plate (SCP) and subchondral trabecular bone (STB). Black asterisks indicate
tidemark (TM). Original magnification 40x.

2.2.1 Articular Cartilage

Articular cartilage is an avascular and aneural tissue which facilitates smooth articulation
and distributes loads with minimal friction onto the bone (Figure 2.4) (Fox et al, 2009).
It consists of an extracellular matrix (ECM), which is primarily water (65-80% of the total
weight), type II collagen, proteoglycan aggregates and sparsely distributed specialised
cells (chondrocytes), which make up less than 5% of the tissue volume (Fox et al., 2009,

Nelson et al, 2009). Proteoglycan aggregates are formed by aggregan molecules non-

10
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covalently linked to a hyaluronic acid chain, where the aggrecan molecules are a core
protein which is covalently bonded to negative charged, hydrophilic, linear chains of
glycosaminoglyan side chains (Imhof et al., 1999, Olah et al, 2018). Chondrocytes are
metabolically active cells within the articular cartilage, responsible for the development,
maintenance and repair of the ECM (Fox et al., 2009). The type Il collagen fibrils are highly
crosslinked, entrapping the proteoglycan aggregates and other nonspecific matrix
proteins (Goldring et al., 2016). The orientation of these collagen fibrils, along with the
proteoglycan aggregates, help determine the biomechanical properties of the articular
cartilage, specifically its tensile strength and compressive resilience (Andriacchi et al.,
2014, Guo et al., 2015).

Articular cartilage is defined by four distinct layers or zones: superficial zone, middle
zone, deep zone and the calcified zone (Figure 2.5) (Fox et al, 2009). Each zone plays a
role in the absorption and distribution of mechanical loads. In the superficial zone (10-
20% of cartilage volume), the collagen fibrils lie tightly packed, parallel to the cartilage
surface, providing tensile strength and assisting the protection of underlying layers
(Goldring et al., 2016). This layer also contains a relatively high density of flattened
chondrocytes (Fox et al, 2009). The middle zone comprises 40-60% of the cartilage
volume, containing obliquely aligned collagen and a low density of spherical
chondrocytes, functionally providing some resistance to compression (Fox et al., 2009).
The deep zone (30% of the cartilage volume), containing the highest proteoglycan
content and collagen fibrils aligned perpendicularly to the cartilage surface, provides the

greatest resistance to compressive forces in the articular cartilage (Fox et al, 2009).

When the cartilage is compressed, charged solutes and water molecules, which are
attracted to the hydrophilic glycosaminoglycan chains in the proteoglycan aggregates,
are extruded. The pressurisation of remaining water molecules in the ECM and
perpendicular orientation of the collagen fibrils provides resistance to compression,
enduring loads up to multiple times (in magnitude) a person’s body weight (Fox et al,
2009). When the tissue is no longer compressed, the negative charge of the proteoglycan
aggregates draws the charged solutes and water back into the ECM (Fox et al, 2009,
Goldring et al., 2016). This flow of water and synovial fluid during joint loading provides
lubrication and is critical for the transport of nutrients into the caritlage (Fox et al., 2009).
However, nutrients may also be supplied to the deeper layers of cartilage from the

underlying suchondral bone (Imhof et al.,, 2000, Pan et al., 2009, Goldring et al., 2016).
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Figure 2.5: Cross-sectional diagram of non-diseased cartilage showing cellular distribution (left)
and collagen fibrillar network (right). This figure has been reprinted from the Journal of the
American Academy of Orthopaedic Surgeons with permission from Wolters Kluwer Health, Inc
(Buckwalter et al., 1994).

2.2.2 Calcified Cartilage

The calcified cartilage is a thin (20-250 um) intermediary layer between the articular
cartilage and subchondral bone (Figure 2.4) (Zhang et al, 2012). The calcified zone is
separated from the deep zone by the tide mark, an approximately 5 um thick band of
mineralised cartilage which secures the collagen fibrils in the deep zone of the cartilage
to the underlying subchondral bone plate (Fox et al.,, 2009, Olah et al.,, 2018). Where the
articular cartilage does little to attenuate the loads the joint is subjected to, the calcified
cartilage plays an important role in transferring and dispersing the load across the
underlying bone (Goldring et al., 2016). This is assisted by the differences in material
stiffness of the tissues. The articular cartilage has an elastic modulus of 1-15 MPa,
compared to the approximate 0.3 GPa and 2 GPa of the calcified cartilage and subchondral
bone respectively (Akizuki et al, 1986, Mente et al., 1994, Olah et al., 2018). During
loading, the wave-like interface of the articular cartilage with the calcified cartilage
assists in transforming shear stresses into compressive and tensile stresses onto the bone

(Goldring et al.,, 2016).

2.2.3 Subchondral Bone

The subchondral bone lies under the articular cartilage and plays a vital role as a
mechanical shock absorber, attenuating approximately 30% of the loads through the joint

compared to 1-3% that the overlying cartilage attenuates (Figure 2.4) (Olah et al., 2018).
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It supports the overlying cartilage mechanically and metabolically, and maintains the
joint shape (Imhof et al, 2000). It consists of the subchondral bone plate (cortical
endplate) and the subchondral trabecular bone (subarticular spongiosa or cancellous
bone) (Li et al, 2013) which exhibit different mechanical properties from each other
(Choi et al, 1990).

The subchondral bone plate (SBP) is a dense bony lamella that interlocks with the
calcified cartilage through an undulated interface (Figure 2.4) (Olah et al., 2018). Similar
to the articular cartilage/calcified cartilage interface, this undulated surface assists in
transforming shear loads to compressive and tensile stresses. In a healthy tibial plateau,
the SBP is thickest in the central region of the condyle (near the intercondylar tubercles),
becoming thinner in concentric circles extending towards the external edges of the
condyle (Figure 2.6) (Milz et al, 1994). This pattern can be susceptible to changes, for
example due to joint loading (Madry et al, 2010, Chapter 2.3 of this thesis). The
subchondral bone plate also contains pores which may be vascular and neural channels
connecting into the calcified cartilage and deeper levels of articular cartilage (Berry et al.,

1986, Burr, 2004).

A

Figure 2.6: Tibial subchondral bone plate thickness distribution. This figure has been reprinted
and modified from the Journal of Anatomy with permission from John Wiley & Sons - Books (Milz
etal, 1994).
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The SBP branches out into the underlying subchondral trabecular bone (STB; Figure 2.4).
Mechanically, the STB exhibits different properties to the subchondral bone plate (e.g.,
has a lower elastic modulus) and provides elasticity for shock absorption (Choi et al,
1990, Madry et al., 2010). In the tibia, the STB plays an important role in the attenuation
of mechanical loads and the transmission of the loads from the joint surface to the tibial
diaphysis. The STB is more porous than the SBP, having a honeycomb-like lattice
appearance, and is metabolically active, containing bone marrow, sensory nerves and
blood vessels (Suri et al., 2012, Li et al., 2013). It is a very dynamic structure where the
orientation, shape and thickness of the trabeculae adapt to mechanical stimuli imposed
across the joint. This bone remodelling occurs via osteoclasts and osteoblasts, causing the
resorption and deposition (formation) of bone respectively (Goldring, 2012, Frost, 2001,
McKinely et al,, 2003, Turner, 1998, Chapter 2.3 of this thesis). Hence, the trabeculae can
exhibit anisotropic behaviour and consequently have different mechanical properties in

different planes (Figure 2.7) (Odgaard, 1997, Odgaard et al., 1997, Burr, 2004).

Figure 2.7 3D reconstruction of two extracted cubes of trabecular bone (10 mm width) where the
arrangement of trabeculae in a) is isotropic and in b), anisotropic. This figure has been reprinted
and modified from the Journal of Biomechanics with permission from Elsevier (Odgaard et al.,
1997).
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2.2.4 Osteochondral tissues in the various stages of OA

OA is a debilitating joint disease that can affect all articulating structures of the knee, but
is most characteristically defined by the alterations of the OCU (Goldring et al, 2010,
Loeser et al, 2012). In early OA, initial changes in the articular cartilage are marked by a
reduction in proteoglycan aggregates (Figure 2.8) (Goldring et al., 2016). The loss of these
negatively charged molecules disrupts the regulation of fluid-flow in the cartilage,
causing an excess of water to enter the ECM which swells the cartilage (Figure 2.8)
(Akizuki et al., 1987, Calvo et al., 2004, Goldring et al., 2016). The ECM degradation begins
in the superficial zones of the cartilage before extending to the deeper zones as the
disease progresses, with the erosion of the ECM and the development of deep fissures,
cartilage delamination and denuded areas of cartilage, exposing the underlying bone
(Figure 2.8) (Pritzker et al, 2006, Goldring et al, 2016). Underneath, the calcified
cartilage expands above into the articular cartilage. There is also thought to be the
penetration of sensory nerves and vascular elements through the calcified cartilage,
possibly playing a role in the joint pain associated with OA (Figure 2.8) (Lane et al., 1977,
Burr et al., 1997, Imhof et al, 2000, Goldring et al., 2016).

The early stages of OA are marked by an increase in remodelling and resorption of bone
(Figure 2.8) (Burr et al, 2012). Some studies report an increase in porosity of the
subchondral bone plate, in addition to cortex flattening and deformation (bone attrition)
and a reduced bone density (Bettica et al., 2002, Reichenbach et al.,, 2008, Goldring et al.,
2016).

In the later stages of the disease, this is followed by bone sclerosis, with reduced bone
turnover, and a net increase in bone formation compared to bone resorption (Burr et al.,
2012). This leads to a subsequent overall thickening of the plate, formation of
osteophytes at the bone surface and increases in subchondral trabecular bone volume
fraction (BV/TV) and BMD compared to non-OA joints (Hannan et al., 1993, Fazzalari et
al, 1997, Lietal, 1997, Matsui et al., 1997, Burr et al,, 2012). However, the sclerotic bone
has a lower mineralisation and consequent reduced bone tissue elastic modulus, which
can then lead to deformations under load (Li et al., 1997, Day et al., 2001, Huebner et al.,
2002, Goldring et al.,, 2016). There are also reports of the formation of subchondral bone
cysts (Lietal, 2013) and transformation of trabeculae from rod-like structures into plate-

like structures (Ding, 2010, Chen et al., 2018).
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Figure 2.8: Cartilage and subchondral bone morphological changes in the progression of OA. This
figure has been reprinted from Nature Reviews Rheumatology with permission from Springer
Nature (Goldring et al., 2016).
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OA is a multifactorial disease. However, although the initiation of the disease may occur
at a single-tissue (e.g. cartilage or bone) level, due to the close interactions within the
OCU, OA affects all tissues in the unit which ultimately results in the degradation of
cartilage and alteration of subchondral bone (Goldring et al, 2016). Mechanically, OA
affects the functional integrity of the unit, where any damage to the articular cartilage can
substantially increase the loads transmitted to the subchondral bone in that region (Burr,
2004, Sniekers et al., 2008). Moreover, adaptions of the subchondral bone can contribute
to the overlying cartilage fibrillation due to the generation of local abnormal loads and
shear stresses (Burr et al.,, 2012, Li et al., 2013, Bertuglia et al., 2016). These disruptions
then further contribute to the OA pathology in a feedback loop, progressing in joint
degradation and OA severity, eventuating in the need for a total joint replacement (Burr

etal, 2012, Lietal, 2013).
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2.3 Role of Joint Loading on the Osteochondral Unit

The tibia is subject to loading during daily activities (standing, walking, etc), which also
plays a role in the maintenance of joint health such as cartilage homeostasis and bone
remodelling (Burr, 2004, Andriacchi et al,, 2009, Guilak, 2011). However, joint loading is
also a risk factor of OA (Johnson et al.,, 2014), where altered, abnormal and/or traumatic
loading have been found to contribute to the onset and progression of the disease,
affecting both the cartilage and the bone (Miyazaki et al., 2002, Bobinac et al., 2003,
Griffin et al., 2005, Brouwer et al., 2007, Astephen et al,, 2008, Guilak, 2011, Burr et al,,
2012).

2.3.1 Mechanical alignment

In the frontal plane, the mechanical axis of the lower limb is the line connecting the centre
of the femoral head to the centre of the ankle plafond (Paley, 2002). The mechanical axis
deviation (MAD) is defined as the perpendicular distance from the mechanical axis to the
centre of the knee joint (Paley, 2002). A varus knee alignment is defined as a medial
deviation greater than 15 mm, a valgus alignment as a lateral deviation greater than 0

mm (Figure 2.9) (Paley, 2002, Roberts et al., 2017b).
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Figure 2.9: Mechanical alignment of the lower leg. This figure has been reprinted with minor
modifications from Orthopaedics and Trauma with permission from Elsevier (Aweid et al., 2019).
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These malalignments have previously been linked to altered medial-to-lateral
distribution of loads upon the joint (Adouni et al, 2014b, Roberts et al, 2017b),
increasing the risk of medial OA progression in varus-OA subjects and lateral OA
progression in valgus-OA subjects (Sharma et al, 2001). In a longitudinal OA study,
Eckstein et al. (2008) reported the greatest loss of cartilage thickness over 5 months to
occur in the central and external regions of the medial tibial condyle in varus-OA knees,
and in the internal and central lateral tibial condyle in valgus-OA knees (Eckstein et al.,
2008). Static malalignment also affects the subchondral bone, where dual X-ray
absorptiometry (DEXA) studies have shown the medial-to-lateral BMD ratio to be
correlated with the mechanical axis in medial-compartment knee OA (Wada et al.,, 2001,
Hulet et al., 2002, Thorp et al, 2006). More recently, using micro-CT, relationships
between mechanical alignment and regional subchondral bone microarchitecture in the
tibial plateau in OA have also been found (Roberts et al, 2017b, Roberts et al., 2018,
Renault et al,, 2020, Shiraishi et al, 2020). In these studies, BV/TV was found higher in
the medial condyle compared to lateral for varus-aligned OA specimens and higher in the
lateral condyle for valgus-aligned OA specimens; though it is unclear how the bone
microarchitecture distribution compares to non-pathological tibiae, or the overlying

cartilage, in these regions.

2.3.2 External knee joint moments

The tibial plateau sustains approximately 70% of peak joint reaction forces (2-3x body
weight) that occur during walking (Schipplein et al., 1991, Fregly et al.,, 2012). In a healthy
joint, it has been reported that cartilage is thicker in weight-bearing regions from
repetitive cyclic loading (such as walking) (Li et al, 2005, Andriacchi et al., 2009).
Increases in loading, however, could then lead to cartilage degradation (Chaudhari et al.,
2008). In particular, external measures of joint loading (derived from gait analysis; Figure
2.10), including the knee adduction moment (KAM), KAM impulse and knee flexion
moments (KFM), have been associated with variations in tibial cartilage thickness in OA

(Erhart-Hledik et al., 2015, Maly et al., 2015, Edd et al., 2018).

2.3.2.1 Jointload and tibial cartilage in OA

The peak KAM is a surrogate marker for in vivo medial-to-lateral load distribution
(Schipplein et al., 1991, Zhao et al., 2007). In individuals with end-stage OA, higher KAMs

are reported compared to those with alower OA severity and to non-OA controls (Sharma
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etal, 1998, Miindermann et al., 2005). Similarly, Creaby et al. (2010) found the peak KAM
to be associated with the severity of medial tibiofemoral cartilage defects assessed using
MRL

However, some relationships, such as those between the knee OA cartilage thickness,
KFM and KAM are conflicting (Vanwanseele et al., 2010, Chang et al., 2015, Erhart-Hledik
et al, 2015, Maly et al,, 2015). A previous in vivo study reported a higher magnitude of
KAM and KAM impulse being associated with a greater loss of cartilage volume in the
medial tibial condyle over 12 months in medial knee OA (Maly et al, 2015). However,
Erhart-Hledik et al. (2015) and Vanwanseele et al. (2010) found no associations with
medial or lateral tibial cartilage thickness with the KAM and KAM impulse. Moreover,
Erhart-Hledik et al. (2015) did find an association between the medial-to-lateral tibial
cartilage thickness ratio and KFM in early OA, but conflicting results exist on the influence

of KFM on OA progression in longitudinal studies (Chehab et al.,, 2014, Chang et al., 2015).
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Figure 2.10: Knee joint coordinate system, illustrating motion of knee joint: motions in the sagittal
plane are described by flexion/extension, motions in the frontal plane are described by
abduction/adduction and, motion in the transverse plane is described by internal/external
rotations. This figure has been reprinted with minor modifications from Orthopaedics and
Trauma with permission from Elsevier (Shenoy et al., 2013).
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2.3.2.2 Jointload and tibial subchondral bone in OA

In the subchondral bone, the medial-to-lateral BMD ratio in OA has been associated with
the peak KAM (Wada et al, 2001, Thorp et al, 2006), the second peak KAM and KAM
Impulse (Thorp et al, 2006). These external knee joint moments (peak KAM, the first
peak KAM, second peak KAM, KAM impulse) were also found to be significantly correlated
with the medial-to-lateral subchondral trabecular bone volume fraction ratio in previous
work within our group (Roberts et al,, 2018). Additionally, in that micro-CT study, the
external rotation moment was also found to be significantly correlated (negatively) with
the medial trabecular bone volume fraction and medial-to-lateral bone volume fraction
ratios. It can be expected that ERM would also correlate with the articular cartilage
thickness and medial-to-lateral cartilage ratio within the same regions, though to the best

of the author’s knowledge, this has not yet been explored.
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2.4 Conventional Cartilage and Bone Imaging Methods

As described in the previous section, articular cartilage and subchondral bone respond to
mechanical loads together (Ding et al., 1998). Abnormal changes to one of the tissues may
then lead to the abnormal remodelling or changes in the other (Mahjoub et al, 2012).
Thereby, the interaction of articular cartilage and the underlying subchondral bone
should be investigated. This section outlines imaging techniques for the concurrent

imaging of cartilage and subchondral bone of the tibia.

2.4.1 Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging is an in vivo technique used for the imaging of soft tissues
but is less suited to visualise bone. It uses a combination of a strong magnetic field and
applied radio frequency (RF) to visualise hydrogen-containing tissues of the body. Briefly,
the magnetic field aligns the magnetic moments of the hydrogen nuclei, and the
application of a RF pulse displaces this alignment. When the RF pulse is switched off, the
hydrogen nuclei realign (relax) generating a resultant radio signal that is measured to
generate an image (Oldendorf, 1988, Hendee et al, 2003). MRI is capable of producing
excellent contrast of soft tissues and cartilage, due to the high water content in those
tissues (Potter et al, 1998). With the additional benefit of requiring no ionising radiation

or contrast agents, it is the most commonly used imaging modality for the in vivo

characterisation of human articular cartilage (Figure 2.11) (Cohen et al.,, 1999, Hellio Le
Graverand et al, 2009, Crema et al.,, 2011, Eckstein et al,, 2011, Erhart-Hledik et al., 2015,
Favre et al.,, 2016, Edd et al., 2018).

Figure 2.11: Coronal MRI image depicting the central medial and lateral femoral condyles (cMF
and CLF respectively) and the medial and lateral tibial condyles (MT and LT respectively). The
distal femur and proximal tibia are represented in the dark colour with the cartilage in the light
gray colour between the two bones. This figure has been reprinted with minor modifications from
Osteoarthritis and Cartilage with permission from Elsevier (Hellio Le Graverand et al., 2009).
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One of the main limitations of MRI is the low spatial resolution in vivo, which can range,
at best, from an in-plane resolution of 140x140 pm to 550x550 um, with a 1500-3000 um
slice thickness (Eckstein et al., 2008, Vanwanseele et al., 2010, Erhart-Hledik et al., 2015,
Maly et al, 2015, Jerban et al.,, 2020, Favre et al., 2021). The thickness of articular cartilage
of the human tibial plateau in non-diseased joints ranges from 1.54 to 2.98mm (Shepherd
et al., 1999, Delecourt et al, 2016), however in OA, there is a progressive thinning and
degeneration of articular cartilage, which can cause its thickness to be overestimated
(Koo et al., 2005, Koo et al., 2009). At in-plane resolutions of 0.5 mm x 0.5 mm, Koo et al.
reported significant overestimations in human knee articular cartilage less than 2.5 mm
thick, especially in non-weight bearing regions (Koo et al., 2005, Koo et al., 2009). Higher
MRI resolutions have since been recommended for the quantification of cartilage, i.e. in-
plane resolutions of less than 0.35mm x 0.35mm and slice thickness of 1.5 mm (10-12
min scanning time) (Eckstein et al, 2006, Eckstein et al, 2014). However,
overestimations of cartilage thickness and underestimations of cartilage defects are still
reported (Gomoll et al,, 2011, Campbell et al.,, 2013). Moreover, the large slice thickness
leaves MRI images susceptible to partial volume artefacts (Gold et al, 2009, Liu et al,
2018).

Another important limitation of MRI is the inability to directly image trabecular bone.
Instead, an indirect measure of trabecular bone can be derived by the absence of
measured signal compared to bone marrow (Figure 2.12) (Bolbos et al., 2008, Driban et
al, 2012). However, at these resolutions it is difficult to resolve thin trabeculae (50-2000
um long, ~100 um thick (Hardisty et al, 2009)) and measure 3D histomorphometry
parameters (Krug et al, 2005). A comparison of trabecular microarchitecture between
MRI (3T, spatial resolution of 117x117x300 pum) and micro-CT (22 um isotropic voxel
size) in human bone cores (Sell et al, 2005), found the apparent histomorphometry
parameters measured with MR], i.e. apparent BV/TV, trabecular thickness and trabecular
number to be overestimated and trabecular separation to be underestimated compared
to micro-CT, by a factor of 1.9x, 2.44x, 1.23x and 0.62x, respectively. The linear
relationships between MRI and micro-CT for each parameter have reported coefficients
of determination ranging from R? = 0.67 to 0.82. Similar findings were presented by Phan

etal (2006).
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Figure 2.12: MRI transaxial images of the human knee at a spatial resolution of 195x195x1000
pum. The femur and tibia outlined in the yellow colour and within these outlines, marrow and
trabecular bone are represented by light gray and dark gray/black colours respectively This
figure has been reprinted with minor modifications from Osteoarthritis and Cartilage with
permission from Elsevier (Bolbos et al., 2008).

To overcome these limitations, some studies have combined MRI for cartilage
characterisation with other imaging modalities, such as DEXA (Lee et al., 2013, Cao et al.,
2014, Teichtahl et al, 2017) and high resolution peripheral quantitative computed
tomography (HR-pQCT), to analyse the underlying bone. However, these are not without
limitations. DEXA is an in vivo imaging technique using two low-dose X-ray projections to
compute the bone mineral content and BMD (bone mineral content/area) (Cummings et
al., 2002). DEXA is low in spatial resolution (0.80 mm x 0.80 mm) (Wilson et al,, 2012),
cannot be used to differentiate between the subchondral bone plate and trabecular bone
and is limited to 2D analyses. HR-pQCT allows for in vivo CT imaging with a spatial
resolution as high as a 60.7 um isotropic voxel size (Kroker et al, 2017). However, as
discussed in Section 2.4.2, these scans are limited to patient cohorts that are physically
able to fit one knee into the scanning gantry (140 mm diameter) (van den Bergh et al.,
2021). Moreover, being a multimodal imaging approach, the combination of MRI and HR-

pQCT requires additional image processing to register the datasets (Figure 2.13).
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Figure 2.13: Registration of MRI and HR-pQCT datasets of the same distal femur, using a
checkerboard approach (top middle) to assess if the registration was successful. This figure has
been reprinted from Osteoarthritis and Cartilage with permission from Elsevier (Bhatla et al,
2018).

2.4.2 High Resolution peripheral Quantitative Computed Tomography
(HR-pQCT)
HR-pQCT is an in vivo CT imaging modality which currently has the highest achievable
spatial resolution clinically (an isotropic voxel size of up to 60.7 um) (Kroker et al., 2017).
This resolution is sufficient to characterise bone microarchitecture, with strong linear
relationships in histomorphometric parameters with micro-CT (R? > 0.89) (Keen et al.,
2021) and is typically used for the in vivo analysis of the distal radius or distal tibia
(Nishiyama et al., 2013, Manske et al, 2015, Mancuso et al., 2020). An ex vivo study has
demonstrated the feasibility of using contrast agents for the concurrent imaging of
cartilage and bone (Michalak et al,, 2019). HR-pQCT has been used to scan human knees
in vivo, but so far this has been limited to subjects with smaller knees (less than 42cm
circumference) to fit into a 140 mm diameter gantry (Kroker et al,, 2017, van den Bergh
et al, 2021). HR-pQCT studies of the knee joint so far involved subjects with BMIs in the
range of approximately 23.5-28 kg/m? (Kroker et al., 2017, Bhatla et al.,, 2018, Shiraishi
etal., 2020). This may not be applicable for knees of subjects with OA, where the BMI can
be 32.9+4.4 kg/m? (average+SD) (Roberts et al,, 2017a), and thus presumably have a knee
circumference greater than 42 cm (Bhatla et al, 2018, van den Bergh et al, 2021).

Moreover, the HR-pQCT can only fit one leg in the gantry at a time, which requires the
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person to position their other leg outside the machine for the duration of the scan; a
position that might not be comfortable or physically possible for people with knee OA
(Figure 2.14) (Kroker et al., 2017). Although HR-pQCT is not readily available in many
countries (less than 100 devices worldwide), its popularity is increasing, particularly

thanks to its spatial resolution in vivo (van den Bergh et al., 2021).

Figure 2.14: A) a custom carbon fiber rig to stabilise the subject’s knee within the HR-pQCT
gantry. B) the positioning of the patient during the HR-pQCT scan. This figure has been reprinted
from Bone with permission from Elsevier (Kroker et al., 2017).

2.4.3 Histology

Histology is the current gold-standard for ex vivo cartilage imaging, allowing for high
resolution imaging (pixel size less than 5 pm in-plane) the quantification and analysis of
the cellular content and the collagen organisation within cartilage (An et al, 2003,
Pritzker et al., 2006, Schmitz et al., 2010). It has historical use in the characterisation of
OA, particularly through semi-quantitative assessment methods, such as the
Osteoarthritis Research Society International (OARSI) cartilage OA histopathology
grading system and Mankin system (Mankin, 1971). Using the OARSI system, OA severity
is assessed based on cartilage surface and matrix integrity, cell characterisation and the
presence of osteophytes. This grading system, however, only recognises subchondral
bone changes in the later stages of OA, with the Mankin system not considering
alterations of the subchondral bone in OA at all, which is now widely recognised to play
an important role in the disease (Radin et al., 1991, Loeser et al., 2012).

Histology is an ex vivo technique and destructive, requiring physical sectioning into 3-5
pum thick slices, thereby limited to a 2D analysis. It cannot be used for longitudinal studies
on the same individual (unless excised biopsies are taken at various time points) or
subsequent experiments on the same specimen (e.g., mechanical testing) and is a labour

intensive process, as it includes fixation, staining, sectioning and subsequent analysis at
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the microscope (Ross et al, 2006). The preparation and processing may also cause

artefacts (e.g., affecting resultant cartilage thickness measurements) (Taqi et al., 2018).

2.4.4 Micro-CT Imaging

Micro-CT has historically been used in characterising bone microarchitecture at high
resolutions (Feldkamp et al., 1989), initially of biopsies (max dimensions: 8 mm cubic
side length) at 50 pm isotropic pixel size (Feldkamp et al, 1989, Kuhn et al, 1990) to
more recently, entire organs (e.g. human vertebrae and tibial plateaus) at resolutions as
high as 17 pm isotropic pixel size (Figure 2.15) (Perilli et al., 2012, Roberts et al, 2017a,
Chen et. al, 2018). In comparison to histology, micro-CT is non-destructive and a fast
process (Miiller et al, 1998). It also allows for 3D analysis in comparison to 2D
histomorphometry. Comparison studies between histology and micro-CT in bone

biopsies from the transiliac crest and femoral head revealed high correlations (R?=0.71-

0.96) and accuracy (mean percentage difference: 1.0 - 6.1%) (Miiller et al., 1998, Perilli
etal, 2007).

CORONAL

Figure 2.15: a) Micro-CT cross-section images of an entire excised right tibial plateau, at 17.4 um
isotropic voxel size (bone in bright gray colour, cartilage/marrow in dark gray).

Recently micro-CT has also been used to visualise cartilage in ex vivo studies (Thambyah
etal, 2008, Nieminen et al., 2015, Delecourt et al., 2016, van Tiel et al., 2016, Nieminen et
al, 2017, Rieppo et al., 2017, Touraine et al, 2017, Chen et al, 2018). Initially these
studies used contrast agents, such as the negatively charged ioxaglate meglumine
(Hexabrix™). This can be used to derive cartilage glycoaminoglycan density, as ioxaglate
ions are repelled from the negatively charged glycoaminoglyans, altering the X-ray
attenuation and consequent gray-level in the reconstructed scans (Palmer et al.,, 2006).
The use of contrast agents, however, can be financially expensive and take substantial
amounts of time, to firstly determine the optimal contrast agent parameters
(concentration and immersion time) to provide a clear delineation of articular cartilage

from bone, while also having the highest sensitivity of sGAG content (Xie et al., 2009).
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Secondly, for large specimens (such as entire tibial plateaus), the time to stain the
cartilage can be between 24 and 48h (Nieminen et al, 2015, van Tiel et al, 2016,
Nieminen et al., 2017, Gatenholm et al., 2019).

Recent studies have explored alternative and quicker ways to scan cartilage with micro-
CT. Mirahmadi et al. (2017), prior to scanning the specimen with micro-CT, coated the
specimens (sections of porcine temporomandibular joint condyles) in barium sulfate,
which has a high X-ray attenuation (Leng et al, 2008, Landrigan et al, 2011), helping to
delineate the superior cartilage surface. This method was validated against subsequent
histology on the same specimens.

In the images part of a previous study within our research group, aimed at characterising
tibial subchondral bone (Roberts et al.,, 2017a, Roberts et al.,, 2017b, Roberts et al., 2018),
it was noted that cartilage was visible in micro-CT scans, by increasing the signal-to-noise
ratio, without the use contrast agents. This suggested that gross cartilage morphology
could be examined and quantified, warranting further investigation. A recent study was
able to quantify cartilage thickness using similar methods (Chen et al,, 2018). By using
these approaches, micro-CT would enable the non-destructive 3D assessment of entire
excised human tibial plateaus at high spatial resolutions, for the concurrent assessment

of articular cartilage and bone, without the need for coring or staining the specimen.
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2.5 Challenges

The osteochondral unit plays a vital role in the maintenance of knee joint health,
contributing to the distribution and transfer of loads during weight bearing and joint
movements (Findlay et al., 2016, Goldring et al., 2016, Olah et al., 2018). In OA, the entire
osteochondral unit is compromised, leading to pain and a loss of joint functionality
(Hunter et al, 2008). However, while there are interactions between the cartilage
and underlying bone in OA, it is not well understood what the relationships
between these tissues are and if these differ 1) based on the severity of the disease,
and 2) from those in healthy joints. Additionally, it is unclear whether these
relationships are location-specific or present in the entire condyles of the tibial plateau.
Studies which have investigated relationships between tibial cartilage thickness and
bone microarchitecture in OA are conflicting. In mild-OA, Cao et al. (2014) found no
relationships between cartilage thickness (assessed via MRI) and subchondral BMD
(assessed via DEXA), whereas Bolbos et. al (2018) found positive relationships using MRI.
These discrepancies might be due to the imaging modalities used, which are limited in
resolution, and in regard to DEXA, restricted to 2D. Liu et al. (2018) also found positive
relationships between cartilage thickness and apparent BV/TV using MRI, but combined
controls, mild-OA and severe-OA groups together, whereas Lindsey et al. (2004) found a
weak negative correlation within the medial condyle in a dataset containing different
severities of OA. However, a histology study, which also pooled together control and OA
datasets, found the opposite (Bobinac et al, 2003). Apart from spatial resolution,
inconsistencies in the above findings could also be attributed to region selection and
pooling together different OA severities and non-OA cohorts. The above studies were also
either limited to one region of interest per condyle (Bolbos et al.,, 2008, Cao et al., 2014)
or multiple regions of interest (medial and lateral) pooled together (Matsui et al.,, 1997,
Bobinac et al., 2003), which might mask some relationships.

Moreover, none of these studies have considered the effect of habitual joint loading
which also plays a substantial role in the onset and progression of OA (Miyazaki et al,
2002, Griffinetal.,, 2005, Brouwer et al., 2007, Astephen et al., 2008, Guilak, 2011, Johnson
et al, 2014). Abnormal joint loading and malalignment during habitual loading (e.g.,
standing and walking) can affect the medial-to-lateral distribution of loads upon the tibial
plateau (Wada et al., 2001, Thorp et al., 2006, Adouni et al., 2014b). This can then affect
the articular cartilage morphology and distribution (Andriacchi et al., 2006, Eckstein et
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al,, 2008, Andriacchi et al, 2009, Nakagawa et al, 2015) and also the underlying
subchondral bone (Wada et al., 2001, Thorp et al.,, 2006, Roberts et al., 2017a, Roberts et
al., 2017b, Renault et al., 2020, Shiraishi et al., 2020), which may contribute to knee OA.
However, in OA, relationships between cartilage thickness and external knee moments
are conflicting (Vanwanseele et al,, 2010, Chang et al., 2015, Erhart-Hledik et al,, 2015,
Maly et al, 2015); moreover, these do not consider the external rotation moment, which
has been found to significantly correlate with tibial subchondral BV/TV in OA (Roberts et
al, 2018) and can hence be expected to correlate with the articular cartilage.

Furthermore, while studies have separately examined tibial cartilage thickness, bone
microarchitecture or joint loading indices in human subjects, to the best of the author’s
knowledge, these examinations have not been performed altogether in the same
cohort, possibly as a result of limitations in imaging modalities. MRI can be used to
visualise articular cartilage in vivo, but has a relatively low spatial resolution. This can
cause cartilage thickness to be overestimated, particularly in OA where there are regions
of thinner, denuded cartilage (Koo et al, 2005, Koo et al., 2009), and is unsuitable for
resolving thin trabecular structures. Histology, while able to investigate cartilage and
bone at high resolutions (<5 um pixel size, in-plane) is destructive, limited to 2D analyses
and requires extensive preparation (Pritzker et al., 2006, Schmitz et al., 2010). Micro-CT
offers the potential for a non-destructive 3D characterisation of both cartilage and bone
in entire excised human tibial plateaus at high spatial resolutions. While micro-CT
imaging of cartilage typically involves the use of contrast agents, recent studies have
visualised cartilage without contrast agents, though these protocols need to be validated

against histology.

Taken together, there is limited understanding of the influence of joint alignment and in
vivo loading in OA on tibial articular cartilage and bone microarchitecture within the
same individuals, and how these tissues differ from non-pathological joints. Micro-CT has
the potential to be used to quantify cartilage thickness and subchondral bone
histomorphometry for the entire human tibial plateau, which could be combined with

investigations of pre-operative gait analysis and knee alignment on the same subjects.

In this thesis, these challenges will be addressed. Chapter 3 (Study 1) quantifies tibia

cartilage thickness, subchondral bone plate thickness and subchondral trabecular bone
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volume fraction in subjects with varus- or valgus-malaligned knees diagnosed with end-
stage knee OA, and compares them to controls (knees without OA). Moreover, a validation
of cartilage thickness using a non-contrast agent micro-CT scanning protocol against
thickness measurements from histological slides is conducted. Chapter 4 (Study 2)
investigates relationships between pre-operative in vivo external knee joint moments,
joint alignment and regional tibial cartilage thickness using micro-CT in subjects with
end-stage knee OA. Finally, Chapter 5 (Study 3) describes a systematic mapping of the
cartilage and subchondral bone of the tibial plateau (22 sub-regions) in healthy and OA
knees, where, for each tissue, within-condyle and between-condyle (medial-to-lateral)
regional differences are evaluated, alongside region-specific relationships among

cartilage thickness and subchondral bone parameters.
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Chapter 3

Study 1: Tibial cartilage, subchondral
bone plate and trabecular bone
microarchitecture in varus- and
valgus-osteoarthritis versus controls

The study presented in this chapter is the subject of the following paper:

Rapagna S, Roberts BC, Solomon LB, Reynolds K], Thewlis D, Perilli E. Tibial cartilage,
subchondral bone plate and trabecular bone microarchitecture in varus- and valgus-
osteoarthritis versus controls. Journal of Orthopaedic Research. 2021; 39(9):1988-99
doi 10.1002 /jor.24914.

Please refer to the Appendix at the end of this thesis for a detailed outline of the author’s

contribution to this study.
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CHAPTER 3, STUDY 1: CARTILAGE, SBP AND STB IN VARUS/VALGUS KNEE OA VS. CTLS

Abstract

The aim of this study was to 1) quantify tibia cartilage thickness (Cart.Th), subchondral
bone plate thickness (SBPL.Th) and subchondral trabecular bone (STB) microarchitecture
in subjects with varus- or valgus- malaligned knees diagnosed with end-stage knee OA
and compared them to controls (non-0OA); and 2) validate cartilage thickness measured
from micro-CT cross-sections against histology. Tibial plateaus from 25 subjects with
knee-OA (undergoing knee arthroplasty) and 15 cadavers (controls) were micro-CT
scanned (17 um/voxel). Joint alignment was classified radiographically for OA subjects
(varus-aligned n = 18, valgus-aligned n = 7). Cart.Th, SBPL.Th, STB bone volume fraction
(BV/TV) and their medial-to-lateral ratios were analyzed in anteromedial, anterolateral,
posteromedial and posterolateral subregions. Varus-OA and valgus-OA were compared
to controls.

Compared to controls (1.19-1.54 mm), Cart.Th in varus-OA was significantly lower
anteromedially (0.58 mm, -59%) and higher laterally (2.19-2.47 mm, +60-63%); in
valgus-OA, Cart.Th was significantly higher posteromedially (1.86 mm, +56%). Control
medial-to-lateral Cart.Th ratios were around unity (0.8-1.1), in varus-OA significantly
below (0.2-0.6) and in valgus-OA slightly above (1.0-1.3) controls. SBPLTh and BV/TV
were significantly higher medially in varus-OA (0.58-0.72 mm and 37-44%, respectively)
and laterally in valgus-OA (0.60-0.61 mm and 32-37%), compared to controls (0.26-0.47
mm and 18-37%). In varus-OA, the medial-to-lateral SBP1.Th and BV/TV ratios were
above unity (1.4-2.4) and controls (0.8-2.1); in valgus-OA they were closer to unity (0.8-
1.1) and below controls. Cartilage thickness measured from micro-CT cross-section
images had a strong linear relationship with the cartilage thickness measured from
histology slides (R?= 0.93), indicating that using the protocol here described is suitable
for quantifying gross cartilage thickness.

Micro-CT enables the non-destructive imaging of cartilage and subchondral bone of the
entire tibial plateau, without the need for contrast agents or coring. Varus- and valgus-
OA tibia differ significantly from controls in Cart.Th, SBP1.Th and STB microarchitecture
depending on joint alignment, suggesting structural changes in OA may reflect differences
in medial-to-lateral load distribution upon the tibial plateau. Here we identified an
inverse relationship between cartilage thickness and underlying subchondral bone,

suggesting a whole-joint response in OA to daily stimuli.
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3.1 Introduction

OA is a debilitating joint disease that can affect all articular structures, but is most
characteristically defined by the degradation of cartilage and alteration of subchondral
bone (Goldring et al., 2010, Loeser et al., 2012). The knee is the most commonly affected
joint (Cross et al., 2014) and, according to national joint replacement registries, is the
most common joint to undergo replacement (American Joint Replacement Registry
(AJRR), 2019, National Joint Registry, 2019) with a reported 38% increase in total knee
arthroplasty (TKA) due to knee OA from 2006 to 2016 in Australia (Australian Institute
of Health and Wealfare (AIHW), 2017). However, with TKA being the final treatment
option for OA, there is a need for development of effective treatment strategies to delay
and ideally prevent the progression of the disease. This may be achieved by firstly
improving our understanding of relationships between independent risk factors
associated with OA, such as joint mechanics and alignment (Sharma et al., 2001, Miyazaki
etal, 2002, Brouwer et al.,, 2007), and the joint tissues.

Knee joint malalignment has previously been linked to altered medial-to-lateral
distribution of loads upon the joint (Adouni et al., 2014b, Roberts et al, 2017b) and has
been associated with regional changes in either subchondral bone (Wada et al., 2001,
Thorp et al.,, 2006, Roberts et al., 2017b, Roberts et al., 2018, Renault et al., 2020, Shiraishi
et al, 2020) or cartilage (Eckstein et al., 2008, Nakagawa et al, 2015) in OA. In our
previous study, mapping of the 3D bone microarchitecture of end-stage knee OA tibial
plateaus (Roberts et al, 2017b), joint alignment was suggested to be related to medial-
to-lateral and within-condylar bone microarchitecture differences in OA groups.
However, it is unknown whether similar variations also exist in non-pathological joints.
Furthermore, those studies on bone did not consider cartilage thickness, which has also
been shown to vary with joint alignment in a magnetic resonance imaging (MRI) study
(Eckstein et al., 2008).

Micro-CT enables the non-destructive 3D assessment of entire excised human tibial
plateaus at high resolutions (Roberts et al., 2017b, Chen et al., 2018, Nickmanesh et al,
2018, Michalak et al, 2019). While historically used for the characterization of bone
microarchitecture (Riegsegger et al, 1996, Hildebrand et al., 1997b, Miiller et al., 1998,
Perilli et al.,, 2012), there is growing interest in using micro-CT for the examination of

human tibial articular cartilage with contrast agents (van Tiel et al., 2016, Nickmanesh et
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al., 2018, Gatenholm et al., 2019, Michalak et al., 2019, Ylitalo et al., 2019) and without
(Delecourt et al, 2016, Touraine et al., 2017, Chen et al., 2018). While studies have
separately examined cartilage thickness, bone microarchitecture or joint alignment, to
the best of the author’s knowledge, these examinations have never been performed
altogether in the same cohort. Moreover, comparisons with control subjects in the STB
microarchitecture are conflicting and did not consider the influence of joint alignment
(Ding et al, 2003, Patel et al, 2003). As cartilage and bone respond to every day
mechanical loading as a single mechanical unit, they should be investigated concurrently
(Ding et al,, 1998, Burr et al.,, 2012).

Finally, as such a cartilage thickness mapping using micro-CT involves quantifying the
cartilage thickness across the entire tibial plateau, including regions of thin cartilage
(below 1 mm) and thick (up to 3 mm) (Shepherd et al, 1999, Favre et al, 2017), a
validation with histology of these measurements is also required.

The aim of this preliminary study was to (1) quantify tibia cartilage thickness, cortical
SBP thickness and STB bone volume fraction in subjects diagnosed with end-stage knee
OA with varus- or valgus-aligned joints and compare them to control (non-OA) knees and;
(2) to validate the human tibial cartilage thickness measured from micro-CT cross-

sections against histology (gold standard).

3.2 Methods

3.2.1 Bone Specimens

OA group: Micro-CT scans of the human tibial plateaus generated in the previous study
(Roberts et al.,, 2017b) were used in this study. Briefly, twenty-five tibial plateaus were
retrieved from end-stage knee-OA patients who underwent total knee arthroplasty
surgery (Table 3.1). Approval to use these specimens for research purposes was granted
by Southern Adelaide Clinical and Royal Adelaide Hospital Human Research Ethics
Committees. All patients gave written informed consent.

Control group: Fifteen fresh-frozen, cadaveric tibial plateaus with no knee pathology
were sourced for this purpose (Science Care, Inc. Phoenix, AZ). Approval to use these
specimens was granted by the Southern Adelaide Clinical Human Research Ethics
Committee.

All tibial plateaus were stored immersed (fixed) in 70% ethanol solution after retrieval.
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Table 3.1: Summary of patient characteristics

Parameters End stage knee OA subgroups Controls p value
Varus-OA Valgus-OA Non-0A
(n=18) (n=7) (n=15)
Age (years) 669 +7.8 70.4 £ 6.0 61.6 129 0.295
Mass (kg) 92.5+17.7 84.1+169 83.0+15.6 0.234
BMI (kg/m?) 32.5+4.8 31.5+4.7 0.657
Mechanical Axis Deviation* (mm) 29.4 + 18.7 -34.4 +15.6 <0.001
Mechanical Axis** (°) 173.4 + 4.2 188.2 £+ 1.7 <0.001

Values reported as average * standard deviation; A Kruskal-Wallis test was performed to
compare between the varus-0A, valgus-OA and non-0A groups for age and body mass. A Mann-
Whitney U-test was used to compare between the varus-OA and valgus-OA groups for BMI,
Mechanical Axis Deviation and Mechanical Axis, significance denoted by p<0.05. *Knee alignment
determined from mechanical axis deviation (MAD), where positive deviations are indicative of a
medial deviation and negative values indicate a lateral deviation (Roberts et al, 2017b).
**Mechanical axis (MA), defined as the medial hip-knee-ankle angle where an angle <178° was
considered a varus alignment and an angle >182° was considered a valgus alignment (Sharma et
al,, 2013).

3.2.2 Mechanical Joint Alignment from Radiographic Data

Prior to surgery, the degree of varus-valgus mechanical alignment was assessed in all
patients by measure of the mechanical axis deviation (MAD), obtained on long leg weight-
bearing radiographs by an experienced examiner (LBS). In the frontal plane, the
mechanical axis of the lower limb is the line connecting the centre of the femoral head to
the centre of the ankle plafond (Paley, 2002). The MAD was defined as the perpendicular
distance from the mechanical axis to the centre of the knee joint (Paley, 2002). A varus
alignment was defined as a medial deviation greater than 15 mm and a valgus alignment
was defined as a lateral deviation greater than 0 mm (Paley, 2002, Roberts et al.,, 2017b),
though for operational purposes, any medial deviation (0-15 mm deviation; i.e. neutral

joints, n=3) was considered varus in this study.

Micro-CT imaging

Micro-CT examination of the tibial plateaus were performed using a desktop micro-CT
scanner (Skyscan 1076, Skyscan-Bruker, Belgium). Prior to scanning, the specimens were
removed from the ethanol solution and individually wrapped in cling-film. Specimens
were scanned in pairs, separated by a layer of polystyrene (along the resected surface)

and secured in place with elastic bands, with the medial-lateral axis of each specimen
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aligned with the system's rotation axis (Figure 3.1) (Roberts et al, 2017b). Specimens
were scanned at 17.4 um isotropic voxel size, peak voltage 100 kVp, current 90 pA,
rotation step 0.4° over 180° rotation, 590 ms exposure time and four frames averaging
(Roberts et al., 2017b). After scanning, the specimens were stored immersed in ethanol
solution until histological processing (Section 3.2.6).

The cross-section images were then reconstructed using a filtered back-projection
algorithm (NRecon software, v1.6.9.8, Skyscan-Bruker) and saved as 8-bit bitmap format
images (256 gray-levels, bmp value of 0 = air, 255 = mineralized tissue). For each
specimen pair, a stack of up to 4,997 consecutive cross-sections was reconstructed
(corresponding to 86.9 mm length), slice thickness of one pixel (17.4 pum) producing a
dataset of 70 GB (Roberts et al,, 2017b). The reconstructed cross-section images were
then rotated in 3D such that the anatomical superior-inferior axis of each plateau was

aligned with the z-axis of the image stack (Figure 3.2).

Figure 3.1: A photograph of two excised tibial plateaus, wrapped in plastic film and fixed on the
carbon scanning bed of the micro-CT.
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Figure 3.2: a) Micro-CT cross-section images of an entire excised right tibial plateau, at 17.4 pm
isotropic voxel size (bone in bright gray colour, cartilage/marrow in dark gray). b) Example of a
gray-level histogram (256 gray-levels) of a transaxial cross-section image. The threshold levels
used to segment air, cartilage/marrow and bone are indicated by the dashed lines (values = 18
and 87). A: anterior, P: posterior, M: medial, L: lateral anatomical location.
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3.2.3 Image segmentation: Separation of Cartilage, Subchondral Bone

Plate and Subchondral Trabecular Bone

3.2.3.1 Cartilage (Cart)

A semi-automatic segmentation process was developed based on methods published in
the literature (Buie et al, 2007, Xie et al.,, 2009, Gatenholm et al., 2019, Ylitalo et al,, 2019).
Firstly, on the coronal image stack of the specimen, a 3D median filter (o = 3) was applied
to minimize noise (Figure 3.3b). A “bone and marrow” mask was then created using a
custom MATLAB script (2017b, The MathWorks, Inc., Massachusetts, USA) on the
segmented subchondral bone plate coronal dataset (Figure 3.3d; Section 3.2.3.2). This
mask extended from the superior surface of the subchondral bone plate to the resected
surface of the tibial plateau, encompassing the subchondral bone and marrow. The
inverse mask, containing only cartilage and air (= the image minus the “bone and
marrow” mask) was then applied to the same coronal image stack (Figure 3.3f) (software
CTAnalyser, Skyscan Bruker, Kontich, Belgium). Then, cartilage was segmented using a
lower threshold of 18 and a higher threshold of 86 (“threshold window”, excluding air
and potential bone debris, respectively), as defined from the gray-level histograms over
5 representative specimens and applied consistently over all specimens (Figure 3.2;
Figure 3.3g). The cartilage segmentation was verified manually every 15 slices (0.261
mm; Figure 3.3h). Then, the “shrink-wrap” plug-in of CTAnalyser was applied, to conform

the boundaries of the regions of interest (ROI) to the cartilage (Figure 3.3i).

3.2.3.2 Subchondral bone plate (SBP)

The subchondral bone plate was segmented according to our previous protocol (Roberts
et al., 2017b). Briefly, a uniform threshold was applied to the coronal image stacks to
segment the bone tissue from the background (air, marrow and cartilage). A lower
threshold level (87) was defined from the gray-level histograms (256 gray-levels) over 5
representative specimens (Figure 3.1). Pixels representing bone tissue (gray-level values
between 87 and 255) were segmented as solid and those representing non-bone tissue
(gray-level values from 0 to 86) as background. From the coronal binarized image stacks,

the SBP was then manually contoured every 15 images (0.261 mm) removing trabecular
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struts adjoining the lower end of the SBP (Roberts et al., 2017b). Then the “ROI shrink-

wrap” plug-in was applied, to conform the ROI boundaries to the plate border.

) c)

Original Median Filter Applied (c = 3) Image Binarization

d)

Bone + Marrow Mask Cartilage + Air Mask

h)

¢ Binarization Manual Corrections 3D Shrink Wrap

Figure 3.3: Articular cartilage segmentation from Micro-CT cross-sectional images of an excised
tibial plateau, at 17.4 pm isotropic voxel size a) original micro-CT coronal cross-section image
(bone in bright gray colour, cartilage/marrow in dark gray), b) coronal cross-section image with
a median filter applied (o = 3), ¢) coronal cross-section image binarized to segment bone (white
pixels) and d) a “bone and marrow mask” encompassing all segmented bone, marrow and below,
e) a “cartilage and air” mask, f) the resultant of applying the “cartilage and air” mask to the filtered
cross-sectional image in b), g) image binarized to segment cartilage (white pixels), h) binarized
image manually corrected to remove artefacts and i) a 3D shrink wrap was applied to conform to
the edges of the cartilage surface.

3.2.3.3 Subchondral trabecular bone (STB)

The STB had its superior boundary in common with the inferior boundary of the
previously saved SBP ROI, extending distally towards the growth plate. Only STB within
the first 5 mm below the inferior subchondral bone plate was considered, as

microarchitectural and bone mineral density differences in tibial condyles are most
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prominent within this distance (Patel et al, 2003, Johnston et al, 2010, Roberts et al,
2017a).
From the saved cartilage, SBP and STB datasets, subvolumes of interest (VOI) for

morphometric analysis were then selected, as follows.

3.2.4 Volumes of interest (VOIs)

For each tibial plateau, four cylindrical VOIs (10 mm in diameter, total height of
approximately 7-8 mm, depending on the specimen) were selected within regions of the
tibial condyles indicated as high and low-load bearing in the literature (Adouni et al,
2014b, Roberts et al, 2017b), using CTAnalyser as shown previously by our group
(Roberts et al.,, 2017b). The height of the VOI varied based on the specimen, with each VOI
containing the cartilage (up to 2-3 mm), the adjacent cortical SBP and STB underneath
(up to 1 mm and up to 5 mm, respectively, depending on the specimen) (Figure 3.4).
These cylindrical VOIs were defined in a previous study by our group (Roberts et al,
2017a) and were located at the centre of the anterior or posterior halves of the medial
and lateral condyles, which were defined by elliptical regions: anteromedial (AM),

anterolateral (AL), posteromedial (PM) and posterolateral (PL) condyles (Figure 3.4b).

3.2.5 Morphometric analysis

From the micro-CT images, cartilage thickness (Cart.Th; mm), cortical SBP thickness
(SBPLTh; mm) and the STB bone volume fraction (BV/TV; %) were analyzed in the four
cylindrical VOIs. The medial (M) and lateral (L) condyle values were also computed, as
the average of the anterior and posterior VOIs within the condyles.

The average cartilage thickness was calculated by dividing the volume of the voxels
identified as cartilage (in mm3) by the circular cross-section area (in mm?) within the
cylindrical VOI (Eckstein et al, 2011). This method accounts also for VOIs containing
partially denuded areas of cartilage, whereas plainly using a 3D sphere-fitting thickness
algorithm in these areas would overestimate the thickness over the VOI. The 3D SBPL.Th
was calculated using the sphere-fitting method in the corresponding SBP VOI, as done
previously (Hildebrand et al., 1997a, Perilli et al., 2006, Roberts et al., 2017b). The STB
BV/TV was calculated as the percentage voxels segmented as bone divided by the voxels
constituting the examined STB VOI (Perilli et al., 2012, Roberts et al., 2017b).

Finally, the medial-to-lateral ratios in these parameters between cylindrical subregions

within each condyle (AM:AL, AM:PL, PM:AL, PM:PL, M:L) were computed. Medial-to-
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lateral ratios, for example providing insight into the distribution of bone mass (SBPL.Th,
STB BV/TV) between the condyles, may also provide insights into the intra-condyle

distribution of loads across the tibial plateau.

b o

Anterior

Medial &z

Cart.Th (mm)

c)

medial condyle

Figure 3.4: Varus-aligned OA right tibial plateau: a) Photograph. b) Micro-CT 3D rendering of the
same tibial plateau (17 pm/pixel; superior view), showing cartilage thickness map and
subchondral bone underneath (white colour). The red coloured circles are the 4 regions of
interest investigated (10 mm diameter cylinders): antero-medial (AM), antero-lateral (AL),
postero-medial (PM) and postero-lateral (PL). c) coronal view of tibial plateau, showing cartilage
(blue colour), subchondral bone plate (orange colour) and subchondral trabecular bone (white
colour).

43



CHAPTER 3, STUDY 1: CARTILAGE, SBP AND STB IN VARUS/VALGUS KNEE OA VS. CTLS

3.2.6 Validation Study: Histology

After micro-CT scanning, six tibial plateaus from this study underwent histological
processing to validate cartilage thickness measurements using the micro-CT scanning
protocol against the gold standard (histology). This included three tibial plateaus from

the OA group and three tibial plateaus from the control group.

3.2.6.1 Histology: Regions of Interest (Reference Images)

A minimum of 5 rectangles (blocks) per condyle of 15 mm x 5 mm (length x width) were
defined for histological processing from superior-view photographs of each specimen
(Figure 3.5). These photos were taken prior to histology and mapped to the trans-axial
micro-CT cross-sections of the tibial plateau and a 3D reconstruction of the underlying
bone, to assist in the systematic matching of micro-CT cross-sections with resultant
histological slices (Figure 3.5). These blocks were carefully planned to include four VOIs

in the AM, AL, PM, PL condyles outlined in Section 3.2.4.

3.2.6.2 Histological Processing and microscopic evaluation

After micro-CT imaging, the specimens underwent histological processing following
previous protocols for Safranin-O/Fast Green staining (Schmitz et al., 2010, Muratovic et
al, 2016, Muratovic et al,, 2018). The condyles of each specimen were sectioned into
coronal blocks (Figure 3.5). Each block was approximately 15 x 5 x 7-10 mm (length x
width x height, where height was specimen dependent). The posterolateral edge of each
block was marked with India Ink to maintain block orientation during subsequent
processing stages. Each block was fixed in formalin (10%), decalcified in 1% nitric acid,
dehydrated in a series of ascending alcohol concentrations (75%. 85%, 90% and 100%)
before being embedded in paraffin. Prior to slicing, paraffin-embedded blocks were
cooled on a Tissue Tek cold plate (Tissue Tek®). Each block was then sliced coronally
using a microtome (Leica RM2235, Leica Biosystems, Wetzlar, Germany) into three 4 um
thick slices spaced 100 um apart, with the first slice starting 100 um from the edge of the
block. The slides were then stained with Safranin-O/Fast Green for clear delineation of
cartilage and bone as used for the OARSI osteoarthritis cartilage histopathology
assessment (Pritzker et al., 2006, Schmitz et al., 2010). Digital images of the entire
histology slides were taken using a NanoZoomer C9600-12 scanner (Hamamatsu), with

a source lens of 40x and a corresponding pixel size of 0.228 um (Figure 3.5c).
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Figure 3.5: Validation study: a) A photograph of the superior view of an excised tibial plateau; b)
top: transaxial and bottom: coronal view of the micro-CT cross-section image of the same tibial
plateau. The asterisks indicates the blocks representative of the four regions of interest
previously identified as load-bearing regions (Roberts et al, 2018). The yellow rectangles
indicate the blocks prepared for histological processing); c) digital image of a histology slide
stained with Safranin-0/Fast Green (taken with Nanozoomer Digital Slide Scanner) with cartilage
in orange colour and subchondral bone in blue colour. Original magnification 40x (0.227 pum pixel
size); d) Corresponding micro-CT cross-section (17.4 um pixel size). Green lines with arrowheads
indicate where thickness measurements were taken to produce the thickness measurement.

3.2.6.3 Histology slide and Micro-CT image mapping

Coronal cross-sectional micro-CT images were mapped to the histological slides using the
reference guides to find the corresponding image in the micro-CT dataset (Figure
3.5),(Perilli et al., 2007). Once the first slide was matched, the next histology/micro-CT
pairs were systematically found by moving to the next block (i.e. ~287 coronal micro-CT
cross-sections (~5 mm). This process was repeated for all investigated regions in all

specimens.
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3.2.6.4 Coronal cartilage thickness measurements

The cartilage thickness for both histology and micro-CT images was assessed using the
manual distance measurement tool in CT Analyzer (Perilli et al, 2015) by one observer
(SR). For each slide, four evenly spaced thickness measurements (from the inferior
cartilage surface (cartilage/bone interface) to the superior cartilage surface
(cartilage/air interface; Figure 3.5d) were taken and averaged to find the average

cartilage thickness per slide.

3.2.7 Statistics

3.2.7.1 Morphometric comparisons against controls

Morphometric parameters (Cart.Th, SBPL.Th, BV/TV) in the 4 tibial regions (AM, AL, PM
and PL) and their regional ratios for the varus-OA and valgus-OA group, were compared
to controls using a Kruskal-Wallis test, which if significant, was followed by post-hoc
Mann-Whitney U-tests. To account for multiple testing, the false discovery rate (FDR) was
controlled (FDR = 0.05) using a Benjamini-Hochberg adjustment (Benjamini et al,, 1995).
Non-parametric tests were used in this study, rather than parametric tests, due to the
small sample size of the valgus-OA group (n=7) and because the assumption of
homogeneity of variance (Levene’s test) and assumption of normality (Shapiro-Wilk’s
test) were not met in some comparisons. Statistical analysis was performed using SPSS

Statistics 25 (IBM Corp., Armonk, NY).

3.2.7.2 Validation of micro-CT versus histology cartilage thickness

measurements
To assess the correspondence in measurements between the two techniques, a linear
regression “micro-CT Cart.Th vs. histology Cart.Th” analysis was performed, using the
average cartilage thickness measurements of the micro-CT coronal cross-section (Figure
3.5d) and the corresponding ones from the histology slide (Figure 3.5c). This was done
for 10 slides per specimen, for the 6 specimens (60 measurements total). Comparisons
between cartilage thickness measured from micro-CT and histology were then
performed, for the slides corresponding to the anteromedial, anterolateral,
posteromedial, posterolateral, medial and lateral regions (Figure 3.5a), as well as for their

medial-to-lateral ratios, using a Wilcoxon signed rank test with Bonferroni adjustment
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for multiple testing. Statistical significance was defined as p<0.05 and was performed

using SPSS Statistics 25 (IBM Corp., Armonk, NY).

3.3 Results

Age and body mass were not significantly different between varus-0A4, valgus-OA and
controls groups. Body mass index (BMI) did not significantly differ between varus-OA and
valgus-OA groups, whereas knee alignment did (Table 3.1).

Figure 3.6 displays representative tibial plateaus from each group (control, varus-OA and
valgus-OA), with photograph (top) and the 3D-distribution of cartilage thickness
(middle) and of subchondral trabecular bone obtained by micro-CT (bottom), whereas
coronal cross-sections for appreciation of also the subchondral bone plate thickness are
shown in Figure 3.7.

b) Varus-OA C) Valgus-OA

MAD: 34 mm MAD: -34 mm
MA: 171° MA: 189°

Cart.Th (mm)

Figure 3.6: Top row: Photographs of three representative excised right tibial plateaus, belonging
to the a) control, b) varus-0A and c) valgus-0A group. Middle row: Micro-CT 3D rendering of the
tibial plateaus showing cartilage thickness (Cart.Th) map. Noting the rather uniform distribution
of cartilage thickness in control, compared to a more heterogeneous distribution in varus-OA and
valgus-OA, depending on the joint alignment. Bottom row: Micro-CT 3D rendering of a slice of
underlying subchondral trabecular bone (white colour) for each specimen. MAD: mechanical axis
deviation (mm), MA: mechanical axis (°).
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Anterior Medial Anterior Lateral

a)

Control

L

CartTh: 1.38 mm
SBPL.Th: 0.47 mm
BV/TV: 30%

Cart.Th: 0.44
SBPIL.Th: 0.61 mm
BV/TV: 42%

CartTh:2.43 mm
SBPIL.Th: 0.42 mm
BV/TV: 30%

Caft.Th: 1.3.9 mm
SBPL.Th: 0.26 mm
BV/TV: 20%

Cart.Th: 1.80 mm .
SBPLTh: 0.22 mm
BV/TV: 19%

S
Cart.Th: 1.03 mm
SBPIL.Th: 0.35 mm
BV/TV: 45%

Figure 3.7: Left column: Photographs of three representative excised tibial plateaus belonging to
the a) control, b) varus-0A and c) valgus-OA group. Right column: Micro-CT 3D rendering of a
coronal slice (1.31 mm thick) taken from the anterior region of each tibial plateau (see dashed
green line in left column), showing cartilage in blue colour, the subchondral bone plate in orange
colour and subchondral trabecular bone in white colour. MAD: mechanical axis deviation (mm),
MA: mechanical axis (°).

3.3.1 Cartilage

For the control group, the distribution of cartilage appears mostly uniform across the
plateau (Figure 3.6a), with an average thickness of approximately 1.4 mm in all 4 VOIs
(1.19 - 1.54 mm; Figure 3.8a, Table 3.2). In varus-OA the average Cart.Th range was 0.58
- 2.47 mm and for valgus-OA 1.20 - 1.86 mm, depending on the region. Compared to
controls (Figure 3.6a), varus-OA exhibited a significantly thinner average Cart.Th in the
AM ROI (0.58 mm, -59%, p<0.001, Figure 3.6b, Figure 3.7b, Figure 3.8a, Table 3.2) and
thicker in the lateral regions (2.19 mm (AL) to 2.47 mm (PL); up to +63%, p<0.001). For
valgus-OA, whereas average Cart.Th was not different to controls laterally, it was
significantly thicker medially, ranging from 1.71 mm (AM) to 1.86 mm (PM) (+56% in PM
ROI, p<0.001).

In controls the medial-to-lateral Cart.Th ratios were close to unity (range: 0.8-1.1, Figure
3.8b, Table 3.2), in varus-OA they were all well below unity and below the values of
controls (0.2-0.6, p<0.025); whereas in valgus-0A, they were similar to or higher than in

controls (1.0-1.3).
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3.3.2 Subchondral bone plate

For the controls, the average SBPL.Th range was 0.26 - 0.47 mm, for varus-OA 0.39 - 0.72
mm and for valgus-OA 0.43 - 0.61 mm (Figure 3.7b, Figure 3.8c, Table 3.2), depending on
the region. SBPL.Th was significantly higher medially in varus-OA compared to controls
(up to +107%, Figure 3.7b, Figure 3.8c, p<0.001), whereas it was significantly higher
laterally in valgus-OA (up to +135%, p<0.001 in PM region, and p=0.005 in PL region).
In varus-OA, the medial-to-lateral SBPL.Th ratios (range 1.4-2.0) were above unity and
higher than in controls (0.8-1.8, Figure 3.8d, Table 3.2); in valgus-OA (0.8-1.0) they were

closer to unity and lower than controls.

3.3.3 Subchondral trabecular bone

Average BV/TV ranged between 18% and 37% in controls, between 20% and 44% in
varus-OA and between 23% and 37% in valgus, depending on the region (Figure 3.7,
Figure 3.8e, Table 3.2). The BV/TV in varus-OA was significantly higher medially
(BV/TV= 44% AM (p=0.022) and 37% PM (p=0.007)) compared to controls (BV/TV=
37% AM and 24% PM, Figure 3.7, Figure 3.8e, Table 3.2), whereas in valgus-OA the BV/TV
was significantly higher anterolaterally (BV/TV= 32% (p=0.004)) compared to controls
(BV/TV=18%).

Correspondingly, in varus-0A, the medial-to-lateral BV/TV ratios were above unity (1.6-
2.4) and higher than controls (0.9-2.1, Figure 3.8f, Table 3.2). In valgus-OA, they were
closer to unity and lower (0.8-1.1; AM:AL (p=0.004) and PM:AL (p=0.006)) than in

controls.
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Figure 3.8: a) Cart.Th, b) medial-to lateral Cart.Th ratios, c) SBP1.Th, d) medial-to-lateral SBP1.Th
ratios, e) BV/TV, f) medial-to-lateral BV/TV ratios; average values and standard deviation (error
bars) for the three groups examined (varus-OA n=18, valgus-OA n=7, controls n=15): dashed
horizontal line indicates unity. A Kruskal-Wallis test followed by a Mann-Whitney U-test was
performed to compare the varus-OA and valgus-0OA groups against the control group; *Significant
difference compared to control (Benjamini-Hochberg adjusted, false-discovery rate = 0.05). A:
anterior, P: posterior, M: medial, L: lateral anatomical location.
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Table 3.2: Mean # standard deviation (SD) and Median [minimum, maximum] of subregional
cartilage thickness, subchondral bone plate thickness and subchondral trabecular bone volume

fraction and their medial-to-lateral ratios

Varus-0A Valgus-0A Controls
Cartilage Thickness (mm)
Mean +SD Medlan Mean +SD M_edlan Mean +SD M_edlan
VoI [min,max] [min,max] [min,max]
AM 0.58+0.58 0.40[0.00,1.87] 1.71#0.76 1.94][0.16,2.43] 1.41+0.27 1.38[0.89,1.92]
AL 2191049 2.23[1.34,3.56] 1.20+0.76 1.62[0.06,1.90] 1.34+0.32 1.25[0.85,1.99]
PM 142+0.72 1.75[0.10,2.23] 1.86+0.37 1.92[1.29,2.43] 1.19+0.14 1.23[0.98,1.41]
PL 2.47+047 2.50[1.84,3.24] 1.50%0.83 1.76[0.00,2.28] 1.54+0.40 1.55[0.95,2.39]
M 1.00+0.57 1.11[0.05,1.93] 1.78+0.51 1.93[0.94,2.43] 1.30+0.18 1.33[0.97,1.60]
L 233+042 2.30[1.66,3.35] 1.26+0.79 1.52[0.03,1.95] 1.44+0.33 1.38[1.06,2.19]
Ratio Medial-to-Lateral Ratios
AM:AL 0.25+0.24 0.20[0.00,0.80] 1.12+0.85 1.10[0.10,2.40] 1.10%0.33 0.99[0.67,1.70]
AM:PL 0.24+0.23 0.20[0.00,0.70] 1.00+0.67 0.90[0.10,1.80] 0.95+0.22 0.94[0.50,1.41]
PM:AL 0.63 £+0.33 0.70[0.00,1.20] 1.28+0.65 1.10[0.70,2.40] 0.93+0.23 0.90 [0.64,1.44]
PM:PL 0.58+0.29 0.70[0.00,0.90] 1.12+0.50 0.80[0.70,1.80] 0.82+0.19 0.85[0.47,1.14]
M:L 0.43+0.23 0.44[0.02,0.76] 1.09+0.52 1.05[0.51,1.80] 0.94+0.20 0.90[0.56,1.23]
VoI Subchondral Bone Plate Thickness (mm)
AM 0.72+0.17 0.68[0.47,1.13] 0.49+0.08 0.48[0.41,0.60] 0.47 £0.07 0.45[0.35,0.59]
AL 0.39%0.10 0.37[0.22,0.61] 0.61+0.25 0.63[0.29,097] 0.26+0.03 0.26[0.20,0.31]
PM 0.58+0.18 0.60[0.22,0.89] 0.43+0.13 0.41[0.32,0.71] 0.28+0.05 0.28[0.19,0.39]
PL 045%0.12 0.40[0.32,0.70] 0.60%0.20 0.58[0.38,0.91] 0.36+0.09 0.38[0.22,0.49]
M 0.65+0.16 0.63[0.37,1.01] 0.46+0.10 0.42[0.37,0.64] 0.37+0.05 0.38[0.28,0.47]
L 042+0.09 0.39][0.29,0.56] 0.61+0.16 0.62[0.37,0.77] 0.31+0.05 0.31[0.25,0.39]
Ratio Medial-to-Lateral Ratios
AM:AL 197 +0.65 1.95[0.90,3.30] 0.96+0.48 0.70[0.53,1.90] 1.81+0.39 1.70[1.30,2.50]
AM:PL 1.69+0.58 1.65[0.80,3.00] 0.93+0.36 0.90[0.50,1.40] 1.35+0.38 1.30[0.90,2.10]
PM:AL 1.61+0.60 1.70[0.60,2.60] 0.88+0.70 0.60[0.40,2.40] 1.09+0.29 1.00[0.70,1.90]
PM:PL 1.38+0.55 1.20[0.60,2.50] 0.83+0.45 0.70[0.40,1.60] 0.80+0.16 0.80[0.50,1.00]
M:L 1.64+0.53 1.60[0.90,2.80] 0.82+0.45 0.70[0.50,1.70] 1.21+0.20 1.20[1.00,1.60]
VoI Subchondral Trabecular Bone Volume Fraction (%)
AM 443880 43.0[33.0,62.1] 30.4+6.83 30.5[20.5,42.9] 36.6+8.71 36.5[22.7,58.3]
AL 19.8%6.45 18.2[11.6,36.5] 31.8+13.4 28.3[18.7,54.0] 18.0+4.54 16.6[9.85,24.8]
PM 365148 31.5[14.7,67.4] 22.8+7.32 21.3[14.531.5] 24.5+8.22 24.4[14.3,45.5]
PL 23.6+836 21.4[12.9,46.5] 36.6+10.6 40.3[19.9,49.1] 27.0+5.53 25.5[17.6,36.8]
M 404+10.8 36.6[25.9,64.8] 27.1+6.25 26.1[20.2,37.2] 30.8+7.53 30.1[21.1,45.5]
L 2174718 19.6[13.3,41.5] 329+11.2 31.5[18.7,51.6] 225435 21.9][13.7,29.2]
Ratio Medial-to-Lateral Ratios
AM:AL 2.41+0.80 2.19[1.37,4.66] 1.14+0.56 1.08[0.38,1.97] 2.14+0.72 1.92[1.43,3.54]
AM:PL 2.03+0.62 1.72[1.33,3.33] 0.94+0.50 0.75[0.42,1.61] 1.41+0.27 1.41[0.94,1.83]
PM:AL 191+0.64 1.89[0.77,3.07] 0.80+0.38 0.78[0.37,1.45] 1.40+0.48 1.23[0.95,2.73]
PM:PL 1.60+0.52 1.58[0.68,2.69] 0.81+0.52 0.56[0.39,1.58] 0.90+0.20 0.89 [0.55,1.27]
M:L 195+0.50 1.99[1.09,2.84] 0.93+0.39 0.89[0.39,1.49] 1.38+0.27 1.36[1.06,1.93]
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3.3.4 Validation study: cartilage thickness measurement comparison

(micro-CT vs. histology)
A strong linear relationship was found for cartilage thickness measured by micro-CT and
by histology (Figure 3.9), with a high coefficient of determination (R?= 0.926, p<0.001,
Figure 3.9). No statistically significant differences were observed among the techniques
in the selected load bearing regions of interest and the medial-to lateral ratios among

these regions (Figure 3.9).
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Figure 3.9: Validation study: a) scatterplot and line of best-fit for cartilage thickness measured by
histology and micro-CT containing the cartilage thickness from 10 slides per tibial plateau; R2 =
the coefficient of determination, SEE: Standard error of the estimate; b) and c) bar graphs
indicating the average cartilage thickness and standard deviation (error bars) of cartilage
thickness as measured by histology (orange colour) and micro-CT (blue colour) for b) cartilage
thickness per region and c) medial-to-lateral cartilage thickness ratios.

3.4 Discussion

In this preliminary study, tibial cartilage morphology and subchondral bone
microarchitecture of subjects diagnosed with end-stage knee OA were compared against
non-OA knees using high-resolution micro-CT imaging, while accounting for joint
alignment. Differences in cartilage thickness, underlying cortical plate thickness and
subchondral trabecular bone volume fraction between OA and control joints were found
when grouping the OA cohort by joint alignment. Medially, the varus-OA group had
significantly lower Cart.Th compared to the controls (up to 59% lower) and significantly
higher SBPL.Th and BV/TV underneath (up to 107% and 49% higher, respectively).
Conversely, the valgus-OA group, laterally, had slightly thinner cartilage and significantly
thicker SBP and BV/TV (up to 135% and 76%, respectively) compared to controls.
Accordingly, in the varus-OA group, the medial-to-lateral Cart.Th ratios were lower and
the medial-to-lateral BV/TV (Figure 3.8f) and SBPLTh ratios (Figure 3.8d) higher

compared to controls; the opposite was seen in the valgus-OA group. Moreover, micro-

52



CHAPTER 3, STUDY 1: CARTILAGE, SBP AND STB IN VARUS/VALGUS KNEE OA VS. CTLS

CT and histology were found to not significantly differ in cartilage thickness
measurements.

Knee joint malalignment has been previously linked to altered medial-to-lateral
distribution of loads (Adouni et al., 2014b), with joint contact forces higher medially than
laterally in varus-alignments and the opposite for valgus-alignments. As cartilage is an
avascular tissue with limited capacity for regeneration and repair (Fox et al, 2009),
whereas bone can adapt to everyday mechanical loading (Turner, 1998), our findings
might reflect the medial-to-lateral joint loading ratio that the joint has been subjected to
in daily life (Adouni et al.,, 2014b). In the present study, in the OA groups, regions of lower
cartilage thickness (Figure 3.8a) corresponded to regions of thicker cortical SBP (Figure
3.8c) and higher BV/TV (Figure 3.8e) underneath. Conversely, regions of thicker cartilage
corresponded to regions of thinner cortical SBP and lower BV/TV. This suggests an
interplay between cartilage and bone in OA, with an inverse relationship between
cartilage thickness and bone volume. This is consistent with current literature on OA,
with the response of the joint as a whole to daily stimuli, involving both cartilage and
bone (Bobinac et al, 2003, Burr et al, 2012). However, whereas the present M:L cartilage
thickness ratios (Figure 3.8b) are consistent with previous MRI studies in OA, those
studies did not consider the bone (Eckstein et al., 2008). Similarly, while the M:L BV/TV
and SBPLTh ratios are consistent with bone mineral density studies using dual X-ray
absorptiometry (DEXA) (Christensen et al., 1982, Hulet et al., 2002), DEXA cannot be used
to assess cartilage, it is limited to 2D analyses and cannot separate the subchondral bone
plate from the underlying trabecular bone. This study combines subregional assessment
of the cartilage morphology and bone microarchitecture using high-resolution micro-CT
in tibial plateaus from OA patients and controls, accounting for joint alignment.
Somewhat surprisingly, cartilage was thicker in some regions of the OA groups compared
to controls (i.e. thicker laterally in varus-OA specimens and thicker medially in valgus-
OA, Figure 3.6 and Figure 3.8a). A previous in vivo MRI study has reported regions of
thicker cartilage in the femorotibial compartment of knee OA patients (with a Kellgren
Lawrence grade of 2 (mild)) compared to controls (Hellio Le Graverand et al.,, 2009). The
authors of that study speculated the thickening to be due to cartilage swelling in earlier
stages of OA. We suggest that in the present study the regions of thicker cartilage in the

malaligned OA specimens (laterally for varus-0A, medially for valgus-OA) may have been
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subjected to less local everyday loading than in controls and hence, the cartilage has
eroded less compared to a non-0OA joint.

The significant regional differences between OA and non-OA tibiae reported in this study
may have been masked (“averaged out”) in previous studies (Chen et al,, 2018), that did
not consider joint alignment. Such “averaging out” becomes evident when combining the
present varus-OA and valgus-OA groups (i.e. no subdivision based on joint alighment)
and comparing them to controls (Figure 3.10). While we have more varus-OA specimens
(n=18) than valgus-OA (n=7), this distribution follows that of the alignment of knee OA
subjects of the general population (Niu et al, 2009). As such, the pattern in cartilage
thickness, SBPL.Th and BV/TV of the combined OA group follows that of the varus-OA
group, but to a lesser degree. For example, Cart.Th in AM for the varus-OA group was
significantly thinner than in the control group by 59%; when combining the OA groups,
this difference shrinks to only 35%, becoming not statistically significant. Similarly, the
SBPLTh differences diminish in the combined OA group compared to controls, although
maintaining statistical significances, whereas the medial-to-lateral SBPL.Th ratios show
almost no differences from the controls anymore. Additionally, the BV/TV differences
diminish (vanish) when comparing the combined OA group to controls. This is also the
case for the medial-to-lateral ratios of Cart.Th and BV/TV (Figure 3.10b, d, f), where the
opposite distributions of Cart.Th, SBPLTh and BV/TV across the medial and lateral
condyles for the varus-OA and valgus-OA groups shown in Figure 3.6, Figure 3.7 and
Figure 3.8 almost vanish. Not taking account of joint alignment may then explain why, for
example, in a recent micro-CT study in OA and non-OA tibial plateaus, no significant
differences in cartilage thickness and BV/TV in the lateral regions were found between
the two groups (Chen et al.,, 2018), whereas differences found in the medial regions were
similar to our varus-0A group, but to a lesser degree. However, in that study, the patient
cohort was 30 kg lighter compared to ours in body mass (60.3 + 7.4 kg (OA group; no
reported BMI) vs. 90 + 17.6 kg (OA group)), which could also, in part, explain possible

differences in findings between studies.
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Figure 3.10: Same graphs as in Figure 3.8, but not accounting for joint alignment in OA (varus-OA
and valgus-0A combined) a) Cart.Th, b) medial-to-lateral Cart.Th ratios, c) SBPL.Th, d) medial-to-
lateral SBPL.Th ratios, €) BV/TV, f) medial-to-lateral BV/TV ratios; average values and standard
deviation (error bars) for the two groups examined (OA n = 25, controls n=15): dashed horizontal
line indicates unity. A Mann-Whitney U-test was used to compare between the OA-combined
group and the control-group for each parameter; *Significant difference compared to control
(Benjamini-Hochberg adjusted, false-discovery rate = 0.05). A: anterior, P: posterior, M: medial,
L: lateral anatomical location.
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A limitation of this study is that we did not have joint alignment nor BMI data for our
cadaveric non-OA tibial plateaus. The OA knees in this study were mostly varus-aligned
or valgus-aligned. This is in agreement with data reported in the literature (Niu et al,
2009), where in a study of over 5,000 OA and non-OA knees, OA joints ranged from
extremely varus to extremely valgus, whereas non-0OA joints were found to be mainly
neutral-, if not slightly varus-aligned (Niu et al, 2009). Our OA cohort is reflective of that
reported OA-distribution and it can be assumed that the alignment of the cadaveric
controls also follows that of the reported general population. Furthermore, literature
reports about control knees having on average a neutral to slightly varus alignment are
consistent with our medial-to-lateral ratios of subchondral bone plate thickness ratios
and trabecular BV/TV, where the pattern of controls is similar to that of varus-OA but to
a lesser severity (Figure 3.8d and f). This possibly reflects similar joint loading in daily
life, although to a lesser extent in people without knee OA.

Our controls had a cartilage thickness across all regions of 1.2-1.5 mm and medial-to-
lateral thickness ratios of approximately 1, indicating a rather uniform distribution
among the medial and lateral VOIs. This thickness is slightly lower than for non-OA tibial
plateaus reported in some literature (1.7 - 2.5 mm on average) (Delecourt et al.,, 2016,
Chen et al., 2018). This could be due to the region selection (Delecourt et al., 2016, Chen
et al, 2018), where both studies included regions close to the tibial plateau midline,
whereas our anterior and posterior regions were further from the midline (closer to the
anterior or posterior aspect, as these were the centre of the anterior and posterior halves
of the condyle, respectively) and hence at least partially covered by the meniscus. Regions
covered by the menisci (i.e. further from the midline of the tibia) have been reported to
contain thinner cartilage (Koo et al, 2007, Favre et al, 2017). Indeed, our cartilage
thickness values in controls are comparable to those reported by Delecourt et al, with “2D
measurements” of 1.7 mm in their more peripheral regions (Delecourt et al, 2016).
Another study reported tibial cartilage thickness of 1 - 4 mm in non-OA knees (Favre et
al, 2017), however, that study was performed in a younger cohort (39.7+12.5 years vs.
61.6+12.9 years in the present study) and used clinical MRI, which has been found to
overestimate cartilage thickness if under 2 mm (Koo et al, 2005).

In this preliminary study, cartilage and bone morphometric parameters (Cart.Th, SBPL.Th,
BV/TV) in the 4 tibial regions (AM, AL, PM and PL) and their regional ratios for the varus-

OA and valgus-OA group were compared against the control group. However, one could
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have chosen a different approach to the comparison, that is, considering all possible
combinations between groups and variables and including also within-group
comparisons. This was not our goal and for such an approach, our sample size would have
been likely underpowered. This may be the goal for further studies.

Outcome of the validation study (micro-CT vs. histology):

Our micro-CT analysis of articular cartilage did not use any contrast agents. Instead,
cartilage was visualized by maximizing the signal-to-noise ratio (i.e. by increasing the
exposure time and frame averaging and decreasing the rotation step). Cartilage thickness
measured from micro-CT cross-sections using this protocol had a strong linear
relationship with the cartilage thickness measured from histology slides. Moreover, the
cartilage thickness measurements in four anatomical regions and their medial-to-lateral
ratios did not significantly differ among techniques. Hence, using the protocol here
described, the gross cartilage thickness can be quantified on entire tibial plateaus using
micro-CT, without the need for extensive preparation or staining. Moreover, this can be
performed concurrently with the more commonly assessed bone microarchitecture, on
the same specimens.

A limitation of the here used micro-CT method is that it cannot be used to derive
proteoglycan content. Future studies might use contrast agents, such as Hexabrix, to
derive proteoglycan content in the cartilage (Gatenholm et al,, 2019). Furthermore, as our
imaging method requires excised tibial plateaus, we were restricted to analyzing end-
stage OA. However, monitoring the progression of OA in vivo may be possible by using a
combination of MRI and high-resolution peripheral quantitative CT (HR-pQCT), or
contrast-enhanced HR-pQCT (Michalak et al., 2019) in future. The use of in vivo HR-pQCT
could also allow for analysis of bone microarchitecture more distal to the first 5 mm of
the tibial plateau investigated in this study as there may be value in looking deeper into

the joint (near the epiphyseal line) where sclerosis may not occur (Burnett et al.,, 2017).

3.5 Conclusion

Micro-CT enables the non-destructive assessment of gross cartilage morphology and
bone microarchitecture. In this preliminary study, OA and non-0A tibias were found to
differ significantly in Cart.Th, SBPL.Th and STB microarchitecture depending on joint
alignment, suggesting that joint structural changes in OA may reflect differences in

medial-to-lateral load distribution upon the tibial plateau. The inverse relationship
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between the cartilage thickness, the underlying subchondral bone plate thickness and
subchondral trabecular bone volume suggests the response of the joint as a whole to daily
stimuli involving both cartilage and bone. Moreover, cartilage thickness measurements
using a non-contrast agent based micro-CT scanning protocol were validated against
histology, allowing for the micro-CT assessment of cartilage thickness without the need
for staining. Detectable morphological differences between OA and non-OA joints depend
on joint alignment and could become useful indicators of disease progression, warranting

further exploration.
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Chapter 4

Study 2: Relationships between tibial
articular cartilage, in vivo external
knee joint moments and static knee
alignment in end-stage Knee
osteoarthritis: a micro-CT study

In the previous chapter (Study 1), the articular cartilage thickness, subchondral bone
plate thickness and subchondral trabecular BV/TV in varus-OA and valgus-OA knees
were compared to controls. This chapter extends on the previous chapter, by
investigating the relationships between joint loading indices (external knee moments
from pre-operative gait analysis and static knee alignment) and cartilage thickness in the

25 knee OA specimens of the previous chapter.

The study presented in this chapter is the subject of the following paper:

Rapagna S, Roberts BC, Solomon LB, Reynolds K], Thewlis D, Perilli E. Relationships
between tibial articular cartilage, in vivo external joint moments and static alignment in
end-stage knee osteoarthritis: a micro-CT study. Journal of Orthopaedic Research. 2021.

In Press. doi: 10.1002 /jor.25140.

Please refer to the Appendix at the end of this thesis for a detailed outline of the author’s

contribution to this study.
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Abstract

Biomechanical factors (e.g. joint loading) have a significant role in the progression of
osteoarthritis (OA). However, some relationships between in vivo joint loading indices
and tibial cartilage thickness are conflicting. This study investigated relationships
between pre-operative in vivo external knee joint moments, joint alignment and regional
tibial cartilage thickness using micro-CT in subjects with end-stage knee OA. Tibial
plateaus from 25 patients that underwent knee replacement for OA were micro-CT
scanned (17 pm/voxel). Prior to surgery, subjects underwent gait analysis to calculate
external knee moments. The mechanical axis deviation (MAD) was obtained from pre-
operative radiographs. Cartilage thickness (Cart.Th) was analyzed from micro-CT images,
in anteromedial, anterolateral, posteromedial and posterolateral subregions of interest.
Medial-to-lateral Cart.Th ratios were also explored. Relationships between Cart.Th and
joint loading indices were examined using Pearson’s correlations. Significant correlations
were found between Cart.Th and joint loading indices, positive anteromedially with the
first peak knee adduction moment (r= 0.55, p<0.01) and external rotation moment (ERM;
r=0.52, p<0.01), and negative with MAD (r=-0.76, p<0.001). In the lateral regions, these
correlations had opposite signs. The medial-to-lateral Cart.Th ratio correlated strongly
with ERM (r= 0.63, p=0.001) and MAD (r= -0.75, p<0.001). Joint loading indices
correlated with regional cartilage thickness values and their medial-to-lateral ratios in
end-stage knee OA subjects, with higher regional loads corresponding to thinner
cartilage. These relationships have the opposite sign compared to the subchondral bone
microarchitecture found in a previous study by our group on the same specimens, which

may suggest a complementary bone-cartilage interplay in response to loading.
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4.1 Introduction

OAis adegenerative joint disease that is most commonly reported in the knee joint (Cross
et al, 2014) with an estimated 303.1 million cases of knee and hip OA globally (Safiri et
al, 2020). The highest age-standardized prevalence is in the United States, followed by
North Africa, the Middle East and Australasia (Safiri et al, 2020). The disease has
economic burdens, with knee joint replacement contributing to the majority of OA
healthcare costs (Hunter et al, 2019). While the mechanisms behind this multifactorial
disease are not well understood, biomechanical factors (e.g. joint loading) have been
found to play a significant role in the onset and progression of the disease (Miyazaki et
al., 2002, Griffin et al.,, 2005, Brouwer et al., 2007, Astephen et al., 2008, Guilak, 2011).
Abnormal joint loading, which may be chronic over- or under-loading, and malalignment
during habitual loading (e.g. standing, walking) can affect the medial-to-lateral
distribution of loads upon the tibial plateau (Wada et al., 2001, Thorp et al., 2006, Adouni
et al, 2014b). This can then affect the articular cartilage morphology and distribution,
which may contribute to knee OA (Chapter 3; Rapagna et al., 2021a, Andriacchi et al,,
2006, Eckstein et al., 2008, Andriacchi et al., 2009). In particular, external measures of
joint loading (derived from gait analysis), including the knee adduction moment (KAM),
KAM impulse and knee flexion moments (KFM), have been associated with variations in
tibial cartilage thickness in OA (Erhart-Hledik et al, 2015, Maly et al., 2015, Edd et al,
2018).

However, some relationships, such as those between the knee OA cartilage thickness,
KFM and KAM are conflicting (Vanwanseele et al., 2010, Chang et al,, 2015, Erhart-Hledik
et al, 2015, Maly et al,, 2015). Although these discrepancies can be attributed to gait
analysis protocols (e.g. inverse dynamic calculations and marker placement) (Thewlis et
al., 2008, Camomilla et al., 2017) and range of patient cohorts (e.g, varus to valgus knee
alignment), they could also be attributed to the use of magnetic resonance imaging (MRI)
for in vivo cartilage imaging. MRI has a relatively low spatial resolution (0.140 - 0.310
mm in plane, with a 1.5 mm slice thickness), which can cause cartilage thickness to be
overestimated, particularly in OA where there are regions of thinner, denuded cartilage
(Koo et al., 2005, Koo et al, 2009). However, high resolution cartilage thickness
measurements, such as those obtained by micro-computed tomography (micro-CT), have

not yet been combined with in vivo knee joint loading in OA subjects in the scientific
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literature. Micro-CT enables the non-destructive 3D assessment of entire excised human
tibial plateaus at high resolutions, with growing interest in the examination of human
articular cartilage (Chen et al, 2018, Gatenholm et al, 2019, Rapagna et al,, 2021a).
Using micro-CT, our group has previously shown associations between joint moments
and the regional subchondral bone microarchitecture in end stage knee OA (Roberts et
al, 2018). Among these, relationships also with the external rotation moment (ERM)
were found, which in general are underreported in the literature. As there is a whole joint
response in OA (Bobinac et al, 2003, Burr et al, 2012), it can be expected that
relationships with joint moments may also be reflected in the overlying cartilage.

The aim of this study was to investigate in people with end-stage knee OA, relationships
between knee joint external moments (peak knee adduction moments, flexion/extension
moments and external /internal rotation moments from pre-operative gait analysis), joint
alignment (pre-operative radiographs) and cartilage thickness of their excised tibial
plateaus quantified with 3D micro-CT. We hypothesize, based on the literature and a
previous study from our group on the tibial subchondral bone (Roberts et al,, 2018), that
the frontal plane loading indices (static alignment (Eckstein et al, 2008, Roberts et al,
2018), peak knee adduction moments and impulse (Maly et al, 2015, Edd et al.,, 2018,
Roberts et al, 2018)), which are indicators of medial joint loading, and the ERM
(transverse plane) (Roberts et al, 2018), will be most strongly associated with

measurements of the medial tibial condyle cartilage thickness.

4.2 Methods

4.2.1 Participants

Micro-CT scans generated in the previous study (Chapter 3; Rapagna et al., 2021a,
Roberts et al., 2018) were used in this study. Briefly, 25 subjects diagnosed with end-
stage knee OA (68+7 years; 90+18 kg) were recruited for this study (Table 4.1). Subjects
underwent gait analysis within one week prior to their total knee arthroplasty surgery
(Roberts et al,, 2018), with their excised tibial plateau retrieved for micro-CT scanning
(stored immersed in 70% ethanol solution). Approval for this study was granted by the
Southern Adelaide Clinical and Royal Adelaide Hospital Human Research Ethics
Committees (HREC/13/SAC/402). All patients gave written informed consent.
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Table 4.1: Summary of patient characteristics and gait parameters (prior to knee arthroplasty) (n
=25)

Age (years) 68 +7
Sex (male:female) 11:14
Affected limb (right:left) 13:12
Height (m) 1.67 £ 0.09
Body mass (kg) 90.2+17.6
BMI (kg/m?) 32.2+4.7
Knee moments (Nm/kg)
knee flexion moment, KFM 0.35+0.23
knee extension moment, KEM -0.11 £ 0.29
First peak adduction moment, KAM1 -0.40 £ 0.23
Second peak adduction moment, KAM2 -0.39 £ 0.22
Knee adduction moment impulse 27.0 £14.2
External rotation moment, ERM 0.022 £0.023
Internal rotation moment, IRM -0.085 +0.079
Walking Speed (m/s) 0.70 £ 0.25
Static alignment
Mechanical axis deviation (mm) 9.2 + 34.8

Average + standard deviation

4.2.2 Gait Analysis

Subjects completed, without footwear and at a self-selected walking speed, three
successful trials along a 10 m walkway (Roberts et al, 2018). Three-dimensional (3D)
kinematics and ground reaction force data were captured using 12 VICON MX-F20
cameras (Vicon Metrics, Oxford, UK) and four floor embedded force platforms (2 _9281B,
Kistler Instrument Corporation, Switzerland; 2 _ AMTI BP400600, Advanced Mechanical
Technology Inc., USA) at 100 and 400 Hz, respectively. Forty retro-reflective markers
were placed over anatomical landmarks defining the joints of the lower limbs. A lower
limb kinematic model (described by Thewlis et al. (2015)) was generated in Visual3D (VS5,
C-Motion Inc., USA). Model pose was reconstructed using inverse kinematics (Lu et al,
1999). External joint moments were calculated using a recursive Newton-Euler method
(Doriot et al., 2004). The knee moments were calculated relative to the tibial coordinate
system and normalized to body mass (Nm/kg) and time (101 points representing 0-
100% of the stance phase). The mean of the three successful trials was computed and
used for analysis.

The moments investigated in this study were the first peak KAM (KAM1), second peak
KAM (KAM2), peak KAM (either KAM1 or KAM2), peak KFM, terminal stance peak knee

63



CHAPTER 4, STUDY 2: TIBIAL CARTILAGE AND JOINT LOADING INDICES IN OA

extension moment (KEM), ERM and the internal rotation moment (IRM). The KAM
impulse (area under the adduction moment curve) was computed using the trapezoidal

method across the entire stance phase.

4.2.3 Mechanical Joint Alignment from Radiographic Data

The mechanical axis deviation (MAD) for each subject was obtained from pre-operative
long leg weight-bearing radiographs, assessed by an experienced examiner (LBS). The
MAD was defined as the perpendicular distance from the knee joint and the mechanical
axis (the line connecting the centre of the femoral head to the ankle plafond) (Paley,
2002). A varus alignment was defined as a medial deviation greater than 15 mm, valgus
alignment as a lateral deviation greater than 0 mm and a neutral alignment between the

two (Paley, 2002, Roberts et al., 2017b, Chapter 3; Rapagna et al., 2021a).

4.2.4 Micro-CT Imaging

The excised tibial plateaus were imaged using a desktop micro-CT scanner (Skyscan
1076, Skyscan-Bruker, Kontich, Belgium). Prior to being scanned, specimens were
removed from the ethanol solution and individually wrapped in cling-film. The excised
plateaus were scanned in pairs, separated by a layer of polystyrene along the resected
surface (secured in place with elastic bands). The medial-lateral axis of each specimen
aligned with the micro-CT system's rotation axis (Chapter 3; Rapagna et al, 2021a,
Roberts et al,, 2017b). Specimens were scanned at 17.4 pm isotropic voxel size using a
100 kVp peak voltage, 90 pA current, rotation step 0.4° over 180° rotation, 590 ms
exposure time, four frames averaging and 0.5 mm thick aluminium filter for beam
hardening artefact reduction.

A filtered back-projection algorithm was used to reconstruct the cross-section images
(NRecon software, v1.6.9.8, Skyscan-Bruker), which were then saved in an 8-bit bitmap
format (256 gray-levels, bmp value of 0 = air, 255 = mineralized tissue). For each
specimen pair, a stack of up to 4,997 consecutive cross-sections was reconstructed
(corresponding to 86.9 mm length) with a slice thickness of one pixel (17.4 um) and
resulting dataset of 70 GB (Roberts et al, 2017b). The reconstructed cross-section images
were then rotated in 3D, such that the anatomical superior-inferior axis of each plateau
was aligned with the z-axis of the image stack (Chapter 3; Rapagna et al., 2021a, Roberts
etal,2017b).
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4.2.5 Cartilage segmentation

Non-calcified cartilage was segmented from each tibial plateau using a semi-automatic
process described previously (Chapter 3; Rapagna et al., 2021a) and based on methods
outlined in the literature (Buie et al., 2007, Xie et al., 2009, Gatenholm et al., 2019, Ylitalo
et al, 2019). Briefly, segmentation was performed on the coronal image stack of the
specimen (Figure 4.1b). After minimizing noise (3D medial filter; o = 3), the bone and
marrow were segmented, using a custom MATLAB script (2017b, The MathWorks, Inc.,
Massachusetts, USA) to create a mask (“bone and marrow”) extending form the superior
surface of the subchondral bone plate to the lower end of the tibial plateau. The inverse
mask, containing only cartilage and air (= the image minus the “bone and marrow” mask)
was then applied to the same coronal image stack (software CTAnalyser, Skyscan Bruker,
Kontich, Belgium). Then, the cartilage was segmented using a lower threshold of 18 and
a higher threshold of 86 (“threshold window”, excluding air and potential bone debris,
respectively), as defined from the gray-level histograms over five representative
specimens and applied consistently over all specimens (Chapter 3; Rapagna et al., 2021a).
A sensitivity analysis on the threshold window was conducted on 5 tibial plateaus, based
on methods outlined by Hara et al. (2002) (Figure 4.2). The cartilage segmentation was
verified manually every 15 slices (0.261 mm). Then, the “shrink-wrap” plug-in of
CTAnalyser was applied, to conform the boundaries of the regions of interest (ROI) to the

cartilage.

4.2.6 Volumes of interest (VOIs)

For each tibial plateau, four cylindrical VOIs (10 mm in diameter) were selected within
regions of the tibial condyles indicated as high and low-load bearing in the literature
(Adouni et al., 2014b, Roberts et al., 2017b) using CTAnalyser as shown previously by our
group (Chapter 3; Rapagna et al., 2021a, Roberts et al.,, 2017b). These cylindrical VOIs
were located at the centre of the anterior or posterior halves of the medial and lateral
condyles, which were defined by elliptical regions: anteromedial (AM), anterolateral
(AL), posteromedial (PM) and posterolateral (PL) condyles (Roberts et al.,, 2017a) (Figure
4.1). The medial (M) and lateral (L) regions were computed as the average cartilage

thickness of the anterior and posterior VOIs within each condyle (Roberts et al., 2018).
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Figure 4.1: a) Micro-CT 3D rendering of and osteoarthritic right tibial plateau (17.4 pm/pixel;
superior view), showing cartilage thickness map and subchondral bone underneath (white
colour). The red coloured circles are the 4 regions of interest investigated (10 mm diameter
cylinders): anteromedial (AM), anterolateral (AL), posteromedial (PM) and posterolateral (PL);
b) Micro-CT coronal cross-section of the same tibial plateau at 17.4 pm isotropic voxel size,
showing cartilage and marrow in dark gray and bone in bright gray colour, with the region of
interest indicated by the red dashed lines.
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Figure 4.2: Sensitivity analysis. a) Example of a gray-level histogram (256 gray-levels) of a
transaxial cross-section imagel5. The chosen threshold levels used to segment air,
cartilage/marrow and bone are indicated by the dashed black lines (values = 18 and 87). The gray
dashed lines indicate +1.2% (+3 gray-level values) used for the sensitivity analysis. b) the
cartilage thickness was calculated, when using the chosen “air/cartilage” threshold (18; dark gray
colour) and for a threshold 1.2% lower (15; light gray colour) and 1.2% higher (21; black colour).
c) the cartilage thickness was calculated when using the chosen “cartilage/bone” threshold (87;
dark gray colour) and for a threshold 1.2% lower (84; light gray colour) and 1.2% higher (90;
black colour). Overall, variations by 1.2% of the threshold values (+/- 3 gray levels) results in
negligible changes of 0.010 mm (0.39%) for the cartilage/bone threshold and 0.09 mm (3.4%)
for the air/cartilage threshold, which is several times smaller than the differences detected in this
study.
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4.2.7 Morphometric Analysis

The average cartilage thickness (Cart.Th, mm) was calculated in the VOIs as the total
volume of voxels identified as non-calcified cartilage (mm?3) divided by the cross-section
area of the cylindrical VOI (mm?2) (Chapter 3; Rapagna et al., 2021a, Eckstein et al., 2011).
This thickness calculation accounts for VOIs containing partially denuded (0 mm thick)
areas of cartilage, which might otherwise cause overestimations of cartilage thickness
when using a 3D sphere-fitting thickness algorithm. Finally, the medial-to-lateral Cart.Th
ratios between the subregions within each condyle (AM:AL, AM:PL, PM:AL, PM:PL and

M:L) were computed.

4.2.8 Statistical analysis:

After testing data for normality (Shapiro-Wilks test), differences in Cart.Th and medial-
to-lateral Cart.Th ratios among the subregions (AM, PM, AL, PL) and between M and L
were assessed using two independent repeated measures ANOVA, which, if significant,
were followed by post-hoc paired t-tests with Bonferroni adjustment for multiple
comparisons. Relationships between Cart.Th in the subregions and their medial-to-
lateral ratios with the joint moments and MAD were examined using Pearson’s
correlations, with subsequent Benjamini-Hochberg adjustment (false discovery rate =
0.05), to control for multiple testing (Benjamini et al, 1995).

After assessing the above relationships, multiple linear regression was performed to
control for potentially confounding variables that influence the medial joint reaction
force and medial-to-lateral load distribution. The ERM, KAM1 and walking speed (WS)
were input as covariates in the model, as they have been previously identified to influence
the medial-to-lateral distribution of loads on the tibial plateau and the medial condyle
forces (Schipplein et al, 1991, Kutzner et al.,, 2013, Adouni et al, 2014b, Roberts et al,
2018). Joint loading indices which were significantly associated with Cart.Th and/or
medial-to-lateral Cart.Th ratios (MAD, KFM, KAM2 and KAM Impulse) were then forward
entered into the multiple regression models, to predict variations in AM Cart.Th and M:L
Cart.Th ratio (i.e. the cartilage parameters with the strongest correlations). The peak
KAM was not entered into the models due to multicollinearity with KAM1 (tolerance
value below 0.1 (Hair et al., 2014)). Statistical significance was defined as p <0.05 and
was performed using SPSS Statistics 25 (IBM Corp., Armonk, NY).
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4.3 Results

4.3.1 Regional tibial cartilage thickness and medial-to-lateral ratios

Significant differences were found among the four identified regions in this tibial OA
cohort. The lowest average cartilage thickness was found anteromedially (Figure 4.3a),
which was significantly thinner than the anterolateral, posteromedial and posterolateral
regions. The highest average cartilage thickness was found posterolaterally. The average
medial-to-lateral cartilage thickness ratios were below unity, ranging from 0.41+0.49
(AM:PL Cart.Th ratio) to 0.79+0.48 (PM:AL Cart.Th ratio), with statistical significances

shown in Figure 4.3b.
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Figure 4.3: Bar plots reporting values of a) 3D average cartilage thickness (error bars indicating
standard deviation) in the four subregions of interest within the proximal tibial plateau for all 0A
patients (n = 25) and b) their medial-to-lateral cartilage thickness ratios. AM: anteromedial, AL:
anterolateral, PM: posteromedial, PL: posterolateral, M: medial, L: lateral (p < 0.05, paired t-test
Bonferroni adjustment). Horizontal dashed line indicates unity in the medial-to-lateral cartilage
thickness ratios.

4.3.2 Relationships between tibial cartilage thickness and knee joint
loading indices

Significant associations were found between cartilage thickness and joint loading indices.

MAD had the strongest correlations with cartilage thickness compared to the other joint

loading indices, the strongest being “AM Cart.Th vs. MAD” (r = -0.76, p<0.0001, Figure 4.4

and Figure 4.5a). In the anteromedial and medial regions, cartilage thickness correlated

positively with KAM1, ERM and KAM, and negatively with MAD and KAM Impulse (Figure

4.4). In the lateral regions, the associations between cartilage thickness and loading
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indices had opposite signs to those found medially (Figure 4.4). The KFM was
significantly related with cartilage thickness in the lateral region. No significant
associations were found for the other investigated joint loading parameters (KEM and

IRM) with regional cartilage thickness.

Cart.Th Medial-to-Lateral Cart.Th Ratios

AM AL PM PL M L AM:AL AM:PL PM:AL PM:PL M:L
KFM 0.45 = 4
KEM 0.8
0.6

KAM| 0.47 -0.54 -0.53

0.4
KAM1| 0.55 -0.59 0.46 -0.56 0.2
KAM2 -0.51 -0.50 0
KAM -0.2
IMPULSE| 2% -0.50 04
ERM| 0.52 -0.58 0.51 -0.54 0.54 0.61 0.53 0.65 0.63 0.6
IRM -0.8
MAD| -0.76 0.64 -0.67 0.63 -0.72 -0.74 -0.60 -0.61 -0.75 . -1

Figure 4.4: Heatmap of Pearson’s correlation coefficients (r-values) for “knee joint loading indices
vs. subregional cartilage thickness (Cart.Th) and subregional medial-to-lateral Cart.Th ratios”.
The reported r-values are significant (Benjamini-Hochberg adjusted, false discovery rate = 0.05).
AM: anteromedial, AL: anterolateral, PM: posteromedial, PL: posterolateral, KFM: knee flexion
moment, KEM: knee extension moment, KAM: knee adduction moment, ERM: external rotation
moment, IRM: internal rotation moment, MAD: mechanical axis deviation.

4.3.3 Relationships between tibial cartilage thickness ratios and knee
joint loading indices

When considering the medial-to-lateral cartilage thickness ratios, strong negative

associations were found with MAD (Figure 4.4 and Figure 4.5c) and positive associations

with ERM (Figure 4.4 and Figure 4.5b). The strongest associations were found between

the M:L Cart.Th ratio and MAD (r =-0.75, p<0.001) and between the PM:PL Cart.Th ratio

and ERM (r = 0.65, p=0.001). No significant associations were found between the

remaining joint loading indices and medial-to-lateral cartilage thickness ratios.
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Figure 4.5: Top: Scatter plot with line of best fit (solid line) and 95% confidence interval (dashed
lines) for Pearson’s Correlation a) “AM Cart.Th vs MAD”, b) “M:L Cart.Th vs ERM”, ¢) “M:L Cart.Th
vs MAD” and d) “M:L BV/TV vs ERM”. The scatterplot in d) has been reprinted from Osteoarthritis
and Cartilage with permission from Elsevier (Roberts et al. 2018). Bottom: Micro-CT 3D
rendering of representative osteoarthritic tibial plateaus showing cartilage thickness map and
micro-CT 3D rendering of a slice of underlying subchondral trabecular bone (white colour) for
each specimen. AM: anteromedial, AL: anterolateral, PM: posteromedial, PL: posterolateral, L:
lateral, M: medial, BV/TV: bone volume fraction, Cart.Th: cartilage thickness, ERM: external
rotation moment, MAD: mechanical axis deviation.
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4.3.4 Stepwise multilinear regression analysis

Joint loading indices which were significantly associated with cartilage thickness and/or
medial-to-lateral cartilage thickness ratios (MAD, KFM, KAM2 and KAM Impulse) were
forward entered into regression models for the prediction of AM Cart.Th and M:L Cart.Th
ratio, with ERM, KAM1 and WS as covariates. The MAD explained an additional 19-20%
of the variation in the AM Cart.Th model (final model: ERM, KAM1, WS, MAD; adjusted R2
= 0.557, p=0.009) and an additional 23-24% of the variation in the M:L Cart.Th ratio
model (final model: ERM, KAM1, WS, MAD; adjusted R2= 0.615, p=0.004) compared to
these regression models without MAD (Table 4.2). The KFM, KAM2 and KAM Impulse did

not significantly improve the models.

Table 4.2: Summary of multiple linear regression analysis, for prediction of AM Cart.Th and M:L
Cart.Th ratio

Dependent Var.  Model Unadj. R?  Adj.R? AR? P-value

AM Cart.Th ERM, KAM1 0.380 0.315 0.011
ERM, KAM1, MAD 0.580 0.509 0.199*  0.009
ERM, KAM1, WS 0.457 0.367 0.01
ERM, KAM1, WS, MAD 0.642 0.557 0.185*  0.009

M:L Cart.Th ERM, KAM1 0.406 0.336 0.012
ERM, KAM1, MAD 0.649 0.583 0.243* 0.004
ERM, KAM1, WS 0.468 0.368 0.016
ERM, KAM1, WS, MAD 0.696 0.615 0.228* 0.004

The mechanical axis deviation (MAD), which was the joint loading index most strongly associated
with the dependent variables, was forward entered into the regression models. Variables that
influence the medial-to-lateral (ERM, KAM1) and/or medial condyle forces (WS, ERM, KAM1)
were input as covariates. *Significant F-change, indicating MAD significantly improves prediction.

4.4 Discussion

This study investigated regional associations of tibial cartilage thickness in end-stage
knee OA subjects with external knee joint moments and knee alignment. Joint loading
indices (KAM, ERM and MAD) significantly correlated with regional cartilage thickness
measurements, particularly in the regions with the thinnest (AM) and thickest (PL)
cartilage, with ERM and MAD correlating with the medial-to-lateral cartilage thickness
ratios. Joint loading indices combined further explained the variation of AM Cart.Th and

M:L Cart.Th ratio.
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The cartilage thickness in the anteromedial region was significantly associated with MAD
and most of the external knee joint moments investigated (KAM Impulse, KAM1, ERM and
peak KAM). The strongest correlation was between AM Cart.Th and MAD (r = -0.76),
where to a variation from a valgus to varus knee alignment corresponded a thinner
cartilage thickness anteromedially (Figure 4.5a). Similarly, all medial-to-lateral cartilage
thickness ratios were negatively and significantly associated with MAD (r =-0.60 to -0.75;
Figure 4.4, Figure 4.5c). This supports previous studies that have linked knee joint
malalignment with altered medial-to-lateral distribution of loads upon the joint (Adouni
etal, 2014b, Roberts et al, 2017b, Han et al., 2020).

Positive correlations were found in the AM region between cartilage thickness, KAM1 and
the peak KAM, but not so in the PM region. As a larger KAM magnitude could be indicative
of higher medial joint loading compared to lateral (Zhao et al., 2007), this could suggest
the thinning of cartilage medially to be due to higher medial habitual loads compared to
lateral in knee OA, or to some areas of cartilage being exposed to loads they are
unaccustomed to. This is consistent with Creaby et al. (2010) who found the peak KAM to
be associated with the severity of medial tibiofemoral cartilage defects assessed using
MRI. Moreover, in our study the KAM impulse was negatively associated with cartilage
thickness in the AM (r = -0.55) and M (r = -0.50) regions. This supports previous in vivo
reports of a higher magnitude KAM impulse being associated with a greater loss of
cartilage volume in the medial tibial condyle over 12 months in medial knee OA (Bennell
etal, 2011, Maly et al., 2015).

Interestingly, the ERM was correlated with all medial-to-lateral Cart.Th ratios (r = 0.53 to
0.65), in addition to the regional cartilage thickness in PL (r=-0.58), L (r=-0.54), AM
(r=0.52) and M (r=0.51) (Figure 4.4, Figure 4.5). To the best of the authors’ knowledge,
relationships between ERM and cartilage thickness have not yet been reported in knee
OA. In our previous study (Roberts et al., 2018), the underlying subchondral trabecular
bone and the medial-to-lateral bone volume fraction (BV/TV) ratios were significantly
associated with the ERM, particularly for AM BV/TV (r = -0.74) and the M:L BV/TV ratio
(r =-0.74). However, the relationships between gait parameters and cartilage thickness
found in the present study have the opposite sign compared to those of the same gait
parameters and the underlying subchondral bone BV/TV, on the same specimens (Figure
4.5d). As altered rotation mechanics lead to shifts in the tibiofemoral contact regions

(Andriacchi et al., 2004, Hatfield et al.,, 2011), reductions in ERM may indicate increased
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stress concentrations in the AM region, resulting in the wearing down of cartilage and
increase of underlying subchondral bone in that region.

In a previous study by our group focussing on subchondral bone in the same specimens,
in multiple linear regression models it was found that ERM significantly improved
predictions of AM BV/TV and the M:L BV/TV ratio when controlling for MAD, KAM1 and
WS (Roberts et al,, 2018). However, in this study, for predictions of the overlying AM
cartilage thickness and the M:L cartilage thickness ratio, the ERM did not significantly
improve the model. Instead, the MAD, which was most strongly associated with AM
cartilage thickness (r =-0.76) and the M:L ratio (r =-0.75), explained additional variations
in the multiple linear regression models when controlling for ERM, KAM1 and walking
speed. Hence, whereas the addition of the ERM improves the prediction of the underlying
BV/TV, addition of the MAD improves the prediction of cartilage thickness in end-stage
tibial OA.

As hypothesized, the AM and M cartilage thickness correlated well with KAM1, ERM and
MAD. However, a surprising finding was that the PL and L regions had similar, if not
stronger, correlations with KAM, KAM1 and ERM compared to the AM and M regions, with
the opposite sign. Conversely, two previous studies (using MRI for quantifying cartilage
thickness) found no relationship between tibial lateral cartilage thickness in late-OA and
KAM (Vanwanseele et al, 2010, Erhart-Hledik et al., 2015). This may be because the
present study included specimens with a wide range of mechanical axis deviation
(ranging from varus to valgus), revealing a correlation over a broader range of specimens,
whereas Erhart-Hledik et al (2015) investigated patients with medial-OA (typically
varus-aligned). Vanwanseele et al. (2010), while including both medial- and lateral-OA in
their study, had a small sample size (n=6) with a smaller range of cartilage thickness
(1.83+0.33 mm) compared to this study (1.62+0.86 mm).

A characteristic of this study is the spatial resolution used (isotropic voxel size of 17 um)
on entire human tibial plateaus. Micro-CT enables scanning of ex vivo human tibial
plateaus at high spatial resolution, in comparison to previous studies on cartilage using
MRI, which can range from 140x140x1500 um to 310x310x1500 pm (Eckstein et al,
2008, Vanwanseele et al., 2010, Erhart-Hledik et al.,, 2015, Maly et al., 2015). This higher
resolution may also explain significant correlations between cartilage thickness and gait
parameters in OA found in this study, that were not found in other studies (such as with

medial and lateral cartilage thickness and ERM and KAM).
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It is worth mentioning that in this study, when examining the relationships between
articular cartilage thickness and gait parameters, there were specimens with denuded
areas of cartilage (regional cartilage thickness = 0 mm for some specimens). The tibial
plateaus were collected from patients with end-stage knee OA. As such, particularly in the
anterior medial region, there were areas of little to no cartilage. Once there is no cartilage
left, any additional loading or progression of OA, cannot further reduce the cartilage. This
resulted in some 0 mm values in the regional cartilage thickness data for some specimens,
which in some cases weakened the statistical correlations between cartilage thickness
and the joint moments. Similarly, as cartilage is unlikely to grow back naturally, if the
patient had modified their gait pattern over time, reducing the load on an area of the tibial
plateau, this would unlikely be reflected in the cartilage thickness, particularly in end-
stage OA (i.e. the cartilage would unlikely increase in thickness, with reduced load).
Conversely, in regions where cartilage degrades, the underlying bone may adapt to
loading, increasing its density. In the same specimens, this could explain why in most
instances, joint moments had similar or stronger correlations with the underlying
trabecular BV/TV (found in a previous study by our group, focusing on bone (Roberts et
al, 2018)) than with cartilage thickness found here. E.g. ERM was strongly positively
correlated with BV/TV in the AM region (r = -0.74) but less so, although negatively, with
cartilage thickness (r = 0.52). Similarly for the medial-to-lateral ratios, the KAM, KAM1,
KAM2, KAM Impulse and IRM were significantly correlated with medial-to-lateral BV/TV
ratios (previous study), but not with medial-to-lateral cartilage thickness ratios here.

In a recent study conducted by our group in a young healthy cohort, whole joint loading
(ERM, KFM and KAM2) explained 60% of the variation of PM:PL volumetric bone mineral
density (vBMD) measured in vivo (Thewlis et al, 2021). The same gait parameters
correlated with the cartilage thicknesss and/or with the medial-to-lateral cartilage
thickness ratios in the present study. Hence, the vBMD measured with pQCT in vivo, could
be a useful marker in monitoring the progression of OA and the effects of treatments
aimed at altering joint loading. Future studies may also monitor the progression of OA in
vivo at high resolutions using contrast-enhanced HR-pQCT (Michalak et al, 2019),
through the analysis of underlying subchondral bone microarchitecture, joint space
width and articular cartilage. Where the role of the KAM in OA has been documented in
the literature, further investigation on the role of ERM on knee morphology during the

progression of OA is needed.
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4.5 Conclusion

In knees of people with end-stage knee OA, joint loading indices (such as KAM, ERM and
MAD) significantly correlated with regional cartilage thickness variations and the medial-
to-lateral cartilage thickness ratios. Interestingly, these relationships have the opposite
sign compared to those for the underlying subchondral bone microarchitecture found in
a previous study by our group on the same specimens; taken together, this may suggest
a whole joint response to loading. These findings may contribute to improve

understanding of OA and development of targeted treatment options.
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Chapter 5

Study 3: Systematic mapping of
cartilage and subchondral bone in
human tibial controls and
osteoarthritis using micro-computed
tomography

Chapters 3 and 4 (Studies 1 and 2, respectively) highlighted that in knee OA, tibial plateau
regions with thinner cartilage had a corresponding higher amount of BV/TV underneath,
compared to other regions within the tibial plateau. Moreover, relationships between
cartilage thickness and external knee joint moments had the opposite sign compared to
those between subchondral bone microarchitecture and same knee joint moments found
in a previous study by our group on the same specimens, suggesting a complementary
bone-cartilage interplay in response to loading. However, these relationships between
cartilage and bone have not yet been explored systematically.

In this chapter, a dense mapping (22 ROIs per tibia) of the tibial cartilage and underlying
subchondral bone morphometric parameters in OA and control subjects will be

performed, and region-specific relationships between these parameters investigated.

The study presented in this chapter is in preparation for submission as a manuscript to a

peer-reviewed journal:

Rapagna S, Roberts BC, Muratovic D, Solomon LB, Reynolds K], Thewlis D, Perilli E.
Systematic mapping of cartilage and subchondral bone in human tibial controls and
osteoarthritis using micro-computed tomography. 2021. In Preparation.

Please refer to the Appendix at the end of this thesis for a detailed outline of the author’s

contribution to this study.
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5.1 Abstract

Tibial cartilage and bone act as a functional unit, responding to daily stimuli together.
Nevertheless, relationships between the cartilage thickness and underlying bone
microarchitecture, and whether they differ between osteoarthritic (OA) and healthy
joints, has not yet been fully understood. In this study, a systematic mapping of the
cartilage and subchondral bone of the tibial plateau (22 sub-regions) was performed in
OA knees and in controls. 26 osteoarthritic tibial plateaus (from knee arthroplasty; n=16
varus-aligned OA and n=7 non-varus-aligned OA) and 15 cadaveric tibial plateaus
without OA (controls) were micro-CT scanned (17 pm/voxel). Cartilage thickness
(Cart.Th), subchondral bone plate thickness (SBPLTh), porosity (SBPl.Po) and
subchondral trabecular bone volume fraction (BV/TV) were analyzed in 22 sub-regions
across the tibial condyles. For each tissue, within-condyle and between-condyle (medial-
to-lateral) regional differences were evaluated in each group. Region-specific
relationships between cartilage thickness and subchondral bone parameters were
investigated. In controls, Cart.Th, SBPL.Th and BV/TV were lowest in the external regions
and highest in the central and anterior regions. In the varus-aligned OA group, however,
the cartilage was thinnest anteriorly in the medial condyle with high underlying SBPL.Th
and BV/TV. In the non-varus-aligned OA group, the cartilage distribution was similar to
controls, but with higher underlying SBPL.Th and BV/TV. Interestingly, whereas in
controls almost no relationships were found between cartilage thickness and the
underlying subchondral bone, significant negative correlations were found (Cart.Th vs
SBPLTh, Carth.Th vs. BV/TV) in the OA group. Micro-CT allows for a systematic mapping
of the cartilage and subchondral bone of entire tibial plateaus, which revealed region-
specific differences within and between condyles, and region-specific relationships

among these tissues.
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5.2 Introduction

Knee OA is a degenerative disease affecting approximately 654 million individuals
worldwide (Cui et al., 2020) with consequent physiological and economic burdens (Gupta
et al.,, 2005, Litwic et al., 2013, Chen et al.,, 2020, Gwynne-Jones et al., 2020). The disease
affects the entire synovial joint, including the articular cartilage and underlying
subchondral bone (Radin et al., 1986, Goldring et al., 2010, Loeser et al., 2012). Cartilage
and bone are thought to form a functional unit, responding to daily stimuli together (Ding
et al, 1998, Imhof et al, 2000). However, the region-specific relationships between the
cartilage thickness and the underlying bone microarchitecture, and whether these may
differ between osteoarthritic and healthy tibial plateaus, has not yet been fully
investigated.

In the literature, relationships between tibial cartilage thickness and subchondral bone
assessed using magnetic resonance imaging (MRI) and dual energy X-ray absorptiometry
(DEXA) are conflicting (Bolbos et al.,, 2008, Cao et al, 2014, Liu et al, 2018). Cao et al.
(2014) found no relationships between cartilage thickness and subchondral bone
mineral density in OA. However, Bolbos et al. (2008) found positive correlations between
cartilage thickness and apparent BV/TV in mild-OA. Liu et al. (2018) also found positive
correlations, but in a dataset combining controls and OA; whereas Lindsey et al. (2004)
found a slight negative correlation in the medial condyle in OA. These discrepancies may
be attributed to use of DEXA for bone analysis (limited to bone and 2D measurements)
and MRI for cartilage and bone microarchitecture analysis (which may not be appropriate
due to the low spatial resolution). Indeed, in histology studies on tibiae, BV/TV was found
to significantly increase with the grade of cartilage degeneration (assessed using
Mankin'’s score (Mankin et al., 1971)) (Matsui et al.,, 1997, Bobinac et al., 2003). Moreover,
the above studies were either limited to one region of interest per condyle (Lindsey et al,
2004, Bolbos etal., 2008, Cao et al,, 2014), multiple regions of interest (medial and lateral)
pooled together for analysis (Matsui et al, 1997, Bobinac et al,, 2003) and/or various
stages of OA (Lindsey et al.,, 2004) and control datasets grouped together (Bobinac et al,,
2003, Liu et al, 2018), which might mask some relationships. Investigating region-
specific relationships using high resolution imaging, from a dense mapping of the tibial
plateau instead, might provide new insights into the pathological changes that occur in

OA.
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Micro-CT is capable of such detailed analysis (see Chapter 3; Rapagna et al, 2021a).
Previously, in the tibial plateau in late-stage OA (11 regions per condyle), using micro-CT
(Roberts et al., 2017b), our group showed regional heterogeneity in the subchondral
bone microarchitecture, with region-specific associations between cortical bone plate
and the underlying trabecular bone. However, it is unknown if these correlations are a
feature of OA, or if these exists also in controls. Moreover, that systematic mapping study
did not consider cartilage. In recent years, however, micro-CT has increasingly been used
for the concurrent 3D analysis of the cartilage and bone of entire human tibial plateaus
at high spatial resolutions (Chen et al., 2018, Gatenholm et al, 2019, Rapagna et al,
2021a). Gatenholm et al. (2019) found BV/TV to be lower in OA condyles with intact
cartilage compared to those with deep cartilage defects, but did not consider controls.
Other studies investigated differences among condyles in selected regions (Chen et al,
2018, Rapagnaetal.,, 2021a), but a systematic mapping of the entire plateau using a dense
grid, investigating region-specific correlations between the cartilage and bone, has not
yet been performed.

The aims of this study were: 1) to perform, in micro-CT scans of entire human tibial
plateaus from controls and OA, a systematic spatial mapping (22 regions) of the cartilage
thickness and underlying subchondral bone morphology; and 2) to map the region-

specific relationships in these parameters in control and OA groups.

5.3 Methods

5.3.1 Bone Specimens

Micro-CT scans in this study were used from our previous studies (Table 5.1) (Chapter 3;

Rapagna et al., 2021a, Roberts et al., 2017b).

5.3.1.1 Control specimens

Briefly, 15 fresh-frozen cadaveric tibial plateaus (age: 61.6 + 12.9 years; mass: 83.0 + 15.6
kg) with no knee pathology were used as controls in this study (Science care, Inc.)
(Chapter 3; Rapagna et al, 2020a). After retrieval the tibial plateaus were stored fully
submerged in 70% ethanol solution. Approval to use these specimens for research
purposes was granted by the Southern Adelaide Clinical Human Research Ethics

Committee.

80



CHAPTER 5, STUDY 3: SYSTEMATIC MAPPING OF TIBIAL CONTROLS AND OA

5.3.1.2 OA specimens

26 osteoarthritic tibial plateaus were retrieved from patients (age: 68.1 + 7.3 years, mass:
88.9 + 18.4 kg, BMI: 31.8 + 5.1 kg/m?2) with end-stage knee OA undergoing total knee
replacement surgery (Chapter 3; Rapagna et al, 2021a, Roberts et al, 2017b). After
retrieval, the tibial plateaus were stored fully submerged in 70% ethanol solution.
Approval to use these specimens for research purposes was granted by the Southern
Adelaide Clinical and Royal Adelaide Hospital Human Research Ethics Committees. All

patients gave written informed consent.

5.3.1.3 Mechanical axis deviation

In the OA group, the mechanical axis deviation (MAD) was measured from preoperative
long leg weight-bearing radiographs by an experienced examiner (LBS). The MAD was
defined as the perpendicular distance from the mechanical axis to the centre of the knee
joint (Paley, 2002). A varus alignment was defined as a medial deviation greater than 15
mm, neutral alignment as 0-15mm deviation and a valgus alignment was defined as a
lateral deviation greater than 0 mm (Paley, 2002, Roberts et al., 2017b).

The OA tibial plateaus were subdivided into the varus-OA group (n=16, age: 66.9 £ 7.5
years, mass: 89.1 + 20.0 kg, BMI: 31.5 + 5.7 kg/m?) and the non-varus-OA group (valgus-
OA (n=7) and neutral specimens (n=3), age: 70.0 + 6.9 years, mass: 88.6 + 16.6 kg, BMI:
32.3 + 4.2 kg/m?).

Table 5.1: Summary of subject characteristics

Parameters Controls End stage knee OA subgroups p value
Non-OA Varus-OA Non-Varus-OA
(n=15) (n=16) (n=10)
Age 61.6 +129years 669+73years 70.0*6.9years 0.295
Mass 83.0+15.6 kg 89.1 + 20.0 kg 88.6 + 16.6 kg 0.234
BMI 31.5+5.7kg/m2 32.3 + 4.2 kg/m? 0.657
Knee 345+172mm  -22.4 +22.6 mm <0.001

Values reported as average * standard deviation; a Kruskal-Wallis test was performed to compare
between the varus-0A, non-varus-OA and control groups for age and body mass. A Mann-Whitney
U-test was used to compare between the varus-OA and non-varus-OA groups for BMI and knee
alignment, significance denoted by p<0.05. *Knee alignment determined from mechanical axis
deviation (MAD), where positive deviations are indicative of a medial deviation and negative
values indicate a lateral deviation.
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5.3.2 Micro-CT Imaging

The excised tibial plateaus then underwent micro-CT imaging in pairs using a desktop
micro-CT scanner (Skyscan 1076, Skyscan-Bruker, Kontich, Belgium) as described
previously (Chapters 3, 4; Rapagna et al, 2021a, Rapagna et al, 2021b, Roberts et al,
2017b). Briefly, excised tibial plateaus were removed from the ethanol solution and
wrapped separately in plastic cling film. The tibial plateaus were scanned in pairs,
separated by a layer of polystyrene along their resected surfaces and secured to the
scanning bed using elastic bands. The medial-to-lateral axis of the specimens were
aligned to the rotation axis of the micro-CT system.

Specimens were scanned at 17.4 pm isotropic voxel size using a peak voltage of 100 kVp,
90 pA current, 0.4° over 180° rotation step, 590 ms exposure time and four frames
averaging. A filtered back-projection algorithm was used to reconstruct the cross-section
images (NRecon software, v1.6.9.8, Skyscan-Bruker) which were saved in 8-bmp format
with 256 gray-levels (bmp value of 0 = air; 255 = mineralized tissue). The reconstructed
dataset was 70 GB, consisting of a stack of up to 4,997 consecutive cross-section images
(86.9 mm in length) with a slice thickness of one pixel (17.4 um) (Roberts et al., 2017b).
These cross-section images were then rotated in 3D to align the anatomical superior-
inferior axis of each plateau with the z-axis of the image stack (Chapters 3, 4; Rapagna et
al, 2021a, Rapagna et al,, 2021b, Roberts et al, 2017b).

After scanning, the specimens were unwrapped (clingwrap removed) and stored

immersed in 70% ethanol solution.

5.3.3 Cartilage

Cartilage segmentation was performed semi-automatically on the coronal image stacks
of the specimens as described previously (Chapters 3, 4; Rapagna et al., 2021a, Rapagna
et al, 2021b), derived from methods published in the literature (Buie et al., 2007, Xie et
al., 2009, Gatenholm et al.,, 2019, Ylitalo et al., 2019).

A “bone and marrow” mask was first created using a custom MATLAB script (2017b, The
MathWorks, Inc., Massachusetts, USA) on the segmented subchondral bone plate coronal
dataset (Section 5.3.4). This mask extended from the superior surface of the subchondral
bone plate to the resected surface of the tibial plateau, encompassing the subchondral
bone and marrow. The inverse mask, containing only non-calcified cartilage and air, was

then applied to the coronal image stack (software CTAnalyser, Skyscan Bruker, Kontich,
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Belgium). The cartilage was then segmented using a threshold window determined from
the gray-level histograms over five specimens and applied consistently over all
specimens. le. a threshold window of 18 (“air/cartilage” threshold) to 87
(“cartilage/bone” threshold) which excluded air and any bone debris respectively. The
cartilage segmentation was manually verified every 15 slices (0.261 mm) and the “shrink-
wrap” plug-in of CTAnalyser was applied to conform the boundaries of the region of

interest (ROI) to the cartilage.

5.3.4 Subchondral bone plate

The subchondral bone plate was segmented according to as previous protocol by our
group (Roberts et al., 2017b). The bone tissue was segmented from the background (air,
marrow and cartilage) by applying a uniform threshold (lower threshold level of 87
defined from the gray-level histograms over 5 representative specimens) across all
specimens. This created a stack of coronal binarized images, where pixels representing
bone tissue (gray-level values between 87 and 255) were segmented as solid, and those
representing non-bone tissue (gray-levels 0 to 86) as background. Manually, the inferior
surface of the subchondral bone plate was contoured every 15 images (0.261 mm) to
remove any trabecular struts adjoining to the SBP. The “ROI shrink-wrap” plug-in was

then applied to conform the ROI boundaries to the plate border.

5.3.5 Trabecular bone

The STB was defined from the inferior boundary of the previously saved SBP ROI
extended down towards the growth plate for approximately 5 mm. The first 5 mm of the
STB was investigated, as microarchitectural and bone mineral density differences in tibial
condyles are most prominent within this distance (Patel et al., 2003, Johnston et al., 2010,
Roberts et al., 2017a).

From the saved cartilage, SBP and STB datasets, sub-volumes of interest (VOI) for

morphometric analysis were then selected, as follows.

5.3.6 Regions of interest

For each tibial plateau, 22 cubic volumes of interest (VOIs; 5 mm in width and length,
total height of approximately 7-8 mm, depending on the specimen) were selected per
tibial plateau (11 VOIs per condyle). The location of each VOI was determined by a grid
template normalised to an ellipse defining each condyle (Roberts et al., 2017b) (Figure
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5.1). This standardized approach ensured the same anatomical location for each region
across specimens.

The height of the VOI varied based on the specimen, with each VOI containing the
cartilage (up to 2-4 mm), the adjacent cortical SBP, and STB underneath (approximately
~5 mm) depending on the specimen to satisfy the continuum assumption for 3D

morphometric analysis of trabecular bone (Harrigan et al., 1984, Tassani et al., 2013).

Figure 5.1: 3D representation of a right tibial plateau with the 22 cubic VOIs (5mm side length).

5.3.7 Morphometric analysis

From the micro-CT images, the following morphometric features were investigated in the
22 VOIs per tibial plateau using CTAnalyser: cartilage thickness (Cart.Th; mm), cortical
SBP thickness (SBPL.Th; mm), cortical SBP porosity (SBPLPo, %) and STB bone volume
fraction (BV/TV, %). Cart.Th was an average measurement for each VOI, calculated by
dividing the volume of voxels identified as non-calcified cartilage (mm3) by the square
cross-section area (5 x 5 mm?2) of each VOI (Chapters 3,4; Rapagna et al,, 2021a, Rapagna
et al., 2021b). This approach was used instead of a 3D sphere-fitting thickness algorithm
to prevent overestimations of cartilage thickness over the VOI in areas of partially
denuded cartilage. The 3D SBPLTh was computed using a sphere-fitting method to
determine the average thickness of the corresponding SBP VOI, as done previously

(Hildebrand et al., 1997a, Perilli et al., 2006, Roberts et al, 2017b). The STB BV/TV was
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calculated as the percentage voxels segmented as bone divided by the voxels constituting

the examined STB VOI (Perilli et al., 2012, Roberts et al., 2017b).

5.3.8 Statistical Analysis

All morphometric parameters for each group (control, varus-OA, non-varus-OA) were
tested for assumptions of normality (Shapiro-Wilk test of normality) and sphericity
(Mauchly’s test of sphericity). Where the assumption of sphericity was violated, the

Greenhouse-Geisser correction was applied.

5.3.8.1 Regional comparisons

Differences in morphometric parameters among the 11 regions, the average value of
these regions within each condyle, and between corresponding regions in the medial and
lateral condyles, were assessed using two-way repeated measures ANOVA. If significant,
the “between-condyle” and “within-condyle” differences were then investigated using
one-way repeated measures ANOVA, followed by paired t-tests with Bonferroni
adjustment for multiple comparisons. Statistical significance was set to p <0.05. Statistical

analyses were performed using SPSS Statistics 25 (IBM Corp, Armonk, NY).

5.3.8.2 Associations between cartilage and bone parameters

Region-specific relationships between Cart.Th, SBP1.Th and SBP1.Po and STB BV/TV for
the control and OA group were examined using Pearson’s correlations. Relationships
between the average morphometric parameters per condyle were then investigated.
Statistical significance was set to p <0.05. Statistical analyses were performed using SPSS

Statistics 25 (IBM Corp, Armonk, NY).

5.4 Results

The distribution of each investigated morphometric parameter among the 11 regions for
each condyle for the control, varus-OA and non-varus-OA groups, is reported graphically
in Figure 5.2 (colour map). Statistically significant differences among these 11 regions

per condyle are reported in Supplementary Table 1 at the end of the chapter (Table S1).
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Figure 5.2: Colour heat map (11 regions per condyle), right tibial plateaus. Controls (left column),
varus-OA (central column) and non-varus-0A (right column), regional distribution of: cartilage
thickness (top row), subchondral bone plate thickness (second row), subchondral plate porosity
(third row) and subchondral trabecular bone volume fraction (BV/TV, in %, bottom row). The
values are averaged over the 15 controls, 16 varus-OA and 10 non-varus-OA tibial plateaus
investigated.
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5.4.1 Within-Condylar Differences in Cart.Th

In the control group (Cart.Th range 0.99-2.14 mm), in both the medial and lateral
condyles, cartilage was significantly thinner in the external regions (ROIs 2,5,8) and
thickest in the internal regions (ROIs 4,7,10), compared to the central condylar regions
(ROIs 3,6,9; Figure 5.2; Table S1). In varus-OA (range 0.11-2.94 mm), medially,
significantly thinner cartilage anteriorly and thicker internally (4,7,10,11) was found,
compared to the rest of the condyle. In non-varus-OA (range 1.36-2.55 mm), laterally, no
significant differences in cartilage thickness were found among the 11 ROIs. The medial
condyle showed significantly thicker cartilage in the internal ROIs (4,7) compared to the
majority of the other ROIs in the condyle.

5.4.2 Within-Condylar Differences in SBP1.Th

In the control group, the subchondral plate (range 0.20-0.48 mm) in the medial condyle
was thinnest in the external regions (ROIs 5,8,9,11) and thickest anterior-centrally (ROIs
1,3,4,6,7; Figure 5.2; Table S1). In the lateral condyle, it was thickest in the inner regions
(ROIs 7,10) and thinnest in the external regions (1,2,5,8). In varus-OA (range: 0.26-0.71
mm), medial condyle, the plate was significantly thicker anteriorly compared to the most
posterior region (ROI 11); in the lateral condyle it was significantly thicker in the internal
and central ROIs (2,4,6,7,9,10) compared to the external ROIs (1,2,5,8). In non-varus-OA
(range 0.32-0.67 mm), medial condyle, the posterior ROIs 8 and 11 were significantly
thinner than the central-interior ROIs 3,4,6,7.

5.4.3 Within-Condylar Differences in SBP1.Po

In controls, in the medial condyle, the plate porosity (range 8.81-23.1%) was significantly
higher posteriorly (ROIs 8-11) than anteriorly (Figure 5.2; Table S1). In the lateral
condyle it was significantly lower in ROIs 7 and 11 compared to the rest of the condyle.
In varus-OA (range 9.04-16.0%), the medial condyle showed no significant differences
among regions except for the most anterior (ROI 1, lowest porosity) and the most
posterior region (ROI 11, highest porosity). Laterally, the external regions (2,5 and 8)
showed highest porosity. In non-varus-OA (range 8.13-16.4%), no differences in porosity
among regions were found, except ROI 8 showing higher porosity than 9 in the medial

condyle, and ROI 5 higher than 11 in the lateral condyle.
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5.4.4 Within-Condylar Differences in BV/TV

In the control group, the BV/TV (range 14.6-41.6%) in the medial condyle was
significantly higher anterior-internally (ROIs 3,4,6,7; Figure 5.2; Table S1) and lower
posterior-externally (ROIs 8,9). For the lateral condyle the BV/TV was highest posterior-
internally (ROIs 7,10) and lowest externally (ROIs 1,2,5,8). In varus-OA (range 16.7-
51.5%), medially, no significant differences among ROIs were found, except for ROI 11,
which was significantly lower. Laterally, BV/TV was highest in ROI 10 and significantly
lower in the external ROIs (1,2,5,8). In non-varus-0OA (range 18.8-41.7%), medial condyle,
significantly lower BV/TV in the posterior ROl 11 compared to the central-internal
regions (ROIs 3,4,6,7,10) were found. In the lateral condyle no significant differences
were found, aside from internal ROIs 7 and 10, which had higher BV/TV than ROIs 1 and

8, respectively.

5.4.5 Between-Condylar (Medial-to-Lateral) Differences in Cart.Th,
SBPL.Th, SBPL.Po and BV/TV

The control group showed no significant differences in cartilage thickness between the
medial and lateral condyles, apart from the posterior-internal ROIs (9,10) exhibiting
thicker cartilage in the lateral condyle compared to medial (Figure 5.3). The SBP1.Th and
BV/TV were significantly higher in the medial condyle compared to lateral anteriorly
(ROIs 1-6), in the posterior ROI 11 and in the average per condyle. The SBPL.Po was
significantly higher medially than laterally in the posterior ROIs 8-11 and in the average
value per condyle.

In varus-0A, cartilage was significantly thinner in the medial condyle compared to lateral
for all ROIs, except for the most posterior ROI (11, Figure 5.3). The SBPLTh was
significantly higher medially, except in internal posterior ROIs 6,7,10,11. The BV/TV was
significantly higher for all ROIs medially than laterally. There were no significant
differences in SBPL.Po between medial and lateral ROlIs.

In non-varus-0A, no significant differences between medial and lateral condyles were
found for Cart.Th, SBPL.Th, SBPL.Po or BV/TV, apart from ROIs 10 and 11 showing a higher
SBPLTh and ROI 2 higher SBP1.Po laterally than medially (Figure 5.3).
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Figure 5.3: Bar graphs reporting average values and standard deviations (error bars) of Cartilage
thickness (Cart.Th), subchondral bone plate thickness (SBP1.Th), plate porosity (SBP1.Po) and
subchondral trabecular bone volume fraction (BV/TV) in the 11 subregions of interest within the
medial and lateral tibial condyles of control, varus-OA and non-varus-0OA groups.
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5.4.6 Associations between Cart.Th and SBP and STB parameters

5.4.6.1 Associations between cartilage thickness and subchondral

bone parameters
Region-specific associations between the investigated parameters were found,
depending on the group (Table 5.2; Figure 5.4).
In the control group, cartilage thickness was not significantly associated with the
underlying BV/TV, neither in the medial nor in the lateral condyle. In the OA group,
however, significant negative associations were detected in several regions of the medial
condyle (ROIs 1,2,5,6,8,9,11 and average value; Table 5.2) and lateral condyle (ROIs
3,4,6,9 and average value), being strongest in medial external ROIs (5,8,9; r= -0.67 to -
0.78, p<0.001, Figure 5.4).
In controls, cartilage thickness was not correlated with the subchondral plate thickness,
apart from one region medially (external, ROI 2) and one region laterally (anterior, ROI
3). In OA, several significant associations were found. These were all negative in sign and
located predominately in the medial condyle (ROIs 1,2,5,6,8,10 and average value; Figure
5.4) compared to lateral (ROIs 3, 11 and average value).
In the control group, cartilage thickness was not correlated with plate porosity in any
region, except for ROIs 2 and 11 of the medial condyle and the average value for the
lateral condyle. In OA, cartilage thickness was not correlated with plate porosity in any

region, apart from ROI 2 of the medial condyle.

5.4.6.2 Associations within the subchondral bone

The SBPLTh and BV/TV were significantly positively correlated in the control and OA
group, for most of the medial and lateral ROIs, as well as their average values (Table 5.2;
Figure 5.4).

For controls and OA, the SBP1.Th and SBPL.Po were significantly negatively associated in
several ROIs (11 and 15 regions, respectively), particularly so medially.

In controls, the SBP1.Po and BV/TV were negatively associated medially in ROIs 7 and 8,
laterally in the external ROIs (2,5,8,9). In OA, the SBP1.Po and BV/TV were not correlated,

apart from one single positive correlation in the lateral condyle anteriorly (ROI 4).
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Table 5.2: Pearson’s correlations for region-specific correlations between Cart.Th, SBPL.Th,
SBPL.Po and BV/TV

CONTROLS (n=15)

Cart.Th vs. BV/ITV

OSTEOARTHRITIS (n=26)

Cart.Th vs. BV/ITV

Medial Lateral Medial Lateral
-.006 -.361 -.486* -.388
.357 -.060 374 154 -.001 -.283 -.663** -371 -.287 -413*  -427* -.319
402 129 .014 122 -.090 -.046 -.669** -506* -.199 -309  -.420* -.339
.346 .210 .155 -.229 -143  -135 -779**  -508* -.389 -217  -.483* -.338
193 .026 -.482* -.483
Avg 230 Avg -.230 Avg  -.605** Avg -.450*
Cart.Thvs. SBPL.Th Cart.Th vs. SBPI.Th
Medial Lateral Medial Lateral
.198 -.109 - 719** -.377
J46%*  -.209 -.042 .455 .555*  -.120 -470*  -.370 -.040 -319  -.399* -.339
.284 .200 -.147 .230 253 -.204 -416*  -.434* 312 -.222 -.247 -.355
479 .060 193 -.003 313 -.210 - 715*%*  -.403 .006 .009 .086 -.345
410 .256 -.646** -.426*
Avg .010 Avg .090 Avg -.464* Avg -471*
Cart.Th vs. SBPI.Po Cart. Th vs. SBPI.Po
Medial Lateral Medial Lateral
-.410 .353 .264 .012
-.668* -.074 -.266 110 273 .075 -502*  -.165 -.213 118 .086 .021
-.555 -.185 110 221 -017 322 -.389 -.101 -.290 .156 -.012 .100
-.217 .267 .319 241 -.042 122 .382 .026 -.053 -.018 -.222 .085
-.623* -.032 .264 155
Avg .080 Avg .544* Avg -.179 Avg .282
SBPI.Thvs. BV/TV SBPI.Thvs. BV/ITV
Medial Lateral Medial Lateral
531 .641* 513* .598**
541 163 490 377 561* .668* 520*  .493*  -.013 .266 .460* 750**
.714*  810**  .588* 457  .708** 589* b578** 583** 189 .360 .450* .706**
.885*  .704* 465 J731**  518* 463 J71%*  485* .208 500*  .498*  .767**
.691* 274 751** TT77**
Avg 677* Avg  .749** Avg .499* Avg  .649**
SBPI.Th vs. SBPI.Po SBPI.Th vs. SBPI.Po
Medial Lateral Medial Lateral
721 -.308 -.637** -.403*
-.617* -379 -.669* -.110 -108  -.495 -309 -726%* -.669** -414*  -379 -.413*
-750** -445 -593* -117 -.336 -.564* -A475*% - B77** -.624** -518* -.407* -.369
- 767** -525* -616* -429  -579* -674* - 740** -700** -.357 -.669** -470*  -393*
-.646* -.601* -.491* -.380
Avg  -.552* Avg -.089 Avg -.494* Avg -.256
SBPI.Po vs. BVITV SBPI.Po vs. BV/ITV
Medial Lateral Medial Lateral
-.352 -.129 -.258 .072
-.331 -.259 -.184 .342 =172 -471* 279 -.290 .016 .480* 219 -.094
-.610*  -.427 -.359 .012 -457 -.590* -.080 -.398 -.099 291 .165 -.236
-.698*  -.001 -.160 -404  -619* -582* -.376 -.239 159 -.089 122 -.397
.010 -412 -.207 -.239
Avg -.316 Avg -.423 Avg -.051 Avg .044
*p<0.05
**p<0.005 Medial Lateral
1 1
2 3 4 4 3 2
5 6 7 7 6 5
8 9 10 10 9 8
11 11
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Figure 5.4: Scatter plots with line of best fit for region-specific correlations (medial condyle, ROI
8) between cartilage thickness (Cart.Th), subchondral bone plate thickness (SBPLTh),
subchondral bone plate porosity (SBPLPo) and subchondral trabecular bone volume fraction

(BV/TV), for control and OA group.
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5.5 Discussion

In this study, a systematic spatial mapping over a dense grid of 22 sub-volumes for each
tibia (11 per condyle), of the cartilage and underlying subchondral bone of entire human
tibial plateaus was conducted, from micro-CT scans of 15 controls and 26 OA specimens.
Region-specific differences were observed, in the within- and between- (medial-to-
lateral) condyle comparisons, depending on the group. This mapping revealed significant
negative region-specific relationships between the cartilage and bone tissues, which were
present or not, depending on the group.

In controls, cartilage was thinnest in the external regions, thicker in the central regions
and thickest internally. This pattern was consistent for both medial and lateral condyles
and was similar in the underlying bone, where the SBP1.Th and BV/TV were lowest in the
external regions, and highest in the central and internal regions. Similar patterns have
been reported in non-OA subjects in MRI studies focussing on cartilage thickness (Favre
et al, 2017), and in the subchondral bone plate in a histological mapping study (Milz et
al, 1994). In varus-OA, the medial condyle tissue distribution differed the most to
controls, showing thinner cartilage anteriorly and more bone throughout the condyle,
consistent with the literature (Eckstein et al., 2008, Han et al., 2020, Renault et al,, 2020).
In non-varus-0A, whereas the cartilage thickness followed a similar distribution pattern
to the controls, the SBPL.Th and BV/TV were highest in the lateral condyle (Han et al,
2020, Renault et al,, 2020).

In this study, cartilage thickness was found to be correlated with the subchondral bone
plate and trabecular bone volume fraction in OA, but not in controls. In OA, these
correlations had a negative sign (i.e. regions with less cartilage had higher SBPLTh and
BV/TV underneath) which is consistent with histology findings in OA specimens (Matsui
etal, 1997, Bobinac et al., 2003). However, the negative correlations found here between
the average values of the cartilage thickness, SBPL.Th and BV/TV differ from some other
studies the literature (Bolbos et al,, 2008, Cao et al., 2014). Cao et al. did not find any
relationships, but this could be attributed to limitations in using DEXA (a 2D measure)
for characterising bone microarchitecture. Whereas Bolbos et al. found positive
relationships in patients with mild-0A; given that our specimens were from end-stage OA
subjects, this could suggest different relationships between cartilage and bone during the

progression of OA, although this would need further research.

93



CHAPTER 5, STUDY 3: SYSTEMATIC MAPPING OF TIBIAL CONTROLS AND OA

Region-specific relationships found in OA between cartilage thickness, SBPL.Th and
BV/TV were strongest in the external regions compared to the central weight-bearing
regions of the medial condyle. This can be attributed to investigating end-stage OA, where
the articular cartilage was completely denuded within these weight-bearing regions in
some specimens. It is possible that these relationships would have been stronger earlier
in the disease, when there was more cartilage present.

Interestingly, in controls, almost no correlations were found between cartilage thickness
and the subchondral bone parameters (Table 5.2; Figure 5.3) in any region. Moreover,
there were no medial-to-lateral differences in cartilage thickness. Whereas the SBP1.Th
and BV/TV were significantly higher in the majority of medial regions compared to
lateral, with significant correlations among them. This could be reflective of bone
adaptation to higher habitual loading medially compared to laterally in controls. While
we don’t have the mechanical alignment of the control group, it can be expected based on
a study of 5000 knees (Niu et al,, 2009), that the control group would have a neutral-to-
slightly varus alignment, and thereby more medially loaded (Sharma et al, 2010, Van
Rossom et al,, 2019). The absence of correlations between cartilage and subchondral
bone parameters, but presence of correlations within the subchondral bone, could also
indicate that cartilage and bone respond differently to habitual loading in controls
compared to OA; whereas cartilage might withstand (be accustomed) to a certain amount
of everyday cyclic loading (Andriacchi et al., 2009), the bone may adapt to the load by
increasing BV/TV and SBPLTh and reducing SBPL.Po. However, once OA is initiated, a
cycle of degeneration starts, resulting in a localised cartilage degradation and increases
in the underlying bone volume, in response to mechanical stimuli. This also suggests that
for the monitoring of the onset and progression of OA, the subchondral bone could be a
sensitive marker. Longitudinal studies on the alteration of subchondral trabecular bone
in patients at-risk of OA, using high resolution peripheral quantitative CT (HR-pQCT),

could provide valuable insights into the progression of the disease (Kroker et al., 2017).

5.6 Conclusion

In this study, articular cartilage thickness, subchondral bone plate thickness, plate
porosity and trabecular bone volume fraction were systematically mapped across the

tibial condyles in controls and end-stage knee OA from micro-CT cross-section images.
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This mapping revealed region-specific differences within and between condyles,
depending on the group. Subchondral bone plate thickness and bone volume fraction
were positively correlated in both controls and OA. Interestingly, cartilage thickness was
found to negatively correlate with BV/TV in the medial and lateral condyles in OA, but
not in controls. This suggests a cartilage and bone response in OA to habitual loading,
which might be altered compared to controls. This systematic approach to mapping the
tissues of the tibial plateau reveals patterns and region-specific relationships, which may

be important in monitoring the progression of OA.
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Table S1: Within-Condyle differences for the morphometric parameters in the 11 regions of interest in the
medial and lateral condyle

Control

ROl Cart.Th (mm) fo'gég'lﬁ' SBPI.Th (mm) tso'gég'lﬁ' SBPL.Po (%) tso'gFég'lﬁ' BV/TV (%) fo'gég'lﬁ'
Medial Condyle

Rl 1.26+0.23[0.75, 1.61] 3,4,6-8 0.43+0.11 [0.25, 0.59] 589,11 11.9 + 3.40 [6.92, 20.5] 8-11 3224808 [22.3,53.8] 2-8,11

R2 1.16+0.27[0.78,1.73] 3467,10 | 0.33+0.09 [0.20,0.54] 3,8,11 13.5+3.69 [6.22, 22.2] 58.11 23.7+622[112, 34.4] 1,34,6-11
R3 1.53+034[091,2.12] 12,457-9,11 | 0.48 +0.08 [0.36,0.64] 258911 | 10.9+3.11[7.98,20.7] 58-11 408 +9.82 [285, 61.7] 12558911
R4 2.03+051[137,3.05] 1-356811 | 0.43+0.09 [0.31,0.56] 589,11 134 + 3,52 [8.82, 21.5] 8-11 416 +5.77 [34.1, 53.4] 12,5811
R5 1.16+0.24[0.81,1.69] 3467,10 | 0.30%0.08 [0.19,0.40] 1,346-811 | 16.5+4.16 [10.8, 26.2] 2,368 23.9+6.78 [10.4, 34.6] 1,34,6-11
R6  1.49+0.34[0.83,2.02] 1,24,57-911 | 0.42 +0.10 [0.30, 0.65] 589,11 124 +287[867,19.3] 58911 | 39.9+7.20[30.2, 56.8] 12,5,8-11
R7 1.99+049[125,3.15] 1-356,811 | 0.44+0.11[0.26,0.65] 589,11 131 +3.82 [8.82, 21.4] 89,11 40.0 + 6.47 [26.6, 51.4] 12,5,8-11
RS 0.99+0.14[0.79, 1.18] 1,34,6.7.9-11 | 0.21 +0.05 [0.13, 0.29] 1-7,9,10 231+473[169,321] 1-7.910 | 175+ 6.47 [9.03, 26.7] 1-7.9,10

RO 1.25+0.19[0.94,1.47] 346-810 | 0.31+0.06 [0.21,0.40] 1,3,46-8.11 | 16.5+3.21[10.9, 22.8] 1,3.4,6-8,11 | 27.8 + 7.15 [17.9, 38.6] 2-8,10,11
R10 152+0.32[097,2.13] 2457911 | 0.37+0.11[0.20,0.65] 8,11 155+479[8.01,233] 13811 | 32.5+6.44[19.0,42.8] 24-9.11
R11 1.12+0.16 [0.87,1.37] 34,6-810 | 0.21+0.04[0.13,0.27] 1-7,9,10 22.7+531[15.8, 34.4] 1-467,9,10 | 16.7 +5.02 [8.56, 24.1] 1-7,9,10
Lateral Condyle

R1 1.03+0.28[0.54, 1.57] 3,467,910 | 0.21+0.03[0.16,0.24] 34,67.9-11 | 14.4+4.16 [7.30, 20.9] 7,11 16,5+ 4.69 [7.62, 23.8] 3,4,6,7,9-11
R2  1.07+0.26 [0.75, 1.71] 34,67,910 | 0.20+0.03 [0.14,0.25] 3-7,9-11 14.0+ 4,31 [8.09, 23.0] 7,11 14.6 +2.88 [7.41,17.9] 3-11

R3 149+ 0.39 [1.04,2.22] 1,246,7,8,10 | 0.28+0.04[0.21,0.34] 1,2,4-10 13.8+4.00 [4.90, 19.7] 7,11 216+ 4.85[14.1,29.8] 1,2,57,9,10
R4 1.81+054[0.72,2.64] 1-35811 | 0.33+0.05[0.25,0.40] 1-357,810 | 12.5+4.74 [3.92,20.1] 7 21.8+7.32 [12.8, 39.6] 1,2,6,7,9,10
R5 1.18+0.31[0.83,1.89] 4,67.9,10 | 0.22+0.04[0.15,0.29] 2-4,6,79-11 | 14.8 +4.27 [7.48, 24.9] 7,10,11 1754332 [10.3, 21.5] 2.3,6,7,9-11
R6 1.77+0.53[1.14,2.95] 1-357,8,10,11 0.34 +0.05 [0.24, 0.43] 1357810 | 12.0+3.15 [4.21,17.9] 7,11 26.7+5.63 [16.8, 35.6] 1-5,8-10
R7 2.01+0.70 [0.83,3.38] 1-3,56,8,9,11 | 0.45+0.06 [0.36,0.56] 1-6,89,11 | 8.84+ 166 [5.33, 11.4] 1-6,8,9 20.9+6.89 [21.3, 48.6] 1-5,8,10

RS 1.10+0.30[0.72, 1.81] 34.67,910 | 0.21+0.04[0.14,0.27] 34,67.9-11 | 14.0+555[6.84, 28.7] 7,11 18.0 332 [10.5, 23.6] 2,6.7,9-11
RO 1.66+0.47[0.97,2.66] 1,2557,8,10,11| 0.35+0.07 [0.22,0.45] 1-35,7,8.10 | 11.9+3.31[4.66,17.4] 7,11 30.3+5.89 [20.4, 39.1] 1-6,8,10,11
R10 2.14+0.82[0.79,3.82] 1-35689,11 | 0.44+0.09 [0.31,0.63] 1-689,11 | 10.3+2.67 [5.87,17.4] 5 303+8.15[28.3,57.9] 1-9.11

R11 1.32+0.31[0.83,1.97] 467910 | 0.33+0.09 [0.22,0.53] 1,257,810 | 8.81+227[431,13.7] 1-35689 | 24.2+ 618 [14.5, 36.7] 1.2,5,8-10
Varus-OA

ROl Cart.Th (mm) tsc:gﬁgl|ﬁ' SBPI.Th (mm) Stggh‘g‘:f' SBPL.Po (%) tSc:gFég'lﬁ' BVITV (%) fggég'lﬁ'
Medial Condyle

Rl 0.29+0.40 [0.00, 1.06] 4,7,10,11 0.70 +0.14 [0.52, 0.99] 11 9.04+3.00 [4.88, 14.3] 11 436+8.69[24.3,593] 11

R2 0.11+0.29[0.00,1.01] 3.4,6,79-11 | 0.65+0.17 [0.46, 1.18] 11 12.2+ 4,66 [5.08, 21.1] 45.7+7.64[36.8,609] 11

R3  0.40+0.46[0.00,1.53] 2,479-11 | 0.71+0.21[0.34,0.99] 11 12.3+6.16 [5.46, 23.5] 475+115[213,69.3] 11

R4 1.61+0.88[0.01,3.23] 1-3568 0.66 +0.17 [0.43, 1.07] 11 11.5 + 3.66 [5.36, 16.2] 432+8.60 [235,59.9] 6,11

R5 0.36+0.60 [0.00, 1.71] 4,7,9-11 0.58 + 0.21 [0.25, 0.98] 14.5+7.30 [6.98, 29.8] 46.4+10.9 [29.3,62.4] 11

R6 0.65+0.75[0.00,2.07] 2.479-11 | 0.67+0.24 [0.24, 1.08] 13.0+ 6.61 [3.84, 31.7] 51.5+12.0 [28.3, 71.2] 410,11

R7 185+0.83[0.14,3.17] 1-35,689 | 0.63+0.19 [0.29, 0.94] 12.9+ 591 [6.52, 29.9] 452 +9.20[29.8,60.7] 11

RS 0.56+0.72 [0.00, 1.84] 4,7,9-11 0.55 + 0.24 [0.23, 0.96] 14.7 +8.78 [4.75, 28.0] 422+132[19.0,648] 11

RO 0.95+0.73[0.00,1.99] 2,3,5-8,10,11 | 0.67 +0.20 [0.40, 1.08] 11 11.3+513[5.13, 23.2] 455+15.0 [23.1, 749] 11

R10 1.62+0.71[0.29,2.49] 1-35.689 | 0.60+0.12 [0.35, 0.84] 11.1+4.09 [6.94, 19.8] 435+102[29.3,59.9] 6,11

R11 1.48+0.78[0.08,2.50] 1-35689 | 0.44+0.17[0.23,0.84] 12,349 16.0+6.71 [8.01, 31.6] 1 20.9+12.1 [13.4,50.8] 1-10
Lateral Condyle

Rl 1.70+0.66 [0.00,2.94] 2-4,6,7,910 | 0.31+0.09 [0.18,0.51] 3,467,910 | 13.1+528 [6.01,263] 18.9 +6.77 [7.15, 34.3] 4,6,7,9,10
R2 145+ 059 [0.00,2.42] 1,34,67,9-11 | 0.28+0.11[0.16,0.57] 3.4,67,9,10 | 14.6+549[7.03, 23.5] 3,11 16.7 + 4.96 [8.91, 26.6] 3.4,6,7,9,10
R3  2.20+0.79 [0.00, 3.80] 1,2,5,7,8 0.42+0.12 [0.27,0.74] 12578 10.3 +3.57 [5.55, 19.5] 2,58 21.5+8.19 [10.2, 41.0] 2,56,7,8,9,10
R4 2.64+098 [0.52,4.75] 1,258 0.47+0.10 [0.27, 0.68] 12,58 10.2+3.94 [4.22, 22.5] 58 22.3+7.37[12.0,40.5] 1,257,8,10
R5  1.57+0.62[0.00,2.58] 3.4,6,79.10 | 0.28+0.09[0.20,0.54] 34,67,910 | 150+504[9.34 27.5] 34611 | 17.3+584[9.98, 28.8] 3.4,6,7.9,10
R6 2.50+0.81 [0.02, 4.05] 1258 0.50+0.12 [0.36, 0.74] 12,58 10.3+3.70[6.57, 21.8] 58 247+910[12.0,46.9] 12,3,5,7,8,10
R7 2.94+095[109,4.85] 135811 | 0.58+0.18[0.21,0.91] 1235811 | 105636 [5.33, 28.4] 20.8+9.38 [16.6, 46.9] 1-6,8,9,11
RS 1.49+057[0.30,2.32] 34,67,9-11 | 0.26+0.06 [0.21,0.41] 3,4,67,9,10,11| 15.6 + 430 [7.92, 22.5] 3,46,9,11 | 17.0+5.93 [7.58, 27.8] 3.4,6,7,9,10,11
RO 242+0.63[0.96,3.56] 125811 | 0.46+0.12 [0.32,0.69] 1,2,58 10.9+ 440 [5.04, 22.9] 8 24.6+9.43[12.9,49.7] 12,3,5,7,8,10
R10 2.81+089[L00,4.74] 125811 | 0.53+0.19 [0.25,0.80] 1258 11.6 + 5.57 [5.58, 23.0] 3174126 [14.1,51.3] 1-6,89,11
R11 2.00 +0.41 [1.26,2.60] 2,7-10 0.38 +0.13[0.23,0.78] 7,8 10.7 +4.81 [4.55,19.1] 2,58 22.4+10.8 [9.97, 54.6] 7,8,10
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Non-Varus-OA

ROl Cart.Th (mm) fo'gég'lﬁ' SBPLTh (mm) ggég'lﬁ' SBPL.Po (%) tsggég'lﬁ' BV/TV (%) fo'gég'lﬁ'
Medial Condyle

R1 148+ 056 [0.55,2.25] 47,10 0.46 + 0,09 [0.34, 0.59] 10.1 + 251 [6.85, 13.6] 31.2+10.6[17.2,52.1] 3

R2 1.40+056[0.23,2.10] 467910 | 0.52+0.22 [0.28, 0.90] 8.13+2.12 [5.54, 11.4] 34.6 +15.4 [15.5, 54.6]

R3 1.76+0.72 [0.03, 2.66] 4,7 0.51+0.09 [0.41,0.72] 811 11.8 +2.35 [8.28, 14.8] 39.8+8.72 [27.7,551] 18,11
R4 253+0.99 [0.53,3.85 1-356,8 0.56 +0.13 [0.41, 0.79] 11 10.9 +3.16 [5.89, 15.7] 36,5 +6.16 [27.9, 47.2] 11

RS 1.44+052[0.13,1.86] 4,6,7,10 0.47 £0.22 [0.27,0.93] 8 10.7 + 3.26 [7.65, 16.9] 31.2+135[18.7,552] 8

R6 1.0 +0.68 [0.30, 2.65] 1,24,57 0.54 +0.14 [0.36, 0.75] 8,11 11.3 +2.93 [8.10, 17.6] 39.4+8.90 [27.4, 53.6] 8,911
R7 255+092[0.70,3.70] 1-356,8 0.54 +0.12 [0.36, 0.70] 8,101 11.6 + 4.01 [7.92, 20.6] 37.5+5.35[28.2,45.2] 1011
RS 1.36+024 [101,1.78] 47,9-11 0.32 +0.14 [0.16, 0.58] 3,5-7,9 16.4 +7.37 [7.59, 30.4] 9 231 +11.1 [12.6, 46.1] 3,5,6,9
RO 1.84+0.34 [1.29,2.26] 2,8,10 0.45+0.18 [0.23, 0.84] 8 13.4 +6.25 [6.63, 26.1] 8 20.4+11.8 [16.2, 50.0] 6,8
R10 2.22 +0.50 [1.25, 2.86] 1,2,58.9 0.45 +0.07 [0.35, 0.53] 11 11.5 +3.73 [7.43, 17.8] 20.6 +6.10 [19.8, 36.5] 7,11
R11 1.83+0.37[120,2.28] 8 0.32 +0.07 [0.22,0.41] 34,6710 | 143+ 6.81 [7.16, 25.0] 18.8 + 528 [12.2, 28.4] 3.4,6.7,10
Lateral Condyle

Rl 1.56+0.58 [0.18, 2.23] 0.43+0.34 [0.20,1.32] 347 14.8+7.82 [6.73, 31.7] 27.3+149[17.4,56.8] 7

R2  1.41+0.70 [0.01, 2.26] 0.44 +0.39 [0.18, 1.45] 5,7 14.5 +5.81 [6.66, 24.3] 28.8+19.1 [10.9, 61.9]

R3  1.80 +0.86 [0.00, 2.80] 0.60 +0.29 [0.32, 1.30] 1 10.6 + 4.71 [5.85, 21.6] 33.2+14.5[17.1, 57.8]

R4 2.04+1.03[0.18, 351] 0.60 +0.32 [0.37, 1.40] 1 10.1 +4.41 [5.70, 19.9] 33.9+14.5[17.7, 52.8]

RS 1.45+0.67 [0.02, 2.23] 0.50 +0.37 [0.27, 1.45] 2 12.3+3.56 [8.19, 19.2] 11 20.1+16.8 [14.6, 54.6]

R6 1.84+0.97 [0.00, 3.04] 0.62 +0.28 [0.42, 1.24] 11.1 +3.22 [5.56, 16.4] 37.1+13.0 [17.9, 55.2]

R7 2.04+1.09 [0.00,3.34] 0.67 +0.23 [041, 1.23] 1,28 8.72 +2.16 [6.86, 13.7] 415+105[27.3,56.9] 1

RS 1.41+0.63[0.09,2.13] 0.44 +0.23 [0.24,0.97] 710,11 11.6 + 5.46 [6.47, 23.6] 28.0+16.0 [12.0,54.0] 10

RO 1.81+0.99 [0.00, 3.27] 0.56 +0.20 [0.35, 1.01] 11.3 +5.99 [5.05, 26.0] 36.8 +13.2 [18.4, 55.2]

R10 2.14+1.12 [0.09, 3.54] 0.63 +0.13 [0.47, 0.89] 8 8.48 +1.59 [6.33, 10.7] 41.7+989[29.1,56.8] 8

R11 1.61+0.82 [0.01,2.63] 0.56 + 0.20 [0.38, 0.97] 8 8.31+ 250 [5.08, 13.9] 5 33.3+15.3 [13.7, 54.8]

The indicated values are average * standard deviation [minimum, maximum].

Sig. diff to ROI" indicates ROIs within the same condyle showing statistically significant differences to the ROI considered

paired t-test with Bonferroni adjustment, p<0.05).
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Chapter 6
Discussion and Future Directions

The overarching aims of the research presented in this thesis were 1) to explore regional
differences in, and relationships between, the tibial cartilage morphology and
subchondral bone microarchitecture of human knees in OA and controls, using micro-CT
imaging; and 2) to determine the association of in vivo joint loading indices, measured
from pre-operative gait analysis (external joint moments) and radiographs (alignment),

with these tissues.

More specifically, this included:

1. To quantify tibia cartilage thickness, cortical subchondral bone plate thickness
and STB bone volume fraction in subjects diagnosed with end-stage knee OA with
varus- or valgus-aligned joints and compare them to control (non-0OA) knees.

2. To validate the human tibial cartilage thickness measured from micro-CT cross-
sections against histology (gold standard).

3. Toinvestigate in people with end-stage knee OA, relationships between knee joint
external moments (peak knee adduction moments, flexion/extension moments
and external/internal rotation moments), joint alignment (pre-operative gait
analysis and radiographs) and cartilage thickness of their excised tibial plateaus
quantified with 3D micro-CT.

4. To perform, in micro-CT scans of entire human tibial plateaus from controls and
OA, a systematic spatial mapping (22 regions) of the cartilage and underlying
bone; and to map the region-specific relationships in these parameters in control

and OA groups.
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6.1 Principal Findings

Tibial cartilage thickness, subchondral bone plate thickness and trabecular bone
volume fraction in varus-0A and valgus-OA differ from controls

Varus- and valgus-aligned tibial plateaus from end-stage knee OA subjects (n=17 and 8
respectively) differed significantly from controls (n=15) in cartilage thickness,
subchondral bone plate thickness and subchondral trabecular BV/TV, and their medial-
to-lateral ratios, depending on joint alignment. Micro-CT -cartilage thickness
measurements had a strong linear relationship with histology thickness measurements
(R?2 = 0.93, p<0.001), giving confidence that the here presented micro-CT analysis
protocol allows to accurately quantify gross cartilage morphology. Cartilage thickness
was significantly lower anteromedially in varus-OA compared to controls, whereas it was
higher posteromedially in valgus-OA. Control medial-to-lateral cartilage thickness ratios
were around unity (0.8-1.1), in varus-OA significantly below (0.2-0.6) and in valgus-OA
slightly above (1.0-1.3) unity and controls. SBP1.Th and BV/TV were significantly higher
medially in varus-OA and laterally in valgus-OA, compared to controls. In varus-0A, the
medial-to-lateral SBPL.Th and BV/TV ratios were above unity (1.4-2.4) and controls (0.8-
2.1); in valgus-OA they were closer to unity (0.8-1.1) and below controls. Overall, this
suggests that structural changes in OA may reflect differences in medial-to-lateral load
distribution upon the tibial plateau due to joint alignment. Compared to previous studies,
the M:L cartilage thickness findings are consistent with those from MRI studies in OA,
however, those did not consider the underlying bone (Eckstein et al., 2008); our M:L
BV/TV ratios findings are consistent with M:L. BMD studies using DEXA, which, however,
did not investigate the overlying cartilage (Christensen et al., 1982, Hulet et al., 2002). In
this study, regions of lower cartilage thickness in OA corresponded to regions of thicker
cortical subchondral bone plate and higher BV/TV underneath, and vice versa. This
suggests an interplay between cartilage thickness and subchondral bone, and a whole-
joint response in OA to daily stimuli. Moreover, cartilage thickness measurements from
the presented micro-CT scanning protocol were validated against histology, enabling the
concurrent imaging of cartilage morphology and bone microarchitecture to be performed

within the same scan and without staining.
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Joint loading indices correlated with regional cartilage thickness values and their
medial-to-lateral ratios in end-stage knee OA subjects

In 25 end-stage OA subjects, relationships were found between tibial cartilage thickness
(assessed from micro-CT scans), mechanical alignment and external knee joint moments
(pre-operative gait analysis). Significant correlations were found between Cart.Th and
joint loading indices, positive anteromedially with the first peak knee adduction moment
(r=0.55, p<0.01) and external rotation moment (ERM; r=0.52, p<0.01), and negative with
MAD (r=-0.76, p<0.001). In the lateral regions, these correlations had opposite signs. The
medial-to-lateral Cart.Th ratio correlated strongly with ERM (r=0.63, p=0.001) and MAD
(r= -0.75, p<0.001). These relationships have the opposite sign compared to the
subchondral bone microarchitecture found in a previous study by our group on the same
specimens (Roberts et al., 2018). This suggests a complementary bone-cartilage interplay
in OA, in response to loading. The high spatial resolution of micro-CT (17 um/voxel) may
provide higher sensitivity compared to cartilage measurements from MRI, and, combined
with the broad range of specimens in this study (mechanical axis alignment ranging from
varus- to valgus-aligned), may explain the significant relationships found here (such as
between medial and lateral cartilage thickness, ERM and KAM), and not found in other

studies (Vanwanseele et al.,, 2010, Erhart-Hledik et al, 2015, Maly et al., 2015).

In healthy and end-stage OA knees, regional differences exist in cartilage thickness
and subchondral bone microarchitecture within- and between-condyles,
depending on the group.

A systematic mapping of the cartilage and subchondral bone of the tibial plateau (22 sub-
regions) in healthy and OA knees exhibited within-condyle and between-condyle
(medial-to-lateral) regional differences in the tissues, depending on the group. In
controls, Cart.Th, SBPL.Th and BV/TV were lowest in the external regions and thickest in
the central and anterior regions. The cartilage thickness distribution is consistent with
MRI studies (Favre et al, 2017). In the varus-OA group, the cartilage was thinnest
anteriorly in the medial condyle with high underlying SBP1.Th and BV/TV. In the non-
varus-OA group, the cartilage distribution was similar to controls but with higher

underlying SBP1.Th and BV/TV.
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Region-specific relationships between cartilage and subchondral bone were found
in end-stage OA, but not in controls.

The subchondral bone plate thickness and bone volume fraction were positively
correlated in both controls and OA. However, interestingly, whereas in controls almost
no relationships were found between cartilage thickness and the underlying subchondral
bone, in OA, where significant, these relationships were negative in sign. Previous studies
have reported conflicting relationships between cartilage and bone (as discussed in
Chapter 5), but this may be attributed to pooling together regions and datasets (controls,
mild OA and severe OA), whereas the region-specific analysis in this thesis was
performed separately for end-stage OA and control cohorts. The negative relationships
between cartilage and subchondral bone in end-stage OA were opposite in sign to an MRI
study in early-stage OA (Bolbos et al., 2008), which may also suggest that the relationship
between cartilage and bone may change during the progression of the disease,

warranting further investigation.

6.2 Significance to OA research

The research presented in this thesis builds on previously published findings on the
influence of joint loading on tibial bone microarchitecture in end-stage OA (Roberts et al.,
2017a, Roberts et al, 2017b, Roberts et al, 2018). Regional heterogeneity in bone
microarchitecture was found to differ with variations in static knee joint alignment and
to be associated with external knee joint moments. However, it was not clear if these
variations were unique to end-stage OA or also present in non-pathological joints, and if
they were reflective in the overlying cartilage within the same regions. In fact, despite the
consensus that the entire osteochondral unit is involved in OA, with abnormal alterations
of one tissue affecting the other (Radin et al,, 1986, Burr et al., 2012, Loeser et al., 2012),
the interaction between the tissues at high spatial resolutions, within the same subjects,
and how they are influenced by known risk factors of OA such as joint loading, is not well
understood. Thus, this was the focus of the research presented in this thesis.

The paucity of research in this area can be attributed to limitations in imaging the
osteochondral unit. In vivo studies are restricted to using imaging modalities (MRI, DEXA,
CT) with low spatial resolutions to typically visualise either cartilage (MRI) or bone

(DEXA, CT). Advancements in micro-CT devices and computational power in the past
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decade have improved the feasibility of ex vivo imaging of large human samples and
processing of the sizable, generated datasets (Perilli et al.,, 2012). Indeed, since the start
of this PhD candidature, the use of micro-CT for imaging the entire tibial plateau has
become a growing area of research (Chen et al., 2017, Chen et al., 2018, Gatenholm et al.,
2019, Muratovic et al, 2019, Han et al,, 2020, Holzer et al, 2020). However, of these
studies, only a few have characterised the articular cartilage morphology in addition to
bone microarchitecture, and of those studies, none considered the influence of joint
loading. As has been shown in this thesis, joint loading indices were associated with the
cartilage and bone distribution across the tibial plateau (Chapters 3, 4, 5; Rapagna et al,
2021a, Rapagnaetal, 2021b).

In Study 2 it was revealed that the mechanical axis deviation was the joint loading
indicator that most strongly correlated with end-stage OA cartilage thickness, and its
medial-to-lateral ratio. When stratifying the OA cohort into varus- and valgus-aligned OA
tibial plateaus, each group differed significantly from controls in cartilage thickness,
SBPLTh and BV/TV, depending on joint alignment. Not considering joint alignment
diminishes regional differences among the tissues in OA compared to controls (as shown
in Study 1 in this thesis), which may explain why Chen et. al. (2018) found no significant
differences in some regions in OA compared to controls.

Similarly, in this thesis, differences in cartilage thickness, SBP1.Th, BV/TV between medial
and lateral condyles in OA and against controls, were higher in subregions, rather than
using an average measurement for the entire condyle. Moreover, cartilage thickness in
OA was correlated with gait parameters anteromedially and posterolaterally, but not
anterolaterally and posteromedially. In addition to the improved sensitivity of using a
high spatial resolution (17 um/pixel, currently unachievable with in vivo methods) this
might explain relationships found in this study but not in the literature (Vanwanseele et
al, 2010, Erhart-Hledik et al, 2015, Maly et al., 2015). Relationships with KAM, KFM, ERM
and MAD were found for regional cartilage thickness, whereas with ERM and MAD for the
medial-to-lateral cartilage thickness ratio. The approach to investigate all external knee
moments revealed relationships in OA otherwise underreported in the literature. This
should be considered in the development of OA treatment options (e.g. orthotics) which
have had mixed reported outcomes (Arnold et al, 2016), potentially due to being
designed to reduce the KAM only, where forces in all three principal directions should be

considered.
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Interestingly, examined relationships with joint loading indices and cartilage thickness
were weaker compared to those involving bone, likely due to the presence of denuded
cartilage in some areas of end-stage OA specimens. This affected the examined
relationships between cartilage and joint loading indices (Study 2) and bone parameters
(Study 3). OAis characterised by a loss of cartilage, and once this cartilage has worn away,
it is unlikely to grow back naturally, nor can it further reduce in response to more load.
As a result, while the external knee moments and BV/TV may have altered, regions of 0
mm cartilage would not similarly adapt, and hence would weaken statistical correlations.
It is possible that these relationships would have been stronger earlier in the disease,
where there was still cartilage left. This opens a prospect for using high resolution
longitudinal joint imaging in future, to explore the disease progression in vivo. Moreover,
in Study 3, controls did not differ in cartilage thickness between corresponding regions
in the medial and lateral condyles, but did so in the underlying bone, likely in response to
habitual joint loading. Hence, subchondral BV/TV, along with cartilage thickness, might
be a sensitive marker for monitoring the progression of OA and reflecting the efficacy of

treatment options aimed to reduce abnormal loading.

6.3 Recommendations for future research

Investigating the influence of joint loading on cartilage thickness and subchondral
bone morphometry during the progression of OA

Micro-CT imaging, as used in this thesis, enables concurrent high resolution imaging of
cartilage and bone in entire human tibial plateaus, but is restricted to ex vivo specimens.
Thus, the specimens used in this study were either from end-stage OA subjects (with gait
analysis and alignment determined pre-operatively) or from cadaveric controls with no
such in vivo gait analysis or joint alignment measure. Relationships between regional
articular cartilage thickness and joint loading indices in end-stage OA were found.
However, it is unclear from this cross-sectional investigation, whether possible changes
in joint loading indices were in response to the structural changes in OA and a
compensatory strategy to reduce pain, or if pre-existing abnormal gait patterns altered
the loads across the joint, causing structural alterations to the joint and progressing the
disease. Moreover, while there were relationships between tibial articular cartilage

thickness and underlying subchondral bone microarchitecture in end-stage OA, and
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differences in these tissues from controls, it is still not known in what tissue the disease
originated.

As currently micro-CT imaging on humans can only be performed ex vivo, future studies
may use a combination of MRI, particularly if the spatial resolution might improve in the
future, and high-resolution peripheral quantitative CT (HR-pQCT) (Bhatla et al, 2018), or
contrast-enhanced HR-pQCT (Michalak et al., 2019), to monitor the tibial cartilage and
subchondral bone morphology in non-OA subjects and during disease progression. This
could be investigated alongside gait analysis and estimated joint loading. However, the
use of HR-pQCT is currently subjected to joint size limitations due to gantry size as
described in Chapter 2.4.2. Alternatively, vBMD measured with pQCT in vivo, although
lower in spatial resolution (200x200 um in-plane, with 2.3 mm slice thickness) compared
to HR-pQCT (61 pm/pixel), may also be suitable. pQCT has a larger gantry, enabling
scanning of bigger joints and has previously been used to reveal significant relationships

between external knee moments and regional vBMD in controls (Thewlis et al.,, 2021).

Improving estimations of in vivo habitual tissue loading

Measuring internal knee contact forces is currently not possible in clinical settings
(Fregly et al, 2012, Meyer et al., 2013). Instead, both joint alignment and external knee
moments (computed from gait analysis) have been used as surrogate markers for contact
forces (Studies 1, 2 and 3, Andriacchi, 1994, Baliunas et al., 2002, Miyazaki et al., 2002,
Adouni et al., 2014a, Roberts et al., 2017a, Roberts et al., 2017b, Roberts et al., 2018).
However, this may not be appropriate, particularly in conditions (altered gait pattens)
where the total contact force or muscle forces may change (Meyer et al., 2013). Estimates
may be slightly improved by monitoring muscle activation patterns using
electromyographic (EMG) signals (Hafer et al, 2020). Alternatively, due to recent
advancements in musculoskeletal models, modelling knee contact forces during gait may
result in improved predictions of variations in cartilage thickness and subchondral bone
morphometry in OA, rather than using the external joint moments (Fregly et al.,, 2012,

Meyer et al., 2013).

Improving understanding of the material properties of the osteochondral unit due
to joint alignment
In Study 1 differences in cartilage thickness, subchondral plate thickness and trabecular

bone volume fraction between OA and control joints were found to depend on joint
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alignment. However, it is unknown if these relationships are also reflected in the material
properties of each tissue. In previous studies published in the literature, cartilage and
bone material properties have been reported to vary among regions of the tibial plateau
(Thambyah et al., 2006, Renault et al., 2020, Li et al., 2021). However, only one of these
studies considered the influence of joint alignment on material properties of the bone. By
using nanoindentation in the subchondral bone of OA tibial plateaus, Renault et al. (2020)
found the hip-knee-ankle angle to be negatively correlated with the elastic modulus of
trabeculae from the centre of the medial condyle (a more varus alignment corresponded
with a higher elastic modulus medially) and positively with the central region of the
lateral condyle. These relationships were weak-to-moderate, however, they can be
expected to be stronger if considering specific load-bearing regions such as those
presented in this thesis (Chapter 4; Rapagna et al. 2021b); for example, the anterior
region of the medial condyle, which in this thesis was the region where cartilage thickness
correlated the strongest with MAD in OA. Moreover, it is unclear if these tissues differ in
material properties (e.g., elastic modulus) to age-matched controls within the same
regions. Future studies may use nano- or micro-indentation to determine these
properties. These material properties may in turn be used in the development and
refinement of finite element models for predicting the mechanical behaviour of the joint

in specific patient cohorts (e.g., varus-aligned OA patients) (Perillo-Marcone et al., 2000).

6.4 Concluding statement

In this thesis, micro-CT was used for the non-destructive concurrent imaging of cartilage
and bone microarchitecture at high spatial resolutions (17 pm/voxel) on entire human
tibial plateaus. Such high resolution imaging is unattainable using clinical scans (e.g. MRI
or peripheral quantitative CT). The non-contrast agent based micro-CT protocol for
quantifying gross cartilage morphology was validated against histology. Detectable
morphological differences in cartilage thickness and subchondral bone between control
and OA joints depend on joint alignment and could become useful indicators of disease
progression, warranting further exploration. Pre-operative joint loading indices (such as
the knee adduction moment, external rotation moment and mechanical axis deviation)
significantly correlated with regional cartilage thickness and the medial-to-lateral

cartilage thickness ratios in OA. Subchondral bone plate thickness and bone volume
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fraction were positively correlated in both controls and OA. However, negative
relationships between cartilage thickness and underlying subchondral bone were
identified in end-stage OA but not in controls, suggesting a whole-joint response in OA to
daily stimuli, which is altered compared to controls. While this study was performed in
controls and late-stage OA, further research is needed to determine whether the
relationships between cartilage thickness, subchondral bone and joint loading indices are
also present in earlier stages of the disease. This could, in the future, be performed in vivo
by using a combination of high-resolution MRI and HR-pQCT, which may facilitate

longitudinal monitoring of subjects at various stages of the disease over time.
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