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Thesis abstract

Bone marrow lesions (BMLs) are magnetic resonance imaging (MRI)-identified
pathological changes in subchondral bone, closely associated with joint pain and
osteo-chondral structural degeneration in knee osteoarthritis (KOA). Despite the
usefulness of BMLs as diagnostic and prognostic markers in KOA, what they
represent at the tissue level remains unclear. Thus, the thesis aim was to perform
a comprehensive investigation of BMLs at the tissue level and their relationship
with the structural changes in KOA. We hypothesised that BML imaged using
MRI reflect changes in subchondral tissue of proximal tibia that related to OA
disease severity and/or progression.

The first study provided comprehensive tissue characterization of BMLs detected
using two [proton density fat saturated (PDFS) and T1)] specific MRI sequences.
Multi-modal tissue level analyses of the whole depth of the tibial osteochondral
unit were performed. The results from tissue level analyses showed that BMLs
detected by specific MRI sequences associate strongly with the degree of
structural change in the osteochondral unit in KOA. Specifically, BMLs detected
by the combination of PDFS and T1 weighted MR-sequences represent an
advanced structural stage of OA disease, while BMLs detected only by PDFS
weighted sequence represent less severe OA, and potentially have the ability to
resolve.

In the second study, potential causal factors (mechanical loading and vascular
pathology) of BML formation were investigated by assessing the accumulation of
microdamage, and the qualitative and quantitative aspects of blood vessels in

BML and non-BML tissue. Increased microdamage density and increased

Vi



arteriolar density, with altered characteristics of vascular walls, were found in the
zones of BML tissue, supporting the notion that both excessive and
biomechanically unfavourable loading and vascular pathology contribute to the
occurrence of BMLs in tibial subchondral bone tissue.

In the third study, a potential role for components of the metabolic syndrome in
BML development and its potential influences on the progression of KOA was
investigated. Results from this study suggested that a combination of specific
metabolic factors such as central obesity with BMI 30 or greater, dyslipidaemia,
high blood pressure and high fasting glucose levels might promote the
occurrence of BMLs in tibial subchondral bone tissue and that metabolic factors
might contribute to the progressive osteochondral degeneration in KOA.

The fourth study described microarchitectural changes in whole tibial plateaus
(TP), based on the presence/absence of a BML. Tissue from healthy/control
knees was also used to compare with that from OA with no BML and OA with
BML, to better understand the course of OA disease and BML involvement in
disease progression. In comparison with non-OA (control) subjects, the bone
microstructure of the subchondral plate and trabeculae varies significantly
between subregions of the TP in KOA. Secondly, in KOA subjects, two types of
structural changes were identified, which were dependent on the presence or
absence of a BML in the TP, and which related to the extent of cartilage
degradation. Thirdly, the presence of a BML had implications for the
microstructure of regions of the TP beyond the zone of the BML.

In conclusion, this series of related studies demonstrates that BMLs as a feature
of subchondral bone strongly associate with the progressive state of OA disease

and therefore play a significant role in KOA pathogenesis. This demonstrated that
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BMLs are valuable imaging biomarkers of KOA and that BMLs might provide

attractive targets for therapeutic intervention in OA.
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Chapter 1

Literature review and project aims



1.1 Introduction

Osteoarthritis (OA) is a multifactorial slow-progressive disease of the whole joint.
According to the Australian Bureau of Statistics and the Australian Institute of
Health and Welfare, approximately 2.1 million Australians (9% of the population)
suffered from OA in 2014-15, based on self-reported data [1]. The prevalence of
OA is higher among females and the older population. Approximately 10% of
females have OA compared to 6% of males. Also, it is estimated that 52% of
people aged 75 and over suffer from this condition, compared with only 1% of
people aged less than 25 years. The World Health Organization (WHO) estimates
that 10% of the world’s population over 60 years of age suffers from OA, and that
80% of people with OA experience limitation of movement and 25% cannot
perform activities of daily living [2].

While OA can affect all joints in the human body, it is most common in the knee.
The knee is the largest synovial joint in the body and it is composed of 3 bones
(femur, tibia and patella) and 2 joints; tibio-femoral joint, which itself is comprised
of a medial and a lateral compartment, and the patello-femoral joint (Figure 1-1)
[3]. The proximal part of the tibia, known as the tibial plateau, is the most affected
side of the tibio-femoral joint and suffers the most severe structural changes in
joint disease. The current treatment options for knee OA are largely to help relieve
the clinical symptoms. The main options are; lifestyle measures such as weight
loss and exercises, pharmacological pain management and when those are not
sufficient, joint replacement surgery to repair or replace damaged joints may also
be considered. Surgical procedures restore joint function, help relieve pain and

in general improve quality of life of OA sufferers [4].
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Figure 1-1:The frontal view of the right knee joint showing tibia, femur,
fibula, ligaments, and meniscus. |Image reproduced from
https://flexcin.com/dealing-with-treating-knee-pain-from-an-mcl-injury.

Unfortunately, surgical treatment involves certain risks of complications such as;
postoperative infection, development of blood clots, nerve damage and, in very
rare circumstances, death [5].

In Australia, the number of total knee replacements (TKR) is continually
increasing (Figure 1-2) [1]. According to the Australian Institute of Health and
Welfare and the Australian Joint Replacement registry, the number of TKRs
between 2000-01 and 2007-08 increased from 16,089 to 26,712, or 67% over 7

years. In their last published report in 2014-15, 47,087 TKRs were performed, an
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increase of 75% over 7 years [1, 6]. There are no consensus criteria to determine
for which patients TKR is an appropriate method of treatment. Thus, it has been
noted that the proportion of younger patients (<65 years of age) receiving TKR is
also increasing [7]. In order to improve the current clinical management of KOA,
there is an urgent need to understand disease aetiology, with a clear definition of
early and late stage disease. This would then contribute to the development of

more optimised approaches to OA treatment and disease management.
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Figure 1-2: The number of knee and hip replacements in the Australian
population for period 2005/6-2014/15. Image reproduced from
https://www.aihw.gov.au/reports/arthritis-other-musculoskeletal-

conditions).

1.2 Definition of knee osteoarthritis

The current definition of KOA is that it is a disease of the whole joint. Specifically,
its pathogenesis involves changes in the cartilage, subchondral bone, synovial
ligaments and menisci. However, it is well accepted that in the course of the

disease the most severe progressive and degenerative structural changes occur
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at the bone and cartilage interface, also known as the osteochondral unit (OCU)

(Figure 1-3).
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Figure 1-3: Difference between the healthy and osteoarthritic (OA) joint.
Image reproduced and adapted from “Bone-cartilage interface crosstalk in
osteoarthritis: potential pathways and future therapeutic strategies” Yuan

et al., 2014.

Structural changes in the OCU include loss of articular cartilage, and
modifications of the subchondral bone, such as new bone formation, leading to
sclerosis of subchondral bone and formation of osteophytes, the presence of
bone marrow lesions (BML) and subchondral cysts. These changes lead to
debilitating clinical symptoms, primarily severe pain, joint stiffness and immobility,
which may eventually lead to TKR surgery [8-12]. To investigate the structural

changes indicative of OA, different imaging modalities can be used.



1.3 Imaging modalities in KOA

1.3.1 Plain radiography

Plain radiographs (x-rays) are the most commonly used to assess structural
changes associated with KOA (Figure 1-4). Radiographs demonstrate and
evaluate narrowing of the distance between bones, defined as ‘joint space
narrowing’, which indirectly provides an estimate of cartilage thickness.
Radiological grading schemes, such as the Kellgren-Lawrence grading system
and Osteoarthritis Research Society International (OARSI) classification score
have been developed to assist assessment of OA progression by radiographic
imaging [13-15]. However, these methods are limited, as they only indicate
changes defined as joint space loss, which does not change linearly over the
course of OA disease [13]. In general, radiographs have been criticized as not
being sensitive to early changes, not able to demonstrate all components of the
joint and often prone to measurement error due to change of patient positioning

[16].

sclerosis
reduced

joint

space

Figure 1-4: X-Ray of the knee with normal joint space (left) and OA knee
with reduced joint space, osteophyte and sclerotic subchondral bone.

Image reproduced from http://www.docjoints.com/knee-arthritis.
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1.3.2 Magnetic resonance imaging (MRI)
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Figure 1-5: Components of the knee joint visualised by MRI.Image adapted

from http://www.docjoints.com/knee-arthritis.

The development of magnetic resonance imaging (MRI) using powerful magnetic
fields instead of x-rays allows detailed visualization of all components of the knee
joint (Figure 1-5) and enables examination of the structural changes across
disease progression in OA [17, 18]. Importantly, specific pathology of the OCU,
such as changes in cartilage volume, bone marrow lesions (BMLs), subchondral
cysts, bone attrition and osteophytes can all be assessed by MRI at an early
stage and followed through the progression of the disease. Also, it has been
shown that MRI is more powerful than radiographic assessment of patients with
more advanced OA disease [17-19]. Several semi-quantitative morphologic
whole-organ scoring systems have been proposed to help to understand the
associations between MRI detected OCU pathologies, the progression of knee
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structural damage and clinical manifestation of symptoms, especially pain (Table
1-1). One of the first published scoring systems was the Whole Organ Magnetic
Resonance Imaging Score (WORMS), [20]. Since then, the Knee Osteoarthritis
Scoring System (KOSS) [21], the Boston Leeds Osteoarthritis Knee Score
(BLOKS) [22], and the MRI Osteoarthritis Knee Score (MOAKS) [23] have been
developed. The reproducibility and sensitivity of these semi-quantitative systems
have been tested in several studies [21, 22, 24]. In comparison to previous
systems, the MOAKS exhibited very good reliability for the majority of features
assessed, and to date it is the most recommended tool for semi-quantitative MRI

assessment of KOA [23].



Table 1-1. Most commonly used whole-organ scoring systems for knee

OA

Scoring system

Scored features and grades

WORMS
Organ

(Whole
Magnetic
Resonance

Imaging Score) [20]

Cartilage (0-6); BMLs size (0-3); subchondral cysts (0-3); bone attrition
(0-3); effusion and synovitis (0-3); periarticular cysts (0-3); bursitides
(0-3); loose bodies (0-3); osteophytes (0-7); meniscal tear (0-4);

cruciate and collateral ligaments (0-1)

KOSS (The Knee
Osteoarthritis
Scoring System) 21]

Cartilage size and depth (0-3); BMLs size (0-3); subchondral cysts (0
3); osteophytes (0-3); effusion (0-3); meniscal tear (0-3); meniscal

extrusion (0-3); popliteal cysts (0-3); synovial thickening (0-1)

BLOKS

Leeds

(Boston

Osteoarthritis Knee

Score) 2]

Cartilage size and depth (0-3, plus extent of any cartilage loss); BMLs
size (0-3, for each lesion); osteophytes (0-3); effusion (0-3); meniscal
extrusion (0-3); synovitis (in Hoffa’s fat pad 0-3 and at 5 additional sites
0-1); meniscal status (0-1 for intrameniscal signal, tears, maceration,
meniscal cyst, each scored individually); ligaments (0-1); periarticular

cysts/bursitis (0-1); loose bodies (0-1).

MOAKS (MRI
Osteoarthritis Knee

Score) 23]

Cartilage size and depth (0-3); BMLs size (0-3, for each lesion);
osteophytes (0-3); effusion-synovitis (0-3); Hoffa synovitis (0-3);
meniscal extrusion (0-3); meniscal status (01, for intrameniscal signal,
tears, maceration, meniscal cyst, hypertrophy; scored individually);
ligaments (0-1); periarticular cysts/bursitides (0-1, scored individually);

loose bodies (0-1)

Table 1 Adapted from “MRI based semi-quantitative scoring of joint pathology in osteoarthritis”

Nature Reviews, Rheumatology, 2013 [

25]




1.4 Osteochondral unit as the functional unit of the knee joint

The osteochondral unit consists of three morphologically and physiologically
distinct units; articular cartilage, subchondral bone (subchondral plate and
subchondral trabeculae) and fatty bone marrow located between the trabeculae
(Figure 1-6). While those units represent different anatomical compartments, it
is important to stress that they are in close relationship and function as one unit.
Therefore, it is believed that a pathological change in one will adversely affect the

others [26-28].
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Figure 1-6 : Diagram of the osteochondral unit and its components. Image
adapted from Imhof, H., et al., Subchondral bone and cartilage disease: a

rediscovered functional unit. Invest Radiology, 2000) [27].
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1.4.1 Articular cartilage

The articular cartilage is a 2 to 4 mm thick layer of specialised connective tissue
covering the ends of bones that form articulating joints. The main function of the
cartilage is to allow friction-free movements inside the joint and to spread the
transmission of mechanical loading onto the underlying bone. Articular cartilage
is composed mainly of water, collagen, proteoglycans, and small amounts of non-
collagenous proteins and glycoprotein [29]. Based on the orientation of the
cartilage fibrils and the morphology of the cartilage cells, the chondrocytes,
cartilage can be divided into four zones or layers; superficial layer, transitional or
reserve (resting) layer, proliferation or deep layer and hypertrophy zone or

calcified layer (Figure 1-7) [29].
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Figure 1-7: A cross sectional view of the cartilage and its zones. Image

adapted from https://www.jplrc.com/cartilage-defects.html.
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The superficial zone occupies about 10% to 20% of the articular cartilage
thickness. Inside this zone chondrocytes are arranged parallel to the articular
surface. The reserve or transitional zone, represents 40% to 60% of the cartilage.
In this zone collagen fibrils are arranged diagonally and the chondrocytes are
spherical to the articular surface. The deep zone represents approximately 30%
of articular cartilage and it is responsible for providing resistance to compressive
forces. Collagen fibrils in this zone are arranged perpendicular to the articular
surface and chondrocytes have a parallel orientation to the collagen. The zone of
the calcified layer represents approximately 5% of the cartilage, and it acts as a
transition zone from the cartilage to the bone. In this zone chondrocytes are
hypertrophic. Healthy articular cartilage is avascular and without nerves or

lymphatics supply.

1.4.2 Subchondral bone

Subchondral bone has been defined as the thin layer of calcified tissue, located
immediately below the articular cartilage. It consists of two distinctive structural
formations; the subchondral plate and subchondral trabeculae (Figure 1-8) [26,
28, 30]. The subchondral plate is a plate-like structure located between the
calcified cartilage at one end and subchondral trabeculae and fatty marrow
between trabeculae at the other end [28]. Also, it has been noted by Lyons et al.
that fingers of uncalcified cartilage, delineated by the tidemark, dip through the
calcified cartilage into the subchondral bone and marrow spaces [31]. Thus, the
cartilage and subchondral bone show both mechanical linkage and physical

contact to allow the exchange of nutrients and bioactive molecules.
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Subchondral plate

Subchondral trabeculae

Figure 1-8 Micro computed tomography image (sagittal plane) of human
proximal tibial subchondral bone indicating two distinctive structural

formations; subchondral plate and subchondral trabeculae.

The thickness of the subchondral plate varies between different joints, between
males and females, and between different age groups, and it has been found that
heavily loaded areas have greater thickness [26, 32]. From the subchondral plate
arise the subchondral trabeculae, consisting of interconnected rods and plates.
The extent of trabecular bone below the subchondral plate considered as part of
the OCU (in the human proximal tibia) is 6-10 mm [33]. The subchondral plate
and subchondral trabeculae are architecturally, physiologically and mechanically

different and respond differently during OA pathogenesis [28, 34]. They undergo
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significant changes and modifications during the development and progression
of OA, resulting in the appearance of subchondral bone sclerosis, cysts, bone
marrow lesions (BMLs) and/or osteophytes [34].

Much of the research focus in KOA has been on investigating the loss of cartilage
cellular and structural integrity. However, a substantial amount of evidence has
been collected showing that changes in subchondral bone have an important
impact on the progression of KOA disease [26, 28, 35]. Animal models suggest
that changes in the subchondral bone may even precede cartilage changes [36-
40]. Understanding changes in the subchondral bone that may alter the bone
quality and may contribute to the joint pathogenesis of OA is essential for better
understanding of OA aetiology and also might be important information for the

development of effective treatments for KOA.

1.5 Subchondral bone quality and osteoarthritis

Bone quality represents the sum of all characteristics of bone that together
describe the composition and structure that contribute to bone strength, and also
may be independent of bone mineral density [41, 42]. Bone might be qualitatively
different in strength despite similar bone density. For example, in young adults,
bone is stronger across all levels of bone density compared to bone in older
adults. So, the concept of bone strength includes a number of characteristics of
bone besides bone density that collectively are termed “bone quality” [43]. Thus,
it includes; bone turnover, microarchitecture, mineralisation, microdamage and
composition of the bone matrix and mineral [44]. These components are
interdependent, so often changes in one result in changes to the others. In
particular, changes in bone turnover affect other components of bone quality

14



(such as the degree of mineralisation) and hence its measurement in clinical

practice is of key importance [44].

1.5.1 Bone turnover

The rate of bone remodelling is an important determinant of bone quality. It refers
to the total volume of bone that is both resorbed and formed over a period of time
[45]. Under ideal circumstances the amount of bone resorbed equals the amount
reformed. Bone remodelling can be estimated in clinical practice by measuring
circulating and excreted biochemical markers of resorption and formation [44,
46]. In a naturally occurring OA guinea-pig model, markers of bone formation and
resorption are reported to be higher before visible cartilage degeneration [37],
indicating that one of the earliest changes in OA is a change in bone remodelling.
Bone remodelling is a harmonised process of cellular activity responsible for
bone renewal and repair. Understanding the cell biology of this process is
essential, since abnormalities of bone remodelling may have involvement in
metabolic bone diseases [47]. The bone remodelling cycle (Figure 1-9) begins
with an activation phase that involves recruitment of osteoclast precursors to the
skeletal site that is to be remodelled [47]. Next is the phase of bone resorption,
during which osteoclasts remove bone and then undergo programmed cell death
(apoptosis). In the final stage, bone formation takes place to replace the removed
bone. It begins with recruitment of osteoblast precursors to the remodelling site.
These cells then differentiate into mature osteoblasts and start to form a new
bone matrix (osteoid), which subsequently becomes calcified to form mature

mineralised bone [47].
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Figure 1-9: Bone remodelling is a coordinated process of three major types
of cells: osteoclasts- bone resorbing cells, osteoblasts- bone forming cells
and osteocytes- bone matrix cells. Image reproduced from

http://www.orthopaedicsone.com.

It was long believed that during the pathogenesis of OA, subchondral bone
underwent only appositional new bone formation, which resulted in sclerotic
bone. However, at least in animal models, bone attrition and bone loss are
characteristic of early stage OA [38, 48]. Also, in an early experimental OA mouse
model, gene microarray analysis of subchondral bone showed increased
expression of catabolic factors before any signs of cartilage degeneration [49]. In
OA patients with progressive KOA, evidence of increased bone resorption are
seen; whereas, in general, non-progressing OA patients do not show evidence
of altered resorption [50]. Based on current published data from human studies
it is very hard to distinguish if changes in bone turnover are causative of human

OA or a consequence of the disease process.
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1.5.2 Cellular components

There are four main cell types in bone tissue; osteoprogenitor cells of the
osteoblast lineage, osteoblasts, osteocytes, and osteoclasts (osteoclast
progenitors are recruited to bone via the circulation), (Figures 1-9 & 1-10).
Osteoprogenitor cells are primitive cells derived from the mesenchyme (Figure
10a). They form in the inner layer of the periosteum and also line the marrow
cavity, as well as Haversian and Volkmann’s canals of compact bone. During the
period of growth and remodelling, these cells are stimulated to differentiate into
osteoblasts that lay down new bone. They can also differentiate into other cell
types such as fibroblasts, chondroblasts and adipose cells [51].

Osteoblasts are large cells with abundant basophilic cytoplasm, which originate
from primitive mesenchymal cells. Their main function is to lay down new bone
in the form of osteoid, which consists mainly of collagen that is essential for later
mineralisation in the form of hydroxyapatite [52]. Deposition of mineral makes the
bone matrix stiff, and capable of bearing loads [51].

In the course of OA, it has been noted that osteoblasts display biological and
morphological differences [53, 54]. Also, it has been noted that OA osteoblasts
have altered expression of important bone factors (RANK-L: receptor activator of
nuclear factor kappa B ligand, OPG: osteoprotegerin, IGF: insulin-like growth
factor, PTHrP: parathyroid hormone related protein) [54]. Further, gene
expression analysis of osteoblasts derived from hip OA showed that dysregulated
expression of the transcription factor Twist-related protein 1 (TWISTL1),
transforming growth factor-beta (TGFB1) and Mothers against decapentaplegic
homolog 3 (SMAD3) was present in OA osteoblasts, both in vivo and ex vivo,
suggesting that altered intrinsic properties of osteoblasts might have a role in OA

aetiology [55, 56].
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Figure 1-10: Cell types in bone tissue; osteoprogenitor cell, osteoblast-
bone forming cell, osteocyte, and osteoclast- bone resorbing cell. Image

reproduced from https://infograph.venngage.com/p/185921/bone-project).

Osteoclasts are large  multinucleated cells derived from the
monocyte/macrophage cell lineage [57]. They can be found attached to the bone
surface at sites of active bone resorption [58]. Osteoclasts have a short lifespan
of several weeks and their role is the resorption of the mineral and organic
components of bone tissue [59]. Osteoclasts are important for maintenance of
bone quality as they actively participate in shaping bones, and removing damage
and/or non-vital bone [60]. Osteoclastic formation and activity are regulated by
RANKL [61]. The relative excess of RANKL has been shown to play a role in
focal bone loss pathologies [62, 63]. Osteoclasts have been found to have an
important role in joint disease, with the majority of evidence of their involvement
in the progression of joint disease coming from rheumatoid arthritis studies,
where osteoclasts play an active role in bone erosion [60, 62, 64, 65]. The role
of osteoclasts in OA pathogenesis is less clear, particularly in human disease.
Evidence from animal studies suggested that use of antiresorptive therapy

(bisphosphonate) decreased OA progression, suppressing subchondral bone
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resorption, reducing osteophyte size, and preventing cartilage degradation [66]
[67]. This effect of bisphosphonates is believed to act by a direct inhibitory effect
on osteoclasts and bone turnover [66]. However, data from human studies has
not demonstrated a clear benefit of antiresorptive therapy in human OA [68, 69].
Osteocytes reside within the bone matrix, connected to each other via long cell
extensions, which run through canaliculi (Figure 10c) [70]. Osteocytes are
present in the bone at high density, although the number, size and position of
osteocytes vary according to the type of bone and skeletal sites they inhabit [59,
71]. Recently, Buenzli and Sims estimated that the total number of osteocytes
within the average human skeleton is ~42 billion and the total number of
osteocyte dendrites are ~3.7 trillion [72]. Furthermore, based on the average time
of the remodelling cycle in the adult, this study estimated that 9.1 million
osteocytes are restored on a daily basis in the skeleton, signifying the intriguing
and dynamic nature of the osteocyte network [72]. Also, it is believed that
osteocyte viability may play a significant role in the maintenance and integrity of
bone quality, since it has been shown that osteocyte apoptosis has essential
roles in the repair of microdamage in bone [73]. Osteocytes appear to have a
number of important roles in bone [74, 75]. They possess the ability to reabsorb
(and reform) bone mineral, in a process termed osteocytic remodelling [74].
Osteocytes thereby maintain the structural integrity of the mineralised matrix and
may mediate short term release of calcium for the purpose of systemic calcium
homeostasis in the body. Verborgt et al. described a central role for osteocytes
in bone matrix repair [76], and more recent studies have shown that osteocytes
direct focal modelling and remodelling by detecting strain in bone [77-80].
Because of this, bone with a reduced number of osteocytes, such as has been

reported in the bone of patients with a fragility fracture, may have an impaired
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ability to repair microdamage [81]. In OA pathogenesis, altered morphology and
viability of osteocytes have been reported in sclerotic regions of the subchondral
bone in OA [82]. However, osteocyte number and viability, in relation to the
progression of OA, has not been investigated.

In addition, it is important to mention bone tissue resident macrophages, named
osteomacs, that are found to reside at the bone remodelling site [83]. Osteomacs
are closely related to osteoclasts by sharing a dependence on the lineage-
specific growth factor CSF-1 [83]. However, osteomacs express the epidermal
growth factor seven transmembrane (EGF-TM7) protein EMR1/F4/80 which
clearly distinguishes them from osteoclasts. In vivo, osteomacs are found at the
sites of bone modeling forming a distinctive canopy structure over mature
osteoblasts, whereas in vitro they enhanced osteoblast mineralisation suggesting

that osteomacs are likely to have a role in anabolic bone modelling [83, 84].

1.5.3 Mineralisation

An important aspect of the material properties of bone is the degree of
mineralisation. Overly mineralised bone tissue is more frail, and less resistant
during impact loading, while under mineralised bone may be too flexible for the
function it must perform [85]. Bone must at the same time be stiff enough to be
resistant to bending and elastic during dynamic loading so it retains the same
length without damage [86]. These contradictory properties are achieved by
varying the mineral content of the collagen tissue of bone [85]. The mineralisation
of the bone matrix is dependent on the age of the bone; in general older bone is
more mineralised because of alterations in bone remodelling rates [87]. However,
in OA, decreased mineralisation of subchondral bone has been noted in both the

subchondral plate and trabeculae in animal models and humans [88-90].
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1.5.4 Microarchitecture

The high power, non-destructive imaging method of Micro Computer
Tomography (Micro CT) has been developed to enable high resolution (5 um-50
pm), 3-dimensional visualisation and direct quantification of bone
microarchitecture [44, 91, 92]. Changes in the microarchitecture of subchondral
bone is an important characteristic of OA and it is believed to result largely from
high joint loading. Animal OA studies have substantially contributed to the
understanding of subchondral bone changes during progression of OA,
suggesting that changes in subchondral microarchitecture may occur before,
during and/or after cartilage damage [37, 38]. Furthermore, it has been
suggested that different types of changes in subchondral bone microarchitecture
may occur at different stages of OA disease progression. Thus, all changes and
modifications in SCB should be treated as significant pathophysiological events
[35].

In animal OA models [39, 48] the early stage of OA is characterised by a thinner
subchondral bone plate, increased plate porosity [48, 93, 94], fewer subchondral
bone trabeculae that are rod-like in structure and show reduced connectivity, with
an overall decrease in bone volume [50, 95-98]. In late stage OA, changes in the
SCB are described as a thicker subchondral bone plate, increased trabecular
bone density, trabecular thickness and trabecular number, while the separation
between trabeculae is decreased and transformation of trabeculae from rod-like
into plate-like is evident [99-101]. However, these findings have not been

observed consistently [33, 102].
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Recently, it has been suggested that according to the features of subchondral
bone (sclerotic and non-sclerotic trabecular bone), two subtypes of OA exist,
suggesting different mechanisms of disease progression [103]. Also, it has been
noted that specific changes, such as an increase in trabecular thickness, closely
correlate with increased cartilage histological grade (increased degradation)
[104], while an increase in trabecular number and a decrease in separation and
SMI associates with loss of cartilage volume [40, 105]. Furthermore, it was
deduced from a guinea pig OA study that retention of a rod-like structure might
protect cartilage from damage during impact loading [105]. It is also important to
apply an optimal measure parameter for assessment of plate/rod geometry in
human bone structure as it has been suggested that SMI might not be the optimal

parameter [106].

1.5.5 Microdamage

Microscopic bone damage (microdamage) is an important aspect of bone quality,
with biomechanical relevance. Microdamage may occur in one or more of the
constituents of bone’s material composition, and at nano-, micro-or macro
structural levels (Figure 1-11) [86]. The accumulation of microdamage in bone
tissue contributes to reduced bone strength, stiffness and resistance to
mechanical loading [51], factors that may subsequently contribute to the
progression of OA [107]. Microdamage in bone tissue may be present in the form
of microfractures, linear microcracks [107] and diffuse damage [108] that each

has different mechanical and biological consequences [86, 109-111].
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Figure 1-11: Microdamage manifests in multiple forms across the scales of
hierarchy in bone. Image adapted from Poundarik and Vashishth,

Multiscale imaging of bone microdamage, Connect Tissue Res. 2015) [111]

Microfracture is a type of damage that extends horizontally and completely
across trabeculae. It measures about 500 microns (um) in diameter and can be
visualised when the fracture is surrounded by microcallus, indicating a healing
process (Figure 1-12) [112]. It is believed that this type of damage is the result
of normal physical activity and that its accumulation increases with age [112,
113].

Linear microcracks and diffuse damage are identified at a smaller scale. Linear
microcracks are characterised by their linear shape and relative size of an
average 100 um in length [114]. Formation and accumulation of microdamage
depends on the microstructure of the bone, the type and amount of stress
imposed, and the age of the bone [86]. Accumulation of linear microcracks has
been associated with compressive loading, which reduces the toughness (ability
to resist further damage) in the plate, and reduces the strength and stiffness in
trabeculae [109, 110, 115]. The formation and accumulation of diffuse damage,

defined as many small cracks (<10um length), depends on the bone quality and
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the amount and type of imposed load. Accumulation of diffuse damage has been

associated with tensile loading [110, 115].

Figure 1-12: Healing microfracture with callus (white arrow) identified by
the scanning electron micrograph. Image reproduced from Frost HM. The

Utah Paradigm of Skeletal Physiology Vol 1. 2004; 4:208-219).

There is an opinion that the accumulation of diffuse damage is an early form of
fatigue, which, if not repaired might transform into linear cracks [116, 117]. Others
have proposed that diffuse damage might represent a different form of
microdamage but that it shares some characteristics with linear microcracks
[118]. There are several theories as to how microdamage can be induced in bone
tissue; extensive and repetitive loading, increased vascular porosity, or a change
in blood perfusion [119]. It has been shown that repair of microdamage is initiated
by osteocytes and that osteocyte apoptosis is essential for initiation of the repair
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process [120]. Frost was the first to suggest that remodelling targets
microdamage in the bone to maintain the skeletal integrity [121]. Later on this
hypothesis was proven experimentally when fatigue processes exceed the rate
of bone repair, microdamage accumulates in the tissue and ultimately affects
bone quality and may have implications in musculoskeletal diseases such as OA

[107].

Figure 1-13: Representative images of linear microcrack (left) and diffuse
damage (right) in human proximal tibial subchondral trabecular bone

identified in a 70 um thick resin section stained by basic fuchsin.

1.5.6 Vascularization of OCU

While cartilage is completely avascular, subchondral bone is highly vascularized
(Figure 1-14). The high density of blood vessels is essential for proper levels of
oxygenation, nutrition and elimination of waste in bone [122]. It has also been
proposed that subchondral bone acts as a zone of nutrient exchange between

bone and cartilage. It is estimated that about 50% of the nutrition (glucose,
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oxygen and water) requirements for cartilage is provided by vasculature in

subchondral bone [27, 123].
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Figure 1-14: Vascularisation of proximal end of tibia. Image reproduced

from http://keywordsuggest.org/gallery/.htmi.

In weight bearing joints such as the knee, regions of increased focal stress have
a greater density of vessels compared to zones of low impact [28]. This suggests
that regions of increased stress may have high requirements for nutrients [124].
Hence, a decrease of blood supply in subchondral bone may have critical
consequences for the whole OCU. Animal studies have shown that disruption in
the vascular network of subchondral bone indirectly caused degeneration of
cartilage [125]. In OA, vascular pathology may play an important role in the

progression of disease [124]. Vascular changes also cause increased
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intraosseous pressure and capillary permeability, associated with loss of cartilage
volume and increased bone remodelling [122, 126]. Although it seems that
vascular pathology may be important in OA, only a few human studies have
investigated a direct role for the vasculature in the pathogenesis of OA. There
have been no studies that have investigated the quantity and quality of blood
vessels in OA subchondral bone. Thus, the relationship between blood vessels
and changes in the subchondral bone due to OA are not fully understood.
Understanding the role of vascularisation in subchondral bone could provide

benefits for the development of appropriate therapies [2].

1.6 Subchondral bone imaging features in KOA

1.6.1 Osteophytes

Osteophyte formation is one of the most commonly seen radiographic features
in OA. In the knee, osteophytes are usually found at the margins of the joint and
their presence is an important criterion for the diagnosis of KOA (Figure 1-15). It
has been found that the presence of osteophytes has significant clinical impact
in KOA, where they associate with pain, loss of joint function and decreased
mobility. However, it is important to state that two large longitudinal studies
reported that there is no significant positive association between osteophytes and
pain [127, 128]. Growth factors such as TGF-beta appear to play a major role in
both chondrogenesis and osteophyte formation [129, 130]. Osteophytes can be
seen early in the development of OA and prior to joint space narrowing [131]. It
has also been suggested that the presence of osteophytes in the knee might
have a protective role, as they often develop in the posterior and anterior aspect

of the joint after tears of the anterior cruciate ligament, stabilizing the joint in the
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sagittal plane [131]. In addition, removal of medial and/or lateral osteophytes
increases varus-valgus motion [132]. However, large longitudinal KOA studies
have reported that the presence of large osteophytes in the knee is associated
with an increased risk of joint space narrowing and cartilage loss [133, 134]. The
relationship of osteophytes to the progression of OA is complex and it was

suggested by Felson et al. that osteophytes represent a sign of the presence of

OA, rather than affecting the progression of the disease [135].

Figure 1-15: Representative images of an osteophyte on the edge of a
human tibial plateau detected in a 76-year-old female KOA patient, left-
Micro CT (sagittal view), right- corresponding histological section

(Haematoxylin & Eosin).

1.6.2 Subchondral bone cysts

Subchondral bone cysts are a common imaging feature of OA, in particular when
the disease is at an advanced stage. Subchondral bone cysts represent areas of
increased bone resorption in areas of high intra-articular pressure (Figure 16).

Cysts are visible by radiography, computed tomography (CT) and MRI. On MRI,
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cysts are defined as areas of well-defined hyper-signal [136]. MRI is the most
sensitive technique for detection of subchondral cysts as it is able to detect

smaller sized cysts than radiographic imaging.

Figure 1-16: Subchondral bone cyst identified in a histological section of
proximal tibial subchondral bone in a 72-year-old male KOA patient

(Haematoxylin & Eosin).

There are several theories as to how subchondral cysts arise in the tissue. One
of the theories is that they initiate due to elevated intra-articular pressure and/or
synovial fluid leak through the damaged cartilage into subchondral bone [137].
However, in a recent large study, Crema et al. used MRI to identify subchondral
cysts, indicated as well-defined rounded areas of fluid-like signal intensity on
unenhanced images, and found that 46.5% of identified cysts were present in

subregions with no full thickness cartilage loss [137]. They suggested that a more

29



acceptable theory is one of bone contusion, a possible consequence of traumatic
bone necrosis after the impact of two opposing articular surfaces [137].

Studies that examined the relationship between subchondral bone cysts and
clinical symptoms such as knee pain found conflicting evidence [128, 138].
However, the relationship between subchondral bone cysts and
structuralchanges in the knee has been demonstrated in several studies [9]. In
individuals with OA, over a 24-month period, the development of new cysts and
the progression of existing cysts were positively associated with cartilage volume
loss [139]. Also, a positive correlation was found between mean cyst size change
(mm) and cartilage loss in the medial femoral condyle [139]. In a separate study,
subjects with cysts had lower mean tibial cartilage volume at baseline, and
greater loss of medial tibial cartilage volume over a 2-year period, as well as an
increased risk of knee-joint replacement over a 4-year period. These findings
suggest that the presence of a subchondral bone cyst is in association with

severe structural changes and poor clinical outcomes [9].

1.6.3 Bone marrow lesions

One of the most interesting subchondral bone pathologies in KOA imaged by MRI
is the bone marrow lesion (BML), (Figure 1-17). Its significance in KOA
pathophysiology is reflected by a close relationship with both clinical symptoms
and structural degradation. From a large number of clinical studies, it has been
suggested that BMLs may be valuable imaging biomarkers, offering information
regarding initiation, progression and potential outcome in KOA. Furthermore,
BMLs are identified in subchondral bone in both symptomatic and asymptomatic
patients and it has been shown that BMLs are dynamic, with the ability to appear

and disappear over time [140-143]. This suggests that BMLs might be modifiable
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features and as such might be potential targets or outcome measures for OA

treatments.

62 year old female

Figure 1-17: MRI of the tibial plateau (sagittal view) of a 62-year-old female
KOA patient taken ex-vivo (post knee replacement surgery). In PDFS-
weighted sequences, BMLs (purple oval shape) are visualised as an ill-
defined area of hyper-intense signal. In T1-weighted sequences, BMLs

appear as a hypo-intense signal.

1.7 BML in the progression of KOA

A BML is defined as an ill-defined area of hyper-intense signal on fluid sensitive
sequences (T2-weighted, PD-proton density weighted, PDFS-proton density fat
suppressed, FSE-fast spin echo and STIR-short tau inversion recovery) or as a
hypo-intense signal on fat sensitive sequences (T1l-weighted), compared to

normal subchondral bone appearance (Figure 1-17), [142, 144]. A BML is a
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specific signal detected only by MRI and cannot be visualised by x-ray, ultrasound
or CT [142, 145].

Wilson et al. were the first to describe this subchondral bone pathology and
referred to it as “Oedema-like Lesions” or “Bone Marrow Oedema” [146]. Later,
this term was replaced, based on histology findings, with the more appropriate
and currently used term by the OA research community “Bone Marrow Lesion” or
“BML” [25]. A similar MRI signal in bone is observed in several other pathologies,
such as rheumatoid arthritis, trauma, stress fracture, and vertebral Modic
changes in the spine [142]. However, when a BML is present in conjunction with
clinical symptoms, it is indicative of specific OA pathology. This review will
specifically describe BMLs related to OA. While the majority of the OA research
has described BMLs in the knee joint, it is important to state that BMLs are seen
in other joints, including the hip [147-149], hand [150] shoulder [151], foot and
ankle [152, 153]. BMLs have also been observed in animal OA models [154, 155].
The choice of the appropriate MR sequence in the assessment of BMLs is of
critical importance. Fluid sensitive sequences such as T2-weighted, PD-weighted
or PDFS-weighted are among those that are the most appropriate and
recommended for use to delineate the maximum extent of a BML [24, 156].
Several studies have indicated that sequences such as gradient-echo sequences
(eg. dual-echo steady state [DESS], fast low-angle shot [FLASH], or spoiled-
gradient-recalled [SPGR] acquisition in steady state) are less sensitive for BML

detection and therefore not appropriate for BML assessment [8, 10, 157-160].

1.7.1 Characteristics of OA BMLs

The prevalence of BMLs is much higher in established OA (painful with

radiographic evidence of loss of joint space), where it has been reported to vary
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between 50-80% [11, 12, 161], compared to asymptomatic joints, where it is
around 15% [141]. There are conflicting data regarding the presence of BMLs
and gender. Davies-Tuck et al. found that there is no association between the
presence, development or persistence of BML and gender [141]. However, it was
also reported that males were more likely to have BMLs than females, and that
BMLs in males are larger and more likely to increase in size over time [12, 162].
The size of BMLs is measured quantitatively as BML volume (expressed in mm?)
or as the largest diameter (expressed in mm) of the lesion on MRI [128, 163], and
semi-quantitatively by using whole organ scoring systems; WORMS, KOSS,
BLOKS and MOAKS [25]. While it is more practical to use whole organ scoring
systems, as they have a 4-point grading score (0 as no lesion, 1=BML occupy up
to 25% of the region, 2=25%-50% of region and 3=BML occupy more than 50%
of the region), quantitative methods are more sensitive and more reliable for
following up changes longitudinally [22]. The average diameter of BMLs in KOA
is reported to be from <0.5 to >2 cm [128, 163].

Importantly, BMLs have the ability to change in size. Over time, BMLs may
enlarge, regress or completely disappear [140, 143, 163] [164]. However, the
existence of BMLs is quite variable. In healthy and asymptomatic populations,
two studies reported that a high proportion of BMLs (46%) completely resolved
over 2 years [140, 141]. However, in KOA populations observations are much
more diverse. Hunter et al. assessed 217 KOA patients and performed MRI at
baseline, 15 months and 30 months follow-up and found that over time BMLs
often become larger and that less than 1% of the cohort showed a reduction in
size or resolution [164]. Roemer et al. assessed 395 KOA patients over 30
months and found that more than 60% of BMLs changed in size, with almost 50%

showing reduction in size or complete resolution [140, 143]. Similarly, Phan et al.
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reported both a decrease and an increase in BML score over 2 years [163].
Furthermore, Garnero et al. and Felson et al. reported that BML size can fluctuate
in a matter of weeks [165, 166]. Finally, Foong et al. observed 198 subjects over
eight years and found that the proportion of BMLs increasing and decreasing in
size is very similar (24% and 21%, respectively) while the majority (55%)

remained stable [162].

1.7.2 Histopathology of BML

Zanetti et al. were one of the first to investigate and describe the histology of
BMLs [167]. Surprisingly, they found that oedema is minimally present and
suggested that an adequate term for these features would be “Bone Marrow
Lesion” [167]. Since then only a few histological studies have been performed
that explore BML at the tissue level. Those studies mainly indicated the presence
of non-specific pathologies and a mixture of abnormalities such as necrosis,
fibrosis, oedema, fibro-vascular ingrowth in the bone marrow, and abnormal
trabeculae with evidence of microfractures [147, 148, 154, 167-169]. Similarly,
BML histopathology findings have been reported in animal models of OA [154].
Results from those studies were unable to find a specific histopathology of BML
or to explain the MR signal [148, 155, 170]. Also, none of the histological studies
explored whether BMLs seen using water sensitive and/or fat sensitive MR

sequences are different at the tissue level.
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1.7.3 BML and clinical symptoms

BMLs are closely associated with OA related symptoms such as pain. Felson et
al. was the first to report an association between painful knees and BMLs [11].
Since then, several other studies have confirmed this association [138, 171-174].
It has been hypothesized that fibro-vascular replacement of fatty bone marrow
within BML areas might be a potential source of the pain in OA [175]. However,
the exact source of the pain is still unknown. Larger BMLs and/or increased BML
size are associated with increased knee pain in OA patients [176-178]. Also, a
decrease in size and/or resolution of BML resulted in less pain and reduced

cartilage loss [176, 178].

1.7.4 BML and structural degradation

Both cross sectional and longitudinal studies indicate that there is an association
between the presence of a BML, BML progression and formation of new BMLs,
and cartilage damage in the same location [141, 143, 164, 179, 180]. The
presence of a BML at baseline has been related to compartment specific
deterioration [11, 181], and the size of a BML is considered to be the main
determinant factor in association with increased cartilage loss and subchondral
attrition [178, 182]. In three knee studies, micro-computed tomography was used,
showing that the structure of the subchondral bone within the zone of a BML was
much more variable compared to the subchondral bone without a BML [168, 183,
184]. Specifically, subchondral bone in BML zones was characterised by a focal
sclerotic appearance; thick subchondral plate, increased bone volume
percentage, more trabeculae, which were thicker and less separated and more

plate-like [168, 183, 184]. Also, the presence of a medial BML associates with
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subsequently increased local bone mineral density (BMD) in the medial
compartment [185]. Several more studies have confirmed that the presence of
BMLs is strongly associated with increased local BMD but not with distant BMD
[186, 187], higher relative medial tibial bone density, less mineralisation and
variable bone microarchitecture [168, 183]. Lowitz et al. found increased BMD,
measured precisely in areas of BML, compared to surrounding areas [188]. In
addition, an association between BMLs and subchondral cyst formation has been
found [137]. In longitudinal studies, the subchondral bone within BMLs was
associated with the appearance of cysts over time, suggesting that BMLs might
be an early cystic formation [136, 137, 189]. However, the relationship between
BMLs and subchondral cysts remains unclear, as not all BMLs will give rise to

cysts [136].

1.7.5 BML development in the tissue

Despite the fact that BMLs are often observed in clinical studies of KOA, their
pathogenesis is poorly understood. There is evidence that the presence of BMLs
in knee joints is related to greater mechanical loading [190]. It has been reported
that high loads increase the risk of the presence and progression of BML [144].
Also, BMLs are related to dynamic knee loading and knee adduction moments
[190, 191]. Knee malalignment is associated with both the incidence and
progression of BML [156]. These findings strongly support the hypothesis that
greater mechanical loading of the medial compartment plays a role in the
pathogenesis of BML in KOA [190].

Another theory regarding the formation of BMLs is based on the water-like signal
on MR sequences. However, the histology of BMLs indicates minimal oedema

[167]. Thus, it was proposed that BMLs might represent an area of capillary
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leakage caused by a local change in capillary walls or by increased vascular
pressure due to increased blood flow to bone marrow or decreased venous
clearance in the marrow space [124, 192]. This possibility was later partially
supported by histological findings of increased fibrovascular ingrowth and
vascular fibrosis in areas of BML [148, 169], although BMLs persist in bone ex
vivo [154, 183].

Finally, there is a theory that the presence of a BML might be in association with
systemic metabolic factors. A few studies indicated that dietary factors such as
saturated fatty acid intake, increased serum cholesterol and triglycerides
associated with the incidence of BMLs [193-195].

The cause of the formation of BMLs in subchondral tissue is most likely
multifactorial. However, more tissue-based evidence is required to understand
what factors contribute to the initiation of BMLs and what factors contribute to
their healing or enlargement. Given the important role of BML in OA, identifying
these contributing factors may ultimately identify targets for the treatment and

prevention of knee OA.

1.7.6 Possible treatments for BMLs

Currently, there are no approved drugs to modify the structural progression of
OA. For patients with severe pain associated with degenerative OA changes,
TKR is often recommended. However, TKR is an invasive surgery that is
associated with significant cost, postoperative complications, morbidity and
occasional mortality. Being that BMLs closely correlate with symptoms and
structural degeneration, and have the ability to regress and can be monitored

closely by MRI, they represent potential therapeutic targets.
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The novel technique named “subchondroplasty” has been proposed as a method
to treat areas of BML, on the basis that they are areas of hon-healing bone [196-
198]. The technique involves injecting a calcium phosphate paste (synthetic bone
void filler) into the BML zone to promote bone healing. Only two (non-randomized
controlled trial) studies have evaluated the efficacy of this method for a small
number of patients. The first study of 59 patients, 25% of whom had continued
pain and elected to undergo TKR, reported the remainder of the patients having
pain improvement in the first 6 months [198]. The second study of only 5 patients
reported an improvement in pain and functional capacity in patient follow up at 6,
12 and 24 months after surgery [197].

Other studies have proposed the use of anti-resorptive therapies, based on
animal studies, in which this approach has shown efficacy to prevent or slow the
progression of OA. Laslett et al., in a pilot study, reported a reduction in the size
of BMLs and a reduction in pain after 6 months of treatment with zoledronic acid
[199]. Strontium ranelate reduced cartilage volume loss and decreased the total
BML score over 36 months [200]. In both studies, better results were recorded in
individuals with less structural degeneration, suggesting that early treatment
might be more effective. The full benefit of these proposed therapies and
treatments is poorly known. Given that BMLs detected in established OA (with
pain and radiographic progression) appear to resolve less often compared to
those in asymptomatic populations, individualised and early treatment may be a
more appropriate solution for individuals diagnosed with BMLs. Also, there is the
possibility that the difference in the appearance of BMLs on different MRI
seguences may indicate different tissue processes, which might be an important
indicator for the choice of treatment. Thus, there is an urgent need to investigate

if and how BML monitoring can be useful as a clinical tool.
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1.8 Summary and research gap

Improvement in imaging modalities has opened a new door for understanding the
aetiology of OA. Hence, there is no doubt that changes in the subchondral bone
are important in the initiation, development and progression of KOA. However,
the pathogenesis of human OA disease is still vague. Obtaining early OA tissue
samples is difficult, and because OA is a slowly progressing disease it would take
a long time to follow disease progression from early stage to advanced stage.
There is a need for a disease-specific biomarker. The OA research community
consensus is that BMLs in the subchondral bone are of considerable interest as
they have strong association with both clinical symptoms and structural changes
in the OCU. Moreover, these features show the ability to reduce in size and even
to completely resolve in affected tissue, resulting in pain reduction. Hence, it has
been suggested that BMLs could act as potential targets or bio-indicators in the
prevention and treatment of OA.

However, BMLs are complex formations and what they represent at the tissue
level, or what mechanisms lead to BML development in bone tissue is not well
understood. Understanding of the structural and cellular nature of BMLs is
necessary for their rational use as imaging biomarkers in the future management
of OA patients and/or potential targets for the development of an appropriate

therapeutic treatment.
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1.9 Research objectives

The research described in this thesis sought to learn more about the relationships

that exist between the presence of BMLs and the progression of human KOA.

Specifically, four individual studies were carried out to comprehensively

investigate BMLs at the tissue level and their relationship with the structural

progression of OA.

Hypothesis: BML imaged using MRI reflect changes in subchondral tissue of

proximal tibia that related to OA disease severity and/or progression.

Thesis Aims:

e To investigate the histopathology of the human OCU (cartilage, subchondral
bone and subchondral bone marrow) based on the presence or absence of
a BML.

e To perform comprehensive tissue characterization of BMLs detected using
two specific MRI sequences in human KOA.

e To explore the mechanisms, by which BMLs might develop in the tissue and
which might influence the progression of human KOA.

e To evaluate subchondral bone microarchitectural changes across the whole
human tibial plateau in order to understand what role the presence/absence
of a BML might play locally and to surrounding regions.

Chapter 2 is a recently published study, which characterised human KOA BMLs

imaged using two different MRI sequences at the tissue level. Chapter 3

describes a study, in which causal factors of BML formation were investigated.

Evidence of high mechanical loading and vascular pathology were investigated

by assessing the accumulation of microdamage, and the qualitative and

quantitative aspects of blood vessels in BML and non-BML tissue. Chapter 4
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describes a study of investigating a potential role for components of the metabolic
syndrome in BML development in KOA. Chapter 5 describes a study investigating
a microarchitectural changes in whole tibial plateaus, based on the
presence/absence of a BML. Tissue from healthy/control knees was compared
with that from OA with no BML and OA with BML, to better understand the course

of OA disease and BML involvement in disease progression
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Abstract

Background: Bone marrow lesions (BMLs) are useful diagnostic and prognostic markers in knee osteoarthritis (OA),
but what they represent at the tissue level remains unclear. The aim of this study was to provide comprehensive tissue
characterization of BMLs detected using two specific MRI sequences.

Methods: Tibial plateaus were obtained from 60 patients (29 females, 31 males), undergoing knee arthroplasty for OA.
To identify BMLs, MRI was performed ex vivo using T1 and PDFS-weighted sequences. Multi-modal tissue level analyses
of the osteochondral unit (OCU) were performed, including cartilage volume measurement, OARSI grading, micro-CT
analysis of bone microstructure, routine histopathological assessment and quantitation of bone turnover indices.

Results: BMLs were detected in 74 % of tibial plateaus, the remainder comprising a No BML group. Of all BMLs, 59 %
were designated BML 1 (detected only by PDFS) and 41 % were designated BML 2 (detected by both PDFS +T1). The

presence of a BML was related to degeneration of the OCU, particularly within BML 2. When compared to No BML,
BML 2 showed reduced cartilage volume (p = 0.008), higher OARSI scores (p = 0.004), thicker subchondral plate
(p=0.002), increased trabecular bone volume and plate-like structure (p = 0.0004), increased osteoid volume
(p=0.002) and thickness (p = 0.003), more bone marrow oedema (p = 0.03), fibrosis (p = 0.002), necrosis (p=0.01)
and fibrovascular cysts (p=0.04). For most measures, BML 1 was intermediate between No BML and BML 2.

Conclusions: BMLs detected by specific MRI sequences identify different degrees of degeneration in the OCU.
This suggests that MRI characteristics of BMLs may enable identification of different BML phenotypes and help
target novel approaches to treatment and prevention of OA.

Keywords: Knee osteoarthritis, Bone marrow lesion, MRI, Osteochondral unit, Subchondral bone, Cartilage

Background

Knee osteoarthritis (OA), a painful degenerative condi-
tion with no effective treatment, is one of the leading
causes of human suffering. It is widely accepted that OA
is a disease of the whole joint, with particular involve-
ment of the articular cartilage and subchondral bone. In
fact, these two tissues act as a functional unit, the
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osteochondral unit (OCU), to maintain joint homeosta-
sis [1]. Pathological changes in either the bone or the
cartilage seem to predict degenerative changes in the
other.

Focal changes in the subchondral bone, termed bone
marrow lesions (BMLs), are features detected by mag-
netic resonance imaging (MRI) that have been reported
to be closely associated with the severity of symptoms of
OA such as pain [2-4] and OCU degeneration (e.g., loss
of the overlying cartilage) [5-8]. Clinical studies have re-
ported BMLs in both patients with early asymptomatic
OA [9-12] and in those with severe late-stage OA [6,

© 2016 Muratovic et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http~//creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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13-15]. In patients with early OA and in individuals
who do not have OA, BMLs can decrease in size or re-
solve completely [2, 5, 16]. Hunter et al. reported that in
progressive OA, BMLs are more likely to persist and to
enlarge in size [6]. Previous human histological studies
examined small numbers of samples and found mixed
pathological findings of bone marrow and sclerotic bone
in BMLs [17-19]. Similar histopathological findings have
been reported for animal models of OA [20].

BMLs are conventionally assessed using fat-suppressed
or proton-dense T2-weighted MRI, although they may
also be detected using other MRI sequences. Within fat-
suppressed T2-weighted and/or proton density-weighted
sequences they appear as areas of ill-defined hyperinten-
sity (high signal) in subchondral bone, and in T1-weighted
sequences they appear hypointense (low signal) [21-25].
Thus, although fat-suppressed T2-weighted and/or proton
density-weighted sequences are recommended for the as-
sessment of BMLs as they depict lesions to their max-
imum extent, T1-weighted sequences are predominantly
used for assessment of the cartilage. Preferably, a combin-
ation of sequences should be used to evaluate the extent
of OA disease progression [5, 14, 26, 27].

There is extensive debate about the optimal way to
image BMLs but it remains unknown whether BMLs de-
tected by different MRI sequences differ at the tissue
level. Thus, it is possible that amongst BMLs identified
by conventional T2-weighted images, some may also be
detectable using another MRI sequence, but others may
not. This would suggest that the underlying tissues in
these groups are not the same and may thus relate to
different clinical outcomes. As BMLs are closely associ-
ated with pain and loss of cartilage [12, 14, 28, 29], they
are emerging as promising targets for monitoring pro-
gression of knee OA [30] and the effects of treatment
[31]. Therefore, a comprehensive understanding of the
underlying pathology of BMLs is important.

The aim of this study was to comprehensively investi-
gate histological changes in all components of the OCU
(cartilage, subchondral bone and subchondral bone mar-
row) based on the presence or absence of a BML de-
tected by two specific MRI sequences, in tibial plateau
tissue obtained during knee replacement surgery.

Methods

Patient samples

Tibial plateaus (TP) were obtained from 60 patients
undergoing knee arthroplasty surgery (29 female patients
aged 51 to 87 years, body mass index (BMI) range 24.1-
41.4 and 31 male patients aged 42 to 86 years, BMI
range 22.6-45.7). Written consent was obtained from all
patients and the study received prior approval from the
Human Research Ethics Committee at the Repatriation
General Hospital, Royal Adelaide Hospital and The
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University of Adelaide, South Australia, in accordance
with the Declaration of Helsinki 1975.

Inclusion criteria were: radiographic evidence of OA
with severe symptomatic disabilities, such as severe pain
and limited mobility. Exclusion criteria were secondary
OA of the knee due to trauma or rheumatoid arthritis,
evidence of bone-related chronic debilitating disease
and/or history of any medication that may have affected
bone turnover.

Macroscopic evaluation

All retrieved TP were examined and graded macroscop-
ically according to the Outerbridge Classification [26,
32] by two experienced orthopedic surgeons (DM and
CW), for whom the intraclass correlation coefficient
(ICC) for inter-observer reproducibility was 0.81 (95 %
CI 0.79, 0.84).

Radiographic evaluation of knee OA

Standing anteroposterior, posteroanterior and lateral
projection radiographs were taken prior to surgery. The
extent of radiographic evidence of progression of OA
was assessed according to the Kellgren and Lawrence
(K&L) grade, the current standard radiologic grading
system for OA. All radiographs were scored by two ex-
perienced assessors (AW and YW) with 5 % disagree-
ment. Assessors were blinded to the presence of BMLs
in the knee joint.

Magnetic resonance imaging

Specimens were scanned ex vivo using an MRI scanner
with an 8-channel wrist coil (3 T MRI Siemens TRIO,
Berlin, Germany), with two specific sequences: fat-
suppressed (FS) fast spin-echo proton density-weighted
(PDFS) and T1-weighted spin echo in the sagittal and cor-
onal planes. Sagittal slice thickness was 1.6 mm with a dis-
tance factor of 25 %; coronal slice thickness was 3.0 mm
with a 10 % distance factor. We confirmed that ex vivo
MRI information corresponded to pre-operative imaging,
by comparing pre- and post-operative MRI data for a sub-
set of five patients, consistent with previous reports [20,
33, 34].

The definition for identification of BMLs was by mu-
tual agreement between two radiologists with musculo-
skeletal MRI expertise (DT and YW). A BML is defined
as a zone of altered signal intensity in the bone and mar-
row, located immediately beneath the articular cartilage
and visible on at least two consecutive slices (7, 13, 35].
Based on the presence and/or absence of signal, two
subtypes of BML were defined. BMLs detected using the
PDFS sequence only and with absent signal on T1-
weighted sequence in the same area are referred to as
BML 1; BMLs detected by both PDFS and T1 sequences
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Tibial plateau, 62 year old female

Tibial plateau, 68 year old female

and right the signal is detected by T1-weighted sequence

Fig. 1 Left, upper and lower panels show tibial plateaus in the transaxial plane. Right, green line is the sagittal slice. Upper panel, middle, the signal
of the bone marrow lesion (BML) is detected by fast spin-echo proton density-weighted (PDFS) sequence (arrows identify signal), and right the
signal is not detected by T1-weighted sequence. Lower panel, middle, the signal of the BML is detected by PDFS sequence (arrows identify signal),

are referred to as BML 2. (Fig. 1 shows examples of
BML 1 and BML 2).

After identification of a BML the external contours of
the BMLs were marked in both planes by two re-
searchers (DzM and YRL) blinded to the presence of
BMLs. The volume and precise location of each BML
was determined, enabling the creation of a two-
dimensional (2D) axial map of all BMLs (Fig. 2 demon-
strates the approximate size and location of both BMLs).
Cartilage volume in the medial compartment was deter-
mined as described previously [7, 25]. The coefficient of
variation for the measurement of cartilage volume at the
medial tibia was 2.2 %.

Micro-computed tomography (micro-CT)

A subset of 36 TP (6 mm minimal thickness) was
scanned by micro-CT (Skyscan model 1076, Kontic,
Belgium). Images were obtained at isotropic resolution

of 17.4 pum. Using AVIZO® Fire software (Zuse Institute,
Berlin, Germany), and three-dimensional (3D) volumes
of TP were generated using both MRI and micro-CT
images. Then, the BML signal location was identified
from MRI and aligned onto the 3D volume of micro-
CT. A cylindrical region of interest (ROI) containing the
volume of the BML, diameter 10 mm x depth 6 mm, was
used for analysis of BML bone microstructure. As BMLs
were found predominantly on the medial side, the same
size and shape ROI was used in the medial compartment
of the TP without BMLs. These ROIs were further di-
vided into the subchondral plate and subchondral
trabecular bone regions and analyzed separately, using
CT-An analyzer software (SkyScan).

Microscopic evaluation
A cuboidal block of cartilage-subchondral bone (10 x
10 x5 mm), representing the area containing a BML
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density-weighted and T1 sequences
.

Fig. 2 The approximate external contour of each bone marrow lesion (BML) area was marked. The precise map location was placed by identifying the
number of sagittal and coronal slices with measurement of distance from the external tibial contour. After marking the position of the BML for all
specimens, a distribution map of both types of BML was found. BML 1 bone marrow lesion detected using the fast spin-echo proton density-weighted
sequence only, with absent signal on T1-weighted sequence in the same area, BML 2 bone marrow lesions detected by both fast spin-echo proton

(named BML), was dissected from the TP using a low-
speed diamond saw (Model 660, South Bay Technology,
San Clemente, US). A tissue block of the same size and
shape was cut from the medial compartment of the TP
without BMLs (no BML). Each cube was divided equally,
with one half formalin-fixed, processed and embedded
in methyl-methacrylate resin. The block was cut into 5-
pum-thick sections and stained with von Kossa silver/
hematoxylin and eosin (H&E) for histomorphometric
analysis of bone remodeling. The other half of the block
was formalin-fixed, decalcified in 5 % hydrochloric acid,
paraffin-embedded, sectioned 5-pm-thick and stained
with H&E and Safranin-O/Fast Green. A senior patholo-
gist (SO) with over 10 years of experience in the field,
blinded to the MRI findings, used a 1-5 scoring system
to semiquantitatively evaluate the presence and extent
of pathological findings in the tissue on the H&E slides,
where 1 =<5 % (minimal presence), 2 =5-14 %, 3 = 15—
25 % (moderate presence), 4 =25-50 % and 5 = >50 %
(prominent presence). The intra-observer reproducibil-
ity of the histological scores (assessed by SO) was mea-
sured at separate times for ten sections (ICC 0.98 (95 %
CI 0.95, 0.98)). Safranin-O/Fast Green was used for
Osteoarthritis Research Society International (OARSI)
grading [36, 37]. Consensus between three assessors
(DzM, EG and YRL) determined the grading. The ICC

for inter-observer reproducibility was 0.82 (95 % CI
0.80, 0.84).

Statistical analysis

The Shapiro—Wilk test was used to determine normality
of the data distribution. Differences between the no
BML and the BML (BML 1+ BML 2) groups were de-
scribed using the unpaired ¢ test for parametric distribu-
tion or the Mann—Whitney U test for non-parametric
data distribution. Differences between three groups (no
BML (no BML detected), BML 1 (BML detected only by
PDFS sequence) and BML 2 (BML detected by both
PDFS and T1 sequences)) were described using analysis
of variance (ANOVA). For parametric data, ANOVA and
the Holm-Sidak comparison test with single pooled
variance were performed. For non-parametric data, the
Kruskal-Wallis test and Dunn’s multiple comparison
test were performed. An adjusted model was then per-
formed for all outcome parameters versus BML group,
adjusting for age, sex and BMI. P values <0.05 were con-
sidered to be statistically significant.

Results

Demographic characteristics of the participating indi-
viduals were grouped according to the presence or
absence of BML on specific MRI sequences, and are
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No BML (n=12) Total BML (1 +2) (n=44) P value

Age® 698+ 14 683+1.2 05
Male, number (%) 3 (25 %) 25 (57 %) 006
Female, number (%) 9 (75 %) 19 (43 %) 0.1
BMI 313+64 334%5.1 02
K&L grade® 2(1,4) 3(2,4) 07
Medial OA, number of patients (%) 6 (50 %) 34 (77 %) 007
Lateral OA, number of patients (%) 2 (16 %) 6 (14 %) 05
Patello-femoral OA, number of patients (%) 4 (33 %) 4 (9 %) 0.04
Subchondral cyst present, number of patients (%) 0 (0 %) 12 (27 %) 0.03
Outerbridge classification® 33,4 4(3,4) 004
Cartilage volume® 13+02 09+03 001
OARSI score® 3712 5+09 0.004

*Values presented with mean + standard deviation. YValues presented with median (25™, 75th percentiles). P values are for difference between the group with no
bone marrow lesions (No BML) and the group with BML (BML 1+ BML 2). BMI body mass index, K&L Kellgren and Lawrence, OA osteoarthritis, OARS! Osteoarthritis

Research Society International

summarized in Table 1. There were no significant dif-
ferences between the two groups in patient age, gen-
der, BMI or K&L grade.

BMLs were detected in 44 (73 %) of TP; 12 (20 %) of
TP were without BML and/or subchondral cysts (the no
BML group). Of the TP with a BML, 12 (27 %) also had
a subchondral cyst present in the intercondylar space.
Furthermore, 4 TP (6 % of all subjects) had cysts but
without BML and therefore were excluded from further
analysis. BMLs detected using the PDFS sequence only
(BML 1) represented 59 % of all BMLs. The signal inten-
sity in these lesions was either moderate or diffuse in the
PDFS sequence and by definition there was no signal on
the T1-weighted sequence in the same areas. BMLs de-
tected by both PDFS and T1 sequences (BML 2) repre-
sented 41 % of all BMLs. The signal intensity in BML 2
was hyperintense on the PDFS sequence and hypoin-
tense on the T1-weighted sequence. Preoperative radio-
graphs indicated that 77 % of TP with BML were
diagnosed with medial OA, 14 % with lateral OA and
9 % with patellofemoral OA (Table 1). Furthermore,
both BML types were present predominantly in the
medial compartment of TP (87 %), with their anatomical
distribution aligning closely with the menisci (Fig. 2).

Firstly, we examined whether structural changes in all
components of the OCU (cartilage, subchondral bone
and subchondral bone marrow) differed based on the
presence or absence of a BML detected by two specific
MRI sequences. In TP with BML, areas corresponding
to a BML, either BML 1 or BML 2, were compared to
anatomically matched areas in TP without BML, and
progressive degenerative changes were found in BML
areas for all tested parameters. These included a higher

Outerbridge score, reduced cartilage volume, higher
OARSI score (Table 1), more histopathological abnor-
malities such as tidemark duplication, penetration of
vascular cones into calcified cartilage, edema, necrosis,
fibrosis, the presence of thick-walled arterioles, and
small fibrovascular cystic formations (Table 2). BML
containing subchondral bone had thicker subchondral
plate, increased trabecular bone volume, more trabecu-
lae that were predominantly plate-like, increased osteoid
volume and thickness of both plate and trabeculae and
decreased eroded surface in trabecular bone (Table 3).

We then examined whether the extent of these
changes was different depending on the BML subtype.
BMLs detected by both PDFS and T1 sequences (BML
2) were identified as lesions having the most advanced
degenerative changes throughout the whole OCU. In
fact, they displayed all the changes described above for
subchondral bone with BML signal (Figs. 3 and 4). In
contrast, BMLs detected only by the PDFS sequence
(BML 1) displayed a subset of the intermediate degen-
erative changes when compared to TP with no BML and
those with BML 2 (Figs. 3 and 4).

To assess whether the histological composition of
BML visualized by different sequences differed, we
compared BML 1 and BML 2. The BML 2 were asso-
ciated with reduced cartilage volume (p =0.007) more
fibrosis (p =0.006) and necrosis (p =0.01) in the bone
marrow (Fig. 3), thicker subchondral bone plate (p =
0.002), with higher osteoid thickness (O.Th) (p =0.04)
in trabecular bone and with no differences between
histomorphometric parameters besides higher osteoid
volume/bone volume (OV/BV) (p=0.02) compared to
BML 1 (Fig. 4).
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Fig. 3 Comparison of cartilage volume (a), Osteoarthritis Research Society International; (OARSI) grades (b), cartilage tidemark progression (arrows
identify tidemarks) (c), penetration of vascular cones (circled) (d). Histopathology of bone marmrow; bone marrow edema (e), fibrosis (f), necrosis
(g). thick-walled arterioles (h) and fibrovascular cystic formation (i). Represented histologically and graphically for specimens with no bone marrow
lesions evident (No BML), bone marrow lesions evident only in fast spin-echo proton density-weighted (PDFS) sequences (BML 1), and bone marrow

L lesions evident in both PDFS and T1-weighted sequences (BML 2): *p = 0.05, **p = 0.005, ***p = 0.0005

Our findings of histological differences between BMLs
detected by different MRI sequences are intriguing. The
study by Zanetti et al. was one of the first to describe
the histology of BMLs and in that study it was found
that edema is minimally present, suggesting the term
“bone marrow lesion” is used for these features [17].
Our results showed that BML 2 had significantly greater
edema, fibrosis and necrosis present in bone marrow
compared to the no BML group and BML 1. Other hu-
man and animal histological studies [18-20] confirmed
that BMLs are characterized by mixed pathological ap-
pearances and have not found specific histopathological
changes in BML to explain the MRI signal, although it
was suggested by Saadat et al. that the hyperintense MRI
signal might result from increased blood flow [40]. We
analyzed the density of vascular cones in the subchon-
dral plate and the number of small thick-walled
arterioles in the bone marrow corresponding to the
BMI. signal in ex vivo samples. We found that the
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subchondral plate and the marrow of both BML 1 and
BML 2 contained significantly more vascular cones and
small thick-walled arterioles compared to the no BML
group. Therefore, although there was obviously no blood
flow in the ex vivo samples, it remains possible that the
signals relate somehow to the altered vascular structures
associated with BMLs.

Guymer et al. found that the presence of BMLs is
closely associated with high BMI and suggested that
obesity might be an important factor in their formation
[10]. Similarly, Felson et al. found that knee malalign-
ment and high loading of the joint associate with the
presence of BMLs [28]. In this study, we did not find a
significant relationship between BMI and the presence
of BMLs but we did not measure knee malalignment. It
is likely that knee loading is not simply a function of
BMI, but involves both the frequency and manner of
loading. By creating a distribution map of lesions in the
tibial plateau, we found that both types of BML are
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consequences of TGF-P over-expression. The authors
suggested that the osteoid islets might correspond to
the BML signal detected by MRI [50]. Although this
is possible, we have not been able to unequivocally
assign the BML signals to any specific feature in the
subchondral bone.

Our data suggest that the use of specific MRI se-
quences offers potential application for OA disease sta-
ging and to identify individuals with more advanced
structural progression of disease. In particular, BML 2
appears to represent subchondral tissue and cartilage
with more degenerative structural changes and therefore
less ability to resolve or repair (Table 4). As we found
intermediate differences between BML 1 and BML 2, we
propose that BML 1 might be an early or transitional
stage of BML. In both human and animal studies it has
been found that BMLs in the early stage of disease are
dynamic and can resolve within time. Perhaps BMLs
seen only by PDFS MRI sequences are those that have
the ability to resolve [16, 51], making them a potential
target for early diagnosis and potential therapy. Further
studies of early-stage OA are needed to confirm this
possibility and to investigate modifiable risk factors for
the initiation of BMLs. The importance of BMLs as
therapeutic targets has been recognized, and there are
current studies in which BML size and frequency are
serving as an outcome measure [39, 52]. Therapies that
target BMLs as biomarkers of the initiation and/or pro-
gression of knee OA might be more effective than those
targeting cartilage repair, as cartilage degradation might be

Table 4 Group with no bone marrow lesions (No BML) vs.
groups with BML 1 and BML 2

No BML No BML
vs. BML 1 vs. BML 2
Cartilage
MRI cartilage volume Not different Low
OARSI histology score High High
Bone marrow pathology
Edema Not different High
Fibrosis Not different High
Necrosis Not different High
Vascularity High High
Subchondral bone
Plate thickness High Very high
Trabecular bone volume Not different High
Osteoid volume and thickness Not different High

Changes at tissue level between the No BML group vs. group with BML
detected using the fast spin-echo proton density-weighted sequence only,
with absent signal on T1-weighted sequence in the same area (BML 1) and the
group with BML detected by both fast spin-echo proton density-weighted and
T1 sequences (BML 2). MRI magnetic resonance imaging, OARS! Osteoarthritis
Research Society International
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a consequence of failed repair mechanisms in subchondral
bone and/or bone marrow. We therefore propose that
BML 1 may be a better candidate for targeted treatments
and as an outcome measure, than BML 2.

This study has several limitations. First, we have only
examined ex vivo tibial plateau samples from patients with
advanced and painful knee OA. However, this limitation
will be present for any human OA histopathological stud-
ies. It may be important that our recent clinical study
broadly supports our ex vivo findings, namely that BML 2
was associated with greater cartilage volume loss and
more incident pain [38]. Second, BMLs were identified
post-operatively and damage during handling could pos-
sibly have led to altered signal on the post-operative MRI.
We have taken care to minimize potential artifacts in
post-operative MRI by using the same handling protocol
for all specimens and by excluding the cut surfaces from
our analysis. Third, we only investigated BMLs from knee
OA and findings might differ for other skeletal joints. We
believe that the strength of this study is that we have
analyzed a large number of specimens compared to
previous studies, using a comprehensive multi-modal
analysis of changes in cartilage, bone and bone marrow
in association with BMLs. Fourth, the thickness of our
specimens was between 5 and 15 mm, and clinically
BMLs may be considerably larger than this and might
expand to a greater depth within the tibia. On the other
hand, it has been found that bone structural changes
are most prominent in the first 6 mm of depth beneath
the cartilage [42].

Conclusion

The presence of BMLs detected by specific MRI se-
quences is strongly associated with the degree of struc-
tural change in the OCU in knee OA. Furthermore,
different MRI sequences appear able to differentiate dif-
ferent degrees of structural damage in knee OA. There-
fore, BMLs detected with specific sequences could act as
potential MRI biomarkers for the identification of
individuals at high risk of progressive OA or for de-
velopment and monitoring of new therapies for this
condition.
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the relationship between these processes and BML. The aim of this study was to investigate the relationship be-
tween BMLs in the tibial plateau (TP) of knee OA and bone matrix microdamage, osteocyte density and vascular
changes.

Methods: TP were obtained from 73 patients at total knee replacement surgery and BMLs were identified ex vivo
in TP tissue using MRI. Comparator ‘No BML' tissue was from matched anatomical sites to the BMLs, Quantitative
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subchondral bone assessment was made of subchondral bone microdamage, bone resorption indices, osteacyte cellularity, and vas-
vascular cular features,

microdamage Results: Several key parameters were different between BML and No BML tissue. These included increased
osteocytes microcrack burden (p = .01, p = .0001), which associated positively with bone resorption and negatively with

cartilage volume, and greater osteocyte numerical density (p = .02, p = .01), in the subchondral bone
plate and subchondral trabeculae, respectively. The marrow tissue within BML zones contained increased
arteriolar density (p = .04, p = .0006), and altered vascular characteristics, in particular increased wall
thickness (p = .007) and wall:lumen ratio (wall thickness over internal lumen area) (p = .001), compared
with No BML bone.
Conclusions: Increased bone matrix microdamage and altered vasculature in the subchondral bone of BMLs
is consistent with overloading and vascular contributions to the formation of these lesions. Given the im-
portant role of BMLs in knee OA, these contributing factors offer potential targets for the treatment and pre-
vention of knee OA.
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found in the subchondral bone (SCB) in knee osteoarthritis (KOA).
They associate strongly with knee pain [2-4], structural degeneration
of the articular cartilage, and predict progression to joint replacement
[5]. In animal models of OA, BMLs precede cartilage degeneration, thus
providing an early indication of OA [6, 7]. In humans, when found in
early OA, they predict regional cartilage loss [8].

Evidence suggests that BML are multifactorial, being affected by
metabolic bone factors and cardiovascular risk factors. Understanding
of the pathological processes underway in BML, and how these relate
to their risk factors is poor. Recently, we reported that the subchondral
bone within BML zone has specific bone changes: thicker subchondral
plate, increased trabecular bone volume and more trabeculae that are
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predominantly plate-like, compared with non-BML regions [9]. Previ-
ously, it was found that BMLs represent zones of altered bone mineral-
ization and active remodeling [10]. There is some evidence that patients
with KOA and BML respond to bone targeting therapy, such as
bisphosphonates and strontium ranelate with a reduction in size of
BMLs, reduced pain and cartilage loss, and delayed need for total knee
replacement [11, 12].

Also, it has been suggested that changes in the rate of bone remodel-
ing in OA subchondral bone might be a response to an accumulation of
microdamage. To our knowledge, the microdamage burden in human
KOA has not been reported, and potential relationships between the ac-
cumulation of microdamage in BMLs and other disease features have
not been explored. Osteocytes have been shown to have essential
roles in the repair of microdamage [13] and altered morphology and vi-
ability of osteocytes in sclerotic regions of the SCB in OA has been re-
ported [14] However, osteocyte number and viability in relation to the
progression of OA and BML presence, have not been investigated.

Vascular changes are common in OA and have been suggested as a
possible factor leading to the initiation and/or progression of the disease
[15]. BMLs have been identified as areas of reduced vascular perfusion in
humans [16]. However, examination of the vasculature within BMLs is
incomplete,

The aim of this study was therefore to examine the relationship be-
tween BMLs in the tibial plateau of knee OA and bone matrix
microdamage, and osteocyte and vascular parameters.

2. Methods
2.1. Patient samples

Seventy-three patients were included in the study, of whom 40
(55%) were females, aged 48 to 86 years, and 33 (45%) were males,
aged 49 to 87 years, who all underwent knee arthroplasty surgery.
Eleven patients had bilateral arthroplasty, thus a total of 84 tibial pla-
teaus (TP) were collected over an 18-month period. Informed written
consent was obtained from all patients and the study received prior ap-
proval from the Human Research Ethics Committee at the Repatriation
General Hospital, the Royal Adelaide Hospital and The University of Ad-
elaide, South Australia, in accordance with the Declaration of Helsinki
1975. Inclusion criteria were: radiographic OA with severe symptomatic
disabilities, such as severe pain and limited mobility. Exclusion criteria
were: secondary OA of the knee due to trauma, rheumatoid arthritis, os-
teoporosis and/or evidence of bone-related chronic debilitating disease.
For each patient, clinical data of age, sex and body mass index (BMI)
were recorded. BMI was calculated from height and weight information,
using the formula weight (kg) divided by the square of height (m).

2.2. Radiographic assessment

Standing antero-posterior, postero-anterior and lateral view radio-
graphs were taken prior to surgery. The extent of radiographic progres-
sion was assessed according to the Kellgren and Lawrence (K&L) grade,
the current standard radiologic grading system for OA. All radiographs
were scored by two experienced assessors (AW and YW) with 5% dis-
agreement. Assessors were blinded for the presence of BMLs in the
knee joint.

2.3. MRI assessment

To identify BMLs in TP specimens, each TP was MR imaged ex vivo in
an 8-channel wrist coil (3T MRI Siemens TRIO, Royal Adelaide Hospital,
Adelaide), using two specific sequences: fat-suppressed (FS) fast spin-
echo proton density-weighted (PDFS) and T1 weighted spin echo in
the sagittal and coronal plane. Sagittal slice thickness was 1.6 mm
with distance factor of 25%. Coronal slice thickness was 1.6 mm with
10% distance factor. A BML was defined as an area of altered signal
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intensity in the bone and marrow on PDFS and/or T1 weighted se-
quences (Fig. 1A). The definition and location of BML were by mutual
agreement between two investigators (AW and YW) with musculoskel-
etal MRI expertise. MRI images were used to obtain cartilage and BML
volume by two researchers (DzM and YRL), who were blinded to the
BML status. The cartilage volume of the medial and/or lateral tibial com-
partments was measured by manually drawing a contour around the
cartilage boundary over 12 consecutive slices in T1 weighted sagittal
images [19). After identification of a BML, the external contour of the
BML was marked in both planes. An automatic volume rendering func-
tion from OsiriX software (Pixmeo-SARL, Switzerland) was used to cal-
culate the value of cartilage and BML volume in cm®. The coefficient of
variation for the measurement of cartilage volume was 2.2% and 2.4%
for BML volume.

2.4. Histological sample collection and processing

For a subset of 54 TPs (40 BML and 14 No BML), a cuboidal block of
cartilage-subchondral bone (10 x 10 x 10 mm), containing the BML
(BML samples), was dissected using a low-speed diamond wheel saw
(Model 660, South Bay Technology). 85% of BML were found in the an-
terior aspect of the medial compartment in TP Fig. 1A & B. Thus, to
match the BML samples, the same size and shape (i.e. cuboidal) block
of tissue was cut from the anterior medial compartment of TP from
the subjects undergoing knee arthroplasty surgery having no MRI evi-
dence of BMLs (‘No BML' samples). Each cartilage-subchondral bone tis-
sue block was divided equally, by a sagittal plane cut, with one half
formalin-fixed, en bloc stained in basic fuchsin, embedded in methyl-
methacrylate resin and cut into 70 pm thick sections (Leica SP1600,
Nussloch, Germany) for assessment of microdamage accumulation,
The other half of the block was formalin-fixed, decalcified in 5% hydro-
chloric acid, paraffin-embedded, sectioned 5 pum thick and stained with:
hematoxylin and eosin (H&E) for assessment of arteriolar density,
Miller’s elastic stain to identify and assess the integrity of elastic lamina
in arteriolar walls, and Safranin-O/Fast Green for assessment of Osteoar-
thritis Research Society International (OARSI) grade., For a subset of 30
TPs (22 BML and 8 No BML), tissue blocks were formalin-fixed and
then slowly decalcified in 10% ethylenediaminetetraacetic acid to pre-
serve nuclear integrity, paraffin-embedded, sectioned 5 pm thick and
stained with H&E for a histomorphometric study of osteocyte-lacunar
density.

2.5. Cartilage histological grading

OARSI grades ranged from 0 to 6.5, with 0 indicating healthy carti-
lage with no degradation and 6-6.5 indicating complete cartilage degra-
dation with bone involvement [20], Fig. 1C. Grading was performed
using an Olympus BX45 light microscope by three assessors (DM, EG
and YRL), blinded to BML status of the samples and with extensive ex-
perience in quantitative histopathology. The intra-class correlation co-
efficient (ICC) for inter-observer reproducibility was 0.82 (95% CI 0.80,
0.84).

2.6. Histoquantitative analysis of microdamage accumulation

Two distinct types of bone microdamage, linear microcracks and dif-
fuse damage, and indices of bone resorption (Fig. 2A-C), classified as we
have described previously [21], were quantified for both the
subchondral bone plate and subchondral trabeculae. To avoid damage
artifact due to sample collection, processing and sectioning, only
microdamage >1 mm from the edge of the sample was measured. The
quantitation of microdamage was performed in duplicate sections by
two assessors (DM and YRL), who were blinded to BML status and
with extensive experience in hard tissue histopathology. The ICC for
inter-observer reproducibility was 0.85 (95% Cl 0.82, 0.86).
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Fig. 1. A) Upper panel shows a tibial plateau with a bone marrow lesion (BML) detected by MRI, shaded pink in transaxial (left), sagittal (centre) and coronal (right) planes. The purple
square shape represents a cuboidal block of cartilage-subchondral bone ( 10x10mm), containing a BML Lower left, B) panel shows a tibial plateau with a region containing a BML marked in
yellow to aid tissue dissection using a low-speed diamond wheel saw. C) Representative images of OARSI histological grades (from 2 to 6) seen in BML samples.

2.7. Histoguantitative analysis of osteocyte density repeated the assessment in duplicate sections. The ICC for intra-ob-
server reproducibility was 0.92 (95% C1 0.90, 0.94).
Two H&E sections per case were used to determine osteocyte den-
sity by counting cells and lacunar numbers, using the Quantimet 550 2.8. Vascular assessment
IW Image Analyser (Leica DM 6000B, Cambridge, UK) at 20x objective
magnification. The quantitation of osteocyte and lacunar densities was Duplicate sections per case were used for quantitative assessment of
performed by one assessor (DM), who was blinded to BML status and blood vessels and performed separately in the subchondral bone plate

Fig. 2. Microd. morphological f identified in undecalcified subchondral bone stained by basic fuchsin (objective magnification x20). A) linear microcrack in subchondral plate,
B) diffuse damage in subchondral plate, C) linear microcrack in subchondral trabeculae, D) diffuse damage in subchondral trabeculae, E) eroded surface on subchondral trabeculae.
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and in the bone marrow between subchondral trabeculae. In the
subchondral plate, the number and length of vascular channels was
quantified. The vascular channels were defined as cylindrical cavities
larger than 40 pm in diameter containing capillaries and/or thin-walled
vessels with endothelial cell membrane, As the subchondral plate lies
between the articular cartilage and the bone marrow, quantification
was performed separately for the zone of the subchondral plate close
to the cartilage (named zone 1) and zone of the subchondral plate
close to the bone marrow (named zone 2), (Fig. 3A). Subchondral
plate thickness for each sample was >800 pm thick. To ensure that the
two zones did not overlap each other, zone 1 was defined as the area
of the subchondral plate starting from the tidemark and extending
350 pm downwards into the depth of the subchondral plate (Fig. 3A).
Zone 2 was defined as the area of the subchondral plate, starting from
the bone marrow and extending 350 pm upwards toward the tidemark
(Fig. 3A). Vascular channels were considered to be present in a zone if at
least two thirds of the channel were seen in that zone. In addition, the
density of vascular channels, expressed as the number of vascular chan-
nels penetrating the tidemark per 1 mm, and the proportion of vascular
channels penetrating tidemark over total number of vascular channels
in zone 1, were reported separately. In bone marrow, between the
subchondral trabeculae, arteriolar density (number/cm?), average

D. Muratovic et al. / Bone 108 (2018) 193-201

arteriolar wall thickness (um), arteriolar lumen diameter (um) and
ratio of wall thickness over internal lumen area were quantified (Fig.
3B & (), since these vessels are likely important determinants of
subchondral blood flow. The integrity of the elastic lamina was observed
qualitatively (Fig. 3D), since its changes can lead to atherosclerosis. To
ensure visibility of all histological features in the arteriolar wall, only ar-
terioles >70 pm in lumen diameter were studied. The quantitation of
vascular densities was performed on duplicate sections by one assessor
(DM), who was blinded to BML status. The ICC for intra-observer repro-
ducibility was (ICC 0.98 (95% C1 0.95)).

2.9, Statistical analysis

The histomorphometric data were both normally and non-normally
distributed (Shapiro-Wilk). To identify group differences, the unpaired
Student's t-test was performed if the data were normally distributed; if
the data were non-normally distributed, the Mann-Whitney U test was
performed instead. Parametric data are expressed as the mean = stan-
dard deviation, and non-parametric data as the median (25th, 75th
quartiles). The critical value for statistical significance was chosen as p
<.05. The analyses were performed using the GraphPad Prism software
(GraphPad Software, Inc., USA).

Fig. 3. A) The subchondral bone plate was divided into 2 zones: zone 1- from tidemark 350 pm downwards into the depth of the subchondral plate, zone 2- from bone marrow 350 pm

Y

upwards toward tidemark. The blue circle indicates a vascular channel p the

rk. B) In bone b the subchondral trabeculae, indicated by a black square,

quantitative and qualitative study of arterioles was performed. C) H&E staining of arterioles was used to measure wall thickness, lumen size and lumen ratio (wall thickness over
internal lumen area). D) Miller's elastic stain was used to demonstrate integrity of elastic lamina (black arrow).
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Using a Two-Sample t-Test for Mean Difference, the power of the
study was calculated, using mean and standard deviation in No BML
and BML groups for the clinical outcome cartilage volume, 90% of the
sample size of 84 (No BML = 0.9 +22 = 19, BML = 0.9 « 62 = 55)
was considered to be the effective sample size due to correlation of out-
come within patient (some patients had two TPs tested due to bilateral
knee arthroplasty). Therefore, for a sample size of 74 (No BML = 19,
BML = 55), mean clinical difference = 0.3 and standard deviation =
0.3 the power to detect that clinical difference is 96.0%. For the sample
size of 54 (No BML = 14, BML = 40), the 90% effective sample size of
48 (No BML = 12, BML = 36) with mean clinical difference = 0.3 and
standard deviation = 0.3 has 83.6% power to detect that clinical differ-
ence. For the sample size of 30 (No BML = 8, BML = 22), the 90% effec-
tive sample size of 26 (No BML = 7, BML = 19) with mean clinical
difference = 0.3 and standard deviation = 0.3 has 58.3% power to de-
tect that clinical difference.

Both adjusting for clustering on subject (multiple regions of interest
and two possible sides) and controlling for the confounders age, sex and
BMI were performed in the linear mixed-effects models. Linear mixed-
effects models were also used to investigate the association between
cartilage volume vs, microdamage, OARSI grade vs. microdamage and
erosion surface vs. microdamage. As all data were non-normally distrib-
uted (Shapiro-Wilk), the Spearman rank for correlation was used.
These analyses were performed using statistical software SAS 9.4 (SAS
Institute Inc., Cary, NC, USA).

3. Results
3.1. Population characteristics

A total of 84 TP from 73 subjects were included in the analysis (11
patients had bilateral surgery). The groups were organized based on
the presence or absence of a tibial BML, and no significant difference be-
tween groups was found in the patient age or gender. Demographic
characteristics of the participating individuals (74), are summarized in
Table 1.

3.2, Radiographic assessment

No significant difference in the K&L grade between the BML and No
BML group was found.

3.3. MRI assessment

MRI assessment indicated that out of 84 TP samples, 62 (74%)
contained a BML detected by one or both MRI sequences. Loss of carti-
lage volume was significantly higher in TP with a BML compared to TP
with No BML (p = .01) (Table 1). The BML volume ranged from 0.1 to
2.4 mm?, with an average BML volume of 0.52 mm?.

Table 1
Patient data.
NoBML(n=22)° BML(n=62)"  pvalue

Age (years)* 77+63 687 +93 3
Male [n (%)] 5(28%) 28 (51%) .08
Female [n (%)] 13 (72%) 27 (49%) .08
BMI* 313+ 64 334 +5.1 01
K&L grade® 2(1-4) 3 (2-4) 2
Cartilage volume (mm’)* 13 +02 1.0£03 01
BML volume (mm?) NA 0.5 (0.1-0.6) NA
QARSI grade (0-6.5)* 37413 47+10 .03

3.4. Cartilage histological grading

TP with No BML had moderate histological changes, OARSI grades
ranged from 2 to 5. In contrast, TP with BML had more severe histolog-
ical changes and OARSI grades ranging from 3 to 6.5, (p = .03 for BML
vs. No BML).

3.5, Histoguantitative analysis of microdamage accumulation

The histoquantitative analyses of microdamage and resorption are
listed in Table 2. Microdamage levels were found to be very low in No
BML subchondral bone [1 out of 14 samples (7%)]. BML SCB tissue
contained widely variant amounts of microdamage [21 out of 40 sam-
ples (52%)], which was considerable in some samples, with linear
microcracks predominating, There was an increased burden of linear
microcracks (Cr.Dn) in both the subchondral bone plate (p = .01) and
subchondral trabeculae (p = .0001) of BML regions, compared to No
BML regions. Moreover, in the subchondral plate of BML regions, we
found evidence of increased bone resorption, with a greater eroded sur-
face density (ES.S.Dn) (p = .02), eroded density (ES.Dn) (p = .04) and
eroded surface length (ES.Le) (p = .04) compared to No BML, where
none of the 14 samples had evidence of bone resorption. It was also no-
table that BML samples contained microdamage and bone erosion in
both the subchondral plate and trabeculae. In No BML samples, evidence
of bone erosion was seen only in subchondral trabeculae.

3.5.1. Correlations between microdamage density, cartilage volume and
OARSI grade

In the BML group we identified an association between the accumula-
tion of microdamage and degenerative changes in the cartilage (loss of
cartilage volume and histological evidence of cellular integrity loss). Spe-
cifically, in the BML group, we found a negative correlation between dif-
fuse damage density (DD.Dn) and OARSI grade in trabecular bone (r = —
047, p = .01) and a negative correlation between Cr.Dn and cartilage vol-
ume in both the subchondral plate and subchondral trabeculae (r = —
040, p=.03 and r = —0.42, p = .02, respectively). Also for BML, in
both subchondral plate and trabeculae, a positive association was found
between Cr.Dn and ESS.Dn (r = 041, p=.04 and r = 0.34, p = .04, re-
spectively), and between DD.Dn and ESSDn (r=042,p= .01l andr=
0.61, p = .0003, respectively). No other significant correlations were

Table 2
Histoquantitative analysis of bone microdamage accumulation and eroded surface,
No BML (n = 14) BML (n = 40) p value

Subchondral bone plate
DD.Ar (pm?) 1.26° 0(0-1.35) 3
DD.Dn (#/mm?) 0.62° 0(0-0.75) 3
Cr.5.0n (pm/mm?) 160.9° 0(0-246.5) 05
Cr.Dn (#/mm?) 03* 0(0-09) 01
Cr.Le (um) 50.1° 53.3 (45.1-63.3) 8
ES.S.Dn (pm/mm?) 0 0(0-200.9) 02
ES.Le (um) 0 0(0-397.9) 04
ES.Dn (#/mm?) 0 0(0-0.94) 04
Subchondral bone trabeculae
DD.AF (pm?) 0(0-0.008) 0(0-0.05) 2
DD.Dn (#/mm? 0(0-0.15) 0.08 (0-0.89) 05
Cr.S.Dn (pm/mm?) 950.1° 315.7 (0-1842) 001
Cr.Dn (#/mm?) 0.08* 0.1 (0-0.8) .0001
Cr.Lle (um) 86.3 (84-88.5) 76.5 (30.3-131.9) d
ES.S.Dn (pm/mm?) 0(0-46.9) 11.9 (0-194.6) 3
ES.Le (pm) 149 (74-172.9) 110 (70.7-186.7) 3
ES.Dn (#/mm?)" 0(0-0.19) 0(0-0.22) 2

Abbreviations: BMI - body mass index, K&L - Kellgren and Lawrence, OARSI grade - Oste-
oarthritis Research Society International (OARSI) grade,
* Values p 1 as mean =k standard deviation,
® Values presented as median (25th, 75th percentiles).
¢ Four patients from No BML group had bilateral total knee replacement.

4 Seven patients in BML group had bilateral total knee replacement.
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Abbreviations: DD.Ar diffuse damage density area (um?), DD.Dn diffuse damage density
(#/mm?), Cr.S.Dn linear microcrack surface density (jun/mm?), Cr.Dn linear microcrack
density (#/mm?), Cr.Le average linear microcrack length, ES.S.Dn eroded surface density
(pm/mm?), ES.Le (um) average eroded surface length, ES.Dn eroded density (#/mm2),
Values are presented as median (lower-upper level).

* Detected only in one case,
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observed between microdamage, osteocyte or vascular parameters for
BML or No BML bone.

3.6. Histoquantitative analysis of osteocyte density

The osteocyte and lacunar parameter data are presented in Table 3.
Osteocyte cell density (Ot.Dn) was significantly higher in BML com-
pared to No BML regions of the subchondral plate, In subchondral tra-
beculae, both total lacunar density (TL.Dn) and Ot.Dn were increased
in BML compared to No BML,

3.7. Vascular assessment

Significant differences were observed in vascularity between BML
and No BML SCB tissue; these are summarized in Table 4, Here we re-
port that in osteochondral zones containing a BML, zone 1 of the
subchondral bone plate (closer to calcified cartilage) had a greater den-
sity of vascular channels (p = .04), compared to No BML; while in zone
2 (closer to marrow) we found increased length of vascular channels (p
=.001) compared to No BML. The density of vascular channels pene-
trating the tidemark (expressed per 1 mm of tidemark) was signifi-
cantly higher in the BML group compared to the No BML group (p =
.04). In addition, the proportion of vascular channels penetrating the
tidemark, compared to the total number of vascular channels in zone
1, was significantly higher in the BML group compared to the No BML
group (p = .04).

In trabecular bone marrow within BML areas, we found significantly
increased thick-walled arteriolar density (p = .0006), with significant
changes in arteriolar wall architecture, which included thickening in
the smooth muscle layer of the tunica media (p = .007), and increased
wall/lm ratio (wall thickness over internal lumen area) (p = .001),
when compared to No BML areas. There were no significant differences
in diameter of arteriolar lumen between groups and there was no
change in the integrity of the elastic lamina observed,

4. Discussion

The current study provides the first evidence of increased bone ma-
trix microdamage in regions defined as BMLs in the tibial plateau of KOA
subjects, compared with anatomically corresponding non-BML zones of
the TP. We also observed greater osteacyte numbers, increased arterio-
lar density and altered vascular characteristics, in particular increased
wall thickness and wall:lumen ratio, in regions within BMLs compared
to no BML regions, suggesting a vascular contribution to BMLs.

Previous histological studies exploring BMLs described changes in
the bone marrow, with zones of fatty marrow, necrosis, cedema and
bone marrow fibrosis [22, 23]. In our recent study, we reported that
the subchondral bone within BMLs typically has a thicker subchondral
plate, increased trabecular bone volume and more trabeculae that are

Table 3
Group mean values for osteocyte morphometric parameters.
No BML (n =8) BML (n = 22) p value

Subchondral bone plate
TLDn (#/mm?) 2934 4+ 51.1 338.0 +45.7 07
Ot.Dn (#/mm?) 804 4+ 167 1089 +282 02
ELDn (#/mm?) 2128 £ 440 2344 £ 351 2
EL/TL (%) 723+ 5.1 684 4 84 &
Subchondral bone trabeculae
TLDn (#/mm?) 2228 +1038 288.8 + 47.6 006
ot.Dn (#/mm?) 68.1 + 342 99.9 4 208 01
ELDn (#/mm?) 180.0 + 42,0 188.8 + 404 6
EL/TL (%) 69.6 +49 65.1+62 a

Abbreviations: TL.Dn total lacunar density (#/mm?), Ot.Dn osteocyte density (#/mm?), EL
Dn empty lacunar density (#/mm?) and EL/TL percent of empty lacunae (%), Values pre-
sented as mean -+ standard deviation.
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Table 4
Histoquantitative vascular assessment.
Subchondral bone plate No BML BML p value
(n=14) (n = 40)
Zone 1
Vas. channel density (#/cm?) 8 (5-10) 12 (8-18) 04
Length of vas, channels (um)” 85.7 (72.0-104). 1182(704-54.3) .2
Vas, channel penetrating TM 0.12 (+0.07) 0.20 (0.1) 04
density (#/mm)
No. vas. channels penetrating 19,5 (11-25) 34 (16.2-42) 04
TM/total
vas. channels in zone (%)
Zone 2
Vas. channel density (#/cm?)® 6(0-13) 10 (4-16) 2
Length of vas. channels (pm)* 68.7 + 59.8 150 + 59.8 2001
Trabecular bone marrow
Arteriolar density (#/cm?)” 7(6-18) 34 (22-81) 0006
Arteriolar wall thickness (pm)* 6.8+ 24 108 4 34 007
Arteriolar lumen diameter (um)*  163.5 + 734 1555+ 7.8 o §

Lumen ratio™® 0.04 (0.03-0.04) 0.07 (0.05-0.1) 2001

Zone 1, zone from tidemark 350 pm downwards into the depth of subchondral plate. Zone
2, from bone marrow 350 pum upwards into subchondral plate.

* Values presented as mean =+ standard deviation.

® Values presented as median (25th, 75th percentiles).

€ Wall thickness over internal lumen area,

predominantly plate-like in structure [3]. Hunter et al. reported BMLs
as areas of altered bone mineralization and active remodeling [10].
Taljanovic et al. reported earlier the presence of micro-fractures within
BMLs in histological sections of hip OA [24]. Micro-fractures can only be
seen when they begin to heal with a structure analogous to a fracture
callus. We focused on linear microcracks and diffuse damage, which
represent fatigue damage in the bone matrix due to repeat mechanical
over-loading [25].

In this study, an increased density of microdamage was seen in both
the subchondral plate and trabeculae of BMLs, suggesting that both
compartments are exposed to mechanical loading at damage-inducing
levels. However, we found that the subchondral plate corresponding
to BML zones contained predominantly linear cracks, which are
known to associate with compressive loading [26-28], while diffuse
microdamage, associated with tensile loading [26, 29, 30], was also
seen in the subchondral trabeculae. Interestingly, we found relatively
small (<100 pm) average crack lengths in both the subchondral plate
and trabeculae. This is possibly explained by previous reports that
BMLs are characterized by a hypo-mineralized bone [10], where the mi-
crostructure of the matrix may minimize formation of longer cracks.

The majority of BMLs were located in the anterior aspect of the me-
dial tibial compartment, known to be a region of high contact pressure
[9]. It is believed that BMLs occur at sites of maximal loading within
the knee but the mechanism of their formation is not known. Moreover,
the accumulation of microdamage in bone is generally accepted to be an
indicator of repetitive loading, which exceeds the healing capacity of the
bone tissue, There is also goad evidence for a role of mechanical loading
in the initiation and progression of KOA [31]. Thus, obesity has been
widely accepted as a major risk factor for the initiation and progression
of KOA [32]. However, only weak to moderate assaciations have been
reported previously between obesity and the presence of BMLs [33,
34]. In our study, BMI 2 30 kg/m? as a measure of obesity, was present
in both BML and No BML OA groups, suggesting that body weight per
se might not be the key factor for BML presence and/or formation. How-
ever, loading of the knee joint is a function of walking gait and the way
that the joint is loaded [35], together with the amount and frequency of
loading. These data were not available for the current study.

Recent experiments in the mouse have produced data suggesting
that changes in the SCB, which include BMLs, are causative of OA in
that species [18, 36]. Specifically, the over-expression of transforming
growth factor-p (TGF3) in bone gave rise to spontaneous changes in
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the SCB, accompanied by degradation of the overlying articular carti-
lage. Importantly, TGF{3 neutralizing antibody treatment of surgically in-
duced mouse models of OA protected against disease development. It is
not clear what would be driving the aberrant expression of TGFJ in the
mouse models or whether the mouse will be informative of human OA.
However, sequestered TGF{ is released in active form by osteoclastic
bone resorption [37] and elevated TGFp has been reported in human
OA bone [38]. This link between bone resorption/remodeling and
TGFB activation in bone may provide clues to the formation of BMLs,
given the additional links between microdamage in bone and resorption
[29, 39, 40]. Importantly, we found increased bone resorption in the
subchondral plate of the BML group, as shown by the presence of ero-
sion surfaces, compared to the subchondral plate of No BML, which
showed little evidence of erosion. This suggests that the subchondral
bone plate might undergo a higher rate of bone turnover, perhaps as
an adaptation to repair damage, Furthermore, a positive correlation be-
tween microdamage accumulation and increased resorption in both the
subchondral plate and trabeculae may indicate an active repair response
in BMLs. However, further studies to investigate specifically osteoclast
activity in subchondral bone of BML would be beneficial to confirm
this association. Collectively, these results are consistent with BMLs
forming in highly loaded bone, and suggest a sequence of events
starting with the creation of microdamage, repair by osteoclastic resorp-
tion, release of growth factors such as TGF3 from the bone matrix, and
finally new bone formation.

Osteacytes act as mechanosensors and are able to integrate the me-
chanical and biochemical signals that regulate osteoblastogenesis and
osteoclastogenesis, and they have a primary role in regulating bone ho-
meostasis [41]. Thus, osteocytes may have an important role in
subchondral bone remodeling and mineral metabolism in OA pathogen-
esis [14]. It has also been shown that osteocytes are essential for repair
of linear microcracks in a process that recruits osteoclasts to sites of
damage, initiated by osteocyte apoptosis [42, 43]. Contrast to linear
microcracks, Herman et al. showed in a rat model that diffuse damage
did not cause osteocyte apoptosis or recruitment of osteoclasts but
was repaired by an unknown osteocyte-mediated mechanism [39).

The majority of identified osteocyte lacunae (~70%) in both
subchondral plate and trabeculae were empty in both groups. This find-
ing is not surprising, as previously an increase of empty lacunae in both
aged [44] and osteoarthritic bone [45] has been reported. However, the
increased density of viable osteocytes found in BML areas compared to
No BML is a novel finding. This might indicate that OA No BML and
BML bone respond differently in the pathogenesis of the disease. Also,
a higher osteocyte content has been observed in the more rapidly
formed bone of Osteogenesis Imperfecta type V patients, in which the
bone had a woven appearance, consistent with disturbed lamellation
[46].

Previously, we found that BML bone from the same patient cohort is
characterized by increased osteoid thickness and volume, which is in-
dicative of new non-mineralized bone. Collectively, our data suggest
that BML areas of bone correspond to localized areas of active repair re-
sponse and remodeling. In this context, the dynamic nature of BMLs and
their ability to resolve up to 50% over two years in asymptomatic popu-
lations [47] may be explained. Moreover, it is of interest that
bisphosphonates, which act by inhibiting osteoclastic bone resorption
and bone turnover, may decrease pain in OA, reduce BML size, and
have a chondroprotective action [11, 12].

Seah et al. suggested that BMLs might arise due to altered fluid dy-
namics and perfusion in subchondral bone, resulting in intraosseous hy-
pertension, ischemia, bone necrosis, and cartilage breakdown [48], Lee
et al. supported those theories by finding significantly lower blood per-
fusion in BML areas compared to normal bone [49]. Consistent with a
vascular link with OA initiation and/or progression, as suggested previ-
ously [15], our study found vascular structure abnormalities in BMLs,
We have already reported the unique presence of fibrovascular cystic
structures in BMLs [9]. We have extended these findings to report

91

here thickening of the arteriolar smooth muscle layer and increased
wall:lumen ratio in vessels within BMLs. These changes could be associ-
ated with arteriolosclerosis, and there are population data suggesting
links between, and common mechanisms for, cardiovascular disease
and OA [15]. Importantly, structural changes of the arteriolar wall can
lead to vasoconstriction and ischemic events in tissues [15], which sub-
sequently result in tissue vulnerability and reduced repair ability. Also, it
has been reported that TGF3 can regulate blood vessels in OA bone. In
the mouse model of OA produced by over-expression of active TGF de-
scribed above, increased angiogenesis and vascular changes were prom-
inent [18]. A four-fold increase in angiogenesis markers was reported in
BMLs in hip OA [50]. Most recently, a gene expression study reported in-
creased vascular proliferation within BML zones, accompanied by genes
in the angiogenic pathway being amongst the most upregulated genes
in BMLs [51]. Our data add to the proposal that pathological changes
of the microvasculature contribute to the formation of BMLs in KOA
(15,52, 53].

Alimitation of this study is that our examination of end stage disease
does not allow determination of cause and effect. In addition, data on
patient activity type and amount, osteoclast-osteoblast activity, and im-
munohistochemical detection of small caliber vascular profiles were not
available, Furthermore, our comparisons were between BMLs and No
BML bone and therefore do not allow comparison with healthy SCB.
However, our results are consistent with the notion that overloading-in-
duced microdamage and vascular changes contribute to the formation
of BMLs.

In conclusion, our data suggest that change in subchondral bone is
intimately involved in the progression of OA. The accumulation of
microdamage in BMLs supports the notion that excessive and biome-
chanically unfavorable loading contributes to the occurrence of BMLs
in tibial SCB tissue. Since these factors are modifiable, our findings sug-
gest that an early focus on reducing joint loading, and using BML as an
outcome measure, might provide effective intervention for OA progres-
sion and might aid the development of more individualized OA
treatments.
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Abstract

Introduction: Epidemiological studies demonstrate a link between knee
osteoarthritis (KOA) and the metabolic syndrome (MetS) and its components.
The presence of a bone marrow lesion (BML) in KOA is a strong predictor of
structural degeneration and severity of the symptoms. However, little is known
regarding the influence of metabolic factors on BML development in the
subchondral bone of the knee. Therefore, this study aimed to investigate
association between MetS, its components and BML in KOA subjects.
Methods: Tibial plateaus and medical histories were obtained from 73 patients
(41 females, 32 males) aged 48-87 years, undergoing knee arthroplasty for KOA.
To identify BMLs in tibial plateaus, MRI scans were performed ex vivo, using T1
and PDFS-weighted sequences. For each patient, relevant clinical data of age
and body mass index (BMI) were recorded on day of surgery. Data on
comorbidities and medication (including antidiabetic treatment, antihypertensive
medication and dyslipidaemia treatment) were retrieved from clinical histories
and medical records.

Results: An increased prevalence of MetS was found in KOA subjects with BMLs
compared to those without BML (p=0.02). Furthermore, high total cholesterol and
high body mass index showed significant association with radiographic OA
severity (high KL grade and loss of cartilage volume), while high fasting glucose
and high triglycerides were significantly associated with larger BML size (higher
BML volume).

Discussion: Our data suggest that a combination of specific metabolic factors
might promote the occurrence of BMLs in subchondral bone tissue and that
metabolic factors might contribute to the progressive osteochondral degeneration

of KOA.
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4.1 Introduction

Systemic and metabolic factors, such as nutritional intake [1, 2] and serum lipids
[3], have been linked with knee osteoarthritis (KOA). In addition, the presence of
metabolic syndrome (MetS) and its components might be a causative factor for
the initiation and progression of KOA and may influence the enlargement of bone
marrow lesions (BMLS) [4-6].

Visualised by magnetic resonance imaging (MRI), BMLs act as a valuable
imaging indicator of the structural degenerative progression in KOA [7-9], and as
a predictor of future potential intervention outcome such as total knee
replacement [10]. At the tissue level, they have been described as areas of
subchondral bone with impaired bone quality [7, 8, 11] and nonspecific changes
in bone marrow such as fibrotic and necrotic changes, with fatty marrow and
numerous vascular infiltrations [7, 11, 12]. An interesting finding for BMLs is that
in pre-OA populations BMLs can resolve within two years in up to 50% of
individuals [13], while in established OA they are less likely to decrease in size or
resolve [14]. Thus, in early OA, MRI identified BMLs might provide potential
targets for therapeutic intervention. Further, our recent data indicated that
presence of BML subtypes, detected by different MRI sequences, in tibial
subchondral bone, identify more or less severe KOA [7]. This further opens the
possibility of identifying individuals with less severe KOA, perhaps at an earlier
stage of progression, which may be amenable to therapeutic intervention.

It is not known whether metabolic factors have direct or indirect relationship to
the formation and presence of BMLs. We hypothesised that individuals with tibial
BML suffer from metabolic conditions and have increased incidence of MetS.
Therefore, the aim of this study was to explore the relationship between the

metabolic syndrome and its components and the presence of BMLs in subjects
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with KOA. This potentially could uncover modifiable risk factors for BML in KOA,
information that could perhaps be used to influence the understanding of KOA
pathogenesis and lead to novel and more personalised/individualised treatments

for this condition, at least in early disease

4.2 Methodology

4.2.1 Clinical characteristics of the patient cohort

Tibial plateau and medical histories from 73 patients undergoing knee
arthroplasty surgery, of whom 41 (56%) were females, aged 48 to 86 years, and
32 (44%) were males, aged 49 to 87 years, were included in the study. Tibial
plateaus were scanned ex vivo using MRI to detect presence of BMLs as
previously described [7]. For each patient, relevant clinical data of age, and body
mass index (BMI) were recorded. BMI categories were defined according to the
recommendation of the Australian Department of Health: normal BMI range 19-
25, overweight BMI 25-30, obese BMI 30-35 and severely obese >35. Patients
were fasted overnight, and pre-surgery blood samples were taken for the
measurement of glucose, total cholesterol and triglyceride levels. Blood pressure
was measured twice, and the average of two measurements was calculated.
Data on comorbidities and medication (including antidiabetic treatment,
antihypertensive medication and dyslipidaemia treatment) were retrieved from
clinical histories and medical records. According to the World Health Organisation
(WHO), metabolic syndrome (MetS) was defined as the presence of three or
more of the following components: 1) central obesity with BMI 30 or greater, 2)

dyslipidaemia or use of medication for dyslipidaemia, 3) blood pressure of 130/85
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or greater or use of antihypertensive medication, and 4) fasting glucose level
greater than 5.5 mmol/L or medication for diabetes mellitus [15, 16].

Informed written consent was obtained from all patients and the study received
prior approval from the Human Research Ethics Committee at the Repatriation
General Hospital, the Royal Adelaide Hospital and The University of Adelaide,
South Australia, in accordance with the Declaration of Helsinki 1975. Inclusion
criteria were: radiographic OA with severe symptomatic disabilities, such as
severe pain and limited mobility. Exclusion criteria were: secondary OA of the
knee due to trauma, rheumatoid arthritis, osteoporosis, evidence of bone-related
chronic debilitating disease and/or history of any medication that may have

affected bone turnover.

4.2.2 Radiographic evaluation of knee OA

Standing anteroposterior, posteroanterior and lateral view radiographs were
taken of OA subjects prior to surgery. The extent of radiographic progression was
assessed according to Kellgren and Lawrence (K&L) grade. All radiographs were
scored by two experienced assessors (AW and YW), with 95% agreement.

Assessors were blinded for the presence of BMLs in the knee joint.

4.2.3 Magnetic resonance imaging (MRI)

Each TP was MR imaged ex vivo in an 8-channel wrist coil (3T MRI Siemens
TRIO, Royal Adelaide Hospital, Adelaide), using two specific sequences; fat
suppressed fast spin-echo proton density-weighted (PDFS) and T1-weighted

spin echo in the sagittal and coronal plane. Sagittal slice thickness was 1.6 mm,
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with distance factor of 25%. Coronal slice thickness was 1.6 mm, with 10%
distance factor. A BML was defined as a zone of altered signal intensity in the
bone and marrow located immediately beneath the articular cartilage and visible
on at least two consecutive slices [17, 18]. Cartilage volume and BML volume
were assessed by two researchers (DM and YL), as described previously [18].
The coefficient of variation for the measurement of cartilage volume in the medial

and lateral compartment was 2.2% and for BML volume 2.4%.

4.2.4 Statistical analysis

Student's t test and chi square tests were used to compare the distribution of
characteristics between groups. The difference between No BML vs BML (BML
1+BML 2) groups was analysed, followed by analysis of the difference between
BML 1 vs BML 2. The critical value for statistical significance was chosen as
P<0.05. The analyses were performed using the GraphPad Prism software

(GraphPad Software, Inc., USA).

Both adjusting for clustering on subject and controlling for the confounders age,
sex and BMI and presence of BML, were performed in linear mixed-effects
models. Linear mixed-effects models were also used to investigate the
association between cartilage volume vs each MetS component separately and
as the number of MetS components, K&L grade vs each MetS component
separately and as the number of metabolic components present, and BML
volume vs each MetS component separately and as the number of MetS
components present. Adjustment for multiple comparisons was made using a
Sidak adjustment to account for significance of P values by chance due to large

numbers of regressions being performed. These analyses were performed using
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the statistical software SAS 9.4 (SAS Institute Inc., Cary, NC, USA).

4.3 Results

Fifty-five (76%) of the TP samples contained a BML detected with one or both
MRI sequences. BMLs detected using the PDFS sequence only (BML 1)
represented 62% of all BMLs. BMLs detected by both PDFS and T1 sequences

(BML 2) represented 38% of all BMLs.

4.3.1 Demographic characteristics

4.3.1.1 Age and gender

Eighteen patients did not show a BML on MRI (No BML group). This group was
composed predominantly of females (13; 72%). The average age for the No BML
group was 71.5 years. The female age range was 64 to 84 years, and the male
age range was 60 to 80 years. 95% of individuals from the No BML group were
65 to 75 years of age.

The BML group contained almost equal proportions of females and males (51%,
49%, respectively). The average age of the BML group was 68.7 years. The
female ages ranged from 49 to 87 years, and the male age range was from 48 to
86 years. In the BML group, 31% of individuals were younger than 65 years and
65% were between 65 and 85 years of age. These data are summarised in Table

1.

4.3.1.2 Body mass index (BMI)
In the No BML group, 11 (61%) were obese or severely obese, with an average

BMI of 34. 70% of females were obese or severely obese. The BML group had
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an average BMI of 30 and approximately 50% were in the obese or severely
obese category, while 16% had ideal weight. About 60% of females were obese
or severely obese compared to 33% of males. Observing BML 1 and BML 2
separately, we found that both groups had an average BMI of 31. These data are

summarised in Table 2.

4.3.1.3 Metabolic Syndrome (MetS)

For each individual, components of the MetS were documented separately and
as the co-occurrence of at least 3 components (defined as MetS). Individuals in
the No BML group had an average fasting glucose level of 5.9 mmol/L, blood
pressure of 140/80, serum total cholesterol level of 4.5 mmol/L and triglycerides
of 1.6 mmol/L. Observing females and males separately, elevated levels for some
MetS components were detected in the No BML group, with 2/3 of the females
having elevated fasting blood glucose and 2/3 of the males having elevated
systolic blood pressure. In the BML group, the average fasting glucose level was
6.2 mmol/L, blood pressure of 140/80, serum total cholesterol level of 4.9 mmol/L
and total triglycerides of 1.4 mmol/L. More than 50% of the individuals in the BML
group had above normal fasting glucose levels (>5.5 mmol/L), elevated systolic
blood pressure or use of antihypertensive medication. These data are

summarised in Table 3.

4.3.2 Differences between groups

There were no significant differences in the patient’s age, gender or K&L grade
between the BML and no BML group. Individuals in the no BML group had a

higher mean BMI than the BML group (p=0.04). However, when we investigated
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differences according to BMI category, healthy, overweight, obese and severely
obese, no significant difference was found between groups. The volume of
cartilage was significantly higher in the No BML than the BML group (p=0.01).
Comparing prevalence of metabolic components separately between BML and
no BML, a high prevalence of established hypertension (use of antihypertensive
medication) was found only in the BML group (74%, 41 out of 55), (p=0.005).
MetS prevalence (co-occurrence of at least 3 components) was significantly
greater in the BML group compared to the no BML (p= 0.02). This remained
significant after adjusting for age, sex and BMI.

In the BML group, a significant difference was found between the BML1 and
BML2 subgroups, such that radiographic progression (K&L grade) was lower and
cartilage volume was higher in BML 1 compared to BML 2 (p=0.04, 0.006,
respectively). In regard to metabolic components, the total cholesterol and the
number of patients with elevated total cholesterol were significantly higher in BML
1 compared to BML 2 (p=0.008 and p= 0.02, respectively). These data are

summarised in Table 3.

4.3.3 Correlations between each metabolic component separately and as
the number of metabolic components present vs. cartilage volume,

K&L grade and BML volume

BMI was positively correlated with K&L grade in No BML (r=0.49, p=0.04) and
BML 1 (r=0.47, p=0.03). Total cholesterol levels also correlated positively with
K&L grade (r=0.66, p=0.001) in the BML group (BML 1+BML 2) and in the BML
1 group (r=0.65, p=0.001), and with cartilage volume in the BML group (r=0.50,

p=0.004). There was a positive association between triglyceride level and BML
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volume in the BML group (r=0.33, p=0.04) and in the BML 1 group (r=0.58,
p=0.01). Levels of fasting glucose associated positively with BML volume in the
BML 1 group (r=0.33, p= 0.04), and negatively with cartilage volume in the No
BML group (r=-0.57, p=0.04). No significant correlation was found between the
severity of MetS (represented by the number of MetS components present) with

K&L grade, cartilage volume, or BML volume, for any group.

4.4 Discussion

This study is the first to explore the association between the presence of MetS,
as a cluster of three or more metabolic disorders [15], and its components, with
the presence or absence of BMLs in KOA subjects. We found an increased
prevalence of MetS in KOA subjects with BMLs compared to those without a
BML. Furthermore, high total cholesterol and high BMI showed significant
association with OA severity (high K&L grade and loss of cartilage volume), while
high fasting glucose and high triglycerides were significantly associated with
larger BML (higher BML volume). These relationships persisted after adjustment
for age, sex and BMI. Collectively, these results suggest the possible involvement
of metabolic factors in the development of BMLs and the progression of KOA.

Obesity is a major risk factor for the initiation and progression of KOA [19].
However, only a weak association was reported previously between obesity and
the presence of BMLs in young individuals [20], and a moderate association was
found in an older population [21]. Weight loss did not have a positive impact on
tibiofemoral BML size scores, suggesting that BMLs do not respond to a rapidly
decreased body weight [22]. The results from the present study indicate that
obesity (defined as BMI = 30 kg/m?) was present in both subjects with BML and
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in those without BML. Moreover, high BMI associates with higher K&L grade in
both no BML and BML, suggesting that BMI might be a contributing factor of
radiographic progression in KOA but not the key factor for BML development in
the tissue. However, in the knee joint, in addition to excessive and/or misdirected
biomechanical load, the way that the joint is loaded, together with the amount and
frequency of loading is important to take in consideration. These data were not
available for the current study and further study will be required to interrogate this
issue.

There is published evidence that obesity and bone metabolism are closely
interconnected. Fat cells, the adipocytes, and the bone forming cells, the
osteoblasts, share the same origin from multipotent mesenchymal stem cells [23].
Therefore, increased adipocyte differentiation might indirectly decrease
osteoblast differentiation and bone formation/mineralisation [24]. Furthermore, it
has been reported that high fat intake may affect calcium absorption and
decrease bone formation/mineralisation [25]. Animal studies have demonstrated
that lipid and lipoprotein oxidation by-products inhibit differentiation and function
of osteoblasts [26, 27] and that hypercholesterolemia promotes osteoclastic
differentiation and bone resorption. More recent human studies reported that
dietary lipids, such as mono-saturated fatty acids, increase the risk of BML in a
healthy population [28] and that increased levels of total serum cholesterol and
triglycerides were associated with the development of new BMLs in knees over 2
years [29]. Collectively, these data suggest a tight association between dietary
fat and bone turnover in health and disease.

Another important aspect of obesity is that fat tissue can produce pro-
inflammatory cytokines/adipokines [19, 30, 31]. Synovial fluid and plasma in OA

patients contain an increased level of leptin (pro-inflammatory) and decreased
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level of adiponectin (anti-inflammatory), [32, 33]. Elevated leptin in serum and/or
synovia associates with MRI-defined cartilage defects, the presence of BMLs and
osteophytes, meniscal abnormalities, and synovitis and therefore thought to play
significant roles in bone metabolism and the maintenance of an inflammatory
state in the joint [34-37]. On the other hand, leptin is closely associated with the
prevalence of cardiovascular diseases, including hypertension, atherosclerosis,
and MetS [38, 39]. Interestingly, animal studies indicate leptin as one of the key
regulators of TGF-B [32]. TGF-B has a beneficial role in cartilage repair in OA
[40], but prolonged exposure has adverse effects on bone remodelling and can
trigger degenerative changes in both cartilage and subchondral bone [41]. Also,
elevated serum concentrations of TGF-B associate with incidence of type 2
diabetes and play a role in the pathogenesis of hypertension [39]. Recently, in
the same patient cohort as reported here, we found thickening of the arteriolar
smooth muscle layer and increased lumen ratio in areas of BML (Chapter 3),
consistent with arteriolosclerosis. The observed change in wall structure is
possibly a compensatory response to sustained hypertension, consistent with our
finding that hypertension was significantly more prevalent in subjects with tibial
BMLs than in those without BMLs. Structural changes of the arteriolar wall due to
hypertension and increased lipid levels can lead to vasoconstriction and
ischaemic events in tissues, a possible mechanism of BML development [42].
Moreover, the presence of hypertension and type 2 diabetes mellitus has been
linked to aberrant endothelial cell behaviour [43], which in turn could affect
osteoblastic function [44-46]. Complementary to this, we reported that BML
subchondral bone (subchondral plate and subchondral trabeculae) is
characterised by increased osteoid thickness and osteoid volume as well as with
higher bone volume [7]. Moreover, Hunter et. al reported that BML subchondral
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bone is sclerotic and hypo-mineralised [8]. Collectively, pathological changes of
the microvasculature might be caused by MetS and together contribute to the
pathogenesis of BML.

High levels of glucose and/or the presence of diabetes mellitus associates
positively with structural degradation in the joint, such as cartilage volume loss
and incidence of new BMLs in a non-OA population [47], while in an OA
population diabetes associates with OA progression and increased incidence of
total joint replacement [48-50]. Our finding of a positive association between
increased levels of glucose and higher volume size of BMLs complements those
studies. Moreover, many studies indicated that hyperglycaemia could influence
bone metabolism at the cellular level by direct reduction in osteoblast maturation,
function and viability, causing bone hypomineralisation [51, 52]. A high level of
glucose stimulates differentiation of bone marrow mesenchymal cells into
adipocytes, which results in an increased rate of adipogenesis and decreased
osteogenesis [53]. Insulin and insulin analogue IGF-1 can directly or indirectly
induce osteoblast proliferation, increase bone deposition and decrease bone
resorption [54-56]. Furthermore, an association between diabetes mellitus and
abnormalities in bone metabolism, including increased porosity of the
subchondral plate and changes in subchondral trabeculae, reduced serum
biomarkers of bone turnover, accumulation of non-healing microfractures and
elevated sclerostin levels has been noted [57]. Collectively, those changes are
indicative of reduced bone quality in patients with diabetes mellitus [58].
Furthermore, several studies reported that bone healing is prolonged in diabetic
patients [57]. The presence of a BML in KOA was considered to be a sign of an

active response to acute tissue injury [59]. Therefore, it is possible that the
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presence of MetS in KOA subjects with BML impairs the process of healing and
thus accelerates degenerative changes in both bone and cartilage.

Regarding the association between MetS as a cluster of three or more metabolic
disorders and the presence of BML in KOA, our results indicate a higher
prevalence of MetS in OA subjects with BMLs. However, there was no
association between the number of MetS components, higher K&L grade, lower
cartilage volume and BML volume. This might be explained by previous reports,
in which an association between the number of components and radiographic
progression was found prior to adjustment for BMI, yet after adjustment
association was weak [30]. We also found that the majority of significant
associations between elevated metabolic components (higher BMI, higher
cholesterol, high triglycerides and higher fasting glucose) and higher K&L grade
and BML volume were for BML 1. We previously described BML 1 as lesions with
less structural degeneration, compared to BML 2, and we proposed that those
lesions might characterise OA that has a greater ability to respond to treatment.
In addition, results from this study suggest that the negative effect of specific
metabolic components might be important in an early stage of OA progression.
Hence, targeting those metabolic components might be useful in future choice of
OA treatment strategies.

A limitation of this human tissue-level study is that we could sample only at end
stage KOA. Therefore, we are unable to comment on the relationship between
disease initiation and MetS and its components. Based on the results of this study
we can only speculate that targeted treatment of MetS would have a beneficial
effect on OA and its symptoms. Also, our study is cross-sectional and we cannot
offer conclusion if treatment of MetS abnormalities would act positively on BML

resolution or progression of KOA. However, the study suggests that further
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longitudinal research in a larger population would be beneficial to explore the
interaction of metabolic mechanisms in the development of BMLs and OA
pathogenesis. The current view is that biomechanical stress is the main causal
factor of BML appearance in the tissue. Results from our study are incomplete as
we only assessed BMI as an indicator of possible mechanical loading. However,
the type and frequency of loading is important to take into consideration.
Collecting high definition activity monitoring data, together with data on the
metabolic status of the subject, would likely be favourable in terms of identifying
links between these parameters and OA/BML development.

In conclusion, our data suggest that a combination of specific metabolic factors
might promote the occurrence of BMLs in tibial subchondral bone tissue and that
metabolic factors might contribute to the progressive osteochondral degeneration
of KOA. Larger longitudinal studies observing BML in individuals with MetS are
needed to confirm whether treatment of MetS at an early stage of OA would be
valuable for resolution of BML associated clinical symptoms and/or structural

degeneration in KOA.
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Tables

Table 4-1 Age and gender in the No BML, BML, BML 1 and BML 2 groups

No BML BML BML 1 BML 2
Female Male Female Male Female Male Female Male
N (%) 13(72%) 5(28%) 28(51%) 27 (49%) 18(53%) 16 (47%) 10 (48%)  11(52%)
Age<65 0 1(20%) 8(28%) 9(334%) 6(333%) 6(38%) 2(20%)  3(27.3%)
Age 65-74 10(75%) 4(80%) 12 (43%) 9(334%) 8(444%) 4(25%)  4(40%) 5 (45.4%)
Age 75-84 3 (25%) 0 7(25%) 8(295%) 4(223%) 5(31%) 3(30%) 3(27.3%)
Age 85+ 0 0 14%)  1(3.7%) 0 1(6%)  1(10%) 0
Table 4-2 Body mass index classification
No BML BML BML 1 BML 2
Gender Female Male Female Male Female Male Female Male
13 5 28 27 18 16 10 11
N (%)
(72%)  (27%)  (51%) (49%)  (53%) (47%) (47.6) (52.3%)
Ideal BMI 1 3 6 2 4 1 2
0
(<25) (20%) (10.7%) (22.2%) (11.1%) (25%) (10%) (18.1%)
Overweight 4 2 8 12 5 8 3 4
(25-30) (30.7%) (40%) (28.1%) (444%) (27.7%) (50%) (30%) (36.6%)
8 5 5 2 3 3
Obese (>30) 3(23%) 0
(28.1%) (184%) (27.7%) (12.5%) (30%) (27.2%)
Severely Obese 6 2 9 4 6 2 3 2
(=35) (47.7%) (40%)  (32.1) (15%) (33.3%) (12.5%) (30%) (18.1%)
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Table 4-3 Difference between patient characteristics among groups

No BML BML p value BML 1 BML 2 p value

Age (years) 7746.3 68.749.3 0.3 68+1.7 69.8+1.6 0.5
Male [n (%)] 5 (28%) 28 (51%) 0.08 16 (47%) 12 (57%) 0.4
Female [n (%)] 13 (72%) 27 (49%) 0.08 18 (53%) 9 (43%) 04
BMI 33749  30.8+49 0.04 30.5+£0.8 31.5¢1 0.4
K&L grade 2 (1-4) 3 (1-4) 0.7 2(1-3) 3 (2-4) 0.04
Cartilage Volume 1.3+0.2 1.0+0.3 0.01 1.1£0.3 0.8£0.3 0.006
(mm3)

BML volume (mm3) NA 0.4 (0.1-0.6) NA 0.3(0.1-0.5)  0.3(0.1-04) 0.5

124



Table 4-4 Metabolic components between groups

P P
Metabolic components No BML BML value BML1 BML 2 value
Fasting glucose 5.9+1.8 6.2+1.4 0.6 5.3(4.4-64) 39(334) 09
Patients with elevated
fasting glucose [n (%)] 7 (38.8%) 27 (49%) 09  15(44.1%) 12(57%) 0.3
Females [n (%)] 5(71%) 14 (52%) 0.3 9 (60%) 5 (42%) 0.3
Insulin dependent
[n (%)] 4 (22.2%) 11 (20%) 0.8 5(4.7%) 6(285%) 0.2
Females [n (%)] 2 (50%) 4 (36%) 0.8 2 (40%) 2 (33%) 0.8
Systolic blood
pressure 140 (137-152) 140 (130-150) 0.4 141.5+16 139.2¢13 06
Elevated systolic
blood pressure [n (%)] 11 (61%) 30 (54.5%) 0.6 20 (58.8%) 11(52.3%) 06
Females [n (%)] 6 (18%) 19 (63%) 0.6 12 (60%) 7 (64%) 0.8
Diastolic blood
pressure 80 (70-80) 80 (70-80) 0.8 76.6+10.6 75.6+8.3 0.3
Elevated diastolic
blood pressure [n (%)] 3 (16.6%) 5(9%) 0.3 4 (11.7%) 1(4.7%) 0.7
Females [n (%)] 2 (67%) 4 (80%) 0.6 4 (100%) 1(100%) 04
Antihypertensive
medication [n (%)] 7 (38.8%) 41 (74.5%) 0.005 26 (76.4%) 15(714%) 04
Females [n (%)] 4 (57%) 22 (54%) 0.8 15 (58%) 7 (46%) >0.9
Levels of total
cholesterol 4.5+1 4.9+1 04 44(3.6-5.3) 3.3(34) 0.008
Elevated total
cholesterol [n (%)] 1(5.5%) 10 (18%) 0.1 9 (26.4%) 1(4.7%) 0.02
Females [n (%)] 1(100%) 4 (40%) 0.2 3(33%) 1(100%) 0.1
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Total triglycerides 1.6+£0.9 1.4+0.5 0.5 1.3(0.9-1) 14 (1-2) 0.5

Elevated total serum

triglycerides [n (%)] 1(5.5%) 7(12.7%) 0.3 3(8.8%) 4 (19%) 0.2
Females [n (%)] 1(100%) 2 (28%) 0.1 0 2 (50%) 0.1
Hypertriglyceridemia

medication [n (%)] 4 (22.2%) 24 (43.6) 0.1 14 (41%) 10 (476%) 06
Females [n (%)] 3(75%) 14 (56%) 0.5 9 (64%) 5 (50%) 04

Table 4-5 Prevalence of MetS between groups

No BML BML pvalue BML1 BML 2 p value
MetS+[n (%)] 6(33.6%) 35(63.6%) 002 25(65%) 13(62%) 0.3
Females [n (%)] 3 (50%) 20 (57%) 0.7  13(52%) 7 (54%) 0.9
No Metabolic components
[n (%)] 3(16.6%) 4(7.2%) 03  2(58%) 2(9.5%) 0.6

1 Metabolic component [n (%)] 3 (16.6%) 7 (12.7%) 0.6 4 (11.7%) 3(14.2%) 0.7
2 Metabolic components [n (%)] 6(33.3%) 9(16.3%) 0.1 6(17.6%) 3(14.2%) 0.7
3+ Metabolic components

[n (%)] 6(33.3%) 34(64%)  0.03 24(70%) 13(62%) 05

126



Chapter 5

Bone Marrow Lesions in Knee Osteoarthritis: Regional
Changes in Subchondral Bone Microstructure and their

Association with Cartilage Loss

Dzenita Muratovic, Flavia Cicuttini, Anita Wluka, David Findlay, Yea-Rin Lee,

and Julia Kuliwaba.

Discipline of Orthopaedics and Trauma, The University of Adelaide, Adelaide,
Australia.
Department of Epidemiology & Preventive Medicine, Monash University,
Melbourne, Australia.

To be submitted to Osteoarthritis and Cartilage

127



Statement of Authorship

Title of Paper Bone Marrow Lesions in Knee Osteoarthritis:
Regional Changes in Subchondral Bone
Microstructure and their Association with Cartilage

Loss

Publication Status Unpublished and unsubmitted work written in

manuscript style

Publication Details | To be submited to Osteoarthritis and Cartilage

Principal Author

Name of Principal | Dzenita Muratovic
Author (Candidate)

Contribution to the | Designed the study, performed the experiments and
Paper analysis of the results, interpreted the data, wrote the

manuscript and acted as corresponding author.

Certification: This paper reports on original research | conducted
during the period of my Higher Degree by Research
candidature and is not subject to any obligations or
contractual agreements with a third party that would
constrain its inclusion in this thesis. | am the primary

author of this paper.

Signature Date | 17/10/2017

Co-Author Contributions

By signing the Statement of Authorship, each author certifies that:
i. the candidate’s stated contribution to the publication is accurate (as
detailed above);

ii. permission is granted for the candidate in include the publication in the
thesis; and the sum of all co-author contributions is equal to 100% less
128



the candidate’s stated contribution.

Name of Co-Author

Prof David Findlay

Contribution to the
Paper

Designed the study, interpreted the data, provided

overall supervision and wrote the manuscript.

Signature

Date | 17/10/2017

Name of Co-Author

A/Prof Anita Wluka

Contribution to the

Paper

Designed the study, interpreted the data, provided

overall supervision and wrote the manuscript.

Signature

Date | 17/10/2017

Name of Co-Author

Prof Flavia

Contribution to the

Paper

Designed the study, interpreted the data, provided

overall supervision and wrote the manuscript.

Signature

Date | 17/10/2017

Name of Co-Author

Yea Rin Lee

Contribution to the

Paper

Contributed to collection of specimens from patients,
performed the experiments and critically revised the

manuscript.

129




Signature Date | 17/10/2017

Name of Co-Author | Dr Julia Kuliwaba

Contribution to the | Designed the study, interpreted the data, provided

Paper overall supervision and wrote the manuscript.

Signature Date | 17/10/2017

130




Abstract

Objective: It is not known how tissue level changes within bone marrow lesions
(BMLs) relate to the microstructural changes across the human tibial plateau
(TP). To address this, we evaluated subchondral bone microarchitecture, and
cartilage deterioration, in non-osteoarthritis (OA) and in OA TP with and without
BML.

Design: Tibial plateaus were collected from 32 subjects, aged 49 to 79 years,
undergoing total knee replacement surgery for knee OA (KOA), and from 12 non-
OA control subjects, aged 44 to 89 years. MRI was used to identify BMLs and to
quantify cartilage volume. Micro CT was used to quantitate the subchondral plate
and subchondral trabecular bone microstructure in seven volumes of interest; two
oval cross-section cylinders representing the whole medial and lateral
compartments; four circular cross-section cylinders representing anterior medial
(AM), posterior medial (PM), anterior lateral (AL) and posterior lateral (PL)
subregions of the compartments, and one cylinder representing BML. Cartilage
loss and degeneration were evaluated by MRI measurement of cartilage volume
and OARSI histological grading.

Results: In non-OA control and OA-no BML groups, parameters describing
subchondral bone (plate and trabeculae) showed no significant intragroup
variability between compartments or subregions, while in OA-BML differences
were evident. The anterior-medial region of OA-no BML did not differ significantly
from non-OA controls. In contrast, the OA-BML group had significantly thicker
subchondral plate (p=0.02, p=0.004), and trabeculae that are more numerous
(p=0.03, p=0.03), well connected (p=0.009, p=0.003), and more plate-like

(p=0.04, p=0.01), compared to both non-OA controls and OA-no BML. Catrtilage
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volume decreased and OARSI grade increased in OA-BML compared with
controls, especially in the medial compartment.

Conclusion: In established KOA, both the extent of cartilage damage and
microstructural change in the subchondral bone depended on the presence of a
BML. Thus, use of BMLs as MRI image-based biomarkers appears to inform on

the severity of disease in established OA.

Keywords; knee osteoarthritis, bone marrow lesions, subchondral bone

microarchitecture, micro CT, cartilage volume
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5.1 Introduction

Knee osteoarthritis (KOA) is a painful and degenerative musculoskeletal
condition characterized by loss of osteochondral integrity. Specifically,
destruction of cartilage (loss of cellular integrity and cartilage volume) and
pathophysiological changes in the underlying subchondral bone, such as
subchondral bone sclerosis, osteophytes, bone marrow lesions (BMLs) and bone
cysts, are characteristics of advanced KOA. Although cartilage destruction has
received the majority of research attention, there is evidence that changes in the
subchondral bone may precede cartilage loss, and are thus important to

understanding the pathogenesis and progression of OA [1-6].

Animal models of OA have described a predictable disease progression in OA,
in which initial loss of subchondral bone is followed by sclerotic changes,
increased anisotropy and an increase in the plate:rod ratio, prior to cartilage
degeneration [7]. In human patients, since the majority of studies have described

late stage OA, the sequence of KOA changes is less well understood.

BMLs could assist in grading clinically important changes in the subchondral
bone. BMLs are identified by magnetic resonance imaging (MRI), and are
frequently seen in both early and late stage OA. They have acquired considerable
clinical interest because their presence is predictive of degenerative changes in
cartilage [8, 9] and future joint replacement [9]. Since BMLs can increase or
decrease in size, and even resolve over time [10], the notion has developed that
BMLs may have utility as biomarkers, both of disease progression and of
response to treatment of KOA [11].
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Histologically, the subchondral bone contained within BMLs is described as
sclerotic, with increased subchondral plate thickness, and trabeculae showing
increased bone volume fraction, increased thickness, a more plate-like structure,
and increased osteoid volume and thickness but reduced tissue mineral density
[12-15]. Although these changes in subchondral bone have been reported as
focal [12-15], the association between the presence of BMLs and the bone

microstructure of the remainder of the tibial plateau has not been described.

We hypothesized that the presence of a BML in KOA will associate with structural
changes across the tibial plateau. Thus, the aim of this study was to
comprehensively investigate and compare the subchondral bone
microarchitecture of the whole tibial plateau in KOA subjects, with and without
tibial BML, and in tibial plateau without OA. Specifically, the purpose of the study
was to better understand tibial plateau regional subchondral bone changes in
KOA and then to determine the association of the presence of a BML with the
type and extent of bone changes. Finally, we determined the microstructural

subchondral bone changes in relation to loss of cartilage integrity and volume.

5.2 Materials and Methods

5.2.1 Tibial plateau specimens

Tibial plateaus were obtained from 32 patients, 20 females and 12 males aged
49 to 79 years, undergoing knee arthroplasty surgery. Inclusion criteria were:
radiographic OA with severe symptomatic disabilities, such as severe pain and

limited mobility. Exclusion criteria were: KOA due to trauma or rheumatoid
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arthritis, osteoporosis, and metabolic bone disease. Control tibial plateau
specimens were obtained from 11 non-OA cadavers, 4 females and 7 males,
aged 44 to 89 years with no previous history of bone or joint disease (eg. Paget’'s
disease, malignant tumors, avascular necrosis, rheumatoid arthritis), medication
that may have affected bone metabolism, such as steroids and no macroscopic
evidence of significant cartilage degeneration (all of the non-OA tibial plateau had
Outerbridge score 0-1). Written consent was obtained for all subjects (joint
replacement patients and cadavers) and the study received prior approval from
the Human Research Ethics Committee at the Repatriation General Hospital,
Royal Adelaide Hospital and The University of Adelaide, South Australia, in

accordance with the Declaration of Helsinki 1975.

5.2.2 Magnetic resonance imaging (MRI)

Each tibial plateau was MR imaged ex vivo in an 8-channel wrist coil (3T MRI
Siemens TRIO, Royal Adelaide Hospital, Adelaide), using two specific
sequences; fat suppressed fast spin-echo proton density-weighted (PDFS) and
T1 weighted spin echo in the sagittal and coronal plane. A BML was defined as
a zone of altered signal intensity seen on PDFS +/- T1 weighted sequences in
the bone and marrow (Figure 1A), located immediately beneath the articular
cartilage and visible on at least two consecutive slices [15, 16]. The definition and
location of BML were by mutual agreement between two investigators (AW and
YW) with musculoskeletal MRI expertise. After identification of a BML, the
external contour of the BML was marked in both planes and the automatic volume
rendering function from OsiriX software (Pixmeo-SARL, Switzerland) was used

to calculate the BML volume in cm3. The coefficient of variation for the
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measurement of BML volume was 2.4%. Cartilage volume was assessed by two
researchers (DM and YL), as described previously [15]. The coefficient of
variation for the measurement of cartilage volume in the medial and lateral

compartments was 2.2%.

5.2.3 Micro CT

To analyse the microstructure of the subchondral bone, whole tibial plateau was
scanned by micro CT (SkyScan model 1076, Kontic, Belgium). Images were
obtained at 74kV at isotropic resolution of 17.4 pm, with 1.0 mm aluminium filter
and 0.8° rotation step. As depicted in Figure 1B, seven volumes of interest (VOI)
were selected; two oval shapes to cover the whole medial (M; 45x25mm diameter
x 6mm depth) and lateral (L; 40x25mm diameter x 6mm depth) compartments;
four circular shapes (20mm diameter x 6mm depth) to cover the anterior medial
(AM), posterior medial (PM), anterior lateral (AL) and posterior lateral (PL)
subregions of the compartments; and one circular shape (10x10 diameter x 6mm
depth) representing BML. The subchondral bone plate was manually segmented
from the subchondral trabecular bone compartment for each VOI (Figure 1C).
Subchondral plate and subchondral trabeculae were analyzed separately. Using
CT-An analyzer software (SkyScan), the following morphometric parameters
were determined for subchondral plate: plate thickness (Pl.Th) and plate porosity
(Pl.Po) and for subchondral trabeculae: bone volume per total volume (BV/TV),
trabecular thickness (Th.Th), trabecular number (Th.N), trabecular separation
(Th.Sp), structural model index (SMI) as measure of predominant shapes in the

structure ( plate-like or rod-like), trabecular bone pattern factor (Th.Pf) as
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quantitative ratio of inter-trabecular connectivity, and degree of anisotropy (DA)

which reflects the orientation of bone microarchitecture.

5.2.4 Histopathology assessment

Histopathological assessment was performed only for medial tibial plateau, as
the majority of BML (75%) were detected in this compartment. Blocks of tissue
(10x10x6mm) representing AM and PM (containing the entire BML, if present)
were dissected using a low-speed diamond wheel saw (Model 660, South Bay
Technology), formalin-fixed, decalcified in 5% hydrochloric acid, paraffin-
embedded, sectioned 5 pm-thick and stained with Safranin-O/Fast Green to be
used for Osteoarthritis Research Society International (OARSI) grading [17].
Consensus between three assessors (DM, EG and YL) determined the grading.
The intra-class correlation coefficient (ICC) for inter-observer reproducibility was

0.82 (95% CI 0.80, 0.84).

5.2.5 Statistical analysis

All data sets were initially analysed by the Shapiro-Wilk test to determine
normality of the data distribution. Parametric data are expressed as the mean *
standard deviation and non-parametric data as the median (25th-75th quartiles).
The differences across groups for demographic variables, cartilage volume,
histological grade, and subchondral bone plate and trabecular microstructure
were investigated. For continuous normally-distributed variables a one-way
ANOVA was used, for continuous non-normally distributed variables, a Kruskal-

Walllis test was used, and for categorical variables, a Fisher's Exact test was
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used. The critical value for statistical significance was chosen as P<0.05. These
analyses were performed using the GraphPad Prism software (GraphPad
Software, Inc., USA).

Both adjusting for clustering on subject (multiple regions of interest) and
controlling for the confounders age, sex and BMI and presence of BML, were
performed in linear mixed-effects models. Linear mixed-effects models were also
used to investigate the association between subchondral bone microstructural
parameters versus cartilage volume, OARSI grade and BML volume. This was
because there was clustering on patient ID and knee (multiple regions of interest
in the same patient’s knee), which could be adjusted for by the use of a mixed-
effects model. Adjustment for multiple comparisons was made using a Sidak
adjustment to account for significance of P values by chance due to large
numbers of regressions being performed. These analyses were performed using

statistical software SAS 9.4 (SAS Institute Inc., Cary, NC, USA).

5.3 Results

5.3.1 Demographic characteristics of the cohorts

In the control group, only one subject was detected with a BML, which was
located in the AL subregion. This case was excluded from further analysis. In OA
subjects, BMLs were detected in 24 (75%) patients. The majority of BMLs were
located in the medial compartment [18 out of 24 (75%)], with 12 (67%) located in
the AM and 6 (33%) located in the PM. OA-BML subjects were predominantly
diagnosed with medial OA (63%) and with varus malalignment (63%). The OA-

no BML subjects were a mix of all three compartmental OA types; Medial OA
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(femoro-tibial compartment), Lateral OA (femoro-tibial compartment) and

Patellofemoral OA, and had predominantly neutral alignment (62%).

5.3.2 Cartilage volume and histological grading (intragroup variability)

In controls and in OA-no BML, mean cartilage volumes measured over the whole
M and L compartments were not significantly different between M vs. L
compartments, while the L compartment of OA-BML had significantly thicker
cartilage compared to M (p=0.0001). The mean OARSI grade was not different
between AM and PM subregions in controls. In OA-no BML and OA-BML, the AM
subregion had significantly higher mean OARSI grade compared to the PM

subregion (p=0.001 and p=0.002 respectively, Figure 2B).

5.3.3 Cartilage volume and histological grading between groups

Mean cartilage volume in the M and L compartments was significantly lower in
the OA-BML group compared to the M (p=0.0006) and L (p=0.002) of the control
group. The mean cartilage volume of the OA-no BML group was intermediate
between the control and OA-BML groups, and not significantly different from
either group. In both OA-no BML and OA-BML groups, the AM subregion had
significantly higher median OARSI grade than the control group (p=0.03 and
p=0.0001, respectively). In the posterior medial subregion, the median OARSI
grade was higher in OA-BML compared to both control (p=0.0001) and OA-no

BML (p=0.03) groups (Figure 2B).
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5.3.4 Microstructure of subchondral bone

5.3.4.1 Subchondral bone plate characteristics (intragroup variability)

In controls and in OA-no BML, mean plate thickness did not differ significantly
between M vs. L compartments, nor between AM vs. PM and AL vs. PL
subregions. In OA-BML, mean plate thickness was significantly greater in AM vs.
AL and vs. PL (p=0.0001, 0.002) and in PM vs. AL and vs. PL (p=0.02 and
p=0.0005). No difference was observed in mean plate porosity between regions

in all groups. Results are presented in Figure 3A.

5.3.4.2 Subchondral bone plate microstructure between groups
Differences in subchondral plate microstructure between groups for each region

of interest are presented in Figure 3B.

Medial compartment

The OA-no BML group had decreased median plate thickness compared to OA-
BML (p=0.02) and controls (p=0.03). The OA-BML group had increased median

plate porosity compared to controls (p=0.02).

Anterior medial subregion

The OA-BML group had increased mean plate thickness compared to controls
and OA-no BML (p=0.04, p=0.004, respectively), and increased mean plate

porosity compared to controls (p=0.001).
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Posterior medial subregion

The OA-BML group had increased mean plate thickness and porosity compared
to controls and OA-no BML (p=0.001, p<0.0001 and p=0.02, p=0.04,

respectively).

Lateral compartment

Median plate thickness was greater in controls for the L compartment, compared
with OA-no BML and OA-BML groups. No significant difference was observed in

median plate porosity parameters between the three groups in the L, AL or PL.

5.3.4.3 Subchondral trabecular bone microstructure (intragroup variability)
As seen for the subchondral plate, parameters describing subchondral trabecular
bone microstructure of non-OA controls and OA-no BML showed no significant
intragroup variability between compartments or subregions. However, in OA-

BML, differences were evident. These results are presented in Figure 4.

Percent bone volume (BV/TV)

In OA-BML, mean BV/TV was significantly higher in M vs. L (p=0.03), in AM vs.

PM (p=0.03), vs. AL (p=0.03) and vs. PL (p=0.03).

Trabecular number (Tb.N)

In OA-BML, mean Th.N was significantly higher in the AM vs. PM (p=0.04), vs.

AL (p=0.04), and vs. PL (p=0.04).

Trabecular thickness (Tb.Th)
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In OA-BML, mean Th.Th was significantly higher in M vs. L (p=0.003), in AM vs

AL (p=0.001) and in PM vs AL (p=0.0003) and vs. PL (p=0.03).

Trabecular separation (Th.Sp)

Trabecular separation did not differ significantly between compartments and

subregions in any group.

Structure model index (SMI)

In OA-BML, mean SMI was significantly lower, indicating more plate-like
trabeculae, in M vs. L (p<0.0001), in AM vs. PM, vs. AL, vs. PL and (p=0.0005,
p<0.0001, p<0.0001, respectively) and in PM vs.AL (p=0.001) and vs. PL

(p=0.04).

Degree of anisotropy (DA)

In OA-BML, median DA was significantly higher in M vs. L (p=0.02), in AM vs. AL

(p=0.01), and vs. PL (p<0.0001), and in PM vs.PL (p=0.002).

Trabecular pattern factor (Tb.Pf)

In OA-BML, mean Th.Pf was significantly decreased in M vs. L (p=0.0008), and
in AM vs. PM, vs. AL and vs. PL (p=0.002, p<0.0001 and p<0.0001, respectively)

and in PM vs. AL (p<0.0001).

5.3.4.4 Trabecular bone microstructure differences between groups

Results are summarised in Figures 5 and 6.
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Medial compartment

M compartment of OA-no BML was similar to controls except that it showed
higher mean DA (p= 0.03). Compared to the control group, OA-BML had
significantly higher mean Th.Sp (p=0.01), and DA (p=0.0002) and lower median
Th.Pf (p=0.005). Compared to OA-no BML, OA-BML had higher mean BV/TV
(p=0.008), Th.N (p=0.01), lower mean SMI (p=0.0004) and lower median Tb.Pf
(p=0.0002) in the medial compartment.

Anterior medial subregion

The AM subregion of OA-no BML was similar to controls except that it showed
higher median DA (p= 0.03). OA-BML had significantly higher mean Tb.N
(p=0.03), Tb.Sp (p=0.01) and median DA (p<0.0001) and lower mean SMI
(p=0.04), and median Th.Pf (p=0.003), compared to controls. OA-BML compared
to OA-no BML, had higher mean BV/TV (p=0.02) and Tb.N (p=0.03), but lower
mean SMI (p=0.01) and median Th.Pf (p=0.02).

Posterior medial subregion

In the PM, OA-no BML had higher mean SMI (p=0.004) and median Th.Pf
(p=0.006) compared to controls. OA-BML had higher mean Tbh.Th (p=0.02) and
median DA (p=0.001) compared to controls. Comparing OA-BML to OA-no BML,
OA-BML had higher mean BV/TV (p=0.03) and lower mean SMI (p=0.01) and
median Th.Pf (p=0.01).

Lateral compartment

Both OA-no BML and OA-BML had higher mean SMI (p=0.003, p<0.0001,
respectively) and median Tb.Pf (p=0.01, p<0.0001, respectively), compared to

controls. No differences were found between OA-no BML and OA-BML.
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Anterior lateral subregion

No differences were found between OA-no BML vs. control or between OA-no
BML vs. OA-BML. OA-BML had lower median Th.Sp (p=0.04) and higher median
Th.Pf (p=0.005), compared to controls.

Posterior lateral subregion

The OA-BML group showed higher median Th.Pf (p=0.005) than controls. No
other group differences were observed for the PL parameters between OA-no

BML vs. control, or between OA-BML vs. OA-no BML.

5.3.5 Correlation between subchondral bone microstructural parameters,

histological OARSI grade, cartilage volume and BML volume.

Correlation analyses were performed between parameters describing
subchondral bone microstructure and cartilage volume, obtained from the medial
and lateral tibial compartments, and between subchondral bone microstructure
and OARSI grade obtained from the anterior medial subregions. In the medial
compartment of OA-no BML, Th.N (r=-0.65, p=0.04) correlated negatively, and
Th.Sp (r=0.77, p=0.02) positively, with cartilage volume. In the anterior medial
subregion of OA-no BML, Tb.Th (r=0.78, p=0.02) correlated positively, and DA
(r=-0.85, p=0.01) negatively, with OARSI grade.

In the medial compartment of the OA-BML group, Th.N (r=-0.67, p=0.003) and
Tb.Th (r=-0.57, p=0.04) correlated negatively with cartilage volume. In the
anterior medial subregion of OA-BML, PL.Th (r=0.76, p=0.01), BV/TV (r=0.65,
p=0.01) and Th.N (r=0.54, p=0.04) correlated positively with OARSI grade, while
Th.Sp (r=-0.64, p=0.01) and SMI (r=-0.61 p=0.02) correlated negatively with

OARSI grade.
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In the lateral compartment of the control, OA-no BML and OA-BML groups, no
correlations were observed between parameters of subchondral bone
microstructure cartilage volume and OARSI grade.

Correlation analyses were performed between microstructural parameters of
anterior medial and posterior medial subregions in OA-no BML and OA-BML. In
OA-BML, no significant correlation was found. In OA-BML, changes in
microstructural parameters of the anterior medial subregion correlated positively
with changes in the posterior medial subregion; BV/TV (r=0.64, p=0.01), Tb.Th
(r=0.78, p=0.001), Th.N (r=0.69, p=0.008).

Correlation analyses between BML volume and microstructural parameters of the
whole medial compartment, and the posterior medial subregion, indicated
positive association in both for BVTV (r=0.48, p=0.04 and r=0.51, p=0.04) and

Th.N (r=0.53, p=0.02 and r=0.62, p=0.01), respectively.

5.4 Discussion

To our knowledge, this is the first comprehensive study of the subchondral bone
microstructure (subchondral plate and trabeculae) across the whole OA tibial
plateau in association with presence/absence of BMLSs. In this study, there were
three major findings relating to the subchondral bone microarchitecture of the
tibial plateau due to KOA. Firstly, similarly as in non-OA (control) subjects, in OA
subjects with no BML, bone microstructure of the subchondral plate and
trabeculae did not vary significantly between subregions of the tibial plateau,
while in OA subjects with detectable tibial BML, differences in microstructure
between subregions were evident. Secondly, in KOA subjects, microstructural
changes in the subchondral plate and trabeculae were dependent on the
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presence or absence of a BML in the tibial plateau, which also related to the
extent of cartilage degradation. Thirdly, the microstructural changes within a BML
often extended well beyond the zone of the BML. These observations suggest
that BMLs derived from MRI clinical imaging might serve as an indicative tool of

OA severity at the tissue level.

5.4.1 Structural changes in the subchondral bone plate and trabeculae in

KOA subjects

The subchondral bone comprises the subchondral plate and the trabeculae. The
architectural, biological and biomechanical properties of these two units are
different and respond differently during OA progression. The present study
demonstrates that subregional differences in control group and OA-No BML were
not significant. In comparison, in the OA-BML group, substantial differences in
bone microstructure were found between regions.

Consistent with previous studies of the human tibial plateau, we observed that
changes of subchondral bone microstructure of the OA-BML group were more
pronounced in the medial compartment than in the lateral compartment.
Furthermore, and again similar to previous studies, significant differences
between the anterior and posterior regions of these compartments were found
[18-20]. The most substantial microstructural changes were found in the AM
subregion of OA-BML, where the majority of BMLs were found (75%). In the OA-
BML group, the AM subregion did not differ in plate characteristics to the PM
region. However, trabecular bone of the AM region showed more prominent
sclerotic changes, such as higher bone volume, and more numerous and plate-

like trabeculae compared to PM. Comparing the AM subregion to AL and PL,
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significant differences were found in all parameters describing the microstructure
of the subchondral plate and trabeculae.

Cox et al. described asymmetric loading between medial and lateral
compartments of the knee that might contribute to development of OA [21].
Recently, Roberts et al. suggested that joint alignment influences both medial to
lateral and within-condyle distribution of forces across the tibia that results in
changes of subchondral bone microstructure, at least in late stage OA. They
further showed that regional variation in bone microstructure within tibial
compartments likely reflects joint loading history in KOA [22]. In a separate study,
the same group identified three subgroups in KOA patients, based on distinct
walking gait patterns, suggesting that there might be different mechanisms for
generating loads through the tibial plateau, with corresponding microarchitectural
adaptation [23]. With respect to BMLs, high peak knee adduction moment and
high knee adduction moment impulse, as well as static alignment were
significantly related to the presence of BMLs [24]. Lim et al., demonstrated from
a systematic review of the literature, a strong relationship between meniscal
pathology and mechanical knee alignment and BML in the OA population.
Interestingly, the same review suggested that there is no strong association
between BML presence and physical activity [25]. The conclusion was that BML
areas represent a “hot spot” in the tibial plateau where changes in the bone
microstructure might be the result of an acute localised tissue response as well
as a pathophysiological interaction between the bone and cartilage [1, 26].
When we compared microstructural parameters between groups, we found
substantial thinning of the subchondral plate in the medial compartment of OA-
no BML, compared to both control and OA-BML. In contrast, the subchondral

plate of OA-BML was thicker in the AM and PM subregions compared to the same
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subregions of both control and OA-no BML groups. We also found an increased
porosity of the subchondral plate in OA-BML compared to controls, likely
reflecting altered vascularity and/or bone resorption within the subchondral plate.
The increased porosity could also affect the permeability of the osteochondral
interface and play a direct role in the pathogenesis of OA. Increasing porosity of
the subchondral plate was observed to co-localise with the point of mechanical
load during ambulation in a rat knee model of post-traumatic OA [27].
Trabecular bone of medial compartment or its anterior aspect did not differ
significantly between OA-no BML and controls beside higher degree of
anisotropy in the medial compartment, indicating that OA-no BML has more
preferential trabecular alignment compared to controls. In the PM subregion, OA-
no BML had higher mean values for SMI and Th.Pf compared to controls,
indicating persistence of a rod-like structure with low connectivity. Furthermore,
we found that trabecular bone in the AM subregion of OA-no BML, compared to
the same region of OA-BML, was characterised predominantly with lower bone
volume and fewer trabeculae that are more rod-like (indicated by increased SMI).
While the PM subregion of OA-no BML had lower mean bone volume, more rod-
like trabeculae that were more isolated or less connected (indicated by larger
Th.Pf), compared to PM of OA-BML.

The thinning of the subchondral plate and the reduced number of trabeculae both
suggest a process of bone attrition at some prior stage of the disease
progression. In addition, recently it has been suggested that rod-like structure
(indicated by increased SMI) might have a protective effect on cartilage during
impact loading [28, 29]. However, in a separate study it has been noted that SMI

alone may not be the optimal parameter to make assessment of rod-like and/or
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plate-like structure [30]). Further clarification and definition of the microstructural
parameters representing rod-like and/or plate-like structure is needed.
Previously, similar findings (to OA-no BML) were only reported in animal models
such as in the Duncan Hartley guinea pig model of OA, when an early change
was described by thickening of the subchondral plate and trabeculae, but the
subchondral bone was found to change across time, eventually resembling that
of a non-OA guinea pig strain [31]. Also, these alterations in animal bone structure
have been found to precede severe cartilage degeneration and to associate with
histopathological changes in the cartilage [3-5].

Recently, Chen et. al. demonstrated a novel finding in microstructural adaption
due to OA disease, in terms of significant loss of rod-like trabeculae and
thickening plate-like trabeculae in all regions of the human tibial plateau (with and
without severe cartilage loss) providing a valuable insight into the dynamics of
subchondral bone microstructural changes in OA. They also confirmed that
similar changes preceded cartilage degeneration in the guinea pig model of
spontaneous OA. These results suggested that specific trabecular changes might
be important during the development and progression of OA [32].
Complementary to those findings, in our study SMI, DA and Th.Pf, as nonmetric
measures of topological structural features and useful determinants of
mechanical strength [33], were significantly different in both OA-no BML and OA-
BML compared to controls, confirming a lower bone quality of OA subchondral
bone and its inability to resist overloading [34].

Collectively, structural alterations found in OA-no BML resemble changes that
have been described previously as early OA [3-5, 35-42]. The OA BML group

was associated with the greatest degree of sclerotic microstructural changes,
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cartilage degeneration and loss of cartilage volume, consistent with late stage

OA [19, 20, 43].

5.4.2 Presence of BMLs predicts wider microstructural changes in the

tibial plateau

The presence and size of BMLs is strongly associated with clinical symptoms
(pain) [44] and focal structural degeneration (loss of cartilage and bone sclerosis)
[12-15]. The present results suggest that the presence of a BML might be
associated with structural changes beyond the BML, particularly in the medial
compartment. Moreover, it seems that focal sclerosis of the BML area expands
radially to the adjacent subregions (Figure 7). As BML sclerotic changes in a
specific compartment are closely related to loss of cartilage volume and higher
OARSI grade in the same compartment, BMLs could represent an epicentre of
the structural change in the OCU of the tibial plateau. Interestingly, these data
suggest that the MRI signal that represents a BML is not due to bone changes,
and more likely resides in the inter-trabecular marrow.

Sclerotic changes are widely accepted as a key feature of advanced OA
progression, but it is important to point out that these findings have not been
consistently reported for end stage OA [45, 46]. A possible explanation for the
different observations between studies might be due to the presence or absence
of BMLSs, since these subchondral bone features appear to segregate with more
severe disease. Recently, Steinbeck et al. described two subtypes within a KOA
population, defined according to microstructural features of subchondral bone
(sclerotic and non-sclerotic trabecular bone), and suggested different
mechanisms of disease progression [47]. Finnila et al. also analysed the tibial

plateau in late stage of OA and found that bone volume fraction, trabecular

150



thickness and trabecular number increase with OARSI grade, while trabecular
separation and structure model index decrease, suggesting that sclerosis might
potentially be used in radiological assessment of OA severity [48]. Neither of
these studies considered the presence or absence of a BML in the tissue. Our
study suggests that OA subjects without a BML belong to a non-sclerotic OA
subtype, while those with BML belong to a sclerotic OA subtype. This conclusion
will require greater numbers for confirmation.

Our study has several limitations. Firstly, the relatively small and heterogeneous
OA-no BML group limits the strength of comparisons with other groups to
investigate in more detail the relationship between BML and subchondral bone
structure. Further studies are recommended to investigate these relationships.
Secondly, as this study is cross-sectional in design, the changes in subchondral
bone structure characteristic of early stage disease cannot be confirmed, nor can
mechanisms of BML genesis in the tissue be identified. Longitudinal studies
would help to clarify this sequence of events. We believe the strength of this study
is that we have analysed subchondral bone microstructure for the entire human
tibial plateau, while previous studies have mainly investigated bone

microstructural changes in specific sub-regions.

5.4.3 Conclusion

Study of the microstructure of tibial plateaus in KOA showed that the presence of
a BML defines the changes in both the subchondral bone and cartilage, which in
turn relate to the severity of the disease. BMLs may therefore provide surrogate
biomarkers that can discriminate OA subtypes or severity, for example helping to
triage candidates for joint replacement surgery or conservative, non-surgical

treatment, or be used as therapeutic targets, and response to treatment.
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Figures

Micro CT

C

Control OA-no BML

Figure 5-1 Representative cross-section images A) MRI of tibial plateau
(upper-transaxial, lower-coronal, right-sagittal views) with BML (pink area
enclosed by red dashed line) detected by PDFS+T1 weighted sequences.
B) Micro CT of whole tibial plateau (upper-transaxial, lower-coronal, right-
sagittal views), regions of interest M-medial (blue oval shape), AM-anterior
medial (dark green round shape), PM-posterior medial (light green round
shape), location of BML region of interest was determined using MRI
coordinates. C) Coronal view of AM subregions from control, OA-no BML
and OA-BML. Subchondral plate (yellow) was manually selected to obtain

plate thickness.
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Figure 5-2 A). Cartilage volume and OARSI grade (Intragroup variability; B).

Cartilage volume and OARSI grade between groups.

*p<0.05, *p<0.005, **p<0.0005, **** p<0.0001
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Figure 5-3 A). Intragroup variability; B). Subchondral bone plate

microstructure between groups.

*p<0.05, *p<0.005, **p<0.0005, **** p<0.0001.
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Controls, OA-no BML and OA-BML groups.

*p<0.05, **p<0.005, ***p<0.0005, **** p<0.0001.
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Figure 5-5 Subchondral trabecular bone microstructure between groups in

medial compartment, anterior medial and posterior medial subregion.

*p<0.05, *p<0.005, ***p<0.0005, **** p<0.0001.
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Figure 5-6 Subchondral trabecular bone microstructure between groups in

lateral compartment, anterior lateral and posterior latera.
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*p<0.05, **p<0.005, ***p<0.0005, **** p<0.0001.

Anterior

Transaxial Medial

CONTROL OA-no BML

Posterior

Figure 5-7 Representative image of subchondral trabeculae in the medial
compartment (transaxial view) of control, OA-no BML and BML groups. In
OA-BML, approximate location of BML is shown by a red circular shape,
AM-anterior medial (dark green round shape), PM-posterior medial (light
green round shape). Purple solid line showing extent of sclerotic

appearance of trabecular bone.
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Chapter 6

Summary and Future Directions
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6.1 General discussion

Osteoarthritis (OA) is a slow multifactorial disease affecting the whole joint, with
the most prominent degenerative changes occurring within the osteochondral unit
(OCU). Despite the great endeavour of the OA research society to discover the
early initiating events in OA, the pathogenesis of OA remains as an enigma. One
of the main reasons for this is that human OA is mostly diagnosed at an advanced
stage, when significant loss of cartilage volume has already taken place. With the
evolution of high resolution imaging modalities, especially MRI, there is
increasing ability to observe longitudinal structural changes in OA, such as
cartilage damage and loss of cartilage volume, narrowing of joint space and
pathological changes in subchondral bone.

Bone marrow lesions (BMLs), which are uniquely identified by MRI as signal
changes of subchondral bone, became features of OA research interest when
significant association between BML presence and loss of cartilage and clinical
symptoms was found [1-6]. Since then, several large clinical studies have
established the close relationship between BMLs and initiation, progression and
potential outcome in human knee osteoarthritis (KOA), [7-9]. However, what MRI-
identified BMLs represent at the tissue level, and what are the mechanisms
behind the appearance of BMLs in subchondral bone tissue, remains unknown.
The tissue level studies in this thesis were designed to address these questions
and to test the hypothesis that the presence of BMLs in human proximal tibial

OCU is indicative of the progression of OA disease.
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6.2 Overview of study findings

In the first study described in the thesis (Chapter 2), a multi-modal tissue level
analysis of the entire OCU- cartilage, subchondral bone (subchondral plate and
trabeculae) and bone marrow- revealed that an OCU containing a detectable
BML was characterised by more degenerative changes, such as lower volume of
the cartilage, higher OARSI histological grade, thicker subchondral bone plate,
increased trabecular bone volume, increased plate-like and decreased rod-like
trabecular structures, increased osteoid volume, and increased bone marrow
oedema, fibrosis fibrovascular cysts and fat tissue necrosis, compared to OCU
without BML. Furthermore, the extent of structural changes in a tibial plateau
containing a BML was different dependent on the subtype of BML detected by
particular MRI sequences. BMLs detected by both PDFS and T1 sequences
(BML 2) were characterised as lesions having the most advanced degenerative
changes throughout the whole OCU, compared with BMLs detected only by
PDFS sequences (BML 1). These data suggest that assessment of BMLs using
specific MRI sequences might help to further differentiate the degree of tissue
degeneration in the OCU. Although these two sequences are most commonly
used to assess bone and cartilage changes in KOA, the relationship of the
specific sequences to the extent of these OCU changes has not previously been
appreciated. Concurrent with this study, a clinical study reported that BML 2 was
associated with greater cartilage volume loss and pain than BML1 [10], results
consistent with and broadly supportive of the findings described in Chapter 2.
Importantly, the data from this study indicate that BML 1 may identify OA that has
retained the ability to respond to treatment.

After characterising BMLs at the tissue level, the thesis next explored the

potential mechanisms, by which BMLs may develop in the tissue. Previously, it
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has been suggested that the potential mechanism behind BML appearance in
tissue might involve mechanical, metabolic and vascular factors. Thus, in Chapter
3, tissue-level evidence of mechanical and vascular influence in BML
development was sought.

This study found an increased burden of microdamage to the bone matrix, and
increased osteocyte density, in both the subchondral bone plate and subchondral
trabeculae of BML areas. These findings provide tissue level evidence of the
involvement of biomechanical factors, in particular increased mechanical loading,
underlying the formation of BMLs. Furthermore, altered vascular characteristics
were observed, i.e. increased arteriolar wall thickness and wall:lumen ratio, in
regions within BMLs compared to no BML regions, which was in addition to the
findings described in Chapter 2 of increased thick-walled arteriolar density and
number of small fibrovascular cystic formations. Together, these data provide
significant evidence for a vascular contribution to BML formation.

The changes in vascular wall parameters provoked further interest to explore the
potential relationship between metabolic influences, such as hypertension, and
the presence of BMLs. Components of the metabolic syndrome (MetS) have
previously been linked the development and/or progression of KOA, making it
reasonable to investigate their possible role in BML formation. In the work of
Chapter 4, an increased prevalence of MetS, defined as a cluster of three or more
metabolic disorders [11], was found in OA subjects with BMLs compared to OA
subjects without a BML. It was also found that high total cholesterol and high BMI
showed significant association with higher radiographic score (higher KL grade
and loss of cartilage volume), which may indicate that metabolic factors could link
to the progression of KOA. Further, high fasting glucose and triglyceride levels

were significantly associated with larger BML volume size and could be factors
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that directly associate with BML aetiology. Taken together, these results suggest
that metabolic factors may have a possible contributing role in the development
and/or progression of BMLs in KOA.

Finally, in Chapter 5 a comprehensive investigation of the regional changes in
subchondral bone microarchitecture of whole tibial plateau was undertaken with
the aim of elucidating how the presence of a BML might affect microstructural
changes across the whole tibial plateau. This study revealed that in OA subjects
with no BML, bone microstructure of the subchondral plate and trabeculae did
not vary significantly between subregions of the tibial plateau, while in OA
subjects with BML, significant differences in microstructure between tibial
subregions were evident. Microstructural changes in the subchondral bone were
also closely correlated to the extent of cartilage degradation. The data suggest
that areas of BML subchondral bone, previously described as focal sclerotic
bone, might actually represent an area of the bone where microstructural
changes start and then expand beyond the BML signal margins seen on MRI.

These observations again linked the presence of a BML to OA severity.

6.3 Strengths and limitations

The strength of these studies is that the sample size use to describe the
characteristics of BMLs at the tissue level was the largest compared to those
previously published. These investigations are also the first to use two specific
clinically approved and commonly used MRI sequences to detect BMLs in human
tibial plateau tissue and (a) to explore how the presence of a BML relates to the
changes in each component of the OCU (cartilage, subchondral bone and bone
marrow) and (b) how the two BML subtypes can differentiate the extent of tissue
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degeneration. This work has made an important contribution to a better
understanding of the role of subchondral bone in the progression of OA.

A limitation of the studies is that all samples obtained are by definition at ‘end-
stage’ disease (joint replacement surgery) and the data collected are cross-
sectional, rather than longitudinal. As such, it was not possible to establish
definitively the relationship between findings and proposed mechanisms. In order
to definitively establish the novel relationships suggested from this thesis, further
studies using larger numbers across different age groups and longitudinal in
nature should be undertaken. Examination of larger cohorts in the future will allow
confirmation of the categorisation of the BML and/or OA into identifiable
subtypes, suggested by the current findings. This in turn then might allow more
individualised approaches to treatment and management of OA patients.

A second limitation is that only knee OA was studied and findings might differ for
other skeletal joints. For example, do BMLs in different joints represent the same
pathological changes at the tissue level as in the knee? Therefore, skeletal sites
other than the widely-studied knee (eg. hip, hand, spine etc.) are important for
further investigation.

Commonly, human joint tissue is available only upon joint replacement and
therefore represents end stage disease and usually older individuals. Thus, in
order to discover the potential usefulness of BMLs more dynamically and their
involvement in OA progression over time, additional approaches are needed.
These might include animal models or even biopsies taken from joint tissue
before any sign of OA and during the course of OA development. Recently, a
rabbit model has been developed to explore the direct relationship between
mechanical loading and the presence of BMLs [12]. However, this study included

a small sample number (n=3) and did not explore any other potential mechanisms
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(vascular or metabolic) or influences on the initiation or progression of BMLSs. This
type of preclinical study might be useful in more comprehensive exploration of

BMLs in OA.

6.4 Areas for further research

In this thesis BML signals detected by MRI have been found to strongly associate
with progressive structural changes in the whole OCU. Unfortunately, it has not
been possible to directly correlate the signal with specific tissue pathological
change. However, the data are consistent with the notion that signals originate
from the bone marrow. But, to gain more knowledge about BMLs as therapeutic
targets there is need to precisely define the origin of the BML-MRI signal (bone
marrow, subchondral bone or combination of both). A next step to confirming this
might be to remove the marrow from bone containing a BML and subject it again
to MRI. In addition, very little is known about changes in BML regions at the
cellular level and what molecules regulate those changes. Thus, one next step in
BML research will be to investigate and define the specific molecular signature of
BMLs.

Recently in a pilot project (see Appendix), we used a powerful spatial proteomic
technology named matrix-assisted laser desorption/ionisation imaging mass
spectrometry (MALDI-IMS) that allowed us to collect a large amount of molecular
information directly from bone tissue sections [13]. Interestingly, we found that
BML regions of tibial plateau had a prominent N-linked glycan signal. Protein
glycosylation is one of the important processes in many regulatory mechanisms
and its alteration has been found to be in close association with ischemia,
vascular dysfunction and cellular oxidative stress mechanisms that have
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previously been indirectly associated with the presence of BMLs in the tissue [14].
Thus, further exploration and application of this method has high potential to
reveal the molecular signature of BMLs and to provide unique insight into
molecular regulation and aetiology of BMLs. Furthermore, this technique may
directly aid in identifying differences in molecular profiles between BMLs detected
by specific MRI sequences (BML1, BML 2).

The studies presented in this thesis support the growing concept that changes in
the subchondral bone may be a key feature in the progression of the OA.
Therefore, therapies targeting bone quality might be beneficial. Recently, the
technique named Raman spectroscopy has been used to detect the overall
biochemical signature of the bone, and clear differences were found between OA
and non OA subchondral bone. Likewise, at the protein level, it was found that
the ratio of al:a2 chains of Type 1 collagen was significantly changed in OA
subchondral bone compared to non-OA bone of the knee [15]. Similar changes
were found in the hip [16]. However, to this date there is no study exploring these
bone matrix changes in BML. It would be of considerable interest to investigate
changes of bone matrix between OA bone with and without BML as the findings
may help to facilitate the identification of disease processes at early/late stage
and/or to identify changes that are specific for OA subtypes (OA-BML, OA-No

BML).

6.5 Conclusions

The comprehensive tissue level analyses described in this thesis highlight that
the changes in the whole OCU are important for the assessment of OA

progression. BMLs are valuable MRI biomarkers with large potential to follow the
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progression of OA disease and changes in the whole OCU. Furthermore, BML
are indicative of an active tissue response to OA disease and could assist in
future identification of specific subtypes in human OA.

Thus, BMLs have the potential to be used as tools for monitoring the efficiency
of new therapies and the development of more individual approaches of, and for

the treatment at different stages of the progression of OA disease.
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Chapter 7 APPENDIX

MALDI Mass Spectrometry Imaging of N-Glycans on Tibial
Cartilage and Subchondral Bone Proteins in Knee

Osteoarthritis

(Manuscript published during candidature, but external to thesis material)
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Magnetic resonance imaging (MRI) is a non-invasive technique routinely used to investigate Received: November 18, 2015
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BMLSs have diagnostic and prognostic significance in OA, but MRI does not provide a molecular

understanding of BMLs. Multiple N-glycan structures have been observed to play a pivotal role
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mass spectrometry imaging (MSI) of N-glycans to formalin-fixed paraffin-embedded (FFPE)

SCB tissue sections from patients with knee OA, and liquid chromatography-electrospray

ionization-tandem mass spectrometry (LC-ESI-MS/MS) was conducted on consecutive sec-

tions to structurally characterize and correlate with the N-glycans seen by MALDI-MSI. The

application of this novel MALDI-MSI protocol has enabled the first steps to spatially investigate

the N-glycome in the SCB of knee OA patients.
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A

Figure 1. Knee osteoarthritis (OA) patients (A) without bone mar-
row lesions (No BML), (B) with BML stage 1 (BML 1), and (C) with
BML stage 2 (BML 2). Each panel includes (from top to bottom) a
PDFS-weighted MRI of the tibial plateau (BML stage 1 and 2 are
annotated in pink and green, respectively), a haematoxylin and
eosin (H&E) stain, and a Safranin-O/Fast Green stain of consec-
utive FFPE tissue sections. Regions of interest are annotated in
black.

imaging (MRI) by either fat-suppressed and/or proton dense
T2 weighted scans. The difference between T1 and T2
weighted scans is that BML areas appear hypointense (i.e. low
signal) for T1 and hyperintense (i.e. high signal) for T2 [5, 6].
Therefore, T2 weighted scans depict BMLs to their full extent,
while T1 weighted scans usually assess cartilage. A combina-
tion of these sequences provides diagnostic and prognostic
information regarding OA disease progression [7, 8]. How-
ever, MRI does not provide a molecular understanding of
BML formation and OA disease progression.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Adjacent to BMLs in the SCB is overlying cartilage com-
posed of extracellular matrix (ECM) glycoproteins [9, 10]. Be-
sides proteoglycans, there are glycosylated cell surface pro-
teins, such as CD44 and integrins, which play an important
role in mediating chondrocyte and ECM interactions [11,12).
Glycans attached to these cartilage ECM glycoproteins are
classified into mainly two groups: (i) N-linked glycans that
are attached to asparagine residues and (ii) Olinked gly-
cans that are attached to serine/threonine residues [13]. N-
glycans are the most common glycan, with well-established
methods for analysis from tissue [14, 15]. Multiple N-glycan
structures have been observed to play a pivotal role in OA
disease progression. Recently, using HPLC-MS, it has been
shown that high-mannose type N-glycans are significantly
decreased on proteins from both murine and human OA car-
tilage tissue [16]. In 2013, glycophenotyping of OA cartilage
was carried out using several techniques, such as RT-PCR,
MS and immunohistochemistry. Liquid chromatography-
electrospray ionization-tandem mass spectrometry (LC-ESI-
MS/MS) separation and structural identification of the re-
leased glycans confirmed 21 N-glycans on the human OA
chondrocyte proteins isolated from femoral condyle articu-
lar cartilage [17]. The N-glycome of bone marrow from OA
patients has not yet been characterized.

MALDI mass spectrometry imaging (MALDI-MSI) has
previously been applied to the proteomic analysis of fresh
frozen human OA knee cartilage and synovial tissue. Deep
and superficial knee cartilage from human healthy and OA
patients were sectioned and analysed by MALDI-MSI of the
tryptic peptides [18]. Fibronectin and cartilage oligomeric ma-
trix protein (COMP) were 2 glycoproteins identified in the OA
patients, but not in the healthy controls. Moreover, the glyco-
protein fibronectin was identified in the synovial membranes
from OA patients, but not in healthy controls. In summary,
glycoproteins have been observed to play an important role
in OA changes of himan knee cartilage and synovial tissue.

The measurement of N-glycans by MALDI-MSI on
fresh frozen mouse brain tissue and various formalin-fixed
paraffin-embedded (FFPE) tissues has been established pre-
viously [19, 20], with regions of interest, such as tumour and
non-tumour, differentiated based on the pattern of N-glycans
released. The limitation of MALDI analysis is that N-glycan
masses can identify the glycan compositions but cannot iden-
tify the sequence and branching of the glycan structures. This
has recently been overcome with a new workflow combining
N-glycan analysis by MALDI-MSI and LC-ESI-MS/MS [21].

Here we investigate the N-glycome of FFPE cartilage and
bone marrow tissue. Human knee SCB, from OA patients
with BMLs (stage 1 and 2) or without BMLs were analysed to
investigate N-glycosylation patterns.

Tibial plateaus were obtained from three patients (one
male aged 52 years, two females aged 68 and 74 years) under-
going knee arthroplasty surgery for radiographic and severe
symptomatic OA. Tibial plateau specimens were scanned
ex vivo, using an MR scanner with an 8-channel wrist coil
(3T MRI Siemens TRIO), at two specific sequences; fat
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Figure 3. Safranin-O stained images and ion intensity maps of complex/hybrid, sialylated and high-mannose N-glycans observed in
patients without bone marrow lesions (No BML), with BML stage 1 (BML 1) and with BML stage 2 (BML 2). N-glycans were released in
situ on FFPE tissue sections using PNGase F and analysed by MALDI-TOF/TOF-MS. m/z values were selected and visualized in SCiLS lab
software (V2015a, Bruker Daltonics, Bremen, Germany). lon intensity maps were co-registered with safranin-O stained images to identify
the distribution of the selected N-glycans. There was no distinct pattern between the same families (i.e. complex/hybrid, sialylated and
high-mannose) of N-glycans. Control and calibrant regions (i.e. regions not treated with PNGase F) are annotated in black.

suppressed (FS) fast spin-echo proton density-weighted
(PDFS) and T1 weighted spin echo in sagittal and coronal
plane. Sagittal slice thickness was 1.6 mm with distance fac-
tor of 25%. Coronal slice thickness was 3.0 mm with 10%
distance factor. Ex vivo MR imaging was confirmed to corre-
spond to pre-operative imaging, by comparing pre- and post-
operative MR data. BMLs were defined as changes of the MRI
signal intensity in the bone marrow, located beneath cartilage
and visible at least on two consecutive slices. BMLs detected
on the PDFS sequence only (no signal on T1) are classified
as BML stage 1 and correspond to mild-to-moderate osteo-
chondral OA pathology; BMLs detected on both PDFS and
T1 sequences are classified as BML stage 2 and represent
severe OA osteochondral pathology [22]. Using precise map-
ping of BMLs (OsiriX software, Pixmeo-SARL, Switzerland),
a sagittal slice of cartilage-subchondral bone (width 5 mm
x depth 5 to 12 mm) containing the BML area (Fig. 1) was
dissected using a low speed diamond wheel saw (Model 660,
South Bay Technology, Inc.). Sagittal blocks of tissue were
fixed in 4% (w/v) paraformaldehyde and slowly decalcified in
15% (w/v) ethylenediaminetetra acetic acid (EDTA). Follow-
ing complete decalcification as determined by X-ray, samples
were processed, embedded in paraffin and cut on a rotary

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

microtome (Leica RM 2235 Nussloch, Germany) into Sum
thick sections.

FFPE human OA tissue sections on indium tin oxide (ITO)
or polyethylene naphthalate (PEN) slides were rehydrated
using a modified procedure of citric acid antigen retrieval
(CAAR) at 70° for 3 h instead of 98° for 30 min and printing
15 nL of PNGase F instead of 30 nL [21]. Mass spectra were
acquired using an ultrafleXtreme MALDI-TOF/TOF mass
spectrometer or LC-iontrap ESI-MS/MS analysis as described
previously [21,23].

BMLs were identified using PDFS and T1 weighted scans
in MRI of the tibial plateaus. As depicted in Fig. 1 Panel A,
there was no BML detected in this patient, while in Fig, 1 Pan-
els B and C, BML stage 1 and 2, respectively, were detected.
These BMLs are annotated in pink and green, as indicated on
the MRI. Below each MRI, staining of FFPE tissue sections
are shown. Haematoxylin and eosin (H&E) staining provides
histological information and Safranin-O highlights the carti-
lage in red. Following acquisition of the MRI, the image was
overlaid with the stained FFPE tissue sections and regions of
interest were annotated in black. Although the identification
of these BMLs using MRI is useful, it does not provide molec-
ular information. Therefore, we performed MALDI-MSI of

www.proteomics-journal.com
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