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Abstract

Knee osteoarthritis (OA) is a debilitating disease characterised by major structural changes to
all joint tissues including the subchondral bone. Biomechanical factors, including knee loads
during gait, have been related to variations in these joint structures. However, their relationship
with proximal tibia subchondral bone plate (SBP) and trabecular bone (STB) microarchitec-
ture remains unclear. The overall aims of this thesis were, on end-stage knee OA patients
undergoing total knee arthroplasty, (1) to characterise regional variations in subchondral bone
microarchitecture; and (2) to explore associations between bone microarchitecture and joint
loading parameters during walking gait.

The first study in this thesis characterised the spatial distribution of proximal tibia SBP thick-
ness, porosity, STB microarchitectural parameters and relationships among them, in OA tibiae
of varying joint alignment (varus and non-varus knees). Significant within-condylar and be-
tween condylar (medial vs. lateral) differences (p < 0.05) were found. In varus, STB bone
volume fraction (BV/TV) was consistently high throughout the medial condyle, whereas in
non-varus, medially it was more heterogeneously distributed. Regions of high BV/TV were
co-located with regions of high STB BV/TV underneath. In varus, BV/TV was significantly
higher medially than laterally, however, not so in non-varus. These findings suggesting that
joint alignment influences both the between- and within-condylar distribution of joint loads,
generating a corresponding bony response.

The second study explored relationships between in vivo dynamic knee joint loading measured
during walking, static alignment and proximal tibia STB microarchitecture quantified with 3D
micro-CT, on the same patient. The strongest relationships that were observed were between
the external rotation moment (ERM) during early stance and the anterior-medial BV/TV (r
= -0.74, p < 0.01). Medial-to-lateral BV/TV ratios correlated most strongly with ERM (r =
-0.74) and static alignment (mechanical axis deviation, r = 0.74, p < 0.001). Relationships
with ERM remained significant also after controlling for potentially confounding factors that
influence joint loads (walking speed, knee adduction moment (KAM) and static alignment).
Reductions in ERM may potentially indicate increased mechanical stresses in the anterior-
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ABSTRACT

medial condyle, resulting in greater BV/TV in this region. These findings also suggest that
ERM and rotational moments in general, under-reported in the scientific literature, warrant
further exploration.

The final study identified three OA patient subgroups with distinct walking gait patterns
(biphasics, flexors, counter-rotators), and evaluated differences in knee joint loading and STB
microarchitecture among them. The KAM and KAM impulse were higher in the biphasic
subgroup compared with flexors and counter-rotators (-0.65, -0.40 and -0.21 Nm/kg and 43.8,
25.6, and 15.2 Nm.s/kg, respectively). Despite higher KAM indices, the STB medial-to-lateral
BV/TV ratio, however, did not differ between biphasics and flexors, though it was significantly
lower in counter-rotators (2.15, 1.92 and 1.04, respectively). Although this study was cross-
sectional in design, and hence it is impossible to conclude direct cause-effect relationship, these
findings could suggest that between flexors and biphasics there may be different mechanisms for
generating comparable (non-differing) loads, as indicated by the comparable medial-to-lateral
BV/TV ratios as a bony response.

Findings from this thesis augment our understanding of the mechanics-structure relationship in
knee OA. Significant associations between subregional proximal tibia bone microarchitecture
and in vivo dynamic knee joint loads during walking gait measured on the same patients,
were revealed for the first time, further highlighting the possible contribution of biomechanical
factors in the disease. Future work is required to elucidate, if present, possible causative
links between knee joint loading and microarchitectural changes in tibial subchondral bone, to
identify potential biomechanical factors that may be targets for non-invasive therapies.
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Chapter 1

Introduction

1.1 Motivation

Osteoarthritis (OA) is a debilitating disease of the joint characterised by major structural
changes to all joint tissues including articular cartilage and the underlying subchondral bone
(Loeser et al., 2012). A leading cause of disability worldwide, OA occurs most commonly
in the joints of the lower limb, with an estimated 3.8% and 0.85% of the global population
affected by knee and hip OA respectively (Busija et al., 2010; Cross et al., 2014). OA is more
common in women than in men, and prevalence rises significantly with age. Prevalence rates
of radiographic knee OA greater than 37% have been observed in populations 60 years or
older (Lawrence et al., 2008). In Australia, 1.9 million people currently live with OA of some
severity (Arthritis and Osteoporosis Victoria, 2013), and over 250 million people worldwide
are estimated to be affected by OA at the knee, with the incidence of the disease increasing
annually (Murray et al., 2013). In many developed countries OA carries high economic costs.
In Australia 40.9% of all direct health care expenditure associated with the treatment of
musculoskeletal conditions were attributed to OA, a value exceeding 3.7 billion AUD in 2012.
In the USA the annual cost of OA was estimated to have exceeded 185 billion USD in 2007
(Kotlarz et al., 2009).

The physical symptoms of OA include joint pain, stiffness and loss of joint function which
result in difficulties performing activities of daily living. In addition to the physical symptoms
of the disease, OA also has adverse social and psychological consequences including greater
absenteeism and unemployment and higher incidence of depression and anxiety (Arthritis and
Osteoporosis Victoria, 2013). OA was previously characterised primarily as a disease of the
articular cartilage, however, it is now recognised that abnormal remodelling may occur in
all joint tissues including the subchondral bone (Loeser et al., 2012). Subchondral bone
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1 INTRODUCTION

integrity is important for joint health, as this structure functions as a mechanical shock absorber
that protects the overlying articular cartilage from excessive joint loads (Imhof et al., 1999).
Alterations in the subchondral bone are suggested to play an important role in the initiation and
progression of OA (Radin & Rose, 1986), with changes in subchondral bone microarchitecture
shown to precede changes in other joint tissues (Weinans et al., 2012).

OA is of complex aetiology, and multiple systematic, intrinsic and extrinsic factors contribute in
the development of the disease (Felson, 2004). The development of OA is itself heterogeneous
and the sequence in which disease symptoms and structural changes occur at the affected
joint has been shown to vary among individuals (Driban et al., 2010). In most OA patients,
symptoms may progress gradually over many years or decades, while in others progression
towards the end stages of the disease can occur rapidly (Felson et al., 2013; Riddle et al.,
2016). The identification of modifiable risk factors, which could predict the rate of disease
progression, is a priority area in OA research (Conaghan et al., 2014; Felson, 2014). The
combination of risk factors that contribute in the progression of OA, however, still remains
unclear.

Biomechanical factors, including obesity, joint malalignment, joint loading and level of physical
activity, are suggested to be implicit in the development of OA. In particular, indirect estimates
of knee joint loads - defined by knee adduction moment parameters (Kutzner et al., 2013;
Schipplein & Andriacchi, 1991) - have been linked with structural variations, or osteoarthritic
progression of joint tissues. Much of this research, however, either has a cartilage-centric focus
(Bennell et al., 2011; Chang et al., 2015; Chehab et al., 2014), or when the subchondral bone
has been considered, has examined macroscopic variations in this tissue (e.g. bone mineral den-
sity (BMD) (Thorp et al., 2006b; Wada et al., 2001) or subchondral bone articulating surface
area (Creaby et al., 2010; Vanwanseele et al., 2010)). Developments in modern x-ray micro-
computed tomography (micro-CT) systems enable scanning of large human bone segments as
big as the human tibial plateau, and at high image resolution, permitting quantification of
the trabecular bone microarchitecture (Ab-Lazid et al., 2014; Briggs et al., 2010; Fields et al.,
2009; Perilli et al., 2012; Wen et al., 2013). However, the relationships between local mechan-
ical factors at the knee joint (such as knee moments during gait or joint malalignment) and
regional variations in the subchondral bone microarchitecture within the load-bearing condyles
of the tibial plateau, remain to be investigated. Through a better understanding of how joint
loading is related to local changes in subchondral bone microarchitecture in knee OA, it may
be possible to better describe the role of both of these factors in the disease.

There is currently no cure for OA and without successful disease modifying treatments, many
OA patients ultimately undergo total knee arthroplasty (TKA). With the increasing incidence
of knee OA, a concomitant increase in annual TKA surgeries has been observed, resulting in a
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significant increase in health care related costs for management of the disease (Hunter et al.,
2014; Le Pen et al., 2005). Numerous non-surgical treatments do attempt to delay progression
of OA by reducing or redistributing joint loads upon the knee (Erhart et al., 2008; Hinman et al.,
2008; Jones et al., 2015). However, the inter-individual responses to conservative treatments
are highly variable, and in some patients the use of these treatments, for example prescription
of lateral wedge insoles, have resulted in a paradoxical increase in the KAM (Chapman et al.,
2015; Hinman et al., 2012). Moreover, to date, these interventions do not appear to attenuate
disease related changes in joint structures (Bennell et al., 2011; Pham et al., 2004). Such
unsatisfactory outcomes, it is suggested, may be a consequence of a ’one size fits all’ approach
that fails to account for heterogeneity within the knee OA cohort to whom the intervention
has been prescribed (Arnold et al., 2015). The need for a more individualised/patient-specific
approach to management of OA is thus growing. Accordingly, an emerging evidence base is
attempting to identify OA phenotypes for whom treatments would be most beneficial (Bijlsma
et al., 2011; Karsdal et al., 2014; McAlindon et al., 2014). However, there remains a paucity
of studies characterising and exploring for homogeneous biomechanical phenotypes among OA
patients.

1.2 Aims and significance of research

The overall aims of the research conducted in this thesis were to describe, in end-stage knee
OA patients who underwent total knee arthroplasty: (1) regional variations in subchondral
bone microarchitecture; and (2) to explore associations between bone microarchitecture and
joint loading parameters during walking gait.

More specifically, the aims were:

Aim 1: In the condyles of entire tibial plateaus retrieved from end-stage knee OA patients
with varying joint alignment (varus or non-varus subgroups) (a) to characterise the
spatial distribution of subchondral bone plate thickness, plate porosity and underlying
subchondral trabecular bone microarchitecture, (b) to map region-specific associations
among these 3D microarchitectural parameters between these two compartments.

Aim 2: To study, on end-stage knee OA patients undergoing total knee arthroplasty, the
relationships between in vivo dynamic knee joint loads measured preoperatively using
3D gait analysis, static alignment and the proximal tibial subchondral trabecular bone
microarchitecture of their excised knees quantified with 3D micro-CT.

Aim 3: (a) To identify subgroups with distinct walking gait patterns in end-stage knee os-
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teoarthritis (OA) patients; (b) to compare measures of joint loading and proximal tibia
subchondral trabecular bone microarchitecture among them.

The results presented in this thesis will expand upon the current understanding of the mechanics-
structure relationship in the OA knee joint. Describing regional variations in the 3D microar-
chitecture of the proximal tibia subchondral bone plate and subchondral trabecular bone, and
of the relationships between compartments, may provide novel insights into the loading history
of the knee joint. Further, comparing the microarchitecture between both varus and non-varus
knees will further shed light on the contribution of joint malalignment to biomechanics within
the knee. Moreover, establishing relationships between in vivo measures of knee joint loading,
obtained using clinical 3D gait analysis, and proximal tibia regional subchondral trabecular
bone microarchitecture, may aid to identify modifiable biomechanical factors (e.g. knee mo-
ments), that in future could be targeted using non-invasive therapies to alleviate progression or
symptoms of the disease. Finally, a stratification of knee OA subgroups with distinct walking
patterns could help to better understand why certain OA patients may or may not respond to
such treatments.

1.3 Outline of the thesis

The thesis is structured as follows:

Chapter 1 is an introduction highlighting the motivation, specific aims and the outline of
this thesis.

Chapter 2 describes the anatomy and function of the knee, including the tibial subchondral
bone microarchitecture as quantified via histomorphometric or 3D image analysis.

Chapter 3 is a review of the published scientific literature describing changes in gait biome-
chanics occurring in knee OA. Previous studies exploring relationships between joint
loading and structural variations at the knee are also described.

Chapter 4 presents Study 1 in which the influence of joint alignment on the within and
between condyle spatial distribution of subchondral bone plate thickness, plate porosity,
subchondral trabecular bone microarchitecture and relationships among parameters, is
explored (Aim 1).

Chapter 5 presents Study 2 that examined the relationships between dynamic knee joint
loading during walking gait, static alignment and regional subchondral trabecular bone
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microarchitecture as measured with 3D micro-CT, in end-stage knee OA patients (Aim
2).

Chapter 6 presents Study 3, which explores whether knee loading indices and subchondral
bone microarchitecture differ with different walking gait patterns in end-stage knee OA
(Aim 3).

Chapter 7 concludes this thesis. Principal findings and significance of this work to OA
research, study limitations and recommendations for future work are presented.
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Chapter 2

Background: Anatomy of the knee
and proximal tibia subchondral bone
microarchitecture

2.1 Anatomy and function of the knee

The knee, the largest joint in the human body, is a modified hinge type synovial joint that
permits predominantly flexion and extension, in addition to limited abduction/adduction and
internal/external rotation. In addition to these angular motions, the knee joint also experiences
anteroposterior translation of both the medial and lateral condyles relative to the femur, and to
a lesser extent, medial and lateral translations in response to varus and valgus loading (Levangie
& Norkin, 2011). The distal femur, the proximal tibia, proximal fibula and the patella comprise
the osseous portion of the knee joint (Fig. 2.1). The knee is commonly viewed as consisting
of two articulations: at the tibiofemoral and at the patellofemoral joints (Blackburn & Craig,
1980). The tibiofemoral joint contains two separate articulations, between the medial or lateral
femoral condyles and the corresponding condyles of the tibial plateau. In the patellofemoral
joint a single articulation is present between the patella and the patella surface of the femur
(Levangie & Norkin, 2011).

Between and surrounding the articulating bones of the knee, exist a variety of soft tissue
structures (Fig. 2.2 and 2.3). These include the quadriceps muscle group, that serves as a
major component of the extensor mechanism of the knee; tendons and ligaments, that stabilise
the knee joint by reducing translational and rotational movements; fat pads, fluid filled sacs
(bursa) and the synovial fluid, that each provide lubrication and thus reduce friction, between

7
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Figure 2.1: Anterior view of the bones that comprise the knee. Modified with permission from
Oxford University Press, from Blackburn & Craig (1980).

moving parts in the joint. Synovial fluid also cushions shocks in joints that are subject to
compressive loads. Its circulation also provides nutrients and a waste disposal pathway for the
chondrocytes of the articular cartilage. Key soft tissue structures of particular importance in
tibiofemoral joint OA include the menisci and articular cartilage.

2.1.1 Meniscus

Between the articular surfaces of the femoral and tibial condyles lies a pair of fibrocartilage
pads, the medial and lateral menisci (Fig. 2.3). The menisci are primarily composed of 70%
water and approximately 20% type I collagen. The remaining matter is composed of types II,
III and IV collagen and noncollagenous proteins (Brindle et al., 2001). Each meniscus, which
extends the superior surface of the tibia, attaches at the intercondylar eminence of the tibial
plateau. Both menisci are roughly wedge-like, with the medial meniscus more of a crescent
shape that covers between 51-74% of the medial condyle, while the lateral meniscus is circular
and covers between 75-93% of the lateral condyle (Clark & Ogden, 1983). The superior surface
of each meniscus is concave and thus conforms to the convex shape of the femoral condyles.
This improves joint congruity between the flat surface of the tibial plateau and the distal
femur (Blackburn & Craig, 1980). The major functions of the menisci are to distribute loads
across the knee during weight bearing, provide shock absorption, reduce joint contact stresses
and facilitate joint gliding through lubrication and nutrition of the articular cartilage (Brindle
et al., 2001; Makris et al., 2011). The menisci reduce forces across the articular cartilage by
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Figure 2.2: Lateral view of the knee illustrating soft tissue structures within the knee joint.
Reproduced with permission from Conaghan & Nelson (2012). Copyright ©fastfacts.com

converting a compressive axial load into a tensile strain which is dispersed by the collagen
fibres (Bullough et al., 1970).

2.1.2 Articular cartilage

Articular cartilage is a specialised hyaline cartilage that lines the articular surfaces within syn-
ovial joints (Fig. 2.2). Articular cartilage is up to a few millimetres thick with variations
in thickness, chondrocyte density and mechanical properties, common within the same joint,
across joints and between genders (Buckwalter & Mankin, 1998). Chondrocytes are the only
cells comprising hyaline cartilage. These cells however are rather sparse, contributing approxi-
mately 5% of the tissue volume. The chondrocytes produce a well hydrated extracellular matrix,
comprised of 70-80% water, collagen, proteoglycans and noncollagenous proteins (Conaghan
& Nelson, 2012). Histologically, the cartilage may be divided into four layers, or zones, distin-
guished by the orientation of collagen fibrils. In the superficial layer (zone I), collagen tends
to be oriented tangentially to the articular surface, whilst in the intermediate and deep zones
(zones II and III), collagen is gradually re-oriented perpendicular to the surface. Deep to these
zones is a layer of calcified cartilage (zone IV), which is separated from the articular cartilage
by a tidemark. The calcified cartilage adjoins the corticalised subchondral bone plate (SBP),
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2 BACKGROUND: KNEE ANATOMY AND TIBIA SUBCHONDRAL BONE

Figure 2.3: The medial and lateral menisci shown upon the tibial plateau. Reproduced with
permission from Oxford University Press, from Blackburn & Craig (1980).

and from beneath the plate, the subchondral trabecular bone (STB) emerges (Fig. 2.4). Due
to the arrangement of collagen, articular cartilage is able to withstand tensile and shear stresses
at the surface and compressive stress in the deeper cartilage layers. Thus it exhibits an ex-
ceptional ability to distribute load and consequently minimise peak stresses on the underlying
subchondral bone (Burr, 2004).

2.2 Proximal tibial subchondral bone microarchitecture

Subchondral bone is the term used to define the region of bone extending from the calcified
cartilage to the bone marrow. Subchondral bone is formed from the subchondral bone plate
and the underlying subchondral trabecular bone (Fig. 2.4). Unlike the articular cartilage, the
subchondral bone has dense vascular and neural networks that are important in maintaining
homeostasis via bone remodelling. Together, the articular cartilage and underlying subchondral
bone form a single functional structure: the osteochondral unit (OCU). The OCU is important
to the maintenance of joint health with pathological changes to one structure shown to lead to
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Figure 2.4: Histological section of the articular surface from rabbit proximal tibia. The articular
cartilage (AC) is separated from the calcified cartilage (CC) by the tidemark (arrows). The
calcified cartilage bounds the subchondral bone plate (SBP) and deeper subchondral trabecular
bone (STB). Original magnification = 6.25x. Reproduced with permission from Elsevier, from
Burr (2004).
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abnormal remodelling of the other (Burr & Gallant, 2012; Mahjoub et al., 2012). Despite the
importance of both tissues in OA, the remainder of this chapter is concerned with discussion
of the subchondral bone, which is the tissue of primary interest in this thesis. The structure
and function of subchondral bone, as well as how subchondral bone microarchitecture varies
with and without OA, are described in the following section.

2.2.1 Subchondral bone plate (SBP)

The subchondral bone plate is a corticalised lamellar structure that adjoins the calcified carti-
lage. Like the articular cartilage, the thickness of the SBP varies within the joint and tends to
be thicker in the higher weight-bearing regions on the tibial plateau (Fig. 2.5) (Duncan et al.,
1987; Milz & Putz, 1994). These regions, typically located at the centre of the medial and lat-
eral tibial condyles, are areas that correspond to places within the joint where stress is assumed
to be greatest (Madry et al., 2010). The calcified cartilage keys into, somewhat like a jigsaw
puzzle, the irregular surface of the SBP to form the osteochondral junction. The arrangement
of the osteochondral junction permits transformation of large shear forces into compressive
and tensile stress. The SBP functions to attenuate and distribute forces, transmitted through
the menisci and cartilage, to the underlying STB (Imhof et al., 1999). The SBP is porous
with a dense network of marrow cavities and capillaries extending from the STB through the
SBP. A minority of these channels open into the calcified cartilage and are believed to contain
vessels that provide pathways for communication between the articular cartilage and subchon-
dral bone marrow (Findlay & Kuliwaba, 2016; Yuan et al., 2014). Studies in mice have shown,
using fluorescent dyes, the diffusion of small molecules across the SBP, between bone marrow
and articular cartilage, highlighting the possibility of a direct signalling pathway between both
tissues within the OCU (Pan et al., 2012). SBP pores have been shown to vary in size between
10 and 180 µm (Clark, 1990; Wen et al., 2013). In non-pathological joints, medially, pores
appear more frequently at the periphery of the condyle, in regions covered by the meniscus and
where the SBP is thin (Clark & Huber, 1990; Duncan et al., 1987). The SBP remodels itself
in response to changes in the local mechanical and biochemical environment and with knee
OA, changes in the SBP have been shown to precede changes in the underlying STB (Burr
& Gallant, 2012). In an animal model of post-traumatic OA, SBP becomes thinner and pore
density increases in the early stages of the disease, while in late OA SBP thickness increases
and the previously formed perforations disappear (Botter et al., 2011).
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Figure 2.5: Subchondral bone plate thickness distribution across the medial (M) and lateral
(L) tibial condyles. A: anterior; P: posterior; SBP thickness is indicated by numbers - 2: 200
µm to 9: 900 µm. Modified with permission from Wiley, from Milz & Putz (1994).

2.2.2 Subchondral trabecular bone (STB)

Inferior to the SBP emerges the subchondral trabecular bone. STB is a heterogeneous structure
where individual trabeculae are oriented in different directions. STB differs from the SBP in
that it is not only more porous, but it also exhibits different mechanical properties (e.g. a lower
elastic modulus (Choi et al., 1990; Rho et al., 1993)), adapting to mechanical loads in different
ways (Burr, 2004; Choi et al., 1990). An important function of STB is the attenuation of joint
loads imposed upon the articulating surfaces of the joint and transmission of these loads from
the joint surface to the tibial diaphysis (McKinley et al., 2003). STB continually remodels
itself, in part, in response to imposed mechanical loads (Turner, 1998). The local mechanical
environment is thus important to the health of the STB. In vivo measures of knee joint loads
(knee moments) from 3D gait analysis, have been shown to differ from normal, in subjects
with knee OA (see Chapter 3, Section 3.1 for details). STB microarchitecture has also been
shown to differ in the OA human knee, when compared to non-pathological joints. In the
following section, common 3D microarchitectural parameters for characterising subchondral
trabecular bone are first described. Then, differences in proximal tibial STB microarchitecture,
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in the OA and non-pathological human knee, are discussed.

2.2.3 Image analysis of tibial subchondral trabecular bone

Trabecular bone microarchitectural parameters

Quantification of trabecular bone microarchitecture in two (2D) or three dimensions (3D) may
be performed using several methods, applied to 2D histological slices or three-dimensional
reconstructions of x-ray images obtained from micro-computed tomography (micro-CT) or
other imaging modalities capable of imaging trabecular bone, in 3D and at high-resolution
(e.g. high-resolution peripheral quantitative computed tomography (HR-pQCT)).

3D microarchitectural parameters, commonly reported in the scientific literature, include:

• Bone volume fraction (BV/TV, %): the ratio of bone volume to the total volume of a
region of interest (ROI). Calculated as the number of voxels segmented as bone within
the ROI, divided by the number of voxels constituting the examined ROI (Perilli et al.,
2012).

• Trabecular thickness (Tb.Th, µm): average thickness of trabeculae within the exam-
ined ROI. Computed in 3D directly by using local sphere-fitting methods (Hildebrand &
Rüegsegger, 1997a; Perilli et al., 2006).

• Trabecular number (Tb.N, 1/mm): a measure of the number of trabeculae per unit
length (Parfitt et al., 1987).

• Trabecular separation (Tb.Sp, µm): average distance between trabeculae within the ex-
amined ROI. Computed in 3D directly by using local sphere-fitting methods (Hildebrand
& Rüegsegger, 1997a).

• Structure model index (SMI, unitless): a measure describing the ratio of rod- to plate-
like trabecular structures, ranging in value from 0 (ideal plate-like structure) to 3 (ideal
rod-like structure), with intermediate values indicating a mixed structure (Hildebrand &
Rüegsegger, 1997b; Perilli et al., 2006). In ROIs of high BV/TV, negative values of SMI
can be found, attributed to high prevalence of concave surfaces within the examined
tissue.
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Between-condylar differences in STB microarchitecture

Ex vivo studies, using histological or micro-CT image analysis, reveal that STB microarchi-
tecture varies between the medial and lateral tibial condyles. In both OA and non-pathologic
joints the medial tibia has higher STB BV/TV (Bobinac et al., 2003; Ding et al., 2003; Matsui
et al., 1997; Patel et al., 2003), higher Tb.Th (Bobinac et al., 2003; Ding et al., 2003; Matsui
et al., 1997; Patel et al., 2003) and Tb.N (Bobinac et al., 2003; Patel et al., 2003) and lower
Tb.Sp (Bobinac et al., 2003; Patel et al., 2003) compared with laterally. Medial STB is also
more plate-like as indicated by a lower SMI (Ding et al., 2003; Patel et al., 2003). Higher me-
dial tibial bone mass has also been observed with dual X-ray absorptiometry (DXA), reported
as areal bone mineral density (aBMD) or bone mineral content (BMC) (Akamatsu et al., 2012;
Clarke et al., 2004; Madsen et al., 1994; Wada et al., 2001) and with peripheral quantitative
computed tomography (pQCT, measuring volumetric BMD, vBMD) (Bennell et al., 2008).
However, the magnitude of the detected differences between condyles may depend on varia-
tions in joint alignment in the cohort examined, or on differences in the methodologies used to
detect them (e.g. location of selected ROI). Christensen et al. (1982) noted that medial bone
volume was higher only within varus-aligned joints, whilst in valgus-aligned knees the bone
volume was higher laterally. Findings from Hulet et al. (2002) further support this, revealing
that greater differences between medial and lateral condyle aBMD are associated with greater
varus malalignment, as indicated by a decreasing hip-knee-ankle angle. Moreover, Bennell
et al. (2008) highlighted that significant differences in vBMD between condyles, observed in
vivo, were detectable only with subregional analysis of the tibial STB.

Within-condylar and depth dependent differences in STB microarchitecture

STB microarchitecture has also been shown to vary depending on the anatomical location
within the medial and lateral tibial condyles. In the medial condyle, BV/TV, Tb.Th and
Tb.N were highest and Tb.Sp lowest in more central to anterior regions, compared with more
posterior ROIs (Bobinac et al., 2003; Kamibayashi et al., 1995). In the lateral condyle, internal
and more centrally located ROIs were also found to exhibit higher BV/TV and Tb.Th compared
with all other regions examined (Bobinac et al., 2003; Matsui et al., 1997). However, the study
by Bobinac et al. (2003) did not make statistical comparisons between each of the four regions
examined within the tibial condyles. The ROIs examined in the aforementioned studies are
illustrated in Figure 2.6. Within-condylar differences in vBMD, as measured with CT and
pQCT, have also been reported, albeit without statistical comparisons. Results from pQCT
show higher bone volume more medially compared with peripherally in the medial condyle in
an OA cohort (Bennell et al., 2008), while results from CT observed higher vBMD in central

15



2 BACKGROUND: KNEE ANATOMY AND TIBIA SUBCHONDRAL BONE

to anterior regions of the medial condyle within control subjects (Johnston et al., 2009). In
both OA and controls, higher vBMD was observed central-to-posteriorly in the lateral condyle
(Bennell et al., 2008; Johnston et al., 2009).

With increasing depth from the articulating surface of the tibial condyles, decreases in BV/TV,
Tb.Th and Tb.N and an increase in Tb.Sp has been observed (Kamibayashi et al., 1995; Matsui
et al., 1997; Patel et al., 2003). Additionally, significant increases in the SMI, indicating a more
rod-like structure, have been reported (Patel et al., 2003). Below 6 mm from the articulating
surfaces no statistically significant depth-dependent microarchitectural changes are evident
(Patel et al., 2003). This finding suggests that STB microarchitectural variations, which are
influenced by biochemical and mechanical interactions at the joint, are likely to be confined
between the SBP and this distance.

Variations in subchondral bone architecture with osteoarthritis

Tibial STB BV/TV has been shown to significantly decrease with age in knees without evidence
of macroscopic pathological changes or history of musculoskeletal disease (Ding et al., 2002).
With knee OA however, numerous cross-sectional ex vivo studies reveal higher BV/TV and
Tb.Th in the medial condyle, compared with age-matched controls (Bobinac et al., 2003; Ding
et al., 2003; Kamibayashi et al., 1995). Ding et al. (2003) also report a significant decrease
in the SMI, indicating that osteoarthritic bone is more plate-like than in controls. Conflicting
results, however, revealing lower STB BV/TV and Tb.Th and higher SMI in severe OA speci-
mens compared with controls, have also been documented (Patel et al., 2003). In the lateral
condyle, micro-CT image analysis revealed no significant differences in STB microarchitecture
between OA and non-pathological joints (Ding et al., 2003). Meanwhile in vivo studies, using
magnetic resonance imaging (MRI) for examination of STB, reveal medially, significantly lower
apparent BV/TV, albeit in mild to moderate OA subjects, compared with controls (Beuf et al.,
2002; Bolbos et al., 2008), and no differences in medial STB microarchitecture between a se-
vere OA and control cohort (Beuf et al., 2002). Laterally, lower measures of BV/TV have been
observed with OA, compared with controls (Bolbos et al., 2008). These reported discrepancies
between in vivo and ex vivo studies, in particular for medial condyle bone microarchitecture,
may largely be attributed to methodological differences, in part, due to differences in the depth
of the subchondral bone regions examined. In vivo research, conducted using MRI, has ex-
amined subchondral bone regions greater than 10 mm inferior to the articulating surfaces of
the tibial plateau. Ex vivo research, meanwhile, has examined bone immediately subjacent
to the joint surfaces, where microarchitectural changes that are influenced by the mechanical
environment of the joint are most likely to occur (Patel et al., 2003). Moreover, discrepancies
among studies may arise potentially due to differences in measures of knee joint alignment be-
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Figure 2.6: Within-condyle subchondral trabecular bone regions of interest selected for 2D
histology analysis, shown within a right tibial plateau; (a) modified with permission from
Wiley, from Matsui et al. (1997), regions examined are indicated by cross (+), (b) modified
with permission from Elsevier, from Bobinac et al. (2003), A: anterior, E: external, I: internal,
P: posterior, (c) modified with permission from Elsevier, from Kamibayashi et al. (1995).
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tween patient cohorts examined, shown previously to influence BMD distribution (Hulet et al.,
2002).

With increasing clinical measures of OA disease severity, changes in STB microarchitecture
are also evident. Chiba et al. (2012) found that knee OA subjects with moderate to severe
radiographic OA (Kellgren-Lawrence (KL) grade II-IV) had higher measures of medial tibia
apparent BV/TV and Tb.Th, as determined from MRI in vivo, compared with subjects with
mild disease severity (KL grade 0-II). Higher measures of apparent BV/TV and Tb.Th have
also been reported in moderate OA patients, compared with patients with mild OA (Beuf
et al., 2002). Higher measures of apparent BV/TV and Tb.Th have also been associated with
decreasing cartilage area (i.e. cartilage loss) in the medial tibia (Chiba et al., 2012), while
increases in BV/TV and Tb.Th, assessed histologically, have been observed with increasing
cartilage degeneration determined using Mankin’s grading system (Bobinac et al., 2003). In-
creases in medial-to-lateral (M:L) aBMD ratio have also been observed with advancing stages
of radiographic disease severity (Madsen et al., 1994; Wada et al., 2001), attributed largely to
an increase in medial aBMD (Madsen et al., 1994).

STB microarchitecture also varies with proximity to structural features of OA, such as subchon-
dral bone marrow lesions (BML) or bone cysts. In the presence of a BML, higher BV/TV, but
reduced tissue mineral density, and lower SMI has been observed, compared with STB ROIs
or tibiae in which no BMLs were evident (Hunter et al., 2009; Muratovic et al., 2016). STB
ROIs that contained a bone cyst similarly exhibited higher BV/TV, as well as higher Tb.N and
lower tissue mineral density and SMI in the surrounding bone, compared with regions without
a cyst, in OA specimens (Chen et al., 2015).

2.3 Summary

The microarchitecture of the proximal tibia subchondral bone, as determined from scientific
literature, using ex vivo 2D histology and 3D micro-CT or in vivo MRI image analysis, was
described. Present literature highlights that subchondral bone plate and subchondral trabecular
bone microarchitecture differs both within and between the medial and lateral tibial condyles.
Microarchitectural adaptations occur with OA, with regions of subchondral trabecular bone
located up to 5 mm from the subchondral bone plate being most affected by the disease.
STB BV/TV tends to be higher in the medial condyle compared with laterally, in both OA
and non-pathological joints. Furthermore, higher medial tibia STB BV/TV, characterised by
thicker and more plate-like trabeculae, has been observed in osteoarthritic knee joints when
compared with age-matched controls.
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Challenges: The tibia specimens examined ex vivo are typically from cadavers of unknown
medical history, or have been obtained from end-stage knee OA patients following total knee
arthroplasty for whom patient history is limited. To date, regional variations in bone microar-
chitecture within these tibia have mainly been examined by 2D histology, restricted to three or
four regions of interest per condyle. Furthermore, these studies have not considered the influ-
ence of differences in joint alignment between patients, which has previously been associated
with altered distribution of bone mass across the tibial condyles, and that could potentially
explain conflicting findings in the scientific literature. Moreover, whereas only a few studies
quantify the microarchitecture of the SBP, the relationships between SBP (plate porosity and
plate thickness) and STB parameters remain still to be investigated. Chapter 4 presents orig-
inal research, undertaken in this thesis on 25 knee OA patients, that extends upon the current
understanding of tibia subchondral bone microarchitecture with OA. The aims of that study
were to characterise, in the medial and lateral tibial plateau, the spatial distribution of SBP
thickness, SBP porosity, STB microarchitecture and the relationships among them. The study
presented considers the influence of joint alignment, examining tibial plateaus from end-stage
knee OA patients with and without varus joint alignment.
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Chapter 3

Background: Gait biomechanics and
knee osteoarthritis

Walking is a common functional activity of daily living and experimental data indicate that
adults accumulate on average between 5,100 – 8,700 walking steps per day (Bassett et al.,
2010; Rosenberg et al., 2010). During walking gait, individuals impart peak joint reaction forces
(JRFs) between 2 – 3 body weights across the tibial plateau during single stance, approximately
70% of which pass through the medial tibial condyle (Fregly et al., 2012; Schipplein & Andri-
acchi, 1991). With varus or valgus malalignment, an increased percentage of the tibiofemoral
JRF may be imparted upon the medial or lateral tibial condyles respectively, increasing risk
for knee OA progression (Niu et al., 2009; Sharma et al., 2001). Walking gait has thus been
of particular interest within the scientific literature, to understand the role of habitual loading
in the development of knee OA. In the following section, changes in gait biomechanics with
knee OA, as well as associations between joint loading parameters and structural changes in
the knee joint, are described.

3.1 Gait biomechanics changes with knee osteoarthritis

A growing number of studies indicate that patients with knee OA exhibit significantly different
spatiotemporal, joint kinematic and kinetic features during gait compared with healthy controls
(Mills et al., 2013). These gait alterations, present in those with knee OA, may represent
compensatory movement strategies that attempt to reduce joint loads for alleviation of joint
pain (Henriksen et al., 2006) or compensate for joint instability (Farrokhi et al., 2012). In this
section, differences in spatiotemporal, joint kinematic and kinetic parameters, with knee OA,
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are described.

3.1.1 Spatiotemporal parameters

In general, patients with knee OA have been found to demonstrate a significant reduction in
preferred walking speeds compared with healthy controls, though the magnitude of differences
varies with disease severity (Al-Zahrani & Bakheit, 2002; Astephen et al., 2008; Creaby et al.,
2012; Deluzio & Astephen, 2007; Gök et al., 2002; Kaufman et al., 2001; Zeni & Higginson,
2009). However, no statistically significant differences in walking speeds between controls
and patients with mild to moderate knee OA have also been documented (Landry et al.,
2007; Mündermann et al., 2005). Where reductions in walking speed are evident, gait is
characterised by decreased stride length, shorter step length, lower cadence, longer stride
time and a more prolonged stance phase during the gait cycle (Al-Zahrani & Bakheit, 2002;
Astephen et al., 2008; Gök et al., 2002). Reductions in walking speed have also been observed
among radiographic stages of disease severity (Astephen et al., 2008). In a recent systematic
review, Mills et al. (2013) found consistent evidence in the literature reporting an increase
in stride duration and decrease in cadence in severe OA compared with controls. Moderate
evidence for longer stride duration in severe OA compared with mild/moderate disease, was
also found, while conflicting outcomes were documented for other spatiotemporal parameters
(Mills et al., 2013).

3.1.2 Gait kinematics

Numerous studies have reported significantly different sagittal plane knee kinematics during
walking gait in knee OA patients, compared with healthy controls. In knee OA subjects, signif-
icantly lower knee flexion-extension range of motion during gait has been observed (Baliunas
et al., 2002; Deluzio & Astephen, 2007; Ko et al., 2011). Knee OA subjects also exhibited
significantly smaller peak knee flexion angles during both the stance (Astephen et al., 2008;
Creaby et al., 2012; Huang et al., 2008) and swing phases of the gait cycle (Astephen et al.,
2008; Weidow et al., 2006). A waveform analysis of sagittal plane knee kinematics revealed
that the magnitude of the flexion angle was reduced throughout the gait cycle in OA patients
(Deluzio & Astephen, 2007). Astephen et al. (2008) furthermore found that the peak knee
flexion angle during stance decreased with increasing disease severity. In a systematic review,
Mills et al. (2013) however, highlight that the largest differences in joint kinematics between
OA and healthy controls are evident for comparisons involving individuals with severe knee OA.
In contrast, a number of studies have reported no differences in knee motion between knee
OA and control groups (Landry et al., 2007; Mündermann et al., 2005). Where no differences

22
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were detected, patients either suffered from bilateral OA (Mündermann et al., 2005), or were
compared with controls who significantly differed in body mass and age (Landry et al., 2007).

3.1.3 Gait kinetics

No methods currently exist for the direct non-invasive measurement of JRFs across the tibial
plateau during gait. The external knee moments (Fig. 3.1), representing surrogate measure-
ments of the tibiofemoral JRFs, are thus frequently examined. The external knee adduction
moment (KAM) and more recently KAM impulse have to date been of most interest in under-
standing gait adaptations in the development and progression of knee OA. Previous research
suggests that the KAM, typically reported as first or overall peak, is a useful surrogate mea-
surement for the medial-to-lateral (M:L) distribution of JRFs across the tibial plateau (M:L
JRF ratio) (Schipplein & Andriacchi, 1991). The peak KAM may also be predictive of the
peak medial joint reaction force (mJRF) during stance (Zhao et al., 2007), though data from
instrumented knee prostheses suggests that the predictive ability of the KAM for mJRF is
limited (Kutzner et al., 2013; Walter et al., 2010).

A typical KAM curve is characterised by two distinct peaks, the first and generally largest, is
present during midstance, while a second peak is recorded during the terminal stance phase
of gait. With increasing knee OA severity the prevalence of subjects with a definitive second
peak however is reduced (Hurwitz et al., 2002; Rutherford et al., 2008). Numerous studies
reveal that a higher KAM is present in knee OA subjects compared with asymptomatic controls
(Baliunas et al., 2002; Hurwitz et al., 2002; Mündermann et al., 2005; Thorp et al., 2006a) and
that KAM increases with increasing disease severity (Mündermann et al., 2005; Sharma et al.,
1998). Conflicting findings, reporting no differences in KAM among control and OA subgroups,
have however also been documented (Astephen et al., 2008; Kaufman et al., 2001; Messier
et al., 2005; Zeni & Higginson, 2009). Findings from a recent systematic review suggest
that only patients with mild knee OA consistently exhibit larger KAM compared with controls
within the scientific literature (Mills et al., 2013). Conflicting findings, for comparisons between
moderate or severe knee OA and controls, were attributed to a high amount of heterogeneity
among studies (e.g. high variability in mechanical alignment of knee joints among the cohorts
examined) (Mills et al., 2013). Increasing interest has also been given to examination of the
KAM impulse, as this measure has shown improved ability, compared with peak KAM, to
distinguish between radiographic stages of disease severity (Kean et al., 2012; Thorp et al.,
2006a). The KAM impulse, defined as the area under the KAM curve (Fig 3.2), provides
a measure of the cumulative load imposed upon the knee during the stance phase of gait.
The KAM impulse is higher in knee OA compared with controls (Maly et al., 2013) and has
consistently been shown to progressively increase with increasing disease severity (Henriksen

23



3 BACKGROUND: GAIT BIOMECHANICS AND KNEE OSTEOARTHRITIS

Figure 3.1: Average external knee moments (black line, ± standard error (dashed line)) over
the stance phase of the gait cycle. Frequently reported peak knee moments are highlighted:
KEM – knee extension moment; KFM – knee flexion moment; KAM – knee adduction moment;
ERM – external rotation moment; and IRM – internal rotation moment. Subscripts LR and
TS denote peak KEM during loading response (LR) and terminal stance (TS), respectively.
Subscripts 1 and 2 correspond with first and second peak KAM
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Figure 3.2: The external knee adduction moment impulse (shaded area) over the stance phase
of the gait cycle. The phases of stance, as described by Perry & Burnfield (1992) are indicated:
LR – loading response (0-16% of stance), MS – midstance (17-50%), TS – terminal stance
(51-83%), PS – preswing (84-100%).

et al., 2012; Kean et al., 2012; Kito et al., 2010; Thorp et al., 2006a).

Differences in peak moments have also been observed in the sagittal and transverse planes.
Numerous studies have reported lower peak knee flexion (KFM) (Astephen et al., 2008; Landry
et al., 2007; Zeni & Higginson, 2009) and peak extension moments (KEM) (Astephen et al.,
2008; Gök et al., 2002; Weidow et al., 2006) in knee OA subjects compared with healthy
controls. A lower KFM has also been observed with increasing disease severity (Astephen
et al., 2008). A biphasic flexion-extension moment curve (as shown in Fig 3.1) is considered
characteristic of normal knee function and is observed most frequently in healthy control
subjects (Smith et al., 2004). However, with knee OA, abnormal gait patterns in which the
flexion-extension moment either remains predominantly in flexion (a quadriceps overuse gait
pattern), or predominantly within extension (quadriceps avoidance), become more prevalent
(Smith et al., 2004). Peak KFM has been linked with tibiofemoral joint load. In combination
with peak KAM, it has been shown to be the best predictor of the mJRF during stance,
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measured directly in instrumented knees, or indirectly using an electromyography (EMG)-driven
musculoskeletal model (Manal et al., 2015; Walter et al., 2010). The KFM is balanced by an
internal quadriceps moment. When active, the quadriceps impart compressive forces upon
the tibiofemoral joint (Andriacchi, 1990). The reduction in the peak KFM in OA patients
may thus be a result of compensatory strategies that attempt to reduce forces within the
knee during gait. For rotation moments in the transverse plane, there is currently a paucity
of studies exploring differences with knee OA. Conflicting findings, revealing no significant
difference, as well as a higher or lower peak internal rotation moment (IRM) occurring during
terminal stance, have been documented in knee OA patients compared with healthy controls
(Astephen et al., 2008; Gök et al., 2002; Weidow et al., 2006). No differences, as well as a
lower external rotation moment (ERM) occurring during early stance, have also been reported
with OA, compared to non-pathological controls (Landry et al., 2007; Weidow et al., 2006).
The contribution of the rotation moments to loading within the knee are less clear, than for
the KAM and KRM.

3.2 Gait biomechanics and knee joint structures

In both non-pathological and OA knees, measures of joint loading have previously been associ-
ated with variations in joint structures, including the subchondral bone. In OA subjects, higher
KAM indices during stance (e.g. a larger overall peak KAM and/or KAM impulse) have been
associated with increased presence of cartilage defects (Creaby et al., 2010) and bone mar-
row lesions (Bennell et al., 2010), lower medial tibial condyle cartilage thickness (Erhart-Hledik
et al., 2015; Maly et al., 2015) and decreasing M:L cartilage thickness ratios (Andriacchi et al.,
2009; Erhart-Hledik et al., 2015). Conversely, in healthy knees, a higher KAM was associated
with increasing cartilage thickness ratios (Andriacchi et al., 2009; Koo & Andriacchi, 2007).
Prospective cohort studies of durations from 1 to 6 years, have also found that higher baseline
measures of KAM or KAM impulse are predictive of greater rate of structural changes (car-
tilage thinning, cartilage volume loss) within the knee joint. Miyazaki et al. (2002) revealed
that baseline measures of KAM were associated with rate of disease progression, with results
in their study suggesting that a 1% increase in KAM increased risk for progression of OA 6.46
times. A higher baseline KAM has also been associated with greater subregional medial tibial
cartilage thinning over a 2 year period, measured with MRI in vivo (Chang et al., 2015), but
not with medial cartilage volume loss over a 12 month or 5 year period (Bennell et al., 2011;
Chehab et al., 2014). A higher baseline KAM impulse, however, was shown to be predictive of
both greater medial condyle cartilage thinning and volume loss (Bennell et al., 2011; Chang
et al., 2015). Associations between joint loading and tibial subchondral bone changes reported
in the scientific literature are discussed in detail within the following section.
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3.2.1 Joint loading and variations in tibial subchondral bone

Commonly reported measures of subchondral bone include medial and lateral aBMD or BMC
measured with DXA, as well as subchondral bone articulating surface area as measured with
MRI. Several studies reveal that higher measures of peak KAM are significantly associated
with higher M:L aBMD (or BMC) ratio, in both healthy and OA subjects (range r-values:
0.30 – 0.52) (Hudson et al., 2007; Hurwitz et al., 1998; Thorp et al., 2006b; Wada et al.,
2001). This association was found within relatively homogeneous cohorts (healthy subjects
(Hudson et al., 2007; Hurwitz et al., 1998), patients with mild to moderate radiographic
knee OA (Kellgren Lawrence (KL) grade II – III) (Thorp et al., 2006b)) and within a more
heterogeneous knee OA patient group (subjects with mild to severe radiographic knee OA (KL
grade I – IV) (Wada et al., 2001)). Thorp et al. (2006b) also found that the second peak
KAM explained greater variance in BMD ratio than first or overall peak KAM values (r-values
0.44, 0.31 and 0.30 respectively, p < 0.01). Additionally, a significant positive association
"KAM impulse vs. M:L BMD ratio" has been reported, which was stronger compared with
"peak KAM vs. M:L BMD ratio" (r = 0.43, p < 0.01 compared with r = 0.31, p < 0.01)
(Thorp et al., 2006b). A positive association between M:L JRF and M:L BMD ratios has also
been reported in healthy knees (Hurwitz et al., 1998). In knee OA, KAM and KAM impulse
were positively associated with M:L tibial bone area ratio and KAM impulse also with medial
condyle bone area (Creaby et al., 2010; Vanwanseele et al., 2010). Neither the peak KFM,
nor peak KEM, was associated significantly with aBMC ratios in a non-pathological cohort
(Hurwitz et al., 1998). Relationships between peak flexion moments and subchondral bone
structure, in the OA knee however, are yet to be explored. Moreover, relationships between
peak rotational moments and variations in any knee joint structures (soft tissues (i.e. cartilage)
or subchondral bone), in the pathological or non-pathological knee joint, have not yet been
investigated.

Static alignment has previously been associated with dynamic markers of load (e.g. KAM
(Hurwitz et al., 2002)) and thus may provide a static surrogate for forces across the knee
joint during gait. Greater measures of static alignment, as determined by the mechanical axis,
tibial condylar angle or hip-knee-ankle angle, indicating greater varus alignment, have been
associated with higher M:L BMD and bone area ratios and were equal if not better predictors
of M:L BMD ratio compared to KAM (range r-values: 0.41 – 0.53) (Eckstein et al., 2009;
Thorp et al., 2006b; Wada et al., 2001). Notably, among all reported studies, no significant
relationships were observed between static or dynamic markers of load and BMD measures in
a more distal ROI located within the tibial shaft (Hurwitz et al., 1998; Thorp et al., 2006b),
nor did markers of joint loading explain variance in anterior-posterior BMD distribution (Wada
et al., 2001).
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DXA, used in the described studies, is a two-dimensional (2D) projection-imaging technique
with low spatial resolution. It cannot differentiate between cortical and trabecular bone, nor
among different subregions within the same condyle, and is unable to quantify the subchon-
dral (trabecular and cortical) bone microarchitecture (see Chapter 2 for details). To date,
relationships with knee joint loading (knee moments, joint reaction force and static alignment)
and the tibial subchondral bone microarchitecture, are yet to be explored.

3.3 Summary

The reviewed scientific literature highlights that, with OA, knee joint kinematics and kinetics
differ from healthy controls. In particular, knee OA subjects present with a higher KAM
impulse, which increases with radiographic disease severity. A higher KAM has also been
observed in knee OA subjects, though evidence is conflicting. The KAM and KAM impulse
were further found to be significantly associated with variations in proximal tibia subchondral
bone, in patients with medial knee OA. In particular, significant positive relationships between
tibial subchondral aBMD or bone area ratios and knee adduction moment parameters, static
alignment or estimations of joint forces were revealed. As bone adaptation occurs in response
to the dynamic loads imposed upon it, the higher subchondral BMD and bone area ratios
observed with increased KAM or KAM impulse (surrogates of joint loading), could thus reflect
changes in subchondral bone structure to variations in load distributions. However, these loads
likely only affect periarticular measures of BMD, as forces are attenuated and become more
evenly distributed with increasing distance from the articulating surfaces of the joint.

Challenges: Due to the low spatial resolution of in vivo imaging modalities previously em-
ployed (DXA), relationships between knee joint loading and subchondral bone microarchitec-
ture, remain yet to be explored. Moreover, much of this research has focused on relationships
between frontal plane loading indices (static alignment, KAM) and structural variations in the
OA knee, despite differences in flexion-extension and rotational moments between OA patients
and controls reported in the scientific literature. In Chapters 5 and 6, two research studies
undertaken in this thesis are presented, extending upon the discussed literature. Chapter 5 ex-
amines, on 25 end-stage OA patients undergoing total knee arthroplasty, relationships between
in vivo dynamic knee joint loads (including the full 3D knee moments), static alignment and
subregional proximal tibia subchondral bone microarchitecture of their excised knees. Chapter
6 describes differences in knee joint loading and subchondral bone microarchitecture among
OA subgroups who exhibited different walking gait patterns. Through a better understanding
of how joint loading is related to local changes in subchondral bone micro-architecture in knee
OA, it may be possible to better describe the role of these factors in the disease.
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4 STUDY 1: MAPPING TIBIAL SUBCHONDRAL BONE MICROARCHITECTURE

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

Roberts BC, Thewlis D, Solomon LB, Mercer G, Reynolds KJ and Perilli E 2016. Systematic
mapping of the subchondral bone 3D microarchitecture in the human tibial plateau: variations
with joint alignment, Journal of Orthopaedic Research. doi: 10.1002/jor.23474. In press.

30

http://onlinelibrary.wiley.com/doi/10.1002/jor.23474/abstract


Abstract:

Tibial subchondral bone plays an important role in knee osteoarthritis (OA). Microarchitec-
tural characterisation of subchondral bone plate (SBP), underlying trabecular bone (STB) and
relationships between these compartments, however, is limited. The aim of this study was
to characterise the spatial distribution of SBP thickness, SBP porosity and STB microarchi-
tecture, and relationships among them, in OA tibiae of varying joint alignment. Twenty-five
tibial plateaus from end-stage knee-OA patients, with varus (n = 17) or non-varus (n = 8)
alignment were micro-CT scanned (17 µm/voxel). SBP and STB microarchitecture was quan-
tified via a systematic mapping in 22 volumes of interest per knee (11 medial, 11 lateral).
Significant within-condylar and between-condylar (medial vs. lateral) differences (p < 0.05)
were found. In varus, STB bone volume fraction (BV/TV) was consistently high throughout
the medial condyle, whereas in non-varus, medially, it was more heterogeneously distributed.
Regions of high SBP thickness were co-located with regions of high STB BV/TV underneath.
In varus, BV/TV was significantly higher medially than laterally, however, not so in non-varus.
Moreover, region-specific significant associations between the SBP thickness and SBP porosity
and the underlying STB microarchitecture were detected, which in general were not captured
when considering the values averaged for each condyle. As subchondral bone changes reflect
responses to local mechanical and biochemical factors within the joint, our results suggest
that joint alignment influences both the medial-to-lateral and the within-condyle distribution
of force across the tibia, generating corresponding local bony responses (adaptation) of both
the subchondral bone plate and underlying subchondral trabecular bone microarchitecture.
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4.1 Introduction

Osteoarthritis (OA) is a major cause of disability, occurring most commonly at the knee joint
(Cross et al., 2014). Worldwide estimates suggest that 3.8% of the adult population are
affected by knee OA, with direct health care expenditure exceeding $185 billion in the US
annually (Cross et al., 2014; Kotlarz et al., 2009). Previously considered a primary disorder of
articular cartilage, it is now recognised that OA involves the whole joint, including the bone.
The pathophysiology of OA is multifactorial and subchondral bone has been suggested to play
an important role in onset and progression of OA (Radin & Rose, 1986; Weinans et al., 2012).

The subchondral bone in the tibial plateau is a mechanical shock absorber of the knee joint
(Imhof et al., 2000). It has a heterogeneous microarchitecture, varying between, and within, the
medial and lateral condyles (Bobinac et al., 2003; Ding et al., 2003; Kamibayashi et al., 1995;
Matsui et al., 1997). Despite the increase in published studies investigating the proximal tibia,
the quantitative characterisation of the regional distribution of the tibial plateau subchondral
trabecular bone (STB) microarchitecture, and of the thickness and porosity of the overlaying
subchondral bone plate (SBP), is still limited. A systematic mapping of the regional distribution
of the STB and SBP 3D-microarchitectural parameters within the medial and lateral tibial
plateau, and of the relationships among these, may aid to better understanding subchondral
bone changes occurring in pathologies affecting the knee, such as OA.

To date, regional variations in bone microarchitecture within the tibial condyles have mainly
been examined by two-dimensional (2D) histomorphometry, restricted to three to four regions
of interest per condyle (Bobinac et al., 2003; Matsui et al., 1997). Three-dimensional (3D)
analysis using micro-computed tomography (micro-CT) has been limited, particularly for ex-
amination of intra-condylar variations in bone 3D microarchitecture; typically, only one or very
few bone cores were physically extracted per condyle. The bone microarchitecture data was
then pooled from the multiple core locations and averaged for analysis (Ding et al., 2003,
2002; Hunter et al., 2009). Furthermore, these studies have not considered the influence of
differences in joint malalignment within patients, which has previously been associated with
altered distribution of bone mass across the tibial condyles (Christensen et al., 1982; Hulet
et al., 2002). Developments in micro-CT systems enable scanning of large human bone seg-
ments, including the tibial plateau (Ab-Lazid et al., 2014; Briggs et al., 2010; Fields et al.,
2009; Perilli et al., 2012; Wen et al., 2013). However, to the best of the authors’ knowledge, no
study has performed a systematic examination (mapping) of a dense grid of subvolumes of the
entire tibial condyle bone microarchitecture. Moreover, whereas only few studies did quantify
the microarchitecture of the cortical SBP (Hunter et al., 2009; Milz & Putz, 1994; Wen et al.,
2013), the relationships between STB and SBP parameters remain still to be investigated in
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humans.

The aim of this study, conducted in human tibial plateaus retrieved from end-stage knee-OA
patients with varying joint alignment categorised into varus and non-varus subgroups, was to 1)
characterise the spatial distribution of SBP thickness and porosity and the underlying STB 3D
microarchitecture (bone volume fraction, trabecular thickness, trabecular number, structure
model index, trabecular separation); 2) to map region specific relationships among these 3D
microarchitectural parameters between the two compartments. To this purpose, a systematic
spatial mapping method of the cortical SBP and STB microarchitecture was developed and
performed via micro-CT image analysis.

4.2 Methods

4.2.1 Bone specimens

Twenty-five entire tibial plateaus (Fig. 4.1(a)) were retrieved from patients with end-stage
knee OA who underwent total knee arthroplasty surgery (13 right, 12 left knees). Patients (10
males, 15 females) were of age 67.3 ± 7.1 years (average ± standard deviation), height 1.66
± 0.08 m, body mass 90.1 ± 18.9 kg. Tibial plateaus were retrieved following surgery and
fixed in 70% ethanol solution. Approval to use specimens for research purposes was granted by
Southern Adelaide Clinical and Royal Adelaide Hospital Human Research Ethics Committees.
All patients gave written informed consent.

4.2.2 Mechanical joint alignment from radiographic data

Prior to surgery, the degree of varus-valgus mechanical alignment was quantified in the affected
joints by measure of the mechanical axis deviation (MAD), obtained from full-length anterior-
posterior weight-bearing radiographs by an experienced examiner (LBS). MAD is defined as
the perpendicular distance (in mm) from the knee joint centre to the mechanical axis, where
the mechanical axis is the line connecting the centre of the femoral head to the centre of the
ankle joint. Valgus alignment was defined as > 0 mm lateral deviation, neutral alignment
between 0-15 mm medial deviation and varus as > 15 mm medial deviation (Paley, 2002).

33



4 STUDY 1: MAPPING TIBIAL SUBCHONDRAL BONE MICROARCHITECTURE

Figure 4.1: (a) Excised tibial plateau specimen (right knee, view from top), and (b) a specimen
pair, wrapped in cling-film and fixed on the carbon scanning bed, with the medial-lateral axis
of the specimens aligned with the rotation axis of the system.

4.2.3 Micro-computed tomography (micro-CT) imaging

Micro-CT examination of the tibial plateaus was performed using a desktop micro-CT scanner
(Skyscan 1076, Skyscan-Bruker, Kontich, Belgium). Prior to scanning, specimens were re-
moved from the ethanol solution and individually wrapped in cling-film. Scans were performed
with the tibial plateau fixed on a carbon bed, the medial-lateral axis of each specimen aligned
with the system’s rotation axis (Fig. 4.1(b)). As specimens had one flat surface (resection
surface) and were relatively thin (up to 10 mm), the field of view (68 mm diameter) was large
enough to fit two specimens at once. Hence, specimens were scanned in pairs, with the flat
surfaces facing each other, separated by polystyrene (transparent to X-rays) (Fig. 4.1(b)).
Scanner settings: 17.4 µm isotropic pixel size, source voltage 100 kVp, current 90 µA, rotation
step 0.4°, 180°rotation, exposure time 590 ms, 4 frames averaging (Perilli et al., 2012). A 0.5
mm-thick aluminium filter was used for beam hardening artefact reduction. Each scan was
performed in six consecutive automated steps, imaging one-sixth of the specimen’s medial-
lateral length at each step (18.2 mm). For each tibial plateau pair this produced a total of
3162 X-ray projection images (527 projections per step), each image 3936 x 1048 pixels (68.5
x 18.2 mm) in size, saved in 16-bit Tiff format, generating a projection dataset of 24.3 GB,
scan duration 7 hours.

The cross-section images were then reconstructed using a filtered back-projection algorithm
(NRecon software, v1.6.9.8, Skyscan-Bruker) and saved as 8-bit bitmap format images (256
grey-levels, bmp value of 0 = air, 255 = mineralised tissue). For each specimen pair, a stack of
up to 4997 consecutive cross-sections was reconstructed (corresponding to 86.9 mm length),
slice thickness of 1 pixel (17.4 µm), producing a dataset of 70 GB, reconstruction time 4
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hours (workstation: Intel Xeon CPU E5-2630v2 @2.60 GHz, 128 GB memory, OS Windows
7 64-bit). The reconstructed images were then rotated in 3D and saved with the anatomical
superior-inferior axis of each plateau aligned with the z-axis of the image stack (DataViewer
software, v1.5.1.2, Skyscan-Bruker) (Fig. 4.2). The resultant axial cross-section images were
of size 4997 x 3936 pixels each (86.9 x 68.5 mm) (Fig. 4.2).

4.2.4 Defining the medial and lateral condylar tibia regions

Within the axial image dataset of each tibial plateau, the medial and lateral tibial condylar
regions were defined by selecting the largest possible elliptical region of interest (ROI) within
each condyle (software CT Analyser, v1.14.4.1, Skyscan-Bruker) (Bennell et al., 2008). The
major axis of each ellipse corresponded to the anterior-posterior length of the condyle; the
minor axis was contained within the outer margin of the intercondylar tubercles (inner condylar
boundary) and the most external (medial or lateral) condylar edge (outer condylar boundary),
excluding osteophytes, respectively (Schmidt et al., 2005) (Fig. 4.3). By using these elliptical
ROIs, image datasets containing only the medial or lateral condyles were saved.

4.2.5 Image binarization (thresholding)

A 3D-median filter was applied to the medial and lateral cross-section image datasets for noise
reduction. Images were then binarised using uniform thresholding (Perilli et al., 2007a,b). The
uniform threshold value was the average of threshold values determined from the histograms
of a subset of six representative specimens and then applied consistently on all the specimens
(Perilli et al., 2007b). Pixels representing bone tissue (grey-level values between 87 and 255)
were segmented as solid and those representing non-bone tissue (grey-level values from 0 to
86, marrow spaces and air) as background (Fig. 4.2).

4.2.6 Separation of subchondral bone plate (SBP) and subchondral trabecular
bone (STB) in each condylar region

Subchondral bone plate (SBP) (Fig. 4.4(a,b)): On the binarised images (bone = white pixels,
background = black pixels) of the tibial condyles, the SBP was separated from the underlying
STB as follows (software CT Analyser). Within the stack of coronal images (Fig. 4.4(a)), the
SBP was selected by manually contouring the plate boundaries every 15 images (0.26 mm);
images in between had the ROI automatically interpolated (software CT Analyser) (Perilli
et al., 2015a). The superior surface, defined as the first black pixel above the SBP, was traced
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by following the bordering pixels of the plate (Fig. 4.4(a)). Similarly, the inferior surface of the
SBP was contoured, defined as the first black pixel laying below the SBP. Trabecular struts
adjoining the SBP were removed by tracing the ROI boundary across the trabeculae, hence
connecting the neighbouring marrow spaces (Fig. 4.4(a)). Then the ’ROI shrink-wrap’ plug-in
was applied (CT Analyser), which automatically conformed the ROI boundaries to the plate
border (Fig. 4.4(b)). From the resulting stack of ROIs, an image dataset containing only the
SBP was saved.

Subchondral trabecular bone (STB) (Fig. 4.4(c)): The STB ROI had its superior boundary in
common with the inferior boundary of the previously saved SBP ROI, whereas the STB inferior
boundary was contoured following the anatomy of the inferior border of the plate and selecting
subchondral trabecular bone within the first 5 mm. Only STB within the first 5 mm below
the inferior SBP was considered, as it has been reported that microarchitectural differences in
tibial condyles are most prominent within this distance (Patel et al., 2003). From these ROIs
an image dataset containing only the STB was saved.

From the saved SBP and STB datasets, subvolumes of interest (VOI) for morphometric analysis
were then selected, as follows.
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Figure 4.2: Micro-CT cross-section images of a tibial plateau specimen at 17.4 µm pixel size
in coronal, transaxial and sagittal view. The grey-scale images show the bone (in bright grey
colour), surrounded by background (bone marrow, cartilage, air, in dark grey). The transaxial
cross-section images are 4997 x 3936 pixels in size (corresponding to 86.9 x 68.5 mm, width
x height). M: medial; L: lateral; A: anterior; P: posterior; S: superior. A grey-level histogram
(256 grey levels) is shown (bottom), with the threshold level used for segmentation of the
bone indicated by a dashed line (value = 87).
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Figure 4.3: (a) 3D micro-CT image of an excised tibial plateau from a right knee (view from
the top). The ellipses defining the medial and lateral tibial condyles are shown (dashed lines),
containing the locations of the 22 tibial condyle subvolumes of interest (VOIs, red squares, 11
per condyle); (b) 2D coronal micro-CT cross-section image of the tibial plateau with medial
and lateral boundaries of the ellipses indicated by red lines.
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Figure 4.4: Contouring of the subchondral bone plate (SBP) and the subchondral trabecular
bone (STB) on thresholded coronal micro-CT cross-section images within the tibial condyle
(software CT Analyser, Bruker): (a) SBP ROI semiautomatically traced to the subchondral
bone plate; blue pixels in the ROI are classified as bone, red pixels in ROI as background. The
neighbouring marrow spaces (MS, indicated by arrows) were manually connected to remove
trabecular struts adjoined to the SBP; (b) final SBP ROI, after the application of the "ROI
shrink-wrap" plug-in (software CT Analyser); this process shrinks the ROI to the surfaces of
the SBP (in blue colour) and stretches the ROI over pores (Po, in red colour) (setting: up
to 20 voxels diameter (346 µm)); (c) STB ROI, of 5 mm height, containing bone (blue) and
marrow space (red).

4.2.7 Systematic mapping: grid of 11 subvolumes of interest in the SBP and
STB of each condyle

In the STB and SBP axial image datasets of each condyle, 11 VOIs were selected (22 VOIs per
tibia). The VOI location was standardised by using a template grid (custom written MATLAB
code; Mathworks, Natick, MA), normalised to the size of the ellipse defining each condyle,
ensuring that the VOIs were centred about the same anatomical locations in all specimens
(Fig. 4.3). VOIs were parallelepipeds with a 5 x 5 mm2 square cross-section, with height
corresponding to the entire plate thickness for the SBP and to 5 mm for the STB. The STB
VOIs were cubes of 5 mm side length, to satisfy the continuum assumption for 3D morphometric
analysis of trabecular bone (Harrigan et al., 1988; Tassani & Perilli, 2013).
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4.2.8 Morphometric Analysis

Over each STB VOI the following morphometric parameters were calculated (CT Analyser,
v1.14.4.1): bone volume fraction (BV/TV, %), trabecular thickness (Tb.Th, µm), trabecular
separation (Tb.Sp, µm), trabecular number (Tb.N, 1/mm) and structure model index (SMI).
BV/TV was calculated as the voxels segmented as bone within the VOI, divided by the voxels
constituting the examined VOI (Perilli et al., 2012). The Tb.Th, a 3D measure of the average
thickness of the trabeculae, and the Tb.Sp, a 3D measure of the mean distance between
the trabeculae, were both computed by using the local sphere-fitting method (Hildebrand
& Rüegsegger, 1997a; Perilli et al., 2006). The Tb.N, the number of trabecular plates per
unit length (Parfitt et al., 1987), was calculated as is implemented in CT Analyser software
(Tb.N = (BV/TV)/Tb.Th) (Guggenbuhl et al., 2006; Perilli et al., 2012, 2015b). The SMI
describes the ratio of rod- to plate-like trabecular structures, ranging in value from 0 (ideal
plate-like structure) to 3 (ideal rod-like structure), with intermediate values indicating a mixed
structure (Hildebrand & Rüegsegger, 1997b; Perilli et al., 2006). For each SBP VOI, the 3D
subchondral plate thickness (Pl.Th, µm) and plate porosity (Pl.Po, %) were calculated. Pl.Th
was calculated using the local sphere-fitting method (Hildebrand & Rüegsegger, 1997a). Plate
porosity, the percentage pore volume to tissue volume (Perilli et al., 2015a), was calculated as
the number of voxels segmented as pores (background) within the SBP VOI, divided by the
number of voxels constituting the VOI examined.

4.2.9 Statistical Analysis

All morphometric parameters were tested for assumptions of normality (Shapiro-Wilks test).
Differences in morphometric parameters among the 11 regions within each condyle, and be-
tween corresponding regions in the medial and lateral condyles, were assessed using two-way
repeated measures ANOVA. Where for a given parameter F values were found significant for
a "region by condyle interaction effect", the simple "region effect" and "condyle effect" were
investigated using one-way repeated measures ANOVA, followed by paired t-tests with Bon-
ferroni adjustment for multiple comparisons. Correlations between SBP (Pl.Th, Pl.Po) and
STB microarchitecture (BV/TV, Tb.Th, Tb.Sp, Tb.N, SMI) were examined using Pearson’s
correlation. Significance level was set to p < 0.05. Statistical analysis were performed using
SPSS Statistics 22 (IBM Corp., Armonk, NY, USA).
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4.3 Results

Specimens were split into two subgroups, categorised as exhibiting either varus (n = 17) or
non-varus (n = 8) joint alignment based on their MAD. This classification provided subgroup
sizes that were sufficient for further analysis (n > 6). Of the 25 entire tibial plateaus examined,
two medial and one lateral condylar region, each from non-varus knees, were excluded as the
height of the STB compartment suitable for analysis in these specimens was too thin to satisfy
the continuum assumption for trabecular bone (height < 3 mm) (Harrigan et al., 1988).

For each subgroup, the "region effect", "condyle effect" and "region by condyle interaction
effect" were significant (p < 0.05). Thus, the SBP and STB microarchitecture differed sig-
nificantly within and between the tibial condyles, with the patterns of the within-condylar
differences dependent on the condyle examined (medial or lateral).

4.3.1 Within-condylar differences in STB and SBP morphometric parameters

Within each subgroup, statistically significant differences in morphometric parameters among
ROIs within the tibial condyles were found (Tables 4.1 and 4.2). Figure 4.5 shows 3D micro-CT
images of a human tibial plateau with a heat map visualizing the subregional distribution of
BV/TV, Pl.Th and Pl.Po within the medial and lateral condyles, averaged over the 17 varus
(on left in figure) and 8 non-varus (on right in figure) tibiae.

In the varus subgroup, BV/TV in the medial condyle was consistently high (range 42-50%,
regions 1-10) in all regions but the most posterior aspect, which was significantly lower (region
11). In the non-varus subgroup, medially, the BV/TV distribution was more heterogeneous
than for varus knees, with BV/TV higher central-anteriorly (range 38-40%, regions 1-4, 6)
than posteriorly (range 16-29%) and significantly higher centrally (regions 6 and 7), than
posteriorly (8, 9 and 11). In the varus knees, lateral condyle, the BV/TV was significantly
highest internally (29%, 31%, regions 7, 10) than all other regions (range 15-23%), with
BV/TV decreasing towards the peripheral ROIs (regions 1, 2, 5, 8). Similarly, non-varus knees
in the lateral condyle exhibited higher BV/TV internally (43%, 44%, regions 7, 10), with a non-
significant trend for decreasing BV/TV from inner towards peripheral regions. Correspondingly,
within-condyle regional differences in the other STB morphometric parameters were found: in
the medial condyle, Tb.Th, Tb.N was higher whereas SMI and Tb.Sp lower anteriorly compared
with more posterior regions (significances reported in Tables 4.1 and 4.2); whereas in the lateral
condyle, these were inner-posteriorly compared to externally.

For the overlaying SBP, the Pl.Th and Pl.Po revealed significant within-condylar differences,
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in particular in the lateral condyles of varus knees. In both subgroups, in the medial condyle,
anteriorly the Pl.Th was higher and Pl.Po lower than external-posteriorly (see Tables 4.1 and
4.2 for significances). In the lateral condyle, internal-posteriorly, the Pl.Th was higher and
Pl.Po lower than external-anteriorly.

Taken together, regions with higher Pl.Th also had lower Pl.Po, and were co-located with
regions of higher BV/TV in the underlying STB (Fig. 4.5 and 4.6(a)), while regions with
lower Pl.Th had higher Pl.Po and had lower BV/TV in the underlying STB (Fig. 4.6(b)).
Interestingly, in the varus subgroup, the within-condylar distribution for all STB and SBP
microarchitectural parameters was more heterogeneous in the lateral condyle, showing more
statistically significant differences among regions, than in the medial condyle.

4.3.2 Between-condylar (medial-to-lateral) differences in STB and SBP mor-
phometric parameters

In the varus subgroup, almost all ROIs exhibited consistently significantly higher BV/TV (up
to +194% higher), Tb.Th and Tb.N and lower SMI and Tb.Sp in the medial condyle compared
to lateral (Table 4.1, Fig. 4.7). Similarly, in the overlaying SBP, the Pl.Th was significantly
higher in the medial compared to the lateral condyle, particularly in anterior and more external
ROIs (up to +145%, regions 1-6, 8, 9). The Pl.Po showed fewer significant differences (5 of
11 ROIs) between condyles and with signs depending on the region, being significantly lower
anterior-externally in the medial condyle compared to lateral and higher internal-anteriorly and
posteriorly compared to lateral. Meanwhile, in the non-varus subgroup (Table 4.2, Fig. 4.7),
the between-condylar differences in bone microarchitecture were of lower magnitude than in
varus (e.g. BV/TV differences of up to +96%, with BV/TV higher laterally than medially
in the posterior regions), significant in much fewer regions and only for the parameters Tb.N
(in most posterior region 11, medially lower than laterally), Pl.Th (up to +107%, in anterior
region 1, medially lower than laterally, in posterior regions 10 and 11 medially higher than
laterally) and Pl.Po (in anterior-external region 2, medially lower than laterally).

4.3.3 Associations between STB and SBP morphometric parameters

Region-specific associations of variable strength and significance among microarchitectural
parameters were detected in both varus and non-varus aligned knees (Table 4.3, Fig 4.8).
In varus-aligned knees, more regions with significant associations were found than in non-
varus and these were more in the medial condyle than in the lateral. The associations ’STB
BV/TV vs. Pl.Th’ were stronger in non-varus than varus knees (r-values up to 0.85 and
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0.75, respectively; Table 4.3). Where significant, the STB BV/TV associated positively with
Pl.Th (Fig. 4.7(a,b)) and negatively with Pl.Po (Fig. 4.8(c)) in both subgroups. In one lateral
region (internal-anterior, region 4) of non-varus knees the ’BV/TV vs. Pl.Po’ showed a positive
association (r = 0.78, p < 0.05, Fig. 4.8(d)) whereas it was negative in the posterior region of
the same condyle (r = -0.76, p < 0.05). Within the SBP itself, the region-specific associations
’Pl.Th vs. Pl.Po’ were negative (Fig. 4.8(e,f)) in both subgroups, with varus knees showing
stronger associations medially than non-varus (r-value up to -0.86 and -0.81, respectively),
whereas laterally these were stronger in more regions in non-varus than in varus knees (r-
value up to -0.84 and -0.70, respectively). Region-specific associations were also found among
remaining STB parameters (SMI, Tb.Th, Tb.N and Tb.Sp) with Pl.Th and Pl.Po. However,
when the morphometric parameters were averaged across all 11 subregions per condyle, none
of the aforementioned associations between STB BV/TV and SBP parameters were significant
in either subgroup, except for ’Pl.Th vs. Pl.Po’ in the medial condyles of varus knees (r =
-0.79, p < 0.01, Table 4.4).
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4 STUDY 1: MAPPING TIBIAL SUBCHONDRAL BONE MICROARCHITECTURE
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4 STUDY 1: MAPPING TIBIAL SUBCHONDRAL BONE MICROARCHITECTURE

Figure 4.5: 3D micro-CT images of a right human tibial plateau. The colour heat map (11
regions per condyle) shows, within (left images) varus and (right images) non-varus knees, the
regional distribution in the medial and lateral condyle of: (top image) subchondral trabecular
bone volume fraction (BV/TV, in %), (middle image) subchondral bone plate thickness (Pl.Th,
in µm) and (bottom) subchondral plate porosity (Pl.Po, in %). The values are averaged over
the 17 varus and 8 non-varus tibial plateaus investigated.
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4.3. RESULTS

Figure 4.6: 3D micro-CT renderings of two subregions in the lateral condyle (subregion 8
in top row, subregion 10 in bottom row) of the subchondral bone plate (yellow colour) and
underlying subchondral trabecular bone (white, volume of 5 x 5 x 5 mm3). (a-c) subregion
8 (external-posterior condyle), with lower BV/TV (15%), Tb.Th (142 µm), Pl.Th (262 µm)
and higher Pl.Po (22%), compared to (d-f) subregion 10 (inner-posterior condyle), with higher
BV/TV (27%), Tb.Th (183 µm), Pl.Th (615 µm) and lower Pl.Po (11%). (b,e) Superior view
of the subchondral bone plate; (c,f) coronal view of subchondral bone plate and subchondral
trabecular bone. Note that in (b), a number of pores (Po) traversing the thin plate from the
articular surface to the marrow space are clearly visible.
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4 STUDY 1: MAPPING TIBIAL SUBCHONDRAL BONE MICROARCHITECTURE

Figure 4.7: Bar graphs reporting average values and standard deviations (error bars) of sub-
chondral trabecular bone volume fraction (BV/TV), and subchondral bone plate thickness
(Pl.Th) and porosity (Pl.Po) in the 11 subregions of interest within the medial and lateral
tibial condyles of (left) varus and (right) non-varus knees. *: Significant difference between
corresponding medial and lateral region (paired t-test with Bonferroni adjustment, p < 0.05).
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4.3. RESULTS
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4 STUDY 1: MAPPING TIBIAL SUBCHONDRAL BONE MICROARCHITECTURE

Figure 4.8: Scatter plots with best-fit line for regions of interest with strongest correlations
(based on r-value) between morphometric parameters considered within each condyle of the
17 varus and 8 non-varus tibial plateaus; (a,b) ’subchondral trabecular bone volume fraction
(BV/TV) vs. subchondral plate thickness (Pl.Th)’; (c,d) ’BV/TV vs. subchondral plate
porosity (Pl.Po)’ and (e,f) ’Pl.Th vs. subchondral plate porosity (Pl.Po)’. Solid line: best fit
line for medial condyle; dashed line: best fit line for lateral condyle. M, medial; L, lateral.
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4 STUDY 1: MAPPING TIBIAL SUBCHONDRAL BONE MICROARCHITECTURE

4.4 Discussion

In this study, a systematic mapping of the human tibia condylar subchondral bone microarchi-
tecture was performed using micro-CT on entire tibial plateaus retrieved from 25 OA patients,
categorised as exhibiting either varus or non-varus joint alignment. A dense grid of 22 sub-
volumes for each tibia (11 per condyle) was examined, in which the SBP and underlying STB
3D microarchitecture was successfully quantified and compared, at 17 µm pixel size. Over-
all, heterogeneous distribution patterns of subchondral bone microarchitecture within the OA
tibial condyles of both varus and non-varus specimens were revealed. Subchondral bone mi-
croarchitecture differed between the medial and lateral condyles, with more regions showing
significant between-condylar differences in the varus than in the non-varus subgroup. Signifi-
cant region-specific associations between the subchondral plate thickness, plate porosity and
the underlying subchondral trabecular bone microarchitecture were detected.

4.4.1 Within-condylar differences in STB and SBP morphometric parameters

In varus knees, medially, BV/TV was significantly and consistently high throughout the entire
condyle compared to the most posterior tibial region (10 regions out of 11), while in the non-
varus subgroup, medially, it was more heterogeneously distributed, with more regions showing
statistically significant differences among each other, with significantly higher BV/TV centrally
(2 regions) than posteriorly (3 regions). In both varus and non-varus knees, laterally, BV/TV
was highest in the inner-posterior subregions, decreasing towards the anterior and peripheral
regions, although significantly so only for varus. These results are in agreement with previous
OA-reports that however used 2D histology on 3-4 subregions per condyle, although these did
not consider variations in joint alignment (Bobinac et al., 2003; Matsui et al., 1997). Moreover,
regions of higher STB BV/TV tended to be co-located with regions of higher overlaying Pl.Th
(Fig. 4.7 and 4.8), supporting earlier reports that however were on normal subjects, using
2D techniques (Milz & Putz, 1994; Noble & Alexander, 1985). As bone adaptation occurs
in response to the mechanical environment (Turner, 1998), these regional variations in bone
microarchitecture within the tibial condyles of OA knees likely reflect the joint’s loading history.
Anatomically, regions exhibiting higher BV/TV and Pl.Th compared to others within the tibial
plateau reported here correspond with tibiofemoral joint contact regions and maxima of joint
contact pressures, which have previously been shown to vary within the condyles during the
gait cycle (Adouni & Shirazi-Adl, 2014a; Liu et al., 2010). The differing regional distribution
of within-condylar bone microarchitecture in varus and non-varus knees suggests that also
the within-condylar stress distribution patterns may differ between these two subgroups. In
varus, the more homogenous distribution of high BV/TV and Pl.Th medially compared to a
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4.4. DISCUSSION

more heterogeneous distribution laterally (with more regions showing statistically significant
differences among each other) could be due to a more homogenous stress distribution medially
compared to a more localised tibiofemoral joint contact region laterally in this cohort (Liu
et al., 2010), generating a spatially more uniform response (adaptation) of the bone in the
former or localised response in the latter, respectively. Conversely, in non-varus, there was
higher heterogeneity (more regions showing significant within-condylar differences) medially
than laterally, with laterally showing no significant within-condylar differences. This could
correspond to a more localised contact region in the medial condyle in this cohort compared to
lateral. Furthermore, it has to be recognised that OA is a multifactorial disease, characterised
by differences in subchondral bone changes during development of the disease (e.g. SBP
thinning in early OA, followed by subchondral bone sclerosis in the end stages (Botter et al.,
2011; Burr & Gallant, 2012; Li et al., 2013)). The samples examined are from end-stage OA;
other factors, apart from loading, including age, genetics, or the local biochemical environment,
in the presence of subchondral bone sclerosis, can effect subchondral bone metabolism (Li et al.,
2013). These factors may, in combination with loading, exacerbate structural changes in the
joint, leading to the observed variations in subchondral bone microarchitecture.

4.4.2 Between-condylar difference in STB and SBP morphometric parameters

In the varus subgroup, medial condyle STB BV/TV was significantly higher with values often
more than doubled in all subregions compared with the lateral condyle. The medial condyle
(varus) also had significantly higher values of Tb.Th and Tb.N and lower SMI and Tb.Sp
compared to the lateral condyle, supporting previous studies in human OA on excised bone
cores examining fewer ROIs (Bobinac et al., 2003; Ding et al., 2003; Patel et al., 2003).
The overlaying SBP Pl.Th was also higher in the anterior medial condyle compared with
the same regions lateral, consistent with previous 2D reports although on normal subjects
(Milz & Putz, 1994). Meanwhile, in the non-varus subgroup, between-condylar differences in
STB microarchitecture, SBP thickness or porosity were detected only for few subregions and
mainly in the posterior ROIs. Knee joint malalignment has previously been linked to altered
medial-to-lateral distribution of loads (Adouni & Shirazi-Adl, 2014b). Greater varus alignment,
indicating higher medial condyle joint forces compared to lateral, has been associated with
greater medial-to-lateral tibial condyle bone mineral density (BMD) differences (Christensen
et al., 1982; Hulet et al., 2002). However, in non-varus aligned joints these differences are
reduced and some studies even reported higher BMD laterally (Hulet et al., 2002). The absence
of significant medial-to-lateral differences in subchondral bone microarchitecture of non-varus
joints detected in this study could reflect an adaptation of the bone to a more balanced medial-
to-lateral distribution of forces across these tibiae. Taken together, these results in OA tibiae
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may suggest that joint alignment 1) not only influences the medial-to-lateral ratios of force
across the tibial plateau, as of the between-condylar (medial-to lateral) microarchitectural bone
differences; but 2) also influences the within-condylar stress distribution patterns, as suggested
by the differing within-condylar regional heterogeneity in BV/TV (and other parameters) when
comparing varus and non-varus subgroups.

4.4.3 Associations between STB and SBP morphometric parameters

The BV/TV showed region-specific positive associations with Pl.Th and negative with SBP
Pl.Po, whereas Pl.Th and Pl.Po were negatively associated. These regional findings numerically
support those from OA-induced mice and qualitative reports on non-OA humans (Botter et al.,
2011; Clark & Huber, 1990; Duncan et al., 1987). However, whereas STB microarchitecture
showed significant region-specific associations with SBP Pl.Th and Pl.Po, no significant asso-
ciations were detected for the values averaged over each condyle. That is, whereas for certain
regions a high (or low) BV/TV corresponded with high (or low) Pl.Th, the same cannot be
generalised for the entire tibia; tibial condyles with overall high average Pl.Th did not neces-
sarily also have overall high average BV/TV underneath. Similarly, region-specific, ’BV/TV vs
SBP Pl.Po’ (apart from one lateral condyle region of non-varus knees) and ’Pl.Th vs Pl.Po’ was
negatively associated. Pores in the SBP may provide communication pathways between the
STB and overlying cartilage by increased vascular invasion across the bone-cartilage interface
(Burr & Gallant, 2012). Region-specific changes (including sign) in Pl.Po with STB BV/TV,
if confirmed, could be linked to differences in vascular density within the underlying trabecular
region. Moreover, ’Pl.Po vs. Pl.Th’ was the only association being significant also for average
values, only in the medial compartment of varus knees; this means that in this cohort in OA,
tibiae which on average have a thicker subchondral bone plate in the medial condyle also have
lower plate porosity in that condyle. The SBP and STB are adjacent bone compartments;
however, they are architecturally different and animal models of post-traumatic OA show that
the time sequence of architectural changes occurring may differ between compartments from
early- to late-stage OA (Burr & Gallant, 2012; Florea et al., 2015; Li et al., 2013). Thus, if
linked to the disease, the region-specific variations in the strength (and perhaps sign) of the
aforementioned associations could reflect spatial differences in the stage of OA and/or regional
differences in the local mechanical and biochemical environments. Further work is required
to understand how bone microarchitecture responds due to differences in local environmental
factors and if the aforementioned associations in OA differ in a non-pathological joint.

The micro-CT method described is currently restricted to excised bone retrieved from TKR
surgery or from cadavers and impractical for in vivo application on humans, due to the high
radiation dose associated with high resolution scanning (Müller et al., 1996). The regional
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BV/TV measures reported in this study show similar distribution patterns as revealed for
proximal tibial BMD using clinical CT, in vivo on OA patients (Johnston et al., 2011). However,
in vivo measures of BMD alone cannot reveal localised microarchitectural changes in the
subchondral plate and subchondral trabecular compartment. Recent high-resolution peripheral
quantitative CT (HR-pQCT) imaging systems, which permit in vivo scanning of the proximal
tibia at up to 61 µm voxel size (Kroker et al., 2016), may in future be employed by adapting the
here described method for investigating regional subchondral bone microarchitectural changes
in knee OA.

There were limitations to this study. The cross-sectional study design meant that we could
not directly determine whether the observed regional heterogeneity in the tibial plateau is
characteristic only within the late-stage OA joint, or whether similar variations are present
also in non-diseased joints. Future work in our laboratory will apply this method to specimens
without OA, to investigate this question. Furthermore, as patient data was limited, we were
unable to delineate between patients with or without history of ligament injuries within the
examined joints. Ligament injuries have been linked with altered contact mechanics within the
tibial condyles (Andriacchi et al., 2009) and thus distribution of bone microarchitecture may
differ between patients whom have developed idiopathic or post-traumatic OA. Finally, we had
a limited sample size, particularly within the non-varus subgroup (n = 8) compared to varus
(n = 17). Some differences in the non-varus subgroup could be non-significant due to limited
statistical power in that cohort; to test for differences with alpha = 0.05 and power = 80%,
for a sought effect size of 1 standard deviation, n = 17 specimens would have been needed in
that cohort (Lieber, 1990). However, the ratio of varus to non-varus aligned joints examined
(17:8) is representative of the distribution in OA patients reported in literature (Burnett et al.,
2015; Niu et al., 2009) and despite the sample size significant differences were found for this
subgroup. A strength of this study was the examination of the entire intact tibial plateau,
from joints of known mechanical alignment, with micro-CT at high spatial resolution (17 µm
pixel size). This permitted, for the first time reported in the published literature, a systematic
mapping of subchondral bone microarchitecture in the SBP and STB regions of the human
tibial plateau in OA, achieved by examining multiple subregions within a dense grid within
each condyle without physically coring it, whilst preserving the intact specimen for further
examination (Zysset et al., 1994).

Concluding, we performed a systematic mapping of the bone microarchitecture in the corti-
cal subchondral bone plate and underlying trabecular bone, in entire human tibial plateaus
from 25 end-stage knee OA patients with and without varus joint alignment. By examining
each medial and lateral condyle in 11 subregions, significant microarchitectural differences in
the plate and the subchondral trabecular bone were revealed, within and between condyles,
which were affected by the mechanical axis. Moreover, region-specific significant associations
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between the subchondral plate thickness and plate porosity and the underlying subchondral
trabecular bone microarchitecture were detected, which in general were not captured when
considering only the values averaged for each condyle. As subchondral bone changes reflect
responses to local mechanical and biochemical factors within the joint, our results suggest that
joint alignment influences both the medial-to-lateral as well as the within-condyle distribution
of force across the tibia, generating corresponding local responses in terms of adaptation of
both the subchondral bone plate and subchondral trabecular bone microarchitecture. A sys-
tematic mapping of the 3D microarchitecture in the subchondral bone plate and the underlying
subchondral trabecular bone, and of the relationships between them, contributes to better un-
derstanding the bone changes occurring in pathologies affecting the human knee joint, such
as OA.
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Chapter 5

Study 2: Relationships between in
vivo dynamic knee joint loading,
static alignment and tibial
subchondral bone microarchitecture
in end-stage knee osteoarthritis
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The previous chapter (Chapter 4, Study 1) characterised, in 25 end-stage knee OA patients,
the spatial distribution of proximal tibia subchondral bone plate and subchondral trabecular
bone 3D microarchitecture. That study considered the influence of knee alignment, a static
marker of tibiofemoral joint forces, on subchondral bone microarchitecture, by comparing varus
and non-varus patient subgroups. The present chapter (Study 2) extends upon that work, ex-
amining relationships between dynamic joint load measures during gait (knee moments, joint
reaction forces), static alignment and subregional tibial subchondral trabecular bone microar-
chitecture. For exploring these relationships, four subchondral trabecular bone subregions of
interest have been considered within each tibial plateau (two each in the medial and lateral
tibial condyles). Analysis has been conducted in 25 end-stage knee osteoarthritis patients
(including a subset of 20 patients whom were investigated in Study 1).

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

Roberts BC, Solomon LB, Mercer G, Reynolds KJ, Thewlis D and Perilli E. Relationships
between in vivo dynamic knee joint loading, static alignment and tibial subchondral bone mi-
croarchitecture in end-stage knee osteoarthritis, Osteoarthritis and Cartilage. In revision. May
2017.
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Abstract:

Objective: To study, on end-stage knee osteoarthritis (OA) patients, relationships between
in vivo dynamic knee joint loads measured pre-operatively using gait analysis, static align-
ment, and the proximal tibial subchondral trabecular bone (STB) microarchitecture of their
excised knees quantified with 3D micro-CT.

Design: Twenty-five knee OA patients scheduled for total knee arthroplasty underwent pre-
operative gait analysis. Static alignment was determined radiographically. Following surgery,
excised tibial plateaus were micro-CT scanned and STB microarchitecture analysed in four
anatomical subregions of interest within the tibial condyles (anterior-medial, posterior-medial,
anterior-lateral, posterior-lateral). Regional differences in microarchitecture (repeated mea-
sures ANOVA and Bonferroni-adjusted paired t-tests) and relationships between joint loading
and microarchitecture (Pearson’s correlations with Benjamini-Hochberg correction; forward
stepwise regression) were explored.

Results: STB microarchitecture differed significantly among the four anatomical subregions
(p < 0.001), anterior-medially exhibiting highest bone volume fraction (BV/TV) and lowest
structure model index (SMI). Anterior-medial BV/TV and SMI correlated strongest with the
peak external rotation moment during early stance (ERM) (r = -0.74, r = 0.67, p < 0.01);
medial-to-lateral BV/TV ratios correlated most strongly with ERM (negatively) and mechanical
axis deviation (MAD, positively) (|r| range 0.57 – 0.74, p < 0.001). When controlling for the
walking speed, knee adduction moment and MAD, ERM explained an additional 30% and 16%
of the variation in AM BV/TV and medial-to-lateral BV/TV ratio (final model, adjusted R2

= 0.59, R2 = 0.65, p < 0.01).

Conclusions: Subregional STB microarchitecture was associated with dynamic knee joint loads
and static alignment; particularly, anterior-medial BV/TV with ERM. Reductions in ERM may
indicate increased stresses in the anterior-medial condyle, resulting in greater BV/TV and more
plate-like microarchitecture in this subregion.
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5.1 Introduction

Knee osteoarthritis (OA) is a debilitating disease affecting all tissues within the joint, including
bone. The subchondral bone is a mechanical shock absorber and protects the overlying artic-
ular cartilage from excessive joint loads (Madry et al., 2010). The compromised integrity of
subchondral bone plays an important role in the onset and progression of the disease (Madry
et al., 2010; Radin & Rose, 1986). In prospective studies, abnormal joint biomechanics that
are common in patients with knee OA (Astephen et al., 2008; Baliunas et al., 2002; Münder-
mann et al., 2005), have previously been associated with rate of radiographic progression of
the disease (Miyazaki et al., 2002; Sharma et al., 2001), and in cross-sectional studies have
been linked with pathological variations to joint structures (e.g. presence of cartilage defects
(Creaby et al., 2010) bone marrow lesions (Bennell et al., 2010), variations in subchondral
bone area (Creaby et al., 2010; Vanwanseele et al., 2010) and cartilage thickness (Andriacchi
et al., 2009)).

Abnormal in vivo joint loading, as indicated by the frontal plane knee adduction moment
(KAM) measured during gait, has been associated with local variations in bone mineral den-
sity (BMD) and mineral content (BMC) in the proximal tibia measured by dual X-ray ab-
sorptiometry (DXA) (Hurwitz et al., 1998; Thorp et al., 2006b; Wada et al., 2001). Also the
static knee alignment has been associated with the tibial subchondral BMD medial-to-lateral
ratio acquired with DXA (Thorp et al., 2006b; Wada et al., 2001). DXA, however, is a two-
dimensional technique which has limited spatial resolution and cannot differentiate between
cortical and trabecular bone, or among different subregions within the same condyle. Further-
more, it cannot quantify the bone microarchitecture, which has been shown to vary within the
tibia, in both healthy and pathological joints (Bobinac et al., 2003; Ding et al., 2003; Patel
et al., 2003).

To understand the degeneration of the subchondral bone in OA it is necessary to study its
micro-architecture. However, previous studies examining subchondral bone microarchitecture
on humans were restricted to thin histological slices or excised bone cores (Bobinac et al.,
2003; Ding et al., 2003; Patel et al., 2003). Nowadays, X-ray micro-computed tomography
(micro-CT) allows three-dimensional (3D) structural characterization of entire bone segments
including the tibial plateau, non-destructively and at high resolution (Ab-Lazid et al., 2014;
Perilli et al., 2012; Roberts et al., 2016). Moreover, to the best of our knowledge, those studies
exploring the bone microarchitecture did not examine gait or in vivo joint biomechanics data
from the same patients, to investigate possible relationships between these measures. Thus,
the associations between knee joint biomechanics and tibial subchondral trabecular bone (STB)
microarchitecture in OA, in the same patient, have not yet been explored. Through a better
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understanding of how joint loading is related to local changes in subchondral bone micro-
architecture in knee OA, it may be possible to better describe the role of both of these factors
in the disease.

The aim of this exploratory study was to examine, on end-stage OA patients undergoing total
knee arthroplasty, the relationships between in vivo dynamic knee joint loads measured pre-
operatively using 3D gait analysis (knee moments and peak tibiofemoral joint reaction forces),
static alignment (mechanical axis deviation, medial proximal tibial angle) and regional proximal
tibia subchondral bone microarchitecture of their excised knees quantified with 3D micro-CT.
While to date, much research has focused on relationships between static alignment, KAM
indices, and structural variations in the OA knee joint (Thorp et al., 2006b; Wada et al.,
2001), significant differences in rotational moments have been observed between OA patients
and controls (Astephen et al., 2008; Gök et al., 2002; Landry et al., 2007; Weidow et al., 2006).
We thus hypothesise that measures of static alignment and KAM indices, as well as the peak
rotation moments, will be significantly associated with subregional STB bone microarchitecture
in the examined end-stage knee OA joints.

5.2 Methods

5.2.1 Participants

Twenty-five (n = 25) adult patients with end-stage knee OA, scheduled for total knee arthro-
plasty, were recruited from the orthopaedics departments at the Royal Adelaide Hospital, Repa-
triation General Hospital and Burnside War Memorial Hospital in Adelaide, Australia (Table
5.1). The examined patient cohort included a subset of 20 patients whom were part of Study 1
(See Appendix A for further patient recruitment and study allocation details). In all patients,
indication for surgery was painful and symptomatic knee OA. Patients were excluded from this
study if: they were unable to walk unaided for 10 m; had a history of inflammatory arthritis;
had neurological disorders that would affect walking; had severe cardiovascular or pulmonary
disease; had isolated patellofemoral knee OA; or were unable to understand English. This
study received ethics approval from the Southern Adelaide Clinical and Royal Adelaide Hospi-
tal Human Research Ethics Committees. All patients provided written informed consent prior
to their involvement.
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Table 5.1: Physical characteristics of total knee arthroplasty patients

All OA Neutral-varus Valgus
(n = 25) (n = 18) (n = 7)

Age (years) 68± 7 67± 8 70± 6
Gender (male:females) 11:14 10:8 1:6
Affected limb (right:left) 13:12 9:9 4:3
Height (m) 1.66± 0.09 1.67± 0.10 1.64± 0.07
Body mass (kg) 91.6± 18.0 93.8± 18.2 86.0± 17.7
BMI (kg/m2) 32.9± 4.4 33.4± 4.2 31.8± 5.1
WOMAC (total) 56± 13 55± 13 59.5± 13.8
Pain 12± 2 12± 2 11± 2
Stiffness 6± 1 6± 1 6± 2
Function 39± 12 38± 12 42± 10
Kellgren-Lawrence (II:III:IV) 4:7:14 2:5:11 2:2:3
Walking speed (m/s) 0.70± 0.25 0.74± 0.23 0.60± 0.29
Knee moments (Nm/kg)
Knee flexion moment 0.35± 0.23 0.41± 0.22 0.18± 0.15
Knee extension moment -0.11± 0.29 -0.07± 0.27 -0.21± 0.34
First peak knee adduction -0.40± 0.23 -0.49± 0.18 -0.17± 0.20
Second peak knee adduction -0.39± 0.22 -0.45± 0.20 -0.23± 0.19
Knee adduction moment impulse 27.0± 14.2 31.7± 13.6 14.6± 6.4
External rotation moment 0.022± 0.023 0.010± 0.013 0.051± 0.012
Internal rotation moment -0.085± 0.079 -0.111± 0.074 -0.019± 0.039
Joint reaction force (BW) 3.02± 0.96 3.20± 0.93 2.57± 0.95
Static alignment
Mechanical axis deviation (mm) 9.2± 34.8 29.4± 18.7 -34.1± 14.9
Medial proximal tibia angle (°) 90.1± 2.7 91.0± 2.2 88.1± 2.7

Average ± standard deviation

5.2.2 Gait Analysis

Patients underwent pre-operative gait analysis within one week prior to surgery. Three success-
ful walking trials were collected with the patient walking at a self-selected speed and without
footwear along a 10 m walkway. 3D kinematics and ground reaction force data were collected
using 12 VICON MX-F20 cameras (Vicon Metrics, Oxford, UK) and four floor-embedded force
platforms (2 × 9281B, Kistler Instrument Corporation, Switzerland; 2 × AMTI BP400600,
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Advanced Mechanical Technology Inc., USA) at 100 Hz and 400 Hz, respectively. A lower-limb
marker set was used consisting of 40 retro-reflective markers placed on the subject’s pelvis and
lower limbs. Markers were placed over palpable anatomical landmarks to define the joints of
the lower limbs, and rigid clusters of four non-collinear markers were attached to the thighs and
shanks (Cappozzo et al., 1995). Marker trajectories and ground reaction forces were low-pass
filtered, using a zero-lag 4th order Butterworth filter with cut off frequency of 6 and 25 Hz,
respectively (Winter, 2009). The pose of the body segments was reconstructed using global
optimisation (Lu & O’Connor, 1999). The kinematic model (details in Thewlis et al. (2015))
consisted of a pelvis, two thighs, two shanks and two feet connected by six joints with 3, 2
and 2 degrees of freedom, respectively.

Walking velocity was calculated from kinematic data. The external joint moments were com-
puted using inverse dynamics following a recursive Newton-Euler method (Doriot & Chèze,
2004) in Visual3D (V5, C-Motion Inc., USA). The knee joint moments were expressed in the
shank coordinate system. The moments were normalised to body mass (Nm/kg) and reported
as the mean of the three successful trials per participant. Data were time normalised to 101
points representing 0 to 100% of the stance phase. The knee moments included the peak
knee flexion (KFM), peak knee extension during terminal stance (KEM), peak knee adduction
(KAM, first (KAM1) and second (KAM2) peaks), external (ERM) and internal rotation (ERM)
moments (Zabala et al., 2013). The KAM impulse, representing the area under the adduction
moment curve, was computed using the trapezoidal method across the entire stance phase.
The tibiofemoral total joint reaction force (JRF) was also computed using a musculoskele-
tal model based on the geometry of Delp et al. (1990) and as described in detail previously
(Thewlis et al., 2015). All JRF measures were computed using MATLAB and normalised to
body weights (R2013a, Mathworks, Inc., Natick, MA, USA).

5.2.3 Clinical and radiographic data

The Western Ontario & McMaster Universities Osteoarthritis Index (WOMAC) (5 point Likert-
type format) was completed by each participant during the biomechanics laboratory visit to
assess the degree of self-reported knee pain and functional limitation (Bellamy et al., 1988).
To quantify the mechanical alignment in the affected joint, the mechanical axis deviation
(MAD) and medial proximal tibial angle (MPTA) were measured from full-length anterior-
posterior weight-bearing radiographs by an experienced examiner (LBS). MAD is defined as
the perpendicular distance (in mm) from the knee joint centre to the mechanical axis, where
the mechanical axis is the line connecting the centre of the femoral head to the centre of the
ankle joint. Valgus alignment was defined as > 0 mm lateral deviation, neutral alignment
between 0-15 mm medial deviation and varus alignment as > 15 mm medial deviation (Paley,
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2002). The MPTA is defined as the medial angle between the anatomical axis of the tibia (line
from centre of the knee to centre of the ankle) and a line parallel to the tibial plateau surface.

5.2.4 Micro-computed tomography (micro-CT) imaging and morphometric
analysis

Following TKA surgery, tibial plateaus were retrieved and fixed in 70% ethanol solution. Each
tibial plateau was scanned with a desktop micro-CT system (Skyscan 1076, Skyscan-Bruker,
Kontich, Belgium) at 17.4 µm isotropic pixel size, source voltage 100 kVp, current 90 µA,
rotation step 0.4°over 180°rotation, exposure time 590 ms, 4 frames averaging and 0.5 mm-
thick aluminium filter for beam hardening reduction (Perilli et al., 2012; Roberts et al., 2016).
Prior to scanning, specimens were removed from the ethanol solution and individually wrapped
in cling-film. Scans were performed with the tibial plateau fixed on a carbon bed, with the
medial-lateral axis of each specimen aligned with the system’s rotation axis. For each specimen,
4997 consecutive cross-section images were reconstructed (86.9 mm length, slice thickness of
one pixel i.e. 17.4 µm) using a filtered back-projection algorithm, each image 3936 x 3936
pixels (68.5 x 68.5 mm) in size and saved in 8-bit grayscale format (NRecon software, v1.6.9.8,
Skyscan-Bruker, Kontich, Belgium). The cross-section images were then realigned such that
the anatomical superior-inferior axis of each plateau was aligned with the z-axis of the image
stack (DataViewer software, v 1.5.1.2, Skyscan-Bruker, Kontich, Belgium) (see Chapter 4
and Roberts et al. (2016) for further details).

In each tibial plateau image dataset, four cylindrical STB volumes of interest (VOI) were
selected within the load bearing regions of the tibial condyles; each VOI was centred within
the anterior or posterior halves of the medial and lateral condyles, which were defined by
elliptical regions (Fig. 6.1(a)): anterior-medial (AM), posterior-medial (PM), anterior-lateral
(AL) posterior-lateral (PL) VOI (Khodadadyan-Klostermann et al., 2004). The cylindrical VOIs
were of diameter 10 mm and minimum length 3 mm (to satisfy the continuum assumption of
trabecular bone (Harrigan et al., 1988; Tassani & Perilli, 2013)), maximum 5 mm, depending
on the specimen. The superior surface of each VOI was subjacent to the inferior surface of
the subchondral bone plate, extending distally towards the growth plate (Fig. 6.1(b)). Only
STB within the first 5 mm below the inferior subchondral bone plate was considered, as it
has been reported that microarchitectural differences in tibial condyles are most prominent
within this distance (Patel et al., 2003; Roberts et al., 2016). Each STB VOI was binarised
with uniform thresholding (Perilli et al., 2007a,b) and the following morphometric parameters
were calculated for each volume with software CT Analyser (v1.14.4.1): bone volume fraction
(BV/TV, %), trabecular thickness (Tb.Th, µm), trabecular separation (Tb.Sp, µm), trabecular
number (Tb.N, 1/mm) and structure model index (SMI) (Perilli et al., 2012; Roberts et al.,
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2016). BV/TV was calculated as the voxels segmented as bone within the VOI, divided by the
voxels constituting the examined VOI (Perilli et al., 2012). The Tb.Th, a 3D measure of the
average thickness of the trabeculae, and the Tb.Sp, a 3D measure of the mean distance between
the trabeculae, were both computed by using the local sphere fitting method (Hildebrand &
Rüegsegger, 1997a; Perilli et al., 2006). The Tb.N, the number of trabecular plates per unit
length (Parfitt et al., 1987), was calculated as is implemented in CT Analyser software (Tb.N
= (BV/TV)/Tb.Th) (Perilli et al., 2012, 2015b). The SMI describes the ratio of rod- to plate-
like trabecular structures, ranging in value from 0 (ideal plate-like structure) to 3 (ideal rod-like
structure), with intermediate values indicating a mixed structure (Hildebrand & Rüegsegger,
1997b; Perilli et al., 2006).

The medial (M) and lateral (L) condyle BV/TV were computed as the average BV/TV of
the anterior (A) and posterior (P) VOIs within each condyle. The BV/TV ratios between
subregions within each condyle (anterior-to-posterior, A:P) and between the condyles (medial-
to-lateral M:L) were also computed.

5.2.5 Statistics

A power analysis (software G*Power 3.1, Brunsbüttel, Germany (Faul et al., 2009)) indicated
that for a power = 0.8 and alpha = 0.05, a minimum sample size of 17 patients would be
necessary for detecting significant differences (effect size of 1 standard deviation) among STB
subregions and significant associations (effect size r = 0.6) between knee loading and STB
microarchitectural parameters.

Differences in morphometric parameters among the four regions (AM, PM, AL, PL) within the
tibia were assessed by using repeated measures ANOVA followed by paired t-test with Bonfer-
roni adjustment for multiple comparisons. Multiple ANOVAs were conducted, in place of a sin-
gle MANOVA test, due to strong interrelationships among morphometric parameters (r > 0.8).
Prior to ANOVA, all STB microarchitecture were tested for assumptions of multivariate nor-
mality and sphericity, with departures from sphericity corrected using the Greenhouse-Geisser
method.

Correlations, exploring for linear relationships between the STB subregional microarchitecture
parameters, BV/TV ratios, the dynamic joint loads and the knee alignment parameters were
examined using Pearson’s correlations. A Benjamini-Hochberg adjustment was then made
(false discovery rate = 0.05) to control for multiple testing (Benjamini & Hochberg, 1995).
To control for potentially confounding variables that influence the medial joint contact force,
or medial-to-lateral load distribution, stepwise multiple linear regression was used for predicting
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subregional BV/TV or M:L BV/TV ratio. Peak knee moments (KFM, KEM, KAM2, ERM,
IRM) were input as independent variables, and walking speed, MAD and KAM1 were consid-
ered, separately and together, as covariates (Adouni & Shirazi-Adl, 2014b; Kutzner et al., 2013;
Schipplein & Andriacchi, 1991). All STB microarchitecture and joint loading parameters were
tested for assumptions of normality (Shapiro-Wilks test), homogeneity of variance (Levene’s
test), linearity and homoscedasticity (scatter plot of residuals).

The analysis was first performed on all OA specimens grouped together. Then a secondary
analysis was performed subdividing the cohort in two subgroups: one presenting with neutrally
to varus aligned joints (constituting the "neutral-varus" subgroup, MAD > 0 mm) and one
with valgus aligned joints. The patient cohort was subdivided into a neutral-varus and a
valgus subgroup, rather than into a varus and non-varus subgroup (as per Study 1), because
the neutral-varus subgroup, whose patients all presented with medial compartment OA, enables
comparison with previous literature, as relationships between joint loading and proximal tibial
BMD were exclusively explored in medial knee OA patients (Thorp et al., 2006b; Wada et al.,
2001). Relationships for the valgus subgroup, to the best of our knowledge, are reported for
the first time. The significance level was set to p < 0.05. All statistical analysis were performed
using SPSS Statistics 22 (IBM Corp., Armonk, NY, USA).
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Figure 5.1: (a) 3D micro-CT image of an excised tibial plateau from a right knee (view from
top). The ellipses defining the medial and lateral tibial condyles are shown (dashed lines),
containing the location of the four subvolumes of interest (VOIs, two per condyle as indicated
by red circles) in the anterior-medial (AM), anterior-lateral (AL), posterior-medial (PM) and
posterior-lateral (PL) compartments; (b) 2D coronal micro-CT cross-section image of the tibial
plateau with medial and lateral boundaries of the ellipses indicated by red lines. The location
of the AM and AL VOIs, relevant to the subchondral bone plate, are indicated.

69



5 STUDY 2: KNEE JOINT LOADING AND BONE MICROARCHITECTURE

5.3 Results

Of the 25 patients recruited for this study, 15 patients exhibited varus, three neutral and seven
valgus joint alignment. For the secondary analysis, the neutral and the varus patients whom all
presented with medial knee OA were then merged, constituting the "neutral-varus" subgroup
(Table 5.1, n = 18). Two VOIs, one PM and one PL VOI from separate patients were excluded
from analysis, as these VOIs were too thin (height of VOI < 3 mm). Patient characteristics
and gait data are reported in Table 5.1 and Figure 5.2.

5.3.1 Subchondral trabecular bone microarchitecture

All OA specimens: When considering all specimens together, significant differences (ANOVA,
p < 0.001) in bone morphometric parameters were found among the four anatomical VOIs
(Fig. 5.3). The AM VOI had the highest BV/TV and Tb.N (up to +75% [45%, 104%] (mean
difference [95% confidence interval]) and +41% [22%, 59%]), respectively) and lowest SMI
(up to -69% [-36%, -68%]) compared with the other regions, with largest differences to the AL
VOI (Fig. 5.4). AM Tb.Th was higher (up to +26% [16%, 36%]) and AM Tb.Sp lower (up
to -25% [-15%, -35%]) compared with the AL and PL VOIs. On the other hand, the AL and
PL VOIs showed no significant differences among each other, in any morphometric parameter.

Subgroups: In the neutral-varus subgroup, the AM and PM VOIs compared with AL and PL
had significantly higher BV/TV (up to +124% [102%, 145%], almost double the difference
compared to all the specimens taken together), whereas in the valgus subgroup BV/TV did
not differ significantly. Similar observations were made for SMI and trabecular indices (Fig.
5.3).
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Figure 5.2: Average external knee moment curves and standard deviation (shaded area) over
the stance phase of the gait cycle for all knee OA patients (n = 25). Reported peak knee
moments are highlighted: KFM: knee flexion moment, KEM: knee extension moment, KAM1,
KAM2: first and second peak knee adduction moments, ERM: external rotation moment, IRM:
internal rotation moment
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Figure 5.3: Univariate scatter and box and whisker plots reporting values of 3D subchondral
trabecular bone morphometric parameters in the four subregions of interest within the proximal
tibial plateau, for All OA, for the neutral-varus and valgus subgroups. Boxplots report median
and interquartile range (IQR, first and third quartiles). Whiskers represent minimum and
maximum datum within 1.5 x IQR. AM: anterior-medial, AL: anterior-lateral, PM: posterior-
medial, PL: posterior-lateral. Significant differences among the regions are indicated by lines
(p < 0.05, paired t-test with Bonferroni adjustment).
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Figure 5.4: 3D micro-CT images of the cylindrical subchondral bone volumes examined (10
mm diameter, 3 mm length), (a) specimen from the AM subregion showing high BV/TV and
plate-like structure (BV/TV = 42%, SMI = 0.4); (b) specimen from the AL subregion showing
low BV/TV and mainly rod-like structure (BV/TV = 13%, SMI = 2.2).

5.3.2 Relationships between joint loading and tibial subchondral trabecular
bone microarchitecture

All OA specimens: On the entire OA cohort, measures of joint loading were significantly (p
< 0.05) correlated with regional tibial 3D microarchitectural parameters (Fig. 5.5). Among
these, the ERM was most strongly correlated with medial STB microarchitecture, in particular
negatively with AM BV/TV (r = -0.74 [-0.48, -0.88], Fig. 5.8(a)), M BV/TV (r = -0.69
[-0.40, -0.85]) and positively with the AM SMI (r = 0.67 [0.38, 0.84]). The MAD correlated
significantly with STB microarchitecture in the lateral VOIs, most strongly with BV/TV (PL,
r = -0.71 [-0.40, -0.87], Fig. 5.8(c); L, r = -0.71 [-0.41, -0.87]; AL, r = -0.68 [-0.36, -
0.85]). Remaining loading indices were not significantly associated with any microarchitectural
parameter, except for KEM which strongly correlated with AL Tb.Sp and Tb.N (r = 0.72 [0.45,
0.87], and r = -0.57 [-0.22, -0.78], respectively).

Subgroups: For both the neutral-varus and valgus subgroups, associations between joint load-
ing and subregional microarchitectural parameters were in general weaker than those for all
OA patients, and all were non-significant (n.s.) statistically (Fig. 5.6 and Fig. 5.7). For
neutral-varus, although non-significant, ERM was the parameter with highest r-value for asso-
ciations with subregional BV/TV ("AM BV/TV vs. ERM", r = -0.54 [-0.10, -0.81], n.s.; Fig.
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5.8(b)). In valgus, r-value was highest for MAD with PL SMI (r = 0.93 [0.80, 0.98], n.s.) and
L BV/TV (r = -0.87 [-0.65, -0.96], n.s.).

5.3.3 Relationships between knee joint loading and tibial condyle BV/TV
ratios among subregions

All OA specimens: For the entire cohort, measures of knee joint loading significantly corre-
lated with BV/TV ratios among subregions (Fig. 5.5). Medial-to-lateral BV/TV ratios (M:L,
AM:PL, PM:AL and PM:PL ratios) were most strongly associated, negatively with ERM and
positively with MAD. The strongest correlations were "M:L BV/TV vs. ERM" and "M:L
BV/TV vs. MAD" (r= -0.74 [-0.48, -0.88] and 0.74 [0.45, 0.88], Fig. 5.8(e) and 5.8(g)); for
all other ratios, |r| range: 0.57 to 0.71, p < 0.05 for all). The M:L BV/TV ratio was also
significantly associated with, in order of descending strength, the KAM1, KAM, KAM2, IRM
and the KAM impulse (|r| range: 0.54 to 0.60). No significant associations were observed
between measures of joint loading and AM:PM BV/TV or AL:PL BV/TV subregional ratios.

Subgroups: All associations between joint loading and subregional bone volume ratios, in OA
subgroups, were non-significant statistically (Fig. 5.5). Notably, in neutral-varus, associations
between M:L BV/TV and ERM, MAD and KAM indices (KAM, KAM1, KAM2, KAM impulse)
were weak ("M:L BV/TV vs. ERM", r = -0.31 [-0.68, 0.17], Fig. 5.8(f); "M:L B/TV ratio
vs. MAD", r = 0.12 [-0.42, 0.59] Fig. 5.8(h); "M:L BV/TV ratio vs. KAM1, r = -0.30
[-0.67, 0.19], all n.s.); in valgus, r-values for these associations were of moderate strength, and
non-significant statistically (|r| range 0.35 – 0.68, n.s.). In valgus, the r-value was highest for
association "ERM vs. PM:PL" (r = -0.95 [-0.86, -0.98], n.s.).

5.3.4 Multiple regression analysis

ERM was the only loading parameter to enter regression models, for prediction of AM BV/TV
or M:L BV/TV ratio, when controlling for walking speed, MAD and KAM1 or a combination
of these variables (Table 5.2). After controlling for confounding variables, ERM explained an
additional 28% to 50% of the variance in AM BV/TV (final model, adjusted R2 = 0.59, p =
0.001), and between 16% to 24% of the variance in M:L BV/TV ratio (final model, adjusted
R2 = 0.65, p < 0.0005).
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Figure 5.8: Scatter plot and best fit line for Pearson’s correlations: (a,b) "AM BV/TV vs.
ERM", (c,d) "PL BV/TV vs. MAD", (e,f) "M:L BV/TV vs. ERM", (g, h) "M:L BV/TV vs.
MAD", for (graphs on left) all OA, (graphs on right) subdivided into neutral-varus and valgus
subgroups.
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5.4 Discussion

This study performed, on the same patient, a combination of 3D gait analysis and micro-CT
imaging to investigate relationships between knee joint loading and regional measurements
of proximal tibial subchondral trabecular bone microarchitecture in end-stage knee OA. The
STB microarchitecture differed significantly among condylar regions, with highest BV/TV and
more plate-like structure anterior-medially; it was significantly associated with in vivo measures
of dynamic knee loading during early stance, as well as with static joint alignment. When
considering the entire cohort, the STB microarchitecture in the medial condyle, particularly in
the AM compartment, was most strongly associated with ERM. Laterally it was most strongly
associated with MAD. The M:L BV/TV subregional ratios were also significantly and most
strongly associated with ERM and MAD. Moreover, the ERM explained a significant amount
of variation in AM BV/TV and M:L BV/TV ratio, also after controlling for the potentially
confounding variables, such as walking speed, MAD and KAM1.

The overall strongest associations between loading and STB microarchitecture were found for
"ERM vs. AM (and M) BV/TV" and "ERM vs. AM SMI", with a positive and negative sign,
respectively, supporting our hypothesis to detect significant associations between the rotation
moments and subregional STB microarchitecture. This finding means that a lower ERM corre-
sponds with higher bone volume fraction and more plate-like architecture in the AM condyle,
which is also the anatomical location where BV/TV was highest and SMI lowest in the present
OA series (Fig. 5.3). Moreover, ERM was the only loading parameter to enter a regression
model, to predict AM BV/TV, when controlling for loading indices that may influence medial
joint load (Kutzner et al., 2013). Previous studies reported either significantly lower ERM in
OA patients (Landry et al., 2007) or no significant differences compared with controls (Kauf-
man et al., 2001). However, these did not investigate the bone microarchitecture. Other
studies documented higher medial condyle BV/TV in OA subjects compared with a control
group, however, no gait analysis was performed (Ding et al., 2003; Patel et al., 2003). Hence,
to the best of the authors’ knowledge, this study is the first to explore associations between
peak rotation moments and regional variations in joint bone microarchitecture in the same
patient. Taken together, reductions in ERM may be indicative of increased stress concentra-
tions in the anterior-medial condyle that, in part, explain higher BV/TV and more plate like
microarchitecture in this region, as an adaptation of the bone to increased compartmental
mechanical loads (Turner, 1998).

The overall strongest associations between joint loading parameters and BV/TV ratios among
subregions were found for "ERM vs M:L BV/TV" and "MAD vs. M:L BV/TV", followed
by associations with the knee adduction moments (KAM, KAM1 and KAM2) and the KAM
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impulse. These findings for the MAD and KAM are consistent with previous reports on as-
sociations with proximal tibia BMD ratios (analogous with the BV/TV ratios reported here)
(Thorp et al., 2006b; Wada et al., 2001), while the stronger associations "MAD vs. BV/TV
subregional ratios" compared with "KAM vs. BV/TV subregional ratios" are consistent with
previous findings using BMD (Thorp et al., 2006b). As the MAD and KAM indices may re-
flect the medial-to-lateral distribution of joint load across the tibial condyles during the stance
phase of gait (Adouni & Shirazi-Adl, 2014b; Schipplein & Andriacchi, 1991), the variation
in subchondral trabecular BV/TV subregional ratios with differences in joint alignment likely
demonstrates an adaptation of the subchondral bone in response to variations in partitioning
of joint loads. The MAD was also the parameter most strongly correlated with lateral STB
microarchitecture, particularly with PL BV/TV, Tb.Th and Tb.N. A higher MAD, indicator of
a higher M:L distribution of joint loads, may at least in part, be a result of decreased joint loads
upon the lateral tibial condyle with a shift towards the medial condyle; this consequently may
result in lower bone volume in the lateral region, characterised by thinner and fewer trabeculae,
as shown here.

When subsequently examining either the neutral-varus or the valgus subgroup, associations
between joint loading and BV/TV ratios were generally weaker, and were non-significant sta-
tistically compared with the entire OA cohort, likely as a consequence of limited sample size.
Notably, in neutral-varus, associations between frontal plane loading indices (KAM and MAD)
with M:L BV/TV ratios were all weak. This finding suggesting that the associations between
these loading parameters and subregional BV/TV ratios detected in the entire OA cohort are
driven by large variations in mechanical alignment from varus to valgus within the examined
joints.

The link between reduced ERM and higher medial BV/TV, possibly indicating increased medial
joint stresses, is unclear. Knee moments and joint kinematics are closely related (Andriacchi
& Dyrby, 2005), thus variations in ERM may reflect altered rotation mechanics that result
in shifts in joint contact regions to areas of unconditioned cartilage (Andriacchi et al., 2009).
This shift in joint loads may lead to degenerative changes within the articular cartilage and
to increased load transfer to the underlying STB structure. Alternatively, the ERM may be a
surrogate measure for peak AM compartment stresses, as the ERM during early to midstance
is potentially coincident with peak contact stresses in the AM subregion during this period
(Adouni & Shirazi-Adl, 2014a; Liu et al., 2010). Moreover, a reduced ERM could be related
to an increased muscle co-contraction in knee OA during the load-bearing period of stance,
resulting in increased compressive forces upon the tibial condyle (Childs et al., 2004; Zeni
et al., 2010). Regardless of what exactly ERM might represent, it was the loading parameter
most strongly associated with variations in medial compartment STB microarchitecture and
only loading parameter that explained significantly greater variations in AM BV/TV and M:L
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BV/TV ratio, when controlling for KAM1 and/or MAD. Thus, further exploration is warranted
for understanding the contribution of the full 3D knee moments, including the ERM, in the
progression of knee OA.

Finally, the JRF was not significantly associated neither with subregional measures of STB mi-
croarchitecture, nor with BV/TV subregional ratios. One reason for this absence of significant
associations may be due to the used musculoskeletal model computing the overall JRF, rather
than medial or lateral condyle-specific JRF, hence not giving a measure of the M:L load distri-
bution. Furthermore, the model assumes non-pathological muscle activation patterns, thus not
accounting for differences in loading that may be due to variations in muscle activity in knee
OA (Heiden et al., 2009). We don’t exclude that by using models computing a condyle-specific
JRF and that are driven with patient-specific EMG data, different relationships between JRF
and subregional bone microarchitecture could be found.

Interestingly, in the present OA series, females accounted for 6 of 7 valgus-aligned joints.
This supports results from a large multicentre study documenting higher incidences of valgus-
joint alignment in females than in males (Wise et al., 2012). These gender-related differences
are suggested to be a consequence of anatomical differences in the pelvis and lower limb,
resulting in altered knee loading (Wise et al., 2012). Given potential differences in knee joint
biomechanics between men and women, whom were pooled in this study, it cannot be excluded
that gender may have influenced the relationships observed herein. Further exploration on the
effect of gender, considering appropriate sample size, in future is thus warranted.

There were limitations to this study. Importantly, it is unclear whether joint loading indices
reported are reflective of knee loads that occur during earlier stages of the disease, and that
may have influenced resultant bone microarchitecture observed within this study. Moreover,
examined bone are from end-stage OA where other factors, apart from loading, including age,
genetics, or the local biochemical environment in the presence of bone sclerosis, can effect
subchondral bone metabolism (Li et al., 2013). Furthermore, due to the cross-sectional study
design, we could not determine whether the revealed relationships between joint loading and
STB microarchitecture are characteristic only within the end-stage OA joints examined, or
whether these are present in the earlier stages of the disease, or within non-pathological joints.
Micro-CT cannot currently be applied in vivo on human knees for characterisation of STB
microarchitecture, thus this study was restricted to patients with end-stage knee OA who un-
derwent total knee arthroplasty. However, recent high-resolution peripheral quantitative CT
(HR-pQCT) imaging systems, permitting in vivo examination of proximal tibial STB microar-
chitecture with 61 µm voxel size (Kroker et al., 2016), may in future be employed to examine
the above relationships, in early OA and non-pathological joints. HR-pQCT may also be use-
ful for examining whether longitudinal changes in STB microarchitecture can be explained by
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baseline measures of joint loading. Moreover, we did not study articular cartilage morphology,
for example cartilage thickness, which is important in load transfer across the tibiofemoral
joint. Finally, we suggest that these results, in particular for ERM, be interpreted with some
caution as poor measurement reliability has been documented for the rotation moment during
the early stance phase of gait (Robbins et al., 2013). A strength of this study is the com-
bination of micro-CT and gait analysis, on the same patient. This permits examination of
the subchondral trabecular bone microarchitecture in specific subregions of the proximal tibial
plateau, where microarchitectural changes in the STB are most evident in OA, combining them
with measures of joint loading, moments and static alignment of the same subject. Moreover,
as the micro-CT examination was performed on entire tibial plateaus without coring them,
these are preserved intact for further examination (Roberts et al., 2016).

Concluding, this study demonstrates that dynamic and static markers of knee joint load-
ing are significantly associated with regional variations in 3D subchondral trabecular bone
microarchitecture in end-stage knee OA. Medial condyle STB microarchitecture, in particu-
lar in the anterior-medial compartment, the region with highest BV/TV and more plate like
micro-architecture, was most strongly correlated with the ERM; while laterally, STB microar-
chitecture was most strongly associated with static alignment (MAD). Furthermore, in all OA,
the ERM and MAD were strongly associated with the medial-to-lateral BV/TV ratios. Future
work is required to establish possible causal relationship between the 3D knee moments and
knee alignment with subregional changes in the proximal tibia STB microarchitecture. Over-
all, these results suggest that the ERM may thus be useful as a surrogate measure of peak
anterior-medial compartmental stresses that occur in this region during early to midstance, or
of the medial-to-lateral distribution of joint loads, as indicated by the bony response.
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The previous chapter (Chapter 5, Study 2) determined, in end-stage knee OA patients, the
relationships between in vivo dynamic knee joint loads during gait, static alignment, and prox-
imal tibia STB microarchitecture in the affected joint. Analysis was performed in all knee
OA patients recruited and then separately in patient subgroups whom were stratified by de-
gree of static alignment ("neutral-to-varus" and "valgus"-aligned patient subgroups). The
present chapter (Study 3) extends upon that work, stratifying all OA patients into subgroups
as determined from the peak knee moments representing dynamic markers of joint load dur-
ing walking. Joint loads and subchondral trabecular bone microarchitecture have then been
compared among identified subgroups.

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

Roberts BC, Solomon LB, Mercer G, Reynolds KJ, Thewlis D and Perilli, E 2017 Joint loading
and proximal tibia subchondral trabecular bone microarchitecture differs with walking gait pat-
terns in end-stage knee osteoarthritis. Osteoarthritis and Cartilage. doi: 10.1016/j.joca.2017.06.001.
In press.
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Abstract:

Objectives: (1) To identify subgroups with distinct walking gait patterns in end-stage knee
osteoarthritis (OA) patients; (2) to compare measures of joint loading and proximal tibia
subchondral trabecular bone (STB) microarchitecture among them.

Design: Twenty-five knee OA patients scheduled for total knee arthroplasty underwent gait
analysis. Following surgery, excised tibial plateaus were micro-CT scanned and STB microar-
chitecture analysed in four tibial condylar regions of interest. Peak knee moments were input to
k-means cluster analysis, to identify subgroups with homogeneous gait patterns. Joint loading
and STB microarchitecture parameters were compared among subgroups (Kruskal-Wallis and
Bonferroni-corrected Mann-Whitney U-tests).

Results: Three gait subgroups were revealed: biphasics (n = 7), flexors (n = 9), counter-
rotators (n = 9). Peak knee adduction moment (KAM) and KAM impulse were significantly
higher (p < 0.05) in biphasics than in flexors and counter-rotators (KAM = -0.65, -0.40 and
-0.21 Nm/kg, respectively), suggesting a higher medial-to-lateral tibiofemoral load ratio in
biphasics. Interestingly, STB medial-to-lateral bone volume fraction ratio was also significantly
higher in biphasics and flexors than in counter-rotators (2.15, 1.92 and 1.04, respectively);
however, it was not significantly different between biphasics and flexors.

Conclusions: Despite higher indices of KAM in biphasics, subregional subchondral bone mi-
croarchitecture did not differ among OA patients with flexor and biphasic gait patterns; sug-
gesting that, between these subgroups, there may be different mechanisms for generating
comparable (non-differing) loads upon the tibial plateau, indicated by corresponding bony re-
sponse. Future work may explore the utility of identifying distinct walking gait patterns for
identifying, and improving management of, persons at risk for developing knee OA.
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6.1 Introduction

Knee osteoarthritis (OA) is a multifactorial disease in which the local mechanical environment
is implicit in the initiation and development of the pathology (Griffin & Guilak, 2005). OA is
commonly associated with cartilage breakdown; however, OA also affects the underlying bone,
altering the subchondral bone structure (Loeser et al., 2012). The subchondral bone plays an
important role as a mechanical shock absorber of the joint (Imhof et al., 1999).

Peak joint loads during gait are associated with progression of knee OA (Miyazaki et al.,
2002). Conservative treatments attempt to delay progression of knee OA by aiming at re-
ducing the external knee adduction moment (KAM) or KAM impulse, surrogate markers for
compartment-specific (medial-to-lateral) joint loads, during walking gait. However, the inter-
individual responses to conservative treatments are highly variable, and in some patients the
use of these treatments, for example prescription of lateral wedge insoles, have resulted in a
paradoxical increase in the KAM (Chapman et al., 2015; Hinman et al., 2012). Moreover, to
date, these interventions do not appear to attenuate disease related changes in joint structures
(Bennell et al., 2011; Pham et al., 2004). Such undesirable outcomes, it is suggested, may be
a consequence of heterogeneity within the knee OA cohort to whom the intervention has been
applied (Arnold et al., 2015). A stratification of the knee OA population into more homoge-
neous subgroups may enable identification of individuals likely to exhibit a desirable treatment
response. A subgrouping based on biomechanical features could also aid in the development
of novel treatments or early identification of populations susceptible to knee OA.

Previous research has identified distinct walking gait patterns in knee OA patients (Levinger
et al., 2012; Smith et al., 2004). However, whether joint loading indices (KAM, KAM impulse
and static alignment) also vary among different walking gait patterns in knee OA has not yet
been explored. Moreover, structural bone changes in the affected joint, including variations in
bone mass, have been associated with variations in joint loads (Creaby et al., 2010; Thorp et al.,
2006b). Whether the subchondral trabecular bone (STB) microarchitecture varies among gait
patterns in OA, however, is still unknown. Subchondral bone adapts to its local mechanical
environment (Turner, 1998). Hence, comparing proximal tibia STB microarchitecture among
gait subgroups may provide insights into the loading history of the corresponding joints.

The aims of this study, in end-stage knee OA patients undergoing TKA, were (1) to identify
patient subgroups with distinct walking gait patterns; and (2) to examine whether in vivo knee
joint loading indices and STB microarchitecture of their excised tibial plateau differ among
these gait subgroups. We hypothesised that those knee OA gait subgroups exhibiting higher
KAM measures and greater varus knee alignment will also exhibit higher medial-to-lateral STB
volume fraction (BV/TV) ratios.
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6.2 Methods

6.2.1 Participants, gait analysis, clinical and radiographic data, and micro-CT
and morphometric analysis

The analysis conducted in this study (Study 3) is a continuation upon the research conducted
in Study 2 (Chapter 5). Methods for patient recruitment, gait analysis, collection of clinical
and radiographic patient data, micro-CT imaging and morphometric analysis of the excised
tibial plateaus are described in detail in Chapter 5, Sections 5.2.1 to 5.2.4.

The same cohort of 25 end-stage knee OA patients recruited for Study 2 were used in the
present study (age 68 ± 7 years, BMI 32.9 ± 4.4 kg/m2), with patient characteristics and
gait parameters for all patients reported in Table 5.1. The examined patient cohort included
a subset of 20 patients whom were part of Study 1 (See Appendix A for further patient
recruitment and study allocation details).

Knee loading indices of interest include the peak knee moments and joint reaction force (JRF),
from 3D gait analysis, and measures of static alignment, from full-length anterior-posterior
pre-operative radiographs (Table 5.1). The knee moments included the peak knee flexion
(KFM), peak knee extension during terminal stance (KEM), peak knee adduction (KAM, first
(KAM1) and second (KAM2) peaks), internal (IRM) and external rotation (ERM) moments
(Zabala et al., 2013) and the KAM impulse, representing the area under the adduction moment
curve. Measures of static alignment included the mechanical axis deviation (MAD) and medial
proximal tibia angle (MPTA).

The following morphometric parameters were calculated for each of four volumes of interest
within the condyles of each tibial plateau specimen (Fig. 6.1): bone volume fraction (BV/TV,
%), structure model index (SMI, unitless), trabecular thickness (Tb.Th, µm), trabecular sep-
aration (Tb.Sp, µm) and trabecular number (Tb.N, 1/mm). Details for explanation of these
morphometric parameters are given in Chapters 2, 4 and 5.

6.2.2 Cluster Analysis

Principal component analysis (PCA) followed by k-means cluster analysis was performed (Kul-
mala et al., 2013), to stratify the knee OA subjects into relatively homogeneous subgroups,
based on their walking gait knee kinetic parameters. The parameters selected as input for PCA
included the full 3D knee moments: KFM, KEM, peak KAM (KAM1 or KAM2), ERM and
IRM. Prior to PCA, all variables were uniformly normalized into the range [0, 1]. The first three
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principal components that described more than 85% of the data variance were then taken as
input for cluster analysis. K -means cluster analysis was performed for sorting participants into
between two and four subgroups. To determine the appropriate number of clusters for fur-
ther analysis, silhouette plots and mean silhouette values were evaluated (Rousseeuw, 1987).
Subgroup classifications were defined by examination of the sagittal or transverse knee joint
moment profiles in each subgroup. All PCA and cluster analyses were performed in MATLAB
(2014b, Mathworks, Inc., Natick, MA, USA).

6.2.3 Statistical Analysis

Differences among the gait subgroups in subject characteristics, gait parameters and STB mi-
croarchitecture were tested with non-parametric Kruskal-Wallis tests, followed by a Bonferroni
corrected Mann-Whitney U-test when significant. The significance level was set to p < 0.05.
All statistical analysis were performed using SPSS Statistics 22 (IBM Corp., Armonk, NY,
USA).
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Figure 6.1: (a) 3D micro-CT image of an excised tibial plateau from a right knee (view from
top). The ellipses defining the medial and lateral tibial condyles are shown (dashed lines),
containing the location of the four subvolumes of interest (VOIs, two per condyle as indicated
by red circles) in the anterior-medial (AM), anterior-lateral (AL), posterior-medial (PM) and
posterior-lateral (PL) compartments; (b) 2D coronal micro-CT cross-section image of the tibial
plateau with medial and lateral boundaries of the ellipses indicated by red lines. The location
of the AM and AL VOIs, relevant to the subchondral trabecular bone, are indicated.

6.3 Results

K -means cluster analysis was completed for values of k = [2, 3, 4]. Mean silhouette values were
0.566, 0.561 and 0.565 for respective values of k. A model with three clusters was selected,
as all silhouette values were positive and group sizes remained suitable for further analysis (n
> 6). Patients were clustered into a biphasic (7 patients), a flexor-dominant (9 patients) or
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a counter-rotation gait pattern subgroup (9 patients) (Fig. 6.2). The patient characteristics
for the subgroups are summarized in Table 6.1. The biphasic gait pattern exhibited large
excursions of the sagittal plane knee moment curve, starting from extension into flexion and
then returning to extension in terminal stance. In the flexor gait pattern, the moment curve
traverses from extension during the loading response, into flexion, where it remains for the
duration of stance. Biphasic and flexor gait patterns were consistent with definitions described
previously (Kulmala et al., 2013; Smith et al., 2004). Counter-rotators, meanwhile, exhibited
a biphasic flexor-extensor knee moment curve with a lower peak flexion moment, compared
with the biphasic pattern. In addition, the transverse knee moment curve of counter-rotators
remained in external rotation throughout stance. The overall load at the knee was lower for
the counter-rotators relative to the other classifications.

6.3.1 Comparison in loading indices among gait subgroups

No statistically significant differences in patient characteristics (e.g. age, height, BMI) or in
WOMAC data were found among subgroups (Table 6.1). Patients with valgus joint alignment
(MAD < 0 mm) were exclusively identified as counter-rotators (7 of 9 patients in that sub-
group), while patients with varus alignment (MAD > 15 mm (Paley, 2002; Roberts et al.,
2016)) were predominantly in the biphasic and flexor subgroups. Loading indices differed sig-
nificantly among subgroups (p < 0.05, Table 6.2). The KAM1, KAM2, KAM impulse and IRM
were significantly higher in biphasic than in flexor and counter-rotator patients (KAM1 = -0.65,
-0.40 and -0.21 Nm/kg; KAM impulse = 43.8, 25.6 and 15.2 Nm.s/kg, respectively; Fig. 6.3).
Flexor patients also exhibited higher KAM1, KAM impulse and IRM than counter-rotators.
Biphasic and flexor subgroups exhibited significantly lower ERM and higher MAD (indicating
greater varus alignment) compared with counter-rotators (MAD = 40.8, 21.4 and -21.4 mm,
respectively; Fig. 6.3). MAD also tended to be higher in biphasic compared with the flexor
subgroup (p = 0.16). Knee excursion during the loading response was significantly lower in
counter-rotators than in biphasics (Fig. 6.4). Flexors also exhibited lower knee excursion,
though not significantly so, compared with biphasics (p = 0.15). No significant differences
in peak KFM or KEM were detected among the gait subgroups, despite the unique sagittal
plane moment curves that were identified. Also, no significant differences in JRF were de-
tected, though there was a trend for higher forces in the biphasic subgroup compared with the
counter-rotators (p = 0.07).
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6.3.2 Comparison in morphometric parameters among gait subgroups

The STB microarchitectural parameters differed significantly among gait subgroups (Table
6.3). Whereas biphasic and flexor subgroups had significantly (up to +48%) higher medial (AM
and M) BV/TV compared with counter-rotators, counter-rotators had (up to +29%) higher
lateral (AL and PL) BV/TV than the biphasic subgroup and a similar trend compared to the
flexor subgroup (Fig. 6.5). Similarly, differences in regional measures of SMI were also found
among subgroups (Table 6.3), with the biphasic and flexor group, medially, showing smaller
SMI values (more plate-like structure) and a trend towards higher Tb.Th (thicker trabeculae)
compared to the counter-rotators; laterally, it was the counter-rotator having smaller SMI
values and a higher Tb.Th.

Biphasic and flexor subgroups also had significantly greater medial-to-lateral BV/TV ratios
(M:L, AM:AL, AM:PL and PM:AL, range 1.88-2.51) compared with counter-rotators, which
had ratios closer to unity (range 0.95–1.27, Table 6.3, Fig. 6.5). PM:PL BV/TV ratio was
significantly higher (more than double) in biphasic subjects with a similar trend in flexor,
compared with counter-rotators. No significant differences were detected for A:P BV/TV
ratios among subgroups. Interestingly, between biphasic and flexor subgroups, no significant
differences were detected, neither in STB microarchitecture nor in BV/TV ratios.
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Table 6.1: Summary of patient characteristics and WOMAC data for the gait subgroups in
knee osteoarthritis (OA)

OA gait subgroups

Biphasic Flexor Counter-Rot.
Parameters (n = 7) (n = 9) (n = 9)

Patient characteristics
Age (years) 67.7± 6.9 66.0± 9.5 69.3± 5.2
Height (m) 1.70± 0.08 1.64± 0.11 1.65± 0.07
Body mass (kg) 98.8± 12.5 87.8± 22.5 90.1± 16.9
BMI (kg/m2) 34.1± 3.9 32.0± 4.1 33.1± 5.4
Male:Female 5:2 4:5 2:7
Varus:Neutral:Valgus+ 5:1:0 5:2:0 1:1:7
Kellgren-Lawrence (II:III:IV) 0:0:7 2:5:2 2:3:4
WOMAC
Pain 11.6± 3.4 11.6± 1.8 11.5± 2.2
Stiffness 5.4± 0.9 5.6± 0.9 6.0± 1.0
Function 39.4± 14.6 34.8± 11.9 44.0± 11.8
Total 56.4± 18.5 52.0± 11.0 61.5± 13.2

Data presented as average ± standard deviation. BMI: body mass index; +Mechanical align-
ment data was available for only 22 of 25 knee OA subjects, its subdivision was performed
according to the mechanical axis deviation (MAD, see Table 2), into varus (MAD > 15 mm),
neutral (0 – 15 mm), valgus (< 0 mm) alignment.
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Figure 6.2: Average 3D knee moment curves and standard deviation (shaded area, pink:
biphasic, blue: flexor, yellow: counter-rotators) for each gait subgroup in knee osteoarthritis
(OA). Statistically significant differences in peak knee moments among subgroups are indicated
(p < 0.05): B – compared with biphasic, F – compared with flexors, C – compared with counter
rotators. 95
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Table 6.2: Summary of kinematic and joint loading parameters for the gait subgroups in knee
osteoarthritis (OA)

OA gait subgroups

Biphasic Flexor Counter-Rot.
Parameters (n = 7) (n = 9) (n = 9)

Knee excursion, LR (°) 9.55± 2.67C 6.74± 3.93 4.15± 2.02
Knee moments (Nm/kg)
Knee flexion moment, KFM 0.50± 0.16 0.29± 0.30 0.18± 0.30
Knee extension moment, KEM -0.16± 0.29 -0.03± 0.28 -0.16± 0.31
Knee adduction moment 1st peak, KAM1 -0.65± 0.17F,C -0.40± 0.08C -0.21± 0.19
Knee adduction moment 2nd peak, KAM2 -0.67± 0.13F,C -0.34± 0.08 -0.24± 0.17
External rotation moment, ERM 0.012± 0.005C 0.002± 0.008C 0.049± 0.012
Internal rotation moment, IRM -0.188± 0.053F,C -0.076± 0.019C -0.015± 0.036
KAM impulse (Nm.s/kg) 43.8± 11.9F,C 25.6± 8.0C 15.2± 5.9
Joint Reaction Force, JRF (BW) 3.62± 1.06 3.03± 0.83 2.55± 0.83
Static alignment
Mechanical axis deviation, MAD (mm) 40.8± 18.9C 21.4± 11.1C -21.4± 30.5
Medial proximal tibial angle, MPTA (°) 91.7± 2.7 90.0± 1.6 89.1± 3.1

Data presented as average ± standard deviation. Superscript letters indicate statistically sig-
nificant difference (p < 0.05, Bonferroni-corrected Mann-Whitney U-test) between subgroups
(e.g., comparing biphasics with flexors): F – compared with flexors, C – compared with counter-
rotators.
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Figure 6.3: Bar graphs reporting average values and standard deviations (error bars) of loading
indices for each gait subgroup in OA: (left) first peak knee adduction moment, (centre) knee
adduction moment impulse and (right) mechanical axis deviation. Significant differences (p <
0.05, Bonferroni-corrected Mann-Whitney U-test) between groups are indicated by brackets.
B, biphasic; F, flexor; and C, counter-rotator knee OA subgroup.

97



6 STUDY 3: TIBIAL MICROARCHITECTURE WITH VARIABLE GAIT PATTERNS

Figure 6.4: Average knee flexion angle curves and standard deviation (shaded area, pink:
biphasic, blue: flexor, yellow: counter-rotators) for each gait subgroups in knee osteoarthritis
(OA). Statistically significant differences (p < 0.05, Bonferroni-corrected Mann-Whitney U-
test) in knee excursion (loading response) among subgroups are indicated: B – compared with
biphasic
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Table 6.3: Summary of subchondral trabecular bone microarchitectural parameters (average
± SD) for the gait subgroups in knee osteoarthritis (OA)

OA gait subgroups

Biphasic Flexor Counter-Rot.
Parameters (n = 7) (n = 9) (n = 9)

BV/TV (%)

AM 43.6 ± 7.1C 46.8 ± 10.0C 31.6 ± 6.3
AL 18.2 ± 4.2C 20.7 ± 8.1 29.5 ± 12.7
PM 34.6 ± 10.0 40.2 ± 18.5 23.8 ± 7.0
PL 19.6 ± 6.6C 26.5 ± 9.5 33.5 ± 10.8

M 39.1 ± 6.0C 43.5 ± 13.6C 28.0 ± 5.8
L 18.9 ± 5.3 23.6 ± 8.5 30.7 ± 10.8

SMI

AM 0.33 ± 0.71 -0.07 ± 0.82C 1.14 ± 0.57
AL 1.92 ± 0.30C 1.63 ± 0.52 1.13 ± 0.94
PM 1.00 ± 0.71 0.33 ± 1.44C 1.66 ± 0.33
PL 1.83 ± 0.36 1.38 ± 0.62 1.11 ± 0.73

Tb.Th (µm)

AM 211 ± 34 223 ± 34 187 ± 301
AL 150 ± 30 157 ± 30 180 ± 623
PM 215 ± 65 221 ± 65 176 ± 239
PL 157 ± 32C 172 ± 32 198 ± 382

Tb.N (1/mm)

AM 2.08 ± 0.35 2.12 ± 0.40 1.69 ± 0.30
AL 1.21 ± 0.23 1.30 ± 0.35 1.62 ± 0.62
PM 1.61 ± 0.27 1.75 ± 0.44 1.33 ± 0.24
PL 1.24 ± 0.31 1.52 ± 0.32 1.67 ± 0.38

Tb.Sp (µm)

AM 324 ± 70 333 ± 95 411 ± 57
AL 492 ± 68 512 ± 106 440 ± 131
PM 411 ± 63 395 ± 111 441 ± 132
PL 498 ± 92 441 ± 98 405 ± 95

BV/TV ratio among subregions

M:L 2.15 ± 0.39C 1.92 ± 0.52C 1.04 ± 0.44
AM:AL 2.46 ± 0.51C 2.51 ± 1.00C 1.27 ± 0.58
AM:PL 2.37 ± 0.63C 1.88 ± 0.55C 1.08 ± 0.50
PM:AL 1.92 ± 0.47C 2.01 ± 0.74C 0.95 ± 0.50
PM:PL 1.86 ± 0.57C 1.51 ± 0.43 0.91 ± 0.50
AM:PM 1.37 ± 0.96 1.34 ± 0.53 1.40 ± 0.40
AL:PL 0.96 ± 0.11 0.78 ± 0.15 0.95 ± 0.36

Data presented as average ± standard deviation. Superscript letters indicate significant differ-
ence (p < 0.05, Bonferroni-corrected Mann-Whitney U-test) between subgroups: F – compared
with flexors, C – compared with counter-rotators. Subchondral trabecular bone parameters:
BV/TV, bone volume fraction; SMI, structure model index; Tb.Th, trabecular thickness; Tb.N,
trabecular number; Tb.Sp, trabecular separation.

99



6 STUDY 3: TIBIAL MICROARCHITECTURE WITH VARIABLE GAIT PATTERNS

Figure 6.5: Bar graphs reporting average values and standard deviations (error bars) of (top)
subregional bone volume fraction (BV/TV) and (bottom) BV/TV ratios among subregions
for the gait subgroups in knee osteoarthritis. Statistically significant differences between gait
subgroups are indicated by brackets (p < 0.05, Bonferroni-corrected Mann-Whitney U-test).
The horizontal dashed line indicates unity in the BV/TV ratios among subregions.

6.4 Discussion

This study identified three distinct walking patterns in knee OA patients, characterised by
either a biphasic, or a flexor-dominant sagittal plane moment curve, or an external rotation-
dominant transverse plane moment curve (counter-rotator subgroup). Differences in knee
excursion, knee moments and joint alignment were detected among these subgroups, as well
as in STB microarchitecture. To the best of our knowledge, this is the first study to compare
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loading indices and tibial subchondral trabecular bone microarchitecture among subgroups
categorized by different walking gait patterns in knee OA.

6.4.1 Comparison in loading indices among gait subgroups

Biphasic and flexor-dominant gait patterns have previously been documented in both healthy
and pathological subjects, including pre-operative TKA patients (Andriacchi et al., 1982; Chas-
sin et al., 1996; Kulmala et al., 2013; Levinger et al., 2012; Simon et al., 1983; Simonsen &
Alkjær, 2012; Smith et al., 2004; Winter, 1984). In this study, the biphasic OA subgroup
exhibited significantly higher peak KAM1, KAM2 and IRM, compared with flexors. These
findings differ from observations in the published literature, where a relatively young male
cohort (40 ± 11 years) without evidence of musculoskeletal disease, showed higher moments
in a flexor-dominant rather than in a biphasic subgroup (Kulmala et al., 2013). This discrep-
ancy to that study may, in part, be attributed to gender- and age-related differences and/or
pathological adaptations in the present knee OA cohort, including variations in joint struc-
ture, deficits in neuromuscular control and disease related symptoms (i.e. joint pain), that
influence gait mechanics (Hall et al., 2017; Phinyomark et al., 2016; Wilson et al., 2011).
Furthermore, our results in OA revealed a higher KAM1, IRM, and lower ERM in both biphasic
and flexor-dominant subgroups, compared with counter-rotators. For static alignment, MAD
was significantly higher in both biphasics and flexors compared with counter-rotators, with a
trend to be higher also in biphasics than in flexors; hence, OA patients with a biphasic gait
pattern were more varus-aligned compared to flexors and counter-rotators. As KAM indices
and static alignment are associated with the medial-to-lateral distribution of force across the
tibial plateau (Kutzner et al., 2013; Schipplein & Andriacchi, 1991), the differences in these
measures among OA subgroups suggest that 1) the biphasic patients exhibit higher M:L dis-
tribution of joint loads across the tibia compared with flexors and counter-rotators; and 2) the
M:L load ratio is higher in flexors compared with counter-rotators during walking.

6.4.2 Comparison in morphometric parameters among gait subgroups

Micro-CT data revealed higher M:L BV/TV ratios and medially lower SMI values (more plate-
like structure) in both biphasic and flexor OA patients, compared with counter-rotators. Bone
adapts its structure to mechanical loads to which it is exposed to during daily life (Turner,
1998); hence, the higher M:L BV/TV ratios in biphasic and flexor-dominant OA subgroups
could reflect a microarchitectural adaptation of the STB to increased M:L load ratio within
these tibiae as indicated by higher moments or greater varus alignment (greater MAD values)
compared to counter-rotators, supporting our hypothesis. Interestingly, STB microarchitecture
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and M:L BV/TV ratios did not statistically differ between the flexor and biphasic subgroups,
despite flexors exhibiting significantly lower KAM1, KAM2, KAM impulse and a trend for lower
MAD, this finding being inconsistent with our hypothesis. The peak adduction moments and
KAM impulse have previously been associated with the M:L distribution of proximal tibial bone
mineral density (BMD) in a medial knee OA cohort (Thorp et al., 2006b; Wada et al., 2001).
In the present end-stage knee OA cohort, however, relationships between KAM indices and
M:L BV/TV ratio were weak and non-significant when examining only neutral-varus aligned
patients (from whom biphasics and flexors were comprised) (see Study 2 ((Chapter 5, Section
5.3.3)). Thus, although this study was cross-sectional, and hence it is impossible to conclude
direct cause-effect relationships, these findings potentially suggest that despite differences in
KAM indices between biphasic and flexor subgroups there may be different mechanisms for
generating comparable (non-differing) loads, as indicated by comparable M:L BV/TV ratios
as a bony response.

Childs et al. (2004) postulate that knee joint stiffening could result in increased compressive
forces upon more localized areas within the articulating surfaces of the tibial plateau. In the
present study, although not statistically significant, a lower knee excursion during loading re-
sponse was found in the flexor compared with the biphasic subgroup, which could be indicative
of increased joint stiffness during this period of weight acceptance (Childs et al., 2004). The
non-differing measures of subregional STB microarchitecture and BV/TV ratios among sub-
regions observed between the flexors and biphasics could thus reflect a bony response to high
stresses upon the tibial condyles that may be present in flexors – and – be comparable with
those in biphasics, despite lower adduction moment (KAM) indices in flexors. However, we do
not exclude that as the examined bones are from end-stage knee OA patients, other factors in
addition to loading, including age, genetics, or the local biochemical environment in the pres-
ence of bone sclerosis, that effect subchondral bone metabolism, may in part explain observed
variations in the STB microarchitecture among these subgroups (Li et al., 2013). Nevertheless,
these results may suggest that in OA patients with a flexor gait pattern, conservative treat-
ments (e.g. lateral wedge insoles, knee braces), designed to reduce knee adduction moment
indices with the aim to delaying progression of OA, may not be appropriate. Moreover, whether
a flexor-dominant gait pattern increases susceptibility to development and progression of OA,
even in presence of lower peak adduction moments however, needs to be further explored.

There were several limitations to this study. Due to the cross-sectional study design, we cannot
determine whether specific gait patterns increase an individual’s susceptibility for development
of knee OA. Future prospective cohort studies could consider stratification of OA patients
according to gait mechanics to help elucidate these relationships. It is also unclear whether
the present gait patterns exhibited by each individual are persistent over the lifespan, or are
present within an age-matched population without OA. Future work in our laboratory will
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apply these methods within a non-pathological cohort to address this question. Furthermore,
the relatively small sample size limited the number of clusters that could be identified whilst
remaining useful for subsequent analysis. To account for the small sample size, we used non-
parametric statistics for comparisons among the subgroups. We do not exclude that additional
walking gait phenotypes could be revealed with an increased sample size. Finally, micro-CT
analysis is currently limited to ex vivo examination of the human tibial plateau; thus, only
cadaveric tissue from donors with or without joint pathology, or specimens from OA patients
who underwent TKA, as presented herein, may be examined. Recent high-resolution peripheral
quantitative CT (HR-pQCT) imaging systems, permitting in vivo examination of proximal
tibial STB microarchitecture with a 61 µm voxel size (Kroker et al., 2016), may in future be
employed by adapting the here described method to examine the above relationships, in early
OA and non-pathological joints. A strength of this study is the combination of micro-CT and
gait analysis, on the same patient. This permitted examination of the subchondral trabecular
bone microarchitecture in specific subregions of the proximal tibial plateau where changes are
most evident in OA, combining them with in vivo measures of joint loading, thus providing
insights into the loading history of the joint of the same patient. Moreover, as the micro-CT
examination was performed on entire tibial plateaus without coring them, these are preserved
intact for further examination (Chapter 4 and Roberts et al. (2016)).

In conclusion, three distinct walking gait patterns were revealed in knee OA patients under-
going TKA. Loading indices and subchondral bone microarchitecture differed among the gait
subgroups. Compared with flexors and counter-rotators, patients with a biphasic pattern were
more varus aligned and exhibited higher knee adduction moment indices (peak KAM, KAM
impulse), suggesting a higher medial-to-lateral distribution of tibiofemoral joint loads during
gait. Despite these higher indices of KAM, however, subregional BV/TV and M:L BV/TV
ratios did not differ between the biphasic and flexor subgroup. Taken together, this could
suggest that there are different mechanisms between these subgroups for generating compa-
rable loads upon the tibial plateau and the corresponding bony response. As stratification of
the knee OA population into more homogeneous subgroups may enable to identify individuals
likely to benefit from specific treatments, our results could also suggest that in patients with a
flexor gait pattern, conservative treatments (e.g. lateral wedge insoles, knee braces), designed
to reduce adduction moment indices, may not be appropriate. Further study is warranted for
testing this hypothesis. Understanding how joint loads vary among walking gait patterns and
are related to variations in subchondral trabecular bone microarchitecture may be useful for
identifying and improving the management of persons at risk for development of knee OA.
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Chapter 7

Conclusions and Future
Recommendations

The overall aims of the research conducted in this thesis were to describe, in end-stage knee
OA patients who underwent total knee arthroplasty: (1) regional variations in subchondral
bone microarchitecture; and (2) to explore associations between bone microarchitecture and
joint loading parameters during walking gait.

More specifically, the aims were:

1. In the condyles of entire tibial plateaus retrieved from end-stage knee OA patients with
varying joint alignment (varus or non-varus subgroups) (a) to characterise the spatial
distribution of subchondral bone plate thickness, plate porosity and underlying subchon-
dral trabecular bone microarchitecture, and (b) map region specific associations among
these 3D microarchitectural parameters between these two compartments

2. To study, on end-stage knee OA patients undergoing total knee arthroplasty, the rela-
tionships between in vivo dynamic knee joint loads measured preoperatively using 3D
gait analysis, static alignment and the proximal tibial subchondral trabecular bone mi-
croarchitecture of their excised knees quantified with 3D micro-CT

3. (a) To identify subgroups with distinct walking gait patterns in end-stage knee os-
teoarthritis (OA) patients; (b) to compare measures of joint loading and proximal tibia
subchondral trabecular bone microarchitecture among them
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7.1 Principal Findings

7.1.1 Regional heterogeneity of proximal tibia subchondral bone microarchi-
tecture differs with variations in static knee joint alignment

In proximal tibia from 25 end-stage knee OA patients, significant differences in SBP and
STB microarchitecture, within and between medial and lateral tibial condyles, were found,
with changes dependent on joint alignment. In varus-aligned knees, STB bone volume frac-
tion (BV/TV) was consistently high throughout the medial condyle, whereas in the non-varus
aligned knees, medially, BV/TV was more heterogeneously distributed, highest in the anterior
region of the condyle. Regions of high SBP thickness were co-located with regions of high
STB BV/TV underneath. In varus-aligned knees, BV/TV was significantly higher medially
than laterally, whereas in non-varus the medial-to-lateral (M:L) differences in BV/TV were
smaller and in the posterior regions of the condyles favoured higher BV/TV laterally. These
findings confirm, in 3D, previous findings for STB from 2D histological analysis (Bobinac
et al., 2003; Matsui et al., 1997). Moreover, region-specific significant associations between
SBP thickness, SBP porosity and the underlying STB microarchitecture were detected, which
in general were not captured when considering the values averaged for each condyle. Overall,
these results suggest that, in the OA knee, joint alignment influences not only the M:L distri-
bution, but also the within condyle distribution of force across the tibia plateau, generating a
corresponding bony response (adaptation) of both the subchondral bone plate and trabecular
bone microarchitecture.

7.1.2 Knee joint loading is associated with proximal tibia subchondral trabec-
ular bone microarchitecture

Relationships between knee loading indices measured in vivo and STB microarchitecture were
examined, for the first time, in the same 25 end-stage knee OA patients. In all OA patients,
whom had knee alignment ranging from varus to valgus, a strong relationship between the
external rotation moment (ERM) and anterior-medial condyle (AM) STB microarchitecture
was detected particularly with BV/TV, and this relationship remained when controlling for
potentially confounding variables that influence medial condyle joint forces (walking speed,
the mechanical axis deviation (MAD) and first peak knee adduction moment (KAM1)). For
neutral-varus, although non-significant, ERM remained the loading parameter with highest
r-value for associations with AM BV/TV. Furthermore, in all OA patients, the M:L BV/TV
ratios were most strongly associated with the ERM (r = -0.74) and static alignment (MAD) (r
= 0.74), followed by KAM indices, including KAM impulse (|r| range: 0.54 to 0.60). Notably,
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relationships between M:L BV/TV ratios and MAD, as well as with KAM indices, were weak
and not significant when examining patients with neutral-to-varus aligned joints, while in
valgus OA these associations were of moderate strength, albeit non-significant statistically;
this suggests that these associations, present in the entire OA cohort as a whole, were driven
by large variations in static alignment, from varus to valgus. The findings for neutral-varus
OA are in disagreement with significant relationships reported for mechanical alignment, KAM
and M:L BMD ratios from DXA, observed in patients with medial knee OA (Thorp et al.,
2006b; Wada et al., 2001). However, these relationships, reported in the scientific literature,
were in patients presenting with mild to severe radiographic OA, whereas patients evaluated
herein were all end-stage OA. Moreover, this thesis for the first time, examines and reports
significant relationships between STB microarchitecture and peak rotation moments in the
same OA patients, revealing significant associations with the ERM and subregional BV/TV
and BV/TV subregional ratios. Overall, within the confines of the examined sample size (25
patients) these results suggest that the ERM may be useful as a surrogate measure of peak
tibial stresses that occur in the anterior-medial compartment during early to midstance, or of
the medial-to-lateral distribution of knee joint loads, as indicated by the AM BV/TV or M:L
BV/TV ratio, taken as an indicator of bony response.

7.1.3 Knee joint loading and subchondral trabecular bone microarchitecture
varies among end-stage knee OA patients with different walking gait
patterns

Three subgroups with distinct walking gait patterns were identified in end-stage knee OA
patients; biphasic, flexor and counter-rotator gait patterns. These results confirmed presence
of biphasic and flexor dominant gait patterns previously reported in end-stage knee OA patients
(Levinger et al., 2012; Smith et al., 2004). In this study, patients in the biphasic subgroup
exhibited significantly higher KAM parameters and trend towards higher MAD (indicating
greater varus alignment) than the flexor and counter-rotator subgroups, suggesting a higher
M:L tibiofemoral load ratio in biphasics. These differences in knee moments between biphasics
and flexors were inconsistent with findings previously reported in young males whom were
free of musculoskeletal disease (Kulmala et al., 2013), which likely could be attributed to
age-related, gender-related and pathological differences in the OA cohort, that affect gait
mechanics. Interestingly in the present OA study, despite differences in joint loading indices,
the subregional STB microarchitecture and BV/TV subregional ratios did not differ between
biphasics and flexors. These findings suggesting that, between these subgroups, there may be
different mechanisms for generating non-differing loads upon the tibial plateau, as indicated
by comparable M:L BV/TV ratios as a bony response.
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7.2 Significance to OA research

Structural adaptation of the subchondral bone occurs in response to the mechanical loads to
which it is exposed during activities of daily living (Turner, 1998). Significant relationships
between the peak KAM – a surrogate measure for peak loads during walking gait – and
macroscopic variations in subchondral bone, have previously been observed in medial knee
OA patients (Creaby et al., 2010; Thorp et al., 2006b; Wada et al., 2001). However, the
research presented in this thesis is the first to explore in the same patient, relationships between
joint loading and the subchondral trabecular bone microarchitecture as quantified using high-
resolution 3D micro-CT.

Hitherto, only in vivo measures of the STB M:L BMD ratio measured by DXA and the tibial
condylar subchondral bone articular surface area from MRI had been linked with knee loads
from gait. These imaging techniques, however, are ill-suited for quantification of the important
periarticular tibial STB microarchitecture in vivo. DXA, for example, is limited in spatial reso-
lution and cannot differentiate between cortical and trabecular bone. MRI, although achieving
a relatively high in-plane spatial resolution (130-190 µm), is restricted to large image slice
thicknesses (greater than or equal to 500 µm), and although STB microarchitecture has been
quantified from MR images, these studies were limited to examination of large regions of inter-
est within the tibial plateau that often exclude the STB immediate to the articulating surfaces
of the joint (Beuf et al., 2002; Bolbos et al., 2008).

From a basic science perspective, micro-CT image analysis of the entire excised (intact) tibial
plateau is advantageous, as this permits examination of the STB microarchitecture in specific
subregions where microarchitectural changes due to OA are most pronounced, albeit ex vivo.
The findings in this thesis highlight a possible localized adaptation of the subchondral bone
within the condyles of the tibial plateau as a response to joint loading (Study 1 and 2). More-
over, as highlighted in Study 2, loading indices were generally more strongly associated with
subregional measures of STB microarchitecture within the tibial condyles, than for measures
averaged among subregions. First, this reaffirms the importance of subchondral bone in knee
OA; second, this may suggest that local variations in STB microarchitecture, as opposed to
differences in average values among condylar subregions, are most sensitive to variations in
joint loads during walking gait. In early OA, pathological changes in the subchondral bone
may precede, in some disease phenotypes, clinically detectable alterations in all other joint
tissues such as the articular cartilage (Goldring & Goldring, 2010). Moreover, STB changes
can occur over a relatively short time in response to non-invasive treatments (between 6-12
weeks) (Callaghan et al., 2015). Hence, high-resolution quantitative in vivo imaging (and
monitoring) of the tibial subchondral bone microarchitecture has the potential to (1) identify
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persons at risk for disease development and progression; and (2) to evaluate the efficacy of
load-modifying therapies, such as knee braces and shoe insoles.

The KAM and KAM impulse have previously been associated positively with M:L BMD and
bone surface area ratios in medial knee OA. Results in Study 2 of this thesis, however,
could not confirm these relationships between KAM indices and the M:L BV/TV ratio in
end-stage knee OA patients with neutral-to-varus aligned joints. Moreover, results in Study
3 revealed that the M:L BV/TV ratio did not differ between OA patients with a biphasic or
flexor gait pattern, despite differing KAM indices between these subgroups. Other studies using
instrumented knee prosthesis suggest a moderate ability for KAM to predict load distribution
across the tibial plateau. Together, this data may help in part to explain the unsatisfactory
outcomes observed clinically in the prescription of load-modifying treatments that target KAM.
Interestingly, results herein found that the ERM was a robust measure for predicting AM STB
BV/TV and subregional ratios. These findings first, reinforce the importance of the local
mechanical environment in knee OA, and second, suggest that rotational moments may play
an important role in disease pathogenesis. Future work should thus evaluate the contribution of
the full 3D knee moments, including the ERM, to the progression of the disease. Alternatively,
machine-learning techniques, for example principal component analysis, may be useful for
retaining the most salient parameters from gait waveform data, and thus, their use should be
considered in future research.

7.3 Recommendations for future research

7.3.1 Characterising regional variations in the osteochondral unit in both os-
teoarthritic and non-pathological joints

Research in this thesis characterised the SBP and STB 3D microarchitecture in multiple sub-
regions within the tibial condyles of OA knees. Subchondral bone is part of a functional struc-
ture, the osteochondral unit (OCU), which is important to the maintenance of joint health
(see Chapter 2) (Mahjoub et al., 2012). The OCU is comprised of the overlaying articulating
cartilage in addition to the subchondral bone; disruption of one structure has been shown to
lead to abnormal remodelling of the other (Burr & Gallant, 2012).

Micro-CT is a well-established imaging modality for examination of bone microarchitecture.
The capabilities of such systems to characterise soft tissue morphology, however, is less well
known, though evidence is building for use of contrast-enhancement agents to evaluate the
articular cartilage (Lin et al., 2015). Future work may thus consider adopting such techniques

109



7 CONCLUSIONS AND FUTURE RECOMMENDATIONS

for micro-CT imaging of the articular cartilage in the human tibial plateau. Studies may
otherwise consider combining micro-CT with MR imaging, as applied previously to human
humeral heads (Pawson et al., 2015), to evaluate regional variations in both compartments of
the OCU. Moreover, use of in vivo MR imaging, combined with high-resolution in vivo CT
imaging techniques, may permit a longitudinal evaluation of the OCU in subjects both with
and without joint disease. As the image analysis techniques described in this thesis are non-
destructive, they preserve the intact specimen for further examination, including mechanical
testing or histological analysis. Finally, future work may also consider characterising variations
in the OCU of the femoral condyles in addition to characterisation of the tibial plateau. A
comprehensive investigation of both regional and temporal variations in all components of the
OCU could be useful for better understanding the role of these structures in the development
and progression of joint related pathologies, including knee OA.

7.3.2 Exploring a causal link between knee joint loading and knee osteoarthri-
tis progression

The studies presented in this thesis were cross-sectional, exploring for relationships between
knee joint loading and proximal tibia subchondral bone microarchitectural parameters in end-
stage knee OA patients whom were scheduled for total knee arthroplasty. This limitation has
important implications for this work. First, other factors, apart from loading, including age,
genetics, or the local biochemical environment, that can affect subchondral bone metabolism,
cannot be excluded for explaining variations in subchondral bone microarchitecture observed
in this research. Second, it is unclear whether loading indices reported in this thesis are re-
flective of the knee loads that occur during earlier stages of the disease, and that may have
influenced resultant bone microarchitecture observed at end-stages within these studies. Fur-
thermore, whether similar subregional subchondral bone microarchitectural differences, and/or
gait patterns, and relationships between subchondral bone and gait parameters, are present
in a non-pathological cohort, is unclear. Finally, causal inferences between joint loading and
subchondral bone microarchitecture could not be made. An increasing number of prospective
cohort studies, combining 3D gait analysis with in vivo imaging modalities, have related base-
line measures of joint loading with rate of structural knee OA progression over 12–72 month
periods (Bennell et al., 2011; Chang et al., 2015; Chehab et al., 2014; Miyazaki et al., 2002).
These studies, however, focused primarily on macroscopic changes in articular cartilage (e.g.
cartilage thinning or cartilage volume loss), quantifiable using MRI in vivo. They consequently
ignore changes that may occur in the important underlying subchondral bone.

Use of micro-CT as described in this thesis, currently remains impractical for in vivo applications
on humans. This is due to the high radiation dose associated with high-resolution scanning
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(Müller et al., 1996). High-resolution peripheral quantitative CT (HR-pQCT) systems that
permit in vivo scanning of the human knee at voxel size as low as 61 µm, however, are
becoming more readily available to both clinical and research institutions. Future research
may adopt use of such imaging technologies, or may otherwise explore utility of DXA that is
presently available clinically (and with aforementioned limitations, see Section 7.2), to elucidate
any causal link between joint loading and the STB architectural changes observed in knee OA.
Moreover, such techniques could be employed for examining differences in non-pathological
subjects. Presently, work underway in our laboratory will apply micro-CT image analysis
methods, described in this thesis, to non-pathological cadaveric tibiae to characterise the
spatial distribution of subchondral bone microarchitecture in joints without OA. Furthermore,
cluster analysis will be applied to gait data from age-matched non-pathological subjects, to
elucidate whether the gait patterns described herein are related to the disease.

7.3.3 Elucidate the significance of the rotational moments to joint loading
and structural variations in the knee joint

To date, much research has focused on the significance of the frontal and sagittal plane
peak moments to describe loading at the knee joint. Meanwhile, the rotational moments are
frequently overlooked, likely due to poor measurement reliability documented for these param-
eters (Robbins et al., 2013); thus their significance to joint loading remains poorly understood.
However, in this thesis rotational moments, in particular the external rotation moment dur-
ing early stance, were most strongly linked with subregional STB microarchitecture and STB
BV/TV subregional ratios, warranting further exploration. In Study 2, it was hypothesised
that the ERM could be closely related with tibiofemoral cartilage contact mechanics, with
quadriceps and hamstrings muscle co-activity, and/or with anterior-medial tibiofemoral joint
stresses during the load-bearing period of stance. To explore such hypotheses, future research
could examine relationships between the transverse plane knee moments with (1) measures of
cartilage contact from dual-plane fluoroscopic imaging; (2) electromyography derived measures
of muscle co-contraction during the loading response phase of stance; or (3) compartmental
joint reaction forces from instrumented knee prostheses. Furthermore, the ability for the ERM
to predict structural progression of knee OA, as indicated by changes in bone or cartilage
morphology, should be explored.
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7.4 Concluding Statement

Findings from this thesis augment our understanding of the mechanics-structure relationship
in knee OA, revealing, for the first time in the same end-stage knee OA patients, significant
associations between subregional proximal tibia subchondral bone microarchitecture and dy-
namic knee joint loads during walking gait. These data further highlight the importance of
biomechanical factors, including the full 3D knee moments and joint alignment, for explaining
variations in subchondral bone microarchitecture in knee OA. On the basis of the findings
presented within this thesis, future work is now required to elucidate whether or not there exist
causative links between knee joint loading and microarchitectural changes in tibial subchon-
dral bone. This may aid at identifying potential biomechanical factors that in future could be
targeted using non-invasive therapies, to alleviate progression or symptoms of the disease.
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APPENDIX A

Figure A.1: Flowchart showing patient recruitment and study allocation. Study 1, 2 and 3 were
performed in chronological order and so also the patient recruitment. *At the time of Study
1, which looked only at subchondral bone microarchitecture, 20 of the 25 knee osteoarthritis
(OA) patients also had undergone gait analysis for Study 2 and 3. Five specimens had no
gait data available and as such could not be included in Study 2 and 3. Study 2 and 3 had 5
additional specimens with gait data compared to Study 1
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