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Abstract

Osteoarthritis is a degenerative disease of the joint leading to pain and disability. The
knee is the most common site fisteoarthritis. Bone marrow lesions (BMLs) have been
associated with knee osteoarthritis symptoms and progression, however there has been
limited investigation of the mechanical effects of BMLs on joint function.
Subchondroplasty has been proposed as anmaily invasive surgical treatment for

BMLs where the lesion site is augmented with bone substitute material in attempt to
restore biomechanical function. However, it is not known how the presence of BMLs
affect knee joint contact mechanics and whe#slugmentation of this areeould address

this.

The aim of the work presented in this thesis was to investigate the effect of BMLs on
knee joint mechanics and to investigate the efficacy of augmentation of BML areas to
restore knee joint mechanics. Computagionethods were developed to model BMLs in

the knee joint and augmentation cases using finite element (FE) models. Experimental
methods were also developed to characterize the mechanical properties of bone in BML
areas. The experimental and computationethmds developed were combined to create
specimerspecific models of human knee joints incorporating BMLs wdtrived

mechanical properties.

From initial FE studies undertaken with homogenous bone material properties, it was
found that the size, locatipand shape of the BML affected the joint contact mechanics,
especially when the elastic modulus in the BML area was much lower than the
surrounding bone. Different bone morpholdgyo 1 elastic modulus relationships were
derived for bone in BML and neBML regions. Using specimespecific FE models of
cadaveric human knee joints, it was found that material properties derived through
experimental tests for bone in BML regions had little mechanical effect on the cartilage
and surrounding bone. However, wittuch lower elastic material properties, adverse

effects were seen in the overlying cartilage and surrounding bone.

The mechanical properties of bone in BML areas were characterized for the first time
using experimental methods developed in this thesis.cbmbined results indicate that
subchondroplasty is only likely to be useful in cases where the bone quality in the BML

region is very poor.
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Chapter 1: Literature review

1.1 Introduction

Osteoarthritis (OA) is a degenerative disease of the joints affecting mor8 ihidion
people inthe United Kingdonalone[1]. It is one of the lead causes of pain and disability,
and the knee is the most common site of Ddtal knee replacement is the gold standard
surgical intervention for knee osteoarthritis and it has been relatively successful
especially m older patients. However, younger patiehts/e reported dissatisfaction
relating to painandrangeof function during activitie$2-6]. There is therefore a need to
develop effectiveearly-stageinterventions for knee OA with the aim of slowing down

the progression of the disease and relieving symptoms.

Bone marrow lesions (BMLs) have been shown to be assdaiath OA progression and
symptomsThe pesence of BMLs tealso been shown to be a predictor of subchondral

bone attrition and articular cartilage denudafitri0]. A techniqug 6 subchondr opl
has been developed to augm&hLs using bone substitute materials in an attempt to
restore biomechanical functigdil]. A small number of clinical trials have reported
outcomes from subchondroplasty khiere have been limitedhvestigaions of the

biomechanical action of this treatmé¢b-18].

Finite element (FE) methods of analysis have been widelg usemodelling and
evaluating structural material3he techniqueoffers a method teevaluatecomplex
structures that cannot be otherwise solved using classical analytical methods. F
element analysisnay be a useful tool for evaluating the mechareffact of BMLs and

providing underpinning information on theniormance of subchondroplasty.



1.2 The Natural Knee Joint

The knee joint is an important lodearing joint that enables the motion required for daily
locomotion of théower body It consists of several complex interactions of bony and soft
tissues. The knee functions to allow motion and to withstand loads arising from these
movements. The knee joint is made up of two articulations; the tibiofemoral articulation
between the distalemur and the proximal tibia, and the patellofemoral articulation
between thgosterior surface of theatella androchlear surface of the dist@mur[19].

These artialating surfaces are covered in articular cartilage to provide a smooth bearing
surface and to facilitate the transmission of load througlpihe[20]. The surfacs of

the proximal tibia (tibia plateaus) are quite flat while the ends of the distal femur (femoral
condyles) are rounded in shape. This leads to econforming articulation between the

tibia and the femur

The patelbfemoralarticulation plays an impahnt role in knee extension as the patella
acts as a mechanical pulley, improving the extension capacity of thi2&meEhe patella

bone is shaped like an upsidewn triangle as shown inFigure 1.1. The posterior
articulating surface of the patella is divided by the vertical ridge into two halves with the
lateral half being wideto maintain patellar positioj22]. The articulating surface ofi¢

patella is divided into three facets; the lateral facet, the medial facet, and the odd facet
which is region without cartilage located on the periphery of the medial faketthe
tibiofemoral joint, the bony patella and femur trochlear are incongrhenefore, the

stability of the patellofemoral joint is dependent on the surrounding soft tissue structures.

VERTICAL

RIDGE
MEDIAL
FACET

LATERAL oDD
FAGEL FACET
LATERAL MEDIAL

Figure 1.1: A left patella showing the bone, cartilage and facets of the patella3].
(Adapted under creative commons license CBY)
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As shown inFigure 1.2, the knee joint is made up other structures apart from the bone
and articular cartilage. The menisci are two fibrocartilaginous structures which lie flat on
the tibia and improve the conformity of the articulation between the tibia and femur. The
meniscialso function to withstand large hoop stresses and distribute loads of the knee
joint in the medial and lateral directions. The mertssiedifferent shapes to fit the shape

and slope of the tibia plateaus and expand during compressive loads to makanize t

contact area of the joifi24].

The anterior and postericruciate ligamentare arguably the most important ligaments
of the kneeThey function to restrain anterior apdsterior knee motion, the anterior
cruciate ligament (ACL)prevents the anterior translation of the tibia in flexion and
extension, and it also resists internal rotation of the fitha.posterior cruciate ligament
(PCL) resiss posterior translation of the tibia in knee flexion. The combined activity of
the ACL and PCL is important for maintaining the stability of the knee joint during
motion. Along with the dynamic muscles, the ACL and PCL help to balance fualction
and joint reaction loads involved in different phases of the gait cycle. The collateral
ligaments however are primarily responsible for maintaining the medial and lateral
stability of the knee joinil19].

During everyday activities such as walking, the knee joint experiences high mechanical
loadsof up to 3- 3.4 times body weighi25]. Under higher impact activities such as
squatting, staiclimbing and running, the knee joint will experience even higher loads.
Disease states such as osteoarthritis alter the normal biomechanical ability of ttee knee

bear these loadsading to pain and loss of function.
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Figure 1.2: Anatomy of the natural human knee joint showing the femur, tibia,

fibula, articular cartilage, lateral and medial menisci, and the anterior and posterior

cruciate ligaments. (image adapted from Standring et P6])



1.2.1 Articular cartilage

1.2.1.1 Structure

Articular cartilage is a highly specialized tissue which covers articulating surfaces of
diarthrodial joints. Articular cartilage provides a lubricated low friction surface fo
articulation and therefore allows joint motion and facilitates the transmission of loads to
the underlying bon§20, 27] Articular cartilage consists of two phases: a fluid phase
mostly composed of water along with other inorganic ions such as calcium, sodium and
potassium and a solid phase consgstiaf the extracellular matrix (ECM) and
chondrocyte$28, 29] The ECM iscomposed of water, collageproteoglycansand other
proteins and glycoproteij80, 31]

Articular cartilage is organized into four different zones based on the collagen

arrangement, ECM and chondrocyte interaction leading to unique tissue properties in

each zone.
A Articular surface B
A
;I
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Figure 1.3: Schematic crosssectional diagram of healthy articular cartilage: (A)
cellular organization in the zones of articular cartilage; (B) collagen fibre
architecture (image taken from Buckwalter et alwith permission) [32].

The superficial zone is a thin zone that makes up approximatél20% of the articular

catilage thickness and acts to protect the deeper layers from shear stresses. It can be seen
from Figure 1.3 that this layer contains a high number of flattened chondrocytes all of
which are responsible for its ability to resist high shear, tensile and compressive loads at
the surface. The middle zone makes up 40 % of the total cartilage thickness. In this

zone, collagen fibrils are thicker, more spaced out and more randomly oriented. The
chondrocytes in this zone are spherical and there are fewer than in the superficial zone.
In the deep zondhe collagen fibrils in this zorere the largest in diameter amdanged
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perpendicular to the articular surfad@éie chondrocytes in the deep zone are arranged in
a column parallel to the collagen fibrils. The fourth and final zone is the calcified zone
which performs a very important role of fixing the cartilagehe bone. The collagen
fibrils are aligned perpendicular to the articular surface and there are very few

chondrocytes in this zone.

Articular cartilage is an avascular tissue, therefore the supply of nutrients into the articular
cartilage occurs bgiffusion through the interstitial fluid which is facilitated by the cyclic
loading of the joint. Chondrocytes are responsible for maintaining homeostasis in the
cartilage through balancing the development and degradation of the ECM. This is also
mediatedby the mechanical loading of the joint. The ECM in turn protects chondrocytes

from potentially harmful biomechanical forces.

1.2.1.2 Biomechanical function

Articular cartilagefunctions primarily to provide a smooth lefwction surface for
articulation and trasmission of loads to the subchondral &ofhe initial application of
compressive loads causetocal increase in interstitial fluid pressure and the flowing out
of some interstitial fluid from the ECM. This generates a large frictional drag on the ECM.
Once the compressive load is removed, interstitial fluid flows back into the ri2@tix
Articular cartilage exhibits viscoelastic behaviour arising both from the frictional drag of
the interstitial fluid and the viscoelastic properties of the collggeteoglycan matrix

[28, 29] Articular cartilage also demonstrates stredaxation and creep behaur
under compression. This means thatcanstant stress, the deformation increases

demonstrating a creep behaviour until equilibrium is achieved.

Similarly, when a constant strain is applied to cartilage, a stress peak is reached after

which stresgelaxation occurs until equilibrium is achieved.



1.2.2 Bone

Bone is a specialized tissuen integral part of the musculoskeletal systetmch plays
animportant role in movemennd the protection of organs and soft tissieme, unlike
cartilage, is a highly vascularized tissue with a high cell density and is therefore able to
adapt to mechanical changes and regenerate following injury.

There are celtypes responsible for secreting, maintenance and removal of the organic
matrix of bone. Osteoblasts are protsetreting cells which synthesize, deposit and
mineralize the organic bone matriWhen steoblastsreembedded in the matrix they
become ostedasts. Osteocytes are the major cells types found in mature bone and are
responsible for maintaining the bone matrix. Osteocyte death raises a signal for bone
matrix resorption. Osteoclasts are cells responsible for the resorption of bone. The three
cell types, osteoblasts, osteocytes and osteoclasts, remain in contact with one another so
they are able to receive and respond to signals for bone deposition or resorption.

1.2.2.1 Structure

Bone architecture is hierarchically organized, with the heterogeneity vérgsegl on the
scale considerd@®3, 34] The different structural elements at different levels of hierarchy
contribute to the mechanical function oforle at the whole bone level.
The major molecular components of boneraneeral calcium phosphate hydroxyapatite,
type | collagenand a smal proportion of norcollagenouscomponents such as non
collagenous proteins, proteoglycans and phospholjpi}sOn the structural component
level, the collagen molecules are organized into collaganilsfiwith hydroxyapatite
crystals deposited in the gaps within fibrils to form a mineraliz@spositematrix.
Collagen fibrils ae arranged to forrarraysor bundlesvhich are organized into a variety
of patterns such as the paraflilered mineralizedtendonsfound in attachment zones
between tendons and bone, antvisted plywood pattern commonly foundlamellar

bone. These different patterns lead structural diversity optimised for fufidgtip86]

Osteons are longitudinally cylindrical structures thi layers of lamellae arrays
surrounding a central hobes shown irFigure1.4. The central hole alloswesorption of
bone by osteoclasts and deposition of new boatemnal by osteoblasts. There are other
smaller features;zanaliculi built into the structures which house osteocy&esondary

osteons with evidence of bone r.emodel |l in

{
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Figure 1.4: microstructure of lamellar bone showing the general construction of
osteon and contents of osteons, the arrangement osteons and lamellae in cortical
bone, and trabecular bon€g26]

From Figure 1.4, it can be seen thaisteons are arranged parallel to one another and
surrounded by lamellaa cortical bone However, cancellousbone & a network of
interconnected reghaped or platshaped trabeculae leading to a structure with variable
porosity and densitj26, 34}

Whole bones are made up of cortical band cancellousone The proportion of cortical

to cancellouone béveen and within different bones vary tailored to biomechanical
function. For example, thick cortical bone is present in the diaphysis of long bone where
strength in bending is required, while in the epiphysis of long babesdantrabecular
bonespreadver the volume of the epiphygisovides strength in compressida6]. The

mechanical properties of bone reflect its structure and function. Even at the same
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hierarchical level,mechanical properties can vary from bone to bone and between

different regions of theame bon§37, 38}

The trabecular architecture of cancellous bone make it difficult to fashion into complex
geometry such as the dumbbell shape especially when testing small specimen, therefore
tissue l@el mechanical tests such as compressive tests which require simple specimen
shapes like cylinders and cubes are often useevaluate the mechanical properties of
trabecular bon{39, 40]
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1.3 Osteoarthritis and the Knee

Osteoarthritis (OA) is a degenerative diseasthefoints affecting more than &illion
people in the United Kingdom alofif. It is the most prevalent joint disease, and one of
the leadhg causes of pain and disability. The knee is the most common site for OA with
an estimate of 10% of the population over the dggshowing symptoms of knee OA
[41]. Due to the high socieconomic impacts of OA, there has been extensive evaluation

of the pathtogical processes involved in the initiation and development of OA.

1.3.1 Diagnosis and Treatment of OA

Clinical diagnosis of OA requires careful history taking and patient reported complaints
such as pain and stiffness of the jg#i2]. Apart from clinical symptoms such pain

and reduced functionality, radiographs are a very important tool in diagnosing and staging
of osteoarthritis. In clinical practice, the Kellgren and Lawrence (K&L) grading
classification is most commonly used for the diagnosis and staging of keeartistitis

from radiograph$43]. As shown inTable1.1, Kellgren and Lawrence define knee OA

in five grades based on the presence of osteophytes, the narrowing of joint space and
changes in the sipe of bone endsOsteophytes are fibrocartilagapped bony
outgrowthg44]

Table 1.1: Kellgren & Lawrence osteoarthritis classfication and description [43].

Description K&L Grade

None 0

Doubtful narrowing of joint space and possible osteoph 1
lipping
Definite osteophytes and possible narrowing of joint space

Moderate multiple osteophytes, definite narrowing of joint s 3
and some sclerosis and possible deformity of bone ends

Large osteophytes, marked narrowing of joint space, s¢ 4
sclerosis and definite deformity of bone ends

Despite the prevalen@nd burden of OA, no cure exists for the disease. However, there
are several interventions and therapies which all aim to relieve OA symptoms, pain and
restore mobility and function. Total knee arthroplasty is the gold standard treatment for
end stage OAIt aims to restore the articulating surface by replacing it. HoweMagher

rate of dissatisfaction and poorer outcomes have been reported among patients younger

than 55[2-5]. This may be due to a difference in the expectations of younger patients.
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Younger patients expect to be able to perform at more demanding levels on daily life,
work and leisure activities after receiving knee replacenjéhtéJnfortunately, current
technology is not able to meet these expectatidhere is therefore a need to develop
effective therapies to targetrlier stages of the disease to avoid or delay the need for

total knee replacements.

1.3.2 Osteoatthritis Pathogenesis

Traditionally, OA has been thought of as a disease that primarily involved the wear of
articular cartilage alone. Butesearch into the cartilage alone has been abléo fully

define thediseasepathway,therefore a more holisticparoach has been adopted to
investigate different tissues such as the calcified cartilage, subchondral bone and other

joint capsular tissues and their involvement in [25].

1.3.2.1 Articular cartilage and OA pathogenesis

Advances in the definition of composition and structural organization of articular
cartilage has provided great insight into the pathogenesis and pathology of OA initiation
and progression. A combination of human and animal work allows investigatorat® cre

a picture of cartilage changes associated with of osteoarthritis.

The first stages ofartilage involvement if©A involve a disruption to the molecular
composition and organization of the cartilage matrix. Assallt,there is evidence of
chondrocyteclustering in response to the changes in the ECM. This triggers an increase
in catabolic activities associated with gradual loss of proteoglycans and eventual collagen
degradation46, 47] leading to an increase in compressstgfness and reduction in
hydration.This is followed by thickening of the calcified cartilage accompanied by an
advancement of the tidemark and thinning of the articular cart[@®e49] which
increases mechanical stresses in the deep zone of the cartilage which in turn accelerates

the progressionf OA.

1.3.2.2 Subchondral bone and OA pathogenesis

Subchondral bone refers to the calcified tissue found beneath the calcified cartilage zone
of the articular cartilage. It consists of the subchondral bone plate, which-sonmuns,

poorly vascularized cortical bone, the underlying subchondral trabebals and
cortical bone at joint margir{50].

Osteoarthritigs still thought of by many as primarily a disease of the articular cartilage

but there is a growing community that believe that alterations in the bone may be
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responsible for the initiatiolor progressiorof OA. For example, osteophyt&ghich
involve the formation of new bone at the edges of the joint, have been a hallmark in the
diagnosis and staging of OA. Other changes associated to bone may also provide

underpinning information on the initiation and progression of OA.

During OA, sulchondral bone undergoes eeiediated modelling and remodelling
leading to a change in the architecture and mechanical properties. To maintain bone mass
in a healthy state, resorption of bone by osteoclasts is balanced with bone formation by
osteoblasts, rad the cellular system provides information for adaptation of bone to
varying mechanical loading conditiofis0, 51] However, dung OA alterations in the

normal modelling and remodelling process lead to a progressive increase in subchondral
plate thickness, changes in the architecture of subchondral trabecular bone and osteophyte

formation.

There exists a growing body of eviderthat changes in subchondral bone occur early in

OA and precede detectable changes in articular cartilage. In several studies Radin and
colleagued52-54] investigated the role of subchondral bone in OA initiation. It was
suggeted that an increase in subchondral trabecular bone stiffness led to alterations in
the biomechanical environment of the overlying cartilage and subsequent changes in the
cartilage structure and organizatidtowever, a studwherefinite element modele/ere
constructedfrom microCT scans of cadaveritrabecular bonespecimensfrom the
proximal tibiaof subjects witlearly OA associated cartilagamagendicated a different
mechanisnj55]. Here, he results showettat although the bone volume was increased
when compared to normal donaitse elatic modulus was decreased by up to Gi%he
apparent levellt was suggested that the reduction in elastic modulus was related
incomplete mineralization due to increased rate of remodelling and bone turnover. These
conflicting reports on the relationghbetween bone adaptation, subchondral trabecular
stiffness, and OA initiation and progression pose a significant dilemma in creating OA
therapies that target subchondral bone. However, it has been suggested that these
differences represent changes seeaharsubchondral bone at different stages of OA, with
early OA being marked with resorption alterations and later stages of OA characterized

with reparative changes involving bone sclerosis and osteophyte forrfjon
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1.3.2.3 Bone marrow lesions

Magnetic resonance imaging (MRI) has been used extensively in medical practice and
research. It offers the ability to visualize bone, cartilage and soft id$ugh level of

detail. It can provide a unique tool for analysing and investigating structumages in
several tissues of the kneeinp associated with OA. $®ehondral bone alterations
characterized by Htelineated low signal intensities on -WeightedMR images and
areas of hyperintensity on MeightedMR images were first defined by Wils@n al in

1988 [57]. They were discovered in a group of patients with knee pain with no
radiographic evidence of knee OA. They were originally tertreaasientbone marrow
edema however histological charaeization showed bone marrow necrosis, bone
marrow fibrosis, and other trabeculae abnormalities with very little bone marrow edema
[58]. Therefore, a more general tebone marrow lesioBML) has been adopted over

the years and will be used in thisesis MRI-detectedsubchondral bone marrow signal

alterations may commonly be found in relation to joint traamdosteoarthritis

Figure 1.5: Fat suppressed T2weighted magnetic resonance imagef a kneein the

coronal planeshowing a BML in the tibiai delineated in red.

Signal alterations in BMLsshown inFigure 1.5, are suggested to be indicative of
hyperactivity and abnormal bone remodelling but little is known about mechanical
properties of the bone contained in thesaoregy In a study by Hunter and colleagues
[59] tibia bone cores of regions of BMLs were taken from postmenopausal women
undergoing knee replacement surgényestgations ofBML areasusing microCT have
reported several differences in the subchondral bone in BMLs compared to the

subchondral bone in unaffectedeas. Subchondral bone from BML regiostsowed
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statistical significantly increased bone volume fraction and redissest mineral density
(P < 0.04)as well as increased trabecular thickn@&ss 0.02)

In addition, sevetastudies have found BMLs to coincide with areas of cartilage wear
[60-62]. One study found that 88% of BMLs were collocated with adjacent cartilage
damage in patients with symptoms and radiographic presence of medi§2aDA
Longitudinal studies have also been carried out to establish a relationship between BMLs
and subsequent cartilage |86, 61] A study found that the absence of BMLs aghag
resulted in a reduced risk of cartilage loss ah®hth follow up[61]. But, the presence

of BMLs at baseline with continued increase in BML sizereased the average odds
ratio for progressiveartilage los by2.8. These findings are suppattéy Hunter et al

who found a strong correlation between presence of BMLs at baseline and corresponding
worsening of OA60]. These bodies of evidence show that BMLs do play a role in the
structural changes associated with OA progression. However, there are several conflicting
reports on the resolutiasf bone marrow lesions. In one stu&®% of the lesions either
reduced in size or completely resolved with no intervention at 30 months follf&d up

But other studies have also reported increase in the size of bone marrow lesions over time
and thedevelopment of new BMLs in previously unaffected regits 63, 64] This
highlights the gaps that exist in the knowledge of BML mechanical properties and
behaviour especially what role they may play in altering the mechanical environment of
the joint. There is a need for further work into establishing the mechanical effect of BMLs

on thejoint.

Due to the ability of MRI to enable visualization of several tissues and structural
components of the joint, several seguiantitative scoring systems have been developed

to enable multfeature assessment of the joint. These systems score a varieterendif
features that have been associated to the pathophysiology of knee OA including cartilage
morphology, subchondral bone marrow lesions and cysts, osteophytes, menisci, anterior
and posterior cruciate ligaments and several other features. TheavgmteMRI scoring
(WORMS) [65] was the first to beintroduced It graded subarticulabone marrow
abnormalities in 14articular regions based on the volume of the region involved.
Subarticular bone marrow abnormality was defined as poorly margieas @irincreased

signal intensity in the normally fatty epiphyseal marrawfat suppressed F&eighted
imagesand graded from O to 3 based on the volume involved as sholablial.2.
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Table 1.2: Descriptions of BML scoring based on WORMY65]

Grade Description

0 None

1 < 25% of the region
2 25%- 50% of the region
3 = > 50% of the region

Subsequently, the Bostdreeds Osteoarthritis Knee Score (BLOKS) was developed to

address some of the limitations of the WORMS particularly in how the grading of features

related to clinical symptoms such as pain, and to cartilaggd6§sin BLOKS, BMLs

are graded based on:

(1) Size

(i) The percentage surface area of the lesion which is adjacent to the subchondral
plate

(i)  The percentage of the lesion that is distinct from subchondral cyst.

Each criterion is graded between 0 and 3 in a similar way to WORMS. The authors

reported a stronger association with pain using the BLOKS in comparison with WORMS.

However, the application of BLOKS BML scoring system can be cumbersome and

complex and the RI Osteoarthritis Knee Score (MOAKS) was developed as an attempt

to address the limitations of both WORMS and BLOJE3]. In MOAKS, the knee is

also divided into 14 articular stiegions for scoring. BMLs are scored from30

according torablel.3.

Table 1.3: Description of MOAKS Scoring system for BMLs [67].

Size of BML (including volume of | No. of BMLs % of lesion that is BML

any associated cysts) by volume

0: none 0: none
1: <33% of sukregion volume 1. <33%
2: 33- 66% of subregion volume 2: 33- 66%

3: >66% of sukregion volume 3: >66%
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MOAKS accounts for multiple BMLs occurring in one stggion and cumulates them to

give a single score for that region based on the total volume of the region occupied by
BML. It also accounts for the volume of the BML that is distinct from cyst. A sulathbn

bone marrow cyst is defined as a wadifined lesion of fluid directly adjacent to the

subchondral plate.

A recent classification dMLs in the knee based on topographical location was proposed
by Compagnoni et d68]. In this sixletter (A-F) classification system shown kigure
1.6, BMLs are classified as

A. Articular BMLs which are localized in the subchondral boh#he knee.

B. Border BMLs located in the lateral or medial cortex of the condyle or tibial
plateau, with no subchondral bone involvement.

C. Complete BMLs which are combination of articular and border BML, and bigger
than 50% of the medial or lateiatticular surface or crosses the physis.

D. Distal BMLs which do involve either the subchondral bone or the border surface

E. Edge BMLs involve subchondral bone and border of the condyle and are smaller
than 50% of the medial or lateral articular surface aayl\sithin the physis.

F. Full BMLs extend to both medial and lateral region of the femur or the tibia.

/\/\/R
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Figure 1.6: Classification of bone marrow lesionsby anatomical location (figure

taken from Compagnoni et alwith permission) [68]
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Several studies have used these scoring systems to grade MRéseassociated with
OA. However,there is littleliterature available with déct comparisons between the

different scoring systems and how they relate to clinical presentation of OA.

1.3.3 Early-stageosteoarthritis

Based on the Kellgren and Lawren&&L) systemdescribed irSection 42.1, a grade

of 2 is the cubff for a definite butminimal osteoarthritis diagnosi8lthough the K&L

grade refers to bony structural changes assoamitedDA such as osteophytdbere are
several other structural changes in the bone and surrounding soft tisscantiatt be
pickedup on a radiograplA study of a cohort of patients with no radiographic evidence
of OA (K&L grade 0) investigated structural MRI features found in the knees of these
patients. The study founobne marrow lesions in 52% of the knees investigated. The
study also found thaiseophytes were prevalent in 74% of the knees investigd@ied
Since thalefinite presence of osteophytes is an important hallmark for the clagsificat

of osteoarthritisthis is a high number of osteophytes that were otherwise undetected by
radiographs. This highlights the limitations of radiography as an imaging tool for
diagnosis of knee osteoarthritis. It is possible that a large numbearbtstage
osteoarthritic kees have gone undetected. The radiograph is limited in its ability to detect
structural abnormalities that may be related to the early stages of osteoarthritis (pre

radiographic osteoarthritis).

Given the rise in the prevalence of osteoarthritis and tkd far the development of
early-stagetherapies that may modify the disease stage, fialt the progression of the
disease), the need for early diagnosis becomes even more apparent. With the limitations
of the radiograph, other imaging modalities sucMBd seem to offer unique advantages

for OA classification and staging. However, the MRI features such as bone marrow
lesions are yet to be definitely linked to clinical symptoms such as pain and decreased
functionality. There is conflicting evidence orethnk between MRI structural features

and patient outcomes. Guermazi and colleaddefound that structural abnormalities

seen on the MRI were prevalent in both painless and painful knees which sugggst

low selectivity of the MRI to clinical symptom of OA such as pain. Several studies have
made attempts to establish a relationship between the progression/changes in structural
features and OA. Felson et[8] found that increase in the sizes of BMLs was correlated
with pain, another studj9] also found that patients with BMLs and no radiographic
evidence of OA later developed knee pain and clinical symptoms of OA after 15 months.
A nestedcase control study found that the presence of BMLs 1 and 2 years before was



18

highly predictiveof the diagnosis of OALO]. The study found that while the presence of
cartilage lesions did not predict OA diagnosiig presence of BMLs did’he studyalso

found the presence of multiple structural abnormalities to be the most predictive of OA 1
and 2 years before diagnosis. This suggests that the presence of changing BMLs and other
features in the absence of radiographic evidence of OA aimdnpay be indicative of
subsequent development of clinical OA symptoms and evidence. BMLs and other MRI
features may be important markers of very early stages of OA and may therefore offer
opportunities foearlyinterventions for OA. However, more work meeded to establish

a link between the MRI features, clinical symptoms and OA staging. A better
understanding of the mechanical effects of these features on the joint may provide better

guidance on how they relate to degenerative changes in OA.

1.3.4 Subchondoplasty

Several regenerative medicine and tissue engineered interventions are being developed to
treat OA in earlier stages before the need for total knee arthroplasty. Most of them target
the cartilage, including bone marrow stimulation, and autologousndrocyte
implantation, with the aim of regenerating or forming new articular cartilage. Very few

therapies target the subchondral hone

Subchondroplasty is an emerging intervention for treatinga®gociated BMLs. It is a
surgical procedure involving ¢hinjection of calciumphosphatédasel bone substitute
materialinto regions of BMLs. It was first described in 20854 method for treating joint

pain relating to subchondral defect (BML). It aims to relieve pain and alter the progression
of symptomaticBMLs by providing mechanical support to the diseased region of
subchondral bong.1]. The surgical procedure, shownRigurel.7, is performed under
fluoroscopic guidance in the anterior posterior view. A radiopaque cannula is inserted
into the desired area and the positioning of the cannula is confirmed by compatison
preoperave MRI images. Reinforcing bone substitute matasighen delivered into the
area with slow and gentle pressure to prevent severe-opesitive pain.
Subchondroplastys often performed in conjunction with arthroscopy to remove and

materal that may have escaped into the joint.
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Figure 1.7: Images showingcrosssections of (a) a healthy tibia (b) A tibia with a
bone marrow lesion (c) filing the BML with bone substitute material T
subchordroplasty (d) tibia with reinforced bone in BML area. ( image reused with
permission from Colon et al[69])

There have been few studies that have usedsuldcoplasty for treating BMLs and have
reported initial results; a summary of the findings currently available is shoWabie
14

Although the studies reported improvement in pain and outcome scores, all of the studies
have short follomup periods and small cohort numbers. Larger studies with longer
follow-up times aremeedkd to evaluate the effect of subchondroplastyhe progression

of OA. Also, these are clinical studies and do not provide any information or insight into
how theinjection of bone substitute materiafli®® improved outcome scores. However,

the studes provided indications and contraindicationsstdschondroplastyith the main
indication being the presence of @&sociated BML with pain and the most common
contraindications being the presence of severe malalignment and pain due to the other
pathologes. The majority of the BMLs treated in the studies were found in the medial
compatment of the tibiofemoral joint with BMLs occurring in botlsthl femur and
proximal tibia.The reason for this is not clear as BMLs have been shown to be prevalent
in the medial and lateral compartments of the femur and tibia as well as in the patella
[70]. The studies which included BMLs in the lateral compartnight 15, 18Jand the
patella[18] did not report any added complications or negative outcomes from doing so.

The wide age range and relatively low mean age in the studies shows prevalence of the
BMLs in yourger patients of not typically osteoarthritic age. One stidid} found
increasingage, BMI and presence of kissing lesions (adjacent lesiotigitibia and
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femur) to positively correlate with conversion to arthroplasty. This suggests that there
may be characteristics theould define cohorts of patients more likely to benefit from
subchondroplastySome studies also suggest teabchondroplastys not suitable for
patient withlate-stageOA with full thickness cartilage 10$$3, 14]and that these patients
would benefit more from a total knee arthroplastgpwever, morewvork is required to
define, withgreaterclarity, clinical indications and the ideal subsets of patients likely to

benefit from this treatment.

Although subchondroplasty is minimally invasive @oasideredafe, a few studies have
reported some complications involving extravasatiothefmateal into joint and over

pressurization which led to severe poperative pairjl2, 13]
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Number A
e range
Author(s) Year | Indications Contraindications of J 9| Results
_ (mean)
patients
MRI detected BML . . ' .
. . . instability, fractures, dislocation,
Cohen & with localized pain o
. _ osteochondritis dissecans, severe _ _
Sharkley[13] | 2012 confirmed with . - - pain reduction
_ malalignment (>8 degrees
physical
o varus/valgus)
examination
pain for over 2
month, MR} _ _
primary cause of pain and loss _ _
detected BML(s), _ Improvedpain score and functio
o ) functiondue to pathology other than _ ) )
Cohen & Pain in region of o . 34-76 70% survivorship at 2 years wit
2015 _ BML, gross joint instability, 66 . _

Sharkley[12] BML, evidence of (55.9) conversion to arthroplasty bein

moderate joint
disease in BML

compartment

> 8 degrees of varus or valgus,
TricompartmentbK&L grade 40A

failure being end point
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Improvedpain and function score

Farr & Cohen Symptomatic knee 75% survivorship at 2 years
2013 - 59 35-76 (55.6) ' . _
[15] subchondral BMLs, follow up with failure being
conversion to arthroplasty
presence of BML in _ , .
. . _ pain relating to nomegenerative
Chatterjee et weight bearing ' 38-70 .
2015 ' meniscal tears, >8 degrees 33 improved outcome scores
al[14] regions of knee anc . (53.5)
_ malalignment
pain > 3 months
MRI-detected BML increased pain and function sco
Fodor et al . . . o
2016| with pain, grade 2 - 1 51 improved range of motion in on
[16]
K&L score year follow up
autoimmune diseases, renal diseag
. . _ requiring dialysis, radiographic OA _
Bonadio et al BML with pain > 6 . 54 outcome improvement at 24 we
2017 with K&L score > 3, >8 degree 40-75
[17] months . _ _ . female) follow up
malalignment, radiographalterations
of patellofemoral joint
Out of work due to Improved pain and function with
Levy et al _ ) 179 (77 23-71
2020| radiographic OA - 85% return to work at 6 months
[18] female) (54.2)

with BML

86% survivorship at 2 years
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1.3.4.1 Bone Substitute Materials

Bone substitute materials (BSMs) have been used extensively in orthopaedic surgery to
fill bone defects and to fix prosthesis and fractures. The most widely used material has
been polymethyl methacrylate (PMMA). PMMA is commonly used in fixation of
fractures and generally in situations requiring the reinforcement of ptdner2] but it

has also been reported to cause damage to living bone due iotherec reaction of

its setting[73, 74] Calcium Phosphates (CgFhave gained popularity in recent years
because the setting reaction is endothermic and can occur at body temperature therefore
it causesno damage to the surrounding biological tis$u®, 75] CaPs also have
improved handling properties as they can be injected as a paste or moulded into defects
and voids. CaP cements alesigned to be osteoconductive and resorbable because they
are madeof calcium and phosphate which are ions required for bone formaiin

These properties make CaPs particularlyesuitor subchondroplasty. Aimportant
requirementor subchondroplastig that theresulting composite of bone and material in

the treated areshould have similar structural propertiesurroundinghealthy trabecula

boneto avoid stress shielding respori48]. The mehanical properties of CaP based
materials can vary depending on the composition and preparation method. Some
commercially available injectable BSMs and the accompanying manufacturer

informationon their compressive strengths are describ8abiel.5.

Table 1.5: Commercially available injectable bone substitute materials gdapted

from Colonetal[69land manuf acturerds described pr

Product (manufacturer) Composition Compressive
Strength
(MPa)
AccuFill (Zimmer Inc.) Nanocrystalline CaP{JCaP) 10
BetaBSM (Zimmer Inc.) Nanocrystalline CaP 30
Pro-Dense (Wright Medical Inc| CaS and CaP 40
StrucSure CP (Smith & Nephey Nanocrystalline CaP 24
GraftysHBS (Graftyg Nanocrystalline CaP 12
HydroSet (Stryker) H4CaOeP, TTCP, and N&eHsO7 | 10- 15
Norian SRS (DePugynthes) CaP with Sodium 50
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It can be seen froMable 1.5 thatthere is a wide variation in treompressive strengths

of thecommercially availale BSMs But there is no guidance given on which BSM is
most suited to subchondroplasty and what mechanical properties are required for a BSM
to provide adequate support in a BML without introducing additional stresses in the joint.
In a study to investigatéhe injection behaviour and mechanical properties of eight
commercially available BSMs, was found that five out of sevanaterials did not
maintain their physical properties when injected under pressure through a small cavity
into polyurethane foam bbs [69]. The liquid component separated from the powder
component, leaving the powder component in the syringe. This phase sepaaatsaew

in BetaBSM, ProDense HydroSet and Norian. Only AccuFill, and StrucTure were able

to be injected into the cavity. The injection force also differed greatly between the
different BSMs with AccuFill and StrucTure giving the lowest average injection force.
The amounbf BSM introduced into the foam also greatly differed between BSMs. The
weight and density of the BSMs were very different as well their interaction with the
surrounding material/bone. It is likely that the mechanical properties of the BSM wiill
affect theoutcome of subchondroplasty, but as yet, the optimum properties are not known

and there are no guidelines on what the right material would be.



25

1.3.5 Preclinical Animal Models

Diseases such as osteoarthritist'ecomingncreasinglyprevalentjliustratingthe need

to continue to develop new and effective treatmeBégore humans can benefit from
treatments such as subchondroplasty, they need to be shown to be safe and effective.
These can be done througteclinical testing usingarge animal models. Sitarities in

the musculoskeletal/biomechanical system between human and animals such as sheep,
pigs and rabbits can be exploited to study disease progression and test new treatments.
The similarities and differences between human and porcine knee joidisarssed in

this section.

One importantcriterion for choosing a preclinical animal model for biomechanical

applications is the ability to perforclassical surgical or experimental testing techniques
as human bone. The bones of the porcine knee jaug heen shown to be large enough

to receive prosthetic implanfg7], withstand bone plug extractigii8] and have been

tested invhole knee simulatog’9], making it a good choice for an animal model.

The porcineknee jointalsohas the same articulating surfaces and joints as the human
knee joint inclaling the tibiofibular joint. Also, the major soft tissue structures found in

the human knee, such as ligaments and meniscus, are also found in the pordB@]knee

However,porcine knee joint is limited in extension compared to the human knee joint,
being able to reach abob#0’extension compared to full extension in human knee joints
[80]. The differences in the range of motion between porcine and human knee joints
should be kept in mind when translating data between from animal to human data.

Another important consideration is skeletal matuftigs differ in lifeexpectancyand
skeletal growth than humaf&il]. The properties of bone and articular cartilage will differ
at different stages of matwitMaturity should be matched between the animal model
and proposed human equivaleattthe very least uniformity ingeshould be keptithin
theanimalmodels to isolate confounding factors due to maturity.
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1.4 Finite Element Modelling

The development adarly-stageinterventions for knee osteoarthritis require-pliaical

testing methods that are able to adequately represent the complex mechanical
environment of the knee. While experimental methods can provide a controlled test
environment, they are limited by theeacticality, both financial and time intensity, of
running many cases. Computational methods such as finite element modelling, can
therefore be utilized to provide valuable information otherwise difficult to obtain from
experimental tests. Computationaldaexperimental models can be used together to
improve the representation of the knee ingneical testing ofearly-stageinterventions

to treat knee osteoarthritis.

Finite element (FE) methods of analysis have been widely used in modelling and
evaluatng structural materials. This is becatisey offer a method to analyse complex
structures that cannot be otherwise solved using classical analytical methods. The method
involves the discretization of a continuuntrusture into smaller sections arite
apgication of equations toelate applied forces to nodal displacements basethen
material behaviour and interactions of the structdreis usually involves making
assumptions to simplify the problem. These equations are solved and the results can be
propagated to provide some information itat®n to the widestructure. In the field of
biomechanics, finite element modellingsheeen utilised to investigate stresses involved

in the loading and motion of the musculoskeletal system.

Femur

Femoral Cartilag
ACL : Medial Meniscus

PCL PN MCL

LCL y

Superior(+)

Inferior(-)

Lateral Meniscus

Medial(+)

Tibial Cartilage Lateral(-)

Tibia = Posterior(+)
7 . Anterior(-)

Figure 1.8: An example fnite element modelof human tibiofemoral joint (Image

reused with permission from Beidokhti et al[82])
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Various authors have built FE models of tmeémantibiofemoral jointto investigate
different aspects of the knee joint such as the meniscus, ligaments and articular cartilage
As with most computational eeriments, assumptions and simplifications must be made
to cut down computational cost and gwee a model with a convergsdlution.Some of

these models and the modelling choices made are revieWedblial.6.

The main aspects tfiesefinite element modslare discussed below

1.4.1 Geometry

The geometry of the different tissues in the joint can be represented with varying level of
detail depending on thegplication of the modeDue to importance of the knee geometry

on the joint forces, recent FE models use anatomically relevant geometries in their models
usually basedn computed tomography (CT) or magnetic resonance (MR) imaging
Modelling choices osome imagdased FE models aseimmarisedn Table1.6. Some

soft tissuegeometrylike ligaments may be excluded from the model #rar effects

accainted for in boundary conditioi83-86]

1.4.2 Material Properties

ManyFE models of the knee joint represent the bone of the tibia and femur as rigid bodies.
A reason for this ithe wide difference between the stiffness of bone and that of articular
cartilage and other surrounding soft tissue such as meniscus and collateral liganeents. Th
modelling choice is often se&@m cases where the focus is on the articular cartilage and
other soft tissuesA study by Donahue et al compared the contact stréstegen two
models of the knef84]. The first modelled the tibia and femur bones as rigid magerial
while the other modelled the tibia and femur as linearly elasticdgenous materials

with orthotropic properties. Results from the FE models showed less than 2% variation
in the cartilage contact stresses between rigid and elastic bone and a 50% reduction in
computational costs when bone was modelled as rigid bodiessiitgests modelling

the tibia and femur as rigid bodies is a reasonable computational assumption when

evaluating contact stress.

Bone density and bone volume fraction have been shown to be good indicators of
mechanical strength and stiffn¢83-90]. With the aid of advanced testing methods such

as gquantitative computed tomography (QCT) imaging, the deridiyne@ can be mapped

and estimated locally based on the brightrmesgeyscal®f voxels.
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A typical process for mapping material properties of trabeculafpom CT-image daa
would involve calibrating the CT density scanner against a phantom of kehengity
prior to bone imagingTo generate the FE modeljffdrent techniques have been
employedto segmenthe geometry. FE modelsan be generated usirigll range of
greyscale valuesr by applying ahresholdto and processinthe imagesn order to

highlight the trabecular architecturegreater detail91, 92]

After the model has been meshed, material properties can be assigned to each element
based on CTensityto-elastic modulus relationships. Theoreticghtionships between
density and elastic modulder cortical and trabecular borfeve beercalculated and
reported in literaturd93, 94] Another method of determining element wise elastic
modulus values is by comparing the computational stiffness of the FE model to
experimentastiffness in a specimespecific way and optimizing for a conversion factor
between CT density and elastic modulus to minimize the error between computational
and experimental stiffneg91]. Following the general approach outlineement wise

elastic materigproperties can be estimatBdm high resolution CT image3$his allows

the differences between the cortical and trabecular strudiui@s captured in image

based FE models.

Venalanen et al[83] studied the effect of different bone pespes on the contact pressure

and stresses in the knee joinE models of the knee were createth the bone was
modelled with three different properties; rigid, homogenous elastic and inhomogeneous
elastic. Homogeneous elastic bone was modelled vidtha s sonés rati o of
val ues of Youn g oGPaandld GPa tosnatdh ¢he mgel bame r@sults.

I nhomogeneous bone was mod ebutkaehttabeculavds t h e
individually assigned C-Herived elastic modulus The study found that cartilage
cartilage contact pressures were lower in the inhomogeneous bone models in comparison
to the rigid bone models, with a wider variation seen in the medial side of the knee.
Although the homogenous and inhomogeneous bone mgaeks similar cartilage
stresses, significant differences of about-felol magnitude were observed in the stresses

at the cartilagdone interface and in the subchondral bone. This suggests that trabeculae
architecture is important in modelling bone espkgiin cases where the subchondral

bone or cartilagéone interface is of interest.

In thestudyby Venalaina et al[83] , all the results were compared to the rigid bone as
a reference with no experimental validatitinis therefore not possible to determine if

the inhomogeneous bone model wasyta more accurate representation of theiiro
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situation However, a study of looking at porcine osteochondral lgvaés found very

good agreemeritetween experimental and FE results in cases where théntweegraft

and host were modelled usinthomogeneou€T-derived elastic modulus valugs3].
Modelling the graft bone as a uniform homogenous material led to poor agreement
between FE models and experimental test results. This emphasizes again the importance

of capturing trabecular architecture when modelling bone.

In the FE studiesummarisedh Tablel.6, cartilage and meniscus were mostly modelled
as linear elastic materials with widely varied values of elastiumodi s and Poi s s«
usually taken from existing literaturé. form of hyperelastic material model was the

popular choice for ligamen{82, 9597].

The choice of material model and properties will depend on eyikhiowledge of the
structure and properties of the tissue, existing theoretical material models and be

influenced by existing literature in similar applications.

1.4.3 Boundary Conditions and Loading

Motions may be applied to the FE model diredtlyoughthe tibia or femur oby using
boundary conditions that limit translation or rotatidviost of the studiesapplied
constrains to theemur and tibia irrestricting motion in one or more degrees of freedom
to mimic a static experimental loading scenaribjlevapplying axial load to the femur.
Additional congraintssuch as springs were used in some ceseapture the function of
the collateral ligaments in restricting anterior/posterior and medial/lateral nig4ip86,
95].

Majority of the modelsnodelledcartilageto-cattilage interaction propertiea a manner

that allowed fosliding [84, 86, 9597] between the two contact surfacesifnictionless

[84, 9598] or low friction [82] contact The femur and tibia contact surfaces are-non
conforming, allowing sliding between the contact surfaces minimizes the risk of large
errors due to change in the path of nodes in one contact surface in relation to the other

1.4.4 Validation and Verification

In order to gain confidence in computational simulations, models need to be verified and
validated. The ASME committee for verificationdamalidation in computational solid
mechanics[99] hav e defined verification as At h
computational model accurately represents the underlying mathematical model and its

solutiono. This basically i nv aticaleggationse st i
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have been solved correctly. While validat
degree to which a model is an accurate representation of the real world from the
perspective of t he |1 nt eTabled.@ it cas besseen thatt h e
different studies have validated FE models using subjsstific irvitro results, iavitro

results from other cadaveric samples, or results published by other aufhers.
computational output measures and loading situation shdeally be matched to the
experimental ored-life scenario as the validation method impols®#ts on the wider

application of the models

Mootanah et a]95] madedirect comparisonbetween a FE modednd a corresponding
expeimental specimen. The study fouleds than 10% difference in the peak pressures
and force between the FE model and theiiro tess with the FE model giving higher
values. This shows the possibility of getting good correlation between computational FE
and experimental wvitro tests. The FE model was validated againstitio test of the

same cadaveric knee tested with equivaleandary conditions and loading.
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Articular
Author Bone cartilage Menisci Ligaments Contactinteractions Validation
Linearly elastic Kinematics
transverssl isotropic ACL and PCL validated against
Elasticisotropic material: E1 = modelled with Identically loaded
Elasticisotropic material:E= 150MPa, E2 & E3 = springs of cadaveric specime
Guess et a| material E= 20GPa,| 15MPa,v= | 20MPa, vl = 0.2, v2| 400N/mm stiffness frictionless small from different
[98] v=0.2 0.475 &v3=0.3 each sliding interaction author
linearly elastic,
transversely isotropid
material: E1 = Intra-articular force
120MPa, E2 & E3 = and pressure
Elasticisotropic| 20MPa; G12 & G13 Neo-Hookean validated against
Elastic isotropic material: E= =57.7, G23 = 8.33; hyperelastic subjectspecific
Mootanah | material: E= 1GPa, 25MPa,v= | vl12 &v13=0.3,v23 material with frictionless sliding cadaveric irvitro
et al[95] v=0.3 0.45 =0.2;

ligament tuning

contact

test
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Elastic
Isotropic Elastic Isotropic Neo-Hookean
Beidokhti material: E = | material: E =5MPa, hyperelastic penalty methodfriction
et al[82] Rigid 5MPa, v =0.46 v =0.49 material coefficient =0.01 -
cartilage- bone =tie
Linearly elastic ligaments- bone = tie
transversely isotropid cartilagemenisci=
Elastic isotropic material: E1 = Ogden hyperelasti( frictionless finite cartilage stresses
Elastic isotropic material: E= | 140MPa, E2 & E3 = material with sliding surfacesurface | validated against
Wang et al| material: E= 20GPa,| 10MPa,v= | 20MPa, vl =0.2, v2 secondorder contact wih had other published
[96] v=0.3 0.05-0.45 &v3=0.3 energy potential | pressureoverclosure studies
Rigid;
Homogeneous elasti
isotropic E= 2-
15GPa, v=0.3;
Inhomogeneous | fibril -reinforced linearly elastic
Venalainen| elastic CFderived | poroviscoelasti¢ transversely isotropic
et al[83] properties, v= 0.3 material material - - -
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Linearly elastic

transversely isotropid
Rigid; Elastic isotropic material:E1 = frictionless, finite
linearly elastic material: E= | 140MPa, E2 & E3 = sliding contact with
Donahue | isotropic material E5 15MPa,v= | 20MPa, vl =0.2, v2 hard pressure
et al[84] 0.4GPa,v=0.3 0.475 &v3=0.3 nortlinear springs overclosure -
Elastic linearly
Shirazi & | isotropic material: E| fibril -reinforced validated against
Shirazi =0.31 5GPa, v = hyperelastic fibril -reinforced previous model by,
Adl [85] 0.3 model hyperelastic model - - same author
joint kinematics
finite sliding between | validated against
Li et al solid cartilagecartilage subjectspecific
[86] Rigid deformable compressive springs nonlinear springs interactions cadaveric specime
cartilage stresses
transversely validated against
Elastic isotropic  Elastic itropic isotropic frictionless finite experimental
Pena et al material: E = | material: E = 59 NPa, hyperelastic sliding for all obtained by other
[97] Rigid 5MPa v =0.46 v =0.49 material interactions authors
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1.4.5 Modelling Bone-CementComposite

PMMA bone cement and other bone substitute materials have been used in the
orthopaedic industry for the reinforcement of bone as seen in vertebroplasty and also in
implant fixation in joint arthroplasties. Large amounts of work have been catrted
understand the mechanical properties of the lm@meent formed especially in how it
relates to implant loosening although that is not the focus of this reViewrajority of

studies havexaminedthe behaviour in tension and shear. However, few studies have

investigatedhe compression behaviour of becement composite.

The procedure for preparation of samples has varied between the different studies.
Trabecular bone cores have been extrafitmoh different anatomical locationsil{ia,

femur, iliac crest, vertebrae) of animal or cadaveric human specimen. After thorough
cleaning to remove marrow from the bone, boament composites have been prepared

in one of three ways:

(1) cement was applied the bone core under press{t60-102]

(2) cement was injected into the bone core until a little overflow occ{tE4104]

(3) bonecement specimen extracted fromvitro cemented total hip replacement

[105, 106]

In all studies, boneement composites were then left to fully cure treteafter shaped
into smaller blocks for mechanical testing and CT imagBwmne studies investigated
micro-motion in the composites using digital image correlatjé@5] or stepwise
compression with timdapsed micreCT imaging[100]. Other studies investigated the
gross mechanical behaviour of the baeenent composited 02-104]. Finite element
models were also created and used to investigate the mechanical behaviour-of bone
cement compositegl00, 101, 104, 10409). The FE models were validated against

subjectspecific experimental tests or results from experimental tests by other authors.

Experimental tests found the compressive strength and modulus ofcémeat
composite tde significantly less than that of cement of alfi@3, 105] Although the

studies did not directly measure the compressive mechanical properties of trabecular bone
alone, they estimated from published literature, that the compressive moduli and strength
of the composite was also much less than that of trabecular bone alone e dveew

the rule of mixturesheory, the compressive modulus of the composite is expected to fall
between that othe bone andhe cementbased on the volume ratio of each component.

The low compressive properties of the composite may be due to impledieding
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between the bone and cement. Also, the damage to trabecular structure caused by the

injection is a likely contributor to the change in compressive properties.

Studies have also found the beremment interface to be more compliant than both bone
and cement. One study found that up to 95% of the deformation in theckament
composite took place in partiallgterdigitated regiond100]. These results are in
agreement with experimental results by Mann ¢6.@b] which found tha83% of the
motion was in the regions of partial interdigitation. This body of work higditie
positive correlation between the level of interdigitation to the strength and elastic modulus

of the bonecement composite.

In terms of damage, study byTozzi et alfound thathe majority of the deformation was

in the partiallyinterdigitated regionwhich resulted in trabeculae buckling and more
volume of the bone being damaged in this Za06)]. In contradiction, other studies have
reported more damage in the cement than in the bone with a significant amount of the
cracks propagating from pexisting cracks in the cemejit05, 106] This may be due

to residial stresses from shrinkage of cement during curing. ManriHd%|lalso found

that contact area waegitively correlated to the strength of the interface.

To fully consider contact, the influence of the morphology of the individual trabeculae
structures must be considered as this would contribute to the strength and compliance at
the interface in the paally interdigitated regions. A study by Helgason et al investigated

the role of bone morphology in the mechanical properties of thed®mnent composite
specifically the modulus of elasticity, yield stress and associated [té&8h The study
considered several morphology parameters but only found a weak correlation between
those parameters and the mechanical parameters. However, the anisotropy ratio was
significantly correlated (P<0.001) to the modulus of elasticity agld giress of the bone
cement composite. The contribution of cement properties to the mechanical properties of
the bonecement composite was also tested. Low, medium and high stiffness cements
were used to make bommement composites using bone from theeadovine tibia. The
samples were tested in compression and the results showed that the relative contribution
of the cement to the composite strength and stiffness increases with the increase in cement
stiffness. A study by Kinzl et al also suggested thatcement bore majority of the load

in the bonecement composite because their results showed that changes in cement
properties (cement stiffness) led to corresponding and significant changes in the
composite strength and elastic modylu@4]. The study tested the differences between

using a standard vertebroplasty cement and anhmdulus cemenfdditionally, it found
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no significant correlation between bone volume fraction and the strength and stiffness of
the bonecement composite. This is in agreement with other studies which also found no
correlation between the bone volume fraction and the strength and stiffrieesbohe
cement compositg 02, 103, 109]

It is difficult to make direct comparisons bet@n these studies because of the different
methods of preparing bofe@ment composites and the different anatomical site that the
bone was extracted from. Jofe et al showed that different methods of creating the bone
cement composite had a significant irapan the compressive strength and modulus of
the composite. Also, the mechanical properties of trabecular bone may differ based on
the anatomical site and this may affect the properties of the resulting composite. In the
context of subchondroplasty ther®substitute material is injected into the bone in a
similar way as vertebroplasty, the resulting composite may behave similarly to composite
derived from vertebroplas{it02-104, 109] However bone substitute materials used in
subchondroplasty are calcigpmosphée based while these studies have used PMMA, the
difference in material composition is likely to change the interaction between bone and

substitute material.

1.4.5.1 Tissue level models

Looking at the continuum level, a few studies have attempted to model cement
augmentation in the human vertelusing specimesspecific imagebasel FE models
validated against experimental te&$, 110112]. Despite the complexities of modelling
bonecement compositeslready discussedthese studies have found very good
agreement with experimental studies for apparent stiffregstaength of the vertebral
body in augmented and neaugmented modelsTo achieve very good agreement

between FE and experimental restthe, following techniques were employed.

(1) Determination of element material properties based on regional bone volume
fraction rather than directly from greyscale values.

(2) Creating models of augmented vertebras from a combination of registered non

augmented and augmented image data.
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In Sectiorl.4.2 we have discussed the importance of capturing trabecular architecture in
the mechanical response of FE models. This can be done by establishing a linear
relationdip between image greyscale and elastic modulusgcoin voxel. More complex
relationships, such as relationships based on power law have also been used. However, a
different method based of estimating a relationship between the bone volume fraction and
elastic material properties have also been used.bidne volume fraction method has
been shown toemove effects caused by bone marrow and trabecular spaces. Direct
grayscale based models discriminate bone marrow void trabecular spaces from bone
marrow filled trabecular spaces thereby altering the derivatnal propertie$l113].

Studies that used a linear relationship betwgreyscale image data, based onlibae

volume fractionand elastic material propertigsl, 113]Jfound better agreement between

FE and experimental results compared to studies that used a linear relationship between
grayscale and elastic material properfleR2], or a more complex relationship between

greyscale and elastic material properfiek0-113].

Finite element models created from CT images of augmented vertsdbreehad very

poor agreement with experimental res{@$, 112] Some studies creat&dE models of
augmented speamiens by segmenting the cemdoine composite from CT images of the
augmented specimens and the rest of the vertebra from CT images of-tnggnumented
specimens. This method improved the agreement between computational and
experimental resulf®1, 110, 111]

Although subchondroplasty involves a different joint, material and loading conditions to
vertebroplasty, these FE studies of vertebroplasty have shown that is possible to achieve
very good agreement between FE models and experiments when the focuspiarentap
tissue level mechanical properties. The techniques employed in modelling non
augmented and augmented vertebrae may be adapted in modelliaggmanted and

norraugmented bone in areas affected by bone marrow lesions.
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1.5 Summary of Literature Review

The knee is the most common site for osteoarthritis which causes pain and disability.
Osteoarthritis has been shown to cause abnormal bone remodelling and disruptions to the
cartilage matrix leading to loss of cartilage height. Osteoarthritis is printhaiggphosed

by looking at the joint spacing on radiograjgth@ng with clinical symptoms such as pain

and loss of functionality. However, radiographs are not able to pick up several bony and
soft tissue abnormalities that have been associated with OA shohemarrow lesions.

BMLs have been associated with knee OA symptoms and progression, although it is

unclear what role BMLs play in altering the mechanical environment of the joint in OA.

Subchondroplasty is an augmentation technique prescribed fongré2iiLs. While

some clinical studies have reported early success in terms of pain and function outcomes,
there are uncertainties due to the prevalence of BMLs in both symptomatic and
asymptomatic knees, concerning defining subsets of patients likely éfitkfeom this
treatment. An understanding of the mechanical effects of BMLs and subsequent

augmentation of BML regions will help provide some guidance in this regard.

Finite element modelling techniques have been employed to evaluate structural material
including the knee. Current techniques have made use of in imaging technology, such as
CT and MRI to capture the geometry of the bone including the trabecular architecture in
good detail CT images have also been used to map the local material propéties

bone based on voxel intensity. This level of detail in capturing differences in geometry
and material properties have been shown to produce reasonable agreement between
computational and experimental results when modelled individually. Advanced FE
models like this can be used to investigate differences between bone in BML and non

BML regions.

Finite element models have also been used to model augmentation techniques such as
vertebroplasty and to the resulting berement composites in great detélodelling

bone augmentation is complex with particular challenges in modelling the interactions
between the cement and trabecular bone struts. However, thesenaeetechniques
employed irrepresenting the overalebaviour of augmented speciméhat hae shown

good agreement with experimental tests, which may be adapted for modelling

subchondroplasty.



39

1.6 Aim and Objectives

The aim of this project was to investigate the effect of bone marrow lesions on knee joint
mechanics in knee osteoarthritiBo acheve this aim, the following objectives were
defined.

1. To developa genericfinite element (FE) modelof a natural knegoint with
uniform bone properties and to use this model to examine the effect on knee
contact mechanics of the inclusion of a BML region with varying size, position
and material properties, representing extremes of the lesion or augmentation
material belviour. Thisis reported irChapter 2

2. To develop methodologies for defining the mechanical material properties of
small areas of bonasing a comimation of uniaxial compression testing and
imagebased finite element methodkhis is reported i€hapter 3

3. To applymethods developed i@bjedive 2 to samples of human cadaveric bone
containing BMLs, and charactee differences between bone affected and
unaffectedoy BMLs. This is reported itChapter 4

4. To apply methods and knowledge gained fil@hjectivesl and3 to evaluate the
effect of BMLs in specimespecific models with more realistic, inhomogeneous
bone properties and to understand how variations in material property distributio
in real knees affect conclusions drawn from Objectivelis is reported in
Chapter 5
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Chapter 2 : Developmentof Finite Element Models of the Tibiofemoral

Joint

2.1 Introduction

This chapter details work carried out to develop finite element models of the tibiofemoral
joint to include an idealised representation of a bone marrow lesion. As discussed in
Section 1.4 of the literature review, previous models of the natural knee have mostly
focussed on the soft tissues with the bone frequently representedigag solid. To
investigate underlying bone mechanics and pathology, it is however necessary to
incorporate a more realistic and deformable bone behaviour. This study forms the first
part of work carried out to achieve the first objectiescribed irSection 1.6, to develop
computational finite element models of the natural joint mechanics and the effect of

varying sizes and positions of bone noarresions.

In this chapterthe development of a baseline modegdél 1 is first described along with
some verification and mesh convergence tests to provide confidence in the FE model.
Subsequentlya series of parametrgtudies werearried out wherparameters related to

the defect were changed and their effect evaluated and disclisgethodel was then
adapted to include the articular cartilage lay&iedel 2 and further sensitivity tests
were undertak®. Finally, Model 3 was developed Wit hemisphericd&8ML that better
represented lesions that are located close to the subchondral herdifferent models

created and their key features are describd@bie2.1.

The results and conclusions from this chapter were carried forward to inform subsequent

modelling choices in finite element models of the tibiofemoral joint in the next chapters
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Table 2.1: Models created and discussed inl@pter 2, key features and
comparisons madeéetween models

Bone . .
_ Cartilage Loading _
Name elastic ) Compaisons made
modelled? scenario
modulus
Theoretical calculation,
5mm changes in sizdpcation
Model 1 | 20 GPa No _ _
displacemen{ and elastic modulus of
BML
Model 1a| 20GPa No 2kN Model 2
Model 1a, Hole BML, Stiff
Model 2 | 20 GPa Yes 2 kN _
BML, less stiff bone
Hemispherical BMLs with
Model 3 2 GPa Yes 2 kN _ .
varying elastic modulus

2.2 Model 1: A baseline intact boneonly model

An initial finite element model containing a femur and tibia with no soft tissue was
developed. The purpose of this model was to undertake a preliminary evaluation of the
contact implementation by comparison with the closlesbretical KHertzian coraci

cases and to undertake preliminary sensitivity studies in a case where there were fewer
confounding factorsespecially due to the presence of cartilage. Parametric studies were
performed on the model to determine the effect of elastic material rpropze and
location of BML on the knee joint. This preliminary work informed subsequent

development and incorpation of BMLs in future models.
2.2.1 Model Development

2.2.1.1 Specimen characteristics

Image surface files of the tibia and femur from the Open Kneer@@me 1 Specimen
[114] were used in this styd The Open Kee specimen is aropensource model
developed from the right tibiofemoral joint of7/@yearold female. The model contains
individually segmented imad#es for the proximal end of the tibia, the distal end of the

femur, corresponding cartilage and menisci, and the cruciate and collateral ligdrhents.
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knee specimen was imaged at timmechanics laboratory of the Cleveland Clinic using
a 1.0 Tesla exémity MRI scanner. The scanning protocol utilized a 3D spoiled gradient
echosequence with fat suppression, repetition tifiR)(= 30 millisecondsecho time
(TE) = 6.7millisecondsand isotropicslice thickness 4.5 mm.

Image surface files were importethto commercial image processing software
SimplewareScanlIP v.2011Synopsys, Mountain View, CA, USAkhere they were
assigned material properties and meshed. Finite element models created in ScanIP were
then exported to Baqus CAE v.2017 (Dassa@ystemes, Velizy-Villacoublay, France).

BML representation

A spherical defect was created in ScanlP to represent a BML in the lateral tibia as shown

in Figure2.1.

2.2.1.2 Material properties

The bones were modelled as homogenous linearly elastic isotropic material with elastic
modulus 020 GPaandaP o i s s o mf®S8 Thisalasticanodulus is high and akin to
what can be expected of healthy cortical bf@&e 115] Given the limited data available

on the material properties of bone affected by BML% BML area was represented in

this initial model by a linear elastic isotropic material with a modulus very different to
the surrounding bone (E200 GPg v = 0.3).

&

BML

Tibia

Figure 2.1: A schematic representatiorof a knee model showing the femur, tibia and

a BML from coronal and sagittal planes.
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2.2.1.3 Mesh generation

Although hexahedral elements are widely preferred to tetrahedral elements for modelling
contact, they can be difficult to implement when meshing comgémmetry. Studies

have highlighted quadratic tetrahedral elements as good alternatives due to high accuracy
and efficiency when compared to hexahedral medligs 117]. Therefore meshes with
quadratic tetrahedral mesh elements were generated. The mesh density was varied as part
of a mesh convergence study. Following the mesh convergence study, themesime

density was used for models with and without BMLSs.

2.2.1.4 Contact definition

Surfaceto-Surface contact interaction with finite sliding was created between the tibia
and the femur, with the femur as the master. The contact between the two surfaces was
assimed to be frictionless with a penalty overclosure method to define the normal
behaviour of the contact. These interaction properties have been successfully used in the

many studie$82, 84, 96] some of which were discussedSactionl.4.

2.2.1.5 Boundary conditions and loading

The distal end of the tibial bone wasnstrained for translation and rotation in all
directions. A downward axial displacement ainth was applied to the superior end of

the femur using a reference point coupled to all the nodes of the femur, and displacement
was fixed for all other degrees fseedom. The displacement was applied to close the

gap between the femur and the tibia and then apply load to the joint.

2.2.1.6 Output parameters

A primary output of interest from the model was the contact pressure. This variable was
used because it gives anication of how the BML might affect other tissues beyond the
bone, especially the cartilag@s discussed in Sectioh3, cartilage degeneration is a
significant aspect of osteoarthritis, changes indis&ibution of contact pressure in the
cartilage can cause adverse loadinthencartilageandaccelerate artilage degeneration.

For example, increased contact pressure in areas with thin cartilage may accelerate

cartilage degeneration in those areas.

The von Mises stress distribution through the tibia wasralsorded tanvestigate how
the presence of thBML affects the distribution of stress through the bonen Mises

stress is a scalar quantity which represents the equivalent stress state of the material before
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the distortional energy reaches its yield point. Tpasameter isuseful to investigate

distortion inthe bone due to the presence of a BML.

A gualitative assessment of the contact pressure was made and compared between various
cases, looking at location and number of contact pressure peaks, the size of the contact
area and the general appearaoicihe contact area. The distribution of von Mises stress
through the tibia was also compared between cases. Quantitative comparison of the
maximum contact pressure and the maximum von Mises stress was also made between

cases.

2.2.2 Mesh Convergence Study

A medh convergence test was carried out to find the most suitable mesh density. The mesh
density was changed by varying the targejeetength in ScanlP betweenmin and

4 mm. The meshes were generated in ScanlP and element sizes were varied using the
mesh coaeness function within ScanlP. This led to inconsistent variation in the element
size between the cases. However, there is an approximate halving of element edge length

between the cases i@m, ~ 2mm, and Imm).

The effect of the mesh density on the maxmcontact pressure and maximum von Mises

stress was investigated.

2.2.3 Theoretical verification: Hertz Theory of Elastic Contact

Hertz theory of elastic contact describes the stresses at contact between two elastic curved
bodies under normal displacemefitd8]. To apply Hertz contact simplifications, the

following conditions must be met:

i.  The significant dimensions of the contact area (with rad)usiust be small in
comparison to the dimensions of each body and the relative radii of curvature (R)
of the surfaces in contact

ii.  The surfaces are continuous and-eonforming

iii.  Each solid can be considered as an elastiedpaite
iv.  The surfaces argictionless so that pressure is only transmitted in the normal
direction (perpendicular to the interface)

v. The strains are small (small enough to lie within the scope of linear theory of

elasticity)
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The geometry of the knee joint is complex thereforectigact surfacewere simplified

as a pair of spheremd flat plane The femoral condylewere represented as spheres
and the tibia plaaus as flat planes as showrFigure2.2. The widest distance in the
sagittal plane of each condyle was measured from the FE randéhe largest used in
the theoreticalcalculations.Due to the small strain requirement ldértzian contact
theory, it is only applicable tmmake thistheoreticalcomparisonin a case where the

cartilage layer is not present and the bones have a high modul@® & this case).

24 mm

F

Femoral condyle
represented as sphere
E=20GPa;v=03

Tibial plateau represented as
nfinite plane
E=20GPa;v=023

Figure 2.2: A simplifi ed representation of the femoral condyle and tibial plateau.

The maximum contact pressure gerived from Hertzian contact thedd/18] is given

by:

Equation 2.1
Where P is the total load compressing the bodies and
a is the radius of the contact area defined as:
“__Z
Equation 2.2

Where P is the total load compressing the ®die

R is the relative radii of the two bodies,
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T dgacord<gia
Equation 2.3
E* is the combined modulus of the two bodlies
“Pao o »
F Maco»
Equation 2.4

Using the dimensions from gotten from the FE models in equations defined, the contact

pressureand the contact radius was compared taekalts from Model 1.

2.2.4 Parametric studies on baseline Model 1

Parametric studies were carried out to investigate the effect of material property, size and

location of a BML.

2.2.4.1 Change in lateral location of BML

Three models were created to investigate tfecebdf the lateral position of the BML on
the output parameters. Each model hadraéradius BML and was located®m below
the surface of the tibia as showrFigure2.3. In the first instance, the BML was aligned

with the centre of contact. The BML was moved medially loynd and 12nm.

Figure 2.3: (From left to right) BML aligned with centre of contact of the tibia and
BML moved by 6 mm medially.
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2.2.4.2 Change in distal location of BML

Three sets of models were created to investigate the effect of increasing distance of BMLs
from the tibia surface on the output parameters.mn® radius BML, aligned withhe

centre of contact was moved distally in the tibia fromr below the tibia surface to

6 mm as shown ifFigure 2.4. A model was also created with the BML locatechmh

below the tibia surface.

Figure 2.4: (From left to right) a schematic of a thia showinga BML located 2mm

below the tibia surface and 6 mm below the tibia surface.

2.2.4.3 Change in size of BML

FE nodels were created to investigate the effect of increasing BML radius on the
maximum contact pressure and distribution of von Mises stress in thedined he
BMLs were located 2nm below the surface of the tibia and aligned with the centre of
contact. The BML radius was varied fronmn to 8mm in increments of 2 mnihese
cases were selected to cover small incremental increase in the size of thgpBihe

8mm radius case where the BML diameter is similar to the width of the contact area.

2.2.4.4 Change in material property of BML

Signal alterationgh MR images oBMLs are suggested to be indicative of hyperactivity
and abnormal bone remodelling Bidtle is known about mechanical properties of the
bone contained in these regioMicro-CT investigationshave reported reduced tissue
mineral density in comparison to subchondral bone from unaffected regions which is
suggestive of reduced stiffnefs9]. However, the literater also suggestscreased
remodelling, evidenced byincreased trabecular thickness and higher bone volume
fraction, which might be suggestive of higher modulusame regions othe affected

bone
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Using a model with a 6 mm radius BML located 2 mm below the tibia surface and aligned
with the centre of contact, the elastic material property of the BML area was varied
between a hole (an extreme case where BML provides no mechanical support) to 200
GPa(10 times the modulus of the surrounding ban&)0 GPa increment® investigate

the effect of the material property of the BML on theei@nt contact mechanics. The

Hole case was created by removing the elements of the BML from the model.

In the clnical situation, the material properties of the BMhd of any augmentation
materialare very likely to be different from ¢hextreme casassed inthese mode|dut
these initial tests were undertaken to indicate how a range of properties might affect the

surrounding structures.
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2.2.5 Results

2.2.5.1 Mesh Convergence Results

Details of the element size and corresponding number of nodes and the model runtimes

are shown imable2.2.

Table 2.2: Details of models in mesh convergence test.

Target minimum element Number of nodes Runtime
edge length (mm) (Hours:Minutes:Seconds)
4 20307 00:00:26
1.9 31928 00:00:39
1.2 123383 00:03:37
1 236078 00:13:18

The results of the mesh convergence tests are showigure2.5 andFigure?2.6.

There is a 106 differencan the maximum contact pressure when the element edge length
is approximately halved from#hm to 1.9 mm. A further halving of the element edge
length from 1.9nm to 1 mm causes only (% difference in the maximum contact

pressure. This reduction in thefdifence cases shows that the mesh is converging.

Results fronFigure2.6 show thathere is a & % differencan the maximunmvon Mises
stresswhen the element edge bgh is approximately halved from 4 mm to 1.9 mm. A
furtherreduction in theelement edge length from 1.9 mmi® mm also shows a 1%

difference in thevon Mises stress results

There was over a 260% increase in the runtime between the most densgtalehse
mesh. However, the runtime of the highestsity mesh was only 13 minuteséerefore,
the most dense mesh with element edge lengthnainl(highlighted inFigure 2.5 and

Figure2.6) was used in the subsequent models.
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Mesh Convergence of Contact Pressure

Maximum Contact Pressure (GPa)
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[#.s)

0 50000 100000 150000 200000 250000
Number of nodes

Figure 2.5: Maximum contact pressure plotted against number of nodes. Thehosen
meshis highlighted in red

Mesh Convergence of von Mises Stress
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Figure 2.6: Maximum von Mises stress plotted against number of nodes. Tlolosen
mesh is highlighted in red
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2.2.5.2 Model 1: Intact Model

The maximum contact pressure and the maximum von Mises stsedisfrom Model 1

are presented ihable2.3.

Table 2.3: Results from Model 1

Maximum Contact Maximum von Mises Contact radius Reaction
Pressure (GPa) Stress (GPa) (mm) Force (kN)
3.97 2.49 5.09 156.3

2.2.5.3 Theoretical Verification
The tbia plateau is represented as a flat plane with infinite reaiuseen ifrigure2.2

therefore from Equation2.3

p
Y

<lo

Y pqa
And using the same material propertised for the tibia and femur in the FE model, from

Equation2.4
0 ho 1 O] ) ™
T p BGOD @

Insertingthe reaction force from the model P = 15K\8into Equation2.2,

o ov'Y
140j
W X& @

Insertingwinto Equation2.1: 1 —
R u8tTOD O
Comparing Model 1 to the theoretical calculations with idealized shape, there is a 21%

difference in the maximum contact pressure arfb 28fference in the contact aréar

the same reaction force.
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2.2.5.4 Change in lateral location of BML

The effect of changing lateral distance on the maximum contact pressure and maximum
von Mises stress is shownhigure2.7 andFigure 2.8 respectively. The results show that

the further the BML was from the centre of contact, the lower the effect on the maximum
contact pressure in the cartilage and the maximum von Mises stress in the surrounding

bone compared to the baseline Model 1.

Effect of BML lateral location on contact pressure
5.5

Maximum contact pressure (GPa)

—&®— contact pressure = ===== baseline

0 3 6 9 12
Distance from cenfre of contact (imm)

Figure 2.7: The maximum contact pressure for three different locations of BML.

Effect of BML lateral location on von Mises stress

Maximum von Mises Stress (GPa)
2
2 N

—@8— von Mises stress =~ ===== baseline

0 3 6 9 12
Distance from centre of contact (mm)

Figure 2.8: The maximum von Mises stress for three different locations of BML.
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The von Mises stress distribution in the tibia and BML for the three different BML
locations is shown ifrigure 2.9. The BML aligned with theentre of contacfFigure
2.9b) was found to contribute most to the change in stress distribution in the tibia

compared to the other scenariégy(re2.9c andFigure2.9d).

() (C))

Figure 2.9: von Mises stress distributionin models (a) baseline model (b) BML
aligned with centre of contact (c) BML 6mm away from centre of contact (d) centre
of BML 12 mm from centre of contact. The BML region is shown by the red dashed

circle.

2.2.5.5 Change in size and distal location of BML

As shavn in Figure2.10, increasing the size of the BML generally led to an increase in
the maximum contact pressure. This trend is most obvious in caseBMiithocated
2mm distally from the tibia surface. Also, the farther away distally the BML is from the

contact surface, the less its effect on the maximum contact pressure.

A similar trend is seen iRigure2.11, a general trend of increasing von Mises stress is
seen when the BML size is increased. An increase in the distal distance of the BML from

the tibia surface led to a decrease in the max von Migessst
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Effect of BML size and distal location on contact
pressure
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Figure 2.10: Maximum contact pressure plotted against BML radius for different

sizes and distal locations of BML.

Effect of BML size and distal location on von

A5 Mises stress

Maximum von Mises stress (GPa)
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Figure 2.11: Maximum von Mises stress plotted against BML radius for different
sizes and distal locations of BML.
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2.2.5.6 Change in material property

An increase in the Youngd6s modulus of t
maximum contact pressure and maMimvon Mises stress asastn in Figure2.12 and

Figure2.13respectively.

A 1.8% difference was seen in the maximum contact pressure between the case with a
20 GPa BML and the baseliniewhich is a model with no BML, and bones with @G@a

elastic modulus. A 5.1% difference was seen in the maximum von Mises Stress.

Having a BMLwith an elastic modulus less than that of the surrounding bone resulted in
maximum contact pressure and von Mises stress less than the baseline model with no
BML. In the hole case (plotted as 0 GP&igure2.13), the maximum von Mises stress

was higher than in the XBPa case, this may be due to high stress concentrations in the

unsupported elements due to the presence of a hole.

Effect of BML material property on contact

pressure
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Figure 2.12: Maximum contact pressure for different elastic modulus of BML.
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Effect of BML material property on
von Mises stress

Maximum von mises stress (GPa)
(Y]
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Figure 2.13: Maximum von Mises pressure for different elastic modulus of BML.
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2.2.6 Discussion of Modell

Although there are big differences betwdies contacpressure (21%) and contact radius
(29%) calculated using Hertzian contact theory #rubeobtained from Model 1, the
results are within the same order of magnitude. This provides a level of caefitethe
model. However, a more robust validation would require experimental measurement data
due to the complex shapes and materials involved (including cariielgeh is explored

in Chaper 5of this thesis.

In Model 1 the surfaces are continuous and-camorming which satisfies the second
assumptiorof Hertzian contact theory in Secti@r?.3 The femur and tibia are modelled

as elastic solids and a frictionless interaction was applied in Model 1 which satisfies the
third and fourth assumptions. The contact radius in Model 1 ws rim, which is
smaller than the radius of the idealised representation of the femur (24 mm) but does not
fully satisfy the first assumption of a much smaller contact radius as it is not orders of
magnitude smaller. The assumption of small strain isradsmet as the maximum strain

in the modeis greater than 1%. Also, tliemur is not an ideal sphere and tibia plateau is
not an ideal plane, these limitations account for the differences between the results
obtained from the model and the contact theesyilts.

The results from the parametric studies show, as expected, that small BMLs farther away
from the tibia surface distally are less likely to have significant effects on the contact
pressure and the stress in the surrounding Wenoen Figure2.11, looking at the cases

with BML located 4mm below the surface of the tibia, it can be seen that themropa

in von Mises stress between the 2 mm radBiML and 4mm radius BML before a rise

with increasing BML radius. This may be because the mesh was optimised for using a
no-BML case and may not be fully converged in this case. The location of the maximum
von Mises stress is localized around the BMLd amay be influenced by element size in

this area.
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The results irFigure2.7, Figure 2.8 andFigure 2.9 show thatBMLs farther away from

the centre of contact have less effect on the contact pressure and von Mises stress
compared to BMLs aligned with the centre of contd¢ile there have beam studies
simulating BML size and location in this way, some studies with simulated spherical
subchondral cysts have found positive correlations between cyst size and increase in
stress in the surrounding bofiel9, 120] Anwar et al[120] alsoinvestigatedhe effect

of the distal distance of the cystdafound that cysts closer to the surface led to a larger
increase in the von Mises stress in the surrounding bone than cysts farther away from the
surface. In both studies the cysts were located in the weight bearing region of the joint

and modelled withlastic modulus much smaller than surrounding bone.

Bowes et a[62] made a distinction between OA BMLs and ligamentous BMLs, in this
study OA BML were distinct from ligamentous BMLs based on the location of BML and
presence of overlapping ligament or meniscal attachments. These BMLs with soft tissue
associated dve also been referred to as traumsaociated BML$§62, 121] OA BMLs

were found to collocate with areas of cartilage degeneration which were predominantly
confined to the central regimn the medial and tibia. These central regions are likely to

see the greatest contact pressures for the largest portions of time (standing and some parts
of the stance phase of the gait cycle) therefore, it is not surprising that from the parametric
studies of Model 1, a BML in this region and closer to the surface of the tibia has more

of an effect than one located further away from this region.

The results also show the sensitivity of the contact pressure and von Mises stress to the
elastic modulus of #nBML. A localized change in material property can have whole joint
effects. The results highlight the importance of having more accurate information on the
mechanical properties of bone in BML regions to properly define them in FE models.

There are smaltlifferences in the results for a case with a BML ofGHa (same elastic

modulus as surrounding bone) and the baseline (which is a model with no BML and bones
at 20GPa), although in both cases all the components of the model have the same elastic
modulus These differences may be due to small differences in the mesh shape between

the two models.

A limitation of this model was the absence of cartilage. This was done to enable
theoretical verification, and to allow the preliminary sensitivity study whottugsed

only on the bone without any confounding factors due to the cartilage. Another limitation
of this model was that it was controlled by applying a displacement which was easy to

implement and run to a converged solution. However, adoaeén approeh would be
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a better alternative because physiologically relevant loads can be derived from in vivo
measurementand can be applied consistently to all casgwreaghe displacement to

achieve a certain load will differ from specimen to specimen.

In Model 1, bone was modelled with a high elastic masloff 20GPa. This is within the
range of elastic modulus reported for cortical bone in literature. However, the femur and
tibia are made up of both cortical and trabecular bone which would resultrirctuss

with different elastic modulus than that of just cortical bone.
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2.3 Model 2: Intact model including cartilage

This aim of this study was to generate a more physiologically relevant model by adding

cartilage and more representative loading.

2.3.1 Model Development

Segmented image files for the femur cartilage and medial and lateral tibial cartilage were

taken from the open knee specimen and added to the FE model described2S2dtion
Mesh generation

The same mesh element size used in Model 1 (element edge lelnigiim}was used for
the bones in this model. The cartilage was also meshed using quadratic tetrahedral mesh
elementsand amesh convergare studywas performedvhere the element size of the

cartilage was varied.

Material properties

The cartilage was modelled as a hyperelastichmkean material with a bulk modulus,
K =41.7 MPa and shear modulus, G = 3.4 MPa. In the FE models discu&stion
1.40f the literature review, cartilage was modelled weithstic modulus within the range
5-15MPa and a Poi sis04ib§Bg, 84, 3698]. Based drEqation2s

andEquation2.6, the bulk and shear modulus used were based on an equivalent elastic

modulus, E=1MP a , and Poissonb6s ratio v = 0.46.
. (0]
0O ———
¢cp VL
Equation 2.5
O
¢p GU
Equation 2.6

The cartilage here was modelled as a homogenous cartilage. It was discussed in Section
1.2.1that articular cartilage is made up of different layers with different biomechanical
properties. However, cartilage was modelled here as one homogenous layer of material
to captureghe bulk compressive behaviour and to simplify theleho
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Contact definition

The cartilage layers were tied to their respective bone surfaces and $odackce
contact was defined between the femur cartilage and the tibia cartilage. A coefficient
friction of 0.05 was applied between the contact surfaces and a pemaltjosure
method was defined. A low coefficient of friction was chosen because cartilage is a low
friction material as discussed in Sectibr2.1, the value was chosen to be between
frictionless[82, 84, 95, 97, 98nd 0.178, 79]which have beefrequentlyused in other

finite element modelling studies literature.

Boundary conditions and loading

The tibia was fully constrained for all trantstens and rotations as shownHigure2.14

and an initial axial displacement of Invim was applied to the femur to initiate contact
between the cartilage surfaced load of 2kN was then applied to the top of the femur
while translatbns and rotations were constrained for all other directions except the axial
displacement. This was done to act as an extra boundary condition to prevent excessive
motion of the femur. The load applied is within the range of expected peak loads in the
starce phase of the gait cyd25], where it has been reported that the joint force is within

2 - 4 times the body weight. Loading corresponding to the stance phase was used as it
was deemed most appropriate for use in gstdc loading scenario such as in the
models described in this chapter. This allows the models to be loaded in a more
physiologically relevant manner in comparison to displacement control described in
Model 1.

2kN, Load

Posterior
Coronal View

Lateral

Medial

Fixed for translations and rotations

Figure 2.14: A schematic representation of ModelR showing the loading scenario

from the posterio coronal plane.
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2.3.2 Mesh convergencetsidy on cartilage

A mesh convergence study was carried out on the cartilage. The mesh density of the
femoral, lateral tibiband medial tibial cartilagezaschanged by varying the target edge
length in ScanlP betweemdm and 0.8%nm. The meshes were generated in ScanlP and
element sizes were varied using the mesh coarseness function within ScanlP. This led to
inconsistent vaation in the element size between the cases. However, there is an
approximate halving of element edge length between the cases,(4 2mm, and 0.85

mm). Halving the element edge length ensures that the number of elements across the
thickness of the célage is increasing.

The effect of the mesh density of the cartilage on the maximum contact pressure and

maximum von Mises stress were investigated.

2.3.3 Comparison of models with the same loading

To make comparisons with Model hetcontact interactions, boundary conditions, and
loading scenarion Model 1 were adjusted to create Model 1a. fEselts wee compared
between Mdel JaandModel 2.

2.3.4 Parametric Studies on Model 2

2.3.4.1 Effect of BML elastic property

The results from Model 1 disssedin Section2.2.6 show that larger BMLs had larger
effects on the output parameter than smaller ones. Also, a BML aligned with the centre
of contact led to an increase in the von Mises stress in the bone surrounding the BML
area while a BML farther away from the centre of contact did not affect the von Mises
stress distribution in the tibia. A BML size and location likely to have an effecteon th
output parameters was chas@&hereforean 8mm radius BML was createdr@m below

the centre of contact in the tibia.

Three cases we@eated:

1. A modelwith no BML

2. A model with BML modelledas a holeto represent an extreme diseased case
where the bone in the BML region is completely absent.

3. A model with BML modelledwith a stiff material (E = 20GPa)to represent an

extreme augmentation case with very stiff material.
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2.3.4.2 Effect of bone elastic property

To create a less stiff representation of bone and to investigate the effect of changing the
elastic property of boneanother case was creatdidhe bones were modelled with an
elastic modulus of 2 GPa. All other properties of Model 2 were maintained:ohitect

pressure and von Mises stress resuéise comparetb Model 2
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2.3.5 Results

The results of the mesh convergence study and the different cases considered for Model

2 are presented in this section.

2.3.5.1 Mesh Convergence Results

Thedetails of the elemerizes considered in the mesh convergence test, corresponding

number of nodes and the model runtimes are showalie?2.4.

Table 2.4: Details of models in mesh convergence test.

Target minimum element Number of nodes Runtime

edge length (mm) (Hours:Minutes:Seconds)

4 43534 01:05:37
1.9 67703 01:22:40
1.2 87795 01:30:36
0.85 136437 01:40:32

The results of the mesh convergence study are shoWwigume 2.15 and Figure 2.16.

There is a 26 difference in the maximum contact pressure when the element edge length
Is approximately halved from@m to 1.9 mm. A further halving of the element edge
length from 1.9mm t00.85 mm led to only a % difference in the maximum contact

pressure. This reduction in the difference cases shows that the mesh is converging.

Results fronfigure2.16 show that there is a 0.3 % difference in the maximum von Mises
stress when the element edge length is approximately halved from 4 mm to 1.9 mm. A
further reduction in the element edge length from 1.9 mm to 0.85 mm also shows a 0.4 %
difference in the vorMises stress results. Although the resuts not appear to be
converging the differencesn the von Mses stress results between the cases are small
compared to the differences in contact pressure rels, the average cartilage
thickness of the faur and tibia cartilages in the model was I. 2155mm. An element

edge length of 0.85 mm would ensure that there is more than one mesh element across
the thickness of the cartilagéherefore the mesh with0.85 mm element edgenrgth

and ~136,000 nodavas selected.
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Sensitivity of maximum contact pressure to mesh
1.35E-02
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Maximum Contact Pressure (GPa)

0 50000 100000 150000
Axis Title

Figure 2.15: Maximum contact pressure plotted against number of nodes. The most

chosenmesh is highlighted in red.

Sensitivity of maximum von Mises stress to mesh
1.070E-02

1.065E-02
1.060E-02
1.055E-02

1.050E-02
0 50000 100000 150000

Number of nodes

Maximum von Mises stress (GPa)

Figure 2.16: Maximum von Mises stressn tibial cartilage plotted against number of

nodes. The mosthosenmesh is highlighted in red.

2.3.5.2 Comparison of models with the same loading

The Model 1 loading scenario was altered to create Model 1a. When the results of Model
la and Model 2 were compared, it was seen that the presence of cartilage reduced the
maxmum contact pressure from 0.6&#a to 0.018 GPa as shown in the contour plots

Figure2.17. The maximum von Mises stress also reduced from @339to 0.08%F Pa.
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(a) (b)
Figure 2.17: Contact pressure contour plots for (a)adjusted Model 1 and (b) Model
2.

Comparing the contact pressure contour plotBigure2.17, it can be seen that in the
presence of cartilage not only reduces the maximum contactiprdsg also increases

the contact aretm producea more physiological distribution of stress in the bone

2.3.5.3 Effect of BML elastic property

The contact pressurand von Mises stresslistributionin the tibid cartilage and the
minimum principal strain ithe tibiawere compared for the different cases and shown in
Figure2.18.

Very little difference is seen in the distribution of contact and pressure and von Mises
stresdn thetibial cartilage betweethe cases. Looking at the minimum principal strain
distribuion in the tibia bone for the dfe case, it can be seen that there are lager
compressive strains in the bone surrounding the hole compared to Model 2. In the stiff
BML case, there is also a small change in the distribution of compressive strains in the

BML region.

When comparing the minimum principal strain results, a region of interest was used to
eliminate the visible boundary effect seerfFigure2.18, caused by the application of a

fixed boundary conditions to all the nodes at the bottom of the tibia.
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Model 2 Hole Stiff BML
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Figure 2.18: The distribution of contact pressure, von Mises stress and minimum principal strain for Model 2, Hole BML and Stiff BML cases
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2.3.5.4 Effect of less stiff bone

(®)

(2)

Figure 2.19: Contour plots of the tibial cartilage surfaces for the case with less stiff

bone showing (a) contact pressure (b) von Mises stress.

By comparingrFigure2.18 andFigure2.19, there is a decrease in the maximum contact
pressure and maximum von Mises stress in the meide less stiff bone compared to
Model 2. However, the differences are small despite the order of magnitude difference in
the elastic modulus of bone in the two modglso, there is an 8% difference between

the maximum von Mises stress in the bone betwthe two cases, although the
distribution of the stress in the bone is identical. There is also an order of magnitude
difference between the minimum compressive strains in the tibia, although the
distribution of the strains identical and the straimemain less than 1%.
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2.3.6 Discussion of Model 2

Comparing the results from Model 1a and Model 2, showfigare2.17, the presence

of cartilage led to a wdlier distribution of contact pressure and von Mises stress in the
surface of the cartilage leading to a more physiological distribution of stress in the bone.
However, while the contact area and contact pressure might have changed in the cartilage
models, he trends with BML sizes and location most likely remain although less

pronounced due to the less localized stress distribution in the surrounding bone.

The results of the parametric stuafyBML material property using Model ghow small
differences betwen the output parameters for the different cases because of the presence
of cartilage. Theontactpressure and stress are less localized than Model 1 so the changes
due to the material property of the BML is less pronounicetthe BML modelled in this

study is located 2 mm below the surface of the tibia, therefore there is a small area of
bone above the BML with the samAccopdngper:t
to Compagnoni et §68], these can be classified as distal BMLs. The results of this study
suggest that dist&dMLs may not have the most significant mechanical effects. It would

be useful to consider other shapes of BMLs which extend to the tibia surface like the
articular BMLsin the Compagnoni classification.

A reduction in theelastic modulus of the bongid not have aubstantiakffect on the
contact pressure and von Mises stress distahirithe tibial cartilage or the distribution
of compressive strains in the tibighe inclusion of cartilage in the model had a much
bigger effect on the contact parameters than the material property of the\Wiuires.
changing the elastic module$ the whole bone did not have mushan effect, this is
still a simplification to real dne which has a varying density (and hence material

properties) from location to location
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2.4 Model 3: Model with cartilage and a hemispherical BML:

The BML classification systems describedSection1.3.2.30f the literature review
classify BMLs according to their size, however the results from the parametric study on
Model 1 inSection2.2.5.4show that the location of the BML plays an important role in

how it impacts knee joint mechanics.

Based on the topographical classification system described by Compagnof6&t al
discussed irsection1.3.2.3 the BMLs modelled in Model 1 and 2 are most like distal
BMLs. The purpose of this study was to investigate a different type of BML, the articular

BML which are more likely to disrupt the jdi contact mechanics.

2.4.1 Model Development

Finite element models were created to incorpaatmm radius hemispherical BML to
represent an articular BML shownHhingurel.6a. the BML was located right at the centre

of contact and tibial surface as showrkFigure2.20.

Femur

Tibia
Femur Cartilage
Cartilage BML
Tibia

Figure 2.20. A schematic representatim of Model 3 showing the bones,

corresponding cartilage, and a hemispherical BML.

A sensitivity study was undertaken in whitle tBML regionwasrepresenteah different
ways

1. BML modelled as &ole.
BML modelled with elastic modulus of 5 MPa.

BML modelled with elastic modulus of 10 MPa

BML modelled with elastic modulus of 1 GPa

o k~ 0N

BML modelled with elastic modulus of 20 GPa (10 times surrounding bone).
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In all cases where the BML was representedass ol i d, it was assigg
of 0.3.The bones were modelled Bemogenous linearly elastic isotropic material with
elastic modulus of GPaa nd a Poi s s3Thé crtilaga was modelléd ada

hyperelastic netnookean material witthe same properties as Model 2.

The element type and size, contact definition, boundary conditions and loading scenario

were the same as was used in Model Sdation2.3.1

The contact pressure and von Mises stress in tibial cartilages were compared between the
different casesand the minimum principal strain distribution in the tibia was also

compared for all cases
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2.4.2 Results

The distribution of ontact pressure and von Mises stress in the tibial cartilage for the

different cases are shownhigure2.21 andFigure2.22 respectively.

FromFigure2.21, it can be seen th#he distribution of contact pressure in the cartilage
is distincty different in the Hble and less stiff BML cases @Pa and 10MPa) compared

to the Baseline and higher BML stifass (1GPa and 2@Pa). In the ldle and lower
BML stiffness cases, there isw contact pressure in the middle of the contact patch
directly overlaying the middle of the BML. The location of the maximum contact pressure
shifted to the area outside the BML. Thigeef is most pronounced in theold case. The
same trend is seen the von Mises stress distribution in the cartilage showkigare

2.22.

A small increase is seen in the maximum contact pressure (2.6%) and maximum von
Mises stres (3.4%) in the tibia cartilage between theRa and 2GPa cases despite the

large difference in the BML stiffres

The distribution of minimum principal strain in the tibia for all cases is showgure

2.23. Comparing the Baseline and Hole cases, using Scale Bar A, there is an increase in
the compressive strains in the areas just surrounding the hole. The presence of the hole
also caused increased compressiarsdrin the other compartment. Progressive decrease

in the elastic modulus of the BML arésd to anincrease in the compressive strains in

the BML areagup to 41% strain in the BIPa case)Camparing the Baseline and &BPa

cases, it can be seen thataold increase in the elastic modulusthe BML led to a

small increase in the minimum principal strains in the BML region but with little effect

to the surrounding bone and adjacent compartment.
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Figure 2.21: Contour plots of contact pressure distribution in the tibial cartilage for halfmoon BML cases with different elastic modulus
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Figure 2.22 Contour plots of von Mises stress distribution in the tibial cartilage for halfmoon BML cases with different elastic modulus
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Figure 2.23: Contour plots of the minimum principal strain distribution in the

tibia for halfmoon BML cases with different elastic modulus. Scale Bar is for
Baseline, Hole, 1 GPa and 20 GPa cases. Scale Bar B is for 5 MPa and 10 MPa
cases.

When comparing the minimum principal strain results, a region of interest was used to
eliminate the visible boundary effect seerrigure2.23, caused by the application of a
fixed boundary conditions to all the nodes at the bottom of the tibia.
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2.4.3 Discussion of Model 3

In the Hole and low BMLstiffness cases, the contact pressure and von Mises stress
distribution in the cartilage was very different compared to the baseline and high stiffness
casesas seen ifrigure2.21 andFigure2.22 respectively There is low contact pressure

and von Mises stress in the areas of cartilage overlying the BML. Due to the low stiffness
of the BML, the elements in those areas are unable to support as much load as the
surrounding areas leadingcreasing compressive strains in the BML areas shown in
Figure2.23. An increaethe elastic modulus of the BMtompared to surrounding bone

led tomuch less observable differences in the distribution of compressive strains in the
tibia.

Baseline and high stiffness BMLs do not shagimilar trendto the low siffness BML

case. Increasing the stiffness of the BML from baseline t&P& causednly a small
increase in the maximum contgatessureand maximum von Mises stress with the
distribution of contact pressure and von Missthe tibial cartilageremainng very
similar. This is conistent with results from Model 2 which show very little difference in

the contact pressure and von Mises stress distribution in the tibial cartilage between a
baseline nodel with no BMLand aBML case with much higher elastmodulus than
surrounding boneThe results gggest that for articular BMLstered loading of the knee

is more likely to be seen in cases where the BML area consists of less stiff bone in
comparison to theurrounding bond=or both distal and articular B\, very little effect

is seen when the BML area consists of bone stiffer than the surrounding bone.
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2.5 Overall Discussionof FE methods

The results from the parametric studies conducted in the different models in this chapter
show that the size, locati@md material property of the BML have varying effects on the
contact pressure and von Mises stress in the knee. The closer a distal BML is to the surface
and the centre of contact, the bigger the effect seen on the contact pressure and von Mises
stresdn the tibial cartilageAlso, the biggest BMLs had the largest effect on both contact

pressure and von Mises stress.

The results from Model 2 show that the presence of cartilage distributes the load over a
larger area leading to a reduction in the maximcontact pressure and von Mises stress

in the model. Also, the effects of the BML seen inddl 1 became less pronounced.

In Model 3, a different type of BML was considerdthere results from distal BMLs in
Model 2 and the articular BMLs in Model 3 shdhat stiffer bone in the BML area
compared to surrounding bone is less likely to have an afffieeffect on the joint conta
mechanics compared #®ML containing less stiff bone than surrounding bone. The
mechanical effects of less stiff bone in BMIgiens to contact pressure and von Mises
stress distribution in the tibial cartilage is more pronounced in articular BMLs than in
distal BMLs due to the involvement of the tibia surface. articular BMLs containing less
stiff bone may benefit more from augntation than distal BMLs with less stiff bone. In
this chapter, we have only considered BMLs classed as distal and articular according to
Compagnoni et db8]. Other types of BMLs may have differing effects on joint contact
mechanicsIt would be interesting to see clinical data on outcomes of subchondroplasty
based on this topographical BML classification, but that does not currently exist most

likely due to how recent this classification system is.

Results from Model 3 and dtlel 1show a range of potential effects depending on the
material property of the BML. The material property of the bone in BML areas is
unknown and this chapter highlights the need to derive material properties for BML
affected bonelThe experiencgainad and methodology for creatirigpite element models

using ScanlP and Abaqus will be taken forward into subsequent chapters.

Also, the use of a homogenous elastic modulus does not accurately represent the
differences in material properties between legttsabecular bone and stiffer cortical
bone.As discussed in Sectioh.4.2 there are advantages to capturing the trabecular
architecture using eelationship between CT image data and elastic material properties.
Although there was very little effeseenin changing the elastic modulus of all the bone,
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it would beusefulto represent the inhomogeneities in the bone, especially when altering

one rgion of boneto model a BML.

In summary, finite element models of the tibiofemoral joint were developed to perform
parametric tests on the effects of sigleapejocation and elastic modulus of BMLs on

the contact pressure and von Mises stress in the jbire results show that the size,
shapejocation and elastic modulus of the BML all have an effect especially when the
BML region is less stiff than surrounding bone and located in the loaded regions of the
joint. More information about likely materialrgperties of bone in BML regions is

required to investigate further.

The experience gained and lesson learned on how simulating a BML in a tibiofemoral
joint using ScanlP and Abaqus were carried on to subsequent finite element modelling

work reported in Gapter 5.
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Chapter 3: Derivation of Bone Material Properties - A Porcine Sudy

3.1 Introduction

This chapter describes the experimental methods developed to investigate the mechanical
properties of bone marrow lesions in the knBEee aim was to develop a method of
establshing greyscalelerived mechanical elastic mater@bperties for porcine bone

using a joint experimental and computational approdbis involved the use ahicro
computed tomographymicroCT)imagingtechniquesuniaxial compression testing and

specimerspecific finite element model

The method developed and discussed in this chapter was subsequently translated to bone
from cadaveric human knees to determine the material properties of areas of bone affected
by BMLs reported in Chapter.4

3.2 Method

The flowchart shown ifrigure 3.1 details the methods employed in this study and how

the experimental and computational aspects of the method were combieetinite
element models were created based on individual specimen geometry and the material
properties were derived from the imadgta. The elastic modulus was related to image
data using the bone volume fraction method briefly described in Secddnl The
computational results gottemofn the finite element models are compared against the
experimental results to give an optimized relationship between greyscale image data and
elastic modulus. The bone volume fraction method was used because it has been shown
to produce better agreemestiveen computational and experimental results than a direct

greyscale methof®1].
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%={

Figure 3.1: Flowchart showing the work flow of the combined experimental and

computational method used to derive material properties of bone specimens

3.2.1 Specimen characteristics and preparation.

Three right hind porcine legs were procured from a local abattoir (J. Penny and Sons,
Leeds, UK) as a bproduct of the food supply chain. The pigs are slaugbtet

approximatelysix months of age.

The legs were dissected and osteochondral plugs were extracted from the femurs using
an8.5mm diameter surgical corer (Acufex, Smith and Nephew, MA, USA) and a

mallet. One plug was taken from the centreacth feroral condyle; these are the

flattest areas and were selected to aid the extraction of straight osteochondral plugs with
perpendicular ends. The cartilage layer was removed from the bone plugs using a
surgical blade and the bone plugs were trimmed to dtefdlOmm using a small

bone saw, leaving the subchondral plate intact. Each bone plug was filed to ensure it
had flat ends. A length of 10mm was selected because it was found to be difficult to
consistently obtain longer bone plugs due to the presdnhbe growth plate in the

skeletally immature porcine legs as showkigure3.2(b).
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(b)

Figure 3.2: (a) location of bone plugs on femoral condyle and tibial plateau. (b)

Example CT image of femur showing growth plate(red dashed ling.

Bone plugs were also taken from the centre of the tibial plateau of each leg using a 6.5mm
diameter surgical corer fowing the same proces$his was done to investigate the
possible effect of different aspect ratios of bone plEgsh bonepecimerwas wrapped

in phosphate buffered saline (PBS) soaked paper towel, to prevent drying of the bone

plugs, and stored inrafrigeratorat 4°C until further testing

3.2.2 Micro-CT Imaging

Conventional radiographs are created whaays pass through the body to project an
image of the body with its internal organs, skeledaodair spaces onto a sheet film. A
major limitation with this technique is thaD3objects are projected onto a 2D plane,
hence depth information is lost. In computed tomography however, the X ray source and
detection plateare simultaneously moved such thagny projections are taken in
different planes, these projections can then be reconstructed into a 3D represehtation
the objec{122].
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Typical dinical CT images have resolutions between 500ur2000um which is
insufficient to capture trabecular architectues the trabeculaecan be smaller than
150um in diameter[26]. Micro-CT however can provide images withuch higher
resolution in some cases down to single micrometre leMaro-CT imaging is therefore

able to provide nowlestructive high-resolutioninformation onhardtissues.

Micro-CT scans of bone plugs wereaptured using a high resolution peripheral
quantitative computed tomography (HRCT), XtremeCT, Scanco Medical AG,
Switzerland). The bone plugs were kept in individual compartments of a plastio bag
maintain hydratiorand scaned togetherConsistent scanner settingsable 3.1) were

used throughout atheimaging and the scanner calibration was checked weekly

Table 3.1: MicroCT Scanner Settings

Voxel size Current Energy Exposure

82 um 900mA 60 kVp 300 ms

The images produced were exported in the standard DICOM format

3.2.3 Compression Testing

The bone plugs are press fit into cylindrical &rin endcaps which contained a circular
recess of depth 0.5 mm and diametiegither 8.5mm (for femoral specimens) or G1Em

(for tibial specimens). Each specimen was tested under axial compressioraiaral

testing machine (Instron 3365 withklN load cell, Instron Ltd, UK), as shown lfigure

3.3. Each sample was tested with 5-frad cycles of 5NN at a displacement rate of 1mm/

min to ensure the bone embedded into the endcaps properly. A final compressive force
was tren applied at a displacement rate of 2Imm/min until the ultimate compressive
strength was exceeded. Thimsindicated by a consistent downward turn of the {oad
displacement graph after the peak. Loddsplacement data was recorded for each

sample.
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Load vs Displacement
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Figure 3.3: (left to right) experimental set up showing bone plug and endcaps in
compression. Example load/displacement curve showing ptead cycles, linear

portion and location of ultimate compressivestrength.

For each bone plug, the stiffness was calculated from thedispthcement graph using
a custom script (MATLAB R2018a, The Mathworks Inc, Natick, MA, USA). The
gradient was found by fitting a linear polynomial to the line betweenN2€0 | o a d
400N, which was found to be the most linear portion of the-liaglacement graph for

all the bone plugas shown irFigure3.3.

3.2.4 Finite Element Modelling

In this section, the development of a baseline finite element model is first described,
followed by a description of the optimisation process used to derive the bone material
properties, and finally a series of sensitivity tests where individual géeasrwere varied

to assess their effect.
Image to model process

DICOM images from the uCT scans were imported into Simpleware ScanlP v.2017
(Synopsys, Mountain View, CA, USA) where the 3D images for each bone plug were
cropped and processethe images were then doveampled from 8am to 164um for

ease of manipulation and to reduce the processing time and computational cost.

For each bone plug, the images were adjusted and aligned ixytigection to correct

for any tilting during scamng and to ensure that all bone plugs were aligned in the same
direction.A mask was createi capture the full specimen geometFygure 3.4(b)). A
consistent lower threshol®@0 HU, range0 i 2564HU) for the voxel intensity valye

determined by iterative visual comparidoetween different specimensas applied to
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images tesegmenthetrabecular architecture alorfeigure3.4(c)). The image containing

the trabecular architecture (bone volume mask) was binarized, exportediambried

as a background for the total volume maBigre 3.4(e)), this enabled the subsequent
assignment of properties to the FE models to be proportional to the bone volume fraction
in the given element regionherefore each voxel of the total volume mask is assigned

a greyscale value proportional to the bone voldiraetion of the areacaptured by that

voxel.

Figure 3.4: (a) greyscale image of bone plug; (bjreyscale image of bone plug with
the whole plug highlighted (total volume); (c) greyscale image of bone plug with
highlighted trabecular architecture (bone volume); (d) bone volume and total

volume overlaid; (e) total volume mask with bone volume as newabkground.

The surface geometry of the endcaps used in the experimental testing were imported into
ScanlP. Using the position and orientation tool, the endcaps were positioned above and
below the bone plugs as in the experimentalupetThe endcap surfazevere then
converted to masks. Using the Boolean tool,itiersection between bone and endcaps
were converted to endcaiiis was done to ensure a flat and cstesit contact between

bone and Blrin endcaps as shown kigure3.5.



Figure 3.5: Trimming of bone plugs to create consistent flat contact between bone

and Ddrin endcaps.

Material properties

Intersect
between
Delrin and
bone
becomes
Delrin

85

Isotropic elastic material properties were applied for the endcaps according to the

ma n u f a dnformatem férdelrin ( Y o u Mgdales =3.3GPa, Po s sonds

r

at

0.3). Greyscakbased material properties were applied for the bone with 255 steps based

on 8bit resampled image with atb-1 conversiorfactor(i.e.,0 where thergvas no bone

and 255 where thelement was completehonetissue) such that:

Loofevlc Mo mo yu op- ¢ om>Fr< » |71

and,

Oqu(b Ol Qwi w®a'Qjguu

Equation 3.1

Equation 3.2

The conversion factor was calibrated to give the best agreement between FE model and

experiments through an iterative process.

The FE model was imported into Abaqus CAE v.2017 (Dassysttemes, Velizy

Villacoublay, France).
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Mesh generation

The bonemodulus optimization method, compares computational stiffness from the FE
model to the experimental stiffness value. An inappropriate mesh may overestimate or
underestimate the computational stiffness in the FE model. The error due to the mesh is
then caried on to the bone modulus optimization. To minimize the error due to the mesh,
a mesh sensitivity study was carried out on one bone plug and the effect of the mesh on
the computational stiffness and subsequent bone modulus conversion factor was
investigaed. Ideally, the effect of the mesh would be investigated using all the bone
plugs bone plugs as the point of interestti® conversion factor for the groumt
individual bone plugb¥ut bone modulus optimization is a lengthy process even for one
bone pug. The result from one bone plug is useful to minimize the error in the
computational stiffness due to the mesh even if the effect on the resultant group

conversion factor is not investigated.

Cases were created by varying the element edge length from @ 0.4mm with an
approximate halving of element edge length between CHsesletails of the cases tested

in the mesh sensitivity test are presente@iahle3.2

Table 3.2: Details of mesh sensitivity test cases

Target minimum element Number of elemens

edge length (mm)

20 2788

1.0 19306
0.7 21214
0.4 32326

Based on the mesh sensitivity testpdels were meshed using quadratic tetrahedral
elements (C3D10 in ABAQUS)f target edge length of Ori@m for the bone, which was

also used by Day et al in a body of work to establish a relationship between CT image
data and elastic modulus using a similane volume fraction methd@8]. The endcaps

were modelled using the same type of elements with a target edge lengthrofh.35
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Interactions and boundary conditions

Apart from the mesh, errors between computational and experimental results can be due
to FE model not accuratedgpresenting the experimental set up. The frictional interaction
between the bon@lugs and Delrin endcapsis difficult to measureexperimentally
however, it is important that the computational model adequately captures the interaction
between the bone gitand Delrin endcaps. Thereforapther sensitivity test was carried

out on one plug to investigate the effect of thetional interactionpropertiesbetween

boneplug and endcagpon the computational stifess output from the model
The following casg were tested:

1 Frictionles interaction between bone plug and endcaps

1 Friction coefficient of 0.1 betwedroneplug andendcaps

1 Friction ceefficient 0.2 between borgug andendcaps

1 Tiedinteractionbetween bonelug andendcaps

Following the sensitivitytest, Nodeto-Surface contact interactisrwith small sliding
werecreated between the bone plug and the endcaps with the bone plug as the master
surface A friction coefficient of 0.1 was applieahd a penalty overclosure method was

used to define the naoral behaviour of the contact.

The bottom endcap was constrained for translation and rotation in all directions to
replicate the experimental sgp. In the experimental set up, the endcap is constrained
from sliding by the friction between the endcap ameistainlesssteelfixture as shown

in Figure 3.3. Downward axial displacement of hvim was applied to the top endcap
using a reference point coupled to nodes at the top surface of the top endcap.
Displacement was constrained in all theeotldirections, effectively acting as extra
boundary conditions to prevent tlupper endcagrom other translation or rotatiah

motions matching the experimental agp.

3.2.5 Bone Modulus Optimization

Elastic material properties for the bone tissue werese@rirom the average greyscale
value for each bone elemdanhd hence to the BV/TV as explained in Section 3l2adid
on a conversion factor. A golden section search optimisation process using the Brent

method within the opti4Abq toolbdt 23] was used to cédrate the conversion factdy,

The opti4dAbq toolbox makes use of specirsgrcific finite element modkecreated in
Section 3.2.4 and corresponding experimental stiffness valoakulated from the
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experimental loadlisplacement graphs in SectiBr2.3to produce a conversion factor
with a minimised root means square eriithin the toolbox, the followinguser set
parametergvere assignedhe minimum and maximuweluesallowed for theconversion
factor. 0.1 MPa, 100MPa, the maximum number of iterations the optimisation can take
40, the tolerances for the function being minimiski®6 andor the gradientle-05. Tte
optimisationis donein an iterative roefinding process starting withn inputtedinitial

value The output of the toolbox is the optimised conversion factor and corresponding

root mean square error between the computational and experimental results.

The optimisation was caed out on all the bone plugpooled),as well as separately on
one set containing bone plugs taken from femoral casdy8.5mm diameter) and

another setontaining bone plugs taken from tibial plateaus (6rd diameter)
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3.3 Results

3.3.1 Sensitivity tests

The results of the mesh sensitivity test are presentejure3.6. It shows thahalving

the element edge length fronmIn (~ 2800 elemes) tol mm (~19000 elemenjded to

a 0.9% difference in the computational stiffness and a 1.1% difference in the conversion
factor between experimental and computational stiffness. A further approximate halving
of the element edge length fronmin (~ 19000 elerantg to 0.4mm (~ 32000 elemen}s

shows a 0.3% difference in the computational stiffness and a resultant 0.&féndié in

the conversion factor. It can be seen that the percentage difference in the outputs between
cases is reducing as the element edgegth is halved. This shows that mesh is

converging.

There is only a small difference between the computatstifedess (0.08% difference)

and conversion factor (0.1% difference) results between the mesh with element edge
length of 0.4mm and the mesh #i 0.7mm element edge length. Given that the
optimization process takes approximatg@dyminutedo complete for one bone plug, the
additional computational cost of using elensemith edge length 0./hm over elements

with edge length 0.rfhm is not justiled. Therefore, the mesh with element edge length

of 0.7mm and ~21000 elementss selected.

mesh sensitivity test
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Figure 3.6: Graph showing the sensitivity of the computational stiffness and
optimized conversion factor to chages in the number of elements for one model.

The chosen mesh is highlighted in red
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From the friction sensitivity test results presented able 3.3, it can be seen that the

computational stiffness increased from frictionless to tied interaction properties. The

biggest difference was seen between frictionless and tied interactions (7.7%). This shows

that using a different friction interaction in the netsl would give different stiffness

values and potentially different optimized conversion factor between experimental and

computational models.

Table 3.3: Results for sensitivity to friction interaction

Interaction Computational Stiffness % Difference
(N/mm) (compared to
frictionless)
frictionless 583.6
friction coefficient 0.1 588.6 0.8
friction coefficient 0.2 592.0 1.4
bone tied to endcap 628.6 7.7

3.3.2 Bone Modulus Optimization

The optimized values of the conversion
of iterations required are shownTiable3.4. An optimizedcorversion factomwas bund
for the bone plugs after liGerations but due to the high overall error, the tibial and
femoral modis were separately optimizedhe results showed different conversion
factors forthe 8.5 mm diameter bone plugs taken fronféheur andhe 6.5mm diameter

bone plugs taken from thiébia with a lower root means square error between the

f

computational and experimental stiffness in the femur bone plug set compared to the tibia

bone plug set.

Table 3.4: Optimized conversion factors with associated RMS errors for different

sets of bone plugs.

Conversion FRMSError(%) Iterations

(MPa)
All plugs 297.6 41 16
Femur (8.5mm @) 502.6 15.9 9

Tibia (6.5 mm ) 2415 33.5 7

E
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The relationship between the stiffness derived from experiments and the corresponding
values from the computational models following optimizatiorafbbone plugstemoral

and tibial plugs are shown Figure3.7, Figure3.8 andFigure3.9 respectively.
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Figure 3.7: Experimental stiffness plotted against computational stiffness foall
bone plugsfollowing optimisation of the conversion factor". The red dotted line

represents a perfect agreement.
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Figure 3.8: Experimental stiffness plotted against computational stiffness for femur
bone plugsfollowing optimisation of the conversion factorh. The red dotted line

represents a perfect agreement.
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Tibia Bone Plugs
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Figure 3.9: Experimental stiffness plotted against computational stiffness for tibia
bone plugsfollowing optimisation of the conversion factorh. The red dotted line

represents a perfect agreement.

Looking at the experimental stiffness vaduer femur bone plugs shownkigure3.8, it

can be seen that there is a wide range of experimental stiffness values within the group (~
1000N/mm7 2000N/mm). The range of expenental stiffness values for the Tibia bone
plugs, showrrigure3.9, is smaller (~ 200/mm-700N/mm). The bone plugs taken from

the tibia are lessifitthan those taken from the femur. This is intuitive given that the bone
plugs taken from the tibia are thinner than those taken from the femur.

FromFigure3.9, it can also be seen that the computational models seem to underestimate
the stiffness of the bone plugs, as 3 out of 6 data points lie below the line of perfect
agreement
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3.4 Discussion

There have been numerous studies on the derivatiorsagtlsvel elastic properties of
bone.In many cases, experimental tests have been used in combination with high
resolution subject specific FE models derived from mic€iioimages to increase the
accuracy of the resulf$24]. This chapter establishes a method for defining a relationship
between element bone volume fraction and elastic mofiusing simple compression
tests and subjedpecific CT imagédased FE modelsThe results of this study are
discussed here.

Mesh sensitivity

From the mesh sensitivity resukkown inFigure 3.6, atrend towards convergence can

be seen in the computational stiffness and optimized conversion factor as the number of
elements in the mesh increase52% increase in the number of elements from ~21000

to ~32000 led toonly a 0.1% increase in the conversion factor. While the computational
time for running at the finest mesh was only 30 minutes, this was for optimizing one plug
only. The optimization process for all the bone plugs took over 48 hours to coogitefe

the mesh witkelement edge length Onim and~21000 elements, a much longer runtime
would be expected for the finest mestle(nent edge length Omdim and~32000
elements Therefore it was concluded that the mesh with ~21000 elemenigdt
elemen edge length = @.mm) hadminimal errors due to the mesh and will be used in

the subsequent chapters.

The imaging sequence and settings used in this study have been used successfully by
other researchers in the group for both large animal and humarnissuwe The images
produced have been shown to be of sufficient resolution for building finite element

models in general and also specifically for greyscale optimizfibnl12, 125127].
Modelling interaction properties

In many studies, compression tests have been carried out with the specimen placed
between two flat steel plates whichveébeen associated with structural end effg@8]

causing relatively highocaliseddeformations where the specimen interfaces with the
plates. Structural end effects have been mirach by using end caps. Jacobs ¢iab],
showedstai sti cally significant reduction in
and experimentally measured values with endcaps compared to specimens without
endcaps. The endcaps were glued to the specimen in the experimental setup. The
interaction betweethe specimen and the endcap was modeis#ng a tied interactiom
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the FE models, assuming perfect bonding between the specimen and enddaigs. In
chaptey the specimewaspress fit into a 0.5nm recess in the endcap and was modelled
with an assumedittion coefficient of 0.1The results from the friction sensitivity tests
showed only a 7.7% difference in the computational stiffness reported using frictionless
and tied interaction properties. A 0.8% difference was seen between frictionless and a
friction coefficient of 0.1. The overall contribution of friction interaction properties to the

computational stiffness is estimated to be between 1% and 8%.

The output compared in the friction sensitivity test was computational stiffness which is
different from the primary output of interest in this chapter (conversion factor). However,
the conversion factor is dependent on th
interaction properties therefore any changes which affect the computational stiffness in
theFE models will have similar effect on the conversion factor.

A study investigating borenplant interface in total hip replacements, showed that
agreement between FE models predicted raeotion and experimental values was
based on a combination of theefficient of friction and the contact element typa0].

In cases with nod&-face elements, a friction coefficient of 0.1 gave the best agreement
betweenFE and experimental results. Tlsisidy uses nod¢o-surface contact elements
which is the Alaqus equivalent of node-face, therefore the interaction properties used

in the FE models are reasonable and fitting and will be carried forward to the human bone

tissue work.
Bone Modulus Optimization

In this study,an RMS error of 44.7%wvas foundbetween the optimised computational
stiffness and experimental stiffreefor all the bone plugs. When thene plugs were
separated according wze of bone plud8.5mm diameter taken from thiemur vs
6.5mm diameter taken from thibia), different conversion factors were found for each
group and the RMS error improved for both gr@apmpared to the pooled case. Better
agreement between computational and experimental stiffness (RMS error 15.9%) was
achieved with the bone plugs taken from the femur using am@nbdiameter surgical
corer. The RMS error for bone plugs taken from the tibia using a 6.5mm diameter surgical

corer was 33.5%.

The 8.5mm lone plugs taken from ¢hfemur had an aspect ratio bR2:1 whilethe
6.5mm bone plugdrom the tibia had an average aspect ratio of 1.5:1. In a study

investigating the role of specimen geometry on trabecular modulus and s{E3ijth
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Keaveney et al found excellent correlations between apparent density and modulus, and,
apparent density and strength using 2:1 aspect ratio cylinders in uniaxial compression
tests. The authors suggesee?t 1 aspect ratio cylinder be used as the standard specimen

in uniaxial compression testing of trabecular bone. A more recent[diB@lycomparing
cylindrical porcine trabecular of different aspect ratios (1:1, 2:13ahdalso found

higher coefficients of determination for both densitgdulus and densistrength for

2:1 aspect ratio cylinder$herefore, the 6.5hm diameter bone plugs would be expected

to show better agreement to with experimental results after optimization. However,
although2:1 cylinder is the suggested specimen standard for experimenalessive
testing, these studies do not take into account the trabecular architecture. Trabecular bone
iIs made up of connected struts of individual trabeculae which contribute to its strength.
Interruptions to these connections will reduce specimen esdfrand loathearing
capacity.Bone plugs with a 6.Bam diameter have less total volume and therefore less
connected trabeculae compared to am@ diameter bone plug of the same lenidy.

while the unconnected regions miagvehigh greyscale intensitythey are not able to

bear as much lodzkecaus¢hey are not connected to other trabeculae and this may account
for the variation inthe error between computational and experimental stifffi@sshe

two groups

Another likely contributor to the differees between thgvo groups is anatomic location.
Inter-site differences in trabecular bone architecture and tissue modulus have been well
documented in literatuf87, 93, 133]thismay mean that different CT greyscakifness
relationships need to be established for different anatomical sites. A study by Morgan et
al showed different apparent densgtiastic modulus relatieships for bone from different
anatomical sites (vertebra, proximal tibia, greater trochanter, femoral[B8adResults

from the study showed that ignoring anatomicatdépendence led to errors in predicted
modulus of up to 60%/l his suggests that differences in anatomic site could have a large
effect on the agreement between computational and experimental aesujistifies the
derivation of differentCT greyscaleslastic modulusconversion factors for the two

groups of bonelpgs.
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Limitations

Due to the manual nature of the bone plug extradtisras important to keep the surgical
corer straight throughout the extraction process to avoid having bone plugs with non
perpendicular ends and sidgdhese imperfectly shapeaone plugs would result in
changes in the angle of loading within the bone plugs. An alternative to the manual
surgical corer and mallet method could be using a motorised drill but this could lead to
damage to the trabeculae around the bone plug edgestdgk shear. However, because
subjectspecific finite element models were created from CT images of individual bone
plugs, any bend in the plug is capturedhe FE model. Anwltered loading of the bone
plug is also replicated in the FE model by ensutira all bone plugs are aligned in the

X-y axis.

Anotherpotentialsource of error between thesilico and invitro models may bé¢he
trimming of the bone plugs in ScanlP to create a flat surface to interface the endcaps. This
was done to achieve goodntact between the bone plugs and the endcaps. However, in
the experimental setup, the plugs were press fit into the endcafiseapceload cycles

were applied which would have a similar effect of creating good contastéethe bone

plug and endcaps.

This study could have been extended by including a separate validation set however, the
aim of this study which was to develop a method for deriving bone properties which can

be translated to human cadaveric bone, were met without the validation set.

To conclude a method was described for characterizing the elastic material properties of
bone plugs using a combination of experimental stiffness results from uniaxial
compression tests and specinrsgecific imagebased FE models. The optimization of

the relationshifpetween bone volume fractonad ung6és modul us was |
The method developed in this chaptesas applied to bone plugs taken froiwn-BML

and BML regions otadaveric human pateléand reported ilChapter 4
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Chapter 4 : Characterization of material properties of bone in BML

and non-BML areas using human bone issue

4.1 Introduction

Bone marrow lesions are a form of subchondral bone damage aisdoaevith
osteoarthritis. As discussed$ectionl.3.2.3 a small number difistological studies and
several clinical studies have been carrietitounvestigate BMLs and their association
with pain and osteoarthritis progression. However, no studies have investigated how the
elastic mechanical properties of bone in BML areas might differ from surrounding
unaffected bone.

The work presented in thichapter aims to fill a gap in the literature by providing
important information on the mechanical properties of bone in BML areas and how it
might differ from bone in unaffected areas. This will also aid a more accurate
representation of BMLSs in finitdement models.

The method developed in the porcine pilot study was applied to human bone specimens
in this chapter. Due to the limited supply of human femur and tibia tissue with substantial
areas of BMLs and the prevalence of BMLs found in harvestedreadgatellae, the
method of extracting bone plugs describecChapter3.2 was adapted for patella@s
discussed in Sectioh.3.4 BMLs commonly occur in patellae as well as the femur and
tibia, and have been treated using subchondroplasty in the same way as BML#& fou

the femur and tibia. Therefore, the available patellae with BMLs were used in this study.

In this studyCTgreyscalesYoungdés modul us rel ationships
and norBML areas and the differences in the bone morphology were alsdigated.
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4.2 Method

4.2.1 Sample preparation and characteristic

The human tissue used in this study was obtained from a tissue bank (MedCure Inc, USA)
following National Research Ethics Committee (NREC) approval (reference
18/EM/0224). This study was part of a wider programme of work in whikhble
cadaveric human knsewere imagedusing MRI and used in experimental and
computational tests\ list of the University of Leeds archive codes for the human tissue
samples used in this thesis can be found in AppendiMR.imaging and scoring was
carriedout by Dr Nagitha WijgathungaFat suppressed T2 weighted sequence was used
to identify BMLs. Patellae that were identified on MRI as having BML regions were

selected for this study

Six cadaveric human patellae fram donorswere dissected he donor details including
heigh, weight and cause of death are describddhlrie4.1. To aid the extraction of bone
plugs, the patellae wepottedwith the posterior end embeddedPMMA, as shown in
Figure4.l.

Table 4.1: Specimen characteristics of cadaveric human patella.

Name Age Sex Left/Right Height Weight BMI Cause of Death
(m) (kg) (kg/m?)

P1 61 M L 1.83 60 18 Acute respiratory
failure

P2 57 M R 1.75 116 38 Cardio
pulmonary arrest

P3 76 M R 1.98 102 26 Cerebrevascular
Accident (CVA)

P4 63 M L 1.78 66 21 Lung cancer

P5 61 M R 1.88 88 25 CVA

P6 56 F R 1.78 67.6 21.3 Alzheimer/

Dementia




99

DISTAL

Figure 4.1: A right patella potted in PMMA, showing four extraction locations of

bone plugs.

With guidance from MRI scans, osteochondral bone plugs were taken from regions of
BML and regions without BMLs using 8rBm diameter surgical corer and a mallet as
describedn Chapter3.2.1 As many bone plugs as could be extracted were taken from
eachpatella PatellaeP4 and PHhadvery dense bonghich made extracting bone plugs
very difficult. In the case of P4t was not pssible to extract more than one bone plug.
The patella and bone plugs extracted are describedabie 4.2. Upon physical
examination, it was noted dh areas of damaged cartilage collocated with underlying

BML areas.

The cartilage layers were taken off using a surgical blade and the bone plugs were
trimmed to creataflat surface on bottorandas well.lt was not possible to achieve bone
plugs of a onsistent heightParticularly, the bone quality in P6 was very poor and two

out of the three bone plugs extracted from P6 disintegvatach the surgical corer.
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Table 4.2: Descriptions of patella samplesand locations of BMLs within them. The
Patella is outlined in blueon the MR imageto aid visualization. (M = medial, L =

lateral, P = proximal, D = distal). Table continued overleaf

P1

coronal

Area with absent cartilage and area with damaged cartdaligcates with

BML area on MR images.

coronal

P2

Area of damaged cartilage collocates with BML location
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P3

P4

BML collocates with damaged cartilage

Very dense bone therefore could only get baee plug out.
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coronal

P5
Small BML area. BML collocates with area of damaged cartilage
Very dense bone made bone plug extraction difficult.
patella was sawed to get-R2out.

P6

BML collocates with areas of cartilage damage. Cracks in patella hap

while wiggling the corer out.

P6-1 and P6&3 broke apart and were not tested
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Seven bone plugs were extracted from BML areas and eight frorBMbanareas. The

bone plugs extracted are describedable4.3

Table 4.3: Descriptions of all bone pluggdiameter 8.5mm)extracted

Name BML/ Non BML Location in | Length (mm)
patella
P11 BML Medial 10
P1-2 BML Ridge 12
P13 Non BML Lateral 7
P21 BML Lateral 10.4
P22 Non BML Medial 8
P23 Non BML Lateral 10.4
P31 BML Medial 10
P32 Non BML Lateral 10
P33 NonBML Lateral 9
P34 Non BML Medial 9
P41 BML Medial 10
P51 BML Lateral 9
P52 Non BML Medial 6.5
P53 Non BML Lateral 10
P62 BML Ridge 10

Upon physical examination, two specimens-gPand P53) were observed to not be
straight, with norparallel ends. Non parallel ends would lead to uneven loading of the

boneplugs;thereforethese bone plugs were excluded from further testing.
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4.2.2 Imaging and Testing

The bone plugs weremiaged using the same settings describeGhapter3.2.2 and
tested nder simple compression loading described samim &hapter3.2.3 Finite

element models were created for each bone plug using the same metihaghis3.2.4

The optimisation of the greystato-elastic modulus relationshipescribed inrChapter
3.2.5 was carried out otinree sets of bone plugBNIL group,nonBML group, #l bone
plugs group)The opimisation proceswas also run on each individual BML bone plug

specimertio assess the variabilifyom specimen to specimen.

The CT images were also processed using the BoneJ pl&fthin ImageJ (ImageJ2,

[135]) to obtain morphologicaheasurementsuch as bone volume fraction (BV/TV),
trabecular thickass(Tbh.Th), trabeculaspacingTh.Sp, and degree of anisotrofpA).
Trabecular thickness is a measure of the average thickness of individual trabeculae while
trabecular spacing measure the average local distance between individual trabeculae. The
DA is a measure of how highly oriented the trabeculae are, with DA 0 = isotropic and 1=

a perfect alignment in one direction.

Simple compression tests were carried out on the bone plugs using the same method
described in SectioB.2.3 Experimental stiffness and apparerddulus of elasticityvas
calculated from the foredisplacement data recordefpparent modulus of elasticity is

the ratio between stress and the atmithe elastic region.

Using IBM SPSS Statistics softwaneb, IBM Corporation, Chicago, USAthe mean

and standard deviation were calculated for each morphometric parameter for BML and
nonBML groups.Due to the small sample size, a fmarametric tst, Independent
Samples KruskaWallis test was used to compare the distribution of the morphometric
parameters betweenh e t wo gr oups. Pearsonds corre
correlation between bone volume fraction and apparent modulus measutbd i

experimental tests.

Concordance correlation was used to quantify the agreement between experimental and
computational stiffness results for both grou@mncordance correlation coefficient
(CCC) is a measure of agreement between two variables loesdoy Lin[136]. It
guantifies the departure from perfect agreement between two variables
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4.3 Results

The results of the experimental stiffness calculated for albtimne plugs are plotted in
Figure4.2. There is a wide variation between the experimental stiffness across the bone
plugs.A similar trend is seen when the experimental stiffness was normalised for bone
plug length.There is als@ wide range of variation between the bone plugs taken from
the same patella irrespective of BML grouping. The experimental stiffness2faRa

P5-3 were low compared to other r&ML bone plugs from the same patehlehich was
expected based on the wad inspection and confirmed that these bone plugs be excluded

from further testing.

The norphometric parameters measueed presented imable4.4 and Table4.5. The
average trabecular thicknesas higher for the BML group (0.88, SD 0)Xbmpared to
the norBML group (0.71, SD 0.32) although tlifferences in the meansere not
significant (P> 0.10). Thaverage trabecular spaciwas lower in the BML group (2.58,
SD 0.32 compared to the neBML group (3.47, SD 1.49although again the differences
were not significant (P > 0.10Jhe averageafjree of anisotropy was also higher in the
BML group (0.44 SD 0.14 compared with the neBML group (0.35 SD 0.07, again
the differences are not significant¥R.10).

Experimental Stiffness of Bone plugs
1000

1
3
800
2
Orange bars
2 represent bone plugs
800 BML
Blue bars represent
4 bone plugs without
BML
400 !
3
200
2
P4 P5

P&

Experimental Stiffness (N/mm)

(@]

P3

Figure 4.2: Bar chart showing the experimental stiffness for each bone plug. Data
labelsindicate bone plug number within patella group.
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Table 4.4: Morphometric measurementdor the non-BML group

Th.Sp Degree of

Th.Th Mean| Tb.Th Std| Mean Th.Sp Std anisotropy
(mm) Dev (mm) (mm) Dev (mm) | (DA)
P23 0.60 0.32 2.33 1.82 0.34
P32 0.73 0.40 2.45 1.74 0.27
P33 0.79 0.37 3.61 2.07 0.39
P34 0.66 0.31 2.89 1.99 0.29
P13 0.60 0.26 6.36 3.17 0.33
P52 0.89 0.58 3.18 1.89 0.46

Table 4.5: Morphometric measurementdor the BML group

Th.Th Mean| Tb.Th Std| Tb.Sp Mean Th.Sp Std Degree of
(mm) Dev (mm) (mm) Dev (mm) | anisotropy (DA)

P41 1.55 1.07 2.11 1.50 0.19

P21 0.82 0.33 2.74 1.75 0.39

P31 0.51 0.158 2.68 1.99 0.48

P11 0.69 0.34 2.51 1.77 0.56

P1-2 0.82 0.67 2.45 1.80 0.64

P62 0.83 0.59 3.15 2.24 0.45

P51 0.91 0.65 2.43 1.69 0.40

Bone volumdractionwas plotted against experimental apparent modulus for both non
BML and BML groups and shown irigure4.3 andFigure4.4 respectivelyThere was
moderateP e a r sarreladian between BV/TV and apparent modulus in the Bidih
groupPear sonds cor rre0.5)tandonmcorcelator bienan the BNIL,

groupPearsonds corrred0l8l).i on coefficient,

The range of the apparent modulus valuedis 127 MPa(mean 98 MPa) for the nen
BML group andl19 - 193 MPa(mean 95 MPajor the BML group. BV/TV values were
in the range 8- 0.44(mean 0.35jor the nonBML group and ®5- 0.44 (mean 0.36)
for theBML group.
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Figure 4.3: Bone volume fraction against apparent modulus for norBML group
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Figure 4.4: Bone volume fraction against apparent modulus for BML group

The optimized conversion factor between
modulus (E) of each bone element were obtainedlfdrone plugsthe BML group and
non-BML groupand presenteith Table4.6. The related root means square e(RIVISE)

and the concordance correlation coefficient (CCC) oéiperimental and computational
results were also presentd@bth the RMSE and CCC are measures of the agreement
between the experimental and computational resultse set containingll the bone
plugs had RMSEf 51.78%6 and CCC of 0.04 which is a poaeparating the neBML

and BML groups gave different conversion factors and improved the agreement between

experimental and computational results for the-B&i group. Although the RMSE and
CCC are much poorer for the BML group.

k
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Table 4.6: Optimized conversion factor and associated errors for different set of

bone plugs. (*) represents sets with outliers included.

Conversion factor (MPa) RMS error| CCC
e omrmone £0 0 0 m o BEE < OO
|
All Bone plugs 110 51.7 0.04
Non-BML 177 24.7 0.33
BML 92 55.6 0.04

The relationship between experimental stiffness and optimized computational stiffness

for the nosBML is presentedn Figure 4.5. The relationship between experimental

stiffness and optimized computational stiffness for the BML grisughown inFigure

4.6. From the figures, it can be seen that mosthefpoints lie below the perfect agreement

line which means that most of the computational predicted stiffness are lower than the

experimental stiffness.

1400
1200
1000
£ 800
(=
= 600
400
200

Computational Stiffness

Non BML group

200 400 600

CCC=0.33

800 1000 1200 1400
Experimental Stiffness (N/mm)

Figure 4.5: Experimental stiffness plotted against computational stiffness for non

BML bone plugs without outliers. The red dotted line representsa perfect

agreement.
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Figure 4.6: Experimental stiffness plotted against computational stiffness for BML

bone plugs. The red dotted line repreentsa perfect agreement.

The optimisation terminated without convergence of the error (set at 10%) for any of the
groups. Instead, it converged for the gradient tolerafset at 1605). This means that
where there is less than-hechange in the error between one iteration and the next, the

optimisation terminges, however large the error.

The results presented ifable 4.7 show the optimized conversion factor and related
RMSE for individual bone plugrhe optimisation for individual bone plugs converged
with errors lesshan value set (10%)hich confirmed that the bone modulus optimization

processvas successful
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Table 4.7: Group and Individual optimi sation results for all bone plugs.

Specimen | Group | Conversion | RMS error| Conversion RMS error
Name value (group) (group) value (individual)
(MPa) (%) (individual) (%)
(MPa)
P1-3 277.9 0.12
P22 119.8 0.10
P23 193.8 0.28
P32 Non 209.1 0.15
P33 BML 177 44.8 234.6 0.02
P34 150.4 0.08
P52 1300 0.10
P53
63.75 0.61
P41 188.7 0.20
P11 66.3 0.35
P12 BML 1027.6 0.03
P21 92 55.6 142.8 0.53
P31 191.2 0.07
P6-2 63.7 0.08
P51 249.9 0.02
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4.4 Discussion

In this chapter, cadaveric humpatellbr bone plugs were tested undgral compression

to derive apparent elastic modulus for plugs with and without BMMmderate
correlations between apparent modulus and bone volume fractiofiouacdor the non

BML group butwere nonexistent for he BML group. While the elastic modulus of
trabecular bone, derived from experimental tests, in other anatomical locations have been
reported extensively in literatgrvery little has been published on human patella bone.
Townsend et al carried out muéikial compression tests on trabecular bone cubes taken
from different locations on human cadaveric patella with no recorded bone pathologies
[137]. The bone plugs were taken in alignment with the articular surface in the same way
asin this study. The results showed apparent elastic moduli between£86MPa in

the direction normal to the articular surface. An indentation studyvhole patella
samplegound average apparent moduli &G0 MPa and ~320/Pa for human cadaveric
patella using two different indenter siZ&88]. The range of apparent moduli reported in

this studyfor nonBML samples (80 127MPa) are lower than the reported literature
values, this may be because the samples used in this study showed definite bone pathology
associated with osteoarthritis.

Studieg[139, 140]investigating the correlation between morphological and mécdlan
properties, using trabecular bone from healthy proximal femurs, BMAGYV to be the

best determinant of stiffness and yield strerathounting for8%% of the variance in
stiffness and yield strengthjtwimprovements reported wp 98% when anisobpy was

also taken into accounthe resultf this studyshow a moderate correlation between
BV/TV and apparent modulus in the nBML group (r=0.57) and no correlation in the
BML group (r =-0.03). Compared to literature, the correlation between BV&hd
apparent modulus is podor the norRBML group. In a studycomparing normal,
metastatic and osteoporotic bone in the spine and femur, it was found that BV/TV
accounted for 79% of apparent modulus regardless of pathfddgy Although lower

than the correlation reported by Musy et al and Maquer{&88| 140] this is still a high
correlation.However, a study looking at early arthritic trabecular bone from the proximal
tibia found higher BV/TV but reduced bone tissue modulus in areas with overlying
cartilage damage compared with unaffected dB&gsThis suggestd@nges to the tissue
structureelastic property relatnshipin arthritic bone and magccount for the poor
correlation between BV/TV and apparent modulus seeunriresults
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Micro-CT investigations of bone cores taken from the proximal tibias of postmenopausal
women undergoing knee replacement fowgtatisticalyy significant increase itbone
volume fration and trabecular thicknegs areas with BMLs compared to unaffected
areag59], while the results from this study found no significant differences in the same
parameters for the two groups. Hunter et al also reported change in xabechitecture,

with BML areas having more platike structure than unaffected areas

From Table 4.6, it can be seen that different conversfantors were obtained for the
BML and norBML groups. The RMSE improved for the r&ML group by separating
them from the BML groupbut the agreement between experimental and computational
models is still pootWhile there is published literature on Cegscald elastic modulus
relationships for human patella bone, studies which have derived CT grdystadéc
modulus relationships using a similar method for porcine anil2g] and human
vertebrg91] have found much bettagreemenfCCC = 0.66, RMSE = 17% and CCC =
0.86, RMSE = 15.3% respectivelygrom Figure 4.5 andFigure4.6, it can be seen that
majority of theoptimized FE models underestimate the stiffness of the bone plugs in the
both BML and norBML groups. The optimization was run for individual bone géuor
further investigationindividual bone plug optimization gave a wide range of conversion
factor valueswith very small RMS errorgvhich suggests that large esan the group
optimizatiors is due to the large tissdevel variability between the specinsem the
grouys.

Raux et a[142], described the predominant trabecular strecituthe patella to be sheets

of hard tissue connected by rods with the sheets arranged in varying orientasions.
shown inFigure4.7, the sheets areertical and arranged perpendicular to the articular
surfacein the proximal and mid lateral regions and the-orist region While in the
medial side, the sheets are horizontal and run perpendicular to the articular surface. The
proximal and distal crésiave trabecukof mixed orientation. Other studies in the patella
have adapted the same mod€d7, 138, 143]

Townsend et al reported nearly identical stiffness in the proximal and mid lateral regions
anda reduced stiffness in the distal lateral region. The crest was found to be the stiffest
region of the patella, with decreasing stiffness from proximal to distal. In the medial side,

the middle region was found to be the stiffest region. The-ggezima variability in

the stiffness of trabecular bone in the different regions of the patella due to orientation
adds a layer of complexity in making comparisons between BML and@tdnregions

even within the same specimen. For example, a BML bone plugftakerthe crest may
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be stiffer than a neBML bone plug taken from other areas of the same patdila.may
account for the large range of stiffness values seen within the two gi@gsid errors
due tointra-specimen variability in trabecular orientat, BML and norBML plugs
taken from the same regions of the patella should be comparsavillihequirea much
larger sample size than was used in $hisly. High resolution images of the patella prior
to bone plug extraction could also helpdentify the trabecular orientation and determine

best locations for bone plug extraction.

Proximal
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Figure 4.7: (left to right) model schematic of patella trabecular structure.
Orientation of trabecular sheets in aatomical locations of the patella.ifnage reused

from Raux et al [142] with permission)

The patellae used in this study were describefainle4.1, and from the images, it can
be seen thatifferent specimen had BMLs of varying siz€sr example, P6 contained a
large area of BML compared R2 which contained a small BMLh&refore, bone plugs
in the BML group contain fractions of BML and n@&ML bone.This varying volume of
BML in each bone plug would have contributed to the ispracimen variability within
the BML group. Although tb boneplugs were scanned usingamCT before they were
tested, BMLs were notentifiable in microCT images.hE location of the bone plugs
extracted from patella Péhd anMR imageshowing the location of a BML in patella, is
shown inFigure 4.8. From the crossectioral CT images, P31 and P34 look quite
similar although PA contains a BML and P38 does notAlthough MR images were
used to identify the location of BMLsf plug extraction, it was not possible to define the
precise extent of the BMLs from MR images due ®ldwerresolution of clinical MRI.

Thereforethe volume of BML in each bone pleguld na beaccuratelyestimated.

Importantly, bone plugs from lge BML areagP6-1 and P&3) fell apart and therefore
were not testedt is likely that bone inargeBML areas have worse properties than the

derived values for the BML group.
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Figure 4.8: Figure shows midcoronal CT cross sections forP3-1, P32 and P34;
MR image of P3 showing the location of the BML; and potted patella P3 showing
location of bone plugs. (L = lateral, M = medial, P = proximal, D = distal).

4.4.1 Summary of key points

1 The bondan BML regions appear to be highly variable, with no correlation found
between BV/TV and apparent modulus for these specirainsughthere is a
moderate correlation for neBML specimens

9 Different conversion factors were derived for BML and +BML groups
indicating the bone in BML and neBML areas are different in some way.

1 Some of the BML specimens collapsed and were not tested therefore, the derived
modulus was only from a subset of the specimens that could be tested.

1 The agreement between the conapioinal and experimental models was poor for
both groups but poorer for the BML group. Despite this limitation, the derived
conversion factors provide a way to incorporate material properties for BML
regions in FE models
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Chapter 5 : Assessmenbf the mechanical effects of BMLs in

specimenspecific FE models.

5.1 Introduction

In Chapter 2 methods were developed to model tibiofemoral jowith BMLs. The
results fromChapter 2showed that docalized change in material propemy bone
compared to surrounding bonanaffect the contet mechanics of the kne€he results
alsohighlighted the importance of having more accurate information on the mechanical
properties of bone in BML regions to properly define them in FE moéeim theresults
presented ilChapter 4different conversion factors were derived for BML and-BahL
groups indicatinghatthe material properties of the bone in BML areas were different to
the bonen nonBML areas The evidence fror€hapter sas provided new data on the

mechanical properties of the bone in BML regions.

The purpose of thavork in this chaptewas to comime the FE models developed in
Chapter 2 with the matial property data derived im@pter 4 to address the last objective

of this PhD projectSome improvements were made to the model®loped irChapter

2 to address some of the limitatiorstich as the omission of cartilage atite
representation of the bon&he esults fromChapter 2suggested that if bone was
represented as a single material property, its value had a very small effect on contact
mechanics. Howevethe modek incorporatingBML regions with different material
properties to the surrounding basteowed that localized variations in material properties

do have an effect on joint contact mechanildserefore to represent a more realistic
situation, it is also necessary to model the spasightion of the material properties of

the surrounding bone as well as the BML region. The FE models developed in this chapter
incorporateinhomogeneougreyscaleébased material properties for both BML regions

and surrounding bone.

FE nodelsof Knees 15 were createavith simulatedBMLs were created ancbmpared
to models without BMLs toinvestigate how BMLs affect joint mechanics in
representations akal knees with realistic material properties (for bone in and outside

BML regions) andested under phiyaogically relevanioading scenarios

Cases were created for Knees 1 and 6 with a large simulated BML with homogenous
material property to investigate the effect of the elastic property of a large BML on the

knee joint mechanics. These cases also seraa amvestigation of possible augmentation
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scenarios, as the bone substitute material is likely to have homogenous material

properties.

The specimerspecific FE models developed in this chapter were validated by comparing
experimental contact mechaniesst results to FE model results in a similar test up.
Additionally, the influence of boundary constraints on the match between experimental
and FE results was also considered using one case (Knee 3). Validation of FE models in
this way show that the modisl able to adequately represent the experimental set up and

provides confidence in the results and conclusions drawn from the FE models.
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5.2 Methods

5.2.1 Specimen characteristics

Six cadaveric human knees (specimen details presenteabla5.1) were used in this
study. Three of the Knees (Kne&)lwere dissected, tested, and segmented by Dr Gavin
Day and Dr Robert Cooper, University of Leeds, as part ofeaiqus study. e
remaining three were dissected and potted by Dr Gavin Day at the University of Leeds,
andtested and modelled by the authall. of the specimens werebtainedas part of a
larger programme of researtbm a tissue bank (MedCure Inc, Afollowing National
Research Ethics Committee (NREC) approval (reference 18/EM/0224).

Table 5.1;: Donor characteristics

Specimen Age Sex Left/Right Height Weight BMI Cause of Death

Knee (m) (kg)

Knee 1 81 M L 1.75 72.6 23.7 Myelodysplastic
syndrome

Knee 2 61 M L 1.83 60.3 18.0 Acute
respiratory
failure

Knee 3 57 M R 1.75 116.6 38.0 Cardic
pulmonary
arrest

Knee 4 89 M L 1.73 75.7 25.4 Malignant lung
neoplasm

Knee 5 83 F R 1.50 30.8 13.7 Metastatic recta
cancer

Knee 6 58 F L 1.83 84.4 25.2 Pancreatic
cancer

All of the specimens were preparaad tested in the same way. All soft tissue, including
ligaments and menisaivere removed except cartilage and the specimen were potted in
PMMA with the femur at neutral extension position. To maintain neutral position of the
knee, a brace was applied, following methods describ&bbper et a]79] to the femur

and tibia after minimal dissection of soft tissue to expose the bone. This kept the position
of the femur and tibia while other soft tissweere removed. The femur was potted in
PMMA using a custom mounting rig shown kigure 5.1. The location of centre of
rotation pingshown inFigure5.1, were determined from the femoral insertion points of

the collateral ligaments and were used to specify a centre of rotation for the femur in
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alignment to the flexiomextension axis of the contact mechanics tesiigr the femur
cement was fully cured, the tibia wasdd in PMMA using the same mounting rig before

the braces were removed.

Tibia held in ™y Braces
mounting rig A

Femur potted
in PMMA

Centre of rotation
pins

Figure 5.1: An example image showing a femur potted in PMMA using the custom
mounting rig.

5.2.2 Contact Mechanics Test

The contact mechanics test was carried out using a custom testing rig developed by Dr
Aigin Liu at the University of Leedg9]. The rig shown in Figure5.2, was made up of

the femoral bracket, which allows the femur to be mounted at various degrees of flexion
(0°1 60°), and the tibia base which can fdeed or freed in four degrees of freedom:
abduction/adduction, internal/external rotation, anterior/posterior displacement, and
medial/lateral displacement. In this experimental setup, the tibia was fixed in the four
degrees of freedom and the knee watettat 0, 10°, 20° and 30 of femoral flexion.

The contact mechanics tests were carried ouniatrial testing machine (Instron 336
with 5 kN load cell, Instron Ltd, UK)A compressive load of 500 N, axial to the femur,
was applied to the femur atim/minute until the maximum was reached and held for
150 seconds as described by Cooper ¢72|. Contact pressure measurements were
recorded for the 150 seconds the load ald using pressure sensors (Tekscan Pressure
Mapping Sensor Model 40 Tekscan IncBoston, MA, USA) placed on the tibial
cartilages and fixed using pins as showrFigure 5.2. Prior to testing, the pressure
sensors were calibrated according to the manufaanseuctions.Using the last frame

of the contact pressure readingspressure mapas produced andcaled to the load

applied.
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Figure 5.2: Contact mechanics test rig wh loaded specimen showing the different
degrees of freedom. FE = flexion/extension; TR = tibial internal/ external rotation;
AA = abduction/adduction; AP = anterior/posterior displacement; ML =
medial/lateral displacement. (image was adapted from Cooper et fl9])

5.2.3 MicroCT Imaging

Before mechanical testingjdgh resolution CT imagesf the potted specimensere
captured at 82im isotropic resolution using the same scanner and scan characteristics as

Chapterd.2.2 The imageproduced were exported in DICOM format.

5.2.4 Finite Element Modelling

DICOM files of the specimen were importedSanpleware ScanlP v.201Synopsys,
Mountain View, CA, USA) Following a similar process tGhapter3.2.4 the images

were downsampled from 82 um to 164 um. Usingraghold greyscale value of 4A%)

(image histogranmrange:0 i 4000HU), a mask was created to capture the trabecular
architectre of the bone. Another mask was created to capture the gross geometry of the
bone. Using the dflloodd ffiillll6dtadmd soit hee ma
were separated. Masks were created for the femur cartilage, medial tibial anditédtra
cartilage by highlighting the cartilage on each image slice using the paint tool. To generate

smooth surfaces for meshing purposes, a recursive Gaussian smoothing filter of 5 pixels



120

was used. Where necessary, the masks surfaces were dilatetkblg defore applying
the smoothing filter of to prevent ovemoothening of the surfaces and thereby prevent

loss of cartilage geometry or holes in the cartilage.

Once segmentedhé image containing the trabecular architecture (bone volume mask)
was binarized exported and rémported as a background for tifemur and tibiaas
described inChapter3.2.4 The background image is used in ScanlP to assign material
properties to the element¥his step thereforeenabled the subsequent assignment of
properties to thelementso be proportionald the bone volume fracm in the given

element region

5.2.4.1 Material properties

Greyscalebased material properties were appliedhe femur and the tibiavith 255
incrementsbased on ®it resampled imagasing the conversion factor between bone
volume fracion and elastic modulud {7 MPa) that was derived for neBML bone in
Chapterd.3.

The cartilage was modelled as a hyperelastichumakean materlawith coefficients
C10=0.7705 MPa and D =0.1067 MPa? corresponding to a bulk moduluk, of
18.75MPa and shear moduluS, of 1.54MPa. This gives an equivalent linear modulus
of45MPa and Poi s s o dliese materitl propertres commam a 8epatabe.
optimisation of cartilage properties in human knees carried in parallel by Dr Robert

Cooper.

5.2.4.2 Mesh generation

Both bone and cartilage were meshed usimgar tetrahedraC3D4 mesh elements with

0.7 mm edge lengththe same edge length wased in the FE modelssed inSections
3.2.4and4.2.2 Linear tetrahedral elements were used in this case to save computational
cost as a model with quadratic tetrahedral elements took 11.5 hours to rumghh a
performancecomputer with 32 logical processors compatedl hour using linear
tetrahedral elements run on a computer with 8 logical proced8otk. quadratic and
linear tetrahedral elements gave similar results for contact pressure distribution in the
tibial cartilage with only ~7% increase in the maximum contact pressure when using

guadratic tetrahedral elements.
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5.2.4.3 Contact definition

Surfaceto-Surface contact interactions with finite sliding were created between the femur
cartilage and the tibial medial dfateral cartilage. Ariction coefficientof 0.1, same as
used in similar studie§’8, 79] was assumed between the contact surfaces and an
overclosure method was used to define the normal behaviour of the corfamtsur

5.2.4.4 Boundary conditions and loading

The distal end of the tibia was constrained for translation and rotation in all directions. A
small downward axial displacement was applied to the superior end of the femur, using a
reference point coupled to the neda the top of the femur, isoduce an initial contact
pressure of approximately 1 MRaitializing contactin this way avoids issues that may
arise due to sudden ndinearity when contact happen3he displacement was
constrained in all the other datgons to prevent the femur from translation or rotation in
the other axes. A load of 500N was then applied the femur, replicating the experimental

test setup.

5.2.4.5 Output parameters

In the same manner as the finite element models of the tibiofemoral joguisbés in
section2.2.1.6 the contact pressure and the von Mises sirei®e tibial cartilage and
bonewere assessed for the different ca3ém distribution &contact pressure and von
Mises stress in the tibial cartilage was compared qualitatively between different cases,
looking specifically at the location and number of peakihe values of the maximum
contact pressure and von Mises stress in the tibialagggtand bone was also compared.

The distribution of minimum principal strain in the tibia bone was compared finite
element model cases. Minimum principal strain is a measure of the compressive strains
acting in the normal direction (direction of gravityJhe distribution of minimum
principal strain in the bone gives an indication of how the bone struts are bending
especially in the BML regions. A qualitative assessment of the minimum principal strain

in the tibia bone was made between cases with andutitBMLs.
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5.2.5 Validation of FE model against contact mechanics test

Contact pressure maps of FE model and experimental results were compared for each
specimen. The force in each compartmesais also compared between the FE model and

experimental results.

5.2.5.1 Fixed vs Free Tibia

Another case was tested for one knee (Knee 3) in the experimental set up, with the tibia
freed inthreedegrees of freedoranterior/posterior displacement, abduction/adduction
and internal/external rotationfE models were created ttie freed and fixed tibia cases
replicating the experimental scenario. The purpose of this was to examine the influence
of boundary conditions on the contact mechanics both in the experimental and
computational set up. Additionally, it allowed an investign into thecapability of the

model to adequately represent the differences in the boundary conditions.

For this comparison, to reduce computational cost, the bones in both the fixed and free
cases were modelled as homogeneous isotropic elastic nsatdgthaklastic modulus of
2GPaand Poissonb6s ratio 0.3, rather than
properties.The tibia and femur cartilage were modelled using the same material

properties aSection5.2.4.1

Modelling the different degrees of freedom at the same time was difficult to achieve in
the FE model, therefore the model was run in six stegpisg a method developed
internally at the University of Leeds (private communication with Dr Alison Jorigas)

the first step, the tibia was fixed while a small displacement was applied to the femur to
initiate contact between the femur and tibia cartilage surfaces. In the following steps,
while a load of 500N was applied to the femur, constraints were released in one degree
of freedom per step (first abduction/adduction followed by anterior/posterior
displacement, then internal/external). In the final step, the tibia was allowed some

abducion/adduction. The medial/lateral displacement was always constrained.

The contact pressure distributions on the tibial cartilage obtained for the fixed and free

cases were compared between the experimental and computational models.
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5.2.6 Modelling BML casesin specimens without BMLs

Five of thespecimengKnee 15) did not exhibit any naturally occurring BML therefore,

a hemispherical BML with 8 mm radius was created in the medial tibia of edlobsef
specimensusing ScanlP. The BML was aligned with thentte of contact for each
specimen. This was done because, as discusseldajpter2.2.6 BMLs at this location

are likely to lead to the biggestaiges in the contact pressure and von Mises stress in

the cartilage.

Greyscalebased material properties were appteethe BML region using the conversion
factor between bone volume fraction and elastic mod@281Pa) that was optimised
for BML bone n Chapter4.3. The rest of the bone ag assigned properties using the
conversion factor derived for nd8ML bone (L77MPa). The BML was meshedith
the same elemenype and meshsize as the bone and cartiladescribed inChapter
5.2.4.2

Finite element models were created for each spamtiand tested under the same
conditions asection5.2.4 For each specimen, the results were compared for-8htin

and BML case.

5.2.7 Effect of a large BML and its stiffness properties

Knee 6 contained a large hemispherical BML in the medial widnech had a primary
diameterof approximatel\82 mm, and extended.5 mm from the tibial plateaas shown
in MRI images Figure5.3.

» @ 32mm
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b
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Figure 5.3: Fat suppressed T2weighted MR images of Knee 6 showing location of
BML from the coronal and axial planes.
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Finite element modslwere created from segmented images of the specimen and set up
in the same way as the models in Seciidgh4 To capture the BML area, a hemispher

with a diameter of 28 m was created in the medial compartment using the information
from MR images about the location of the BML, as showfRigure5.4. The diameter of

the simulated BML was less than the diameter measured from MR images because it was

difficult to position a bigger idealised hemisphere within the medial compartment.

BML

Figure 5.4: Schematic showing location and size of BML in the tibia of Knee 6 FE
Model.

In both the experimental and computational set up, the femur was fixetfke®@n and

the tibia fixed in all degrees of freedom. This loading case is different to the other
speimens because unlike Kneesb] there was no contact in the medial compartment of
Knee 6 at © femur flexion.Contact in both compartmentgas considered necessaoy

avoid confounding factors due to disproportionate loading in only one compartment and

to make the model comparable to the other models (Kr&gs 1

The contact pressure and von Mises stress distribution in the tibial cartilage and the
minimum principalstrain distribution in the tibia was compared for BML and-BahL

cases.

5.2.7.1 Parametric tests on Knee 6 and Knee 1

Because Knee 6 cont@da large natural BML, it is useful to investigate the effect of
stiffness of bone in BML areas, therefore some othegswere created with BML areas
assigned different homogenous elastic yo
average elastic modulus of the ABNIL bone area), calculated from average bone

volume fraction in nofBML bone plugs Chapterd.3). The use of homogenous material
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properties to model the BML can also be used to consider idealised augmented cases

where the homogenous cement material erisggs dominate in the region BML.

To investigatehe effects of differing material properties in the BML region in 2 knees
with different volumes of BML, theases tested listed rable5.2 were tested for Knee

6 (containing a large BML) and Kneddontaining small simulated BML).

Table 5.2: FE model casegested forKnee 6 andKnee 1
Bone BML

Casel: Heterogeneous greyscale base( none
Baseline Conversion factofor nonBML bone

Case 2 Heterogeneous greyscale base( Heterogeneous greyscale
Conversion factofor nonBML bone | based. Conversion fact
for BML.

Case 3 Heterogeneous greyscale  baseq Homogenous BML.
Conversion factofor nonBML bone 33.05 MPa

Case 4 Heterogeneous greyscale base¢ Homogenous BML.
Conversion factofor nonBML bone 15.83 MPa

Case 5 Heterogeneous greyscale base¢ Homogenous BML.
Conversion factofor nonBML bone 6.33 MPa

Case 6 Heterogeneous greyscale base¢ Homogenous BML.
Conversion factofor nonBML bone 317 MPa

Case 7 Heterogeneous greyscale base¢ Homogenous BML.
Conversion factofor nonBML bone 1 MPa
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5.3 Results

5.3.1 Validation results

Contact pressure maps from experimental contact tests and FE models for each specimen
are shown irFigure5.5. The exact position of the Tekscan in thgerimental set uwas
not known, therefore only the shapes of the contact areas and the pressure distributions

can be compared between experimental and computational results.

FromFigure5.5, the shapes of the contact area in the experimesisand FE models
are very similar for Knees 1, 2, 4 and 5. For Knees 3 and 6, in the experimental results,
the contact was almost all in one compartmetfawever, in the computational model

there is some contact in both compartments.

In Knees 1, the shape of the contact area is similar between experimental and
computational results for both compartments. There is one clear contact pressure peak in
the lateralside which is clearly replicated in the computational results. Similarly for
Knees 2 and 5, the distinct shape of the contact area in each compartment and the location
of the contact pressure peak within the contact area is similar between experimental and
computational results. In Knee 4, the two distinct contact afeasn in the experimental

results is also shown in the computational results.

In Knees 3 and 6, there is a mismatch between the experimental and computational
contact patches. In Knee 3, teeperimental results show no contact in the lateral side
while the computational results show contact in the lateral compartment. Also, the shape
of the contact area in the medial compartment is different between the experimental and
computational resultsSimilarly for Knee 6, the experimental results show contact in the
medial compartment only while the computational results show contact in both
compartments. However, the shape of the contact area in the medial side is similar for

both experimental andmputational results.

The maximum contact pressure was higher in the FE model for Knee 1d{66eénceg

and Knee 2 (62%lifferencg compared to the experimental test, while the reverse was
true for Knee 3 (6.5%ifference. The shapes of the experimental and computational
contact maps for Knee 4 and Kneevére similar. For Knee 6 themgas avery small
amount ofcontact in the medial compartment in the experimental result whilelasre
contact in both compartments ofetiFE model. The maximum contact pressure was
higher in the FE model for Knee 4 (44%) and Knee 5 (1.8%) compared to the

experimental test result, while the reverse was seen for Knee 6 (37.4% decrease).
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Knee 1(Left) Knee 2(Left) Knee 3(Right)

Experimenta

| contact

pressure ok i

map : 1T

FE model

Figure 5.5: Experimental and computational contact pressure maps for Knees-6 (continued overleaf).(Left) or (Right) indicates if specimen

is a left or right knee
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Knee 4(Left)

Knee 5(Right)

Knee 6(Left)

Experimental
contact

pressure map
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The force in the medial and lateral compartments for the experimental and computational
models are shown iRigure5.6. The average contact pressures in the medial and lateral
compartments for the experimental and computational models are also shiéigaren

5.7. The worst agreement is between experimental and computational is for Knee 3 and

Knee 6 where the experimental results show almost all of the force in one compartment.

Total force by compartment

m Experimental Medial Compartment m Computational Medial Compartment
m Experimental Lateral Compartment m Computational Lateral Compartment
600.00

500.00

400.00

300.00
200.00
100.00

0.00

Knee 1 Knee 2 Knee 3 Knee 4 Knee 5 Knee 6

Total Force (N)

Figure 5.6: Experimental and computationalforce in each compartmentfor tested
specimens.

Average contact pressure by compartment

m Experimental Medial Compartment m Computational Medial Compartment
m Experimental Lateral Compartment mComputational Lateral Compartment

3
2.5

2
1.5

1
ol

0

Knee 1 Knee 2 Knee 3 Knee 4 Knee 5 Knee 6

Average Contact Pressure (MPa)

Figure 5.7: Experimental and computational average pressure in each compartment
for all specimens.
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5.3.1.1 Fixed tibia vs free tibia case (Knee 3)

Comparing the shapes of the contact patches shotigune5.8, it can be seen that for

the fixed case, there is no contact in the lateral side in the experimental result while there
is contact in both compartments in the computational results. The ahdpecation of

the contact peak in the medial side is similar between the experimental and computational
resultsalthough the experimental contact area extends further. In the free case, there is
contact in both compartments in the experimental and ctatipuoal results. The shape

of the contact areanithemedialcompartment is similar between the experimental and
computational results. In the lateral compartment, the shape of the contact area is different
between the experimental and computational tesul

Results presented iRigure 5.8 show that, in the free case, there is contact in both
compartments compared to the fixed case where there is taxtonthe lateral side. In

the fixed case, the tibia is constrained in all degrees of freedom, this means that it is not
able to make small motions to ensure better contact or alignment between the femur and
tibia. Freeing the tibia allows small tibialation that allowst to correct the alignment
between femur and tibieading to bettecontact in both compartments instead of the

medialcompartmenbnly contactseenn the fixed case.

The free case was more computationally expensive and complex withtime of

~5hours compared to 1Hours for fixed case.
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Experimental contact test FE model

Fixed

Free

Figure 5.8. Experimental and computational contact pressure maps fothe fixed

tibia and free tibia casedor Knee 3 (Right Knee)
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5.3.1.2 Discussion ofvalidation study

The results provide confidence that the FE models can adequately represent the predict

contact pressures, distinguish between specimens and loading conditions

Some of the ififerences seen in the force and average contact pressures results between
the experimental and computational model may be due to some limitations in the
experimental set up. The Tekscan pressure sensor does not conform to complex shape of
the tibia (wheret is pinned as shown ifigure 5.2) therefore there could be some
crinkling or shear in the sensor which would cause experimental errors. Other
experimental errors could be due to contact outside of the sensor which woblel not
captured in the experimental result. Differences in the maximum contact pressures
between the experimental and computational results could also be due to localised peaks
in the FE models as a result of a coarse mesh, although this is unlikely given the
smoothness of the contour plots Figure 5.5. Localisedpeaks ardesslikely in the
computational models because of a finer mesh (element edge Fer@hmm) in

comparison to the coarser sensels used in the experimental tests (Pitchm) 1.3

The material model used could also be a source of error, however, due-gpatienen
variability in the quality of cartilage it is doubtful that a singlaterial model would give
the best match with experimental contact tests for all specimens. Individual calibration of
cartilage material property for each specimen could give better correlation between FE
model and experimental maximum contact pressuré mutinlikely to fully resolve the

differences.

Looking at the fixed and free cases of Knee 3 showrignre5.8, it can be seen that

there is bette agreement between the contact area shape and the maximum contact
pressure in the free case, where there are fewer constraints, than in the fixed case. This is
because in cases when there are a lot of boundary conditions, the results are more sensitive
to the alignment between the femur and the tibia. Small differences in the-frésaur
alignment between the experimental and computational set up can cause large differences
in the results hence the mismatch between the experimental and computatiorsairresult

the fixed case. However, given that the main purpose of this study is to compare the same
model with and without BMLs, the most important requirement is for the boundary
conditions and alignment to be consistent between cases. Additionally, tloasgeees
computationally expensive to run, therefore, the fixed tibia case at 0° femur flexion was

selected for Knees3, and the fixed tibia case at 30° femur flexion was selected for Knee
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6 as these always produce contact over the BML area and corstaittution between

the two compartments.

5.3.2 Comparison of FE Models with and without BMLs

Contact pressure maps of cases with and without a BML are compdfeiras.9. It
can be seen frofAigure5.9 that there is no observable difference in the comagsure

results between the cases with and witteoBML for each of the specimen.

Maps of the von Mises stress on titeal cartilage surface, for cases with and without
BMLs are shown irFigure5.10. It can be seen that there is no observable difference in
the von Mises stress distribution in the cartilage between the cases with and without a
BML for each specimenThere was also no observable diffiece in the maximum and

minimum principal straing the tibial cartilagdor cases with and without BML.

The minimum principal strain distribution across crseestions of the tibia for cases with

and without a BML is showifrigure 5.11. The results show an increase in the peak
compressive strain iBML regions for all specimens. In Knee 1, the peak minimum
principal strain in the BML region increasedi < 1% to ~3.5% with the presence of a
BML. In Knee 2, the peak minimum principal strain in the BML regrammeased from <

2% to ~ 5% in the BML area and from37 4% to ~9%in the region adjacent to t the
BML. In Knee 3, the peak increased from ~1%386 in the BML regionin Knee 4, the

peak increased from ~ 1.5% to ~ 4%. In Knee 5, the peak minimum principal strain in the

BML region increased from ~ 2.5% to ~ 7%.
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Without BML With BML

Knee 1(Left)

CPRESS
+2.700e+00
+2.47 5e+00
+2.250e+00
+2.025e+00
+1.800e+00
+1.575e+00
+1.350e+00
+1.125e+00
+9.000e-01
+6.750e-01
+4.500e-01
+2.250e-01
+0.000e+00

Knee 2(Left)

CPRESS
+2.587e+00
+2.371e+00
+2.156e+00
+1.940e+00
+1.725e+00
+1.509e+00
+1.293e+00
+1.078e+00
+8.623e-01
+6.467e-01
+4.312e-01
+2.156e-01
+0.000e+00

Knee 3(Right)

CPRESS
+2.420e+00
+2.218e+00
+2.017e+00
+1.815e+00
+1.613e+00
+1.412e+00
+1.210e+00
+1.008e+00
+8.067e-01
+6.050e-01
+4.033e-01
+2.017e-01
+0.000e+00

Knee 4(Left)

CPRESS
+3.690e+00
+3.382e+00
+3.075e+00
+2.767e+00
+2.460e+00
+2.153e+00
+1.845e+00
+1.538e+00
+1.230e+00
+9.225e-01
+6.150e-01
+3.075e-01
+0.000e+00

Knee 5(Right)

CPRESS
+2.705e+00
+2.480e+00
+2.254e+00
+2.029e+00
+1.803e+00
+1.578e+00
+1.352e+00
+1.127e+00
+9.017e-01
+6.762e-01
+4.508e-01
+2.254e-01
+0.000e+00

Figure 5.9: Contact pressure resultsn the tibial cartilage for cases without and with
BMLs matched for each specimen(Left) or (Right) indicates if specimen is a left or

right knee
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Without BML With BML

Knee 1(Left)

S, Mises

(Avg: 75%)
+1.092e+00
+1.001e+00
+9.100e-01
+8.190e-01
+7.281e-01
+6.371e-01
+5.461e-01
+4.551e-01
+3.641e-01
+2.731e-01
+1.821e-01
+9.116e-02
+1.712e-04

Knee 2(Left)

S, Mises

(Avg: 75%)
+1.359¢+00
+1.246e+400
+1.133e+00
+1.020e+00
+9.070e-01
+7.940e-01
+6.810e-01
+5.680e-01
+4.550e-01
+3.420e-01
+2.291e-01
+1.161e-01
+3.067e-03

Knee 3(Right)

S, Mises

(Avg: 75%)
+7.534e-01
+6.906e-01
+6.279e-01
+5.651e-01
+5.023e-01
+4.395e-01
+3.768e-01
+3.140e-01
+2.512¢-01
+1.885e-01
+1.257e-01
+6.292e-02
+1.524e-04

Knee 4(Left)

S, Mises

(Avg: 75%)
+1.308e+00
+1.199¢+00
+1.090e+00
+9.811e-01
+8.722e-01
+7.632e-01
+65.543e-01
+5.453e-01
+4.363e-01
+3.274e-01
+2.184e-01
+1.095e-01
+5.163e-04

Knee 5(Right)

S, Mises

(Avg: 75%)
+1.134e+00
+1.040e+00
+9.452e-01
+2.508e-01
+7.565e-01
+6.621e-01
+5.677e-01
+4,733e-01
+3.78%-01
+2.845e-01
+1.901e-01

=

Figure 5.10: von Mises stresglistribution in the tibial cartilage for cases without and

with BMLs matched for each specimen(Left) or (Right) indicates if specimen is a

+9.576e-02
+1.378e-03

left or right knee
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Scale Bar

Without BML

With BML

Knee 1

(Left)

EE, Min. Principal
(Avg: 75%)
+7.029e-05

“4543e-02

Knee 2

(Left)

EE, Min. Principal

(Avg: 75%)
+7.966e-07
-3.282e-03
-1.656e-02
-2.485e-02
-3.313e-02
-4.141e-02
-4.970e-02
-5.798e-02
-6.626e-02
-7.454e-02
-8.283e-02
-9.111e-02
-9.93%e-02
-2.392e-01

Figure 5.11: Minimum principal strain distribution for cases without and with BMLs for Knees 1- 5. (Continued overleaf). (Left) or (Right)
indicates if specimen is a left oright knee
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Knee 3
(Right)

EE, Min. Principal

(Avg: 75%)
+1.215e-04
-3.917e-03
-7.955e-03
-1.199e-02
-1.603e-02
-2.007e-02
-2.411e-02
-2.815e-02
-3.219e-02
-3.622e-02
-4.026e-02
-4.430e-02
-4.834e-02

Knee 4

(Left)

EE, Min. Principal

(Ava: 75%)
+4.241e-04
-4.703e-03
-9.830e-03
-1.496e-02
-2.008e-02
-2.521e-02
-3.034e-02
-3.546e-02
-4.059e-02
-4.572e-02
-5.085e-02
-5.597e-02
-6.110e-02
-1.212e-01

Knee 5

(Right)

EE, Min. Principal

(Avg: 75%)
+2.295e-04
-8.123e-03
-1.648e-02
-2.483e-02
-3.318e-02
-4.153e-02
-4.98%9e-02
-5.824e-02
-6.65%e-02
-7.494e-02
-8.330e-02
-9.165e-02
-1.000e-01
-2.68%e-01
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5.3.3 Effect of a largenaturally occurring BML

The contact pressure and von Mises stress distributions in the tibial cartilages are shown
for different cases of Knee 6 igure5.12 andFigure5.13respectively. Using the same
scale bar for the results, there is otmservabledifference seen in the contact pressure
distribution between the case without BMinoddled using the conversion factor for
nonBML bone)and the caseontainirg aBML modelled using material properties based

on the conversion factaterived for bone in BML area3he contact pressure maps for

the case withthe BML assigned heterogeneous propetigiag the conversion factor and

the homogenous BMWwith elastic nodulusof 33.05MPa arevery similat As the elastic
modulus of the BML was reduced, the distribution of the contact pressure was found to
shift away from the BML location in the medial compartment. Also, the contact pressure
in the lateral side appeareal increase as the elastic modulus reduces. This same trend
was seen in the von Mises stress distribution, shovgure5.13.

The minimum principastrain in the tibidbonewas compared faall casesand shown in
Figure5.14. It can be seen that there aighermaximumcompressive strains in tBML
regionfor the cases with a BMtompared to the no BML case. Comparing the case with

a BML, using the conversion factor derived for bone in BML area, to the no BML case,
it can be seen that the peak minimum principal strain increases in the BML fregion

< 1% to ~ 2.5%As the elastic modulus in the BML region reduces, the peak compressive
strain in this region increase®aching up to 55%Comparing the BML using greyscale
conversion factor to the Homogenous (33MPa) case, the peak minimum pratapal

is higher in the homogenous case and more distributed across the whole BML region in

comparison to the greyscale conversion factor BML case.
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Knee 6(Left)

CPRESS
+2.721e+00
+2.494e+00
+2.267e+00
+2.041e+00
+1.814e+00
+1.587e+00
+1.360e+00
+1.134e+00
+9.070e-01
+6.802e-01
+4.535e-01
+2.268e-01
+0.000e+00

Homogenous BML: 33 MPa

Homogenous BMI- 16 MPa

No BML

Homogenous BML:- 6 MPa

¢

Homogenous BML- 3 MPa

Homogenous BMI- 1 MPa

Figure 5.12: Contact pressure maps for FE models of Knee &t 30 degrees flexiorwithout BML, and with BMLs of varying elastic modulus.

(Left) indicates specimen is a left knee



140

Knee 6(Left)

S, Mises
(Bvg: 75%)

+1.087e+00
+9.964e-01
+9.059e-01
+8,153e-01
+7.247e-01
+6.342e-01
+5.436e-01
+4.530e-01
+3.625e-01
+2.719e-01
+1.813e-01
+9.076e-02
+1.961e-04

BML using conversion factor

Homogenous BML 33 MPa

Homogenous BMLi 16 MPa

No BML

Homogenous BMLi 6 MPa

Homogenous BMLi 3 MPa

Homogenous BML 1 MPa

Figure 5.13: Von Mises stress maps for FE models of Kneea 30 degrees flexiorwithout BML, and with BMLs of varying elastic modulus.
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Knee 6
EE, Min. Principal EE, Min. Principal
(Avg: 75%) (Avg: 75%)
-4.000e-06 +1.452e-05
-7.920e-03 -4.000e-06
-1.584e-02 -5.000e-02
-2.375e-02 -1.000e-01
-3.167e-02 -1.500e-01
-3.959e-02 -2.000e-01
-4.750e-02 -2.500e-01
-5.542e-02 -3.000e-01
-6.333e-02 ~3.5000-01
-7.125e-02 -4.000e-01
-7.917e-02 -4.500e-01
-8.708e-02 -5.000e-01
-9.500e-02 _5.500e-01
-1.125¢-01 -6.000e-01
Scale Bar A Scale Bar B

No BML

BML using conversion factor

Homogenous BML 33 MPa

Homogenous BML 15 MPa

Homogenous BMLi 6 MPa

Homogenous BML3 MPa

Homogenous BML 1 MPa

Figure 5.14: Minimum principal strain distribution for different cases of Knee 6. Scale Bar A is used fothe No BML, BML with conversion
factor, Homogenous BML 33MPa and 15 MPa cases; Scale bar B is for the Homogenous BML 6 MPa, 3MiRd & MPa cases.


























































































