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Abstract

Abnormal hip joint morphology, associated witiseases such as femoroacetabular
impingement(FAI) or developmental dysplasd the hip (DDH) is thought to be a precursor

of osteoarthritiOA) in the hip. Changes in joint morphology alter the loading pattern through
the hip, which results in damatgethe tribological interface, including labral tears and/or labral
cartilage separation. Evidence shows that early intervention to repair the labrum is more
beneficial than labral excision; however scientific understanding of the tissue and the effect of
surgical treatments are limitell.is hypothesised that an vitro natural hipsimulation system

could be used in biomechanical testing of hip joisguesas well aggenerating labratlamage

which could be used to assess current and new surgicahéramnethods for the labrum.

Initial quantitative assays revealed human and porcine labral tissue to have higher collagen
content but lower water and GAG content than articular cartilage. Histological staining
identified the structure of collagen withinet labrum and cartilage, as well as the dispersion of
GAGs, in human and porcine tissue. Slight differences were seen between the two species with
the human labrum containing more connective tissue compared to the porcine labrum, which
was primarily compasd of fibrocartilage, and less GAGs. Mechanical tests identified little
variation between the compressive properties of the human and porcine labrum however, larger
differences were identified in the tissues tensile properties, where by the human lalsum wa
stronger than the porcine labrum. Labral tissue was also found to be weaker in compression in

comparison to cartilage tissue.

An in vitro natural hip model was successfully developsihgclinically relevantconditions

The cup inclination angle was set at 44 full 1SO14242gait cycle was applied to the joint

with a peak load of 750 N, to account for porcine tis$ue labral or cartilage damage was
observed after 10800 cyclek vitro labral damage was also sucsfedly developed, by
increasing the acetabular cup angle t¢ @ddincreasing the load by 50 %. The model was run
through the full gait cycle for a minimum of 10800 cycles. Damage was classified using the
Outerbridge and Lage systenAll types of labraldamage outlined in the Lage classification
system were identified within the model. Labral damage was found to progress from labral

flattening, to radial fibrillation followed by longitudinal peripheral tears.

The methodology and findings within this dyucan be used in future studies and can be
advanced to mechanically test the soft tissues of the hip in situ, as well as the effect of labral

damage on the functions of the hip joint and potential labral treatments.
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Chapter 1

Introduction



1.1 General introduction
The hip joint is the second largest weight bearing joint in the body, and is highly adapted to its

function to allow for load transmission and large ranges of motion to the lower(Gtadison

2005; AlObaid et al. 2007)The morphology of the hip joint @ys a key role in its stability,

hence when modificatiato the structure occur, it can result in catastrophic dartBigelella

2011) The soft tissues within the hip also aid in its ability to function. The composition of
articular cartilage varies compared to that of the closely associated acetabular labrum, giving
them the ability to perform specific functdi
movement of the hip whilst minimising contact stresses, whereads thdr umds f unct i
increase stability and seal the jo{fftetersen et al. 2003; Athanasiou et al. 2009; Link120
Damage can occur independently to the bony structure of the hip or to the soft tissues within the
joint. Soft tissue damage to the articular cartilage or labral tissue within the hip joint can be a
direct result of the abnormalities in the batgucture leading to abnormal joint loading, or as a
result of trauma or disease which independently affects the {(iEsuguson et al. 2003; Berry

& Lieberman 2012)

OA is the most common joint disease, affecting around 8.5 million people in the UK in 2012
(Smith 2012) however little is known about the etiology of the disek#d.andDDH are both
associated with the initiation ddA and characterised by alteration in geometry and altered
conta¢ mechanics. They cause damage to the soft tissues of the hip due to altered mechanical
stressegFerguson et al. 2003; Ganz et al. 2008; Talmage 2@08)therefore ricial to gain an
understanding of how the morphology of the hip impacts on soft tissue damage, in order to

develop an understanding of the causes of hip joint diseases.

(



1.2 The human hip

In the human body, the hip joint is significantly larger and morelestdnan many other joints

and has the ability to allow for large ranges of motierankel & Pugh 1984; Nordin & Frankel

2001) It is composed of two bones; the head of the femur l@datetabulum of the pelvis,
connected together by internal and external ligaméidgife1-1). Due to the femoral head and
acetabul umds conf or mistfyball ahdhsecket jding providiathe hip d e r a t
with its intrinsic stability(Frankel & Pugh 1984)n order to produce the large ranges of motion
required for everyday &gities such as walking, sitting, bending and squatting, the joint must

be precisely aligned and controllfétankel & Pugh 1984; Nordin & Frankel 2001)

Ligament
Ligament
Acetabulum
\ Labrum
Cartilage Ezr;'\doral
Synovial
Fluid Femur

Figure 1-1 The synovial Hp joint. The capsule surrounding the hip joint. Diagram adapted
from Johnson et al. (2004)

The role of the hip joint is to allow for large ranges of motion whilst withstanding high
mechanical loadéwhiting et al. 2006) It is capable of this due to the aid of the soft tissues
within the joint. The articulating surfaces of the hip joint are protected by a smooth layer of
articular cartilage, both cushiarg the bone and allowing for effortless movemdriake et al.
2012) As well as articular cartilage, treeis a fibrocartilaginous lip around the acetabulum,
known as the labrum, creating a deeper socket, to provide further stdbdilyg1-1, Ferguson

et al. D01) The labrumtransitions directly into the articularartilage, known as the labral
cartilage junction and directly to the acetabular rim, on both the articulating and non
articulating surfaceg¢Lewis & Sahrmann 2006)The hip joint is surrounded by a loose joint
capsule, known as a synovial membrane, giving the hip joint its name as a synovial joint.
Synovial fluid is produced by the synoViemembrane, which has the ability to absorb and

secrete, and is responsible for the supplyutfients to articular cartilage.



1.2.1 Healthy hip joint anatomy

The conformity of the hip joint plays an important role in the stability of the {Batin 1980)

The acetabulunsa concave surface making the O6socke
configuration, whilst the femoral hedsl a conforming convex surface, prod¢ i ng t he 06|
component of the ball and socket configuration. The femoral head -hirgs of a sphere and

is slightly compressed in an approximate antepimsterior (AP) direction, whilst the
acetabulum is shaped like a hesdwe Figurel-2, Rydell 1973; Radin 1980; Nordin & Frankel

2001) The femoral neck is approximately-80mm long and lies in the lateral directito the

head. At itsmedial end the femoral neck is virtually cylindrical, with its shape becoming
increasingly elliptical towards its distal e(iydell 1973)

Superior
Anterior
,/_.— Acetabular
f N cup Medial
Femoral —f—0—n0=—{ \)
head Y B
L5 Posterior Lateral
Inferior

Figure 1-2 Anatomical terms oflocation of thehip. A posterior view of the pelvis and
acetabulum and their orientation within the body. Image adapteddmenStax College,
(2013)

The acetabulum and femoral head provide the hip joint with some elasticity due to their
trabecular bone composition. The deformable bone allows the joint to undesgmtial
spreading during loading, reducing the stress placed on the articular cartilage to a tolerable
magnitude. When the acetabulum is unloaded its diameter is smaller than that of the femoral
head, allowing it to undergo elastic deformation to bezaongruous around the femoral head
during loading, resulting in maximum contact area and congruence, as gegurégl-3. In a
congruous hip the contact area @nied around the periphery of the anterior, superior and
posterior articular surface of the acetabulum. If the joint was congruent under no load, during
loading the acetabulum and femoral head would be incongruent, resulting in a reduced contact
area agaist the acetabulum and increased fofiRadin 1980;Konrath et al. 1998; Nordin &
Frankel 2001)
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Figure 1-3. Elastic deformation of the aetabulum. The acetabulum is seen before and after
deformation, where it deforms around the femoral head congruently, image adapt&adiom
(1980)

1.2.2 Healthy hip joint biomechanics

There has been a great deal of research into the kinematics and kinetics of the hip, providing
surgeons with a greater understanding of the vast mechanical disorders of the hip and enabling
them todevelop siccessful surgical treatments to improve or restore natural fun&tesearch

into the biomechanics of the hip produces a clear understanding of the mechanical
characteristics of the joint structure, the key relationships between the internal and external
loads, and the direction of the joint and muscles fofieemkel & Pugh 1984)

1.2.2.1 In vivokinematicsof the healthy hip joint

The natural hip joint allows for almost unrestricted rotation, with a gliding surface motion of the
femoral head articulating against the acetabulum and labral {ig&undkhouse 2007; Loudon et

al. 2013) The rotation of the femoral head in the acetabulwan be characterisad three

planes (sagittal, frontal and transverSigure1-4) ar ound t h ecenfreefrmotatioa | hee
(CoR). Rotation is greatest in the sagittal plane, followedHgy transversand frontal plane
(Table1-1, (Nordin & Frankel 2001; Khurana 2009)Ithough rotation is relatively unlimited,
subluxation (dislocation) of the hip joint and translation in the anterior/posterior and

medial/lateral direction is limite(Stewart & Hall 2006)
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Tablel-1 Full ranges of motion of the natural hip j oint (Nordin & Franlel; 2001).

Plane Direction Range

Sagital —— e O
Sagittal Flexion 0°-140° ) >
Sagittal Extension 0°-15° - 5 External Rotaion
Frontal Abduction 0°-30° internal RotationCAHE | .
Frontal Adduction 0°-25°
Transverse Internal Rotation 0°-90° Extension Bl Adduction
Transverse External Rotation 0°-70° “T S Flexion

Abduction

Figure 1-4 Anatomical planes and rotations of the natural hip joint.Sagittal, transverse and
frontal plane of the human body with flexiextension, abductieadduction and internal

external motion.

The range of motion that the hip capable of producing far exceeds the requirement of daily
activities. Activities such as walking and climbing stairs require relatively small ranges of
motion; however activities such as tying shoes, sitting and squatting are a lot more demanding
on thehip (Table 1-2, Stewart & Hall 2005 During gait the hip joint undergoes maximum
flexion in the late swing phase, as the leg moves forward for heel strike and experiences
maximum extension @be-off. Maximum adduction and internal rotation is experienced during
the stance phase and abduction and external rotation during the swingFgase1.6 Nordin

& Frankel 2001)

Table1-2 Ranges ofmotion of the hip during daily activities. Table adapted froNordin &
Frankel (2001); Stewart & Hall (2006)

Plane Walking Climbing Stairs  Tying Shoes Sitting Squatting
Sagittal 30° 67° 129 104 122
Frontal 9° 16° 18° 20° 28°

Transverse 7° 18° 13 17 26°

1.2.2.2 In vivokinetics of thehealthy hip joint

Kinetic studies on the hip joint have enabled the moments and forces, produced by external
loads, body weightBW) and muscle action, to be determined. A clearer understandingiaf the
vivo forces acting orthe hip can aid in minimisingbnormal loading of the hipyhich can

result in degenerative joint diseases, as well as developing clinical solutions for surgical

procedures to reduce or eliminateqgpasting hip conditiongKomistek et al. 208).
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During everyday activities the hip suppottgge loads, requiring large muscle groups to
stabilise the joint. The determination of the loading across the hip can be complex due to the
vast ranges of movemettite hipis capable of producings wel as the largeumber ofmuscle

groups involved in the movements. Although there are a range of methods for determining the
joint reaction forces of the hip, a simplified freedy technique for coplanar forces or a
mathematical model of the equilibriungueations ave proven popular. Kinetistudies can be
separated into two types; static forces that act duringlegged or twdegged stance and
forces that act during dynamic motifaul 1966; Nordin & Frankel 2001)

During twoleg stance, theentreof gravity passes posterior to the pubis symphysis and close to
the frontal plane between theentreof the two femoral head (Figure 1-5). As thecentreof
gravity is essentially through the middle of the body, theoretically an st&uce is possible

with little or no muscular force. This is possible due to the stabilising of the joint capsule and
capsular ligaments. During tweg stance the hips supp62% of theBW; hence if the body is
symmetrical, each hip will carry 31% d¢fedBW (Maquet 1985; Nordin & Frankel 20Q1)

Centre of
gravity

ad Loa
Pubis ‘
symphysis

Figure 1-5 Centre of gravity through the pelvis during stance Thecentreof gravity is
located close to thigontal plane through theentreof the two femoral heads, taken from
Maquet (1985)

During singleleg dance, an individual hip will carry 81% of the to8W, resulting in an
eccentric load othe hip,causing the pelvis to tiind the hip to becoeadducted Thecentreof
gravity becomes altered in all three planes, causing forces from the muscles to counteract the

moments around the hip, resulting in a joint reaction force. An alteration @etiteof gravity,
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and hence the lever arm length of the gravitationalefodetermines the magnitude of the
moments about the hip, and therefore the joint reaction {tMeguet 1985; Nordin & Frankel
2001)

There have been several studies on the loads of the hip joint during dynamic activity, with a
range ofmagnitudes for peak joint loadir{tylaquet 1985; Nordin & Frankel 2001; Stewart &

Hall 2006) A study byPaul (1976alculated theesultant hip joint forces during the gait cycle

at slow (1.10 m/s), medm (1.48 m/s), and fast (&L m/s) pace walk in 36 subjectavo peak

forces were identified just after hesttike and just before teaff. At a slow pace, peak loads of
approximately 3 and 4 times body weight were identified at heel strike afodf tepectively.

At a medium pace average peaks at 4 and 5 times body weight were identified and at a face pace
peak loads were as high as approximately 7 and 8 times body weight during heel strike and toe
off respectivelyFigure1-6).

Heel strike Toe-off
sh- |
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Figure 1-6 Hip joint reactionforcesduring gait. The resultant hip joint forces during gait are

shown for a range of walking paceslaptedrom (Paul 1976)

1.2.3 Abnormal hip joint biomechanics

There are many different conditions that result from abnormal biomechanics of the hip. Any
disorders of the hip can alter the stress distribution through the cartilage and bone. Any damage
that occurs in the hip can be further progressed due to the targs that occur at the joint.
Abnormalities in the hip joint often result @A (Frankel & Pugh 1984; Nordin & Frankel
2001)

Alterationsin the femoral neckto-shaft angle are knownsaeither coxa valga or coxa vara
conditions, which alter the lever arm of the abductor muscles resulting in elevated joint reaction
forces. An alteration to thacetabulamanteversion angle can result in exposure of the femoral

head, causing the hip to compensate with either internal or external rotation to avoid dislocation.
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Incongruity ofthe femoral head and acetabulleads to an increase in loadue to asmaller
surfa@ contactarea, resulting in abnormal compression or distraction of the articular cartilage
(Radin 1980; Nordin & Frankel 2001)f the trabecular bone of the hip undergoes extreme
deformation, microfractures resuind when combined wittprolonged abutment bone
remodelling and stiffeningf the underlying network may appear. Bony abnormalities are seen
in diseases such &DH andFAl discussed later in this repgRadin 1980)
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1.3 Cartilage

Cartilage is a flexible, connective tissue, defined in tluaegories; elastic cartilage such as the
ear, hyaline cartilagdfound in synovial joints and fibrocartilagesuch as theneniscusin the

knee Differences in cartilage composition and structure amstnrecognisable by their
extrecellular matrix (ECM); with hyaline cartilage consisting mainly of cartitapecific
collagen type I, fibrocartilage containing a mixture of collagen type | and Il, and elastic
cartilage containing elastic fibres. The significant difference betweenagartand any other
connective tissue is its lack of blood vessedsulting inlow potential for selrenewal and is
dependent on diffusion for nutrients and waste extraction. Cartilage also lacks nerves; hence
early diagnosi®f damages often prohibitd due todamage being asymptoma(iannas 2005;
Bucholz 2012; Eroschenko et al. 2012)

Articular cartilage is a form of hyaline cartilage, eloping the articulating surfaces of synovial

joints. It is a highly resilient, complex, composite tissue, which is smooth and stiff in texture
and pale whitistblue in colour. Articular cartilage has a thickness ranging from 1.15mm to
1.78mm across the gace of the femoral head and acetabuliMiechlenburg et al. 2007)ts
function i s tfriction] wearoegistadtesurface thad ean withstand large loads
during constant useo0 by increasing the conta
transfer, articular cartilage allows for translation and rotation between baitnesasiou, et al.

2009)

Due to art i cumeaabolicnature ii chneadaptdosa wdakegeld condition, however
once itscollagen network becomes disorganised the changes that occur are thought to be
per manent . Articular <cartilagebs function i s
capacity tlan degradation rate, articular cartilage frequently fails to cope with the demand

placed upon it.

1.3.1 Cartilage macrostructure

Articular cartilage has a specialised composition, with a highly anisotropic, inhomogeneous
structure. Its unigug organised formadin enables it to endure high mechanical loads for many
years and possibly over the lifespan of an individual. The structure of the tissue varies greatly
from the articular surface down to the bone interfadgén changes occurring in the collagen

fibril network organisation, the concentration of its nutrients)l morphology, and its

mechanical progrties

Articular cartilage can be characterised by four main regions; the superficial zomaidthe
(or transitiona) zone, thedeepzone and the calcified cartilage zoreg(re 1-7). By far, the
largest of the four zones is the middle zone, accounting #6040 of the total thickness, with

the deep zone and superficial zone decreasing in size, accounting for 30% 2880610



11

respectively. The calcified cartilage zone can account for up to 8% of cartilage thickness
(Muller-Gerbl et al. 1987; Narayan 2009jhe calcified cartilage zone is used to anchor the
base of the articular cartilage to the subchondral bone and is separated from the deep zone by
the tide markJulkunen et al. 2007; Mayan 2009) There is great debate over the function of

this zone with Williams et al (2007) stating that it is predominantly thought to prevent nutrients
from exiting the underlying bone, making articular cartilage dependent on synovial fluid for its
nutrient supply; howeveY. Zhang et al. (2012)elieves the role of the calcifiezhrtilage zone

to be for force transmission andtrientdiffusion. The superficial zone has a significant role in
providing the mechanical properties of articular cartilage and it is often this zone where earliest

degenerative signs appear.

Superficial | Cartilage
zone surface
Middle
Deep zone zone
\ .
Calcified
cartilage 7 — Tide mark
. 3 fr ‘ :"-;Z:-.:.f- c" c ¥ Subchondral
Cancellous Y PN D
bone
bone DIV %QQ

Figure 1-7 Zones of articular cartilage. Articular cartilage zones showing collagen fibrils and
alignmentadapted.

1.3.2 Cartilage mcrostructure

Cartilage has a fibrous structure, composed of collagens, proteoglydanstitial water and
chondrocytes as well as minor components such ascoltagenous proteins. Collagens,
proteoglycans and other proteins contribute te4Q% of cartilages wet weight with the
remainder being taken up by interstitial wafEalfle 1-3). Collagen fibres are cro$imked with

a proteoglycan gel to provide support and structure to the tissue, as well providing a framework

for other macromolecules andater to bind to.
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Table 1-3 Approximate fractional composition of articular cartilage. Composition of

articular cartilage broken down by percentage of total tissue volume, takehifoi2011)

Content Fraction (%)
Water 80
Collagen Type Il 10
Proteoglycans 8
Other Cartilage-specific Collagens (IX, X, XI) <1
Other Proteins <1
Inorganic Salts <1

1.3.2.1 Collagen

Collagen has an axial, periodic structure, constructed of long fibrils. Fibrils are responsible for
proving and maintaining the structure of the biomechanical matrix which cells and
macromolecules adhere {&adler et al. 1996) Within articular cartilage, collagen fibres
account for 60% of cartilages dry weight and are the main component BEMgJohnson et

al. 2007) Their arrangement produces an orientated fibril network, providing the tissue with its
elastic properties; shcas tensile strength and stiffness. The principle collagen found in articular
cartilage is type Il collagen, accounting for-@8% of the total collagen content, however
smaller concentrations of other collagens such as collagen VI, IX, X and XI| arpressmt.

The core for type Il collagen fibrils is produced by the XI collagen, which is thought to be
responsible for controlling fibril growth. IX collagen is periodically connected to type I
collagen via covalently crodimked bonds. It is thought toalre a significant function in the
binding of proteoglycans to the matrix and in the structural integrity of collagen fibril formation,
hence disruption to the type i¥pe Il bond may initiate cartilage degeneratidiype VI
collagen is located, in smallugntities, in the pericellular region of the chondrocytes. It is
thought to function alongside collagen IX as an adhesion molecule for the chondrocytes,
enhancing stability of thECM. Minor collagens such as types X, Xll and XIV are thought to
assist in lhe formation and stability of the primarily assembled principle type Il collagen. Type
X collagen is thought to be specifically related to controlling the mineralisation of the cartilage
matrix, whilst types Xl and XIV are thought to provide cohesionsveen the extrafibrillar
matrix and collagen fibre@/artin et al. 1998; Seibel 2006)

Throughout the structure of cartilage, collagen fibres vary in formation as wsfeasvith the
smallest fibres located in the superficial zone. Here the collagen fibres are orientated parallel to
the cartilage surface, with an uncomthdirection within this planéhisin-planeorientation is
thought to develop due to the joint movements and principle stress directions, effectively

resisting the loads the cartilage is placed urfifononen et al. 2012Deeper into the tissue,
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around the transitional zone, fibres beconmwarrandom in orientatiomrching fromparallel to

the surface twadialin orientation as well as becoming larger in diameter compared to those in
the superficial and deep zone. In the deep zone, collagen fibres are largest in order to anchor the
cartilage to the subchondral bone and are primarily located perpendicular to the Sudacé (

Huiskes 2004; Narayan 2009; Mononen et al. 2012)

1.3.2.2 Proteoglycans

Proteoglycans are dispersed throughout the filetivork of theECM. They consist of a protein

core of hyaluronan,otwhich multiple highly anioni6GAG side chains are covalently bonded
(Lohmander 1988; Yanagishita 199Byoteoglycans account for around 20% of the tidssdey

weight and have a highly negative fixed charge, allowing them to bind and retain water within
the matrix. Proteoglycans negative charge providessamotic pressure, allowing the tissue to
resist compressive loads, whilst the connection to the water molecules regulates internal fluid
transportation, giving the tissue its tirdependent viscous properti@gohmander 1988; Bader

et al. 1992) The highest concentration of proteoglycans is found in the deep zone with
concentrations decreasing up to the superficiibre

PN

Cartilage tissuebs major biological function
the GAG, providing hydration and swelling pressuregitee the tissuerigidity and structural

integrity (Yanagishita 1993)There are different varieties of GAGaygrecan is composed of

mainly chondroiin sulfate and keratin sulfate, which amo of the most abundant GAGs,

found in articular cartilage. They play an important role in the hydration of the tissue and give
carilage its gellike properties and resistance to deforma{idanagishita 1993)

1.3.2.3 Interstitial water

Interstitial water is by far the most abundant component of articular cartilage, accounting for
around 6835% of the tissue. It has many significant functionthiwithe tissue, with its primary

role to provide lubrication whilst supporting a load. It is also responsible for the swelling of
proteoglycans and chondrocytes, as well as providing nutrition and transportation of waste
products from the tissug.ohmanderl988; Narayan 2009; Link 2011)here are two distinct

areas in which interstitial water is associated; around 30% of the water is located intrafibrillarly,
within the collagenous network whilst the remaining 70% is associated with the proteoglycans,
extrafibrillarly, where it can freely exchange during joint loading and unloakiiges 2000)
Interstitial water concentration is most abundant in the superficial surface zone and linearly
decreases down to the deep zone. Its volume at any given time is governed by the swelling
pressure, produced by the fixed charge density of the surrounding proteoglycans and decreases

over time with age. Interstitial water is secured in place due itsiymositarge, attracting the



14

highly negatively charged proteoglycans, found within the tisBigrife 1-8, Elices 2000; Cole
& Malek 2004; Mow & Huiskes 2004)

During mechanical loading, fluid flow is restricted through B@&M, due to itssmall pore sizes

and the interaction between the oppositely obdrdsAGs and water moleculeghe
intrafibrillar water becomes trapped in the collagenous network, increasing the density of the
fixed charges and generating a pressure gradient in the itiertiid. This increase in
interstitial osmotic pressure or chagjgarge repulsion is critical for the tissues ability to
support up to 95% of the load applied to it. The further 5% of the load is supported by the
stiffnessof the ECM (Elices 2000; Mow & Huiskes 2004, Little et al. 2011)

Interstitial € A= Mobile lons
I.I'.'-% ' E

o £

HA “,?'r SRSy

Collagen
Fiber

Figure 1-8 Microstructural organisation of articular c artilage. The relationships between

interstitial water, collagen fibres and aggrecan, taken fvimw et al. (1998)

When a load is applied to the cartilage, it is immediately supported by the interstitial water
throughout the tissue, the cartilage then undergoes slight deformation caused by stress
relaxation. If the cartilage remainader load, the interstitial water is forced out of the tissue by
creep deformation, further deforming the cartilage. Cartilage deformation reduces contact
stresses by increasing the contact area of the tissue. Once the fluid has fully dispersed, the load
becomes supported by the collagen fibres inEE@&1. When the load is removed, the structure

of the matrix returns the cartilage to its original shape and interstitial fluid is restored to its

normal level(Mow & Huiskes 2004)

1.3.2.4 Chondrocytes

Chondrocytes are the only cell type found in articular cartilage. They are highly specialised and

sparsely distributed throughout the tissue, accounting faundr®% of the tissue weight
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(Stockwell 19B; Mirzayan 20086) They are surrounded by tHeCM, preventing ceitell
contacts, and receive their nutrients via diffusion from the synovial {liala 2006; Nissi

2008) Chondrocytes have a pemetabolic activity rate during growth, in which they undergo
replication. Once the cell matures and reaches adolescence, cell division declines and its
metabolic activity reduces. Chondrocytes are the only living mediators able to detect and
respond tomechanical changes in the tissue. They are able to receive and read a range of
environmental signals transmitted from the mechanical loading @M which mediates its
function(Stockwell 1979; Nordin & Frankel 2001; Nissi 2008)

Chondrocytes perform both anabolic and catabolic activityrdier to maintain the homeostasis

of the complex structure of articular cartilage. They are responsible for the synthesis,
maintenance and the renewal of all components dE@M such as collagen, proteoglycans and
glycoproteins, as well as being largalysponsible for the degradation and turnover of the
matrix (Lohmander 1988; Cole & Malek 2004; Mirzayan 2006; Goldring & Marcu 2009;
Ottenbrite et al. 2010)

Chondrocytes areigtributed throughout the ECMf the tissue and follow the alignment of
collagen fibreswith a thin layer of cellparallel to the surfacie the superficial zongrandomly
orientated cells in the middle zone amdrtical columns of cells perpendicular to the
subchondral bonin thedeep zongNissi 2008) Their size, shape and number vary at different
cartilage depths, with the cells increasing in size and gaining sphericity from the surface zone
down to the subchondral bone. In the uppegions of the tissue, chondrocytes are more
elliptical in shape, with their flattest side parallel to the articular surface. Their change in shape
and distribution result in metabolic specialisation and create -dejatted differences, seen in

the variouscartilage zones. Chondrocytes can be categorised into four defined groups of
spatially organised arrangements, including singles, pairs, strings and clusters. The chondrocyte
organisations are orientated parallel to the articular cartilage surface, sogbdicial region.

Within various joints of the body, the arrangements vary, however within a single joint type;
one pattern dominates over the other four in the superficial zone. Studkslduyffs et al.

(2008 and 2010have identified the dominant pattern in the knee, ankle, shoulder and elbow,

however no studies were identified which determined the spatial pattern in the hip joint.

1.3.3 Cartilagemechanicalproperties

The mechanical properties of artiaulcartilage are governed by two main factors; the intrinsic
mechanical properties of the constituents, as well as the interaction of these constituents during
deformation(Armstrong & Mow 1982) Due to cartilag& norruniform zones and anisotropic
structur e, t he ti ssue b s theddéfaremtazonescAticulapcartlagmes r t i €
alsodemonstratedifferent mechanicgbroperties undecompression, tension and shess well

asundercreep and stress relaxatiiittle et al. 2011)
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1.3.3.1 Compressiv@roperties

During motion, the articular cartilage in the hip undergoes compressi@nunder sustained
loading its volume decreases as the pressure placed on it increasésstdntaneous
compressive loading, the fluid phase is able to support the load applied by the hipshad to
pore sizes within the matridhence protecting thenderlying bone of the femoral head and
acetabular cup. This reduces the porosity and inhibits water from rapidly exiting the tissue,
which in turn increases the density of proteoglycans, increasing the negatively charged
concentration. The middle zone aifrticular cartilage provides the highest resistance to
compression, due to its high proteoglycan content, hence it plays a crucial role in joint loading
(Little et al. 2011)

1.3.3.2 Tensileproperties

Articular cartilage can be placed under tension when two cartilage surfaces slide against each
other or when the cartilage is compressed pulling on the surrounding ((Galleghan 2003
(Athanasiou, et al. 2009Articular cartilage gains its tensile properties from both flow
dependent andlow-independent viscoelastic mechanisiMirzayan 2006) Its nonlinear
properties are greatly governed by the collagen fibres within the tissue. During low tensile
forces, collagen fibres become straightened, causing them to realign in the direction of loading,
demonstrated by the t@egion in stresstrain cures Eigure 1-9). As the tensile force
increases, the crodisked fibres become stretched, increasing the stiffness of the tissue, which
can be seen in the linegggion of a stresstrain curve Figure1-9, Mirzayan 2006; Athanasiou

et al. 2009; Little et al. 2011 he tensile properties of articular cartilage are altered by many
factors including; depth and orientation within the tissue, collagen fibre defitsigydiameter,

level of crosdinking and the strength of the ionic bonds between the collagen and proteoglycan
network. The tensile propertiesof cartilage also differ depending on loading direction,
producing higher tensile strengths when orientatedgaéplitiines (parallel to the predominant

collagen fibre direction).
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Figure 1-9 Stressstrain curve of aticular cartilage. The stresstrain curve of articular

cartilage under tensile stress, taken fidirzayan (2006)

1.3.3.3 Shearproperties

Articular cartilage experiences shear stresses throughout its zonesstrasses are generated

by typical rotational and translational movement, during evergdgyities such as walking and
running (Athanasiou, et al. 2009; Little et al. 2018hear properties of articular cartilage, at
equilibrium, are inhomogeneous and largely governed by the interactions between the solid
components, without significant influenceifin the fluid phase. The tissue becomes physically
stretched by pure shear forces, with no compression and is largely unaffected by fluid
pressurisation. Proteoglycans within the tissue, expand the collagen matrix producing a tensile
pre-stress in the colgen fibres. This interaction allows cartilage to resist shear deformation,
hence when proteoglycans are degraded; the shear modulus is greatly (2duceidal. 1993;
Buckley et al. 2008; Little et al. 201I)hestaticequilibrium shear modulus for human articular
cartilage can range from 0.05 to 0.25 MPa, whereas the@ss$ygamic shear moduli can range
from 0.1 to 4MPaBuckley et al. 2008)During shear, the solid matrix of articular cartilage
demonstates intrinsic, viscoelastic properties, which are dependent on compressive(&trains

et al. 1993) Shear forces can affect the viscosity of synovial fluid within the jerhen the

shear rate increasdbe viscosity of the fluid is reduced, affecting the load it can support

(Mirzayan 2006)
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1.3.3.4 Viscoelasticity

Articular cartilagés response to a constant (timelepadent) load or constant deformation
varies over time, giving it its viscoelastic properties. They are the result of the frictional drag,
generated from the flow of the interstitial fluid (known as biphasic viscoelasticity) or the
macromolecular movement tife ECM (known as flowindependent viscoelasticityiNordin &

Frankel 2001) The viscoelastidly of articular cartilage islso dependent on the interactions
between the collagen matrix and proteoglycans. When the tissues GAG content is reduced,
collagen fibres become more aligned, affecting the rate of deformation, or creep, when under
tension(Athanasiou, et al. 2009Pue to cartilagé elastic properties it has the capability to
deform, internally storing energy and then returning to its original form. As well as elasticity,
the rate at which the tissue reversibly deforms is governed by fluid flow, preventing the tissue
from instantaeously returning to its pieaded state. There are two central responses of
articular cartilagés viscoelastic nature; known as creep and stress relaiimodin & Frankel

2001)

1.3.3.5 Creep

Creep occurs in articular cartilage when the tissue is placed under a constant compressive stress.
Initially the tissue will undergo rapid deformation, followeg¢ b slow (timedependent)
progressiveadditionaldeformation, as the fluid is forced out of the tissue. The strain placed on
the tissue will continue to increase, until the point where the fluid is fully discharged from the
tissue given a large enougload is placed on the tissug&he creep rate of the tissue is
dependent on the time it takes to reach a constant strain, governed by the size of the
compressive load placed uporiNtordin & Frankel 2001; McGinnis 2005; Little et al. 2011)

1.3.3.6 Stresgelaxation

When articular cartilage is subjected to a constant def@mat undergoes a constant strain;
however it does not endure a constant stress. In contraaplieation of the straiwill create

a rapid increase in stress levdsconds)followed by a slowhourg decrease in stress, known

as relaxation. Stes relaxation, is more simply, the time the tissue takes to react to an applied

load or displacement and reach an equilibrium state.

The time taken for the tissue to reach an equilibrium state is dependent on the load or
displacement that is applied toaihd varies as a result of tB€€M deforming, decreasing the
average pore size within it. As a result, this increases the diffusional drag betweé&iMlaand

the interstitial fluid. Like creep, stress relaxatlargelyresults from fluid discharging froitie
tissue(Nordin & Frankel 2001; McGinnis 2005; Little et aDP1).
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1.3.4 Cartilage camage

Different components of thECM are constantly being turned over throughout the lifetime of
articular cartilage. Under physiological conditions, a balance is maintained by the chondrocytes,
between synthesis and degradation. Haweeartilage has a limited capacity for repair and
regeneration and while under pathological conditions the balance may incline towards an overall
loss of matrix components from the tisguehmander 1988; Nordin &rankel 2001)Articular
cartilage is highly adapted for its function within a synovial joint and can withstand a wide
range of static and dynamical loads$ has an optimum range of functional use, if cartilage is
under used, in cases such as immsedilon, or overused in cases such as excessive loading; the
quality of the tissue is reduced and begins to break down. Although cartilage can adapt to
changes in its mechanical environment, due to its avascular and aneural properties, in many
instances, th adaptation is degenerative, leading to joint diseases su€iA g¥Vhiting &
Zernicke 2008)

1.3.4.1 In vivocartilage damage

Articular cartilage can degrade by two ways; fatigue wear or interfacial wear. Fatigue wear
results from the cyclic stresses and strains generated within the cartilage, caused by the
repetitive loading of joint motion. The wear occurs at the surface @frtiogilar cartilage and is

not affected by the lubrication in the joint. The large cyclic stresses and strains can result in
damage within the bulk material, where microscopic damage accumulates and progresses to the
surface. Interfacial wear is caused e contact of the two articulating surfacgither asa

result of the more common adhesive wear or due to abrasion. Adhesion occurs when a junction
is created by the articular cartilagetafo surfacexominginto contact, causing fragments of

the cartihge to be torn off. Abrasive wear occurs when there is a difference in the hardness of
two materials which come into contact. This can occur when fragments of loose particles such
as bone cut into the softer articular cartilgy@rdin & Frankel 2001; Mow & Huiskes 2004;

Katta et al. 2008)

In the majority of circumstances it is difficult to identify the etiology of the degradation process
and which of the biological or mechanical degradation processes precedes tliidaithest al.

2008) There are many factors that can be responsible for the initiation or progression of
cartilage wearincluding but not limited to, trauma, abnormal biomechanicatling, altered
mechanechemical transduction by chondrocytes, chondrocyte senescence, metabolic disorders,
proteolytic enzymes, pathological changes in the collggeteoglycan matrixand loss of
lubrication mechanisms or a combination of the ab@<atta et al. 2008) When articular
cartilage becomes damaged, even by a relatively small amount, it canlasysyadetrimental

effect on the joint, due to the hydrodynamics of the thin lubricant(Mow & Huiskes 2004)
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As well as mechanical fac®r degeneration occurs due to a deterioration of the superficial
proteoglycan concentration, increase in water content and separation and disorganisation of the
superficial collagen fibrils(Arokoski et al. 200Q) Degeneration results from a chanige
biological factors, such as aneeated expression and activiby proteolytic enzymes. These
enzymes, which normally function in the formation, remodelling and repair of the tissue,
transform from an anabolic state to a catabolic state as a result of abnormal joint loading.
During tissue degeneration, chondrocytespoad to proinflammatory cytokines, by producing
more proteinases, which degrade cartilage collagens and proteog(y@eldsing & Marcu

2009) Loss of proteoglycans decreases flb&l pressurisation, resulting in the inability of the

fluid to bear the load. This causes an alteration in the loading pattern, resulting in an intensified
load on the collagen fibres in the ECM. Many believe that after the strength of the superficial
zone of the cartilage is lost, the remaining cartilage zones have to endure abnormally high
strains. Over time, this can lead to cartilage degradation and extensive bone remodelling, and
further, the total | oss of enewafArokasls et al.€200d;u e t
Julkunen et al. 2007; Athanasiou 2009; Narayan 200@xe the structure of the collagen
proteoglycan network becomes damaged, it is unable to prodocmal mechano
electrochemical stimuli, resulting in abnormal ECM remodelling by the chondrocytes and
inhibits normal tissue functiofiNordin & Frankel 2001)

The rate at which the articular cartilage degenerates is thought to be governed by multiple
factors such as; the magnitude of the imposed stresses, the total number of sustained peaks, a
chang in the intrinsic molecular and microscopic structure of the collagateoglycan matrix,

a change in the intrinsic mechanical properties of the tisma the type of loadingrailure
initiation appears to be hi gcbllagen netegkecausiagnt o
the proteoglycans to abnormally expand, resulting in a swelling of the tissue. As the collagen
net work Al oosenso, the tissue becomes more r
tissue(Nordin & Frankel 2001)

1.3.4.2 In vitro cartilage camage

Although thought to be a crucial factor in hip joint damage, there have been fairly limited
studies on the effects of varying contact stresses on the friction and wear of articular cartilage.
Thein vitro studies available found that the coefficient oftion decreased as the contact stress
was increaseKatta et al. 2008)However, a study bifatta et al, (2008jound that this was

only valid to a certain stress level, wheshydration of the cartilage was possible. A further
study byKatta et al. (2008jound that during biphasic lubrication conditions, whiescartilage

could rehydratefriction levels remained very lovin vitro studies have also found lotgrm or

static loading within the physiological range can causeudati catilage to compress by5%
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45%, whereas sheduration (highfrequency) loading only results in a minimal cartilage

compressioriGrodzinsky et al. 2000)
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1.4 Acetabular labrum

The humanacetabular labrum is a fibrocartilaginous lip, whishattached to the transverse
acetabular ligamerAL), bridging the acetabular tatn andforming a complete circlearound

the acetabulunf{Figure 1-10). It increases thaize of the acetabulum by 3%, as well as
providing around 2246 of the articulating surface of the hip. Commonhg human labruns
anteriorly triangular in crossection with a more bulbous lip posteriorly; however, it has been

reported to vary greatly in shape, ranging from triangular to rounded or flat.
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Figure 1-10 Regions ofthe acetabular labrum. The orientation of labrum within the human
body taken fronLewis & Sahrmann (2T5).

The labrum has an approximate height of B and a width of 4.T7am, atits base(Figure

1-11). The base of the acetabular labrum is attached to the circumference of the osseous
acetabular margin, with its apex forming the free edge, turned against the femoral head. It
connects to tharticular cartilage through a transition zone, of approximately 1 to 2mm thick,
with a welldefined tidemark. A thin section of bone extends from tip into themiddle of

the labrum. On thexternalside of thdabrum a narrow synovial lined recesgaeatest from

the joint capsule(Konrath et al. 1998; S J Ferguson et al. 200&xvBini 2003; Petersen et al.
2003; Kelly et al. 2005; Manaster & Zakel 2006; Bowman et al. 2010; Henak et al. 2011)
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Figure 1-11 Acetabular labral fixations and dimensionsDiagram A shows the attachment
sites of the acetabular labrum. Diagram B shows the dimensions of the acetabular labrum.

Diagram adapted frobewis & Sahrmann (2006)

1.4.1 Labrum macrostructure

The structure of the acetabular labruraries greatly across the tissugmilar to that of the
meniscus in the kne€ollagen fibres are primarily orientated padaitethe acetabular rim, in a
circular fashion on both the internal and external circumferences, with a handful of fibres
scattered obliquely to the leading fibre orientat{®J. Ferguson et al. 2000etBrsen et al.
2003) The acetabular labrum is composed of thweres the superficial zone, formed by a
network of delicate fibrils, a deepariddle zone consisting of a layer of lameHée collagen
fibril bundles, intersecting at various angles and a third, extdeggizone, composed of highly
orientated, circumferential fibresigure 1-12, Ferguson et al. 2000; Petersen et al. 2008¢
anterior and posterior sections of the acetabldhrum are continuously connected to the
transverse ligament, with the fibrils of the three layers diffusing directly ir{eetiersen et al.
2003) It is hydrated with a water content of around 7(®4 Ferguson et al. 2000; Ferguson et
al. 2001; Narvani 2003)
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Figure 1-12 Labral collagen fibre alignment diagram A i Schematic othe threezones
within theacetabular labrum. B SEM ofinternalsuperficialzone(layer 1) with a network of
delicate collagen fibrils. € SEM of middlezone (layer 2) consisting of a layer of lameli&e
collagen fibre bundles, intersecting at various anglésSBM of etternaland deegzone (layer
3) with highly aientated circumferential fibres. Image taken frBgtersen et al. (2003)

1.4.2 Labrum microstructure

Many studies of the labrum state that it is exclusively composed of fibrocartilage; however a
study by Petersen et al (2003) stathe labrum consists of fibrocartilage and dense connective
tissue. Dense connective tissue composes the external region, directed towards the joint capsule,
whereas the inner region, directed towards the femoral head, is composed of a thin layer of
fibrocartilage. The fibrocartilaginous layer is approximately 200 to 300 um thick and contains
chondrocytes embedded between the collagen fibrils. There is a continuous transition from the
fibrocartilagetissueto thedense connectivissue Between the joint capsule and the labrum
there is a small recess, in this region the labruntageredby a layer of loose, well
vascularised, connective tissue and fat, approximately 200um thick. The transition between the
labrum and the articular cdege also resembles fibrocartilage with isogenic groups of

chondrocytes prese(itlarvani 2003, Petersen et al. 2D03

1.4.2.1 Collagen

The acetabular labrum is predomantly composed of thick, circumferential, type | collagen
fibre bundles. Type | collagen fibres are located alongside type Il collagen in the dense
connective tissue as well as types Il and Il in the fibrocartilaginous Z&né&d-erguson et al.
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2000; Ferguson et al. 2001; Narvani 2003; Petersen et al. 2003; Henak et alP20drEen et

al (2003) found that type Il collagen is constrained to the pericellular matrix of chondrocytes.
The surface of the acetabular Haim is coveredby a 10 um-wide, network of randomly
orientated collagen fibrils approximately 30nm in diameter. Below the superficial layer,
collagen fibrils increase in size to approximately 130 nm in diameter, forming tight
lamellar bundles around gfh-wide (Petersen etl. 2003) These collagen fibres have the
ability to withstand deformation under the pressure applied by the fluid in the joint Epace

Ferguson et al. 2000)

1.4.2.2 Blood andnervesupply

Unlike articular cartilage, the labrum has been shown to possess a slight vascular and nerve
supply. Although largely avascular, a greatly reduced number of blood vesggigting from

the capsular periphery, infiltrate into the central articalded region of the labrum, providing
nutrients to the jointRigure 1-13, Kelly et al. 2005) Laminin found in the walls of blood
vessels has been reliably located in the peripheral third of the labrumtheitnner two thirds

of the tissue presented as avasc(Patersen et al. 20Q3)

* Femoral head

Figure 1-13 The blood supply to the acetabular labrum. The blood supply to the labrum
from the joint capsuleX) and the bony acetabuluB), taken fronKelly et al. (2005)

It is thought that younger patients may have a higher vascular penetration throughout the tissue,
but still show regional differences, similar to that of otimtra-articular structures such as the
meniscus in the knee Due to high levels of labral tears in the anterosuperior region, it is
thought that they may reflect an area of relative hypovascul@iity et al. 2005) Upon
histological exenination, free nervendings and sensory end organs have been observed in all
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areas of the tissue; however they are more dominant in the superficial layers and in the superior
and anterior quarters. It has been suggested that these nerve endings magivied inv
proprioceptive and nociceptive mechanis(®nrath et al. 1998; Narvani 2003; Kelly et al.
2005)

1.4.3 Labrum mechanical poperties

Although diffused into the acetabular cartilage, the labrum has its own unique mechanical
properties. Two different forces gy a key role in the formation of labral tissue; dense
connective tissue is a result of a functional adaptation to tensile stresses, whereas fibrocartilage
tissue is formed by intermittent, compressive and shear f(ffeeguson et al. 2001; Petersen et

al. 2003) A distinct difference in the labrum, compared to that of articular cartilags, leck

of a bony bearing, therefore, when a force is applied to the ssstace the labrum is pushed

away from the acetabular rin{Petersen et al. 2003Many of theac et abul ar | a
mechanical propertieseredeveloped from bovine modelspwever,Joshi et al(1995)found
no variations in the mechanical properties of human and bovine meniscal tidsade, is

morplologically similarto the labrum .

1.4.3.1 Tensileproperties

When acetabular labral tississplaced under tension, the tissue laligher stiffness compared

to that of the adjoining articular cartilageosteriorly, the tissue also has iacreased stiffness

and strength compared to that of the superior regt@nguson et al. 2001; Petersen et 603

The tensile stresstrain curve for labral tissue follows the same curve of various soft tissues,
such as the meniscus the kneeand actabular cartilag€Figure 1-14). The toe region of the
graph relates to the sequential recruitment and stretching of crimped collagen fibres, followed
by a neaflinear region, suggesting the collagen fibres have beenitextrand uniformly
expandedFerguson etla2001) A study by Ferguson et al (2001) found that labral tissues,
with a more uniform appearance (with most of the fibres aligned along the length of the tissue)
had the highest moduli and tensile strength and failed at much higher stresauleeriguasi

static test conditiondue to labral tissues thick collagen fibre bundles, it has the ability to resist
stretching around its circumference, however it may be susceptible to shearindSbibagani

1988).
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Figure 1-14 Typical stressstrain curve for a soft tissue.Graph showing the different regions
of a stress strain curve, the initial toe region followed by the linear region and failure.

1.4.3.2 Compressiv@roperties

There is limited knowledge regarding the compressive modulus of acetabular labrum; however,
a study byFerguson et al. (200Xpund the compressive strength the bovine labrunto be
around0.16 MPa under confined compressio

1.4.3.3 Permeability

The acetabular labrum has a greatly decreased permeability, compared to the adjoining articular
cartilage and compared to that of the meniscughe knee providing it with an increased
resistance to fluid flow. There is a notable var@atie the permeability of the labrurwith

higher resistance to interstitial fluid flow across the rim of the labrum compared to around the
rim. The tissuepermeability affects the tissues response to creep, due to its prolonged time
requirement to reach an equilibrium displacement. It is also possible that the tissues low
permeability functions in the shock absorbing capability of the tissue, reducingt iemzhdsk

of dislocation(Ferguson et ak001)

1.4.4 Labrum function

Overall, there is relatively little knowledge on the mechanical function of the labrum. However,

it is thought that one of its main functions is to aid in joint stabjifgrguson et al. 2000The

labrum is known to deepen the acetabular socket, which increases the coverage of the femoral
head, enhancing joint stability. It is similar to that of the glenoid lakruthe shoulder joint,

however it is far deeper, providing greater stability.

Several experimental studies have demonstrated a further role of the labrum, in that it can
providea seal against fluid flow, in and out of the inémrdicular joint space, enhancing fluid

film lubrication in the hip joint. This is most likely to occur during periods of slow loading, over
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prolonged periods of time. The pressurised fluid layer can resluéaceto-surface contact and

limit the rate at which cartilage layers consolidate, by distributing applied loads more evenly
across the cartilage surface. Petersen et al (2003) found that without this sealing mechanism,
strains found within the cartil@agmatrix were significantly higher, which could lead to wear and
damage of the tissue. The seal of the labrum is highly dependent upon its fit against the femoral
head(Konrath et al. 1998; S J Ferguson et al. 2000; S.J. Ferguson et al. 2000; Narvani 2003;
Petersen et al. 2003; Kelly et al. 2005; D. Zhang et al. 2012)

Independent of its ability to act as a seal for the 4attiular joint space, due to its relatively

low permeability, the labrum is thought to increase resistance of the flow path of interstitial
fluid, limiting the rate of fluid expressed from cartilage during loading. This increase in
interstitial fluid pressurisation, allows the cartilage to carry greater loads, limiting stresses
within the collagenous solid matr{$ J Ferguson et al. 2000; Ferguson et al. 2@3)man et

al (2010) also states that the acetabular labrum can aid in limiting extreme ranges of motion,
preventing dislocation and also compensating for minor incones.

The function of the labrum is highly controversial wikbnrath et al. (1998andHenak ¢ al.

(2011) stating that the removal of the labrum has no significant effect on stresses within the
acetabulum,following finite element analysis angh vitro simulation respectively. Hence,
suggesting that its function is to stabilise the joint, apospd to reducing stresses, by
distributing loads.

1.4.5 Labrum damage

The acetabular labrum is similam compositionto the meniscus of thknee howeverit is
believed that it is uniquely adapted to its role within the hip jemy damage to the tissue,

such as labral alterations otears Figure 1-15), may contribute to joint degeneration and
possibleOA (Ferguson et al. 2000; Ferguson et aD30Labral tears are related to areas of
microvascularity and are thought to cause pain due to the stimulation of nerve endings, around
the tear.Labral tears & regularly associated with adjacent labral lesions and occasionally
osteophyte formationas well as cystic spaces. When the labral tear becomes completely
ruptured and is separated from the edge of the acetabulum it is referred to as an &iglgien (

1-16, Narvani 2003; Kelly et al. 2005; Bharam 2006; D. Zhang et al. 2012)
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Figure 1-15 Acetabular labral tear. An acetabular labral tear in the superior region, taken
from McDermott (2010)

Acetabulum

Figure 1-16 Acetabular labral avulsion. An MR arthrography of an acetabular labral avulsion
highlighted by the white arrow, taken frdbinauer et al. (2004)

Labral tears can be the result of a sudden isolated event or more commonly, repetitive trauma,
generally whilst the hip joint is stressed in rotation. Movements consisting of force adduction,
along with eitheiinternal or externalotation can both initiate or promote the aggravation. Hip
dislocation and acetabular fractures are also a known céleseral tears as a result of trauma,

as well as repetitive activities leading to poksilabral bruising. Additionato trauma, labral

tears can be thesult of degenerative changesused by wear and tear, structural abnormalities
such asFAIl leading to abnormal loading, as well as developaieabnormalities from

dysplasiacaused by abnormal contact and hip instability. There is often a sharp clicking and
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catching sensation associated with labral tears and locking of the joint can als@teneerg.
Range of motion may not be spec#ily limited with labral tearBowever pain at the extremes

may cause movement to be diffic(tarvani 2003)

Labral tears occur along the main circular orientation of the collagen fibrils, directed along the
line of greatest tensile strain. The acetabular labrum is more vulnerable to labral tears and
lesions in the anterior region, witihhe majority of tears occrring here. The anterosuperior
region is particularly at risk; however, the posterior region can also be susceptible. It is thought
that due to presence of blood vessels inatltter one third of the acetabular bdsdral tears in

this peripheralregionhave the biological potential to hgdarvani 2003; Petersen et al. 2003,
Kelly et al. 2005; Bharam 2006)

Labral tears are not gender specific and they can occur in all age tamgeser they are a
much rarer condition in younger naative individuals. The most commonly affected groups
are athletes as well as the ageing population, with a recent study finbnadj tears to be the

cause of groin pain in over 20% of athletes, a major concern due to the high risk of morbidity.

Acetabular labral tears can be classified by their nature, Lage et al (1996) was the first person to
publish a classification system fbip labral tears using arthroscopic findin@ankenbaker et

al. 2007) It was found that the most frequently occurring tear is a type 1 radialFigpré

1-17A), with 57% of all tears classified as type 1. The tear occurs in the free margin of the
labrum and forms a discrete flap. Chronic degeneration can lead to alikeystadially
fibrillated tear Figure1-17 B), classified as type 2. Type 3 occurs at the junction of the labrum
and acetabular rim, resulting in a longitudinal periphterar Figure1-17 C) as opposed to type

4 which consists of an unstable, abnormally mobile tear.

As well as acetabular tears, osteochondral lesions, can difexvarity and can be classified by
gradesusing an x-ray. Grade 1 lesions include an intact cartilage with signal changes in the
subchondral bone. Grade 2 occurs once the cartilage becomes partially detached and signal
changes in the subchondral bone remalhen a nomlisplaced fragment becomes entirely
detached the lesion is classified as grade 3 and only once the fragment has completely detached
and displaced is it classed as grad®ldrvani 2003; Kelly et al. 2005; Bharam 2006; Manaster

& Zakel 2006)
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Figure 1-17 Acetabular labral tear classification. A - Radial flap on the anterior region of the
labrum. B- Radial fibrillated labrum on the posterior region of the labruraL@ngitudinal

peripheral tear on the superior region of the labrum. Image adapteddtomeon et al. (2007)

Like labral tears, labral lesions have various aetiological factors responsible for them, such as
trauma or hip dysplasia, making them uniquely identifiable. Type A lesions are the result of
trauma, occurring due to the stresses placed on the labrum. Siressees can either be due to
high radial forces, occurring when the femoral head slides against the joint lip, traumatic
dislocation or during minor twisting injuries of the leg and hip. These types of lesions primarily
occur in younger or middlages ptients, due to higher level of activities. Labral lesions as a
result of hip dysplasia, type B lesions, occur when the femoral head slides against the labrum,
which is acting as a barrier, without any sufficient trauma. Both type A and B lesions primarily
occur in a circular orientation, following the path of the collagen fiNErvani 2003; Petersen

et al. 2003)

Damage to the labrum often needs todiggnosed in a clinical settingherethe combined
movement of flexion and rotation that cause the pain,gearerallybe suficient diagnosis.

More precisely, specific movemeanand the pain they cause can be used to determine the
location of the tear. Pain caused by flexion, adduction and internal rotation are generally signs
of anterosuperior tears, passive hyperextensiodaion and external rotation are related to

posterior tears, acute flexion combined with external rotation and full abduction, followed by
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extension, abduction and internal rotation are specific to anterior tears, whilst extension,
abduction and externabtation, moving to a flexed, adducted and internally rotated hip is

common in posterior tea(blarvani 2003; Henak et al. 2011)

In artificial hip joint replacements, edge loading has been noted as a cadamade and

possible failure to the joint. Edge loading is a result of misalignment or looseness of the joint,
which results in an intensified contact strdgs© d Ant oni o & Di etrich 200E¢
et al. 2011) Although no studies have reported edge loading to occur in the naprdiseases

or trauma that result in an altered tribological interface and abnormal loading could possibly

result in edge loading and damage to the adjacent tissusas the labrum

1.4.6 Labrum treatment

There are two types of treatment involved in theling of damaged labral tissue; the first is a
conservative, nooperative management, consisting of 41steroidal, antinflammatory
medication, as well as bed rest with or without traction, followed by protected vighihg
(Konrath et al.1998; Narvani 2003)This form of treatment is limited due to the healing
capabilities of the tissue being closely associated with the distribution of blood vessels and the
majority of labral damage occurring on the avascular articular @digwani 2003; Petersen et

al. 2003)

Operative treatment ian alternative option, which includes arthrotomy, arthroscopy and open
hip surgery; in which a partial or total labrectomy or debridemenft&n performed Figure

1-18). A labrectomy or resection osteoplasty is the excision of the labral {iKeneath et al.

1998; Ferguson et al. 2003; Petersen et al. 2008)ough excision of the labrum givesagb

short term effects with immediate pain relief, it is thought that long term success is limited as
the physiological functin of the labrum is compromised. This can resulradued joint
stability preventing congruity and unsealinf the joint,as wel asleading b increased loads

and pressurdsnown to initiate and promote premat@a (Konrath et al. 1998; Ferguson et al.
2003; Petersen et al. 200Bjowever, more recent studies have shown that labral repair is more
beneficial than a labreatny hence, newer treatments are focusing on labral repach as

refixation, rather than excisiofFigure1-19).
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Figure 1-18 Acetabular labral debridement. Debridement of the torn portion of the labrum,
taken fromMcGinty et al. (2002)

Figure 1-19 Labral refixation . A damaged labrum is reattached to the acetabulum using drilled
holes and bone anchors, taken frGanz (2006)

Diagnosis of damage to the labrum can be undertaken by many methods, with varying results.
They include; physical examination, arthrography, magnetic resonance imaging (MRI) with use
of a contrast medium, arthroscopy, radiography and computerised tompgkapirath et al.

1998; Narvani 2003)Many tools, such as radiographs and computed tomography, are used to
exclude other types of hip pathology, such as hip dysplasia, arthritis and acetabular cysts, rather
than diagnosing the labral damagpecifically, hence the reliability of these methods are

questionable. Arthrograms can be used alongside other methods to further exclude other types
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of hip pathology, but they do not improve the ability of the tools to directly identify labral
damage.

MRI works by identifying soft tissues, giving it the ability to directly depict the labral tissue and
has shown promise as a more reliable tool in the last two decades. Labral tears can be detected,
using MRI, by identifying altered featuresuch as irregutashape, nottriangular crossection,

a thickened labrum lacking a labral recess, increased signal intersitiedetachment from the
acetabulum. Limitations with MRI still exist due to the natural variability in normal labral size

and shape, as well dffferentiatinglabral tears from the pseudotears caused by normal articular
cartilage(Narvani 2003) Insufficient reliability of all of these techniques has been proven by

differences to arthroscopic findings in patientgwgiuspected labral damag@darayan 2009)

Arthroscopy is by far the most adwaad and reliable technique for identifying labral damasje
it allows the surgeon to look inside the joint using a camera inserted through a small hole in the
body, which relays a live image to a screen. Arthroscopy, allfawsa comprehensive
evaluation 6labral anatomy, due to its diagnosis as well as treatment capabilities, however the
need for invasive surgery still remains a major disadvantage over other techniques used for
diagnosis(Narvani 2003) Due to increased knowlgd of the importance of labral function,
new surgical techniques to repair or reattach the labrum must be developed to maintain the

tissues function within the hip joiPetersen et al. 2003)
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1.5 Tissue degeneration and subsequent d iseases

Hip diseases, such &A, can banitiated by a disruption to the homeostasis of the soft tissues,
resulting from a combination of biological mediators and mechanical factors, which can vary
according to the specific diseaf@oldring & Marcu 2009) There are many factors that can
effect cartilage degeneration, includirgbnormalities of bone, synovial fluid, tendons,
ligaments, or soft tissue accessory structures, such as menisci ofHalgason et al. 2003)

An abnormal labrum is thought to be an initiatoKO# due to altered load transfer and stresses
to the cartilage layergFerguson et al. 2003)Tissue degeneration is also associated with

sclerosis of the subchondral bone and fragmentation of cartilage.

1.5.1 Hip dysplasia

DDH is a conditbn that causes the hip to bastable, as a result of the abnormal development

of bones and/or supportive soft tissues around the joint, in (fEabnage 2009) It is
predominant in females, thought to be caused by the highergbimmkiof oestrogen that results

in more elastic ligamentsyhich in turn allowthe bones to ove out of position more easily.

DDH is alsotwice as common in the left hip, possibly caused by the unborn baby lying against
the mothers spine on the left siftéefti 2007; Patient.co.uk 2012Hip dysplasia is often first
recognised in infants; however it is possible for mild hip dysplasia to go unrecognised until
adulthood when the condition has develofEdlmage 2009)The severity of the condition is
determined by the level of contact between the femoral head and the acetabulum, with mild
abnormalities showing incomplete contact (subluxation) and more severe abnormalities building
up nocontact between the femoral head and acetabulum, known as disl{Gatimage 2009;
Patent.co.uk 2012)Secondary dislocation resulting from dysplasia is caused by the inadequate
contouring of the acetabular ro@florcuende & Weinstein 2002)DDH is a common cause of

hip pain in young adults and if left untreated can result in initiation of joint diseases, with
around 25 to 50% of patients developi@é by the age of 5QMorcuende & Weinstein 2002;
Manaster & Zakel 2006; Talmag®09)

1.5.1.1 Characteristics

DDH by anatomical definition is the inadequate development of the femoral head or acetabulum
or a combination of the two. It is more common to find the abnormality in the acetabulum, with
a shallower socket or irregular orientatiof the articular surfacd-igure 1-20), however it is
possible for the femur to be abnormally rotated, increasing the force through the hip
(Morcuende & Weinstein 2002; Talmage 2009; Patient.co.uk 2042yy patients suffering

from DDH develop retroversion of the anterosuperior acetabulum, with inadequate acetabular
coverage of the femoral head. A reduced contact arednaneased edge loading, promote
eccentric and excessive overload of the anterosuperior ré@gmmaster & Zakel 2006; Parvizi

et al. 2006)DDH is also characterised by an associated laxity of theostfpgaments around
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the hip over time, this combined with the forces of the adjacent muscles, results in an increased
freedom of movement of the femoral head within the acetabulum. This increase in freedom
allows the femoral head to move out of place imitthe acetabulum leading to abnormal forces

on the joint stface, instability, chronic pain andeventual degeneratioMorcuende &
Weinstein 2002; Talmage 2009)

Pelvis
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head
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Figure 1-20 Dysplastichip. The hip anatomy of hip dysplasia, adapted frBawer et al.
(1996)

The rate of deterioration of a patientds hi
subluxation as well as the patients age. Patients suffering from subluxed hips,thather
complete dislocations, develop symptoms at a much younger age; with severe subluxation
developing in the second decade of life, moderate -@03@ears of age and mild subluxation
around the menopaug®dlorcuende & Weinstein 2002)At the point where symptoms are
established, the only radiographical signs present may be subchondral scletiosisveight

bearing region and more common symptoms of degenerative changes, such as joint space
narrowing, osteophytdéormation, and subchondral cysts may be identifi@€hce clinical
symptoms and radiographic signs of degenerative joint disease deuetbpr progression is

rapid (Morcuende & Weinstein 2002 he two most noticeable symptoms of DDH are hip pain
and/or a limp. Hip pain is generally caused by specific movement and it is primarily felt deep in
the front of the groirhowever it is also possible to develop pain in the back or side of the hip.

In exceptional conditions, it is possible for the patient to feel a popping or clicking sensation
during movement. Once symptoms develop, a mild limp may occur, caused by either the pain
directly or as a result of weak muscles, limited flexibility or a boefpdnity. Patients suffering

from DDH, are also at a higher risk of labral tears, labral hypertrophy and labral calcification
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(Henak et al. 2011)When symptoms first develop it is normal for them to biel @nd only
occur occasionallyhowever, overtime they can increase in intensity as well as frequency. The
difficulty of diagnosing DDH comes from the similarities of the symptoms to many other hip

disordergHipDysplasia.org 2012)

1.5.1.2 Pathogenesis

Although DDH is known to be caused by an abnormal developmehe dfip joint, commonly
present at birth; the specific cause for the abnormal development is unclear. Various factors are
known to increase the chance of a baby developing DDH; family history of the disease, gender
(8 in 10 cases of DDH are female, pregraconditions (a lack of fluid prevents the baby from
moving around), and first born (it is thought that the uterus is tighter, meaning the baby has less
room to moveMorcuende & Weinstein 2002; Patient.co.uk 2012)

1.5.1.3 Treatment

If DDH is diagnosed at a young age, it can be treatéld avi external brace, such as a Pavlik
Harness, worn continuously for around 6 weeks and then weaned for a further 6 weeks. The
brace fixes the hips in flexion, with mild abductiand external rotatiorF{gure1-21), allowing

the capsule to form normally and the acetabulum to deepen. In severe cases such as dislocation,
the femoral head must primarily be relocated into the correct position within the acetabulum and
then placed in the harne@atient.co.uk 2012Mild cases of DDH may be treated with a make

shift brace of two nappies until the hip becomes stabilised. Before placing the baby in a brace,
an ultrasound isnitially undertaken to confirm the condition and is followed up by further
ultrasound treatments during the management of the condition. Early treatment is crucial, in

order for normal development of the hip joffMorcuende & Weinstein 2002; Talmage 2009)
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Figure 1-21 The axis and movements of the hipgint. In DDH the hip is held in flexion, mild

abduction with external rotation. Image taken fri@arvizi et al. (2012)

If DDH is undiagnosed as an infant, adults with mild symptoms can undergo conservative
treatments. These can include tise vf antinflammatory medication, movement alterations to
reduce compression on the hip, such as minimising prolonged standing and walking, as well as
protecting the joint to prolong its lifespan. In slightly more severe cases, arthroscopy can be an
option to remove any debris, such as cartilage fragments, labral tears or inflamed synovial
tissues. Severe hip dysplasia is commonly treated with a proximal femoratioosteand/or
periacetabular osteéomy operation, to restore congruence between the fénmaad and
acetabulum. A proximal femoral ostemy involves the head of the femur being cut off and
repositioned with plates and screws to improve the biomechanical alignment, where as a peri
acetabular osteéomy cuts out and rotates the acetabulum position in align with the femoral
head(Manaster & Zakel 2006Final stags result intheneed for hip replacement surgery, such

as a total hip arthroplasty. Pain management can be undertaken by the use of a walking aid on

the contralateral de as well as weight loss in overweight pati€htimage 2009)

1.5.2 Osteoarthritis

OA is the most prevalent form of joint disease, affecting around 8omifieople in the UK

alone, and the majority of people over the age of 65, in both males and females equally. It is a
chronic condition of the synovial joint, affecting all of the surrounding structures and resulting
in damage, thinning and eventual lodstlee cartilage tissue. Loss of the cartilage causes the
articulating bones to come into direct contact with each other, causing pain and anatomical

alterations OA often has a gradual onset and progressively deteriorates over time and can also
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differ in severity. There is a dramatic increase in the number of case#\ @h patients with
previous hip conditionsr in physically demanding jobs. Due to its high occurreitqéaces a
large burden on the medical econofdyden et al. 2008; Arthritisresearchuk.org 2009; Smith
2012)

1.5.2.1 Characteristics

OA generally results in pain and stiffness of the joint, along with loss of function and possible
inflammation and swelling (Arden et al. 2008; Conditions & NICE 2008;
Arthritisresearchuk.org 2009ain is principally felt deep in the front of the groin which may
radiate to the anterior and lateral thigh, into the buttock and/or down to théHmeberg et

al. 1995; Arthritisresearchuk.org 2009hflammation occurs due to the production of extra
fluid causing the synovium to swell, in turn resulting in the swelling of the j@iAtis also
responsible for fibrillation of the articularartilage where the collagen fibrils, located in the
superficial zone, lose their organisation and functional reliability. As the disease progresses,
fibrillation advances deeper through the cartilage zones, altering the stresses and strains,
resulting in a decrease of tissue thickness and an increase in surface roughness
(Arthritisresearchuk.org 2009; Mononen et al. 2012)severe cases OfA, the tissue decreases

in thickness to the point where the articulating bone surfaces come into direct contact and begin
to wear away. The bones may eventually become comprebsetiring the leg on the affected

side and/or form osteophytefigure 1-22). Osteophytes cause the surface to increase in
thickness and grow outwards, forming axpspur. Loss of cartilager bone and the formation

of osteophytes can result in an alteration to the geometry of the joint, forcing the bone out of its
natural position and increasing joint forogsden et al. 2008; Arthritisresearchuk.org 2009
Singh & Neutze 2011)Earliest biological signs dDA show an increase in water content and
fibronectin with a loss of proteoglycans in the cartilage, affecting the meahg@naperties of

the tissugChevalier 1993)
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Figure 1-22 Arthritic hip. An osteoarthritic hip with osteophyte formations, adapted from
Kennon (2008)

1.5.2.2 Pathogenesis

There is great controversy regarding the aetiologyO#f, whether it is solely based on
mechanical factors or if biologgdditionally plays an important role. Moskowitz et @O006)

states the consensus definitonbhas fia result of both mechani
destabilise the normal coupling of degradation and synthesis of articular cartilage chondrocytes
andECM, and subchondr al b oeliesed that the developsnéntOA st a |
influenced by both systemic factors and local biomechanical factors. Systemic factors such as
age, sex, racial characteristics and genetics influence the foundation for da@rfjeggerties

where as locabiomechanical factors including the degree of joint loading, joint injury, elevated
weight bearing on account of obesity and joint deformity, impact on the final qualities, the
wellbeing and breakdown of articular cartilag&rokoski et al. 2000) The degee of joint

loading can be influenced by different environmental factors such as work or occupational
activities as well as obesity being linked to increased mechanical loading. Repetitive impact
loading of the joint can result in thickening and stiffenofgthe subchondral bone causing
articular damage. This is more common in athletes where their joints are subjected to overuse
and repetition of high level impact forces and torsional loading, increasing their rSK of
(Arokoski et al. 2000; Ferguson et al. 2000)

It is believed that other numerous factors could be resple forOA in the hip, including the
hips tribological function. Cartilage damage is often associated with force transmission such as
extensive cartilage loading, leading to high levels of localised stress. Anderst and Tashman

(2009) supposed that amiar surfaces can be exposed to modified and extreme mechanical
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stresses, if instability in the joint is present. Instability is often caused by damage to the

surrounding muscles and ligaments or by conditions suEtb&k

There are thought to be two sésgassociated witBA, the initiation phase and the progression
phase, both affected by different fact@dsdriacchi et al. 2004 Modification to the position of

load bearing areas of articular cartilage to areas infrequently loaded is thoughiate OA
(Andriacchi & Dyrby 2005; Anderst & Tashman 2009ther than changes in load bearing
regions, alterations in sliding, rolling and pivoting contacts may also impact on extensive
cartilage loading. After initiatiorQA progresses due to a breakdown of the cartilage caused by
amplified tangential shear Idag. During this progression phaseA develops in relation to

the amount of load applie(Andriacchi et al. 2004)As well as tribological functions,
biomechanical factors resulting in cartilage degeneration are generally recognised by concentric
or eccentric overload. This is where the joint becomes vulnerable to dynamic instability,
localised overload, impingement; a combination of all factor@aberi & Parvizi 2007)It is

most often seen in patients ttvicam impingementbony growth on the femorl heatkck
junction) or DDH, both linked to early onset @A (Manaster & Zakel 2006; Parvizi et al.
2006) Pistolgrip deformity consists of an asphericahforal neck and head junction with an
increased radius of the femoral epiphysis as it joins the églré1-23). Although concentric

and eccentric overload provide an explanation for the developme@Aah patients with
irregular hip joints, it fails to explain the aetiology of the disease in yadhgts with
nondysplastic hipgLeunig et al. 2005; Manaster & Zakel 2006; Ganz et al. 20R8%ently,

Ganz et al (2008) discovered that slight morphological abnormalities can result in FAI, thought

to be an initiator oOA in young adults.

Femoral
head-neck
junction

Figure 1-23 Pistol grip deformity. The white arrow highlights the aspherical section of the
femoral heaeheck junction, taken frorRobinson (2010)
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Age is also thought to affect the developmenDéf, as muscles become weaked the body is

less able to heal, joints can become worn out. As well as age, previous injuries or operations to
the joint and joint abnormalities or diseases are thought to function in the initiation or
progression oA, these can include damage to theal tissues such as labral te@xarvani

2003 Arthritisresearchuk.org 2009)

1.5.2.3 Treatments

Treatment ofOA in the hip is very similar to that of many other hip joint diseases, where the
initial stages include anthflammatory medication and minimising weigiaring activities,
followed by arthrosopy to remove tissue debris. The eventual treatment for the chronic disease

will result in a joint replacement with a limited life span.

The American College of Rheumatology states that the criteria for diagnosing hip OA must
include the presence of paiim the hip and at least two of the following symptoms; a normal
erythrocyte sedimentation rafthe rate at which red blood cells sediment, used as a measure of
inflammation) the presence of osteophytes or cartilage loss represented by narrowing of the
joint spacdArden et al. 2008)

Current literature suggests that there are many different factors influencing the initigfién of

with one of the most recent developments being FAI. Although FAI is a relatively new area of
research, there is a great deal of literature to support ¢doeythThere is however conflicting

views on whether cartilage is damaged as a result of degradation to the labrum or vice versa.
Therefore, further research is required to gain a full understanding of the condition and how it

progresses.

1.5.3 Femoroacetabularimpingement

FAIl is a morphological abnormality of the bone, found in the proximal femur or acetabulum,
resulting in abnormal contact between the femoral neck and acetabular rim. The abnormal
contact leads to an impingement of the anterior femoral-heekjjunction against the adjacent
anterosuperior labrurfBeck et al. 2005; Leunig et al. 2005; Manaster & Zakel 2006; Ganz et al.
2008; Naal et al. 2011 here are two distinct types of impingement, cam and pigiégure

1-24), associated with FAI, which differ greatly in patterns of labral and/or chondral injury
(Philippon et al. 2007)Differences in cam and pincer impingement are defined by the
abnormalities in either the femoral neck or the acetabulum. Abnormalities of the proximal femur
and acetabulum can occur independently of one another; however it is not uncommon to find a
combindion of both abnormalities and impingemerBeck et al. 2005; Manaster & Zakel
2006; Ganz et al. 2008[pegeneration as a result of pincer impingement progresses at a much
slower rate to that found in the more destructive cam impinge(@ariz et al. 2008)Young

active males are mostly likely to devpl@am impingement as opposed to that of pincer
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impingement which is most common in women and elder patient grqianaster & Zakel

2006) Anterosuperior impingemens the most frequent impingement which occurs in FAI
patients howeverit is ako possible for posteroinferior impingement to occur. Due to these
abnormalities,stresses become localised and henceldhd required to initiate damage is

mi ni mi sed, compar ed t o t®Aglteunig ét al.g2e0b;Marmdter ® we a r
Zakel 2006; Naal et al. 2011)

Pincer

Figure 1-24 Femoroacetabularimpingement Pincer and cam impingement, caused by
overhanging anterolateral acetabulum rim and bony prominence at anterolateratiead

junction respectively, taken frofdrana & Fischer (2006)

1.5.3.1 Characteristics

Cam impingement is the result of an abmal femoral headeck, due to an insufficient offset,
with an increasing radius of the femoral heBijgre1-24). It causes damage to the cartilage in
the anterosuperior region of the acetabular rim and most often occurs when there is a lateral
f emor al n éBedk et @lb200%;pLéunig et al. 2005; Manaster & Zakel 20D6jing
vigorous motiongn flexion, adductioror internal rotation, the aspherical section of the femoral
head is rotated and driven into the acetabular rim and can be seen gs=@narrowing on an
MRI (Leunig et al. 2005; Manaster & Zakel 2006; Ganz et al. 20DB® resulting shear
stresses create an outsideabrasion of the acetabular cartilage and a chondral rupture, leading
to a subsequertear or detachment of the primarily unconcerned lab¢Betk et al. 2005;
Manaster & Zakel 2006)The resulting cartilage cleavage can be as deep as 2cm and will
become destroyed over time. Cyst developnfianswelling of fuid) is often associated with
cam impingement and is thought to be a result ofathementprocess. Cysts are frequently
found in the head or near the hesstk junction(Ganz et al. 2008)Studies byBeck et al.

(2005) and Manaster & Zakel (2006have shownthat the labral tear occurs at the articular
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margn and not the capsular margin, which suggekts the cartilage isnitially damaged
followed by the labrumas a secondary consequence. Tthisory is further proven by the
possibility of chondral damage without the presence of a labral tear in the early stages of FAI
(Leunig et al. 2005; Manaster & Zakel 2008he aetiology of the abnormal femoral head/neck
offset is uncertainhowever here are various opinions ranging from a subclinical slipped capital
femoral epiphysiqa displacement of the capital femoral epiphysis)a growth disturbance
(where the bone grows at different rafegich could result in a delayed separation or eccentric
closure of the common physis between the femoral head and greater trochantaterTiveuld

result in an abnormal extension of the femoral head epiphysis and a constant decrease in the
headneck offsef{Manaster & Zakel 2006)

Opposed to cam impingement, pincer impingement is characterised by any abnormality that
results in a increased coverage of the anterosuperior section of the femoralbietu
acetabulum(Figure 1-24, Philippon et al. 2007)The acetabular abnormality can be global or
local, similar to that of the focal acetabular retrovergishen the acetabulum is inclined
posterolaterally) The abnormality results in a linear contact betweeratietabular rim and the
femoral hea¢heck junction, forming an impingementesulting in labral tears and bony
proliferations at the acetabular rim. Ganz et al (2008) disbelieves the theory propdeck by

et al. (2005andManaster & Zakel (2006dnd hypothesises that in pincer FAl it is the labrum
that is the first structure to fail and only in theelatages of the process cartilage abrasion will
occur. Unlike cam impingement, it is possible for the femoral head to be of normal morphology
and the abutment caused by an acetabular abnormality, such as a deep socket or a localised
overcoverage, as seanacetabular retroversidBeck et al. 2005; Leunig et al. 2005; Manaster

& Zakel 2006) Continued impact on the femoral heagck junction prodces degeneration of

the labrum with intrasubstance ganglion formatfarform of cyst) Futher deepening of the
acetabuluntan result from ossification of the rim, which willcreasehe overcoverage. Bone
apposition occurs next to the labrum on theeasis rim causing the labrum to be pushed
forward and become thinned, until it eventually becomes indistinguisf@hlez et al. 2008)
Relentless abutment can lead to focal chondral injury and cyst formation from the labral tear or
ossification of the acetabular rim. Continudttanic force of the head in the acetabulum can
result in chondrailcodpmage gi o n tinkefor dtdiabulutproes t e
and/or head, leading to central joint space narrowiraynig et al. 2005; Manaster & Zakel
2006) In pincer impingement, chondral lesions can be contained to a small region of the

acetabular rim making them less harmful over a prolonged period oflteneaig et al. 2005)

1.5.3.2 Pathogenesis

Like OA, the causes oFAl are still under debate, however as well as the subtle bony

abnormalities, it is thought that FAI can occasionally be the result of extreme ranges of motion
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and abnormal stresses, forcing the femoral neck to come into contact with the anterosuperior
labrum (Dooley 2008; Naal et al. 20LBAI can also be caused by trauma or prior surgery or

more universally ta result of dysplasi@Leunig et al. 2005; Manaster & Zakel 2006)

1.5.3.3 Treatments

Treatments for FAI can vary considerably from conservative to surgical treatments. Pain
medication with reduced physical activity is usually the first stage of treatment with
physiotherapy also being an option for joint realignment. After conservative treatments, the next
stage is generally surgery with either the more common arthroscojpys@me cases open hip
dislocation. Surgeries such as resection osteoplasty of the aspherical section of the femoral head
can be used to treat cam impingements or periacetabular osteotomies can be performed to
reorient a retroverted acetabulum in pincempimgyement. In an osteoplasty procedure the
prominent area of bone is removed to restore the f@meck clearancd-{gure1-25), whereas

in periacetabular osteotomies a section of bone around the acetabulum is removed in order to
make the joint more stable. If there is any debris from damaged tissues this can be removed
during arthroscopy or open hip surgery and labral refixateonalso be péormed if damage

has occurredIf minor surgery is unsuccessful a@d\ develops, the final option is a hip joint
replacement Pi er annunzii & DOl mporzanoMarco 2007)

Figure 1-25 Femoral osteoplasty.A - Hip joint prior to an osteoplasty. BHip postsurgery.
The red arrows highlight the modifications to the femoral head neck. Image takeBHamino
(2002)

Clohisy et al. (2010¥tated that surgical treatment is becoming a lot more frequent for FAI;
however there is great debate over the strength of clinical evidence to support the surgery. Short
term results, approximately two to thrgears, have had good patient satisfactory with pain
relief and improved function reportdwwever there is insufficient long term outcome data and

hence the overall success rate of these treatments remain unfCiohisy et al. 2010)
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1.6 Current in vitro labral models

As current knowledge of the acetabular labrum is limited, there is a need for the development of
a labral model which will allow the function and material properties of the labrum to be
determined and labral damage to be investigated. Lalarabge models are currently under

going research and development to fulfil this clinical niche.

There are two key typesf in vitro modelling used to gain an understanding of the labrum;
computational modelling including twdimensional (2D) and thre#imensional (3D) models

as well as simulation studies using natdmigls. Computational models and simulation systems
have been used to producmplified models of the tissue or the joint by making assumptions in
order to provide a quicker, easier or cheaper understanding of the issue. It is not always possible
to obtain natural tissue due to availability and cost and the body is an intricata syfsiteh

cannot always be mimickegateciselyor patient specificallyTherefore, computational models
remove the need for natural tissue as well as being reprodusiielation systems allow the
movements of the body to be replicated in a simplified maisarg natural tissueAlthough

there are limitations to these studies they are not thougiffact the overall general outcome
however the extent to which they are true needs to take into account these limitations and the

effect they will have on theudy.

1.6.1 Computational models

Computational models are used in research to model many differenofyjiesues and joints.
The structures can be imported from scans such as computed tomoftdphyr designed
within the computer packag@&hey allow varyhng degrees of simplification to beg@ied to the
model anctan be used to compress a time fraguéckly modellingin vivo situations which can
take severalyears.Computational models have been developed for the acetabular larum
determine the effeadf the labrumon cartilage consolidatiorihe role of the labrum in load
support, andhe location of impingement on the labrueveral limitationsare produced with
labral computational modelwhich mainly include the assumption of the matepabperties
including the Youngés modul, thesboundgasy comdéires bnd| i t vy
the load/motion cycleA study byS J Ferguson et g2000)assumed the underlying bone to be
impermeable and rigid and labral and cartilage tissue were assumed to bsapticoto
represent the biphasic effeaf the tissues, where d&tenak et al(2011) represented cortical
bone as isotropic linear elastic, cartilage as-Heokean hyperelastic and the labrum as

transversely isobpic hyperelasticmaking comparisons between studies complex

S J Ferguson et g2000)used finite element analys{EEA) to produce a 2limensional (2D)
coronal slice of the hip joint to determine the effects of the labrum on cartilage consolidation. A
load was applied to the hip joint fdr hour with and without the labrum attached. It was

identified that the labrum reduced fluid flow from the cartilage and slowed down cartilage
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consolidation by up to 40 %lenak et al(2011)also used FEA as a computational model to
assesthe role of the labrum in load support across the hip, using CT image data to produce a
3D model of the acetabulum. The hip joint was loaded to represent daily activities. The study
identified the normal labrum to supporR% of the total load transfex across the joint where

as in adysplastichip the labrum supported betweeri¥ % of the loadDy et al.(2012)used

CT scans to produce 3firtual simulationsof the hip to simulate hip positionsathtypically

cause labral impingementhe labrum was represented as a ciiitvéo the acetabular rim
which extruded 5 mmThe hip was placed in a range of flexion angles and internally rotated
until the femoral neck impinged upon the labrdrhe study identified that damage to labrum
could ocarr in hips with normal morphologilowever the presence of morphological features
associated with impingement may result in a characteristic pattern or severity of labral damage.

1.6.2 Simulator models

Simulator models have an advantage over computational smaddhey can use natural tissue
and hence the material properteasd boundary conditiondo not need tde estimated.They

allow whole joints to be tested under a range of loading and motiomlkwd tissues to be
tested in situSeveral simulator modehave been developed for the acetabular talincarry

out tribological testing of the tissue and determine the eftécthe labrum on cartilage
consolidation andotational restrainof the hip(Van-Arkel et al. 2015; Groves 20168¥ wellas

labral damage models to determine the effect of labral tears on the labral seal and joint stability,
and the effects of a full or partial labrectomy on cartilage fricflegrguson et al. 2003; Safran

et al. 2011 Smith et al. 2011; Cadet et al. 2012; Song et al. 2012; Philippon et al. 3Dd4gr

to computational modelsimulator modelsre still simplified in comparison tim vivo tests.
General imitations ofin vitro simulation modeldnclude the loadapplied tothe joint, the
motion of the jointand the duration of the te€imulator studies in literature simplify the load

or motion cycle of the jointwhich arelikely a result of the limitations of the machines or the
test (i.e. inserting devices thin the joint would result in damage to the surface during motion).
The load is often applied as a constant load or a sinusoidal load, which is simplified compared
to thecomplex load cycle, experiencad vitro which constantly changes over the gait eycl
Motion, if applied to the joint, i®ften appliedn a step manner rather than a continuous cycle.

A further limitation tousing natural tissue fan vitro simulationis the duration of the tests;
natural tissue decays once its removed from the laodlyhence the properties of the tissues

change over time.

Studies bySong et al(2012; Philippon et al(2014; Groves(2016)removed the jointapsule

prior to testing. This allowed the articulating surfaces to be analysed for damage in detail,
however it resulted in the joint becoming misaligned. Various methods reguredby the
authorsin order to realign thacetabular cup and femoral hazng bony landmarks of the hip

joint. For the studies where the joint capsules remainidtt; Van-Arkel et al. (20154did not
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appear tanspect the joint for damage prior to testi@@det et al. (2012hspectedhe external
joint capsuldor damageFerguson et al2003; Smith et al(2011)used radiography to assess
the bonystructures an®@afran et al. (2011)sedMRI to asses the soft tissues within the hips.
By assessinthe tissues externally it meathatthejoint couldbe kept intact with the joint fluid
and realignmenivas not required which would reduce errors in the tielgally a combination
of radiography and MRI would be beneficial to rule out damage to thedtarctures as well as
the soft tissues however, this is costly and time consuming.

Smith et al. (2011); Song et al. (2012); Philippon et al. (2014):Af&Bl et al. (2015)gpplied

static load to the hip jointwith a range of magnitudes identified as suitable by the authors for
the individual testsFerguson et al(2003); Groves(2016) applieda more advanced dynamic
sinusoidal load which roughly mimicked the loading cycle during gait where the fluid is able to
flow back into the tissues during unloaded periods. Howeveritigifed load pattern could
result in hidner or lower loads applied to the joint in incorrpositions, which could result in
artificial results such as dislocations or damage at higher loadg®duce effects at lower
loads Ideally a loading cycle closer fa vivotest conditions with a dugleak load would be
beneficial however, this is dependent on the capabilities of the equipment.

Ferguson et al. (2003); Cadet et al. (2012); Philippon et al. (2@$tl the hip joint in a
stationary positionDuring the testsdevices were inserted into the in@rgticular space to
measure the effect of the fluid seal which would have resulted in damage to the tissue surfaces if
a motion had been applieBafran et al(2011); Song et al(2012; Van-Arkel et al.(2015)

applied step loads to the tissues where the joints were moved to set positions before the test was
started.Groves (2016)applied a pendulum motion to the hip joint in the flex@éension
plane.ldeally tests would be carried out with a gait cycle that closely mimicked thainseien

with motion in flexiorextension, abductieadduction and internal and external rotation. This
would allow effects to be analysed at the extremmions and positions that would occur
naturally in the body. This is often a limitation of the equipment used and hence a study needs

to be developed in which these motions can be applied to the joint in a continuous motion.

The majority of simulator tés were carried out over short periods of time until the test has
reached the desired outcome (for example dislocafidrg longest test duratiq@ hours)was
carried out byGroves (2016)where he purpose of the study was to developimrvitro
simulatian for tribological testing of natural porcine tissttence a prolonged testing period is
required to determine if damage will occur over a realistic time peAdtough this is a
limitation to the study and longer test periods would be beneficial it is a compromise between
duration and sample size as longer test times would restéiver repeats of each study and

potentially degraded tissue if the test is f@na long enough period.
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1.7 Aims & objectives
The primary aim of this study is to developiarvitro natural hip simulation of morphologically
abnormal joint diseases to provide scientific understanding to support and assess surgical

interventions.
Objecives;

1 To determine the structure of the acetabular labrum and Jedmtilage junction in

comparison to articular cartilage.

1 To assess biological differences in ldaghring and nofoadbearing regions of the

acetabular labrum, acetabular cartilage f@mdoral cartilage.

i To determine the mechanical properties of the acetabular labrum in comparison to

acetabular cartilage.
I To compare porcine and human tissue for labrum and labral junction.

1 To assess the effects of altered loading (as seEAl to the tribological interface, using

anin vitro simulation.
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Chapter 2

Materials and methods
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2.1 Introduction

The functions and constituents of individual tissues in the hip must be fully understood in order
to develop a successfinh vitro simulation systenof the hip. This study characterises the
cartilage and labral tissue of the hip joint both biologically and mechaniEadiyre2-1 shows

the different methodologies used throughout this study to characterise labral and cartilage tissue
and develop am vitro simulation of the natural hip joint. The aim of this chapter is to describe

the generic equipment, solutions, and methodology used throutiwtliesis.

Tissue: Porcine & human

| | :
Biological characterisation Mechanical In vitro simulation
characterisation
Quantitative Comph_eSSiDn Natural joint
assays testing I
i Tensile Abnormal
Histology testing loading
Immunohisto- Geomet
chemistry v
1
Multiphoton

Figure 2-1 Summary of the methods used in this study.
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2.2 General materials and methods

This section lists all materials used throughout this study and the general methods that are used
during multiple experiments. General methods include methods used to prepare solutions,

prepare equipment, and to capture images.

2.2.1 Equipment, reagents and consumables

All reagents, consumables, equipment used, and their suppliers can be féppérialix A

2.2.2 Measuement of pH

The pH of various solutions was measured using a pH meter. The pH meter was calibrated using
three solutions of known pH (4, 7 and 10), prepared by dissolving buffer tablets in distilled
water. To adjust the pH of a solution 1M hydrochloridamr 1M sodium hydroxide was added

drop wise whilst the solution was stirred.

2.2.3 Microscopy

Visualisation of histological and immunohistochemical tissue sections was undertaken using an
upright microscope with standard Kéhler illumination set up. A polavises included in the set
up for polarisedight microscopy. Images were captured using an attached camera that was

controlled by Zen 2012 blue edition imaging software.

2.2.4 Photography

Photography of equipment, tissue, and experiments were carried outaugigital SLR
camera.A desk camera stand and tripod were used to hold theraasteady awarious

positions.

2.2.5 Sterilisation

Equipment and instruments were dry sterilised in an oven for four hours at 180 °C. Items
unsuitable for dry sterilisation were mbiseat sterilised in an autoclave for 20 minutes at
121°C and 15 psi. Equipment used for human tissue was soaked in Virkon for 30 minutes prior

to dry heat sterilisation.
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2.3 Tissue acquisition

Porcine and human tissue was used throughout this studyn®tssue was supplied by a local
abattoir(J Penny, Rawdon, Leed®jontransplantable human cadaveric tissue was supplied by
Platinum Training and the study was approved by The University of Leeds research ethics
committee (MEEC 1802). Phosphate buffered saline (PBS) was used throughout this study to
keep tissue hydrad.

2.3.1 Dissection equipment

The dissection equipment used throughout this study is showigime 2-2. Two, identical
dissection sets were used; one for porcine tissweone for human tissue. A battery powered
handheld bone saw was used, in addition to the dissection equipment described, for human

tissue.

Figure 2-2 Dissection equipment for gross tissue dissectioA.i Hack saw. B File. Ci
Callipers. Di Hammer. E Hand held bone sawi. Forceps. G Serrated corer drill
attachment. H Smooth corer.1 Pin remover. J Scalpel blade and handle.ikParallel
blades. Li Biopsy punch.
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2.3.2 Porcine tissue acquisition

Porcine tissue was acquired from animals approximately six months old, which weighed
between 600 kg, andwas supplied within 24 hours of slaughter. Pigs were slaughtered for
human consumption and the age of the animals was determined by availabiliy food
chain. Joints were used fresh or stored°@ dvernight for dissection the following day. Hind

right legs were used to ensure all repeat experiments were from individual pigs.

Porcine legs were dissected as showrfigure 2-3 to harvest the whole hip, acetabulum,
femoral head and/or soft tissué&sxcess flesh, ligamentous tissue, muscle, and fat were removed
from the skeletal structures to allow easier access and manoeuvrability of the higiganet

2-3 A-D). The hip joint was exposed by cutting the extracapsular ligaments and joint capsule
near the base of the femoral hestk junction Figure 2-3 E). The ligamentunteres was
severed to separate the femoral head from the acetabHlignrg 2-3 Fi G). Excess joint
capsule was removed at the point of connection with the acetabbtam Figure 2-3 H-I).
Cartilage and labral surfaces were kept hydrated throughout by covering in phosphate buffered
saline (PBS) soaked tissue.

W

riqi II Anterior

Figure 2-3 General porcine dissectionA i Lateral view of whole porcine leg. Binitial cut
along the length of the femur.iCRemoval of soft tissue around the femur. Beparation of
the leg at the knee joint.TECutthrough the joint capsule to expose the femoral head. F

Severing of the ligamentum teres to separate the femoral head and acetabular Eemdgal
head and acetabulum.-HRemoval of the joint capsule from the acetabuluimAtetabular cup

with tissue removed.
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2.3.3 Human tissue acquisition

Human tissue was acquired from donors with a mean age of 63.eafsand weight 77.%
31.7 kg. Pelvises were stored-&0 °C until required, upon which they were defrosted at room
temperature for 24 hours. Righiph were used to ensure all repeat experiments were from

individual donors. Donor demographics are listed beloWaible2-1.

Table 2-1 Human donor demographics.

Number Donor| Race Sex Weight Height | BMI
Age (kg) (cm)
144 55 White | Female 40 157 16.5
93 70 White | Female 79 152 34.2
556 67 White Male 117 182 35
071 66 White | Female 64 165 23.6
076 55 White Male 109 180 33.6
129 69 White Male 57 154 23.8

Human pelvises were dissected as showrignire 2-4. The pelvis was separated into the right
hip, left hip, and the spine using a bone $dgure 2-4 (B-C). Human pelvises were supplied
with excess tissue already removed; hence the hip joint capsule was already exposed. The joint
capsule was cut at the base of the femoral head and the ligamentum teres was severed to
separate the femoral head and acetab\kigure 2-4 D-E).Excess joint capsule was removed

at the connection with the acetabular labriigre2-4 F).



Figure 2-4 General human dissectionA i Whole human pelvis. B Separation of pelvis into
left hip, right hip, and spine region.iCPelvis cut with bone saw. DJoint capsule severed.iE
Fully exposed femoral head.iF-ully exposed acetabulum.

2.3.3.1 Human tissue ethics and criteria

The following inclusion / exclusion criteria were used to identify suitable donors:
Inclusion:

T Donorswhormet Pl ati num Tmentsiregarding tesue domaiipn and leave
signed a consent form.

1 Male or female donors aged-¥8 years.

Exclusion:

1 Donors that have suffered fro@A in the hip, or suffered a broken hip, or had hip
surgery (as described on the donor medical and sostaliquestionnaire).

1 Donors with serological results indicating a transmissible disease.

Pl atinum Tr ai ni ng-traasplantblet humad padaveri¢ tsie for anedical
research, education and development, and other uses demonstrating scientthe r i t 0 . Pl
Training states that it has reviewed the processes by which consent or authorisation for research
from the donor or authorising party was obtained (to the best of their knowledge), in accordance
with all applicable state and federal Bwnd regulations prior to recovery and distribution.
Platinum Training abideby the Uniform Anatomical Gift Aid Act. Serological test reports
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were provided by Platinum Training. Donor samples and associated information was provided
with a unigue donor ightification number to ensure the donors could not be identified by users
at The University of Leeds. Samples were stored@fC in a lockable freezer, until required,

in accordance with the guidelines set out by the Human Tissue Authority. If a reqsest
received regarding the withdrawal of a donor, those samples would be removed from the study
and disposed of in the manner requested by Platinum Training. Any data collected on that donor
would be removed from the study and destroyed.

2.3.4 Macroscalemeasurements

Gross measurements of porcine and human hip joints were carried out to determine the diameter
of the acetabulum and the thickness of the labrum in the posterior, superior, and anterior region
(n=6). Measurements were repeated three timeshenavierage taken using callipers as seen in
Figure2-5. The acetabulum was measured inAlfedirection at the top of the cartilage surface.

The labrum was measureeim the labrakartilage junction to the labral apex.

Figure 2-5 Macroscale measurementsi i Measuremat of acetabular diameter.iB

Measurement of labral thickness. Measurements demonstrated psirging@ acetabulum.

2.3.5 Pin extraction

Labral andosteochondrgbins wereextracted for use inompression testingsteochondrgbins
were also used to acquire tissue for subsequent biochemiegksatsbral and cartilage pins
were extracted using two sepée methods as described in the below sections.

Labral pin extraction

Labral pins were extracted usiadpiopsy punchThe pins were cutom the internal to external

surfaceof the superior labrumabove the labratartilage junctionand usedor compression
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testing(Figure2-6 A). Following extraction the pins were cut to thickness using parallel blades
separated by a 3 mm thick metal blodkglre 2-6 C). Pins were extracted and cut to the
required thickness whilst the tissue was frotemallow for more accurate cuttinggample
dimensions (thickness and height) eveneasured three times using a digital thickness gauge
meter and the average takéiglre2-6 F).

Figure 2-6 Labr al pin extraction. A T Biopsy punch used to cut through the labruni. B
Labral pin from biopsy punctofi its sid¢. C1 Labral pin cut tohliickness using parallel blades
D i Labral pin cut to thickness inside parallel blades.LEabral pin(on its base)F i

Measurement of labral pin thickness with a digital thickness gauge.

Osteochondralpin extraction

Osteochondral pins were extracted use in compression testing and biochemical assays. The
pins were extractefiom a flat cartilage surface through to the subchondral,lzgmFoximately

12 mm deep. The pin location was primarily marked with a handheld smooth Eignane@-7

A-B) then cut with a serrated corer of identical diameter using a powerHigiliré2-7 C). The

initial handheld corer was then-used to loosen the pin and edt it from the joint Figure2-7

D). Once the pin was extracted the subchondral bone was filed until parallel with the cartilage
surface Figure2-7 E-F). Osteochondral pins were taken from the acetabulum and femoral head
using the above method, images showing the extraction of an acetabular osteochondeal pin ar
shown inFigure2-7.
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Figure 2-7 Osteochondral pin extraction.A & B T Acetabular artilage surface marked with
smooth corer. € Cartilage and osteochondral bone cut wsithrateccorer attached to a power
drill. D T Cartilage pirremoved with smooth corer.iBBottom of steochondral pifiattened

with file. F1 Osteochondral pin.

2.3.6 Tensile specimen preparation

Labral tissue was prepared for use in the materials testing machine underdadsng. Labral
tissue was removed from the acetabulum along the fabr@ilage interface using a scalpel
blade Figure2-8 A) and cut to approximately 20mm iergth Figure2-8 B-C). The tissue was
straightened and placed in a petri dish lined with a PBS soaked tissue and place@®0rfto a
freezer. Once frozen, the spmein was cut to width using parallel blades and a sp&aguré

2-8 D-E). The tissue was rotated length ways°%nd placed back onto the PBS tissue and
replaced irthe-80 ° freezer to ensure the tissue did not defrost. The tissue was cut to thickness
(specific to test methodology) using parallel blades and a spacer.
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Figure 2-8 Labral tensile specimen preparationA i Labrum cut along the cartilagabrum
interface. Bi Labrum separated from the acetabuluni. IGibral sample before cut to sizei D
Labrum cut to required width. ELabrum cut to required thicknessi Eabral tensile

specimen.

2.3.7 Histological and immurohistochemical specimen preparation

Small crosssections through the acetabulum were used to identify and visualise key structures
and constituents within the tissue types. To obtain histology and immunohistochemical sections,
cross sections through theetabulum, including the labrum, cartilage and subchondral bone
(Figure2-9 A-C), were taken from the anterior, superior, and posterior region of the acetabulum
for parcine specimens and the anterior region for human specifoesto limited tissue
availability).

In each region two cuts were made, using a scalpel blade, from the apex of the acetabulum
down to the subchondral bone, approximately 5Smrwitith (Figure 2-10 A). The cuts were

then extended through the subchondral bone using a hand held boneigaw 2-10 B). A
perpendicular cut was then made approximately 20mm up from the base of the acetabulum
parallel to the acetabular rim to remove the acetabular sectdomgsreg 2-10 C). For labral
specimens a further cut across the apex of the acetabular labrum was made to remove it from the
cartilage and subchondral bonEigure 2-10 E). Specimens were then placed into plastic
cassettes for tissue processikig(re2-10D & F). Images showing the sample preparation are
shown inFigure 2-10. To maximise tissuesage, acetabula were used for multiple samples /

experiments hence a pin extraction site can also be s&¢guire2-10 A-B.
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Figure 2-9 Image showing the orientation of a histology or immunohistochemistry
specimenA 1T Whole acetabulum, dotted lines mark where the section is removed fiiom. B
Front view of a histology / immunohistochemistry secti@ii. Side view of a histology /

immunohistochemistry section.

LHI|HI|II||II|2|HIIIIUIIIIIl[ISIIIIIIIL
il

110 120

Figure 2-10 Acetabular and labral histological and mmunohistochemicalspecimen
preparation. A i Vertical cut through labrum. B Vertical cutcontinues through subchondral
bone and cartilage. CAcetabular Specimen. DAcetabular specimen in plastic cassette for
tissue processing. ELabral specimen cut from acetabular specimenLBbral specimen in

plastic cassette for tissue processing.
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2.3.8 Biochemical assay specimen preparation

Biochemical assays were used to determine the water content and GAG and hydroxyproline
concentration, within acetabular cartilage, femoral cartilage, and acetabular labrum across

various regions.

Cartilage tissue wagmoved from the subchondral bone of an osteochondral pin (s2c3idn

using a scalpel blade as seenFigure 2-11 A & B. Labral tissue was removed from the
acetabulum using a scalpel blade as sedfigare2-8 A & B. The tissue was maceratemif

into small pieceskigure2-11 C & D) to increase the surface area and placed intavpighed
bijouxs. Samples were lyophilise@ehydrated using a freezedryer) a constant weight
(x0.00109) in a freezer dryer &80 °C, 0.15 to 0.2 mbar for approximately 2 weeks. Samples
were weighed before and after lyophilisation to determine the tissues wet and dry weight and
every 24 hours to omitor drying. All weight measurements were taken three times and the

average calculated.
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Figure 2-11 Tissue maceration for assaysA 1 Osteochondral pin. B Cartilage removed
from subchondral bone. @dage cut using a scalpel bladei Macerated tissue.
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2.4 Biochemical assay reagents and methods

2.4.1 Glycosaminoglycan gantification assay

GAG gquantification is possible by determining the proteoglycan content within a tissue, as
GAGs covalently link to a central core protein to form proteoglycans. The proteoglycans are
stained withdimethylene blueIMB) dye and can be measured using a spphbtometer to

colourimetrically quantify the GAGs.

2.4.1.1 Reagents

The below is a list of chemical solutions used in the glycosaminoglycan assay and the methods

used to prepare them.
0.1 M sodium dihydrogen orthophosphate

Sodium dihydrogen orthophosphate 10M) solution was prepared by dissolving 3.45 g of
sodium dihydrogen orthophosphate in 250 ml distilled water. The solution was used
immediately.

0.1 M di-sodium hydrogen orthophosphate

Di-sodium hydrogen orthophosphate (0.1 M) solution was preparedssgiving 3.55 g di

sodium hydrogen orthophosphate in 250 ml distilled water. The solution was used immediately.
Digestion buffer

Digestion buffer was prepared by dissolving 0.788-gykteine hydrochloride and 1.8612 ¢
disodium ethylenediaminetetraaceticid (EDTA) into 1 L of PBS. The solution was then

adjusted to pH 6.0. The solution was stored at room temperature for up to six months.
DMB dye solution

DMB dye solution was prepared by dissolving 16 mg 1,9 dimethylene blue into 5 ml ethanol
and 2 miformic acid. Following stirring, 2 g sodium formate was added and the solution was
made up to 1 L using distilled water. The solution was then adjusted to pH 3.0 using formic

acid. The solution was stored at room temperature for up to three months.
GAG assay huffer

GAG assay buffer was prepared by combining 137 ml 0.1 M sodiyddogen
orthophosphate and 63 ml 0.1 Matidium hydrogen orthophosphate, and then adjusted to

pH 6.8. The solution was stored at room temperature for up to three months.

Papain digestion solution(50 U.mi?)
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Papain digestion solution was prepared by dissolving 1250 U papain in 25 ml digestion buffer.

The solution was used immediately.

2.4.1.2 Method

Following maceration and lyophilisation 15 mg of dry weight tissue was digesteaninob

papain digestion solution and incubated in a water bath 4Cér 3648 hours, until fully
digested. A negative control of papain digestion solutioly was included. Primary standard
solutions of chondroitin sulphate B were diluted in GAG wads#fer to produce nine standard
concentrations of 0, 3.125, 6.25, 12.5, 25, 50, 100, 150 andug®d®. Optimisation of
samples was performed at 1:10, 1:25 and 1:50 dilutions in GAG assay buffer. Standards, diluted
samples, and negative controls (i) were added to a clear, flabttomed 96 well plate in
triplicate, to which 25@l DMB dye was added. Plates were shaken for 5 min at 200 rpm on a
plate shaker before the optical density of each well was measured at 525 nm using a micro plate
spectrophotmeter. Following deduction of blank values from all standard and sample values, a
standard curve was plotted of chondroitin sulphate B vs. absorbance. Linear regression analysis
was performed to interpolate the GAG concentration of the samples as a afesiogtir
absorbance. Dilution factors were reversed and the GAG concentration was determined for the

dry weight of the tissue.

2.4.2 Hydroxyproline quantification

Hydroxyproline is an amino acid which is found almost exclusively in collagen proteins and
hencecan be used in assays to determine the collagen content of a(Rssldy & Enwemeka

1996) This assay was adaol from the method devised Byd wa r d s  &19&DpwBarei e n
acid hydrolysis is used to breakdown the collagen to release hydroxyproline residues. Collagen
content can be determined from hydroxyproline quantification by a conversion factor of 7.14,

determined by its repeatability within collagen fibrils.

2.4.2.1 Reagents

The below is a list of chemical solutions used in the hydroxyproline assay and the methods used

to prepare them.
Chloramine T

Chloramine T was prepared by dissolving 1.41 g chloramine T in 100 ml distilled water. The

solution was used within one hour.
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Ehrlichés reagent

Ehrlichés reagent was p-dimethgdammabendalgehydep 30bnil n i n ¢
propanl-ol, 13.4 ml 60 % (v/v) perchloric acid and 6.6 ml distilled water. $bleition was

used immediately.
Hydroxyproline assay lffer

Assay bufferwas prepared by combining 13.3 g citric acid, 3.2 ml glacial acetic acid, 32 g
sodium acetate (349), 9.1 g sodium hydroxide and 80 ml prodaal, and then made up to
300 ml using distilled water. The solution was the adjusted to pH 6.0 and made Q rd 4
using distilled water. The solution was stored &C4in the dark, for up to two months.

2.4.2.2 Method

Following maceration and lyophilisation 15 mg of dry weight tissue was placed in a glass test
tube with 6M hydrochloric acid (5 ml) and incubated ibheanchtop autoclave at 12€C for 4

hours to hydrolyse. Samples were then neutralised using 6M sodium hydroxide. Primary
standard solutions of tramshydroxy-L-proline were diluted in hydroxyproline assay buffer to
produce standard concentrations of 04,26, 8, 10, 15, 20, 25 and g@.ml. Optimisation of
samples was performed at 1:10, 1:25 and 1:50 dilutions in hydroxyproline assay buffer. Samples
and standards (50) were added to a clear, flabttomed 96 well plate in triplicate, to which
chloramine T (100pl ) was added and the plate was sha
reagent (10Qul) was then added to each well and the plate was incubated in a water bath for
45min at 60°C. Following incubation the optical density of each well was measat 570 nm

using a micro plate spectrophotometer. A standard curve of concentration vs. absorbance was
plotted and linear regression analysis was performed to interpolate the hydroxyproline
concentration of the samples as a result of their absorbariagoiand neutralisation factors

were reversed and the hydroxyproline concentration was determined for the dry weight of the
tissue. The hydroxyproline concentration was then multiplied by 7.14 to determine the total

collagen content within the tissue.
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2.5 Basic histological & immunohistochemical techniques

In order for structures and constituents to be visualised within tissues, using histology or

immunohistochemistry, the tissues must be fixed to ensure no constituents are washed out or
structures are daaged during sample preparation. Any calcified tissue must first be decalcified

in order for it to be soft enough to section. Tissue sections were encased in paraffin wax to

enable them to hold their shape during sectioning. Following staining, sectioasmaged

using an upright light microscope. The following sections describe the various processes

required to prepare samples for histology or immunohistochemistry.

2.5.1 Fixation

Sections to be used with histological stains were fixed in 10 % (v/v) NeutrarBdfFormalin

(NBF). Immunohistochemical sections were fixed zinc fixative solution.Sections were

placed in plastic histological cassettes and labelled using a lead pencil. The plastic cassettes
were immersed in fixative for 96 hours for labral sewi@nd 48 hours for acetabular sections.
Acetabular sections were then replaced in fixative for a further 48 hours following
decalcification.

2.5.1.1 Reagents

0.1 M Tris solution

Tris solution (0.1 M) was prepared by dissolving 12.1 g Trizma base in 1000 rikdigtter.

The solution was stored at room temperature for up to one month.
Zinc fixative solution

Zinc fixative solution was prepared by dissolving 0.5 g calcium acetate in 1000 ml 0.1 M Tris
solution. The pH was adjusted to 7.00.4 and the followingsolution were dissolved in to the
solution in order; 5.0 g zinc acetate followed by 5.0 zinc chloride. The solution was stored at

room temperature for up to six months.

2.5.2 Decalcification

Acetabular sections were removed from the primary fixative and plack2l5 % (w/v) EDTA

to decalcify until the bone was soft enough to be cut with a scalpel blade (porcine tissue
approximately 2 weeks, human tissue approximatellO 8veeks). During decalcification
sections were kept at 45 °C in an orbital incubator ttategithe solution. The solution was

changed every-3 days.
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2.5.3 Tissue pocessing

Following fixation, sections were processed using an automated tissue processor by immersion
in sequential potsSections were processed itdiltrate the structureswith wax in order to
maintain theshapeand location of the constituentdistology samples followed cycle 1, whilst
immunohistochemistry sections followed cyclet® avoid submersion in NBFas shown in
Table2-2.

Table 2-2 Tissue processing solutions and times for histology and immunohistochemistry

samples.Sections were sequentially immersed in solutions followitiger cycle 1 or 2.

Pot Number Reagent Cycle 1 Cycle 2
1 10 % (v/v) NBF 1 hour
2 70 % Alcohol 1 hour 1 hour
3 90 % Alcohol 1 hour 1 hour
4 100 % Alcohol 1 hour 10 mins 1 hour 10 mins
5 100 % Alcohol 1 hour 10 mins 1 hour 10 mins
6 100 % Alcohol 3 hours 20 mins 3 hours 20 mins
7 Xylene 4 hours 20 mins 4 hours 20 mins
8 Xylene 1 hour 1 hour
9 Xylene 1 hour 30 mins 1 hour 30 mins
10 Molten Wax 2 hours 2 hours
11 Molten Wax 2 hours 30 mins 2 hours 30 mins
12 Molten Wax 2 hours 2 hours

2.5.4 Paraffinwax embedding of sections

Sections were removed from the automated tissue processor and placed into metal moulds with
the cross section surface on the bi#sgure2-12). The moulds were filled with molten wax and

left to set over night at room temperature. Once the wax had hardened, the blocks were removed
from the mould and excess wax was removed. Theblaks were stored at room temperature

until use. Prior to sectioning the wax blocks were coole@@dC for a minimum of 1 hour and

in between sectioning wax blocks were kept on ice to retain their temperature.
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Top view Side view
Sample
e
( wax
l f | J
T
k <——j—— Base of mould

Figure 2-12 Embedding of tissue sectionslissue sections were placed with the cresstion
faced down on the base of the mould.

2.5.5 Sectioning of wax blocks

Wax blocks were sectioned on a manual microtome to a thickness of 6 um and at an 2fgle of
to the blade Sections were cut from the acetabular apex down to the subchondral bone. Cut
sections were then transferred to a paraffin section mounting water bath at 40 °C to be
transferred onto Superfrost Plus slides. Slides were left to dry on pldte at 45 °C for a

minimum of 3 hours.

2.5.6 Dewaxing and ehydration

Prior to staining and labelling, sections were dewaxed in two consecutive solutions of xylene,
for 10 minutes in each. Following dewaxing, sectioese dehydrated ithree successive [t

of 100 % (v/v) ethanol, for 3 minutes, 2 minutes, and 2 minutes, followed by 2 minutes in 70 %
(v/iv) ethanol. The sections wethen rehydratedy placing under running tap water for 3

minutes.

2.5.7 Dehydration and mounting

Following staining and labellingectionswvere dehydrated fds seconds in 70 % (v/v) ethanol,
followed by three pots of 100 % (v/v) ethanol for 1 minute, 2 minutes and 3 minutes. Sections
were then immersed in two pots of xylene for 10 minutes each. The slides were then mounted
using a dop of DPX and glass cover slip, ensuring no bubbles were left under the glass. Slides
were left in the fume hood to dry for a minimum of four hours before visualisation under a

microscope.
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2.6 Histological s taining _methods

The following reagents and metlodere used to stain tissue sections in order to visualise key
structures and constituents within a tissue. Haematoxylin and @t&E) were used to visual
general tissue architecture and cell nuclei, alcian blue identified GAGs, and sirius red and

millers elastin identified collagen and elastin within the tissue, respectively.

2.6.1 Reagents
0.1 % (w/v) Sirius red

Sirius red (0.1 % wi/v) was prepared by dissolving 0.1 g sirius red into 100 ml saturated picric

acid solution.
1 % (v/v) acid alcohol

Acid alcohol (1 % v/v) was prepared by combining 5 ml conc. hydrochloric acid with 495 ml
70% (v/v) ethanol.

1 % (w/v) oxalic acid
Oxalic acid (1 % w/v) was prepared by dissolving 1 g oxalic acid into 100 ml distilled water.
5 % (w/v) potassium permanganate

Potassium permanganate (5 % w/v) was prepared by dissolving 15 g potassium permanganate

into 300 ml distilled water.
S c o tap Wwaser t

Scottdbs tap water was prepared by diluting

water.
Weigerts haematoxylin

Weigerts haematoxylin was prepared by combining 2 parts of solution A with 1 part of solution
B.

2.6.2 Haematoxylin and eosin

H&E staining was used to visualise general tissue architecture and cell nuclei of cartilage and
labral tissue. Eosin bdls to most proteins in the cytoplasm and B@M due to their negative
charge, staining them red or pink, whilst negatively charged nuclei bind to haematoxylin

staining them dark blue or violet.
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Following dewaxing and rehydration, slides were immerseimy er 6 s haemat oxy
minute then rinsed under running tap water until clear. Slides were then immersed sequentially

in Scottbs tap water and eosin for 3 minutes
2633 EOEOO OAA AT A -EI1AOG6O0 Al AOOEI
Siriusredand Mil er 6s el astin staining was used to
within cartilage and | abral ti ssue. Mi Il |l ero

Sirius red binds to collagen fibres parallel to their long axis staining tkd under brightfield

illumination or giving them an enhanced birefringence under polarised light.

Following dewaxing and rehydration, slides were immersed in potassium permanganate for 5
minutes then rinsed using distilled water. Sections were thereised in oxalic acid for 2
minutes followed by two rinses in distilled water for 1 minute and 4 minutes. Sections were
sequentially immersed in 70 % (v/v) ethanol for 1 minute, 95 % (v/v) ethanol for 1 minute
before staining wiodrholldhing dtaging) sectien$ veere trirised inP®% 1
(v/v) ethanol until clear, 70 % (v/v) ethanol for 1 minute, followed by tap water for 2 minutes.
Sections were then stained using Weigerts haematoxylin for 10 minutes then rinsed in tap water
for 1 minue. Sections were then differentiated in acid alcohol for 1 minute before being rinsed
in distilled water for 30 seconds and immersed in picro sirius red for a further hour. Before

dehydration and mounting, sections were rinsed in distilled water aneldotirtt.

2.6.4 Alcian blue

Alcian blue was used to visualise GAGs in the labral tissue. Alcian blue stains acid mucins
(including GAGs) within the tissue whilst a
(PAS) was used to stain the neutral mucindsdil haematoxylin was used to stain cell nuclei.
Alcian blue stain could not be used on acetabular sections as decalcification with EDTA

removes proteoglycans from the tissue.

Following dewaxing and rehydration slides were immersed in alcian blue foniddtes
followed by running tap water for 1 minute then rinsed in distilled water. Slides were then
immersed in periodic acid for 5 minutes then rinsed in distilled water three times before being
immersed in haematoxylin for 90 seconds. Before dehydratimh mounting, sections were

rinsed in tap water until clear.
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2.7 lmmunohistochemical staining methods

Immunohistochemistry was used to identify the main collagen types present in the acetabular
labrum and cartilage. Antibodies bind specifically to thegamts present in the collagen fibres.

A secondary antibody, tagged with a stain, attaches to the primary antibody to allow the
visualisation of the antigen. The secondary antibody must be raised against the IgG of the same

animal in which the primary antibdyg has been raised.

2.7.1 Immunohistological reagents

The following reagents are used during immunohistochemical analysis:
Antibody diluent (TBS, 0.1 % (w/v) Bovine Serum Albumin, 0.1 % (w/v) sodium azide)

Antibody diluent was prepared by combining 6 ml sodium azide (1 % (W/v))uBBQ% (W/V)
bovine serum albumin (BSA) and 4@l TBS. The solution was adjusted to pH 7.6 and made up

to 60 ml with TBS.The solution was stored at@ for up to three months.
Bovine Serum Albumin solution (5 % (w/v) BSA)

BSA solution was prepared by dissolving 2.5 g (BSA) into 50 ml PBS and passing through a 0.2

pum filter. The solution was stored frozen for up to six months.
Hydrogen peroxide solution (3% (v/v))

Hydrogen jgroxide solution was prepared by combining 20 ml hydrogen peroxide (30% (v/v))

with 180 ml PBS. The solution was used immediately.
Pepsin working solution (0.5 % (w/v) in 5mM HCL)

Pepsin stock solution was prepared by diluting 100 mg pepsin into 10 M Hidh (pH 2.0).
The solution was diluted to a working concentration by combining 1 ml pepsin stock solution

with 1 ml distilled water. The solution was used immediately.
Substrate Chromogen

Substrate chromogen was prepared by combining pR03,3-diaminokenzidine (DAB)

chromogen and 1 ml substrate buffer. The solution was used immediately.
Sodium chloride solution (3 M)

Sodium chloride solution was prepared by dissolving 175.32 g sodium chloride into 1 L distilled

water. The solution was stored at room temperature for up to one month.
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TBS containing 0.05% (w/v) Tween 20 (TBST)

TBS Tween was prepared by combining 300 ween 20 with 1 L TBS and adjusted to pH 7.6.

The solution was stored at room temperature for up to three month.
Tris buffered saline (TBS)

Tris buffered saline was prepared by combining 25 ml 2 M tris solution with 50 ml 3 M sodium
chloride and made ujp 1 L using distilled water. The solution was stored at room temperature

for up to one month.
Tris solution (2 M)

Tris solution was prepared by dissolving 242.26 g trizma base into 500 ml distilled water and
adjusted to pH 7.6. The solution was then enap to 1 L using distilled water. The solution was

stored at room temperature for up to one month.

2.7.2 Immunohistochemical methods

Following dewaxing and rehydration of specimens (secfioh2.), antigen retrieal was
carried out if requiredSections were then immersed in hydrogen peroxide for ten minutes
followed by running tap water for three minutes. All tissue sections were circled using a
hydrophobic markerto minimise the volume of solutions required, then rinsed in TBS for ten
minutes. Sections were incubated in dual endogenous enzyme block at room temperature for ten
minutes, then washed twice in TBS for ten minutes each. Sections were incubatgtigh 50
diluted primary antibody, in a humidified chamber, for one hour, followed by two-TBS
washes and two TBS washes, for ten minutes each. Sections were labelled with polymer
horseradish by incubation for thirty minutes in the dark followed bytemaminue TBST and

TBS washes. Each section was covered in chromogen DARI)(80d incubated for ten
minutes, then washed four times using distilled water. Sections were counterstained in
haematoxylin for ten seconds then rinsed using tap water until it ran $ktions were placed

into Scottdés tap water for three minutes th

minutes, before being dehydrated and mounted.

2.7.2.1 Antigenretrieval

Antigen retrieval was carried out to unmask hidden antigens by brehkingotein crosinks

formed during fixation.
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Proteinase K

Proteinase K was added dropwise to each section and incubated at room temperature for twenty

minutes. Sections were then rinsed in TBS for five minutes.
Pepsin

Sections were covered with @#p workingsolution 0.5 % (w/v)) and incubated for fifteen
minutes at 37C in a humidified chamber. Sections were allowed to cool for ten minutes then

rinsed twice in TBST for two minutes.
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2.8 _Statistical analysis_

Statistical analysis of numerical, pentage, and interpolated data was carried out using the
methods listed below. Numerical data was statistically analysed to find significant differences
between data groups. Prior to statistical analysis, percentage data was arcsine transformed and

photoméric data was interpolated from standard graphs.

2.8.1 Parametric numerical data

Parametric numerical data was analysed using Origiséftvare, versio®.1 andor Microsoft

Office Excel 2013,including the descriptive statistical package. Data was presented as the
mean N 95 % conf i dencleo wWay rapeated &n@lysiy pf vddce = 0 .
( ANOVA) was used for comparison of means O
comparison test veaused to identify significant differences between the groups. Data was

accepted as significantly different when U O

2.8.2 Percentage data

In order to fulfil the assumption of normally distributed datawn-way ANOVA, percentage

data was initially testéfor normality using histograms. Data not normally distributed was then
arcsine transformed. Statistical analysis was carried out as previously described 2s@dion

on arc sine data then values were back transformed for graphical representation. Data was

presented as the arithmetic mea®5% CL of arcsine values.

2.8.3 Interpolated data

For data which required interpolation, linear regression analysis was performed on standard

curves.
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2.9 Summary

To conclude, various methods within this study use generic methods to prepare tissue,
equipmentand solutions which have been detailed in thigpter. Tissue acquisition methods

have been developed to produce samples for mechanical characterisation including compression
and tensile testingas well as biological characterisation including assays, histolagg
immunohistochemistry.Specific metlbdology including specimen sizes, orientation, and

location are detailed in the subsequent chapters.
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Chapter 3
Biological and b iochemical charact erisation of
porcine and human a cetabular labrum and

articular cartilage
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3.1 Introduction

The purpose of the study detailed in this chapter was to investigate the morphology of the
acetabulum and the biological constituents and structure of the porcine and human labrum and
cartilage. As discussed in Chapter 1, diseases of the hip, such asdHADH, are associated

with damage to the acetabular labrum and are thought to be an initiad@ @feunig et al.

2009) Duringdamage, the labrum can become torn and/or separatedhfeomdjacent articular
cartilage, resulting in a reduction of thanctional ability of the tissues. Scientific understanding

of the acetabular labrum is limited and hence, the etiology of damage in diseases such as FAI or
DDH is relatively unknownIn order to fully understand how the acetabular labrum becomes
damaged, it is important to understand the structure of the tissue and its interaction with the

articular cartilage, from which it can become separated.

In this part of the study, the compositiondastructure of the labrum and cartilage were
compared to identify structural and functional differences between the two tissues. The function
of the hip joint is to support load and provide stability during movement, which is possible due

t o t he omdostisnuardéssucture. GAGs and water are responsible for the compressive
strength of the tissue, by reducing fluid flow, where as collagen provides stability due to its
tensile strengtiiLohmander 1988; Bader et al. 1992; Kadler et al. 19B6jcine tissue is often

used to model less readily available human tissuestiery in order for porcine tissue to model
human tissue, it must be structurally similar in order to provide the same function. This chapter
also compared the constituents and structure of porcine and human tissue to ensure porcine
tissue is a suitable metfor future chapters fdan vitro simulationof the human hip. Previous
studies have been performed to characterise bovine and human acetabulafFabguison et

al. 2001; Petersen et al. 2003pwever, porcine tissue is more readily available and more
closely corresponds in size to the human(iigylor et al. 2011)Tot he aut hor 6s kno

studies exist on the biological characterisation of the porcine labrum.

In order to assess the composition of the tissues, biochemical analysis was used to identify
water, GAG, and collagen concentrations and the distributidheotonstituents was analysed
using histology and immunohistochemistry, which provided detailed knowledge of the structure
and transition of the tissues. In order to identify changes in structure around the hip joint,
biochemical analysis was performed looth loadbearing and notoad-bearing regionsf the

labrum, acetabularcartilageand femoral cartilage. Histology and immunohistochemistry was
carried out on the superior, posterior, and anterior regions of the acetabulum for porcine tissue
and comparedo the anterior region of the acetabulum of human tissue. Differences in
constituents or structure could result in varying mechanical properties; therefore it was

important to identify any differences for future mechanical testing studies.
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3.2 Aims and object ives
Aims:

The aim of the study presented in this chapter was to characterise the morphology, structure,
and constituents of the labrum, acetabular cartilage, and femoral cartilage and the transition
between the tissues in the human and porcine hip. Italgasthe intention to determine any
differences between loamkaring and notoadbearing regions of tissues or between femoral

and acetabular cartilage fluture mechanical studies.
Objectives:

To characterise the hip joint including morphology and.siz
To quantify biochemical components, including water, GAGd collagen content of
the labrum, in comparison to cartilage.

T To quantitatively assess differenceshiochemical constituents itoad-bearing and
nonloadbearing regions and between acataband femoral cartilage.

1 To qualitatively assesand comparéhe tissuestructure using histologytp determine
general histoarchitecture, as well as collagen and GAG distribution.

1 To identify and comparecollagen types and distribution within thessues using
immunohistochemistry

1 To qualitatively assess the labrrtilage junction and identify the transition from one

tissue to another.
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3.3 Biochemical characterisation materials

Labral and osteochondral pins were extracted from the femoral head, acetabulum, and labrum as
described in Sectio®.3.5and lyophilised as described in Sect3.8 Femoralosteochondral

pins wereextractedfrom a loadbearing regiorat the mid point between the ligamentum teres

and cartilagdemoral neck junction, inhe superior directionT@aylor et al., 2011Figure 3-1).
Non-loadbearing pins were extracted from the furthest point piostes the loaebearing pin

without crossing the cartilagiemoral neck junction. Acetabular osteochondral pins were taken
from mirrored locations to the femoral head. Labral pins were extracted above the acetabular
pin locationsin the radial directionPorcine tissue was used to evaluate the difference in load
bearing and notoadbearing regions for femoral cartilage, acetabular cartilage, and labrum.
Human tissue from a lodakaring region was compared to porcine tissue from atleadng

region for waer, GAG, and collagen concentrations.

Load-bearing pin X Ligamentum Teres
P Superior
64 Load-bearing pin _

Non-load-
bearing pin

Non-load-
bearing pin

Cartilage-femoral

neck junction
. )
:

Superior/inferior

Anterior/posterior

Figure 3-1 Femoral head osteochondral pin extractionDiagram detailing the locations of
femoral osteochondral pin extractioh®adbearing and nofoad-bearing pin extraction
locations are showirigure adaptettom https://en.wikipedia.org/wiki/Femoral _headd

Taylor et al. 2011
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3.4 Biochemical characterisation methods

3.4.1 Determination of water content method

The water content of a tissue was calculated from the difference between the wet and dry weight
of the tissuel{efore and after lyophilisatiyrand presented as a percentage of the wet weight of
the tissue. Porcine tissue (n=6) was used to identify differences in water content for acetabular
labrum, acetabular cartilage, and femoral cartilage for-bzsding and notoad-bearing
regions. Porcia and human tissue (n=6) was used to calculate the water content in acetabular

cartilage and labrum.

3.4.2 Determination of GAG content method
GAG content was determined using the DMB ass&y described in Sectidh4.1 Porcine

tissue (n=6) was used to identify differences in GAG corftanacetabular labrum, acetabular
cartilage, and femoral cartilage for lebdaring and noioad-bearing regions. GAG content
was detrmined for porcine and human samples (n=6) in acetabular cartilage and labrum. GAG
content was determined by measuring the optical density of the tissue, using a
spectrophotometer at a wavelength of 525 nm, following incubation in DMB dye. Prior to
incubdion in DMB dye, the tissue was lyophilisation, digested in papnd diluted in assay
buffer. A dilution factor of 1 in 25 was found to be optimal for all porcine tissue and human
cartilage however, due to the low volumes of GAGs in the human labrarjghest dilution
factor of 1 in 2 was selected (secti®d.2.]). GAG content was determined for the dry weight

of the tissue.

3.4.2.1 GAG sample dilution factor

Before tissue samples were assayed they required diluting in assay buffer to ensure they fell
within the linear region of the standard cur{&0125 to 5Qug.ml?) to allow for accurate
absorbance readinggtigure 3-2). In order to determine the dilution factor, a range of
concentrations were investigategtluding 1 in 10, 1 in 25, and 1 in 50 arepeated on three
samples for both cartilage afabrum using humandsue, as porcine tissue had been previously
optimised within the institution. Athe highest lineastandardconcentration of 5Qig.mf the
absorbance was 0.285 for cartilage and 0.289 for labrum, at the lowest linear standard
concentration of 3.12fg.mi* the absorbance was 0.0.25 for cartilage and 0.019 for labrum
Therefore, a dilution factor which gave an absorbance reading between these values was
suitable. For cartilage tissue a dilution factdrl in 25 wasfound to be mossuitable, as a
dilution of 1 in 10 lay close to the top of the linear region and sample a dilution of 1 in 50 lay
close to the botto of the linear regionAll labral samples fell below the linear region of the
standards graph therefore; the highest dilution factor of 1 in 2selested for human labral
samplesTable3-1).



Figure 3-2 GAG assay standardsAbsorbance a525 nmof chondroiin sulphate Bstandards
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Table 3-1 Absorbency readings for GAG assaylilution factor . Three samples wetested at

three dilution factors for both human cartilage and labrum. The absorbency readings are shown

in the below table.

Sample| Sample| Sample Sample| Sample| Sample
Cartilage 1 2 3 Mean Labrum 1 2 3 Mean
1in 10 0.11 0.28 0.21]| 0.20 1in 10 0.00| -0.02 0.00| -0.01
1lin 25 0.05 0.13 0.09| 0.09 1lin 25 0.00 0.00 0.00 0.00
1in 50 0.02 0.06 0.05| 0.05 1in 50 0.00 0.00 0.00 0.00

3.4.3 Determination of collagen content method

Hydroxyproline content was determineddescribed in SectioR.4.2and expressed as collagen

content using a conversion factor of 7.14 due to its repeatability within collagen fibrils
& ORoRind tiesne (r=@y8sQued to identify differences in collagen

(Edwa

content for acetabular labrum, acetabular cartilage and femoral cartilage fdrelmadg and

r ds

non-load-bearing regions. Porcine and human tissue (n=6 and n=5, respectively) were used to

determine the collagen content in acetabular cartilage and labrum. Following lyophilisation, the

tissue was hydrolysed in hydrochloric acid and diluted by 1 in 5pdarine tissue and 1 in 10
for human tissue (Sectiod.4.3.] .

measure the optical density using a spectgheter at a wavelength of 750 nm.

Chil
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choés



83

3.4.3.1 Collagen sample dilution factor

As with the GAG assay, before tissue samples were assayed they required diluting in assay
buffer to ensure they fell within the linear region of the standards ¢Fagire3-3). In order to
determine the dilution factor, a range of concentrations were investigated including 1 in 5, 1 in
10, 1 in 25, and 1 in 50 and repeated on three samples forcadilage and labrum using
human tissue, as porcine tissue had been previously optimised within the institution. At the
highest linearstandardconcentration of 25 the absorbaneas 1.7and at the lowest linear
standard concentratiarf 2 theabsorbancevas 0.2. Therefore, a dilution factor which gave an
absorbance reading between these values was suitable. For both tissue types a dilution factor of
1in 10 wadound to be most suitablascartilagesample 2 for a 1 in 5 dilution lay close to the

top ofthe linear region andll sample atl in 50and labral samples at 1 in By close to the

bottom of the linearegion Table3-2).
2.500 -
2.000
1.500

1.000

Absorbance (750 nm)

0.500

0.000 . . . .
0 5 10 15 20 25 30 35

Standard concentrations (ng.ml?)

Figure 3-3 Collagen assaytandards Absorbancet 750 nnof trans4-hydroxy-L-proline
standardsg, 2, 4, 6, 8, 10, 15, 20, 2&and 30(ug.mr?). Dashed box encloses the linear region.

Table 3-2 Collagen tissue dilution absorbenciesThree samples were tested at four dilution

factors for both human cartilage and labrum. The absorbeacings are shown in the below

table.
Cartilagel Sample 1Sample 2Sample 3 Labrum [Sample 1Sample 2Sample 3
lin5 1.478 1.633 0.944 lin5 1.058 0.977 0.88(
1in 10 0.964 0.839 0.641] 1in 10 0.599 0.541 0.495
1lin25 0.473 0.502 0.434 1in 25 0.279 0.297 0.264
1in 50 0.284 0.246 0.25] 1in 50 0.210 0.191 0.182
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3.5 Biological characterisation methods
The following methods were used to prepare and stain acetabular tissue for histological and
immunohistochemical analysis to determine the distribution of GAGs and collagen latital

and cartilage tissues and to identify the transition between the two tissue types.

3.5.1 Histological evaluation

Acetabular and labral sections were preparedeasribed in SectioB.3.7. Sections were taken

from three regions around the acetabulum; anterior, postamor superior for porcine tissue

(n=6 in 3 regionsFigure 3-4) and from the anterior region for human tissue (n=5 acetabular,
n=6 | abrum). Acetabul ar sections were staine
described in Section®.6.2 and 2.6.3 respectively Labral sections were stained using alcian

blue asdescribed in SectioR.6.4 Labral sectionsvere prepared without the subchondral bone

to avoid the need for decalcification, which was found to remove GAGs from the tissue,
identifiedduring a pilot study.

3.5.2 Immunohistochemical evaluation

Acetabular sections were preparediascribed in SectioR.3.7. Sectionsvere taken from three
regions arand the acetabulum; anterior, posterior and superior for porcine tissue (n=6 in 3
regions, Figure 3-4) and from the anterior region for human tissue (n=6). The etisgas
incubated with markers for collagen types | and Il. The general immunohistochemical methods

used in this study amescribed in SectioR.7.

P

Superior

Posterior

Figure 3-4 Anatomical locations of the acetabulumThe acetabulum, including the labrum
and cartilage, is split into three regions, the posterior, superior and anterior. The inferior region
of the acetabulum contes the transverse acetabular ligament and the acetabular fossa. Image

shown is a right porcine hip.
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3.5.2.1 Antibody labelling optimisation

All antibodies used throughout this study are present&ainte 3-3. Alongside the antibodies

are the isotypes, dilutions, antigen retrieval method, and the control tissues. Prior to labelling
tissue sections with antibodies, the methods and concentrations were optimised. Optimisation
was required for the primary antibody type and duration as well as the antigen retrieval type and
time. The final antibodies and retrieval methods used in this study are highlighted in green,
alongside the conditions usddnsuccessful methods were rejectled to either staining ahe
negative contralissueor lack of staining on the positive control tissues.

Table 3-3 Table of antibodies and antigen retrieval methods optimised for staining of

human tissue.Final antibodies and conditions used are highlighted in green.

Primary Antibody Isotype Control / Antigen Retrieval Optimised
Control Tissue porcine/human

AB34710 Rabbit 1gG Antigen unmasking Human
Collagen | 1hr, room solution 30 min 60C Unsuccessful
1:500 temperature
1hr room temperatur¢ Tendon
AB34710 Rabbit 1gG Pepsin Porcine
Collagen | 1hr, room 20 min 37C humidified | unsuccessful
1:100 temperature chamber
1hr room temperatur¢ Tendon
AB34710 Rabbit 1gG Proteinase K Human
Collagen | 1lhr, room 20 min room temperatur{ unsuccessful
1:100 temperature
1hr room temperatur¢ Tendon
MAB3391Collagen | | Mouse IgG1 Proteinase K Porcine successful
1:50 1hr, room 20 min room temperatur
1hr, room temperature
temperature Tendon
MAB3391 Collagen | Mouse IgG1 Proteinase K Porcine successful
1:100 1hr, room 20 min room temperatur{ Human
1hr, room temperature Unsuccessful
temperature Tendon
MAB3391 Collagen || Mouse IgG1 Proteinase K Porcine successful
1:150 1hr, room 20 minroom temperature
1hr, room temperature
temperature Tendon
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MAB3391 Collagen || Mouse IgG1 Proteinase K Porcine successful
1:200 1hr, room 20 min room temperatur
1hr, room temperature
temperature Tendon
MAB3391 Collagen || Mouse IgG1 Proteinase K Porcine successful
1:100 1hr, room 20 min room temperatur
lhr, 37°C temperature
Tendm
MAB1330 Collagen | Mouse IgG1 Proteinase K Porcine
1] 1hr, room| 20 min room temperatur{ unsuccessful
1:50 temperature
1hr, room Trachea
temperature
MAB1330 Collagen | Mouse IgG1 Proteinase K Porcine
1] 1hr, room| 20 min room temperatur{ unsuccessful
1:100 temperature Human
1hr, room Trachea unsuccessful
temperature
MAB8887 Collagen, Mouse IgG1 Pepsin Porcinesuccessful
[l 1hr, room| 20 min 37°C humidified | Human successful
1:100 temperature chamber
1hr, room Trachea
temperature
MAB8887 Collagen Mouse IgG1 Pepsin Porcine successful
1] 1hr, room| 20 min 37°C humidified
1:150 temperature chamber
1hr, room Trachea
temperature
MAB8887 Collagen Mouse IgG1 Pepsin Porcine successful
I 1hr, room| 20 min 37°C humidified
1:200 temperature chamber
1hr, room Trachea

temperature
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3.6 Results

3.6.1 Macro scale observations

Following dissection antheasurements (sectid3.4), macroscopic differences between the
porcine and human hip joint were obser{Eajure 3-5 andTable 3-4). The human acetabulum

was 22% larger in diameter thathe porcine acetabulurfigure3-5 A and B and had a deeper
labrum Eigure 3-5 C and G. Within both species, the labrum was deepasthe superior
region, followed by the posterior region, then the anterior region. The human acetabulum had a
deeper socket than the porcine acetabulum, creating a steeper articulating surface. The porcine
hip joint also had a larger greater trochanterebsihorter femoral neck lengthigure3-5 B and

F). The femoral head of the human joint appeared rounder than the porcine femoral head, which
was elongated in thmedial-lateral direction(Figure3-5 D and H. The cartilage surfaces of the
human tissue appeared duller and the joint more yellow in Gotlug to the production of
advanced glycation end produdis,comparison to the glossy bluéhite porcine cartilage and

white labrum Figure 3-5). Glycation of progins causes disruption to the molecular

conformation, the enzymatic activity and rec

and results in damage to the tissuel yellowing.

Figure 3-5 Macroscale observation of the human and porcine hip jointA i Human
acetabulum. B Human femoral head, femoraéck, and greater trochanter. luman
Labrum. Di Human femoral head. EPorcine acetabulum.iFPorcine femoral head, femoral
neck and greater tchanter. @ Porcine labrum. H Porcine femoral head.
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meant 95 %CL.

Table 3-4 Summary of human and porcine specimen geometrfData represented as the

Cup Cup Labrum depth (mm)
diameter depth ) ) )
(mm) (mm) Superior | Anterior | Posterior
. 38.17+ 20.23+ 4,90+ 1.16 + 275+
Porcine| 5 14 1.82 0.90 0.18 0.75
Human 48.86 + | 30.23 11.02 £ 497 £ 7.85+
3.36 5.62 1.85 1.36 5.62

3.6.2 Determination of water content

3.6.2.1 Water content comparison between loaddearing and nonload-bearing
regions and femoral and acetabular cartilage and acetabular labrum for

porcine tissue

The water content of the acetabular labrum was significantly lower (p<t@:6%vay ANOVA)

in comparison to femoral and acetabular cartilage howewersignificant difference was
observed between lodmkaring and notoad-bearing regions within a tissue type or between
acetabular and femoral cartilageidure 3-6). All cartilage types tested had a mean water
content of between 75 % and 76 % and labrum between 67 % and 70%. As no significant
differences were found (p>0.0%yo-way ANOVA) between loatbearing and notoad-bearing

regions and between femoral and acetabular cartilage, only acetabular cartilage and labrum from

a loadbearing region was analysed for human tissue.
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Figure 3-6 Water content o porcine acetabular cartilage, femoral cartilage and
acetabular labrum, from load-bearing and nonload-bearing regions.Data is expressed as a
percentage of the wet weight for a given tissueraptesenteds the mean (h=&) 95 %CL.
Data was subjecbtarcsire transformation prior to data analysis and expressed as the back
transformed mearbata was analysed/ttwo-way ANOVA and individual means compared by

a Tukey test. * indicates p<0.05.

3.6.2.2 Determination of water content in human and porcine tissues

Porcine cartilage had a significantly higher water content @ % compared to human
cartilage, 69 %; however no significant difference was observed between species for the
labrum. Within a species the water content varied significantly between the tissues types for
porcine tissue, however no significant differences were observed between humarecantiag
labrum (p<0.05two-way ANOVA). Although significant differences were observed between

tissue types and species, overall, all tissue types had a mean water content between 69 % and
75% (Figure3-7).
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Figure 3-7 Water content of human andporcine cartilage and labrum. Water content
shown as a percentage of the wet weight for a given tissue and representedesnthed5 %
CL (n=6). Data was subject to arcsine transformation prior to data analysis and expressed as the
back transformed meaBata was analysed/two-way ANOVA and individual means
compared by a Tukey test. * indicates p<0.05.

3.6.3 Determination of GAGuantification

3.6.3.1 GAG quantification comparison between lodaring and nonload-bearing
regions and femoral and acetabular cartilage and acetabular labrufar

porcine tissue

GAG concentration was significantly lower in labral tissue compared to cartilageeti
however; no significant differences were observed betweenrbleadng and nofoad-bearing
regions and between acetabular and femoral cartifigare3-8). All cartilage tissue types had
a mean GAG concentration between 176 and lg7ng!, whereas the labrum GAG
concentration was between 29 andug7mg®. As no significant differences were found (p>0.05
two-way ANOVA) between loaebearing and nofoad-bearirg regions or between femoral and
acetabular cartilage, only acetabular cartilage and labrum from ebézaihg region will be

analysed for human tissue.
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Figure 3-8 GAG quantification of porcine acetabular cartilage, femoral cartilage and
acetabular labrum, from load-bearing and nonload-bearing regions.Data is expressed as
the mean (n=6) + 95 %L. Data was analysed Iwo-way ANOVA and individual means
compared by a Tukdgst. * indicates p<0.05.

3.6.3.2 Detamination of GAG concentration in human and porcine tissues

Analysis of GAG quantification results for labral and cartilage tissue, in both species, showed
large variations in the quantities of GAGs in different tissue typégule 3-9). The GAG
content of the labrum was significantly lower than that of cartilage for both human and porcine
species (p<0.05wo-way ANOVA). The concentration of GAGs in the labral tissuas 67
ug.mg* and 4 ug.mg for porcine and human tissue, respectively, compared to 186 tigumayg
70 ug.md in the cartilage tissue. A trend was also identified across the species, with porcine
tissue having significantly higher concentrations of GABmpared to human for botlssue
types Human tissuecontained approximatel94 % lessGAGs in labral tissue and 62 %&ss

GAGs incartilage tissue compared to porcine tissue.
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Figure 3-9 GAG gquantification of human and porcine cartilage and labrumData is
expressed as the mean (n=6) + 9&€& Data was analysed Iyo-way ANOVA and
individual means compared by a Tukegt. * indicates p<0.05.

3.6.4 Determination of collagen quantification

3.6.4.1 Collagen quantification comparison between loatbearing and nonrload-
bearing regions and femoral and acetabular cartilage and acetabular

labrum for porcine tissue

Collagen concentration was significantly higher in labral tissue compared to cartilage tissue
however; no significant differences were found between lbadring and noipad-bearing
regions or between acetabular and femoral cartilemgrife 3-10). As no significantdifferences
were found (p>0.0%5wo-way ANOVA) between loaebearing and notoad-bearing regions or
between femoral and acetabular cartilage, only acetabular cartilage and labrum from a load

bearing region will be analysed for human tissue.
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Figure 3-10 Collagen quantification of porcine acetabular cartilage, femoral cartilage and
acetabular labrum, from load-bearing and nonload-bearing regions.Data is expressed as
the mean (n=63 95 %CL. Data wasanalysed  two-way ANOVA and individual means

compared by a Tukey test. * indicates p<0.05.

3.6.4.2 Determination of collagerguantification in human and porcine tissues

Analysis of collagen concentration for human and porcine tissues showed a variation between
species and tissue typebidure 3-11). An overall trend was observed for labral tissue which,
contained more collagen than cartilage tissue and for porcine tisswah, widd a higher
collagen content than human tissue. Porcine labrum containedgo™@* of collagen, where

as the collagen content of the human labrum was significantly lower withdp@&* (p<0.05
two-way ANOVA). Human cartilage collagen content wagpeoximately 25 % lower than that

of the porcine cartilage, although this was not significant, with86ehg* and 484ug.mg* of

collagen, respectively.
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Figure 3-11 Collagen quantification of human andporcine cartilage and Bbrum. Data is
expressed as the mean (n28)5 %CL. Data was analysed/ttwo-way ANOVA and
individual means compared by a Tukey test. * indicates p<0.05.

3.6.5 Histological evaluation of labrum, cartilage, and the labral

cartilage junction

Qualitative histologicalanalysis of the acetabulum was used to identify variations in structure

and morphology across three different regions within gbecine acetabulumand between

human and porcine tissud&E was used to visualise tissuetbarchitecture and sirius red and
Milleréds elastin was used to identify <coll a

indicate the distribution of GAGs within the tissues.

3.6.5.1 Morphology of the anterior, superior, and posterior region of the porein

acetabulum

H&E staining of the anterior, superior, and posterior porcine acetabulum showed slight
variation in the morphology of the acetabulufig(re 3-12 A-C). In the posterior region,
(Figure3-12 A) the labral apex of the acetabulum was rounded in comparison to the triangular
anterior region Kigure 3-12 C). The apex of the superior region varied between samples. In
three out of the six hips the apex was larger, with an overhang onto the articular stigaee (

3-12 B) and in the remaining three hips the apex was rounded, similar to the posterior region
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(Figure3-12 C). The labral base in the porcine superior region was thicker from the articulating
surface to the external wall, compared to the other regions. The curvature of the articulating
surfaces varied around the porcine acetabulum from the concave supdsaoe soithe steeper

and flatter anterior surface.

H&E staining of the human acetabulum identified similar structures to the porcine acetabulum.
In both species, the labrum formed an apex from the top of the articulating surface, over the
subchondral boneotthe exterior side of the acetabulum. However, in the human acetabulum,
the labrum stopped just below the apex of the subchondral bone on the external side where as
the labrum continued down the external side to almost the base of the acetabulum iicitiee po
tissue Figure 3-12 D). The morphology of the anterior human apex varied between samples,
with three out of the five samples having a rounded alpigxife 3-13A) and the remaining two
samples having a triangular apekigure 3-13B). The curvature of the human anterior
articulating surface was steep, similar to that of the porcine anterior surface.
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Figure 3-12 H& E staining of the acetabular crosssections from three regions around the
porcine acetabulum and the anterior human acetabulumA i Porcine posterior region. B
Porcine superior region. iCPorcine anterior regionD i Human anterior region. Images x
2.5magnification, scale bars represent 2(64
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Figure 3-13 Variation in labral morphology of the human acetabulum.H&E staining of the
human acetabulum. Arounded labral apex. BTriangular labral apexmages x
2.5magnification, scale bars represent 2Q84

3.6.5.2 General tissue histoarchitecture of the acetabulum

The overall morphology of the porcine and human acetabulum and the tissue locations are
shown inFigure 3-14. H&E staining of acetabular cross sections identified slight variation in
tissue structure between the posterior, superior, and anterior regions of the porcine acetabulum
however; larger variations betes the two species were identified. Within the porcine labrum
there were two main regions identifiable with respect to tissue structure; the internal region,
covering the articulating surface of the acetabulum and the middle of the apex, and the external
region forming a thin band from the top of the apex and around the exterior side of the
acetabulumKigure 3-14 A). In the human acetabulum, the junction between nkernal and
external labrum was less distinct than in porcine tissue. The internal region of the human labrum
was curved on the articulating surface, forming a slight overhanglafidrom the cartilage.

The main region of the internal labrum, within tm@man labrum, was supported from behind

by the subchondral bone however, a thin band continued up the articulating surface of the apex.
The external labrum comprised the majority of the apex and transitioned gradually into the
internal labrum Figure3-14 B). Cartilage covered the majority of the articulating surface of the
porcine acetabulum, where as in the human acetabulum the internal labrum extended further

down the articulating surfacatb the acetabular cup.
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Figure 3-14 H&E staining of the porcine and human acetabulumA 7 Porcine acetabulum.
B 1 Human acetabulum. Image x 2.5 magnification, scale bar eps2900um.

The internal region of the porcine labrum was cartiige with a smoothsurface,randomly
orientated cells located in lacunae, and blood vdisektructures Figure 3-15 A-C). There

was a distinct junction between the internal and external porcine laBigor€3-15 E-G). The
external porcine labral region was thinner titla@ internal labrum in most locations around the
acetabulum however, the ratio of the two tissue regions varied between sarhplesception

was the superior region where, tine three rounded apicesthe connective tissue structure
composed the entidabral apex including the overhang area above the cartildge external
region was a dense regular connective tissue with flattened cells located in clusters between
fibre bundles Figure 3-15 I-K). In the human labrum there were two regions, less distinct than

in the porcine labrumRAjgure3-15 H), both regions were fibrous babntained little or no cells
(Figure 3-15 D & L). The internal labrum was mainly composed of fibrocartilagguyre
3-15D) and the external labrum was a combination of dense regular and irregular connective
tissue Figure3-15L).
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Figure 3-15H&E staining of labrum. Staining of the porcine posterior, anterior & superior
regions and the human anterior region. inlnternal labrum. Exli External labrum. Images x
10 magnification, scalbar represents 1.

H&E staining of porcine cartilage tissue identified typical cell orientations within the tissue.
The cells formed linear columns perpendicular to the subchondral bone above the calcified
cartilage,morphingto round randomly distrilted cells in the middle zone and smaller flatter
cells in the superficial zond-igure 3-16 A-C & E-G). The human cartilage had fewer cells in
comparison, which weregandomly orientated throughout the tissue with no zones visible
(Figure3-16 D & H). The surface of the porcine cartilage was smooth and intact compared to
the roudp irregular human cartilageurface(Figure 3-16 A-D). Although he tidemark of the
human cartilage was more defined compared to the porcine ,tigsssbowed signs fo
thickening, associated with damadeégure 3-16 E-H). Within the human tissue the junction
between the cartilage and labrum could be clearly identified, with the smooth surface of the
cartilage transitioning into the fibrous labrum, unltke porcine tissue where both tissue types
appeared smooth and cartildges. The location of the labralartilage junction varied between

samples within human tissue.
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Figure 3-16 H&E staining of cartil age.Staining of the porcine posterior, anterior & superior
regions and the human anterior cartilage regioni C8rtilage surface. CM cartilage middle.
CB1 cartilage base. TL tide line. Images x 10 magnification, scale bar represen{s.00

3.6.5.3 Collagenand elastin structure of labral and cartilage tissue

Sirius red and Mill er s e isextions] uanders lrightfigld n g
illumination and polarised light, allowed the visualisation of collagen and elastin fibres. Under
normal Kohlerillumination both porcine and human acetabular tissue samples stained positively
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throughout for collagen, as seen by their red col@igufe 3-17). Elastin was foundo be
present around the lacunae and in the blood vessels of the porcine tissue skigptes (
3-17 C-E), identified by the positive dark purple staining howewer elastin was observed in

the human tissue samples
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Figure3-17Br i ght fi el d il l umination of sirius red
human labral and cartilage tissuelmagesx10 magnificationscale bar represents 100.

Circularly polarised illumination of Sirius
allowed estimation of collagen fibre diameter and orientation, within porcine and human labrum
and cartilageKigure 3-18). Fibre diameter was identified by the colour of birefringence, where

small fibres appeared green under polarised illumination, medium fibres yellow or orange, and
larger fibres ed.
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Figure 3-18P ol ari sed il l umination of sirius red
human acetabulum.A i Porcine acetabulum. BHuman acetabulunimage x2.5
magnification, scale baepresent2000um.
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In the porcine acetabulum, sirius red staining identified the external labrum to be mainly
composed of a tight mesh of larfjeres running radially around the socket of the acetabulum
which could be seen endn in the crossections. Athe exterioredge of the external labrum,

fibre bundles became aligned with the external surface in a thin superficial (Beayde
3-19A). At the internal/exterridabral junction, fibre bundles in the external labrum changed
alignment from radial to perpendicular to the junction, highlighted by a change in colour under
polarised light Figure 3-19 B). The main body of the internal labrum was found to be
composed omediumsized fibres fanned outwards towards the articulating surface of the tissue,
from the point where the internal labrum met the external labrum and subchbodel
Towards the articulating surface the fibre bundles decreased in size below the superficial layer,
indicated by green birefringencé&igure 3-19 C). At the labraicartilage junctionthe fibres
strdched from the cartilagénto the internal labrum, parallel to the articulating surface,
highlighted in yellow(Figure3-19 D). In porcine cartilage, medium sized fibres ran parallel to
the surface in a thin superficial region along the cartilage surface, separated from the middle
zone by small randomly distributed fibrésdure3-19 E). In the cartilage middle zonmedium
sizedfibres were mainly observed to be parallel to the subchondral(Bimee3-19 F). A thin

band of calcified cartilage ran above the subchondral bone, with small fibres aligned
perpendicularly to the surfacd-iure 3-19 F). No differences in collagen structure were

observed between the anterior, superior, and posterior porcine regions.

In the human acetabulum, the external region of the labrum was more heterogeneous than the
internal labrum with primarily large collagen fibreSimilar to the porcine external labrum,
fibres within the human external labrum appeared radially aligned around the acetabulum
(Figure 3-19 G). At the articulating surface there was evidence of a thin supetfiarad with

fibres aligned parallel to the surfadéhe junction between the internal and external labrum was
less clearand uniform than in the porcine tissue however, it was identified by the change in
birefringence and collagen fibre alignmeRigure 3-19 H). When stained usingrgis red, the
internal labrum was identified by a region of primarily sngaélenbirefringent collagen fibres,
curved to form a slight overhang above the cartilage surface on the articulatingrigige (

3-19 1). In comparison to the porcine acetabulum, the latgdilage junction was clearer in
human tissues. At the junction, the fibres from the labrum diffused into the cartilage and there
was a smooth transitidpetween the two tissuebkigure 3-19 J). Similar to porcine tissue, the
labralcartilage junction was below the top of the subchondral bone, and the labrum continued
around the top of subchondral bone to the external side of the acetabulum. The cartilage
superficial zone was identified by a band of medium and large fibres running parallel to the
surface Figure 3-19 K). Below the superficial zone, the middle of the cartilage was composed
of randomly orientated fibres of small and medium diameitigyufe 3-19 K). Like the porcine

acetabulum, the cartilage deep zone within the human acetabulum was identified by a band of
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small fibres adjacent to the subchondral bone however, the collagen fibrparadiel to the
surface Figure 3-19 L). The zones within the human cartilage were less clear than in the
porcine cartilage, with the deep zone of the human agetilarying greatly in thickness
between subjectOverall the mestike network of collagen fibres were less tightly packed in
the human acetabulum compared to porcine samples.
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Figure 3-19Pol ari sed il l umination of sirius red
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3.6.5.4 GAG dispersion within the human and porcine labrum

Alcian blue staining of labral sections showed the presence of GAGs inténeal porcine
labrum, identified by the positive blue stainirigigure 3-20 A-C). The porcine external labrum
and the human labrum showed little or no preserfid8AGs highlighted by the presence of
pink periodic acigSchiff counterstaining in these regiorfsgure 3-20 A-D). At the porcine
internal/external labral junctioBAGs could be seen dispersing from the internal labrum to the
external labrumKigure3-20 A-C).

A — Porcine Posterior B — Porcine Posterior

C - Porcine Anterior D — Human Anterior

Figure 3-20 Alcian blue stained porcine and human labral sectiondA i Posterior porcine
labrum. Bi Superior porcine labrum. CAnterior porcine labrum. D Anterior human labrum.
InL T Internal labrum. ExLi External labrum.ragesx 2.5 times magnificatiorporcinescale

barsrepresentd000um, human scale bar represents |5®0
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3.6.6 Immunohistochemical evaluation of labrum, cartilage, and the

labral-cartilage junction

Immunohistochemistry was used to identify the different collagen types present in the
acetabulum andio highlight the transition between different tissue types. The main collagen
types, I and I, were determined.

3.6.6.1 Distribution of collagen types

Immunohistochemical staining of acetabular sections identified two main collagen types present
in the acetabulumtype | collagen and type dollagen. Collagen type Il was identified in both

the porcine and human acetabulum howgs@tagen | was only identified in porcine tissue due

to unsuccessful optimisationf antibody labelling of thehuman samples. Ithe prcine
acetabulum the ¢grnal labrum stained positivBroughout for collagen | and the cartilage and
internal labrum stained positive throughout for type Il collagen, for all three regions, with a
clear junction between the two. In the human acetabuhencartilage and internal labrum
stained positive for type tollagen(Figure3-21).
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Figure 3-21 Immunohistochemistry staining of acetabular crosssections for collagen | and Il.Crosssections were stained for collagleftop row) and collagen
Il (bottom row. Positive staining of collagen is browimages 2.5 magnificationscale bars represent 1Q00.
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3.7 Discussion

The aim of this chapter was to analyse the biological characteristics of the soft tissues within the
hip and compare porcine and human tissue ferinsa subsequein vitro simulation model.

This included; analysing the hip on both a macroscopic and microscopic scale, to compare the
morphology, structure, and constituents within the tissues. Tissues were analysed from the
femoral head and acetabulumtwo regions; loadbearing and nofoad-bearing. As damage to

soft tissues in the hip is commonly associated with a loss of GAGs and degeneration of the
collagen matrix which affects the function of the tisgdeokoski et al. 2000the analysis
focused on these constituents. In addition, due to subsequent mechanical testing requirements,
different regions were analysed using the same methods to determine any differences and to
eliminate the need to mechanically test multiple regions and the derhead cartilage.
Currently no such study exists in the I|itera

Initial macroscopic analysis identified that the human acetabulum was larger than the porcine
acetabulum, in both diameter and depth, with the human acetalavimy a much steeper
articulating surface. The larger human labrum additionally increased the depth of the socket,
which has been noted in literature to increase the stability of théFbigusa et al. 2001;

Grant et al. 2012)The labrum was found to be deepest in the superior region as well as having
a more rounded apex in the posterior region compared to the triangular anterior region. These
results corresponded with the findings presented in studi€elues et al. 2001 aridarvani

2003 The human hip also varied in morphology from the porcine hip with a smaller greater
trochanter and longer femoral neck, as well as having a rounder femoral head. Although the
porcine hip was smaller than therhan hip, it is the closest in size compared to other readily
available tissues, such as ovine or boyifaylor et al. 2011and it is large enough for useim

vitro simulation systemsised tosimulate tissue damage. The acetabular morphology of the two
species did not vary significantly enough to cause concern for the use of porcine hipmas an

vitro simulation systenof the human hip.

Cartilage and labral tissue in the human hip showed signs of degeneration by their yellowed
appearance, associated wallder tissue. The cartilage surface appeared duller in comparison to
the glossy porcine cartilagéltman 1987)and thehuman tidemark showed signs of thickening,
associated with damad8eldes et al. 200Qhese degenerative changes have been reported in
the literature to have an effect on the mechanical properties of the tissue due to increased
stiffness(Bank et al. 1998; Verzijl et al. 2002begeneration of the human tissue was also
identified in the present study using H&E staining, vehéne cartilage surface appeared
roughened with loose collagen fibrils present and cells were less densely populated and
disorganised throughout. This supports the workSbtgckwell (1967, who stated that the

cellularity of cartilage decreases with age in homaAs the porcine tissue was skeletally
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immatureat six months oldReinwald & Burr 2008 andthe human tissue was damaged, it will

be important to take this into account during mechanical testintauittio simulation.

Microscopic analysis of the porcine acetabulum revealed little variation in structure between the
anterior, superior, and posterior regions within the hip, with the exception of the labrum in the
superior region having an overhang above the articulatagg@tand a larger area of connective
tissue in half of the samples analysed. The overhang of the porcine and human superior labrum
and its overall larger size may make it more susceptible to impingement and hence damage, as
observed in a study Ifyeldes et al2001).

The water content of tissues is responsible for the viscoelastic behaviour of a tissue and hence
by its confinement, enables the tissue to support(Batkira et al. 2013Yhe water content of

the labrum and cartilage from human and porcine species was assessed quantitatively using
tissue lyophilisdbn. Overall, water content accounted for approximately three quarters of the
tissues wet weight for all tissue types, which fell within the range reported for human cartilage
samples, of 685 % and meniscui the knega similar structured tissue to kaim) of 6075 %

(Speer 2005; Link 2011)The porcine labrum was found to have significantly lower water
content (7o) than porcine cartilage (75 %) however, no significant differences were found for
human tissue, this could be a result of the age and level of damage in the human tissue, which
has been associated with water reducfio®6 Ha r a e tt is dkely thatl carfildge had

higher water content due toitsleede ar i ng function as opposed
function, which assists in load sharifig & Mow 2008; Grant et al. 2012)

GAGs have been identified as havimgportant functions in loathearing tissues due to their
ability to retain water within the tissue matrfkohmande 1988; Bader et al. 1992GAG
content of porcine and human cartilage and labral tissue was assessed quantitatively using a
colourimetric assay with DMB dye, as well as GAG distribution in the porcine and human
labrum being assessed qualitatively usiairian blue staining. Quantitatively, GAG
concentrations followed a similar trend to water content, patitinecartilage tissue having a
significantly higher concentration of GAGs than the labrum; thisalss seen itlhuman tissue

for GAGsand as mentined previously is likely to be due to the tissuesJoaaring function.
Porcine tissue was also found to have a significantly higher GAG concentration than human
tissue for both the labrum and cartilage, likely due to the immaturity of the porcine fisgsie

is supported by a study carried out Roughley & White (1980 who reported GAG
concentratiordecreased with age. Although the same overall trend was seen between GAG and
water content, the significant differences were greater for GAG concentrations, with the human
labrum containing almost negligible GAGs. The histology results supported thdtafiant
results in this study, with human labrum containing very low concentrations of GAGs and the

porcine labrum staining strongly for GAGs. Within the porcine labrum, GAGs were mainly
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confinedto the internal region, with a small amount dispersing actios labral junction into

the external region.

Collagen fibre bundles provide structure to a tissue and their formation is related directly to the
stress placed on,itvith fibrils orientated in the direction of the greatest tengRetersen et al.

2003) Collagencontent and distribution was analysed quantitatively using a hydroxyproline
assay and qualitatively using a sirius red stain under brightfield illumination and polarised light.
Quantitatively, the measured collagen content showed an inverse relationshieitand GAG
content, with labral tissues containing the lowest water and GAG content but the highest
collagen content. Porcine labral tissue had significantly higher collagen cootapared to
porcine cartilageand dthough human tissue followethe ime trendas porcine tissyethe
difference was not found to be significant. Porcine tissue had a higher trend of collagen content
than human tissue for both the labrum and cartilage, however, the difference was only found to
be significant for labral tisge. The values for cartilage collagen content fell within the range
reported in literature of 320 to 620 ug.tfFermor 2013; Taylor 2013)he higher collagen
content within the labral tissue may be due to its supportive function, where the collagen fibres
provide strength tohe tissue. Qualitative analysis of the acetabulum revealed the presence of
collagen throughout both labral and cartilage tissues with no elastin detected in human tissue
and confined to the lacunae and blood vessels in porcine tissue. Cartilage tissardyprim
stained positive for type Il collagen and typical regions could be seen under polarised light with
sirius red staining. Within porcine cartilage the superficial, middle, and deep zones appeared
more pronounced and uniform in thickness in comparigoimuman cartilage. The labral
cartilage junction within human tissue had a clear transition zone, with the tissue type changing
from cartilage to a fibrocartilage labrum. At the junction, the fibres from the labrum diffused
into the cartilage and there wassmooth transition between the two tissues, as seen in a
scanning electron microscog$EM) study by Owen et al 1999. In the porcine acetabulum the
collagen structure across the cartildgieral junction did not appear to alter and both tissues
appearectartilagelike. The junction could only be identified under polarised light by a change

in fibre alignment and size. Fibre diameter was identified by the colour of birefringence, where
small fibres appeared green under polarised light, medium fibres yefl@mrange, and large
fibres red(Junqueira et al. 1982; Cole & Malek 2004 junction between twaissue types

could result in a weakness in the tissue angossiblereason forlabralcartilage separation
during damage, as seen in Type 1 tears in a stu@elaes et a(2001). Both the cartilage and

main internal labral region ahed positively for type Il collagen in both species. The external
labral region for porcine tissue stained positively for type | collagen and although collagen |
staining was unsuccessful for human tissue in the present study, the literature has tieported
labrum to be comprised primarily of collagen typ@hrvani 2003; Petersen et al. 200Bue

to the negative staining of type Il collagen, the external labrum can be assumed to be type |
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collagen in this study. The external labral region of the porcine tissue was onty dswa thin
band in the majority of specimens howeyvin human tissue the external labrum region
comprised the majority of the labral ap&he porcinenternal labrum may be cartiladi&e in
structure due to its immaturity, and it may later develop anfibrocartilage however, further
investigation would need to be performed to confirm fhiee human labral zones and fibre size

were consistent with the findings Byetersen et al. 2003

Similar to the labrum the adjacentAL6s function is to provide
resisting stretching by the femoral head andpletes the circumference of the acetabulum by
bridging the labrum across the acetabular notch. The supgdvided bytwo densely packed
twisted collagen fibre bundlesof whichthe upper part connects directly to the labrum and the
lower part to the outer surface of the bone. The fibre bundles within the main region of the
labrum and the TAL are uniform in direction allowing the tissues to resisidnal stresses and
strains(Lohe et al. 1996)

Quantitative results for water, GAGs, and collagen content showed no significant differences
between loadbearing and notoad-bearing regions or between femoral cartilage and acetabular
cartilage. As a result, ivas not thought necessary to mechanically test femoral tissue and the
region (loadbearing or nodoad-bearing) was not thought to have an effect on further results.

Characterisation of labral tissue was carried out to gain a better understandingioktkeu e 6 s
constituents and structure, as well as its transition with articular cartilage, in order to help future
understanding of labral function and damage etiology and patterns. Comparison of porcine and
human acetabular tissues was also carried out twéhaim of determining the suitability of
porcine tissue as a human tissue model. The differences observed between porcine and human
tissue in this study appeared to be a result of tissue immaturity, due to the young age of the

porcine tissue.

Small humarsample numbers were also a limitation of this study. Larger sample numbers may
have provided a clearer illustration of the tissue boundaries when there was variation between
samples. Tissue damage was also observed in human histological samples wiih tiears
tissue and no cells present. This damage could be a result of under decalcification and fixation
as cells were documented in human labral tissue in a stullydsnaert et al2012. However,

overall the two species were found to be similar in structure and constituents, with the labrum
containing higher collagen content than cartilage botet GAG and water content. Although

a more mature porcine tissue would be beneficial, the age of the tissue was limited due to the
availability of animals used in the food chain for human consumption. Based on the aims of this
chapter greater knowledge e labrum has been identified and porcine hips will be suitable to

use to represent human hips.
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Key findings:

1 The human hip is larger than the porcine hip; with a greater diameter, deeper socket and
larger labrum.

1 Human tissue showed signs of degenenatvhich needs to be taken into account for
subsequent mechanical characterisation resultgaritto simulation models.

9 The structures around the hip did not vary in porcine tissue, with only a slight variation
in labral morphology in the superior regi No differences were found between
femoral and acetabular cartilage or between-logaring and nofoad-bearing regions
of labral and cartilage tissue.

1 All tissues had a water content of around 75Hayeverporcine cartilage cdained
slightly higher water content than porcine labrum.

1 GAG content followed a similar trend to water content with cartilage having a higher
GAG content than the labrum in both species. Negligible GAGs were present in the
human labrum and the majority of GA@gesent in the porcine labrum were located in
the internal labrum.

1 Collagen content had an inverse relationship to water and GAG content with labral
tissue containing more collagen than cartilage tissues. The difference in collagen
content was more pronaced in porcine tissues.

1 Cartilage and internal labral tissue stained positive for collagen 1l in both species. The
porcine external labrum stained positive for collagen |.

1 In the human acetabulum a clear transition between the cartilage and labrdnbeoul
identified, unlike the porcine acetabulum. However, the porcine labrum had a clear
transition between the internal and external labrum, unlike in the human labrum.

1 The main structural difference identified between the two species was in the labrum.

The human labrum was primarily comprised of external labral tissue as opposed the

porcine labrum which was primarily comprised of internal labral tissue.
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Chapter 4
Biomechanical characterisation of porcine and

human acetabular labrum and cartilage
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4.1 Introduction

In order to gain an understanding of how the acetabular labrum functions and how it becomes
damagedi t is necessary to understand the mecha
main functions are to stabilise the hip joint by pixgingthe socket and protetiie articulating

surface by forming a seal against the femoral head and preventing fluigFbrguson et al.

2001; Petersen et al. 2003yollagen within the labrum is responsible for withstanding
stretching from the tensile forces placed on it by the femoral head pushing against the labrum as

it articulates within te socketAsopposed to normal function, du
structure is altered compromising its mechanical properties and preventing it from functioning
efficiently. The labrum becomes damaged when abnormal contact mechanics and ferne patt
occur in the hip joint, in instances such as FAI, when the labrum undergoes compression and

shear stresseghen it is impinged by the bony growth.

Thepurpose of the study undertakerthirs chapter was timvestigatehe mechanical properties

of the porcine and human acetabular labrum. Previously, limited mechanical studies of the
acetabular labrum have focused on human or bovine tissue however, porcine tissue is frequently
used as a substitute for less readily available human tissue during clisaticterstudies
(discussed in Chapter 3)ence it is important to know the differences between the tissues
(Ferguson et al. 2001; Ishiko et al. 2005)

A further aim of this study was to investigate and compare the mechanical properties of labral
and cartilage tissue. A common area of labral damage is the junction between the labrum and
articular cartilage, where longitudinal peripheral tears occur. Here it is gapiost this could

be an area of weakness as a result of a change in tissue structure and hence mechanical
properties in order to support the varying functions of the tissues (as discussed in Chapter 3).
Therefore, thework in this chapteraimed to determie the porcine acetabularl abr u mé s

compeessive and tensile propertiescomparison tdiuman and cartilage tissue.

Established methods have previously been used to characterisentpeessivgroperties of

soft tissuessuch as the meniscus in the kneea aartilage. These methods have included;
indentation, unconfinedompressiorand confined compressidiviow et al. 1998; Ferguson et

al. 2001; Abdelgai@ et al. 2015)Within this study indentation and unconfined compression
tests were used to investigate the mechanical properties of the porcine and human labrum and
cartilage. The rationale for using these two methods over confined compression wiasl deci
due to the small nature of the porcine labrum and the reduced accuracy this resulted in when
preparing the tissue pin€onfined compression tests rely on the ability to fully confine the
tissue, to ensure fluid flow only occurs in one direction, hémisecould not be guaranteed with

the porcine samples used within this study.
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Tensile testing has been carried out successfully on various soft tissues to determine their tensile
propertiegTissakht & Ahmed 1995; Goertzen et al. 1997; Williamson et al. 2008)intrinsic

tensile properties of the solid matrof a tissuecan be identified usingensile testingunder
guaststatic test conditionshich minimisesthe effect of interstitial fluid(Proctor et al. 1989;
Herbert et al. 2016)n this study tensile testing under qussitic test conditions were carried

out to determine the tensile properties of the porcine and haocsabular labrum.
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4.2 Aims and objectives

Aims:

The aim ofthe research presented this chapter wasot mechanically characterise the

acetabular labrum in terms of its compressive and tensile strength for porcine and human tissue.
Objectives:

1 Determinethe compressive properties of labral tissue in comparison to articular
cartilage, including; creep arstirain equilibrium aggregatenodulus,andpermeability.

Labral compressive properties were determined across the width of the tissue
(perpendicular tohte main fibre orientatign the direction in which the tissue is
primarily loaded in compression.

T Determine the tensile properties of t he
modul us, equilibrium Young?®os stmin,dstrielssuat , tr
failure, and strain at failurd.abral tensile properties were determined along the main
fibre orientation in which the tissue is primarily loaded in tensimndetermine the
highest tensile properties.
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4.3 Compressive biomechanical mat erials and methods

Indentation and unconfined compression tests under a high and low load were carried out on
porcine labral pins to identify the method which would prodwagimal deformation. In order

to determine the compressipeoperties of a tissue, minimal deformation is assumed during
analysis of the data as a result of the variation in permeability with deformation. As the tissue is
compressed the pore sizes within the tissue are reduced, hence decreasing the permeability
(Oatis & Mansour 2009)Therefore for soft tissues low loads are required to ensure minimal

deformation.

Following indentation andnconfinedcompressiortests on porcine labral tissue the method
which produced the least defortimen was carried out on porcine and human labrum and

cartilage pins to compare the tirdependent deformiah under a constant compressivad.

A summary of the loads applied to the porcine labrum during indentation and unconfined
compression can be se@nTable4-1. The loads applied and diameters of the loaded area were

used to determine the compressive stress applied to the tissue.

Table 4-1 Indentation and unconfined compression applied loads able of the loads applied

during indentation and unconfined compression using the high load and low load shaft.

Indentation Unconfined
Diameter of Load Stress Diameter of Load Stress
indenter tip (N) (MPa) specimen (N) (MPa)
(mm) (mm)

High 15 0.22 0.13 5 0.53 0.03
Load
Low 15 0.11 0.06 5 0.11 0.006
Load

4.3.1 Experimental approach

To investigate the compressive properties of labralcantilagetissue, mechanical creep tests

were undertaken using cylindrical tisspms (Section2.35) to determine the tissée elastic

modulus and permeability. Thetests were conducted using an indentation Figure 4-1),

which all owed an instantaneous (within 40ms
surface until he creep deformation reached equilibrium. The indentation rig was manufactured

in house and included a linear variable differential transformer (LVDT) to measure
displacement with a sensitivity of Oudn at a range of 10 mm. Data was recorded at a sampling

rate of 10 Hz, usindgtabView 2012 software after being adapted using an analogue to digital

converter. The load applied to the tissue was determined by the weights of the free moving
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components, dependent on the test being carried out, as resistiva fweis assumed to be

negligible(Taylor et al., 2011

Creep testing was undertaken for indentation and unconfined compression using an indenter tip
or flat plate respectively to apply a load. Two shafts werd dseing testing; a heavy weight

shaft and a light weight shaft, to adjust the load applied to the tissue for both indentation and
unconfined testing. During testing pins were secured inside a PBS filled specimen holder to
maintain tissue hydratiorFigure 4-1 A). The holder heightvas altered so that the specimen
wasasclose to the tip or platas possibldefore testingto minimise impact on contact. Creep

tests wee carried out using 5 mm diameter labral pins and 6 mm diameter captifegevith

the weight of the shaft adjusted to maintain an equal compressive stress for both pin sizes. The
collet was then placed in the indentation rig holder and filled with Egure4-1 B). The

sample was constrained on the bottom surface usihyg supergluand fluid flow was allowed

in all other directions. To apply the load, the shedis released and allowed to fall freely onto

the sample.



Specimen

Holder Indenter /
Plate Holder

Indenter /
Plate Holder

Specimen
Holder

Figure 4-1 Indentation rig. The equipment used during creegtingfor labral and
osteochondragbins. A - Specimen holdemounted with specimemB - Indentatiorrig. C -
Indentertip, D - large plateE - Smallplate.

4.3.2 Creep indentation testing

A 1.5 mm diameteimpermeabldlat stainless steehdenter tip was used to apply a load to the
tissue surfaceRigure4-1 C). The diameter was selected so that the tip was less than a third of
the tissue diameter to minimise the edge effect of the tissuetotélecompressivestress
appliedby the heavy weight set up wasl3 MPaand the lightweighset upwas 0.06 MPa
Indentation testing was carried out using porcine labral tieslygn=6).
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4.3.3 Creep unconfined testing

An impermeabldlat stainless stegblate was used to apply a load te tiissue surface during
unconfined compression. The heavy weight shaft was used with a larger diameter plate; the total
compressivestressapplied by the heavy weigbet upwas0.03MPa Figure4-1 D, Table4-1).

The lightweight shaft was usadith a smaller diameteplate; the totalcompressivestress
applied by the lightweighdet upwas 0.06 MPa(Figure4-1 E). The lightweight plateliameter

was selected to be as small as possible to reitheceveight but still larger than the specimen
diameter (9 mm) to ensure the full tissue surface washeadng. Heavy weight testing was
carried out on porcine labru(n=6), light weight testing was carried out on porcine and human

labrum and cartilage (n=6 porcine, n=5 human).

4.3.4 Tissue thickness meaurements

Specimens for compressive testing were extractetksasribed in Sectio.3.5for labral and
osteochondral pins. Tissue thickness was measured in torderrmalise datdior each pin,

using high magnification photography for cartilage thickness and a digital thickness gauge for
labral tissue (a thickness gauge could not be used for cartilage tissue because the thickness was

measured with the subchondbaine attached).

4.3.4.1 Labral thickness measurements

Labral pins were measured prior to testing, using a digital thickness gauge (accOx.86%

mm). Samples were measured three times and average thickness calEidated2).

Figure 4-2 Labral tissue thickness measurementabral pins were placed on to the bottom
plate and the top plate lowered until it touchedl@eal surface.
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4.3.4.2 Cartilage thickness measurements

Following creep testing, cartilage pins were alldwe stresselax for one houthen cut in half

and photographed from a side view adjacent to a (EEnguson et al. 2003Ysing ImageJ, the
measurement points on the ruler were calibrated with the computer program to measure the
cartilage thickness. Cartilage thickness measurements were taken from three locations along the
cartilagesurface and the average thickness calculd&tepai(e4-3).

Cartilage
surface

z
Ue[ 53

Cartilage
base

Figure 4-3 Cartilage thickness measurementPhoto of h# a cartilage pin uploaded into
Image JCartilage thickness measurements were taken at three locations across the tissue

surface, represented as yellow lines.

4.3.5 Compressive data analysis

When processing the data for compression testing the first fewpdizts were removed from

the analysisshown inFigure 4-4 region A. This was the time from when the test recording
started to the moment the shaft was released hancdisplacement is seen in this period. A
rapid change in displacement can be idiedl in Figure4-4 region B. This was when the shaft

was falling through the air prior to impact with the tissue. A second rapid change in
displacement can be sewhen the indenter tip or plate contacted the tissue sudgtdtie
beginning of region C ifrigure4-4. In standard compression testing this is the point in which
displacement data is analysed from as it is the repose from the tissue under load. However,
during testing it was shown that this method was appropriate only for cartilage and not labral
tissue, as the labrum was too soft for the machine to discern an aqmuirdtwhen the indenter

or plate came in to contact with the tisslre.Figure 4-5 it can be seen that labral tissue
produces a similar curve to cartilage tistuvever,in the labral tissue the second change in
displacement poinis identified after ehigher deformationthan incartilage meaning that the

tissue has already compressed before the machine can identify when contact has been made with
the surface Therefore, for labral tissue, two analysis methods were adopted.hd.

displacement from the moment the shaft was released (DSR), identified from theamppint
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change in displacement was istgredand 2. Thalisplacement when an instantaneous response
was identified (DIR), identified from theoint a secondlarge changen displacement was
registeredthe two analysis scenarios are explaineigure4-4 andFigure4-5.
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Figure 4-4 Time-displacement graph of displacement from shaft release and displacement
from instantaneous response analysis for cartilage tissuBSR (displacement from shaft
release) analysis includes all data following the moment of shaft release. DIR (displacement
from instantaneous response) analysis does not include DSR data and begins when a second

rapidchange in displacement is identified.
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Figure 4-5 Time-displacement graph of Dsplacement fromShaft Releaseand
Displacement from Instantaneous Responsanalysis forlabral tissue. DSR (dsplacement
from shaft releageanalysis includes all datallowing the moment ofshaft release. DIR
(displacement from instantaneous resppasalysis does not include DSR data and begins

when asecondapid change in displacement is identified.
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A limitation to using he DSR analysis method is that it will overestimate the deformation of the
tissue as it will take into account the displacement from the shaft starting pointgoirthef
contactwith the tissue. However, in an attempt to reduceether within this stidy, the indenter

or platewas placeds close to the tissue surface as possiteout makingcontacting

Overall, when analysing th®SR compression test dataigh deformations meant that it was
not possible to determine the mechanfmalperties of the tissues; including #lastic modulus
and permeabity, using a computationand analyticalmodel. As mentioned previouslyni
order to determine these properties minimal deformation is asswsddrge deformations
compress the pores the tissue matrix whichffect the permeability of the tissud.herefore
only DIR analysis of cartilage tissue (human and porcine) was possiblg the computational
and analytical modelLabral tissue analysed under DIR was disregarded as this atag n

accurateneasure of the tissues response to compressive load.

4.3.5.1 Calculation of equilibrium modulus from timelisplacement data

The equilibrium modulus was determined from the tolrsplacement data and the initial sges
applied to the tissue. Stre¢3) was calculated as the force divided by the original eross
sectional areaStrain () was calculated as the deformation divided by the original sample

thickness. Equilibrium modulus was calculated as the stress divided by the strain.

4.3.5.2 Biphasic poroelatic computational model

Cartilage deformation curves generated from low load unconfined compresssaidegtwih
tissue thickness measuremerdsction4.3.4.9 were used to derive the equilibriuaggregate
modulus and permeability of porcine and human articular cartilage a computationand
analytical model (Figure 4-6). The axisymmetric biphasic poroelastic finite element model
(ABAQUS, version 6.91 Dassault Systems, Suresnes Cedex, France) used in this study was
provided by Dr Abdellatif Abdelgaied in iBE, University of Leeds(Abdelgaied et al. 2015)
Cartilage was modelled as a poroelastic material and meshed udimgr-node bilinear
displacement and pore pressure axisymmetric elements (CARdR3 was meshed using feur
node bilinearelastic axisymmetric elemen{€AX4). Tissueproperties were assigned to the
modeta Poi s s o n &was usedot cartlageodnd bont maximise the biphasic effect
(Jin et al. 200Q) cartilagewater contentwas determinedfrom section3.6.2 and an elastic

modulus of 17 GPwas usedor bone.

In the computational modéhe load wadncreased from ©0.11 N over a 2 s period and applied
for 1800s to match the experimahimodel. The model produced a thtisplacement graph
derived by the elastic modulus and permeability, which were incrementally changed, to match

the experimental result&igure4-7). The material properties that provided the highéstdRue
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were taken as the material properties of the specific tigfigecloseness of fit of the two graphs
was analysed using MATLAB (version 7.4, MathWorks Inc, Boston, USA) antivalRe of
0.6 or higher was accepted as significant for biological tissue.
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Figure 4-6 Finite element analysis model of a osteochondral pil i shows the axis of
symmetry and the load applicationi Bhows the boundary conditions to impose fluid flow

within the model.
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Figure 4-7 Experimental and computational time displacement curvesThe elastic modulus
and permeability were altered until the compiotal model matched the experimental model to
the best fit possible.
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4.3.6 Indentation rig calibration

Before each set of tests, the indentation rig was calibrated to convert voltage outputs of the
LVDT into millimetres. The voltage was recorded for a rangdefhts, from 0 to 2.5 mm,

using slip gauges. Slip gauge height was increased sequentially and the voltage output recorded,
the slip gauge height was the decreased sequentially and the average of the two readings taken
for each height. A linear trend lineas determined from the displacemartght graphEigure

4-8) and the equation was used to calibrate the test results.

Voltage v/s Displacement

4.000
3.500
3.000
2.500
2.000
1.500
1.000 ~
0.500 -

0.000 | 1
0.000 0.500 1.000 1.500 2.000 2.500

y=-1.0007x + 3.5358
> =1.0000

Output Voltage (V)

Displacement (mm)

Figure 4-8 Displacement calibration.An example of a calibration graph for the DV to

convert voltage to displacement.
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4.4 Tensile biomechanical materials and methods

Tensile properties of labral tissue were determined usinpstron uniaxial testingnachine

and a500N load cell (+ 0.25%,calibrated annuallypy Denison Mayer$sroup, Figure 4-9).
Specimens were stretched until failure at a constant rate of 0.6 mm/min with a gauge length of
10 mm (strairrate of 0.00% s). Specimens werergloaded witha 0.1 N load and allowed to

stressrelax for two minutes to precondition the tissue and align the collagen fibres.

Moveable cross-
head

Stationary cross-
head

Figure 4-9 Instron testing machine.Instron testing frame with a movealded fixed cross
head and mounted load cell.

Prior to testing, specimens were preparediasussed in SectioR.3.6 Specimen dimensions

were measured three times, using callipers (accu@d05mn), and the average taken. The
specimen was then clamped in an in house built tissue héldpré4-10 A & C). The tissue

holder comprised two base clamps attached to a brace and two top clamps to fix the specimen in
place Figure4-10B). The tissue holder was then attached to the testing machine via two clamp
holders, attached to a fixed crdssad at the bottom of the machine and a moveable-beasb

at the top Figure 4-10 D). Tissue hydration was maintained throughout the test using a PBS
spray and slippage was monitored after testing using the grove imprints of the clamp on the

tissue.
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Figure 4-10 Tensile specimen set up for labral tissued i Deconstructed clamp set upiB

Clamp holder

Constructed clamp set up.iCClamp with specimen. D Clamp holder attached to the load cell
on top crossead.
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Force (N), extension (mm) and time (s) data was recorded at a sampling ratélnfu<ing
inbuilt software and converted into engineering stressg (and engineering strainty),
normalised to the initial specimen dimensions. Stress was calculatesl fasce divided by the
original crosssectional area (width x thickness) and strain was calculated as theheaass

displacement divided by the sample gauge length.

Data was analysefr each specimen by fitting the Gaussian functiothtostresstrain curve
from the zerdo failure point, using netinear least squaresgression with a Matlab script. The
script wasprovided by Dr Anthony Herbert in iIMBE, University of Leeds and detailed in
Herbert et al., 2016'he following parameters were used for thdifmear model;

, 08 for OV and . 08 o forOu>0

where kg is the moduli of the toe region;  the moduli of the linear region antlis the strain

at which the twdinear regions intersect, c is a constant to be determined? sali® of 0.99 or

higher was accepted for the curve fitting moddle model iteratively optimised the transition
point (* U*). For each tissue theital Youngo6s modul us, equilibrium
transition stress, transition strain, stresiiire, and strain at failuneere calculatedFigure

4-11).

Ofailure
. {
_ jeessssssssssVasssssssssnsass
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_/ Point (e*, 6*) !
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Figure 4-11 Typical stressstrain curve for labral tissue. Load and extension data was
converted into stress and strain and the data plotted. From thessta@sgraphs labral
mechanical properties were deterednThe graph shows a stressain graph from a porcine

labrum specimen.
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During preliminary testingusing porcine tissu¢he majority of samples slipped or were cut by

the grips; therefore various methods were investigated to determine the opktheld to

secure the specimen in the clamps. Two different grip sizes were investigated; a narrow grip,

with one screw to hold the tissue in place, and a wide grip, with a screw either side of the tissue,

to evenly distribute the pressuiédqure4-12 A & B. respectively). Various gripping materials

were also analysed including; surgical suturing, superglue glue, sandpaper and paper towel, as
well asa range obpecinen dimensions (2 xthm, 2 x 2 mm, 3 x 1 mm, 3 X 2 m@ x 3 mm)

and shapédumbbell and rectangl&igure4-12 C). Surgical sutures were tied in a knot around

the ends of the specimen and bottom clamp, sand paper and paper towels were folded around
each end of the specimeriBigure 4-12 D) and specimens were adhered to sandpaper using

superglue.
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45 Results

4.5.1 Compressive results

4.5.1.1 Compressive specimen dimensions

Porcine and human labrum and cartilage tissue thickness was measured in order to normalise
the deformation data. Thmeanthickness of each tissugpe can beseen inTable4-2. Human
cartilage was significantly thicker than porcine cartiladgawever no significant difference was
identified between labral tissijp<0.05two-way ANOVA).

Table 4-2 Specimen thickness for tissue used in creep testirigabral and cartilage thickness

for porcine and human tissue.

Human (mm) Porcine (mm)
Labrum | Cartilage| Labrum | Cartilage
Mean 3.4 19 3.1 13
95% CL 0.8 0.3 0.2 0.6

4.5.1.2 Creep and percentage deformation for all compression test types

Creep andstrainproperties of labral tissue were determined under four conditions; indentation
high load, indentation low load, unconfined high load, and unconfined low load. Data was
analysedusing two methods DSR andDIR. The mean timelisplacement curves for porcine
labrum are shown iRigure4-13 and thestrain result@re shown irFigure4-14.

Data analysed with DSR resulted in overall highefiodmations than data analysed from DIR,
with all strainvalues above 50 %. Data analysed fidIR resulted in much lower deformations
with the highesstrainof 28 %for high load indentation and the lowest value of 17ovdow

loadunconfined deformatim

Results for bottDIR and DSRshowedunconfined compressioto result inlower creep and
strainin labral tissie thanindentation DSR analysis showeddw load unconfined compression
to producelower deformatiorthan the high load set up. Therefduture experiments within
this studywere continued with low load unconfined compressiés.the results did not allow
the impact point to be identified for labral tissue, DIR analysis for labral tissue was not analysed

when comparing human and cartilage datfuture studies.
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Figure 4-13 Time-displacement curves for labral tissue under four conditionsMean
averageime-displacement curves for indentation high load, indentation low loadnfined

highload, and unconfined low load (n=6).
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Figure 4-14 Labral strain under four test conditions. Strainfor indentation high load,
indentation low load, unconfined high load, and unconfined low load. Ddta imd¢art 95 %
CL (n=6). Data was analysed/liwo-way ANOVA and individual means compared by a Tukey
test. * indicates p<0.05.
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4.5.1.3 Compressive properties of porcine and human labral and cartilage tissue

Creepand strainresultsfor unconfined low load test conditiossowed significant differences
betweercartilage and labral tisspi@ bothporcine and humaspeciesLabral tissue took longer

to reach equilibrium compared to cartilage tissue (approximately 3600 s and 180€ctively,
Figure4-15). Deformation result$or porcine and humacartilageshowed theissue to have an
average strain of 7 %DIR), where asporcine and humanactlage analysed under DSR
artificially increased the strain to 47 ®orcine and human labral tissue had an average strain of
50% whenanalysed under DSEFigure 4-16). Overall a trend could be identified with higher
levels of strain in porcine tissue than human tissue in all three groups, however the differences
were not found to be significant (P>0.050tway ANOVA).

Human Cartilage DIR = Human Labrum DSR

Porcine Labrum DSR

Porcine Cartilage DIR

Porcine Cartilage DSR Human Cartilage DSR

2
- 15
£
£
o 1
] [
o

0.5
0 I| T T T 1
0 1000 2000 3000 4000
Time (s)

Figure 4-15 Compression testing of porcine and human labrum and cartilagelime-
displacement data of porcine and human labrum in comparison to cartilage. Cartilage tissue
analysed from R and DSRresults and labral tissue analysed from DSR results (n=6 porcine

labrum and porcine and human cartilage, n=5 human labrum).
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Figure 4-16 Deformation percentage of porcine and human cartilage and labral tissue.
Cartilage tissue analysed from DéRd DSRresults and labral tissue analysed from DSR
results. Data is the meard5 % CL (n=6 porcine labrum and porcine and human cartilage, n=5
human labrum)Data was analysed/tiwo-way ANOVA and individual means compared by a
Tukey test. * indicates p<0.05.

4.5.1.4 Determination of nechanical properties of porcine and human labrum and

cartilage from time-displacement data

The equilibrium modulus of pome and human cartilage and labrum were determined under
DSR and DIR analysis for a compressive stres3.@36 MPafrom the timedisplacement data
(Table4-3). DSR analysis produced higher vatief equilibrium modulus than Blanalysis for

all tissue typesexcept for porcine cartilagé trend was seewith cartilage tissuehaving a
higher equilibrium modulus than labral tissescept for porcine cartilage and labr analysed

under DSR where the equilibrium modulus was similar for both tissues.
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Table4-3Equilibr i um Youngds mofdmtimesisptheement data Dat@
shown at the meah 95 % CL.HC i Human Cartilage, Hii Human Labrum, PC Porcine
Cartilage, PLi Porcine Labrum

Mean 95 % CL
HC DSR 0.0043 0.0009
HC DIR 0.0033 0.0006

HL DSR 0.0021 0.0005

HL DIR 0.0019 0.0005

PCDSR 0.0021 0.0102
PCDIR 0.0058 0.0022
PLDSR 0.0023 0.0002
PL DIR 0.0020 0.0001

4.5.1.5 Determination of material properties of porcine and human articular

cartilage from the computational model

The material properties of porcine and human cartilage under DIR analysis were determined
using the computational and analytioabdel. An R value of 0.6 or higher was accepted. Of the
remaining samples (porcine cartilage n=1 and human cartilage n=4) the equilibrium aggregate
modulus ad permeability were determineddble 4-4). Porcine and human cartilage had
similar equilibrium aggregate moduwf 0.12 MPa and 0.13 MPa respectively where as human
cartilage had a higher permeability than porcine cartil@ge. experimental results produced a
large amount of noise deformation during the tesjure4-17).

Table 4-4 Material properties of porcine and human cartilage (DIR) determined from the

computational model.Data presented as the me#% % CL.

Aggregate Permeability
modulus | 95 % CL (MmN s) 95 % CL R2
(MPa)
Porcine Cartilagg  0.120 - 1.205E-15 - 0.66
Human Cartilage| 0.127 0.053 2.134E-13 1.487E-13 0.8
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Figure 4-17 Human cartilage time-displacement graph.An example end region of a time
displacement graph of human cartilage showing the noise deformation.
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4.5.2 Tensile results

4.5.2.1 Findings ofpre-tests

A pilot study was carried out to determine the best test set gedaring specimens within the
grips and the dimensions of the specimensing approximately 100 samplédata not
presented). Wide grips were found to be the most successful for tensile testing as the majority of
specimens slipped during testinging narow grips. Dumbbell shaping of the specimen was
investigated but was unsuccessful due to the small size of the spe&lppats of sample
cutting were inaccurate and the dumbbell shape was either unevercenisff. Specimens
wrapped in paper towel wefeund to be the most effective, with the least number of samples
slipping,compared tsuperglue, sand paper and suturfBpecimens shaped to 3 mm were also
found to be difficult to cut as it was nearing the maximum dimension of the specimen; therefore
producing inaccuracies. Specimeigpedo 2 mm were found to be optimal for cutting and
specimengut to2 x 2 mmin crosssectional areavere found to perform better during testing
than specimens cut t@ x 1 mm due to the smaller samples slipping in the gripsréfore
rectangle specimen® x 2 mm,in wide grips were used to determine the tissues mechanical
propertieduring tensile testingResults from ay specimens showing evidence of slipping were
rejected.

4.5.2.2 Tensile specimen dimensions

Tensile specimen width and thickness data is presentédhile 4-5. Labral samples were cut

with parallel blades with a 2 mm spacer to produce samples 2 x 2 mm. Upon measuring the
sample dimensions porcine labral samples were 2.5 x 2.5 mm and human samples were 1.5 x
1mm. Sample dimensionsere normalised to stresstrain data and all samples were large
enough to include whole collagen fibrils, therefore these dimensions were acceptable for tensile

testing.

Table 4-5 Tensile specimen dimensiongorcire and human labral specimen dimensions.

Human (mm) Porcine (mm)
Width | Thickness| Width | Thickness
Mean 1.7 1.0 2.4 2.5
95% CL 0.1 0.2 0.2 0.2
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4.5.2.3 Tensile mechanical properties

The material properties of porcine and human tissue were in investigated uniaxial tension

to determine the tissues initial and equili
and stress and strain at failure. Following tensile testing until failure, all specimens showed
similar stressstrain behaviaor, as seerin Figure 4-18. Three clear regions were identified
within the stresstrain graphs; an initial neimear toeregion, a linear region, and failure point.
During tensile testing of human specimens, gpecimenwas identified as damaged from
decalcification and one saheslipped in the grips and were therefore discarded from the study
(original countn=6). The tensile properties for porcine and human labral tissue and their failure
method can be seen Trable4-6. The main failure mechanism observed for labral tissue was
tearing at the grip interface with the tissue.

Human Porcine
20
18 -
16 -
14 -
& 12
=
= 10
o
B S
6 |
4 -
2 -
0 ml 1 T T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Strain

Figure 4-18 Tensile dress-strain graphs. Tensile stresstrain gaphs for all human and

porcine samplewhen tested at 0.6mm/m{n=6).
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Table 4-6 Tensile properties of porcine and human labrumTensile properties include the
Y 0 U ¢), @quibrium¥ d u h g 6 s ( Eotmensition stres@if and
strain (), and the stress (UTS) and stralhi(r) at failure. * indicates significant difference

initial

between porcine and human tissue.

EO El TF 5 F UTS Btailure Failure
Species Specimen (MPa) (MPa) (MPa) (%) (MPa) (%) Location
1 18 32.6 22.9 13 7.2 37.3 grips
2 21 31.3 337 16 7.4 40.0 grips
3 1.8 23.3 36.8 20 6.6 50.7 grips
Porcine 4 3.8 24.0 63.2 16 6.9 43.7 mi.ddle
5 5.5 58.8 58.1 11 14.9 37.8 grips
6 24 23.8 325 14 6.0 40.3 grips
Mean 2.9 32.% 41.% 15* 8.2 41.6¢
95% CL 1.6 14.3 16.6 4 35 5.3
EO El T F 5 F UTS s T A Failure
Species Specimen (MPa) (MPa) (MPa) (%) (MPa) (%) Location
1 66.9 120.3 2675 4 17.2 16.3 grips
2 30.2 102.3 151.1 5 12.8 16.6 middle
3 40.5 59.5 161.8 4 8.0 16.0 grips
Human .
4 17.6 54.4 140.4 8 8.4 20.8 grips
Mean 388 84.1*  180.2 5* 11.6 17.4
95% CL 33.3 51.4 93.7 3 6.9 3.6

During tensile testing, human tissue withstood higher stresses than porcine tissue for all

parameters cal

cul

at

ed

(initial

and

equilibri

tensile stress (UTSBndlower strains (transition strain and strainfailure). All stresses and

strains were significantly different between the two tissue types except for UTS which was

similar for the two tissues (11.6 MPa forrhan tissue and 8Pa for porcine tissue). Human

ti ssue had an

e g u i hpprbximatelyr?.5 Yotd thighgréttean poroink uidswe s
(84.1 MPa compared to 32.3 MPa), however the strain at failure was almost three fold lower

than porcine tissueith strains of 3% and 14%.
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4.6 Discussion

In this chapter the mechanical properties of the labrum were investigated under compressive and
tensile forces for both human and porcine tisSi@mpressive properties were determined from

the timedisplacement responsand deformation of the labruim comparison to cartilage.
Tensile testing determined the | abrumbés You

properties.

Low load wnconfined compression testing of porcine labral tissue produced the least amount of
creep compared to indentatiasting anchigh loadunconfined compression. Labral tissue was
extremely soft in compression and even under low load unconfined compression produced
deformations of 56 % for DSRnalysis and 17 % for DIR analysiBuring compression, a
tissues deformatiois a result of the fluid flow from the tissue. The matrix of a tissue, including

its permeability and its GAG content, governs fluid flow. As the matrix becomes compressed
the pore sizes within the tissue decrease trapping fluid within the tissue. GAGHdsare
responsible for holding water within the matrix due to their opposite changatév. When an
instantaneous load is applied to a tissue, initially, fluid is rapidly squeezed from the tissue. Once
a large volume of fluid has escaped from the tisshbe,rate of fluid flow decreases until
equilibrium is reached, when fluid flow ceag€3atis & Mansour 2009)Under compressive

load, cartilage tissue reached equilibrium faster than labral tissue suggesting that the labrum has
a lower permeability than cartilage as the fltodk longer to flow out of the matrix. Cartilage
tissue took on average approximately 1800s to regcifiibrium compared to 3600s for labral

tissue

During compression testing a limitation was identifiedaaresult of the soft nature of labral
tissue. The analysis of the test relied on identification of the moment the tip/plate came into
contact with the tissue surface. However, for labral tissue it was not possible to identify this
point and therefore twanalysis methods were used. DSR analysis was thought naote
accurate than DIRor labral tissue, as the plate starting position was as close to the tissue
surface as possible. Although DSR values included movement of the shaft without labral
deformaton and therefore over estimated the deformation, this analysis method resulted in
lower systematic erroin comparison to DIR analysiDIR analysis was most accurate for
cartilage tissue as it was possible to identify the moment of impact on the tishee, IDSR
analysis ofcartilage was included in the results in order to make comparisons between the two
tissues. DSR analysis produced deformations approximately two to three times higher than DIR

analysisfor labral tissue and up tentimes higher focartilage tissue

Oatis & Mansour, (20090 f ound the Youngés modulus of <car
MPa andrerguson et al(2001) found the bovine labrum to have a compressive modulus of 0.2

MPa. Oatis & Mansour, (2009found that tissues with a higher aggregate modulus, a measure
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of stiffness, deformed les$herefore it was hypothesised that labrum would undergo a higher
deformation than cartilage tissuetin this study, however the 3R results for cartilage and
labrum showed similar deformations for both tissues. Thislikely a result of the systematic
error mentioned previousland the size of the tissuBue to the small nature of the tissue any
slight error in placing the indenter/plate close to the tissue surface produced significant

deformation errors.

High deformation using DSR analysis meantthai t was not possible tc
material properties using the computational and analytical nadelabral DIR results were

not accurate therefore only the material properties of human and porcine cartilages
analysed under DIRsingthis method Following analysis using the computational method it

was identified that the Rvalue was particularly lown a large number of samplebpon
investigation a large range of noisevas identified from the timdisplacement data in
comparison taleformation and this was a result of the low loakdssen to compare to labral
tissue Under this load artilage tissue did not provide a sufficient amount of deformation to
gain a true understanding of the tisstesponse to compressive loadikerefore further work

would be required in order to determine the material properties of the labrum in comparison to
cartilage tissue using thixperimental set uptimisation of the method to get the plate closer

to the tissue at the start of the experimgotild make the test more accurate or a measure of the
distance between the plate and the tissue surface would allow an accurate deformation to be
calculated. Ahough the study did not provide definitive material properties it still provided and

insight irto the general responses of the tissues under compressive load.

Any slight differences between species caallkbbe a result of the age of the human tissue, as
degenerative changes seen in the macroscopic analysis of hiaswaam in Chapter 3 are
associated with increased stiffness and therefore reduced deformation, as BpBeaddet al.

(1998 andVerzijl et al. (2002. Although an overall trend could be seen between porcine and
human tissue, the compressive properties for both labrum and cartilage tissue were very similar
between species, therefore porcine tissue would babdeiito use foin vitro simulation of the

natural hip, in terms of its compressive properties.

A further limitation to this study when comparing labral and cartilage tissue was the use of
osteochondral pins. Cartilage tissue was attached to bone; temamic these boundary
conditions and constrain the expansion of the labrum at the base, the tissue was superglued to
the specimen holder. Although this limited the fluid flow from the base of the labrum, fluid flow

was possible across the cartildmmneinterface.

Preliminary tensile testing of labral tissue found specintértarget crossection2 x 2 mm,
wrapped in paper towel, between wide grips produced the least amount of slippage in test

specimens (data not presented). However, although condistereen samples, desired sample
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sizes were not accurate with actual sample sizes and future work should look at more reliable
methods for cutting samples. During testing, the majority of specimens failed at the grips rather
than at the centre. Althoughree studiegFerguson et al. 2001; Abdelgaied et al. 20Epct
samples which fail at the grips, a studyNyg, Chou, & Krishna, 200%und that failing at the

grips as opposed to the centre did not have an effect on the material properties of the tissue. As
well as the study b\g et al., 2005within the present study, specimens that failed in the
middle produced stress and strain values within the range of specimens that failed at the grips.
Stressstrain data will not be affected by failure location; however future work should confirm
that failure location does not affect the UTS for labral tis§réor to testing, tensile specimens

were preconditioned to align the samfeoctor et al. 1989; Smith et al. 2008)

Porcine and human labral samples produced similar sstegi® curves, with a clear toegion,

linear region and failure point. The ntinear toeregion of the stresstrain curve is formed by

collagen fibres werimping (Miller et al. 2012) which provideda much | ower Y «
modulus compared to the linear region where collagen filree being stretched. The
difference between the t@egion and linear region was ten fold greater in porcine labrum
compared to only two fold in human with the transition point occurring at approximately 15%
strain for porcine labrum but only 5 % strain for human labrum. Hunmaorawasstiffer than

porcine labrumand hadUTS of 11.6 MPa compared to 8MPa meaning it can withstand

higher forces withoutailing compared to porcine labrum, which undergoes higher deformation
under lower loads. Within the present study human labresile properties fell within the range

found by Ishiko, Naito, & Moriyama,(2005 f o r human | abrum for eq
modulus and UTS but were lowar terms ofstrain at failure. The human tensile properties

were also similar to those reported Fgrguson et al(2001) for bovine labrum. Porcine tissue

had a | ower Young6és modulus than the bovine
failure similar to the human labrum tshiko et al.(2005. These differences seen between the

species could be due to variationghe collagen fibre alignmet discusseih Chapter 3

Collagenfibres within the labrum are predominantly orientated in the circumferential direction,
orientated along the direction of greatest load; hence the labrum functions by resistance to
forces around the circumference of the acetabulum. As the labrum has been fbane kow
stiffnessunder compression aridgher stiffnessinder tension its function is to resist stretching

and may aid in supporting the hip joint by securing the femueall within the acetabulum,
minimising the risk of dislocation. Studies Bgrguson et al2001) andPetersen et a(2003

also found the labrum to provide a sealing function against the femoral head aiding in load
support by minimising fluid flow as well as stabiliginhe hip by creating a deeper socket.
Opposed to the labrum, cartilage tissustiffer in compression which allows it to function by
supporting load. As the labrumssffer in tension it is most likely that damage occurs whist the

tissue is in comprefon, in instances such as impingement, where the labrum becomes
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compressed by a bony extension of the hip joint. When looking at creating labral darrage in
vitro simulation of the hip, compression of the labrum should be induced to cause damage to the
tissue. Although bovine tissue would be a more suitable match to human tissue based on its
tensile properties, the hip joints are too large for use witro simulation using a single station

hip simulator. Porcine tissue shows some differences to hussar tand these will need to be
taken into consideration when looking at damage methods as lower forces maybe required,
however the main damage mechanism occurs during compression where there is little difference

between porcine and human tissue.

Key findings:

1 Low load unconfined compression produced the lowest deformation in porcine labral
tissue.

1 Cartilage tissue reached equilibrium faster than labral tissue which would suggest the
labrum has a lower permeability than cartilage tissue.

9 Labral tissualeformed more than cartilage tissue which would suggest the labrum has a
lower aggregate modulus compared to cartilage tissue.
Porcine and human tissue were found to have similar compressive properties
Labraltissue had a similar strestain to other dotissues including a teesgion,
linearregion and failure point.

1 The human tissue transitioned from the-tegion to the linearegion at a lower strain
than porcine tissue suggesting the collagen in the human labrum is less crimped.
The human labrum asstiffert han t he porcine | abrum, wit|
The labrum was found to be weaker in compression than tension, therefore making it

more susceptible toathage under compressive forces.
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Chapter 5

In vitro simulation of the natural hip joint
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5.1 Introduction

Due to increased knowledge of the acetabul ar
has increased, specifically into procedures that aim to preserve and fix the tissue rather than
remove it. Therefore, the propertiasd function ofthe labrumhas become an area of interest.
Previous studies that have investigated the properties and functions of the labrum have provided
important advances ithe knowledge of thaissuehowever, all previous vitro studieshave

largely simplified in vivo test conditiongFerguson eal. 2003; Safran et al. 2011; Smith et al.
2011; Cadet et al. 2012; Song et al. 2012; Philippon et al. 2Pieyious studiewere carried

out over short periods of time, with reduced motion and/or load, which may result in severe
limitations with regeds to clinically relevant conclusion8Vhen investigating the effects of
labral damage on the hip joint, the full gait cycle should be considered to gain a full
understanding of the effeat$ labral damage

During a standardyait cycle the hipundergos large range of motion as well asa complex

loading cycle with two main peaks at hstlike and toeff. An ISO (International
Organisation for Standardization) standard has been developrdlitee the full human gait

cycle, which is widely acceptl during testing of artificial joints. However, it must be noted that
although this standard &n averageepresentation of a gait cycle, it is still simplified from

clinical reality The |1 SO standard dictates the dingel eva
components, the pattern of the applied force, the speed and duration of the testing, the sample
configuration, and t he 1t e suiggestastandard gaiheycleir t o b
the hip which dictates the abductiadduction (AA), flexim-extension (FE), and internal

external rotation (IE) motion with simultaneous axial loading to replicatsithglified motion

and loadingof thehip during walking(BSI 2014 Figure5-1).
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Figure 5-1 1SO standard 14242 hip joint gait cycleA full gait cycle of the human hip during
walking, showing flexiorextension (FE), abductiesdduction (AA), internaéxternal rotation
(IE), and axial loadadapted fronBSI 2014.

Hip simulatos have been extensively usdd assesshe wear of total hip replacement
components undanormal or extremeonditions. The simulators allow the components to be
tested over prolonged periods of time usirgpatinuous gait cycl® replicate long terrm vivo
conditions.During testing, new components awen under a standard set of conditions (ISO
14242) to investigate the wear rate and hence likely life span of the prosiBadd® et al.

2001; Scholes et al. 2001; Dowson et al. 20@)dies also exist to investigate the possible
causes of damage hip joint prostheses thatave prematurely failed.X&#eme conditions such

as adverse loadingncreased cup angleand medialateral (ML) displacemenhave been
identified aspossible causefor hip joint replacement failureincluding rim damagdFisher

2011, Stewart & Hall 2006 An increased cup inclination angle or ML displacement in total hip
replacements has been shown to move the position of loading closer to or eratetdbular

rim (Figure5-2). This canresult inanincreased logdas a result of non conformigndinitiate

or accelerate damagkizhang et al. 2013; Fisher 2011)was hypothesised that labral damage
could be replicateth vitro by adversely loading the natural hip joint during a continuous gait
cycle inahipsimulatn To t he aut hoin\itre tektingooiwhaedhgtwal hip joints
have not been conducted under the full gait cycle (ISO 14242) in a hip simulator prior to this
study.By developing a natural hip simulation study, the soft tissues in the high lbewassesel

in situ or the effects of labral damage on hip joint function could be investigated
accurately To date the most advanced natural hip joint simulation study was developed by
Groves (2016) however the study was carried out using a pendulum simulator, limited to one

axis of motion and a simplified loading profile.
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Figure 5-2 Adverse loading conditions in hip joint replacementsA i naturalin vivo set up.
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doti Acetabular cugCoR Image adapted from Wikipedia https://en.wikipedia.orgiliip

Therefore, the aim of this chapter was to develop two nioveitro simulation systemsf the

natural hip; the first am vitro simulation of the natural hip functioning without damage under a
full range of motion and the second, a labral danmageéel to replicate damage associated with
diseases such as FAI abdDH where the labrum becomes damaged, torn and/or separated from
the articular cartilage. Both the natural hip joint and labral damage ma@telto function

under normal gait conditiongléntified by ISO 14242, for FE, IE and AA, with a scaled down
load for porcine tissue. Various methods were investigated for developing a labral damage
model including; increaseclp angle, increased load, akd displacement to alter theontact

positionandarea and size of the load.



150

5.2 Aims and objectives

Aims:

The aim of this chapter was to developraritro natural hip and labral damage model using a
single station hip simulator. The aim of the labral damage model was to replicate labral damage

as sen in morphologicy abnormal hip joirg such ag-Al andDDH.
Objectives:

1 Developanin vitro simulation of the natural hip using a single station hip simulator to
function without damage under normal gait motion.
1 Developanin vitro labral damage model of the natural hip using a single station hip
simulator under normal gait and abnormal loading conditions.
1 Investigate the effects of increased cup inclination angle on the hip joint
1 Investigate the effect of increased load on ipgdint
1 Investigate the effect of medial lateral displacement of the femoral head on the

hip joint
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5.3 Overview

To develop ann vitro natural hip simulation systendevelopment ofpecific methodswere
required as this was the first studyo testa natual hip in a hip simulator.The processes
involved in the development of a natural hip and labral damage raogledutlined inFigure

5-3. The initial stages of this studgcused on the methodology to develop a natural hip model
which was then advanced to a labral damage model. The first Stejeded the method
developmentto anatomically align th€€oR of thehip to the simulatorin order to eliminate
external forces on the joint. This was carried out by primarily aligning the CoR of the acetabular
cup to the CoR of the simulatdollowed by aligning the femoral head to theetabulumPrior

to testing the hip joint was disarticulated in order to asghe articulating surfaces for damage,
thereforethe femoral headequired realigningo the acetabular cuphe natural hip model was

set upunder normain vivo conditionsas explained in Sectidb.7. The labral damage model

was then developed by investigating the effects of increased cup inclination angle, increased
load and ML disfacement, as described in Secttohl.2

Align CoR of hip to CoR
of simulator

Align femoral head to
acetabular cup

Natural hip model
* Cupinclination angle: 45 °
* Load: 750N
* Duration: 10800 cycles

Labral damage model

Increased cup inclination Increased cup angle & ML displacement
angle load

55°, 1500 N

60°, 1500 N

65°, 1500 N

55°, 3000 N

65 °, 3000 N

* 55°
* 65°

Figure 5-3 Flow chart of the method development for then vitro simulation models.This

flow chart shows the process of how thevitro simulation models were developed.
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5.4 Simulator overview

To develop arin vitro natural hip and labral damage model a single station anatomical hip
simulator was usedFigure 5-4 A). The simulator was used to apply an ISO standard (ISO
14242) walking cycle to a whole porcine hip joint (femoral head and acetabulum). The walking
cycle was applied using a demand wave cycle and its accuracy was monitored via a feedback
wave cycle. The madahe was designed specifically to allow the natural hip to be tested in a
physi ol ogi cal and anatomical configuration.
and IE) and axial load were driven by eleatnechanical actuators and the simulator was
capable of displacement in the ML and AP directions (eitherffoaging for natural alignment

or locked at a set displacemehtgure5-4 A & B). Motionsin the FE,AA, and IE direction

were accurate ta 0.03°, ML and AP direction to £ 0.2 mm and the axial load was accurate to

+ 50 N. The natural hip was secured in the simulator via holdensufactured ihouse
(Section5.6) with the acetabular cup mountbdlowa sixaxis load cell anthe femoral head to

a moveable cradleThe simulator had a wking height of 205 mmand was programmable
through the ranges of motialescribed ifmmable5-1.

o, U - T B ) ]

SPES . |
D —
Bece NS

load cell

=

Internal

rotation L J - External
Acetabular \ rotation
Cup holder \
Femoral ' \ D
holder !
, Flexion

o .

Adduction

\ Abduction

Figure 5-4 Single station hip simulator set up and axe®A i Mounted natural porcine hip

Extension

(acetabulum & femoral head).iBSimulatorsthreedegrees of motion.
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Table 5-1 Hip simulator programmable ranges.The table shows the ranges in which the

simulator is cable of for each direction of motiorlaad as well as the location it is driven

from.

Load/Motion Programmable Range Applied through
Load 4500 N Cup
Flexion/Extension +60° Head
Internal/External Rotation +25° Head
Abduction/Adduction +25° Head
Medial-Lateral +5 mm and £ 1kN Head
Anterior-Posterior + 10 mm Head

5.4.1 Smulator calibration

Prior to specimen testing the simulator was calibrated for load and displacement using an
external load cell (calibrated [Benison Mayers Groymand calibrated slip gauges respectively.

The six axisload cellwas capable of measuring axidllL and AP loads as well as torques
aroundthe FE, IE and Afaxes The simulator was allowed to warm up for 30 minutes prior to
calibration to avoid drift in the load cell signal. The axial force, ML, FE and AA ¢adid were
calibrated via the automatic load calibration file provided iwithe simulator softwaréProsim

Hip Simulator Application Programlhe external load cell was mounted onto the simulator at
seven set locations consistent with the axial lo&skidn, extension, abduction, adduction,
internal and external rotation positior&glres-5 A). A series of five loads were applied to the
external load cell and the readings were recorded for each load and input into the software to

produce a calibration constant.

To calibrate the ML displacement sensan automatic displacement calibratiole fprovided

with the simulator software was used alongside a series of slip gauges. The slip gauges were
pressed against the ML slide by rotating the ML motor &éydchand the actual positiongirt

into the software (slip gauges of 4.1, 6.1, 8.1, 10.11, &fin representing actual positions-&f

-2, 0, 4, and 4 were used as directed by the manufacHigere’-5 B). The ML motor demand
position was then calibratejainst the actual position as determined by the calibrated position

Sensor.
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ML leaver arm
connected to
motor

Figure 5-5 Simulator calibration. AT load calibration using an external load cell, load cell in
negative FE position. BCalibration of ML displacement. Imaged adapted from the Hip

Simulator Hardware Manual.
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5.5 General methodology

5.5.1 Lubrication

Prior to testingcartilage and labral tissugydration was maintained throughout the study by
covering exposed surfaces with a PRfaked tissueln vitro tests of the whole natural joint

were carried out with the joint surfaces submerged in 25 % bovine serum, defrosted at room
temperature 24 hours prior to testing. The serum was used to lubricate the joint by replicating
synovial flud and closely mimickingn vivo lubrication regimes. The serum was contained
within agaitersecured by a top and bottom jubilee clip. Concentrated bovine serum was diluted
in distilled water to produce 25 % bovine serum.

5.5.2 Specimen fixation

The alignment bthe hip joint was maintained during testing by fixing the porcine acetabulum
and femoral head into custom designed holders usingstesite Polymethylmethacrylate
(PMMA) bone cement. PMMA bone cement was provided as actmmponent mixture;
consisting 6 a liquid and powder. During curing the viscosity of the cement thickened due to
the exothermic reaction. For femoral potting, the cement was used immediately after mixing to
maintain its liquid state where as, for acetabular potting, the cement wasneseil formed a
doughlike consistency to support the weight of the cup. Bone cement took approximately 10
minutes to parset when it became wmorkable and nomadhesive and approximately 30

minutes to fully harden.

5.5.3 Specimen dissection

Porcine specimensere dissected, as discussedaction2.3.2 to separate the acetabular cup

and femoral head. Following dissection, excess pubis, ischium, and ilium boneewened

from the acetabulum, the femur was shortened to 75 mm, and the greater trochanter was
removed Figure 5-6). Specimens were reduced in size to ensure thewitfiin the working
distanceof the simulator and to prevemnpingementof protrudingbony structureson the
surrounding cement in the pofShe femoral head diameter of each specimen was measured
using digital callipers across the largest articulatimgaion of the hip (AP) and assumed to be

spherical.



Figure 5-6 Acetabular cup and femoral head dissectionA - Excess pelvic bone was
removed from around all sides of the acetabular cupTBe femur wa cut 75 mm from the
superiorof the femoral head and the greater trochanter removed. Dashed lines represent cutting

locations.
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5.6 Development of specimen holders and fixtures

Dynamicin vitro testing of whole natural joints had not been conducted in a hip simulator prior
to this study, hence designing and manufacturing of new specimen holders and alignment
fixtures were requiredTo maintain simplicity, he specimen holders and alignment fisda

used throughout this study were adapted from designs used in a pendulum simulator for whole
natural joints(Groves 2016andweremanufactured from Delri® (polyoxymethylene plastic)
Adaptations were regred to account for the new CoR position of the simuladolarger
working area, and the attactent ofthe holders to the simulatobesign drawings for the new
holders can be seenAppendix B

The acetabulacup holder was composed of two parts; ¢t baseand thestainlesssteelcup
(Figure5-7). Thecup base wadesigned to attach to both thg simulata and thestainless
steelcup. The cup basehad two serum inlets/outlets fill the gaiter once the hip was in the
simulator agroove to ensure the acetabular cup was centred within the simulator, a ridge to seal
the gater, as well as screw holes on the top and bottom to attach the figtthre simulator and

cup holde, respectivelyFigure5-7 A). The stainlesssteelcupwas the original design from the
pendulum simulator whiclhad two side cemerdrub screws to hold the cement within the
holder once it had sefigure5-7 B).

A B

Screw holes to attachto
simulator on top surface
(not shown on diagram)

Cement screws

Serum inlet
holes

Ridge for gator

Screw holes for cup
holder attachment

Serum outlet Groove to centre cup

Cup holder
holes holder P

Figure 5-7 Acetabular cup holder. AT Cup baseBi Stainlesssteelcup. Orientation shown

as inserted into the simulator

The femoralholder was composed of three sepap#tes,secured together using screws; the
base plate, FE platand AA plateincluding the femoral potHigure5-8). The screws could be
loosened for the plates to move along the groves independently of each other to centralise the
femurin the potfor different specimens. The femoral pot and AA plate were from the original
pendulum design and the new FE and base plate took into account the new dimension of the hip
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simulator with a totaheight of 110 mm from the lower mountingurface to the CoR dhe
femoral headThe femoral holder attached directly to the simulator via two screws in the base
plate, which were also used to centralise the holder in the femoral alignmehdditionally

there werdour cemengrubscrews from the internal to thexternal of the holdetp secure the
cement in the cup once it had set.

Cement Fertnorzl
pot an
screws \ AA plate
AA grove
FE plate
AA slider
Gator
ridge
Base
FE grove plate

Figure 5-8 Femoral holder. Femoral holder for specimatignmentand @achment to the hip

simulator.
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5.7 Specimen alignment

The samples were aligned to each other and to the CoR of the simulatotwisiagparate
devices; a clamp and famoral potting rig with a method adapted fronizhang 2010 and
Groves 201§Figure5-9).

Adjustable
height
alignment

Height
cylinder

CoCr
femoral
head

Adjustable
lever arm

Figure 5-9 Alignment rigs. A 7 Clamp for acetabular cup alignmenti B-emoralpotting rig
for femoral head alignment

5.7.1 Acetabular cup alignment

The clamp set up was used to align the height of the acetabular cup and consisted of a series of
cobaltchromium (CoCr) femoral heads and a series of height cylinders. The diameter of the
CoCr femoral heads matched the diameter of the natural femoral head (to the nearest millimetre)
and the height of the cylinders matched the CoR of the simulator with the radius of the femoral
head deducted. For each specimen the device was adapted totkestorect CoR for each
specimen. The height cylinder was placed on the bottom of the clamp stand and the CoCr
femoral head was lowered on top arscheight secure¢Figure5-9 A).

The height cylinder was replaced by ttainlesssteelcup (Figure5-10 A), which wasfilled

with cement Once the cement hagmicured and becam#oughlike, the acetabular cup was
anatomically inverted and positioned in the cement Wi&kL facing upwards. The CoCr
femoral head was used to push the acetabular cup into the cement until it reached its predefined
height (Figure 5-10 B). An inclinometer was placed across the supenfarior face of the
acetabulum and was used to set the desired inclination angle of tiEiguie5-10 C). Any

excess cement close to the edge of the acetabular rim was pushed away from the cup, to
replicatein vivo conditions, ensuring the tissues were free to moke. side grub screws were

tightenednto thecement which was left to cure for 30 minutes.
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Figure 5-10 Acetabular cup alignment.A i Stainlesssteel cup. B Acetabular cup height

alignment. Q Acetabuar cup inclination angle alignment.

5.7.2 Femoral head alignment

The stainlessteel pot was transferred onto the base of the femoral potting rig and the femoral
head was invertedrelative to its natural anatomyand lowered into the socket of the
acetabulunm(Figure5-11 A). The adjustable lever arm was lowered until the support risgawa
close to the femordiead neck junction apossible. Thenotch on the femordiead neck
junction was aligned to theentre of the TAL, andhe fovea capitis of the femoral heads
aligned to the ligamentum teres tminimise the clearance betweethe femoral head and
acetabular cup. Once in alignment the sunthiig screws on the support ring were tightened to
hold the femur in positionThe angle of the adjustable lever arm was recorded, prior to
inverting it 180 ° (Figure5-11 B). In the process of inverting the femur the stainktesl pot

was removed and replaced with the femoral holted the adjustable height alignment plate
(Figure 5-11 C). The femoral head was gently raised until it came into contact with the
alignment plate, whilst maintaining the angle of the lever @igure5-11 D). Once the femur

was in position the lever arm was locked in place and the femoral holder filled with cement. The
four surrounding grub screws were tighteneddoure the cemerf@nce the cement had set the
screws on the support ring were loosened anéetheral pot was removed from the rig.

For increased cup inclination angle specimens, the same procedure was followed as described in
Section5.7.1 for the acetabular cup. The femoral head was aligned following the method
describedabove however prior to tightening the support ring screws the femuraddsctedy

the increased angle, measured using the inclinometer on the medial side of the femur. F
example if the cup inclination angle was increased frorfi 4555 ° the femur was lowered by

10°.



Figure 5-11 Femoral head alignment A i femoral head aligned with acetabular cup. B

Angle of lever arm measured.iG~emoral head height alignment.iDever arm inverted by
180°.

5.7.3 Specimen mounting

The stainlesssteel cup was fixed to the cup base and attached to the upper mounthcg sdirf

the simulato(Figure5-12 A). A gaiter was secured around the base of the femoral holder using
a jubilee clip andre holder was attached to the lower mounting suidatiee simulatoFigure

5-12 B). The upper mounting surface was lowered until the femoral head relocatedtiveside
acetabular cugFigure 5-12 C). The acetabular cup was held in position via a loaded spring
above the upper mounting surface. Thaeagavas secured around theedabular holdeusing a
jubilee clipand filled with1500 ml of25 % bovine serum vithe serum inlet valvegFigure
5-12D).
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Acetabular
holder

Femoral
holder

Femoral
head

Femoral
head

Acetabular
holder

Jubilee
clip

Serum
inlet/outlet

Femoral

I holder

Figure 5-12 Hip simulator set up. A i Acetabular cup inverted and fixed to upper mounting

surface. B Femoral head fixed to lower mounting surfacé. Eip joint relocation with gaer
removed. D' Simulator set up with geer filled with bovine serum
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5.8 Test analysis

All specimens were assessed visually Hrakresults were documented using photography and
written analysis. Specimens were assessed prjatuiing* and post testing for morphology,
colour, and surface changes. Changeghe articulating surfaces of the femoral cartilage,
acetabular cartilage and acetabular labrum were analysed from photos taken usitgra sta
camera set up to obtaini®ages of the surfaces from the same locations heftonéng and
after testing. Br each test, the sap (ncluding number of cycles, cupngle, load and ML
displacement) and cause of failure if applicable, were documented=xcahspreadsheet.

*it was discovered part way through testing that it was not possible to identify tbisepre
moment when damaged occurred as the joints were enclosed in gaiters. Hence during the final
stages of testing when successful labral damage was observed, tests were paused every hour and

the specimens photographed.

5.8.1 Sample imaging

Morphological surfaes of the hip were imaged before and after testing to document any
changes to the labrum and cartilage tissues. Images were taken of the superior acetabulum and
femoral head from above using a camera stand and of the side surfaces of the acetabulum (five)
and femoral head (four) using a tripdeiqure5-13). The tripod and stand were set at specific
heights and distances from the samples to ensure before and afteespivere ofsimilar
locations. A reference marker was placed on the base of the camera stand with circles to match
the base diameters of the holders to ensure the samples were placed in identical locations
(Figure5-14). When the image was taken the camera was set to full zoom and the specimen was
rotated to set position&xact degrees of rotation were achieved using marks to match the screw

holes in the blders.
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Camera
Stand

arm \

Camera
30 cm

Sample ~ [_ 24cm / Sample
Holder ] Stand
}é_\ base Cle Holder

\
[ ]

<— Tripod

Bench Bench

Figure 5-13 Camera set up.Left - set up for anterior, posterior, medial and lateral imaging of

acetabulum and femoral hedight- set up for superior imaging atetabulum and femoral
head

Figure 5-14 Sample alignment markers for photography.Markers were placed on the base

of the camera stand to position the samples during photography.

5.8.2 Sample analysis

Damage to specimengasassessed in ters oflabral damage (LD) and cartilage damage (CD)

and documented in a table using a yes givho (N) analysis initially. Any damagebserved

was then classified using either the Lage or Outerbridge scale for labral and cartilage damage
respectively. Anychanges in colour and / or morphology were also documented and the cause

of test failure if applicable.
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5.8.2.1 Labral analysis

Labral damage was classified visually using the Lage Stalge et al. 1996)Damage was
specified by the type and location using the Lage classification scale liSiadlab-2.

Table 5-2 Lage classification system of labral damagd.able adapted frorhage et al,.
(1996).

Labral damage type Definition
Disruption of the free margin of the labrum with the
consequent formation of a discrete flap

Generally of a hairy appearance at the free margin of the

Radial flap

Radial fibrillated

labrum
Longitudinal peripheral Tears of variable length along the labral-cartilage junction
Unstable Abnormal labral function, as opposed to shape

5.8.2.2 Cartilage analysis

Cartilage damage was classified visually using the Outerbridge @ateeron et al. 2003)
Damage was specified by the type apgtth using the Outerbridge scale listed able5-3.

Table 5-3 Outerbridge classification system of cartilage damag@&.able adapted from
Cameron et al(2003)

Cartilage Grade Definition

0 Normal cartilage

I Cartilage with softening and swelling
Partial thickness defect with fissures on the surface that do not
reach the subchondral bone or exceed 1.5 cm in diameter
Fissures to the level of subchondral bone in an areas with a
diameter of more than 1.5 cm

v Exposed subchondral bone
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5.9 Test inputs

To develop arin vitro simulation systenof the natural hip, the hip must function under natural
motion without resulting in damagi order to progresthein vitro simulation system into a

labral damage model, the damage must mimic that seen in abnormal hip morphology diseases
such as FAI orDDH. Damage associated with these diseases includes labral tears and/or

separation from the articular cartilage.

5.9.1 Natural hip joint model

In vitro simulation of the natural hip was undertaken with the acetabular cup set at’a 45
inclination anglgl o r S h a rtp répseseaim\vivb atignment(Harrison et al. 2014~igure

515 . Sharpbés angl e i s the anogtbiaferibracetabaldr rilby a
and the horizontal plane from an AP view of the hip. An inclination angle 6frdpresentin

vivo loading where the load is appliedbovethe superior surfaces of the acetabular cup and
femoral head, which are protecteddsicular cartilageKigure5-15). The hip joint motion (FE,

AA and IE) was determined by ISB1242 and ran for 10,800 cycles, theigglent of 3 hours

at 1Hz (n=6), as this was considered long enough for damage to occur if the joint was
functioning under abnormal condition®revious studies running naturdlip joints or
hemiarthroplasties hawgsed a maximum cycle time of two hotszhang 2010;and Groves
2016) During testing the ML displacement was locked to zero to prevent the hip from
dislocating due to the lack of external ligaments and muscles, the AP displaceméeit fvae

to self align any slight mismatch in the joint.

Load

/

Figure 5-15 Cup inclination angle. The porcine acetabular cup was cemented atd5

represenin vivoalignment.image adapted from Wikipedkdtps://en.wikipedia.org/wiki/Hip
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loading of the pig.In previous studigswhen testing the natural porcine hip maximum

dynami c

oad

of

800 N was

applied

t o

t he

which was approximately 25 % of the human load cytiehang 2010 andsroves2016

Figure5-16). This load was used to replicate normal loading through the hip for the natural hip

model.

Human gait cycle (100 %)

Porcine gait cycle (25 %)

20

40 60 80
% of gait cycle

100

Figure 5-16 Porcine and human gait cycleTheload within thehuman gait cycle was scaled

down by25 % for the porcine hip

5.9.2 Labral damage model

j

The labral damage model was advanced from the previously developed natural hip model and

used the same initial set up for joint alignment and simulator alignment and tests wierearan

minimum of 10,800 cycles. A numbaf input variables weredditionally investigated to

replicate labral damage, which determined the cup inclination @viglelisplacemenand load

applied to the specimen. Thadividual variable set upare discussed in the following $ens

and a summary of the tesinditions investigated can be seeif able5-4.

Table 5-4 Method development for labral damage modelThe combinations of test inputs

investigated to create a labral damage model. Left tainereased angle and load. Rigable

T ML displacement with increased angle and load.

Load (N) Angle Additional ML Displacement
55° 60° 65° Load (N) Angle
750 X X 45° 55° 60°
1500 X X X 1500 X X
3000 X X 2250 X X

C
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Increased cup inclination angle

The inclinationangle of the cup was increased to move the area of loading from the superior
acetabular cartilage surface around to the latagilage junctionKigure5-17). An increased

cup angle in artificial joints has been shown to move the area of loading closer to the edge of the
acetabular cugFisher 2011 an&tewart & Hall 2006) This can result in damage around the

rim, where the labrum is located in a natural jointreased cup angled 55°, 60 °, and 65

were investigated andhie¢ method for settg the cup inclination angle waescribed in section

57.1

Figure 5-17 Increased cup inclination angle for labral damage modelA i In vivo
inclination angle. B Middle increased cup inclination anglei Glaximum increased cup

inclination angle.

Increased load

The load placed on the hip was increased to replicate increased contact stresses associated with
abnormal hip joint morphology, which can be a direct result of contact or as a result of non
conformity within the joint. The hip was placed under three ebelgieak loads; 1500 N,
2200N, and 3000 N, which represented 50 %, 75 %, and 100 % of the human gait cycle,
dependent on the test method carried out. The three different load cycles can beFggpae in

5-18 The increased loads were also ran in combination with increased cup inclination angles







































































































































