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Abstract

Pathological meniscal extrusion is commonly associated with knee osteoarthritis.
This condition occurs when the meniscus adopts an abnormal position, displacing radially
outward from the joint space This positioningaccelerates articular cartilage degenegation
by altering the load distribution across the knee joint and is therefore an important
measure of meniscus function and a potential metric to assess the biomechanical
performance of meniscus interventions. Howeveiin-vitro meniscus displacements have
rarely been measured under dynamic physiological knee loads and motions. The aim of
this thesis was to develop a novel methodology which was sufficient to measure changes
in medial meniscus displacement in a tibiofemoral joint model performing physiologiigait
simulation (displacemenicontrolled) and additionally to investigate the influence of the
knee capsule, medial meniscus posterior root tears and a meniscus allograft
transplantation (MAT) on dynamic meniscus displacement during simulated gait.

This aim was achieved through developing a 2D video markeracking
methodology using an object detection code written on MatLab to estimate the continuous
displacement of moving markes throughout the duration of one simulated gait cycle.
Reliability assessmants estimated minimum error tdoe within +£ 0.1 mm of known
simulatortranslations Factors such as interuser variability, lens distortion and the 2D
image measurement of 3Qtibial displacemert were also evaluated. The finalised
experimental model incoporated a miniature camera system capturing the anterier
posterior displacement (anterior and posterior regions) and the meditdteral
displacement (medial region) of markers adhered to the medial meniscus and the tibial
plateau. The relative displacementescribed the displacement of the meniscus marker
relative to the tibial marker captured in the video frame. The feasibility was assessed on
porcine knee joint samples (n = 4) and gnamic relative displacement of the medial
meniscus was successfully measted throughout a simulated gait cycle in all marker
regions. Varying severities of soft tissue constraint and root tears were also able to be
measured showing a significant increase in medidéteral relative displacement when the
root was most severely ton, and extrusion was detected throughout the study duration.

The experimental model was applied to human cadaveric knee joints using a
similar root tear model (n = 4) and an additional MAT model (n = 3). High variation in
relative displacement occurred letween all human samples and the assessed conditions
influenced the displacement of both the meniscus and the tibidhe effect of the MAT
intervention also varied between samples, however, in some cases corrected the direction
of relative displacement tofollow a similar pattern to the intact conditionThe novel
methodology developed herein demonstrates the ability to measuraeniscus
displacement under simulated gait cycles andould provide a lowcost preclinical tool to
assess the mechanical performane of meniscus interventions.
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Chapter 1

Introduction and Literature Review

1.1 Introduction

I't is estimated that osteoarthritis (OA)
years old (Buckwalter et al., 2004) The knee joint is the most common site for OA to
develop. This is due to the translational, rotationaland planar motions theknee joint must
facilitate under high loads and torques from weight kaing. Total knee replacement (TKR)
is the end-stage therapy for knee OA andare generallymore successful in older sedentary
patients. In younger more active patients (<60 years old) these devices have a higher
failure and revision rate One in three patients between the ages of 50 55 years would
require aTKRrevision surgery in their lifetimpcompared to between1% and 6% of
patients >70 yearsold (Bayliss et al., 2017) The need for alternative earlystage knee
interventions is required to delay the need for a TKR and reduce the da® healthcare
services.

The menisci function to protect the articular cartilage and stabilise the knee joint. The
menisci areone of the mostcommonlyinjured soft tissues in the knee joindnd have a
strong clinical relationshipwith OA (Roemer et al., 2009; Englund, Guermazi, Roemer, et
al., 2009; Englund, Guermazi and Lohmander, 2009; Siemieniuk et al., 2018}leniscal
extrusion is a pathological state tht has been linked as a single predictor oDA (Costa et
al., 2004). This occurswhen the body of the meniscus moves radially outside the edge of
the tibial plateau reducing the joint congruency and inhibiting the meniscus to carry out its
load distributing function.Meniscal extrusion can be a good indication of other underlying
knee pathologies, but the majority of previous research is retrospectivaifing to identify
the cause-effect relationship.Developing methods to improven-vitro biomechanical
assessment in meniscal research is an important way to reduce the amount of costly

animal studies and improve clinical translation of meniscal intervenitis.

This chapter provides a comprehensive review of the structure and function of the
knee joint and the meniscus, as well as the current clinical research field surrounding
meniscal extrusion and thein-vitro biomechanical assessment of meniscal injuryrad
interventions related to meniscal extrusion. Finally, the aims and objectives of this thesis
will be formulated from the key research themes discussed in this opening chapter.



1.2 Anatomy and Biomechanics of the Knee Joint

The anatomy and biomechanics ofhe human knee joint dictate the forces
transmitted to the articulating surfaces such as the menisci.

1.2.1 Structure of the Knee Joint

The knee joint is acomplex joint located between the two longest lever arms in the
body, the femur and the tibia. Tk knee jointtherefore experiences mechanical forces and
momentsin the regionsof 200%2 400% of an i ndi vi dualrifgs body w
activities of daily livingNordin and Frankel, 2001) The knee jointis adapted
predominantly through soft tissue alignmnt and congruency to allow large amounts of
movement as well as stabilisation during load bearing. However, the increased reliance on
soft tissue support rather than bony stabilisation, means the knee joint is more susceptible
to injury than other jointsin the body (Hamill et al., 2015) The whole knee joint can be split
into three subrjoints; the tibiofemoral joint, the patellofemoral joint and the fibuf@amoral
joint. The primay focus of this review will be on the tibiofemoral joint. The major structures
are illustratedin Figure 1.1 and Figure 1.2.
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Figure1.1. Annotated frontal view of the knee joint (Reproduced with permission
from: Hamill et al., 2015)
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Figure 1.2. Annotated sagittal cross section view of the knee joint (Reproduced with
permission:Hamill et al., 2015)

1.2.1.1 Ligaments

There are four main ligaments in the knee joint: the anterior cruciate ligament
(ACL) which connects the femur to the tibia and limits anteridibial translation. The
posterior cruciate ligament (PCL) which also attaches to the femur to the tibia to prene
excessive posteriortibial translation during movement. The medial collateral ligament
(MCL) attaches the medial epicondyle of the femur to the tibia and limits valgus forces as
well as internal and external rotations. The lateral collateral ligament(L) attaches the
lateral epicondyle of the femur to the head of the fibula and resists varus forc@damill et
al., 2015).

1.2.1.2 Tendons

The major tendons of the knee are thejuadriceps, patella and hamstrings
tendons. These structures attach muscles to bone to facilitate movement.



1.2.1.3 Bursae

Several bursae surround the jointapsule (Figure 1.2). Thesesynovial fluidfilled
structures provide cushioning and reduce the frictiometween mobile tendons and bones

1.2.1.4 Articular Cartilage

Articular cartilagehas an incredibly low coefficient of friction to protect the
underlying bone and provide smooth articulation of surfacegrticular cartilage is located
on parts of the joint wherethe most movement occurs such as on the femoral condyles
and the articulating surface of thepatella and the tibialplateau. Areas of the articular
cartilage on the femoral condyles and the tibial plateau interact with the menisci to
facilitate fluid slidng surfaces and enhanced chondroprotectior{see section 1.4.2.3).
Traumatic or degenerative changes to surrounding knee structures and wear overtime
can alter the biomechanical equilibrium and damage the articular cartilage as this tissue
has a very limited healing capacit{Nordin and Frankel, 2001)

1.2.2 Kinematics of the Tibiofemoral Joint

The tibiofemoral joint is described as hingdike in nature, because the largest
range of motion is along the sagittal plane in flexieextension (160° to-5°). However, the
structural asymmetry also allows rollback, sliding and piveiy motions, causing a range of
movementsabout six degrees of freedom.These include three rotational motions: flexion
extension (FE), abductioradduction (AA) and internalexternal (IE) rotation, and three
translational motions: anterioposterior (AP), nmediaklateral (ML) and axial compression
distraction (Shenoy et al., 2013) These six degrees of freedom in terms of the anatomic
(frontal, sagittal, transverse) planes of the human body are shown iRigure 1.3.
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Figure 1.3. Three anatomical planes andsix degrees of freedom of the knee joint.

1.2.2.1 Posterior Rollback and Screw Home Mechanism

The tibiofemoral joint facilitates greater degrees of flexion under high loads due to
rolling as well as sliding motions performed on the articular surfaces. As thade flexes, a
posterior rollback occurs which causes posterior translation of the contact area and the
instantaneous centre of rotation, which is guided by the cruciate ligaments. This increases
the lever arm of the quadriceps muscle meaning less effort iequired for motion. As
flexion increases further, a sliding motion then follows which translates more posteriorly in
the lateral compartment due to the asymmetric geometry; this causes the tibia to internally
rotate relative to the femur. There can be upo 30° of rotational motion through the
tibiofemoral joints full range of motion. As the knee extends, the opposite occurs, and a
motion called the screwhome mechanism is facilitated by the condylar geometry as well
as the tension in the popliteus muscleThis is when the tibia anteriorly translates and then
externally rotates within the last 20° extension. This motion locks the knee into a position
of maximum rotational stability, conserving muscular energy at full extensi¢gtewart and
Hall, 2006; Shenoy et al., 2013; Lamb and Guy, 2016)
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1.2.3 Kinetics of the Tibiofemoral Joint during Gait

There have beennumerousstudies quantifying kneemotion during the human gait
cycle (Figure 1.4). These includecadaveric models, gaitanalysisand in-vivo fluoroscopic
analysis(Shenoy et al., 2013)

< Stance Phase > « Swing Phase ——p»

Terminal
Stance

Heel Strike| Loading
Response

swing Swing

Pre - . Toe-off Mid-Swing Terminal -

Figure 1.4. Schematic showing the key parts to the human gait cycle and how the knee
joint changes during each period.

In the sagittal plane, knee extension peaks at ~ ~5° around midstance and
knee flexion peaks initially at 20% of the gait cycle during stance phase at ~2f 30°.
Later during swing phase at 70% of the gait cycle, flexion peaks again to ~5@5 ~80° just
after toe-off. The anteriorposterior tibialtranslationalso follows a similar pattern to the
peaks in flexiorextension, with posteriortranslationof the tibia peaking at 20 % and 70 %
of the gait cycle at values ranging from ~2nm to ~6 mm and ~11mm to ~18 mm,
respectively. The anteriottranslationof the tibia also peaked at ~Imm to ~2 mm past
neutral position at the same point in migstance when knee extension peakgLafortune et
al., 1992; Rowe et al., 2000; Baudet et al.2014).

In the frontal plane, abductioradduction rotations are minimal during stance
phase support, however, after toeoff where flexion peaks at 70%, an increase of either
adduction or abduction to ~6 to ~8° has been observed (depending on subjeespecific
alignmen. Mediallateral tibialtranslations of approximately +/5 mm from the neutral
position generally follow a similar pattern to the peaks in flexigxtension during gait, with
medial translation of the tibia during flexion and laterafranslation of the tibia during
extension(Lafortune et al., 1992)

In the transverse plane, throughout the stance phase initiating at hestrike the
tibia externally rotates ~3to 5° and then fluctuates around neutral 0° position just before
toe-off. As swing phase occurs the tibia internally rotates to a peak of ~9 ° at around 90%
of the gait cycle, before heel strike occurs agaifLafortune et al., 1992) Although, more



recent gait analysesin healthy groupshave reported peak values of around ~2fo ~5°
(Baudet et al., 2014, Bytyqi et al., 2014)

Externalforces and moments acting upon the knee include the ground reactio
force, gravitational force and inertial forces from the upper leg and foot. These forces and
moments are counterbalanced by the surrounding soft tissues and muscléKutzner et al.,
2010). Such loads havebeen estimated previously usingnstrumented prosthesis and
inverse dynamics, where the forces and torques are computed from liminotions and the
approximate mass of bodily segmentgHamill et al., 2015) Although there are large
variations in the liteature, it been generally reported thaP0024 00 % of an i ndi vi
BWi s exerted on the knee joint duringhe stance phase of gait and he largest contact
forces of 3 times BW occur just before toeoff (B Morrison, 1970; Taylor et al., 204; D
Lima et al., 2005; Heinlein et al., 2009; Kutzner et al., 2010)

1.3 The Meniscus

The menisd are highly specialised load transfer devices, functioning under shear,
tensile and compressive forcego protect the opposing articular cartilag. The specialised
shape and regionalcellularisation, vascularisation and microstructural organisatioms
well as the interplay between fluid and solid components, allow the menigoiperform a
variety of functiors critical to knee joint health(Allen et al., 1995; McDermott et al., 2008;
Makris et al., 2011).

1.3.1 Gross Anatomy

The medial meniscus and lateral meniscus are semilunar fibaartilaginous
structures located between the femoral condyles and the tibial plateaifrigure 1.5). The
lateral meniscustends to be more circular in shape and is generally more mobile than the
medial meniscus. Themedial meniscusis wider posteriorly than anteriorlyand has alarger
radius of curvature than the lateral meniscus. The medial meniscus is also more tightly
connected to the joint capsule These differences in shape are caused by the asymmetry
of the tibial compartments and tle differences in loading. Typically, the lateral tibial
compartment is convex and the medial tibial compartment is concave, to facilitate internal
rotation with flexion(Allen et al., 1995; Fox et al., 2012)
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Figure1.5. Transverse plane section of the tibial plateau showing the medial and
lateral menisci and tibial root attachments (Adapted fronKean et al., 2017)

The menisci are stabilisedby strong anterior and posteriorroots which connect to
intercondylar areas onthe tibial plateau (Figure 1.5). The ligamentof Humphrey and
Wrisbergare auxiliary meniscofemoral ligaments which originate from the posterior root of
the lateral meniscus and insert into the posterior medial condyle.has been estimated
that both these ligaments are present in at least 50% of the population and 93% have one
of theseligaments(Allen et al., 1995; Athanasiou and SancheAdams, 2009).

1.3.2 Composition and Microstructure

1.3.2.1 Fluid Phase and Solid Phase

The meniscus has been described as a biphasic tissue, meaning it adopts a fluid
component and a solid component, wich interplay to allow the meniscus to exhibit time
dependent energy absorbing material behaviour under loagMow et al., 1980; Mow and
Lai, 1980; Favenesi et al., 1983; Fithian et al., 1990)The mechanics relating to this
material behaviour are exfained insection 1.4.1. The meniscus ishighly hydrated and
made up of around 70% water, which is the most abundant componeriPeters and
Smillie, 1972) The movement of fluid flav in and out of the meniscus during loading plays
a large role in the material propertiegFithian et al., 1990) The remaining30% consists of
the organic (solid) component, of which collagen makes up ~75%. Proteoglycans (~17%),
adhesion glycoproteins (<1%), cellular DNA (~2%) and elastin (<1%) make up the
remainingcomposition of the meniscus (Peters and Smillie, 1972; Makris et al., 2011)



The solid component is also termedte extracellular matrix (ECM)mostly consisting of
collagen and proteoglycans which have specialised interactions to provide structurally
integrity and allow the movement of fluid in and out of the meniscus, facilitating its
mechanical function(SanchezAdams et al., 2011)

1.3.2.2 Collagen

Collagen is a highly abundanfibrillar proteinin connective tissues. @llagen types
I, 1, 11, 1V, V, VI anKVIII have been found to be present in the menissuHowever, the
most abundant type isType | (~90% of he collagen)(Hasan et al., 2014) Bullough et al.
(1970) were the first to report the microscopic ultrastructure and organisation of collagen
in the meniscus which was later supported byetersen and Tillman(1998) through
advances in scanning éectron microscopy. The findings of Peterson and colleagues
presented distinct layers in collagen structural organisation throughout the meniscus
tissue. The meniscalcollagen networkwas found to bearranged into three layers: the
superficial, lamellar and the deep (central) layer, these layers are displayed irFigure 1.6.

Lamellar Zone Superficial Zone

”~”

-Deep Zone
Radial 'tie' fibres

Red-| Red- |
ired | white |

White-white

Figure 1.6. Cross-section illustrating the neniscus collagen organisation and differing
levels of vascularisation.

Collagen fibres arerandomly orientated in the superficial layer and in the lamellar
layer, however, in the lamellar layetthere is more radial organisatiorin the anterior and
posterior meniscal horns This random orientationstrengthens the surface in all axes to
counteract the shear forces from rolling and sliding femoral conta¢Abraham et al.,
2011). The fibres in the deep regiorare oriented in a circumferential alignment with rdial
- t i e @xtending from ghe peripheral regions to the centre of the meniscusCollagen
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fibrils are orientatel in the direction of greatest tensile stress, because when axial load is
applied, the amount of movement radially outward is limited becaa the meniscus is
anchored to the tibial plateau via the anterior and posterior horns. The orientation of the
collagen fibrils in the deep zone reflect the transmission of this load circumferentially into
longitudinal hoop stesses to dissipate the loadPetersen and Tillmann, 1998; Hasan et
al., 2014). CollagenType Il and Type lll fibres are predominantly found in the innedeep
region as well as a higher proportion of proteoglycanshis region hasbeen found to adopt
a similar composition toarticular cartilage and contributes largely to the compressive
properties of the meniscus (Athanasiou and SanchezAdams, 2009).

1.3.2.3 Proteoglycans

Proteoglycanmolecules constitute a key componentf the meniscus ECMand are
composed of a core proteinwithgl ycosami nogl ycan®s .ThésAGs) att
GAGs are negatively charged sliphate groups and therefore attract water into the tissue
to produce a hydrostatic swelling pressure which resists the compressive forces
experienced during loading.The spatial organisation of GAGs agrees with the area of the
tissue where the highest compressive load is experienceid the inner-deep zone (Figure
1.7) (Athanasiou and SanchezAdams, 2009).

Femoral Surface

- Inner
d S

5 mm

Tibial Surface

Figurel.7. Central crosssection of a bovine meniscus showing the varying density of
collagen (stained fastgreen) and proteoglycans (stainedsafranin-orange) between the
inner and outer zones. (Reproduced with permission: Andrews et al., 2017, p. 274).

1.3.2.4 Elastin

Elastin is another fibrillar protein found in the meniscus and constitutes only a small
amount of the total composition (< 1%)Peters and Smillie, 1972. El astin®s rol e
meniscal function is largely unknown, however, in other tissues such as blood vessels,
elastin provides the recoifresiliency (Athanasiou and SanchezAdams, 2009). Thereforg it



11

is thought that small amounts of elastin fibres bridge vitthe collagen fibres to allow the
meniscal shape to recover after deformatiorfH6pker et al., 1986)

1.3.3 Cellularity and Vascularisation

Meniscal cells are termed fibrochondrocytes as they have characteristics of both
fibroblasts and chondrocytes. Chonrocytes are found in articular cartilage and synthesise
Type Il collagen, whereas fibroblasts are found in connective tissues and predominantly
synthesise Type | collagen. Regional and morphological variations of fibrochondrocytes
exist throughout themeniscus and correlate with tensile and compressive function. e
cells in theouter region adopt a more ibroblastlike appearance whilst in the inner region
of the meniscus the cells adopinore of chondrocyte appearance similar to that of
articular cartibge (McDevitt and Webber, 1990; Makris et al., 2011)

As well as cellularity, the meniscus is specialised to hawffering regions of
vascularity. As presentedpreviouslyin Figure 1.6, these regions are labelled:the red-red
zone (outer region, vascularised by the pefnineniscal capillary plexus (PCP) attached to
the joint capsule), the redwhite zone (transition zone, semvascularised) and the white
white zone (inner region, avascular)The zone of vascularisation relag¢s to the healing
capacity of the meniscusand therefore surgical decision. Damage to the avascular white
white zone, constituting about twethirds of the meniscus is usually permanent and may
require surgical intervention(Petersen and Tillmann, 1995)

1.4 Meniscus Biomechanics and Structure-Function Relationship

Intheearlymi d 1900®s t he meni scus was thought
detached muscle and pain occurring after removal of the meniscus (meniscectomy) was
thought to be due to residual pieces of the meniscus remaining in the kné®dcMurray,
1942; McDermott and Amis, 2006) Since then, numerous studies have shown the
meniscus plays a vital mechanical role in knee joint chondroprotection, stabilisation and
lubrication through various structural mechanisms.

1.4.1 Fundamental Tissue Mechanics

Prior to reviewing the functional biomechaigs of the meniscus in whole knee joint
models, it is important to understand the fundamental tissue mechanics and the research
endeavouring to define the material properties of the meniscus.
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1.4.1.1 Tension

A stretching force applied to a fibrous biological tissue, such as the meniscus, will
cause a resultant deformation. The tensile properties are defined as the tissue behaviour
in response to a stretching force. Two things occur in this situation: (1) théssue will
elongate and (2) a force will develop and increase within the tissue, up until the point of
fracture/breakage of the specimen. The curve shown iRigure 1.8 can be related to the
action of the collagen fibrils within the tissue. The toe region shows relaxed collagen fibrils
as only a small amount of force is required to elongate the specimen initially. During the
linear region, the collagen firils stretch and a linear relationship occurs prior to early signs
of individual collagen fibre failure; shown through small load decreases. The yield point
describes the point where major breakages of collagen fibres bundles occur and therefore
irreversble (plastic) deformation. The maximum force measured is the ultimate tensile load
of the specimen and the stiffness is a structural property which describes the linear
relationship between load and elongatiofiMcDermott et al., 2008). This relationshipcan
be represented as a stressstrain curve to describe the material properties ithe
specimen so comparisons can be made between other tissues, independent of the
specimen dimensions. The stress and strain calculations adjust for the specimen cress
sectional area and specimen | ength, respectd.i
material (Nordin and Frankel, 2001; McDermott et al., 2008)

Collagen PO
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>

Elongation (Strain)

Figure 1.8. Meniscus tissue mechanicsstress 2 strain curve under tensile forces.

1.4.1.2 Compression

The compressive properties of the meniscus are described as the tissue behaviour
in response to a pushing force. The compressive resilience of the meniscus as a material
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follows the biphasic theory firstly proposed biow et al. (1980) for articular cartilageand
later supported for the meniscus byFavenesi et al.(1983) examining bovine menisci.
Research suggests the mixture and interplay between the solid and ilucomponents of
the meniscus are crucial for it functioning under high compressive loads.

The meniscus is described as a tim&lependent material under compression
because the properties, and therefore the functionality, change with the duration of the
applied load. This behaviour can also be described as viscoelasticity, which refers to the
interplay between elastic (reversible) behaviour of the collagen fibres of the solid phase
and the simultaneous interstitial pressure and extrusion of the fluid phasehich is
dependent on fluid viscosity and tissu@ermeability(McDermott et al., 2008). Viscoelastic
materials adopt two main subbehaviours: creep and stressrelaxation.

As illustratedin Figure 1.9, creep response isthe behaviour which occurswhen a
constant compressive forceis applied to meniscus tissuga resultant nearlinear
deformation occurs initially, which is mostly due to thelastic response behaviour of the
collagen network. Concurrently, the proteoglycan GAGs which attract water into the tissue
ensue a high osmotic pressure of the fluid component. As the duration of loagpplication
increases the rate of deformation decreass to a plateau, where the fluigophase dominates
as there is gradual extrusion of the fluid from the tissu®©n the other hand, stress
relaxation describes thetime-dependent reduction in the applied load required to maintain
a defined deformation(Figure 1.9). This occurs in a similar way because the water is
slowly exuded from the meniscus tissue. The low relative permeability of the meniscus
tissue compared with cartilage tissue allows effective maintenance of volume underload,
giving an immense chondroprotectivesffect (Nordin and Frankel, 2001; McDermott et al.,
2008).
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Figure 1.9. Meniscus tissue mechanics under compressive forces showing (A) creep
characteristics whensubject to a constant load and (B) stress relaxation characteristics
when held at a constant deformation.
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1.4.1.3 Material Properties

A summary of the tensile and compressive material properties of human menisci
studies is shown inTable 1.1 on the next page These properties vary depending on
meniscus body location (anterior, posterior, middle), structural / zonal depth (inferior,
superior) and sectionorientation (Setton et al., 1999; Makris et al., 2011)

Table 1.1. Material properties of human redial meniscus tissue specimens.

Properties Study Direction Location (SJETJ_,SZD)
Tensile Tissakht Circumferential Anterior 106.21 + 77.95
et al. Central 77.95 £ 25.09
Posterior 82.36 £ 22.23
Radial Anterior 48.31 £ 24.35
Central 46.20 = 27.56

Posterior 3255+ 11.27

Aggregate Modulus

Properties Study Zone/Depth Location (MPaz SD)
Compressive  Sweigart Superior Anterior 0.15+0.03
etal. Central 0.10£0.03

Posterior 0.11£0.02

Inferior Anterior 0.16 £ 0.05

Central 0.11+£0.04

Posterior 0.09 £ 0.03

Tensile properties of the human meniscus and other mammalian species have
been previously reported(Whipple et al., 1985; Fithian et al., 1990; Tissakht and Ahmed,
1995; Goertzen et al., 1997) Tensile assessment has been achieved through extracting a
dumbbell shaped section of the meniscus. This geometry is useful in defining the cress
sectional area for stress calculation whilst ensuring the ends of the specimen can be
clamped by the force gparatus. The meniscustissue is described as an anisotropic
material because it has ahigher tensile stiffness in the circumferential direction compared
with the radial direction which is largely due to the circumferentially aligned collagen
network in the deep zone(Whipple et al., 1985; Fithian et al., 199QWhipple et al. (1985)
were the first to show theanisotropy of the bovine meniscus tissue in tension by assessing
circumferential and radial orientated dumbbell sectionsThis was then later found for
human meniscus sections (Fithian et al., 1990; Tissakht and Ahmed, 1995)in addition,
Lechner et al. (2000)investigated the tensile circumferential modulus of 30 human medial
meniscus samples and found thathe cross-sectional area of the sample had a significant
inverse effect on the tensile stiffnessHowever, the researchers also reported a high
amount of sample failure within the smallest sliethickness group. The researchers
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suggested this could be due ® some specimens beingcomposed of solely matrix (taken
from the gaps in between the collagen bundles) and other sections including the collagen
bundles; causing stiff and weak samples in the same group.

Compressive meniscus properties are usually assessethrough extracting
cylindrical plugs from meniscal regions. As shown ifiable 1.1, the compressive
properties of meniscus tissue are usually measureas the aggregate modulus and the
permeability. The aggregate modulus takes
modulus and the Poisson Ratio, which is a measure of the material stiffness when fluid flow
has ceased. A higher aggregate modulus denotes gher resistance to deformation under
load. Previous literature has found that the compressive properties vary with respect to
meniscus region (anterior, middle, posterior) and zonal depth (superficial vs deep)
(Favenesi et al., 1983; Proctoret al., 1989; Sweigart et al., 2004)

These factors demonstrate the difficulty in defining comparable meniscus material
properties due to the complex heterogeneity of the meniscus structure. Designing and
developing a new intervention to be biomechanically similar to the natural meniscus shaul
not solely rely on uniaxial assessment of tissue sections, because in the natural knee joint,
the meniscus is subject tohighly specificshear, compressive and tensile forces
concurrently.

1.4.2 Functional Biomechanics

The menisci are frequentlydescribed as having separate biomechanical functions
to ultimately protect the articular cartilage. However, all these functions described in the
following subsections are not mutually exclusive from one another; if one function is
impeded, the other fungions will be hindered. The meniscus can be seen as having

simultaneous functionality.

1.4.2.1 Load Transmission

The specialisedgeometry and microstructure allow the meniscus to achieve the goal
of protecting the articular cartilage by transmittingt5% 2 75% of the axial load between
the femoral condyles and thetibia (Fairbank, 1948; Seedhom, 1979; Ahmed and Burke,
1991). In numerous experimental studiesremoval of the meriscus (meniscectomy) has
been shown to increasejoint contact pressure through the reduction of contact area
(Walker and Erkman, 1975; Krause et al., 1976; Kurosawa et al., 1980; Baratz et al.,
1986).

Fairbank(1948) were the first to radiologically investigate changes to the knee joint
before and after meniscectomy. Joint space narrowing and flattening of the femoral
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condyles were observed fom the radiographs.In later years, the load bearing function
was further established in biomechanical studies using presswsensitive films(Kurosawa
et al., 1980; Baratz et al., 1986) Kurosawa et al.(1980) found that the average stress
increased by 23 fold with meniscectomy. SimilarlyBaratz et al.(1986) measureda 2-fold
increase in contact pressurewith meniscectomy and found the amoutof meniscus
removed positively correlated with increased contact pressure.

The fundamentals otthis mechanism canbe explained throughthe simplecontact
force, contact pressure, and contact area equation using rigid bodies shown as a ball
(femoral condyle) and a shallow cup (meniscus) on a flat surface (tibial platea(fFigure
1.10).

Force (N)
Pressure (MPa) =

Area (mm?)
Ball (condyle) 1800N

l, 1800 N

Flat surface 5 ‘ 0l mm? - 18,000 MPa
(tibial plateaW

?up‘ ) 1800 N 18 MP
meni —_— =
eniscus ' 1800N 100 mm?2 a
ey
Contact area
'R

Figure 1.10. Simple geometric model of meniscus function reducing the contact pressure
through increasing the contact area on the flat surface. The ball represents the femoral
condyles, the plate represents the tibial plateau and the shallow cup represents the
meniscus. An axial load of 1800 Napproximately represents 2.5 times BW of a 70kg mar
during the stance phase of gait.

The simple model above can be further applied to the deformable meniscus macro
and microstructure bearing load between the femoral and tibial conta¢Bhrive et al.,
1978; McDermott et al.,2008; Fox et al., 2012) As shown inFigure 1.11, when axial load
is applied initially, the shape of the meniscus allows the pressure from the curved femur to
be applied as a horizontal and vertical pressure (kmu). Because the tibia is relatively flat,
this applies an opposing vertical pressure (Fiiz). The vertical pressures cancel out,
leaving the femurs horizontal pressure to act as a radial vector on thiessue. The
hydrostatic pressure of the tissue and the circumferential alignment of collagen in the deep
zone converts the radial vector into hoops stresses causing a resultant circumferential
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force (Fir) which causes the tissue to radially deform and dégpate the load(Shrive et al.,
1978). This deformation keeps thdoaded knee ina stable position by widening the
contact base and maintaining congruent contact with the femur.

Horizontal
—

~ \Vertical

FFemur Anterior
Radial "
Vector Posterior

Root

Vertical FTibia

Figure1.11. Load bearing mechanism of the meniscus showing radial expansion of the
meniscus caused by the lorizontal pressure of the femoral axial force converted to the
radial vector which is distributed through the circumferential force of the collagen
network.

1.4.2.2 Meniscal Motion and Joint Stabilisation

The menisciplay a crucial role in keeping the articuei on wi t hi n the kn
kinematic constraints.Meniscal movement is facilitated by the structure and the root
attachments whichstabilisethe changing position and curvature of the incongruent
femoral and tibialsurfaces during the translational and rotatioal kinematics during gait
(Fukubayashi et al., 1982; Shoemaker and Markolf, 1986; Thompson et al., 1991)s the
knee flexes the instantaneous centre of rotation shifts posteriorly (see sectid@®.2), and
the menisci also move posteriorly and deform in order to stabiligbe knee and keep the
articulation within the greatest area of contac{Thompson et al., 1991; Vedi et al., 1999;
Kim et al., 2015) This movement means the contact area is continuously satisfying the
load transmitting behaviou of the meniscus microstructure.

This movement was firstly presented byWalker and Erkman (1975) using a
qualitative casting technique in cadaveric knee joints and an Instroement
(methylmethacrylate) castings were made of the tibial plateau &°, 30°, 60° and 90°
flexion angles whilst applying ON, 500N,1000N and 1500N loads at each flexion angle.
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The results showed the contact area moved posteriorly and spread toward the lateral
edges of the tibial plateau with increasing flexion and load.

In later years, further advances in imaging technology such aragnetic
resonance imaging (MRDallow this effect to be measured quantitatively during ixitro
cadaveric studies(Thompson et al., 1991)and in-vivo participant studies(Vedi et al.,
1999; Yao et al., 2008) Potentially the most notable atdy on meniscus translation was
Vedi et al. (1999)who quantifiedin-vivo movement of the menisci usingiRland infrared
trackers on 16 young healthy males. A novel seating set up was used so participants
could squat, stand and sit whilst being scanned. Ithe transverse plane, the medial and
lateral menisci deformed towards the posterior direction from 0° extension to 90° flexion in
weight bearing and nonweight bearing conditions. On average the lateral menisci moved
more than the medial menisci and the aterior more than the posterior Figure 1.12).

Post Post

38 .
Medial Lateral

Figure1.12. Schematic representation of the meniscal movement from 0° extension to
90° flexion during weight bearing (A) and notweight bearing (B) conditions.
Measurements are in millimetres (Reproduced with permission: Vedi et al., 1999, p. 39

Moreover, the mechanics uner compression, the specialised wedge shape and
the meniscus mobility are believed to contribute to joint stabilisation, similar to a secondary
ligament(McDermott et al., 2008; Fox et al., 2012) The stability of the joint can be
described as the resistance to large rotations or translations when subject to external
forces (Reynolds et al., 2017) There have been a handful of studies reporting the
stabilising effect of the meniscus under load and in the absence of key stabilising
ligaments, such as the ACL(Hsieh and Walker, 1976; Shoemaker and Markolf, 1986)

1.4.2.3 Biotribology and Joint Lubrication

The term botribology describes the study of two contacting biological surfaces in
relative motion and includes the principles: friction, wear and lutcation (Zhou and Jin,
2015). Experimental simulation studies have shown the effect of the bovine meniscus
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reducing the amount of friction and wear on opposing articular cartilag@vicCann et al.,
2008; McCann et al., 2009) However, despite both the femoral and tibial surfaces of the
meniscus being in direct sliding contact with the articular cartilage of the knee joint, only a
smallamount of research has been carried out examining the specific tribological
mechanisms which occur between these surfaces.

The meniscus is proposed to controéxcessive friction and wear on the cartilage
surfaces throughspecific lubrication regimes. Themeniscus has been found to be a
biphasic tissue like cartilage and it is postulated bw-friction area of contactis formed
between the two surfaces through a similar biphasic lubrication proceg$/low et al., 1980;
Forster and Fisher, 1996) Biphasic lubrication theory stateghat friction is modulated
initially by the hydrostatic pressure of the fluid, taking on approximately 90% of tikentact
load. As the fluid is slowly exuded, the solid matrix starts to take on more of the contact
load. This reduces the friction and wear between the solid phases of the tissues, until the
majority of the fluid isexuded and the solid phases start to ®lely bear the contact load
(Nordin and Frankel, 2001; Ateshian, 2009)

Further research includes findings to suggest the autologous nature of the
meniscus and cartilagesurfaces (Andrews et al., 2017) Schumacher et al.(2005) found
that meniscus fibrochondrocyte cells secrete a protein called proteoglycan 4 or lubricin,
and that this protein was present in a thin layer on theeniscus surface, which had also
been found in a thin layer on the cartilage surfae The researchers proposed that lubricin
may aid a boundary lubrication regime with articular cartilage. Boundary lubrication
describes the reduction of friction through mtecules rolling over each other at the contact
surfaces.

1.5 Meniscus Injury: Meniscal Extrusion

The meniscus is one of the most commonly injured tissues in the knee joint, affecting
60 - 70 per 100 000 people in theUK (Ahmed et al., 2020) There are many forms of
meniscus pathology, howeverthis review will focus on theelatively overlooked clinical
condition of meniscus extrusia, due to its high clinical association with osteoarthritis
(Gajjar et al., 2021)

1.5.1 Types of Meniscus Extrusion

Meniscal extrusion is described as the displacement of the meniscus, protruding
past the tibial plateau marginCosta et al., 2004) Meniscal extrusion can manifest in two
forms: physiological and pathologica{Gajjar et al., 2021)
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1.5.1.1 Physiological

A certain degree of meniscal movement is requiretbr the meniscus to dissipate
load and stabilise the knee joint due to the natural action of the collagen fibres responding
to tensile strain. However, there is little research on quantifying this movement in response
to natural loading as imaging studiesisually only have sample sizes afround 20
subjects. For example, it has been previously estimated using frontal plane MRI scans that
the medial meniscusmoves on average 2mm (range: 1.2nm2 2.6 mm) outside the
medial border of the tibial plateau duringnatural weight bearing in healthy subjects
(Boxheimer et al., 2004) However, a more recent study of 75 healthy subjects found that
this measurement is dependent on age, BMI and the loading condition the medial image
was taken from(Achtnich et al., 2018).

1.5.1.2 Pathological

On the other hand, meniscal extrusion is a pathological condition where the
meniscal body is displaced outside of the joint spacein anabnormalmanor. This is
typically described in clinic as a displacement > 3 mr{Costa et al., 2004; Lee et al.,
2011). Pathological extrusion can be divided into two forms: traumatic and degenerative,
described later insection 1.5.3. Both formsresult in a disruption to the circumferential
collagen fibre structure causing doss of hoop strain resistancgMuzaffar et al., 2015)
This results h load being applied to a reduced contact areaand therefore increases the
contact pressures upon the articulating cartilage leading to acceleratedhondral
degeneration(Figure 1.13). Meniscalextrusion has been associated with joint space
narrowing, knee deformities, osteonecrosis and OAGaijjar et al., 2021)
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Figure 1.13. Loading differences across the knee between a healthy meniscus and an
extruded meniscus.
1.5.2 Diagnosis

The -gold standard®&o diagnose meniscal extrusion is a nofweight bearing mid
frontal plane MRI scan, where the chosen measurement slice is the one with the largest
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area of medial tibial spinelf the meniscus is extruded >3 mm past the line of the tibial
plateau, at the posterior border of the MCL this is classed as severe meniscagxtrusion
(Costa et al., 2004; Lee et al., 2011; NogueiraBarbosa et al., 2015)

Efforts could be made to improve theyold standard to diagnose meniscus
extrusion. This method is relatively robusthowever, abnormal meniscus position in other
areas, changes during weight bearing andchanges during movementare disregarded
Extending the method toview a slice in the sagittal planer at different flexion anglesnay
be beneficial(Kim et al., 2015; Masuda et al., 2018).The complexity of meniscal
kinematics makes it very difficult to quantify thresholds for pathological extrusion.

One of the research challenges is quantifyinghe degree of extrusionthat is
classed as healthy andwhat is classed as a biomechanical riskHowever, theclinical
foundation from which tke > 3mmthreshold manifested isunclear and the severity is likely
underestimated as the radiographs are usually taken in the unloaded supine position.
Costa et al. (2004)firstly used thismeasure on 105 knees with damaged menisci, to
determine whether the severity of meniscaldrusion, defined as minor (< 3 mm) and
major (> 3mm), related to degeneration and type of meniscal damage. Findings suggested
that major meniscal extrusion highly correlated with degeneration, tears of the root and
large radial tears to the body of themeniscus. However this study failed to separate age
groups and had a large age range of 383 years. It is likely that the older patients have
underlying chondral damage which presents confounding factors when measuring
meniscal extrusion.

Other previous studies have used different methods to measure extrusion, such as
calculating the distance from the tibial margin as a percentage of the meniscus body,
using different planes/flexion angle¢Crema et al., 2012; Kim et al., 2015; Masuda et al.,
2018; Paletta et al., 2020) There have also been some developments in quantifying the
position of the meniscus body using quantitative MRI scans and 3D modelling software
(Wenger et al., 2013) However, the majority keep to the midrontal plane body
measurement due to the ease and reproducibilitfSwamy et al., 2018)

1.5.3 Causes and Associaions

1.5.3.1 Traumatic Meniscal Extrusion

Meniscal tears are the most common injury reported by orthopaedic clinicians with
an annual incidence of ~61 per 100,000 people (McDermott and Amis, 2006). Tears are
caused by degenerative changes in older patients (>5@ears old) and traumatic injury,
most commonly ACL injury, in younger patients (<50 years old). Tears can occur
anywhere in the meniscal body and are classified in terms of their morphology observed
on MRI scans and through arthroscopy (Hasan et al., 2094 Although, any meniscal
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trauma can result in meniscal extrusion, the most common type of tears causing medial
meniscal extrusion are located in the posterior root of the medial menisc€osta et al.,
2004; Kim et al., 2020). Currently, there is no official standardised classification system for
meniscal root tears, however, a previous study grouped 71 torn menisci into five groups
using morphological arthroscopic examination. This study found the most commaype

and location of medial meniscus root tear is a complete radial tear within 3 to 9 mm of the
root insertion (Type 2,Figure 1.14) (LaPrade et al., 2015).

1. Partial Stable Root Tear 2. Complete Radial Root Tear %ﬁ%ﬁé?ﬂgfdﬁom Tear and

9mem

4. Oblique Root Tear 5. Root Avulsion Fracture

f

Bone fragment

Figure 1.14. Morphological classification of meniscal root tears. The tear most
associated with meniscus extrusion is number 2; the complete radial root tear.

Roottears cause severedisruption to theload dissipating properties (hoop
tension) of the meniscusstructure as they propagate perpendicularhto the
circumferentialcollagen alignmer (Petersen et al., 2014) The medial posterior region has
a higher stiffnessand reduced mobility in order to bear more load during deep knee
flexion, however, this makes this region more susceptible to injuiCosta et al., 2004;
Crema et al., 2012) Biomechanical cadaveric studies have previously reported that the
presence of these tears increase tibial contact pressures similar to that of meniscectomy
conditions (Allaire et al., 2008; Marzo and GurskeDePerio, 2009; Kim et al., 2013)

A recent study byKrych et al.(2020) reporting variations in clinical decisions and
outcomes between lateral and medial meniscus root tears found that of the 109 patients
with medial meniscus root tears, 79 had meniscus extrusion > 3mm (72.5%). Only 6 of the
30 patients with lateral meniscugoot tears had meniscus extrusion > 3mm (20%). On the
other hand, 24 patients with lateral meniscus root tears had concurrent ACL injury. The
lateral meniscus root tears more acutely in younger active patients and medial meniscus
root tears are usually chonic, occurring in older patients with underlying degeneration.
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Minor acute events can trigger a complete medial meniscus root tear with
underlying degeneration.To the authorsknowledge, there is only one study which
comments on the acute aetiology of a radial meniscus posterior root tear. In a sample of
100 patients (age 50-70 years), 38% were descending stairs, 18% were walking at a
normal pace and 13% initiated the tear through high flexion activities such as squatting.
Other activities such as standig up from a chair or sports accidents were <10% of cases
(Furumatsu et al., 2019) Unfortunately, root tears are less sensitive to MRI scans,
meaning it is likely the incidence of meniscal root tears is undeeported due to the
difficulty in diagnosis compared to other tear typegl aPrade et al., 2015)

1.5.3.2 Degenerative Meniscal Extrusion

It is possible that overa longer and slower period of time, the microarchitecture of
the meniscus |l oses integrity due to repetiti
degenerative meniscus extrusion, however, this form igenerally urder reported and
undetected compared wih traumatic meniscus extrusionDue to the slow nature of this
pathology, by the time it is diagnosed, patients would likely have associated OA or other
knee pathologies. Clinical OA studies have shown a difference between timmbers of
patients with menscal tearsand the number of patients with meniscal extrusion
degenerative extrusion could represent these patientRoemer et al, 2009). In addition,
tears also result from underlying degeneration, therefore it is likely that degenerative and
traumatic meniscal extrusion occur together.

1.5.3.3 Meniscocapsular Separation / Meniscotibial Ligament Injury

Meniscocapsular separation describes the detachment of the medial meniscus
with the capsule and are usually caused in conjunction with ligament injury. These tears
are relatively infrequent but are likely underreported asiey heal more readily in the red
red zone. There is some conflicting evidence, but it remains unknown if these tears lead to
meniscal extrusion(De Maeseneer et al., 2002) In addition, e meniscotibial and
meniscofemoral (coronary) ligaments are located between the medial meniscus and the
deep portion of theMCL (Figure 1.15). There are reports of damage to specifically the
meniscotibial ligament leading to increasedneniscaldisplacement as the medial
meniscus is less restricted by the capsular boundary which may have lesgbilising
tension from the injury. Meniscus extrusion is rarely an acute isolated disease, with most
cases associated with previous trauma or knee pathology, however a study Ibyych,
Bernard, Leland, et al.(2020) found that 20 / 3244 MRI (0.62%) reports with meniscal
extrusion had no reported knee pathology. However, all these patients with > 3mm
meniscal extrusion(n = 9) had associated meniscotibial ligament abnormality. In general,
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there is a lack of research investigating interactions between the capsule and the medial
meniscus.

Figure 1.15. Frontal plane (central slice) of the medial side of the knee joint showing th:
knee capsule and supporting structures; the superficial knee capsule line (arrowheads
the superficial line of the MCL (curved arrows) and theneniscofemoral (mf) and
meniscotibial (mt) ligament extensions located in the deep portion of the MCL.
(Reproduced with permissionDe Maeseneer et al., 2002. p.243)

1.5.3.4 Post-Operative Meniscal Extrusion

There is a handful of research relating to meniscal extrusion which occurs pest
operatively after meniscal root repair, allograft replacement and ACL reconstruction
procedures (Gajjar et al.,, 2021) Posto per at i ve meni scal extrusi on
risk of OA in late life and should be reported to evaluate the efficacy of treatments.
Meniscal allograft transplantation (MAT) is rarely performed but posiperative extrusion
has been shown to occur frequently at followap. A meta-analysis of MAT procedures and
follow-up MRI examinations found in 21 MAT studies a pooled mean of 53% showed major
extrusion (> 3mm) on MRI within 1 year of surgerfLee, 2018).

On the other hand, there are studies which support MAT, finding no significant
incidence of graft extrusion within 1 year of surger{Kim et al., 2018) However, extrusion
has not been extensively assessed at medium to long term follow up, nor has native
extrusion prior to surgery been conslered. Post-operative extrusion could occur due to
the replacement tissue integrity, loading differences, recovery protocols or nesematomic
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surgical positioning, orpotentially a combination of all these factors? It is possible the
surgical damage associged with graft insertion might have an effect, as the meniscotibial
ligament and popliteomeniscal fascicle arsometimes removed in MAT which both
function to provide anchorage for the meniscugKrych et al., 2018; Paletta et al., 2020)
Again, the interactions between the native knee fascia and meniscus function need to be
better understood.

1.5.3.5 Meniscal Extrusion and Osteoarthritis

Meniscal extrusion can not only be indicative of meniscus trauma or degeneration
but can also highlight other underlying pathologie€OA is usually defined as a disease with
a nontlinear progression, meaning some patients may deteriorate rapidand some may
deteriorate gradually. It is still unclear whether meniscal extrusion precedes or proceeds
OA, however there is a strong relationship between both pathologid&ajjar et al., 2021)
Wenger et al.(2013), used quantitative MRI scans and 3D modelling to define the
coverage of meniscal body in patients with medial compartment OA. This group found that
the patients with OA had significantly less medial meniscus coverage of the tibial plateau,
significantly increased medial meniscus extrusion and a significantly more convex shape to
the peripheral medial meniscus border in the frontal plane. In additiothe lateral
meniscus in OA patients showed significantly more meniscus extrusion and convex
-bul ging® of the peripheral margin, but no s
(Figure 1.16).

Figure 1.16. Changes in the position and shape of the lateral meniscus (green) and
medial meniscus (red) in (a) healthy patients, (b) loading effects on the medial menisct
in patients with medial compartment OA and (c) loading effects on the lateral meniscus
in patients with medial compartment OA(Reproduced with permissionWenger et al.,
2013, p. 1808)
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The Multicentre Osteoarthritis Study (MOST) prospectively assessed patients at
risk of developing OA between the ages 509. Roemer et al.(2009) used 347 knees from
this study to assess potential predictors of fast and sloarticular cartilage loss over a 30
month prospective period using radiographs and MRI. Within this time, 257/347 haxb
articular cartilage loss, 70/347 exhibited slowarticular cartilage loss and 20/347 showed
fast articular cartilage loss. Meniscal extrusion was shown to be significantly associated
and an independent predictor with fast and slovarticular cartilage loss; 12/20 patients
with fastarticular cartilage loss presented with meniscal extrusiori.ater, Crema et al.
(2012) examined 1527 subjects (2131 knees) taken from the same MOST study to assess
cross-sectional associations with meniscal extrusion. Cartilage damage in both the medial
and lateral compartment was found to be independently and gificantly associated with
medial and lateral meniscal extrusion, respectively. In theory, a reducing cartilage
thickness would cause the joint space to narrow, pushing the meniscus outside the joint
space, leading to extrusion. Unfortunately, the naturef the grading system and study
design makes it difficult to understand the extent, but the association with respect to a
large sample size is valuable for the research area.

On the other hand,Lee et al.(2011) assessed 102 knees preoperative
radiographs and MRI scans of patients which underwent partial meniscectomy after
medial meniscus damage. This was to better understand the predictors of degersive
meniscal extrusion.Joint space width and varus alignment were measured as well as
Kellgren Lawrence (KL) grades which grouped knees depending on chondral changes
shown through osteophytes present in the bone. Multiple linear regression analysis
showed that KL grades were significantly indicative of meniscal extrusion, however, joint
space narrowing, and varus alignment were not significant. The researchers concluded
meniscal extrusion is likely to precede OA rather than the inverse because KL grades
relate more to osteophytic changes rather than arthritic changes like varus alignment and
joint space narrowing. However, using joint space width as a sole measure for arthritic
changes has inherent limitations, as it does not solely relate &oticular cartilage loss as
width reduction can be caused by changes in other areas of the knee joi(lRoemer et al.,
2009).

Despite extensive study, quantification of OA markers using imaging remains
elusive. This is likely because of the retrospective nature of the majority of imaging studies,
failing to properly identify the causeeffect relationship. Experimental modelling would aid
this investigation, however, there is a considerable underrepresentation of this in relation
to meniscal extrusion.
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1.5.4 Current Repair and Replacement Techniques

The meniscus has a limited capacity for seliegeneration, meaning there is a great
need for efective repair and replacement techniques. In general, factors which determine
which treatment line to go down include patient ageinjury type (acute/chronic), injury
location (vascular/avascular zone)cartilage condition,BMI, knee alignmentand the
presence/absence of symptams. Currently, there is a limited understanding of the effect of
meniscal extrusion on treatment protocolsnd furtherresearch is required to categorise
the severity of meniscal extrusion more accuratelgnd whetherit could be used as a
marker for clinical decisions

1.5.4.1 Conservative Treatment

Conservative treatment relates to noroperative management of the injury and in
most cases these methods should be exhausted to eliminate the need for unnecessary
arthroscopic surgery. Conservative treatment mainly consists of physiotherapy, weight
loss and anttinflammatory drugs. This treatment tends to be administered to older patients
(> 50 years) with mostly degenerative meniscal damage as there is a high chance these
patients dso have chondral degeneration and therefore, it would not be cost effective to
repair the degenerative tear when a TKR is likely to be administered to the patient soon.
Conservative treatment is rarely used with traumatic tears in younger patients (< 5@ars)
and surgical repair is likely to be undertaken. However, younger patients who may have
tears in the outer redred zone of the meniscus, such as during meniscocapsular
separation, are treated with conservative methods due to the higher healing capagiin
that region (Vaquero-Picado and RodriguezMerchan, 2018; Krych, Bernard, Kennedy, et
al., 2020).

1.5.4.2 Surgical Treatment

Generally, surgical treatment is reqined for youngerpatients (<50 years old)with
meniscal damage and meniscal extrusion. A thorough arthroscopic examination is
required to see if the repair is possible and meets specific criteria. These include
partial/total meniscectomy, suture repair tehniques and total meniscus replacement
(MAT / tissue engineered scaffolds)Table 1.2 summarises and evaluates these
techniques from the literature.
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Table 1.2. Surgicalrepair and replacement technigues for meniscus extrusion.

Intervention Description Pros

Total Meniscectomy

Anterior ﬂ

Posterior

Partial Meniscectomy 1

Meniscectomy

91 Procedure involves removal f Short-term benefits of pain
reduction and patients returning

of the whole meniscus

May have to be performed to work (Perey, 1962)
in severe cases of meniscal § Standard approach for most of
trauma the 20" century (Jeong et al.,

2012), however, the current
advice is torepair the meniscus
than remove it completely

Arthroscopic removal of 9 Effective pain relief and quick to 1

meniscal tissue around a perform operatively

tear ofthe meniscal body or q Peripheral rim of the meniscus is

horns preserved; aiding biomechanical

Considered the gold

standard for meniscal repair meniscectomy (Jeong et al.,
2012)

function compared to total

Cons

9 Significantly reduces contact area

increasingcontact pressure on the
opposing articular cartilage causing
accelerated degenerative changes
and wear (Krause et al., 1976;
Kurosawa et al., 1980; Alhalki et al.,
1999; Lee et al., 2006)

A directly proportional relationship
between the amount of meniscal tissue
removed and the amount cartilage
degeneration(Jeong et al., 2012)

A 10-20 fold increased risk of
developing OA(Roos et al., 1998)

Strongly correlated with increased
prevalence of OA from clinical
outcomes (Hulet et al., 2015) gait
analysis(Sturnieks et al., 2008)
cadaveric investigation(Zhang et al.,
2015) and computational techniques
(Mononen et al., 2013)

No significant i m
functional outcomes when compared
to a sham surgery or noroperative
treatment (Sihvonen et al., 2013;
Krych et al., 2018)
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Intervention Description Pros Cons

Suture Repair

General meniscus body tear suture  § The- out sdescebesi n § Unlike partial meniscectomy; 1
repair techniques when the needle is fed from repair of meniscal tears usg
(- Ouii 9i®J eo-uitn&s,i -daen | the outside of the joint suture techniques better
inside® repair) capsule, through the two preserves the biomechanical
parts of the tear and then loading capabilities through
back through the capsule preservation of the tissue and i
1 The- i n-e u&kd®nique is have been reported to have
performed using double improved longterm outcomes
armed needles which are (Paxton et al., 2011; Vaquere
fed through needle Picado and RodriguezMerchén,
cannulas. This allows the 2018)
tear to be sutured fromthe 9 Suture techniques show better
inside and fastened on the outcomes when performed in
outside of the capsule conjunction with ACL
1 The- ailnls tech@dq®e reconstruction (Wasserstein et
has evolwed from the al., 2013)

development of second
generation suture fixators
which can selffasten over
the tear site(Laible et al.,
2013). TheCentralis a't i
technique is commonly
associated with
meniscotibial ligament
repairs and meniscus
extrusionand is a form of all
inside repair, anchoring the
peripheral border of the
meniscus to the capsule

Increased risk of complications when
passing sutures through major
structures of the knee which can result
in higher reoperation raes (Paxton et
al., 2011)

Generally, a -imbwied
suture repair teicnl
and --0nwodetal., 2019)
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Intervention
Transtibial PulOut (Root Repair)

Drilled anterolateral
tibial tunnel with root repair
sutures pulled through ~a

Suture Anchor (Rootrepair /
mensicotibial ligament repair)

Description

9 This technique involves i
drilling a bone tunnel
through the anterior aspect
of the tibia directly towards
the insertion site of the torn
root. Using a suture passer,
sutures are fed through the
tibial tunnel and the root
tear is stitched up from the |
inside and pulled out
manually to be fastened by
an anchor on the bone
(Laible et al., 2013) q

9 This technique does not 1
involve drilling bone tunnels
but uses specialised bone
anchors fed through portals
to secure the torn root onto
the tibia. A knot pusher is
used to push down the i
knots of the sutures afer
fixation (Navasartian and
DeBerardino, 2018)

Pros

Aims to reduce possible 1
meniscal extrusion as well a
promote healing of the root tear
Bone drilling releases more i
regenerative cells and growth
factors, which is believed to
promote faster healing of the
meniscus (Kwon et al., 2019)
Significant improvement in
functional scores and chondral
scores at 7- 48 month follow up
(Feucht et al., 2015)

Biomechanical studies have

found that the transtibial puHout
method performed on cadaveric
samples restored tibial contact
pressures back to intact knee
values (Allaire et al., 2008;

Marzo and GurskeDePerio,

2009; Kim et al., 2013)

The suture anchor technique i
maybe preferred in conjunction
with ACL reconstruction to avoid
drilling additional bone tunnels 1
(Navasartian and DeBerardino,
2018)

Kim et al. (2011)prospective

study of two patient groups
concluded similar improvements

in functional outcomes of the

Cons

Mixed clinical results about the
meniscus extrusion reduction potential
of this procedure

Post-operative imaging showed only
56% of patients presented reduced
meniscal extrusion values, and failed
or reduced healing rates were
reported where the boundaryof the
bone and the meniscal root had not
properly formed(Feucht et al., 2015)
Potential risk to surrounding structures
with procedures which involve drilling
bone tunnels

Technically difficult to insert the suture
anchor into the correct anatomical
position (Lee et al., 2018)

Fewer biomechani@l studies on suture
anchor vs transtibial pullout procedure



Centralisation /
meniscotibial
ligament repair

Root repair
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suture anchor vs tibial tunnel
medial meniscus posterior root
repair procedure at two years
follow up

I Optimisation of tension control
compared to the transtibial pul
out due to the closer working
distance to the torn root

Intervention

Allograft Transplantation

Description Pros

Total Meniscus Replacement

1 Meniscus Allograft T MAT is consid
Transplantation (MAT) standard® tot al
involves the removal of the intervention, with studies
damaged meniscus body showing improved longterm

and root attachments, chondroprotective benefits
whilst retaining the (Verdonk et al., 2006)
peripheral rim

1 A human donor allograft

is then sutured in place of

the removed meniscal body

Cons

1 High expense, inadequate size
matching and low allograft availability
1 Risk of immune rejection

1 MAT is only carried out on patients
< 50 years old with symptomatic
meniscal deficiency

1 At 10 year follow up, 70% of
patients presented partial graft
extrusion (Verdonk et al., 2006)

1 Due to ease, cost and shoriterm
relief, surgeons tend to opt for partial
meniscectomy or conservative
treatment, rather than MAT



Tissue Engineered Substitutes

A biological or synthetic
replacement of the
meniscus is surgically
implanted, rather than an
allograft

There have been vast
amounts ofin-vitro and in-
vivo research, using various
combinations of synthetic
and natural scaffolds, with
or without the use d cells to
promote differentiation and
aid regeneration(Hasan et
al., 2014)

Examples which have been
previously FDA approved,
or near completion of
clinical trials include: the
collagen meniscus implant
(CMI®, Stryker Corp. USA),
ACTIfit® (Orteq Sports
Medicine, UK), NUsurface®
(Active Implants LLC, USA)
and the Trammpolin®
(ATRO Medical, ND)

T

1
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A promising way to solve the

problems associated with the

limited availability of allografts
and the poor chondroprotective

benefits of partial meniscectomy
The Actifit® was originally

designed as a total meniscus
replacement, however, the

results of two different animal

studies showed promotion of

tissue ingrowth and a reduction
in cartilage damage; when it was
used as a partial meniscectomy

substitute rather than a total
meniscectomy substitute
(Vrancken et al., 2013) After

clinical investigation, the Actifit®

showed promising functional
improvements and
chondroprotective benefits

against a partial menisectomy

group (Verdonk et al., 2012)

In a recent cadaveric study, the

NUsurface® implant showed
restoration of native contact
pressures and contact ares
(Shemesh et al., 2020)

Despite large quantities of research,
clinical translation of these substitutes
remains low and the efficacy debated
Generally,in-vitro biomechanical
outcome measures are
underrepresented acoss the literature
Most require an intact peripheral rim to
be surgically implanted

The long term followup of the CMI®,
made from bovine type 1 collagen,
was withdrawn by the FDA in 2010
due to poor functional scores,
chondro-protective capabilities and
graft shrinkage at longterm follow up
(Grassi et d., 2014)

Leroy et al. (2017)reported a high
failure rate of ACTIfit® in 3/13 cases
within 6 years followup, meaning the
FDA approval of the Actifit® implant
remains ongoing

The Trammpolin® implant has been
biomechanically compared to an
intact, allograft and meniscectomy
condition. The results indicated that
the implant was significantly more
mobile and produced higher mean
contact pressures than the intact
meniscus but was rot significantly
different from the allograft meniscus
(Vrancken et al., 2016; Vrancken et
al., 2017)
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1.6 In-Vitro Biomechanical Assessment of Meniscal Injury and

Interventions relating to Meniscal Extrusion

Due to the heterogeneity of the meniscus tissue structure and the specialised
mechanical environment of the knee joint; this review argues that biomechanical
assessment of meniscus function in response to injury or intervention conditionan be
aided using in-vitro whole-joint models. Cadaveric studies have allowed meniscal function
to be better understood incrementally over the last 50 year@Mohamadi et al., 2021) This
section discusses the current spectrum ofn-vitro biomechanical research surrounding the
meniscus and meniscainterventions. Specifically, this section focuses on the
methodologies and outcome measures used iin-vitro studies related to meniscal
extrusion, evaluating key themes and gaps within the literature.

1.6.1 Problems Associated with Clinical Studies and Animal Models of Meniscus

Injury and Intervention

Expensive, lengthy, and sometimes inconclusiva-vivo animal models can be
reduced with the use of more effedve in-vitro biomechanical methods. A key objective of
meniscus substitutes is to have biomechanical properties close to those of the native
tissue and producesimilarloading patterns and kinematics as the healthy knepint.

1.6.1.1 Clinical Outcomes

Retrospective clinical studiesform a large amount of thditerature focusing on
meniscal irterventions. These studies are suitable to describe relationships and
differences using large cohorts of patients which meet the inclusion criteria set. Some
studies use statistical methods such as multiple regression analyses to assethe
importance of factors such as gender, age and BMI on the dependent variables to support
their findings. However, factors such as patient activity level before and after injury, thie
quality of the meniscal tissue prior to injury are impossible to control. In addition, the
concept of pain as an outcome measure is subjective usingsual analogue scales, as well
as assessing function via questionnairesT herefore,the cause-effect relationship cannot
be determined by such research method.
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1.6.1.2 Animal models

In-vivo animal studies areadvantageous as it is possible to assess the
regenerative capacity and immune response of meniscal interventions. Animal models
which have previously leen used include sheep, pigs, rabbits, cows, goatsand dogs.
However, no single model has been chosen as the most appropriate for human meniscal
research (Deponti et al., 2015) The dog model was predominantly used in meniscal
studies of thelate 20" century, as dogs could be trainedto comply with surgery and post
operative protocols.Understandably,the use of dogs hasstopped due to the rise of
animal rights groups and ethical consideratios(Arnoczky et al., 2010) The sheep and pig
model are now more readily used due to their higher economical availability and use in the
food industry. It has been found that the adult sheep and pig meniscus has similar levels of
vascularisation to the adult human meniscus, which maguggest similar pathways of
regeneration(Deponti et al., 2015) However, the cost and ethical concerns of
undertaking live animal trials remain high and are continually increasing. In additiahere
are significant gait differencesbetween animak and humanrs, making conclusions elusive
in relation to biomechanics and intervention longevitin the knee and the menisciThe
focus of present and future research should be on applying more effective-vitro
methodology, therefore, reducing the need fom-vivo animal research.

Anatomical Diffeences between the Porcine and Human Knee fdn-vitro Research

Porcine tissue is cost effective and readily available from the food industry.
Breeding programs also reduce tissue variation, making it a standard animal model to use
for in-vitro method devdopment (Liu et al., 2015; Bowland et al., 2018; Ozeki et al., 2020;
Hirose et al., 2022) However, prior to assessing human specimens, is important to
discuss anatomial and biomechanical differencesvetweent hese spefcta es® kne
identify limitations and possible difficulties with method transfer.

The human and porcine knees have similar connective tissue organisation. The
porcine knee has cruciate ligaments, collateal ligaments, articular cartilage and menisci,
making it a suitable species foin-vitro assessment. Upon gross examination, the human
knee femoral condyles are shapedlifferentlyto the porcine condyles(Figure1.17). The
menisci of mammalian species retain the semilunar shape, however, there are some
morphological differences. In a anatomical study, the majority of mean porcine menisci
measurements wee significantlythicker than mean human menisci measurements,
however, the weight and volume of the medial menisci were statistically similar. These
results are summarised irFigure 1.17. Gross examination indicatedhe porcine menisci
were stiffer than the human menisci and during the dissection process, there was a tighter
capsular attachment of the porcine medial meniscus than in the human knee. This
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suggests porcire menisci are likely to be less mobile compared to human menisci,
however, interspecies anatomical differences in capsular stability have not been
extensively studied. Additionally, the porcine meniscal roots insert in different locations to
human meniscalroots. Notably, the porcine lateral meniscus posterior root firmly attaches
to the lateralposterior aspect of the medial femoral condyle, whereas in the human knee,
this root attaches to the posterior intercondylar fossg@Takroni et al., 2016)

These differences are brought on by several factors, but the overriding factor is the
differences in bipedal and quadrupedal gait between the two speciesusing differences
in loading patterns and mechanotransduction on the tissuedJnlike human knees, the
knee joints of pigs are in a constant state of flexion, approximately 2&quates to full
extensionat heel strike(Thorup, 2007). Therefore, biomechanical loading profiles need to
be altered to adhere to the porcine limits in motion.
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Figure1.17. Anatomicaldifferences between the human and porciné&nee and menisci
(measurements in mm)Takroni et al., 2016 p.6).
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1.6.2 Biomechanical Whole-Joint Experimental Models

Wholejoint experimental studies over the last 25 years assessing meniscus
injuries (body tears, root tears, meniscotibal injury) and interventions (meniscectomy,
MAT, transtibial tunnel root repair, suture anchor repair / centralisation and total meniscus
replacement) relating to meniscus extrusion were gathered (see sectidh5). A table
summarising these studies can be found in Appendi&. The fiist aspect to highlight from
this table are the low sample sizes (n = 5 11, mean: 8). Most biomechanical studies have
low power and high variability due to the difficulty of sourcing, assessing and storing
cadaveric tissue. This aspect alone generates ditulty in drawing reliable conclusions
about meniscus biomechanics in general. The following sections evaluate the outcome
measures, loading regimes and capsular constraint from these studies.

1.6.2.1 Loading and Motion Regimes

Static and dynamic analyses carbe classified according to the force, motion,
material, and deformation. The definition of these terms can be confusing throughout the
|l iterature, however, to this review®s unders
biomechanical research can includestatic load, static motion, quasistatic load, quast
static motion, dynamic load, and dynamic motionTable 1.3 summarises these terms in
association with the reviewed studies.

Static and Quaststatic Load and/or Motion

As shown inTable 1.3, the majority ofbiomechanical studies incorporate static or
quaststatic loading regimes, typically applying maximum loads of 1000 N or 1800 N for
cadaveric specimens. The 1800 N value is used regularlas this has been described as
2.5 times the BW of a 70 Kg man(Paletta et al., 1997; Marzo and GurskeDePerio, 2009;
Hein et al., 2011; Walczak et al., 2021)Others have used lower loads, most likely to
protect the cadaveric knee joints from fracturgAllaire et al., 2008; Kim et al., 2013;
Daney et al., 2019; Deleux et al., 2021)

During these experimentsjoad is usually applied over a given time (eg: 75 N per
second) to a set maximum load (eg: 1800 N). The rate of load application, as well as the
maximum load and tibial motion conditions vary across theditature. In most cases,
biomechanical studies apply this type of loading regime with either fixed or unconstrained
axes of tibial motion for a series of static flexion angles. This review defines quakitic
motion as nondriven unconstrained motions whib occur during axial knee loading
experiments. Experimental testing in this way can be beneficial as loads and motions are
isolated and simplified, therefore, a better understanding of tissue effects can be evaluated
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in relation to a reduced and controllechumber of variables. In addition, contact pressure
and meniscal position measurements are usually easier to implement during static tests.
However, these experimental models do not apply the correct sliding and rolling actions or
shear and rotational fores experienced by the cartilage and the menisci during
physiological knee biomechanics.

Table 1.3. Defining load and motion conditions in biomechanical models of meniscus
experimental research.

Load Motion Studies Max load
Marzo and Gurske

DePerio, 2009 1800 N
Ramped _ .
Static increase to a Fixed Ozeki et al. 2019 200 N Porcine
set maximum Debieux et al. 2021 1000 N
Hirose et al. 2022 300 N Porcine
Paletta et al. 1997 1800 N
Allaire et al. 2008 1000 N
Ramped Uncon - ]
Static ~ noreasetoa oo tibial  Kim et al. 2013 300 N
set maximum axes '
Daney et al. 2019 1000 N
Walczak et al. 2021 1800 N
_ Brophy et al. 2010 300 N Ovine
Driven .
Bedi et al. 2012 2280 N
Variable load ~ movement.
. . of 1+ Schillhammer et al. 2012 ~1000 N
Dynamic appliedover a degrees v ‘ ¢ al. 2014 and
of 2016 1000 N
freedom g ol et al. 2019 2280 N

Dynamic Load and Motion

Dynamic load refers to the application of a variable axial force overtime and
dynamic motion refers to a continuous application of motion from one or more degrees of
freedom during a test. There have been a handful of meniscal studies which have included
a continuous range of dynamic motion of one or more degrees of freedom and /or used a
dynamic load. As discussed in sectiorl.4, the meniscus has sinultaneous functionality,
including dual mechanical functions of load transmission and stabilitlf is better to assess
meniscus function in a mechanical environment which satisfies these characteristics.

Over the last decade, there has been an increasing amount of study assessing the
biomechanics of meniscus injury and interventions during dynamic load and motion
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regimes using various electremechanical (Brophy et al., 2010; Bedi et al., 2012; Liu et al.,
2020), servo-hydraulic (Sutton et al., 2010; Schillhammer et al., 2012pr robotic
apparatus (Vrancken et al., 2014; Vrancken et al., 2016)Knee simulators are mahines
which allow the application ofyait cycles to wholeknee joints, allowing the meniscus to
perform under functional cyclic loading conditions similar to than-vivo (Brophy et al.,
2010; Bedi et al., 2012; Schillhammer et al., 2012; Brial et al., 2019)

International Standards Organisation (ISO) gait inputs for total knee replacement
assessment(ISO-14243-3, 2014; Abdelgaied et al., 2022)have been applied to a landful
of natural knee simulation studies and include driven control of the axial compression,
flexionextension, anteriorposterior and tibial rotation axesfigure 1.18).
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Figure1.18. ISO 14243-3: 2014 force-controlled simulated gait cycleinputs. (A) axial
force (red line) and flexiorextension (blue dashed line) inputs. (Banterior-posterior
(AP) force (solid red line) and tibial rotation (TR) torque (blue dashed line) inputs
(Reproduced with permission fromAbdelgaied et al., 2022 pp. 3-4).
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The ISO standardforce inputs were taken from previous quasstatic ground-
reaction studies which have been verified through dataaken from instrumented knee
prosthesis (B Morrison, 1970; D Lima et al., 2005) The displacementinputs were derived
from previous invivo gait analysis data from patients il a semiconstrained TKR
(Johnson et al., 2000)

Brophy et al.(2010) evaluated differences in contact mechanicsgee section
1.6.2.2) between the intact knee, a lateral meniscus partial meniscectomy and an
ACTIfit® polyurethane meniscus scaffold in an ovine knee model usingraulated ISO gait
inputs, however, scaled down to the estimated walking kinetics of a sheeg-indings
showed no significant differences were found between the peak contact pressures of
intact (2.2 MPa) and implant (3.0 MPa) conditions. However, the mean ctact area of the
implant was significantly lower than the intact. The partial meniscectomy condition
significantly increased peak contact pressures (3.9 MPa) and reduced mean contact area
in the lateral compartment from the intact and implant condition. dvever, the results only
described the mean and peak contact pressures and contact areas experienced in the
lateral compartment, averaged over 10 cycles. The implant could have behaved differently
at points throughoutthe simulated gait cycle.

Schillhammer et al. (2012)assessed human cadaveric samples using &orce-
control knee simulator However, only 33% of thelSO gaitforce and torque inputswere
used to protect the knee specimens and th contact pressure sensors during the
experiment. Contact mechanics and tibial rotation position outputs were evaluated and
compared between three conditions (intact, lateral meniscus sierior root tear, tibial
tunnel repair) throughout the gait cycle. To illustrate how the lateral compartment contact
pressures behaved during a dynamic load, the peak contact pressures were calculated for
each time point during the simulated gait profiland averaged across the eight cadaveric
knees. The torn (detached) condition significantly increased peak contact pressures
during stance phase compared with the intact conditionKigure 1.19). The largest
difference occurred at mid stance where peak pressures increased from ~2.8 MPa to ~4.2
MPa (49% increase), from intact to torn, respectively. The repair condition subsequently
reduced the peak contact pressures to vales not significantly different from the intact
condition. No differences in tibial rotation were found, however, the scaledbwn loads
may have been too small to create measurable differences in the kinematics between the
conditions. Anteriorposterior tbial translations were also not measured as an output
during this experiment, even though this parameter is a good indicator of function as the
menisci are believed to offer stabilising effects in the absence of the cruciate ligaments
(Shoemaker and Markolf, 1986) In addition, each knee performed five slow 26second
duration gait cycles,due to the capabilities of the simulator. The speed of the applied
loads and motions may affect how the meniscus functions to stabilise and distribute load.
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Applying a frequency more accustomed tdhe average human walking speed, would
apply more physiological loading characteristics.
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Figure 1.19. Average peak contact pressures over an ISO simulated gait cycle at 33%
load for the intact(black), lateral meniscus posterior root tear (blue) and tibial tunnel
root repair (red) conditions (n = 8). (Reproduced with permission fronschillhammer et
al., 2012).

The same knee simulator used during@rophy et al.(2010) ovine knee study was
used to assess meniscus function in response to lateral meniscus injury and intervention in
cadaveric knee joint samples at higher axial loads of 2280 N, were based on the inputs
from the 1SO staindard (Figure 1.18 previously) but capped at the 2.3 kN maximum axial
load of the specific simulatoBedi et al., 2012; Bral et al., 2019).

Bedi et al.(2012) assessed the effect of lateral radial tears inrder of increasing
severity (ntact, 30%, 60%, 90% radial cut) followed by a suture repair and a partial
meniscectomy procedure.Contact pressures and contact areas were extracted from the
two highest axial load peaks during mid stance of the gait cycle (14%: 2280 N, 15° flexion;
45%: 2130 N, 8° flexion). The knees were simulated for 20 gait cycles at 0.5 Hz and
contact pressure/area means were calculated from the last 8 cycles. Peak contact
pressures were significantly higher for most severe (90%) radial tear compared to intact,
30% tear and 60% tear conditions at 45% of gait the cycle. Results for the suture repair
and partial meriscectomy were not significantly different from the 90% tear condition and
did not restore meniscal function to intact levels. The researchers also segmented the
sensor maps into quadrants to identify the spatial differences in contact pressures. The
90% radial tear in the posteriofperipheral quadrant showed the most significant
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increases. However, it is unclear how the researchers controlled the sensor positioning
between samples, which could have the distribution analysis. SimilarBrial et al.(2019)
used the same simulator, driven ISO inputand contact mechanics methodology asBedi
et al. (2012) to assess fixation methods (boneplug or suture) of a lateral meniscus MAT.
The researchers found that both MAT fixation methods reduced peak contact stress at
14% and 45% of the gait cycle closer to that of the intact condition versus a total
meniscectomy condition.

Soft-tissue constraint is frequently mimicked using compressive springs during
knee simulation.Bedi et al. (2012) and Brial et al.(2019) described aboveused 14.5
N/mm springs to mimic soft tissue constraint. This spring constraint was defined based on
the findings ofvan Houtemet al. (2006) whom assessed hard (33.8 N/mm) (ACL and PCL
intact) and soft (7.24 N/mm) (ACL and PCL cut) springs on the anteriguosterior
displacement output in simulated cadaveric knees. These values were taken from TKR
wear assessment literature. Th conclusion was an intermediate spring constraint maybe
more appropriate to simulate intact anterioposterior soft tissue constraint, hence 14.5
N/mm.

Furthermore, the work ofLiu and colleagues hasshown that nonlinear spring
parameters (spring forcesand free lengths) applied to the anterioposterior and tibial
rotation axes can influence the kinematic (anterieposterior displacement, internal
external rotation angle) and tribological (anteriotposterior shear force) outputs in both a
porcine natural knee simulation model and more recently a human model using the Leeds
single station knee simulatosee section 2.3) (Liu et al., 2015; Liu et al., 2019; Liu et al.,
2020). Liu et al.(2020) applied the 1SO gait inputs at full load and motion parametessith
a modifiedtwo-peak axid force. Thisstudy showed the large variability which occurs in the
output anterior-posterior displacement and tibial rotationangle between each intact
human knee sample (with natural softissue ligamentous control). In addition, with the
incremental and systematic application of varying spring forces and free lengths (non
linear region) when the softissues were resected, it was found that not one spring
constraint for the anteriorposterior displacement and tibial rotation was consistent
between human knee specimens and each were unique to each knee specimen.

1.6.2.2 Quantitative Outcome Measures: Contact Mechanics

The outputsmeasured in experimental meniscal studies are usually mean or peak
contact areas and contact pressures; using pressure sensitive films and sensofSigure
1.20) (Allaire et al., 2008; Brophy et al., 2010; Schillhammer et al., 2012; Kim et al., 2013;
Walker et al., 2015; Ozeki et al., 2020) A handful of similarstudies arose around10 -15
years ago, assessing the biomechanicatffects of medial meniscus root tears on knee



42

contact mechanics, however, there has not been much progression since. These
conditions included an intact state, a simulaté root tear and a root repair method. Some
also included a meniscectomy condition as a positive control.

Figure 1.20. (A) TekscanK-scan 4011 contact pressure sensorsfor biomechanical
knee joints (B) Image of theTekscan sensors being used for cadaveric assessment.

Allaire et al. (2008)examined contact pressures and kinematics in 6 cadaveric
knees with a scalpel cut tear 5mm away from the attachment insertion of thenedial
posterior horn A static load of 1000 N was applied at 0°, 30°, 60° and 90° flexion and
small incisions into the joint capsule allowethe insertion ofFuji Prescale Filmsensors
(Fujifilm NY, USA)under the medial meniscusand on top of the tibial cartilage.These
sensorsimprint the area of contactbetween two surfacesand estimate pressure using a
colour intensity scale Mean contact pressure significantly increased in the medial
compartment by 25.4% &cross all flexion angles in the presence of a root tear when
compared to the intact condition. These figures were not significantly different to mean
contact pressures recorded for total meniscectomy (38% increase from intactgimilarly,
Marzo and GurskeDePerio (2009)found a 24.4% increase in mean contact pressure
when the knee was loaded in the presete of a medial meniscus root avulsion. However,
unlike Allaire et al.(2008), this study applied a higher axial forcef 1800N, whichroughly
equates to2.5 times BW of a70kg man and is a commonly used maximum load in quasi
static biomechanical meniscusresearch. In addition, the knee waskept in full extension
and piezo-electric pressure sensitive Tekscan sensorsHigure 1.20) were used toassess
the contact mechanics. Interestingly, despite the higher axial load, theesults were ~2
MPa lower than the Q° flexion results ohllaire et al. (2008) This could be reflected bythe
different measuring equipment as Tekscan may underestimatealuesas the electronically
equipped sensors are less conformable over uneven surfaces. The Fuji Prescale films are
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more conforming to the condyles and tibial plateau, but pressure maps cannbe viewed
in reattime as with Tekscan sensors.

Following on from thisKim et al.(2013) conducted a similar study with a novel
electronic pressure sensor system (Pliance X, Munich, Germany), which was typically
used to assess foot plantar pressures for diabetic foot ulcer research. The justification was
that this sensors system allowed betteconformity of the pressure film over the tibial
surface than Tekscan sensors. In addition, an additional MAT condition and MCL release
condition were implemented to understand the effects of these procedures compared to
the intact, root repair and meniscetomy conditions. The MCL release is a surgical
technique sometimes conducted during MAT to improve joint space access, however, the
biomechanical effects are not well understoodDue to the conformable sensors, the
compressive load had to be limited to 30N in this study. This load was applied to a rig
which allowed unconstrained tibial motion and a femoral part which aligned the knees at
0°, 30°, 60° and 90° flexion Findings showed a root tear significantly increased the mean
contact pressures from the mtact condition. The root repair and MAT surgery both
reduced the contact pressures but not back to the previous intact values. In addition,
there was no significant effect of MClrelease reported.However, considerable variation
is apparent in the standad deviations reported which could be due to sample variation or
the added film conformity causing a more uneven pressure map. In this case, reporting the
mean pressures may not have been the most descriptive analysi addition, the use of a
300N load islow and not physiological for cadaveric specimens.

It is important to note the levels of soft tissue constraint also differ between all
three of these studies. In additionto measure contact mechanics, several steps must take
place to insert and proted the equipment, which potentially reduces the clinical and
physiological relevance of the experiment-or example, Marzo and GurskeDePerio
(2009) excised the coronary meniscal ligamentsto aid the conformity of the Tekscan
sensors.Kim et al.(2013) and Allaire et al.(2008) retained as much of the capsule as
possible when testing the intact condition, but it is unclear whether certain structures were
excised or retained in the subsequent surgeries. Furthermordim et al.(2013) tested six
serial knee conditions, which arise questionsegarding the quality and integrity of the
tissues during the subsequent tests. These aspects could have affected how far the
medial meniscus displaced, and therefore the contact are@Debieux et al., 2021)
however, meniscal displacements in these studies were not quantifiekspite there being
strong clinical associations with root tears and meniscus extrusiofsee section1.5.3).

On the other hand, measuring contact mechanics is important because higher
pressure values suggest damage to cartilage and OA risk. In addition, as discussed in the
previous section, dynamic contact mechanics have been measured during knee
simulation studies applying dynamic load and motion regimg8rophy et al., 2010; Bedi et



44

al., 2012; Schillhammer et al., 2012; Brial et al., 2019)however, there is discrepancy as
to how durable andrepeatable pressure readings are in the presence of shear forces
(Wilharm et al., 2013)

Further work could focus on predicting the longevity of meniscal interventions in
the knee joint by regionally dividing pressures acrosi¢ meniscus, rather than reporting
means. Thus, gaining a better understanding how the meniscus, or intervention, moves in
relation to the loading and how this effects the contact mechanic&Valker et al.(2015)
investigated the basic load transmitting and stabilising functions of the medial menischog
regionally defining theTekscan sensorarea into anterior, posterior and middle sections as
well as using a dynamiaontinuous range offlexionextensionmotion. The loading
apparatus applied a 500N load anda mathematical method was used to estimate the
effect of 100 N of anterior or posterior shear force whilsthe knees weremanually moved
through -5 to 135 flexion. The load carried by the meniscus remained the same
throughout flexion, however, the load distributions differed. After 3pthe posterior region
had an increased stabilising effect when posterior shear was applied as over 50% of the
load was taken on ly this region. The anterior region took on about 35% of this load at
lower flexion angles < 30, and when anterior shear force applied this was higher during
extension (5 - 0 ) but again the posterior region dominated with increasing flexion angle.
Howewer, the 10 specimens were of older age (range: 55 91 years), which meant that
some samples were not able to be tested at the extremes of motion due to tissue integrity,
therefore, reducing the sample size for analysis at these flexion angles. The tikialtilage
covered by the meniscus experiences less damage than the uncovered cartilage during
the progression of OA; the researchers concluded that this could be mechanically due to
the sliding motion this area takes on. This study shows that the sliding avell as the
loading component upon cartilage is important to consider in experimental investigation;
something which can be modelled with dynamic biomechanical assessment

1.6.2.3 Quantitative Outcome Measures: Meniscus Displacement / Position

Contact mechanics are usually reported in biomechanical studies, however, the
measurement of changes in meniscus displacement or position remains underrepresented
in comparison However, the use of this outcome measure has increased in experimental
literature overthe last 5 years.This is possiblydue to the increasing clinicabwarenessof
meniscus extrusionand its association with OA (see sectiori.5).

Meniscus displacanent defines a linear change in position of the meniscus in any
measured direction (ypically anterior-posterior and mediallateral directions) and usually
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with reference to points on the tibial plateau. Meniscus displacement contains both the
deformationand the movement of the tissue in response to loathcilitated by the
microstructure of the meniscal tissueand the action of the root attachments stretching
and facilitating sliding with knee joint motion (see sectioh.4.2). Recently,Debieux et al.
(2021) biomechanically modelledhe effect of meniscus displacement in the medial
direction on the contract area and pressureof cadaveric samplesthrough pulling the
medial meniscus Imm, 2 mm, 3 mm, 4 mm and maximumoutward (radially) from the
medial margin of the tibial plateauModelling extrusion was achieved by passing sutures
through the peripheral meniscus body and a traction device pulled the memiss
centrifugally. Medial meniscus extrusion was measured using a digital calliper from a fixed
point on the tibia. A medial condyle osteotomy was performed to access the medial tibial
plateau to measure the extrusion. The coronary ligaments (meniscotibjaheniscofemoral)
were released to achieve the maximum extrusion of each samplé suture repair method
was also performed as the final conditionwhich reattachedthe meniscus to the stabilising
structures. Samples were axial loaded to 1000N at 0°, 30°,@& and 90° flexion angles to
assess each extrusion condition on the contact mechanics; measured using Tekscan
pressure sensors. The most significant findings were that contact area significantly
reduced with increased medial meniscus extrusion > 4 mm atldlexion angles. Average
maximum extrusion (with intact roots) for all specimens was 5.3 mm (range: 4.0 n#8.9
mm). However, no significant differences and trends were found between mean or peak
contact pressures with increasing meniscus extrusion. Desg fixation plate reattachment
of the medial condyle after the osteotomy, which was performed to access the medial
tibial plateau, it is possible this procedure may have destabilised thieone geometry and
effected thejoint load applied to the sensors

Various methods have been used to measure meniscus displacement in the
literature, such as: radiographicalBylskiAustrow et al., 1994; Vrancken et al., 2014;
Paletta et al., 2020) probe methods(Hein et al., 2011; Walczak et al., 2021)coordinate
measuring equipment(Daney et al., 2019)and motion capture(Hirose et al., 2022)
(Figure 1.21).
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Figure 1.21. Meniscus displacement measurement techniqueqA) RadiographicalX-

ray methods such asroentgen stereo-grammatic analysis (RSA) (Reproduced with
permission from Tienen et al., 2005 p. 289). (B) Ultrasound methods. (C) Probe
methods such as using linear variable displacement transformers (LVDTs) (Reproduce
with permission from Hein et al., 2011, p. 190). (D) Motion capture usingoptical
cameras and retroreflective markers.

Radiographical methods can be accurate in locating the position of metal markers
inserted into or attached onto the menisci of cadaveric samples, however, due to the
surrounding equipment, continuous dynamic motiois usually limited BylskiAustrow et al.
(1994) used this technique to assess the displacements of the medial and lateral menisci
in response to tibial rotation and translation under 1000 axial compression and at O,

15 and 30 static flexion angles. Lead markers were adhered to the superior surfaces of
the menisci; however, the exact positioning of these markensas not stated, nor whether
the positioning was controlled in between samples.-Xays were taken in the transverse
plane whilst 11 different loading conditions were performed on each knee. Displacements
were measured from the reference load case radiographs, which comprised of 1000 N
axial compression and unconstrained tibial axe$enerally, the lateral meniscus moved
posteriorly with internaltibial rotationand anteriorly with externatibial rotatiory the inverse
was reported for medial meniscusAnterior translation of the tibia generated posterior
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movement of the menisci and posterior translation of the tibia generd anterior

movement of the menisci. The effect of flexion angles 015 and 30 did not have a
profound effect on meniscal position, nor did the effect of increased axial compression
from 250 N to 1000 N. Itwas likely that most of the radial displacemet occurs from 02

250 N compressive load, but this was not measured as, all displacements were measured
from the reference Xray and not from a zero position. The researchers concluded that

due to the redistribution of water molecules, the stiffness of ¢htissue increases as axial
compression increases; thus, the rate of radial expansion reduces as increasing load is
applied. These early analyses highlight the importance of characterising the meniscus as a
dual functioning tissue by measuring meniscus tisie displacement in response to load.

Progressing from the work oBylskiAustrow et al.(1994), roentgen sterec
grammatic analysis (RSA) has been used to radiographically measure changes
meniscaldisplacementin cadaveric samples.RSA has been previously used to measure
in-vivo implant migration or micromotion in the initial stages of prosthesis clinical trials
(Selvik, 1989) This methoduses xray photographstaken at different anglesto measure
the positions oftantalum beadsinserted into the body of the meniscusn cadaveric knee
joints (Figure 1.21 A). Assumingthe beads move in response to the meniscus
displacement researchers have verified thisnethod to be highly accurate (Tienen et al.,
2005; Vrancken et al., 2014; Vrancken et al., 2016)Tienen et al.(2005) were the first to
apply this to the meniscus and found similar results to those reported in amvivo MRI
study assessing unloaded and loaded meniscus kinematics during 90° squattifigedi et
al., 1999) (see section1.4.2.2).

More recently, Vrancken et al (2016) applied RSA to assess the kinematics of a
polyurethanetotal meniscal replacement compared with an intact, MAT and
meniscectomy condition during a simulated squat scaled to 1000 N maximum load.
Findings indicated a significant increase in postér translation of the implant and allograft
condition when compared with the intact condition. Generally, the implant and allograft
conditions were more mobile than the intact condition but not significantly different from
one another; therefore, the regarchers concluded that the implant could not restore the
native meniscal function as increased meniscal mobility alludes to increases in abnormal
cartilage loading and knee laxity. These factors were reported in the contact mechanics
and knee laxity testresults of this study. It should be noted however, that there were
differences in the attachment methods between the implant and allograft conditions which
could have affected the results. Additional fixation sutures were used to attach the
allograft to the capsule; however, this was not performed for the implant, in line with the
implants surgical protocol. Neverthelessthe implant tested in this study underwent further
product developmentand is currently in clinical trials potentially offering an effective
alternative solution to MAT Thisis an example of how measuring meniscalisplacement
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can be beneficial in prediction ofnterventionlongevity. Moreover, utrasound is a cheaper
radiographical alternative to RSA or MRIFigure 1.21 B), and has been used in a recent
cadaveric study assessing meniscus extrsion and the repair of the meniscotibial ligament
using suture anchors(Paletta et al., 2020) Lesions of the meniscotibial ligament and MCL
attachments to the medial meniscus were made arthroscopically and the knee specimens
underwent 100 flexiorextension cycles using a novel pulley system in an E10000 Instron
before ultrasound images were taken at full extension with a 10 Nm varus load. This study
found the meriscotibial ligament lesion significantljncreased meniscus extrusion from 1.5
mm (intact) to 3.4 mm (damaged)(55.8%). The repair procedure reduced the meniscus
extrusion from the damaged condition by 35.8 %, however, remained significantly different
than the baseline means.

In contrast to radiographical methods, flexible tipped probes have been previously
used to measure changes in radial meniscal displacement during axial load of natural knee
joints (Ikeuchi et al., 1998; Hein et al., 2011; Walczak et al., 2021)keuchi et al. (1998)
developed a novel flexible needle device which was able to measure radial displacent
of the porcine meniscus within 10rm of the operating range of +/ 3 mm during axial
loading. Later,Hein et al. (2011) measured the change in position of the anterior,
posterior and middle regions of the medial meniscughilst simulating a medial meniscus
posterior horn complete rupture. AnL800 N maximum load was applied to sevemuman
knees position atfull extension.Three linear variable differential transformers (LVD5)
(Figure 1.21 C) were placed around themedial meniscusto measure meniscal
displacemert. The results showed themedially positionedLVDT showed a significant
increase in mean displacement from the intact (1.67m) to the avulsed condiion (3.28
mm). Displacements recorded by theanterior and posterior LVDTs were lower but not
significantbetween the avulsedand intact state. These results were in agreement with
previous MRI studies of healthy patients and those witineniscal extrusion(Boxheimer et
al., 2004; Lee et al., 2014)

Probe methods, such & LVDTs,have a high precision can be calibrated easily,
and do not require beads or markers to be inserted into the meniscusiowever, the soft
deformable meniscus pushing against the probe tip may have underestimated the
displacement A certain amount of force is required to push the probe to record
displacements; if the meniscus deforms around the probe, there would be a lag in initial
meniscal displacement compaed to the displacement the probe records. Although probe
methods are precise, the loading regime and applied motions are usually slow and
controlled to maintain probe contact with the meniscus body and obtain measurements.
Applying dynamic loads and motios at physiological walking frequencies may damage
the probe tips.
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Studies assessing meniscal displacement in the presence of root tears and
meniscal extrusion are relatively limited but have increased in recent yeafSzeki et al.
(2020) examined the effec of the lateral meniscus suture anchor centralisation procedure
(see section1.5.4) in a porcine experimental model. This procedure reduces meniscal
extrusion afer a root tear by attaching the protruding peripheral edge of the meniscus to
the tibia, preventing the meniscus displacing radially. The simplistic loading regime
incorporated a 200N axial load at a 45 angle, whilst simulating three conditions: intact,
extrusion (1 cm radial root cut) and suture anchor repair (centralisation). Extrusion was
measured using 3 mm diameter markers placed on the PCL and the peripheral edge of
the lateral meniscus. The distance in between these markers was measured for each
condition and the means were reported (Intact: 18.1 mm. Extrusion: 21.9 mm.
Centralisation: 15.3 mm), contact mechanics using Tekscan sensors were also measured.
The researchers confirmed the creation of an extrusion model as there was a significant
difference between the intact and the extrusion condition. However, the researchers did
not consider the kinematic capabilities of the pig stifle joint, as a 4%lexion angle would be
too large (Thorup, 2007). In addition, measumng the distance from the PCL does not relate
to the clinical method, which is measured from the line of the tibial plateau, however, this
did allow more space for the pressure film to be insertedcurthermore, the technigue used
to measure this distance vas not described. Arguably, the primary aim of this study was to
report the differences contact mechanics between each condition and the measure of
extrusion was more supportive to denote the effectiveness of the centralisation procedure.
Interestingly, the centralisation seemed to have a tightening effect on the meniscus, this in
turn could cause areas of operated tissue to struggle to withstand higher tensile stress
than usual(Ozeki et al., 2020)

Other more recent studies include the use oéxpensivebut precise three
dimensional (3D) coordinate measurement and motion capture equipmeaney et al.,
2019; Hirose et al., 2022)(Figure 1.21 D). Hirose et al. (2022)assessedchanges in the
distance between antrior and posterior markers adhered tahe peripheralbody of the
porcine lateral meniscuswith varying severities of radial meniscal body tear@ntact, 30%,
60% and 90% width)using a commercialmotion capture system OptiTrack Inc, Oregon,
USA) and a robotic arm system (FRSRobotics, Leuven, Belgium). The loading protocol
incorporated three pre-conditioning 20° to 90° flexion-extensioncycles with a 100 N
constant load The marker distance measurementswere taken at 30° and 60°flexion
angleswith a higher load of 300 Napplied. All tibialmovement was fixedin this loading
regime andat the time of meniscus displacement measurement, the experimentore so
resembled astatic loading regime.The most severe tear (90% of the laterameniscus
width) caused a significant increase irthe measured distancebetween the meniscus body
markers in the anteroposterior direction. This also coincided with @2 % reduction in the



50

resultant force transmitted through the tibianeasured using a foce transducer. The
increase in the distancebetween the markersnear the tear sitesuggestabnormal tissue
deformations and displacements due tdhe loss in continuity of the meniscus body in
dissipating loa. Thisstudy highlights thatmotion capture is possible at the tissue level
and can give important insigh$ into meniscus function. However, a maximum loadf00
N was applied during this study, due to the limitations of the robotic arm system used

In summary, meniscus displacement has been measured using a variety of
techniques, however,static or quaststatic loading regimesare usually applied which do
not consider the cyclic loading experiencedyy the meniscusin-vivo. This is true forall the
discussedbiomechanical studiesmeasuring meniscus displacementin this section To the
authors knowledge, research involving measurement of meniscalisplacementhas yet to
be performed under aphysiologicaldynamic loading regimein-vitro.

1.6.3 Knee Capsule Constraint in Whole-Joint Models

The knee joint capsule, or fascia, is made up of an inner and outer network of
fibrous membranous tissue and protective fat deposits surrounding the major structures of
the knee, including the ligaments, patella, artilage, menisci, and bursae (see section
1.2.1). The primary function of the capsule is to provide joint stability and contain the
synovial fluid to lubricate thearticulating surfaces(Hamill et al., 2015) The knee capsule
keeps moving structures in the correct position to aid motion and lubricate the joint.
However, the effect of the kneecapsule on meniscus biomechanics is not well
understood.

Within the literature varying levels of capsular constraint are useduring
biomechanical meniscus assessmeniThe majority retain as much of the capsule as
possible during the initial intact kneespecimen, but further incisions are made in
subsequent surgeries, and it is unclear how much of the capsule is retained by the final
test condition. A handful of studies adopt the technique of cutting the insertion of the
collateral ligaments and attachinga bolt to the insertion. This is so the LCL/MCL is
detached to perform an intervention and then reattachedor testing (Brophy et al., 2010;
Schillhammer et al., 2012; Vrancken et al., 2016; Ozeki et al., 2020Y he problem with
this alteraton is the uncertaintywhether these ligaments are offering enough physiological
constraint and whether this is affecting the results.

Dissection of the capsule is frequently performed to access specific structures and
perform interventions, however, in the case of meniscal extrusion, it is unclear whether
tampering with the capsule in this way alters the meniscal kinematics. For exampylski
Austrow et al.(1994) removedthe LCL during their radiological study in order to insert
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markers to measure meniscal position. Interestingly, thiateral meniscuswas more mobile
than the medial meniscus in all kinematic cases tested. Although similar findings have be
reported previously(Thompson et al., 1991; Vedi et al., 1999)The effect of removing the
LCL but retaining the MCL and connective fascia could have affected the resultgnlike
the LCL, the MCL is interwoven with the outer edge of the medial meniscus and the
capsule. Some research suggests that this could be the reason the medial meniscus is
less mobile than the lateral meniscus, causing a higher occurrence of injugillen et al.,
1995; Fox et al., 2012) Kim et al.(2013) (described previouslyin section1.6.2.2), the

final condition assessed involvedietaching the medial meniscus from the MCL after a
MAT. No significant differences in contact mechanics were reported as compared to the
MAT (with MCL attachment) condition. Similarly, Vrancken and colleagues used RSA to
measure meniscal displacement in rgponse to different capsular conditions. Three
conditions were examined, the knee intact, the medial meniscus detached from the
capsule and then resutured (centralised). Findings suggest that the medial meniscus
detachment did not have any significant eéicts on the mobility of the meniscugVrancken
et al., 2014). However, considerably older cadaveric specimens were used in this study (n
= 6, age 75 to 90 years old) which could have affected the tissue integrifyrsujii et al.,
2017). More recently, a biomechanical studies have shown that creating lesions in the
meniscotibial ligament, attaching the medial meniscutthe capsule, significantly
increases the amount of meniscal extrusion compared to the intact conditiqialetta et

al., 2020; Ozeki et al., 2020) However, it is unknown whether analysing meniscal mobility
is more sensitive to varying levels of capsutaconstraint when using a loading regime
incorporating dynamic motion, rather than static and quasstatic motion.

1.7 Conclusions

Meniscal extrusion is a condition commonly associated with the onset of OA, this
occurs when the meniscus adopts an abnormal psition, moving radially outward from the
joint space. Pathological meniscal extrusion is usually preceded by traumatic meniscal
injury, such as a medial meniscus posterior root tear, or from underlying degeneration of
the internal collagen network. This Bnormal meniscal position accelerates cartilage
degenerationby affectingthe load distribution across the knee joint. Therefore, meniscal
position or meniscal displacement is an important measure of function, howevers
metric is underrepresentedpre-clinically and particularly in a functional settingwhere
physiological loads and motions of the whole knee joint are appliedoads applied to the
knee and its articulating tissues are rarely constant, therefore, modelling dynamic knee
kinetics allows resuis to be obtained whilst the meniscus is mechanically responding to
forces and motions like those experiencedn-vivo. This improves preclinical studies of
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new meniscal interventions in a functional setting, so engineers can better predict

intervention longevity, or identify further avenues to redesign or developeveloping a
biomechanical assessment model of meniscus position in whelaee joints experienang

dynamic physiological loads and motions with would be an effective way of addressing

some of these issues. To this review®s knowl
highlightingthe importance and novelty of this project

1.8 Project Rationale

1.8.1 Aims and Objectives

There were two keyaims of this project

1. Todevelop a novel method to measure dynamic menisss displacement in a
human tibiofemoral joint undergoing ghysiologically relevansimulated gait profile
in a six degrees of freedonknee simulator

2. To develop a preclinical biomechanical modelmeasuring meniscus displacement
to assessthe effects ofmeniscus extrusion and the efficacy of a meniscus
intervention in comparison with a healthy and a damaged (root tear) condition.

The overall objecties were:

I To develop a measurement technique to measure dynamic displacement within
the sample area of the knee simulator;

T to further understand the reliability of the dynamic meniscus measurement method
in response to known simulator inputs, building upptcomplex gait profiles;

i to assess the feasibility of the experimental model on porcine tibiofemoral joints
driven through a simulated gait cycle, whilst incorporating the meniscus
displacement measurement system in response to soft tissue constraint lesednd
root tear severity;

1 to apply the experimental model and meniscus displacement measurement
technique to human cadaveric tibiofemoral joints in response to soft tissue
constraint levels and root tear severity;

9 to assess the efficacy of theexperimental model in human tibiofemoral joints with
an applied meniscus allograft transplant intervention.
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Chapter 2

Experimental Materials and Methods

2.1 Materials

In accordance with the Human Tissue Act 2004 and laboratory regulations, &b
equipmentwas duplicated and split into two groug for use onanimal (porcine) tissue or
human cadaveric tissue. Materialsassociated with uman tissuestudies materials were
clearly labelled with a brightly coloured permanent marker and stored in a separate room
to materials associated withanimal studies.

2.1.1 Phosphate Buffered Saline (PBS)

Phosphate Buffered Saline (PBS) is a pH balanced isotonic solution which was
used to mahtain tissue hydration throughout all dissections and experiments. This
included fridge and freezer storage, as the samples were wrapped in tissue paper and
soaked in PBS to maintain tissue hydration as much as possible over the course of the
experiment. The PBS solution was prepared by dissolving one tablet into 100ml of distilled
water, accordi ng istructiomséVP BianmedidalaldC,WiK e r ®s

2.1.2 PMMA Bone Cement

Polymethymethacrylate (PMMA) bone cemetnpurchased fromWHW Plastics
(Hull, UK)was used as a fixing material throughout this project. The femur and the tibia of
each knee specimen were aligned and fixed with PMMA to the correspondiridpial and
femoral pots, enabling the knee to be screwed into the knee simulator and tested. PMMA
consisted of a cold cure polymer powderhethylmethacrylate and 2ethylhexylacrylate)
and a liquid monomerand was prepared according to the manufacture®s i nstr uct i o1
PMMA bone cement was always mixed and left to set in a fume cupboard.
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2.1.3 Dissection Tools

The dissection tools used during this project included: scalpel handles, disposable
scalpel blades Swann-Morton, Sheffield, UK forceps, chainmail glove, hacksaw,
cordless hand drill (Bosch Ltd Stuttgart, Germany), drill bit (3.5 mm and 4.1 mm) and
fixation screws. Human tissue dissection was always carried out in a Class Il Biological
Safety Cabinet Monmouth Scientific, UK. After use, all the dissection tools wereleaned
with laboratory regulation disinfectant.

2.1.4 Cementing Fixtures

The cementing fixtures and associated equipment were used to align and cement
each knee specimen for simulation. These included the tibial pot, femad pot, lower base
component, upper fixture arm, tibial spike, locating pins, fixation screws, grub screws, cap
screws and hex keys. After use, all the cementing fixtures werdeaned with laboratory
regulation disinfectant.

2.2 Methods

2.2.1 Porcine Tissue

2.2.1.1 Procurement

The right hind legs of skeletally immature (4 to 6 months) female pigs were
procured from a local abattoir(John Penny & Company, Leeds, UK) within 24 hours of
slaughter. The right hind legs were cut at the pelvis, near the hip joint, and all the skin and
muscle on the leg, including the trotter were receivethtact (Figure 2.1A).

2.2.1.2 Dissection

The dissection process of right porcine hind lege/as based onpreviously
documented methods (Liu et al., 2015; Liu et al., 2019) The complete porcine knee joint
was harvested from the leg whilst keeping the knee capsule fuliytact containing the
patella, Hoffas pad, cruciate and collateral ligaments, menisci, synovial fluid and articular
cartilage. Toensure the kneejoint waskept in the in-situ alignment, asmallwindow was
cut deep into the lateral side of the legand in the location of knee joint. Tissue was
carefully cut back until the LCL was visible and tissue could be shaved around the LCL
insertions to expose part of the lateral femoral condyle and the proximal tibia. A metal
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brace wasdrilled and screwed onto the expsed areas of the femur and the tibigust
anterior to the LCL andfitting to the contours of the joint(Figure 2.1B). This process was
then repeated on the medial sié of the knee securing metal brace to the femoral condyle
and the tibia just anterior to the MCLAIl excess skin and muscle tissue in the thigh and
calve region wasexcised and the femoral head was lifted out of the acetabular cufFigure
2.1C). The bones were shaved of excess muscle and fat tissuend the knee capsule was
left intact. The tibia and fibula were sawed throughoughly 10mm above the ankle joint
(Figure 2.1D), and the femur was sawed just belowthe head and greater trochanter
(Figure 2.1E). The harvested knee joint is displayeth Figure 2.1F. PBS spray was used
frequentlyto hydrate thetissue.

Figure2.1. A-F. Porcine knee joint with capsule retained dissection process.

2.2.1.3 Alignment and Cementing

Once dissected the porcine knee joints were prepared for simulatiohy fixing the
femur and the tibiain PMMA bone cement, and aligned in an anatomical positior{Liu et
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al., 2015; Liu et al., 2019. The centre of rotation (COR) points were determined for the
medial and lateral femoral condyleThe COR locations were determined by identifyinghe
anatomical landmarksof the MCL and LCL insertions on the knee sample. The CORs
were located just distalto the insertions of the MCL and LCL on the corresponding femoral
condyles (Figure2.2). Map pins were used to mark the location and a small scalpel
incision through the capsule to the insertion sites prevented the fascia from pulling and
tearing whilst the COR holes werdalrilled. Once the locations were determined, the COR
holes were drilled using a small 3.5 mm drill bit. The COR location method wadapted in
this project from previously documented methods which involved usirtgansparent
templatesto estimate the diameter, circumference and therefore centre point of each
condyle (McCann et al., 2008; Liu et al., 2015) Thereason for adapting the COR locating
method was becausethe knee capsulewas retained andtherefore the condyles were not
exposed to line up the condylar curvature withthe CORtemplates. Once the CORs had
been drilled, the offset of the cementing jig was shifted to ensuretagher percentage of
the load travels down the medial compartment of the knee icCann et al., 2008). ISO
standards for TKR simulation recommended the medial offset should be set at 7% of the
tibial plateau width(Liu et al., 2015) The tibial plateau width was measured using callipers
and the offsetwas calculated. The dial was adjustedon the upper fixture armfrom the

zero positionto this calculated offset in millimetres. The medial offset value for porcine
knees ranged between 4.52 5.0 mm.

Figure 2.2. Porcine knee jointcentre of rotation (COR) positioning for the medi and
lateral condyles (ndicated by the red arrows in the images).

Two delrin cementing pots were used to fix the femur and tibia in alignmeand to
allow attachment to the tibial base and flexiorextension arm of the simulatorThe tibial
and femoralpots were greased, and grub screws were screwedinto the tapped holesto
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be flush against the outer surface of the potThe grub screwsprevented the cement
moving within the pot and allowedemoval of the knee joint from the potdor storage
and/or disposalafter simulation

As illustrated inFigure 2.3, the fixture rigincorporated an upperfixture arm and a
base componentwhich replicated the sample area of the simulatofThe tibial spike was
attached to the upper fixture arm(with the medial offset applied)the knee sample was
inverted, and thetibial bone marrow waspushed into the tibial spike The femoral pot and
all the cementing jig components were screwed together anche COR holes in the knee
joint samplewere aligned with the COR locating pinsThe pig stifle joint falls in a natural
state of flexion, therefore a flexion offsetf ~24° flexionat heel strike was applied to the
porcine knee samples. This flexion offset was estimated from a pig gait analysis study
(Thorup, 2007). This offset wasapplied by tilting the upper arm andusing the angle dial on
the side of the fixture rig The fixture rig was securedat the offset angle and PMMA bone
cement was poured into the femoral pot, fixing the femur in alignmerfigure 2.3).

Tibial

Upper Splke
. _—

i‘:‘r:l“’e Tibia

Femur

Base

Figure 2.3. Porcine femoral side alignment and cementing procedure.

The tibia was potted relative @ the femur, the upper fixture arm and tibial spike
were removed, andthe medial offset gauge was set back to dnm. The cemented femoral
pot was unscrewed from thebase componentand attached to the upper fixture arm in
place of the tibial spike. The tibibpot was attached to the lower platform and the fixture rig
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was erected and secured again with the CORbcating pins at the 0° angle.The PMMA
cementing process was repeated for the tibial pot.

2.2.2 Human Tissue

2.2.2.1 Ethical Approval, Procurement and Storage

Ethical approval for use of cadaveric human knee specimens in this research
project was granted by the National Health Service (NHS) Health Research Authority
Ethics Committee (REC referencel8/EM/0224. IRAS prgect ID: 239594) (Appendix B).

The human knee specimens were purchased frorivledCure Limited (Oregon, US)
as fresh-frozenwhole jointspecimens, clearly labelled withan anonymousdonor
identification code and details of gender, age and BMI. The human spienens were stored
at -40°C in airtight bags in a securely locked and alarmed human tissue freezer. When
required for imaging/testing, human specimens were moved from the freezer and
defrosted at 2 °C to 5 °C for 72 hours in a designated human tissue fridg

2.2.2.2 Human Specimen Recording and Tracking

The donor identification codes, details and storage location of each human knee
specimen were uploaded to a secure online tracking systemAghiever Solutions,
Interactive Software Limited, Solihull, UK). At adtages of the experiment, the specimen
storage location was recorded, including all excised tissue from the experiment. Aight
fridge and freezer bags containing the human specimen and human specimen excised
tissues were labelled with the donor identifation code, specimen details (eg: patella),
date and principal investigatorto allow identification within the storage locations.

2.2.2.3 Magnetic Resonance Imaging (MRI)

All human knee specimens underwent one thaw cycle to allow for Magnetic
Resonance Imaging(MRI) (Siemens Magnetom Prisma (3T), Erlangen, Germanyprior to
dissection. This was done by a colleague who was trained in radiography. The scans were
analysed by the same colleague and the tibial width, epicondylar axasmd condylar
dimensions were masured to use as a guideduring alignment and cementing. An
imaging report for each specimen was circulated which detailethe quality of the bone,
meniscus and cartilage prior to simulation. The criterion of consistent bone quality (i.e: no
spaces indicaing bone loss/low bone density) was deemed the most important due to the
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high physiologicalloads (~ 3000 N) the knee would have to experience during knee
simulation. An example of the MRI scans are displayed iRigure 2.4.

Figure 2.4. Example MRI images to obtain distance measurements argtanning
reports on the bone, meniscus and cartilage condition prior ttesting.

2.2.2.4 Dissection

The human knee dissection procedure followed a method developed in previously
published literature(Liu et al., 2020). All human cadaveric pecimen preparation was
carried out in a Class Il Biological safetZabinet (Monmouth Scientific, UK)using specific
equipment and toolsfor human tissue use and appropriate personal protection equipment.
The human specimens throughout this projecivere received as whole joints with part of
the upper calf and the lower thigh includedKigure 2.5A). The human knee joint was
dissected from the leg whilst keepingte knee capsule intact, containingnuscular
attachments, patella, ligaments, menisci, articular cartilage and synovial fluid.

Avoiding the knee joint articulation area, the skin and fat around the femur and the
tibia were removed first, exposing the thigland calf muscles. The muscle was then
removed in these areas to expose the femur, tibia and fibula boneBigure 2.5B). It was
important to retain as much muscle as pssible around the knee joint articulation to retain
the natural soft tissue constraint prior to the alignment and cementing procedure. The
skin, fat and a small amount of muscle was removed from the posterior portion of the knee
joint articulation area. Gwution was taken around the medial head of the gastrocnemius
muscle which was connected to the knee capsule and attached directly to the medial
condyle. The lateral and medial condyles sit close to the skin; therefore, caution was taken
in these areas to &pose the LCL and MCL, without cutting the knee capsule. A thin layer
of fibrous connective tissue usually covered the LCL anfCL (Figure 2.5C).
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Figure2.5. A-C. Human knee specimen dissection procedure.

The femur, tibia and fibula were sawed to size, so the specimen was able toiffito
the cementing jig. The cementing jig was constructed to estimate the cutting locations on
the bones. Antirotation screws were drilled into the ends of the cut femur and tibia bones.
These screws prevented movement of the bone within the PMMA cement during ham
knee simulation.

2.2.2.5 Alignment and Cementing

The alignment and cementing procedure for human knee specimens followed a
similar process as previously described for porcine (sectioR.2.1.3) and inLiu et al.
(2020). Firstly, the medial and lateral centre of rotation (CORjositionswere located.
Previous literature suggests that theransepicondylar axismore closelyreflects thetrue
COR of the knee during flexionand that this axis is usualljlocated between the medial
sulcus or furrav and the lateral prominence(Hollister et al., 1993; Churchill et al., 1998;
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Yin et al., 2015) In this study,the CORholes for each condyle were locatedusing these
landmarksand were positionedjust posterior to the bony prominences (epicondyles) of
the MCL and LCL insertions Figure 2.6A and B).
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Figure2.6. Human knee joint centre of rotation (COR) approximation from the (A)
medial and (B) lateral epicondyles. (C) Lining up the COR holes with the simulator
centre of rotation axes inthe transverse and frontal plane.
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The epicondyles were palpated, and the femur was rotated to aid the COR location
estimation. Due to the heterogeneity of human knee anatomy, in some cases the
insertions of the MCL and LCL were difficult to locate througthe capsule, or the
epicondyle axis was at a large angle. It was important that the lateral and medial COR
holes were approximately level in the frontal and transverse planes, to line up with the
simulator COR flexiorextension axis Figure 2.6C). Therefore, if in the case that the COR
holes were not visually level, one COR hole may be moved within a 10 mm radius to
prevent overly twisting or tilting the knee jointaring alignment. Pins were inserted to mark
the COR hole location before drilling. The limitations of the alignment and cementing
methodology is explained in more detail in the final discussion section of thigesis (see
section 7.5.2.5). The medial offset was applied in the same way as the porcine method by
calculating 7% of the tibial width (mm) and adjusting the medial offset gauge on the upper
fixture arm. Dueto the larger human knee size, the medial offset was 556.0 mm. The
tibia was pushed through the tibial spike and human cementing fixture was constructed so
the COR pins lined up with the drilled COR holes on the specimen. The human knee joint
is roughl 0° at full extension, therefore, no angular offset was applied to the upper fixture
arm and a spirit level was used to ensure the alignment was at 0°. A clamp was used to
pull the excess skin and muscle on the anterior portion of the knee away from thetp
PMMA bone cement was poured into the femoral pot and the femur was fixed in the
alignment Figure 2.7). After the cement had set, the cementing jig wasleconstructed
and the medial offset gauge on the upper arm was moved back to zero. The tibia was then
cemented relative to the femoral alignment.

Tibial
Upper Spike
Fixture
Arm Tibia
COR
Pins
Femur

Femoral
Pot 4

< Base

Figure2.7. Human knee specimen femoral sidalignment and cementing procedure.
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2.2.2.6 Post Experiment Handling of Human Knee Specimens

As described in section2.2.2.2 each knee specimen and the associated excised
tissue were recorded and stored appropriately throughout the experiment. After the
experiment, the distal femur and the tibia plateau (including menisci) of the remaining knee
specimen were stored at-40°C in the same freezer compartment as the excisedssue.

The airtight freezer bags were clearly labelled with the donor identification code, specimen
details (eg: femur), freezing date and the name of the principal investigator (grant holder).
All parts of theassessedhuman specimens were available to usey trained colleagues to
maximise the accessibility of human tissue for other research projects in the institiite
accordance with the ethical approval obtained

2.3 Knee Simulation

2.3.1 Single Station Knee Simulator

The Leeds Single Station Knee SimulatofSimulation SolutionsStockport, UK)
was usedthroughout thisresearch project(Figure 2.8A). Based on total knee replacement
wear simulators; thisknee simulator had been adapted to simulate natural tissuet
facilitate biomechanical and tribological research on early knee interventiofikiu et al.,
2015; Bowland et al., 2018; Liu et al., 2019; Liu et al., 2020)

The knee simulator is electromechanically driven and able to cyclically simulate
walking gait motionby driving two translation axes compressiontdistraction (axial
translation), anterior-posterior translation and driving three rotation axes:flexion
extension rotation,internalexternal rotationand abductiornradduction rotation (Figure 2.8
B, C and Figure 2.9). The natural knee joint moves about 6 degrees of freedom, however,
the mediatlateral axis of the gnulator was not able to be driven and thereforavas fixed at
zero. The simulator has the capability of drivinghese axes with displacement inputs
(displacementcontrolled) or force inputs (force controlled) Table2.1 describes a
breakdown of the motion axes parametes and limits used in this project. The axial force
axis wasalways drivenin force control. The flexiorextension and abductioradduction
axes werealways drivenin displacement control. In line with previous knee simulation
work, the abductionadduction axis was not driven and left to move freelfLiu et al., 2015;
Liu et al, 2020). The anteriorposterior translation and tibial rotation axes could either be
controlled with force or displacement inputs, depending on the research question. In this
research project, both the anteriofposterior translationand tibial rotationwere
displacement controlled at predefined profile parameters to control more factors affecting
meniscus displacement measurementgsee section2.3.2).
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Figure 2.8. (A) Porcine knee sample set up in the Leeds single station knee simulator
(B) Sagittal plane and (C) frontal plane schematics of the rotation (blue arrows) and
translation (red arrows) movement &es for a right knee sampldn the knee simulator
The axial forceis applied vertically to the femoral components of the knee sample. The
force isapplied perpendicular to the axis of centre of rotation of the flexioh extension
arm whilst other parts ofthe machinedrive tibial rotations (internalexternal) and tibial
translations (anteriorposterior). The abductionadduction rotation axis was left
unconstrained(free), and the mediatlateral translationaxis was fixed at zero.
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Figure 2.9. Schematic showing the mechanicaparts of the simulator facilitating
movement of the rotation and translation movemerdaxes duringknee gait simulation.

Table2.1. Summary of the keymechanical motionaxe ss@nsor control information and

limits.

Axis of Motion and Polarity Control Mode Range Accuracy

Axial Force Force 02 5kN + 30N

Flexion (+) / Extension+) Angle Displacement + 90° +0.03°

Abduction (-) / Adduction (+) Angle Displacement +10° +0.03°

Anterior (-) / Posterior (+)Translation  Force or +30mm +0.1mm
Displacement

Internal (+) / External {) Rotation Force or +15° +0.09°
Displacement

Medial (+) / Lateral €) Translation Not controlled +10mm N/A

(Fixedat zero)
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Studies using forcecontrolled anteriorposterior translationand tibial rotation have
the benefit of achieving kinematic output data, providing that suitable spring constraints
were applied. The springs limit the motion of the axes produced by the applied force and
may be in the form of natural collateral/cruciatégaments of the tibiofemoral joint sample,
programmed virtual springs of the simulator, ophysical springsattached to the machinery
(Bowland et al., 2018; Liu et al., 2019; Abdelgad et al., 2022).

The simulator contains a sixaxis load cellwithin the tibial platformwhich gives the
axial load output as well as a force or torque output for each translation or rotation axis,
respectively. The simulator also has aradditional shear force load cell to determine the AP
shear force, which describes the force transmitted between the femoral to tibial
components. To summarise, the force outputs were axial force, flexieaxtension torque,
tibial rotation torque, anteriofposterior force, anteriorposterior fiction (shear force) and
abduction-adduction torque.

The simulator was operated with a connected computer using the ProSim
graphical user interface, which enabled the configuration and execution of cyclic gait
profiles, driven at a specific frequency.The ProSimsoftware usal the numbers in thegait
profile input file (text fileXo drive the motorsto move the axes of thesimulatoracross 1
cycle. Thiswas the demandand repeatsfor a defined number of cyclesThe simulaors
sensorsfed-back the output displacementforce data to the computer asanalog to digital
converter (ADC) values The ADC valueswere then converted by the computerusing
recent axis-specific calibrationvaluesto generate the digital output of loaddisplacement
for each axisduring operation The output data was automatically saved as tab delimited
text files during simulation.

2.3.1.1 Calibration

The sensorsof the simulator can drift overtime due tdactors such asmechanical
vibrations and temperature chages. Therefore, to maintairneasurementaccuracy, the
simulator wasroutinely calibrated by a trained Simulation Solutions engineer prior to each
individual porcine and human studyTo carry outthe calibration, all the mechanical axes
were enabled andthe abduction-adduction component and anteriorposterior carriage
were connected to their corresponding motors An initial check was carried out toverify
the zero readingsusing the centring jig; this jig ensured all the mechanicalaxeswere in
the zero positionto check the positional readings of the sensorgFigure 2.10A).
Calibration procedures were not requiredor the flexionrextension and tibial rotation
positionalaxes as optical encoder sensorswere built within the correspondingmotors
(Bowland, 2016). Rarelychanges in the zero values for tese axes would occur, however
if errors became present, the engineer wouldeprogram the coupling of the sensor with
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the motor using code. The anteriorposterior translationand abduction-adduction axes
were calibratedand verifiedusing slip gauges and a inclinometer, respectively. The slip
gauge calibration process for the anterioposterior translationaxis has beenpreviously
described in detail inBowland. (2016).

Flexion- Delrin block
extension attached to
arm flexion-
extension arm
Centering External load
Jig cell attached
to axial force
libration ii
Tibial base calibration jig
containing
Sixeaxts Steel load cell
load cell

protector cap

Figure 2.10. Simulator calibration images showing the saip of the (A) centring jig to
zero all positional axes and (B) the axial force load calibration set up.

Axial force calibration

Force axis calibration was achieved using an externlecalibrated USB load cell
(5kN), plugged into the USB port of the connected computerThe axial force axis was the
only force-controlled axis used during this projecand this was calibrated using the
mechanical set-up jig pictured inFigure 2.10B. The tibial base plateof the simulatorwas
removed, and a steel cap was attached to protect the exposedsimulatorload cell. The
simulator predominantly used during this project was equippewith an automatic load
calibration procedure built into the softwareUsing the ProSim softwareall the loads were
tared, and connection was made withthe external load cell. Ensuring the simulator was in
calibration mode, he axial forceaxis was seletedinthe- aut o | o a ddialegdbdxi br at i
then-auto-r un ® wa sto Isegirl tlee @utoendtic calibration processThe calibration
process applied five demand loads of: 100N, 750N, 1500N, 2250N and 3000Nand
produces two calibration graphs one graph comparing thedemand load vs actual load
and another graph comparing thesensor ADC valuesto real-world newton values with
deviationrs corrected through calibration The softwarecalculated aset of calibration
constants to account for the variationn actual vs demand loadfor the observerto either
accept or re-run the calibrationprocess.
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2.3.2 Simulated Gait Profile

The Leeds high kinematicdisplacementcontrolled gait profile with modified twe
peak axial force inputwas used to simulate walking motion throughout thiproject. This
profile was used in previously publishedatural knee simulationstudies (Liu et al., 2015;
Liu et al., 2019). The kinematic inputs of the gait profile were based on the results from
Lafortune etal. (1992) healthy participant bone-pin gait study. The gait profile was
developedfrom wear simulation studiegBarnett et al., 2001; McEwen et al., 2005;
Abdelgaied et al., 2022)and simulates a high magnitude (610 mm) of anterior tibial shift
to replicate the posterior rolback of the femur during flexionBrockett et al., 2016).

In previous literature, a three peak axial force input was used in knee simulation,
based on the early findings oMorrison (1970) (Liu et al., 2015; Liu et al., 2019) However,
more recent gait analysis and instrumented prosthesis studies show that the axial force
profile commonly exhibits twepeaks (D Lima et al., 2005; Heinlein et al., 2009; Kutzner et
al., 2010). This was modiied in a recent study simulating human knee gait and was used
throughout this project(Liu et al., 2020). The driven input axes of the porcine and human
Leeds high kinematics gait profile (with the modified twpeak axial force) are presented
for a right knee inFigure2.11 on the next page

The flexionextensionrotation, anterior-posterior translation and internalexternal
rotation were all driven in displacement control. The axial load was driven in forcerdrol.
The gait profile used for porcine knee joints was scaled down from the human gait profile
for each driven axes using parameters based on a 70kg pi@.iu et al., 2015) This scaling
factor was approximately one third of the human gait parameter3.he frequency ofgait
simulationusing in this projectwas 0.5 Hz (2 seconds per gait cycle) This wasslower
than the standard (1 Hz) and average physiological gait-(0.8 Hz) (Heinlein et al., 2009;
Kutzner et al., 2010; Reinders et al., 2015)however, this speed was important to obtain
meaningful displacement data from the videos, as explained later in sectidi2.2.1. The
maximum and minimum valuesdr each driven axes of the human and the porcine input
profile are described inTable 2.2 on the next page
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Table 2.2. Maximum and minimum values for each gait profile axis of the porcine and

human profiles.

Gat Profile Axis

Axial Force

Flexion (+) / Extension+) Angle

Anterior (-) / Posterior (+)
Translation

Internal (+) / External {) Rotation

Adduction (+) / Abduction Angle
)

Control Mode

Force

Displacement

Displacement

Displacement

Free

Sample

Porcine
Human
Porcine
Human
Porcine
Human
Porcine
Human
Porcine

Human

Minimum  Maximum
63.5N 984.7 N
167.6 N 2592 N
0.0° 20.8°
0.0° 57.9°
-3.8mm 0.1 mm
-10 mm 1.4 mm
-1.6° 1.6°
-5.0° 5.0°
N/A N/A
N/A N/A




2.3.2.1 Left Knee Joint Simulation
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The standard model for natural knee simulation was based on right knees,

however, human specimens came as left and right knee joints. As described Trable 2.3,

the polarity of the tibial rotation and abductioradduction axes were inverted when

characterising left and right knee movement. Rather than changing the mechanical

polarity of the simulator, the polarity of the tibial rotation was inverted on the gait profite t
simulate left knee gait in the correct direction of rotationHigure 2.12). The polarity of the

passive abduction-adduction axis for left knee simulation was inverteduring the post

processing of the results.

Table 2.3. Polarity differences of the tibial rotation (TR) and the adductiesbduction
(AA) axes during left and right human knee simulation.

AXxis Direction Right Knee Left Knee
TR Internal + -
External - I
AA Adduction + -
Abduction - +
A Ao
5§ ® 5§ ®
S 2 s g
= C = X
L~ o w
o © o _ 0
o [ ¥ ®©
T 0 T =
a % 5 2
= w = £
v V-5

Cycle Time (s)

0 1 2

0 1 2

Cycle Time (s)

Figure2.12. Inversion of the tibial rotation input axes for right and leftuman knee

simulation.
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Chapter 3

Development of a Measurement Technique to Quantify Dynamic

Medial Meniscal Displacement In-Vitro

3.1 Introduction

This thesishas discussedthat meniscal extrusion manifests in two forms:
degenerative extrusion or traumatic extrusiorfsee section1.5.3). Degenerative extrusion
is caused by a degenera¢d meniscus, where the internal microstructure loses its integrity
over time, meaning that the meniscus adopts an altered position when it is not bearing
bodyweight and is permanently deformed. Degenerative extrusion is rarely reported and
usually goes unattected until the patient is older and has been diagnosed with OA.
Traumatic extrusion occursdue to an injury, most commonly a root tear caused by a mix
of high load, flexion and torsion of the knee. The avascular and aneural nature of the
meniscal tissuecan mean that a root injury might be undetected, or the current repair and
replacement methods might not be sufficient to restore healthy meniscal position and
kinematics. Traumatic extrusion more commonly occurs in younger active patients and
because thefocus of this thesis is the prevention/delay of OA using early knee
interventions, modelling a traumatic injury to model meniscal extrusion is more
appropriate.

However, the same result occurs for both forms of extrusion, which is a change in
position ofthe meniscus and an altered dynamic meniscdtinematicswith knee load and
motion. These factors create an imbalance in the functionality of the meniscus, which
effects the stability of the knee joint and increases the likelihood of cartilage degeneration
Therefore, measuring the change in positionr displacementof the meniscus which
includes both deformation and the movement of the tissueés an effective way to
investigate deviations from normal and signify negative biomechanical effects under a
variety of conditions. The herein method could be applied to both forms of extrusion,
however, the focus is on traumatic extrusion.

This chapter discusses the process of developing a method to measure medial
meniscaldisplacementin the frontal and sagittal pane, whilst the knee is driven through
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quaststatic and dynamic profiles in the kneeimulator. The method was developed
systematically, using a simple video camera, loading profile and image acquisition
technique. Further method developments included ojrnising the loading regime and
automating the measurement technique using computational methods.

3.1.1 Aim and Objectives

The overall aim was to develop a method to measure medial meniscal
displacementin a whole knee joint sample, performing a dynamic gaitycle in the
simulator. The medial meniscus was chosen becauseii more clinically associated with
meniscal extrusion than the latera{Krych, Bernard, Kennedy, et al., 2020)Due to the
anatomical differences of porcine and human knee joints and menig@ee section
1.6.1.2), porcine knee joints willonly be used for method developmenbefore transferring
the method to human samples. To achieve this aim, the following objectives were

1. to create and validate amotion capture method to measure the medial
meniscal displacement in the frontal plane and medidteral direction, under
a simplified quasistatic loading protocol

2. to apply and develop this method to measure the sagittal plane anterior
posterior displacement of the medial meniscus simultaneously

3. to perform this method on a porcine knee performing a simple dynamic
flexion-extension profile

4. to improve the objectivity, repeatability and precision of the measurement
technique using computational techniques

5. to fully pilot the developed method on one porcine knee under different soft
tissue constraint conditions

3.2 Measurement Methodology Specification

As described inTable 3.1, potential meniscus displacement measuremeniethods
were evaluated.The decision was made to usea marker-based tracking methodas there
was minimal contact with the tissueenabling freeknee movement and the application of
complex dynamic simulator gait inputs In addition,capsular constraint @uld be assessed
whilst maintaining marker positioning. Thenarkers can be pinned through the capsule
and the capsule dissectedaway. The other evaluated methods maybemore effectivein
measuring strairs and slow deformation in static environments under increasing loadhe
objectives of this method were to measure meniscalisplacementundergoing dynamic
physiologicalload and motion.



Table 3.1. Meniscus displacement measurement method specificatioand comparisons.
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Method Type

Description

Possible to apply
dynamic load and
motion regimes?
Tissue Contact?
Ability to assess knee
capsule constraint
and meniscus injury?
Compact size for
simulator?

Estimated Cost
References

Marker Tracking/ Motion
Capture

Markers are pinned to the
tissue. Images are taken during
loading and a software is used
to calculate the change in
position of the markers
between each image.

Yes, allowsfree dynamic
movement at 0.5Hz to 1Hz gait
speeds.

Minimal from markers

Yes, marker pins penetrate
through the capsuleand
positions can be controlled.
Yes, providhg small cameras
are used.

< £500 (2D) - £30,000 (3D)
(Bilesan et al., 2018; Hirose et
al., 2022)

Digital Image Correlation (DIC)

(8

A speckle pattern isapplied to
the tissue. Images are taken
during loading and an algorithm
calculates the specklesize and
distance to estimate
displacement and strain.

Yes, allows free dynamic
movementbut at slower
frequencies < 0.5Hz

No

No, incompatible with capsule
intact as the speckle pattern is
applied to the capsule surface.
Yes, providing smalcameras
are used.

< £500 (2D) - £100,000 (3D).
(Palanca et al., 2016)

Linear VariableDifferential
Transformers (LVDTS)

Operates through
electromagnetic coupling
principles. Transmitting
mechanical linear motion into
electrical signals.

No, a slower controlled / static
regime would need to be
applied to measure accurately

Yes

Yes, however VDT tip
locations on the meniscus
must be controlled

Yes, providing < 30 mm total
lengths are acquired

~£200 - £1000 each

(Hein et al., 2011; LORD
Corp. MircoStrain, 2013)

Ultrasound

A transducer emits and detects
soundwaves The distance
between the transducer and the
tissue boundary is calculated
from the speed and frequency of
reflecting soundwaves.

No, a slower controlled / static
regime would need to be applied
to measure accurately.

Yes

Yes, most effective when the
capsule is fully intact. Conditions
could be applied arthroscopically
No. Difficult to position the
transducer in the sample area

~ £3,000 2 £15,000

(Paletta et al., 2020; NiBIB,
2023)
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3.3 Frontal Plane Method Development

3.3.1 Rationale

An experimental method was trialled using a video camera arah ImageJ
(Schneider et al., 2012)image measurementtechnique to measure tte displacementof
the medial meniscus under increasing load, in relation to the tibial plateatihe purpose of
this work was todevelop and validate a novel method in the simulator and observe trends
of the medial meniscusdisplacementin the frontal planewith increasing load and fixed
flexion angles in intact porcine samples. An additional aimas to simulate a complete
medial meniscus posterior root tear and compare the torn and intact conditions.

3.3.2 Experimental Set Up

3.3.2.1 Sample preparation

Fresh whole kneejoint samples (n= 3) were dissected from the right hind legs of
6-month-old female pigs (84.7kg, 100.2kg and 90.7kg). Samples were dissected no
greater than 24 hours after slaughter and stored in 42 wrapped in tissue soaked with
PBS beforetesting. The full dissection processs described insection 2.2.1.2. For this
preliminary study, the fascia around the mdial collateral ligament (MCL) was carefully
removed to expose the ligament, and dine was scoredon the tibia and along the
posterior aspect of the ligamento mark their position f& marker placement. In other work,
the posterior aspect of the MCL linevas used as the position to measure quasstatic
medialtlateral meniscaldisplacement(Hein et al., 2011) Afterthe line was scored, the
MCL the and lateral collateral ligaments (LCL), and the anterior and posterior cruciate
ligaments (ACL and PCL) were removed in accordance to previously performed sample
preparation protocol(Liu et al., 2015; Bowland et al., 2018) The alignment and cementing
process followed methods described irsection 2.2.1.3.

Map pins of 5mm diameter with black and white centroid quadrants were used as
markers. A fixed reference marker was pinned and adhered witkuperglue, to the tibial
plateau on the scored MCL line. A moving meniscal marker was placed on the medial
meniscus directly above this marker, with the knee aligned at Gextension Figure 3.1A).
Control markers were also placed on the anterior aspect of thiEemur and tibiato measure
the vertical displacement of the femur relative to the fixed tibidlowever, due tonarrow
space and limitedfocusing digance of the camera, this data was excluded as the markers
were not in clearfocus to give an accurate measurementMarkers were also placed on
the lateral meniscus and acted as a control for the torn condition.
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3.3.2.2 Video Camera Specifications and Positioning

A Panasonic Lumix GFAPanasonic, Osaka, Japan)as used for video recording.
This camera records at aHD resolution of 1920x 1080 pixels at 60 frames per second
(fps) for a quality image andclarity of motion The focusing system was set tananual
focus and no zoom was usedThe camerawas positionedin the simulator, viewing the
knee inthe frontal plane, and held by a universabracket arm attached to the markel
point on the simulator. Care was taken to ensure the camera remained in the saen
position forall tests and repeats, therefore, as well as the fixed bracket, position
measurements were taken with a tape measure from the bottom and back of the camera
to the abduction-adduction (AA) arm of the simulator and kept constan{Figure 3.1B).

Sample

)

-

—Camera

SSKS AA
arm

Axial Force (N)
w0
8

0 20 40 60 80 100 120 140 160 180 200
Time (sec)
Figure3.1. Experimental set up: (A) marker placement on theorcine medial meniscus

and the tibia. (B) Diagram of the digital camera positioning in tr@mulator (SSKS) (C)
Schematic of the stepramp loading profile used ér biomechanical investigation.
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3.3.2.3 Loading Protocol

Details of the simulator and its axes are describegreviously insection2.3.1. A
simplifiedstep - r a mipad@ing protocol wascreated for this preliminay investigation
(Figure 3.1C). The profileconsisted of ten sequential 20 second 100 N sulprofiles,
cumulating to reach a maximum of 1000 N axial forceThe anteriorposterior translation
tibial rotation, abductionradduction position, and mediallateral translation tibial axes were
constrained to ensure the tibial bone marker was fixed for reference. The flexiextension
axis was also constrained at either 0° or 10° for each condition. As the pig knee is in a
constant state of flexion, 10 flexion equates to ~30 human knee flexion. An additional
static flexion condition was used as this represented another kinematic point in the gait
cycle, other than 0°.

3.3.2.4Video Data Acquisition and Image Analysis

Videos were impored from the camera and the start of simulator movement in the
videos was identified as the audible sound of the axial force cam contacting the load
spring. This start point was t hen -rcaamp & rtad setd
at 1000 milliseconds per cycle (1.0 Hz). A video frame was measured at approximately 17
seconds into each 20 second sub profile, thignsured that the maximum marker
movement during that axial force gairwas captured, and that the first 10 seconds and the
last 3 secondsof the sub-profile were avoidedbecause the simulator canproduce load
stabilisationsignal noiseimmediately beforeand afterinitiating a new subprofile. Image J
software (Schneider et al., 2012) was used to measure the meniscal displacement during
each sub-profile.

The known 5 mm diameter of the marker was used to calibratine pixel scale on
the image prior to using the measure function. A vertical line was drawn up through the
fixed bone marker centre and the horizontal displacement (mm, medial (+ve) and lateral (
ve)) was measured from this line to the centre of the movihmeniscal marker. A short
validation study was performed using this measurement technique (see secti@3.2.6).
Three repeatsof the experimentalloading protocol were performed foreach knee, and
three repeat measurements were performect each sub-profile screenshot.After each
experimental repeat the sample was sprayed with PBS and given 10 minutes of unloaded
rest, before the next repeat. The data was inputted into MatLab R2020a (The MathWorks
Inc, Natick, USA) andthe O N sub-profile measurements were assumed to equate to a
displacement of 0 mm. The difference in displacement was calculated for each sydpofile
load from the 0 N measurementA paired samplest-test was performed to investigate if
the method was sensitive enough to detect a differencan meniscus displacement
between the intactand torn conditions. The ttest was performedwith means takenat two
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time/load points during the test,the 300 N and the 900 N point.ldeally he peak load
(2000 N) would have been used, howeverin most of the torn casesthe radial
displacement at 1000 N was unmeasurable as theneniscus moved outward andcovered
the tibial reference marker.Confidence intrvals (95% CI) were also calculated to
understandthe uncertainty of themeasurements around the mean

3.3.2.5Torn Condition

After assessingin the intact condition, an additional injury condition was simulated,
and the experimentwas repeated. A scalpel was used to cut a complete radial medial
meniscus posterior root tearalong the superior - inferior axis, in the inferior direction. This
tear was simulatedas this was the most common type of root attachment tear previously
classified arthroscopically; 68% of cases reported a complete radial tear within 3 mmto 9
mm from the root attachment edge(LaPrade et al., 2015) Therefore, the root was cut at 6
mm from the root insertionFigure 3.2. Although porcine tissie was used for the method
development, the rationale for the tear was based on studies of human knees, as the
method will be translated to investigate human knees in later chapters.

Figure 3.2. Complete radial root tear creation of theporcine medial meniscus posterior
root. (A) Measurement of 6 mm from the root insertion. (B) Scalpel cut in the inferior
direction at 6 mm from the insertion.

3.3.2.6 Validation Study

The ImageJ measurement technique was validated by using the same camera
marker setupand moving a marker alonghe medialtlateral axis to a known distance on
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the simulator (+£ 1, 2 and 3 mm) (Figure 3.3). The 0 mm start point was marked with an

image overlay on the video, so it was clear where to measure from. The 5 mm diameter of

the marker stickers were used as the known distance to calibta the images to the

number of pixels in millimetres. The simulator meditdteral translations(actual values)

were compared to the ImageJmediatlateral displacements(measured values)and the

percentage error were calculated(Equation 3.1 and 3.2).The error was also calculated

whilst simulating subjective factors, suchas being+1 pi xel out wusing the
function onImageJ orbeing +/- 1 pixel out when calibrating the image from the 5 mm

marker. This was to understand thebserver (user) sensitivity of the method

) O vo pgll 0 £ <o o
Equation3.1. | >dme b2 ntTi e actmon

Equation3.2. =4 v mprey g+ VO p gl O g «CoHm o g

Figure 3.3. Validation method for the ImageJ measurement techniqu€¢A) Method set
up showing a marker adhered to a solid piece of plastic, cemented into one of the
knee pots and screwed into the tibial base of the simulator. (B) Video camera view o
the validation marker annotated with the known medialateral axistranslation

3.3.3 Results

3.3.3.1Intact vs Torn Results

The intact and torn meniscal displacement results for each tested knee are
displayed inTable 3.2 and Figure 3.4. Imagesof the final measurement screenshots for
the intact and torn kneesare presented inFigure 3.5.
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Figure 3.4. Difference in the relative medial meniscus displacement with increasing axi.

AX|aI Force (N)

force for (A) Knee A, (B) Knee B and (C) Knee C, between the intact and torn

conditions at 0° and 10° flexionAs shown in the schematic, positive results equate to

medial marke displacement(n= 3, error bars = SD of 3 repeat measurements

porcine).
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The results show the relative meniscal displacement increasdatiroughout the
experimentwith the presence ofa medial meniscusposterior root tear, when compared to
the intact conditions. As presented inTable 3.2, Knee A, Knee B and Knee C presented a
significant increase p <0.05) in meniscal displacement at the 30N point. Knee A and
Knee B further presented a significant increase in displacement at the 900 point of the
torn medial meniscus at both 0 and 10 flexion angles Flexion angle seemed to have an
effect in the torn results but not in the intact results. A 10° flexion angle generated larger
displacements in the torn condition results compared to the 0° flexion angle. Knee A and
Knee B followed similar trends, howevelKnee C differed.K n e e tofd ®omdition was only
measured to 500 N and 600 N for the 0° and 10° tests respectively. This was because the
test had to be stopped prematurely as the medial meniscus fell out of the joint space
during the test and the marker vas unable to be measured Figure 3.5C).

Figure 3.5. Screenshots of the 0° flexion angle test, showing maximum displacement o
the intact conditions (left) and the torn conditions (right) for (A) Knee A, (B) Knee B anc
(C) Knee C(porcine).
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In most cases the greatest changen displacement happened between 0 and 100
N, followed by some plateauindor the remainder of the test. Generally, dplacement of
the meniscusas load increasedbecame more random and variable with a root teant was
not possible to showthe 95% confidence intervalsfor the torn condition resultsas Sample
C was excludedin the final mean calculation(Table 3.2).

Table 3.2. Mean (+/- SD) relative displacementin the medial directionof the intact and
torn medial meniscus, relative to the tibia as the loashcreased from 800 to 900 N.

A =300 N axial force interval value taken as 900 N was unmeasurable.
* = significant at 300N axial force interval p < 0.05

** = signiicant at 300N and 900N axial force interval p < 0.05
n=2=sample C excluded

Intact Torn
Sample
0° 10° 0° 10°
A 0.87 (£ 0.24) 0.37 (£ 0.17) 6.21 (x 0.07) ** 5.66 (+ 0.35) **
B 0.51 (+ 0.28) 0.32 (+ 0.11) 2.34 (x0.11)** 3.18 (£ 0.07) **
C 1.12 (= 0.26) 1.45 (£ 0.46) 3.20 (£ 0.12) ~*  3.81 (+ 0.05) ~*

Mean(z)  0.83 ( 0.31) 0.71 (£ 0.64) 3.90 (+2.30)"=2 3.84 (+ 1.82)"-2
SE Gw) 0.18 0.37

95% ClI +0.76 +1.58

All dimensions in millimetres.

3.3.3.2 Validation Study Results

The percentage error ranged from 1.93 % 6.97 % (mean = 4.2 %) between the
actual and measured mediallateral displacement values. When the measurement was-+/
1 pixel out, the mean percentage error was higher for the +1 pixel ranging from 4.92 %
15.93 % (mean = 8.85 %) and the-1 pixel ranged from 0.49 %- 7.90 % (mean: 3.36 %).
In terms of the calibration error,-1 pixel generated a larger range of error 0.23 % 11.10
% (mean: 6.33 %) compared with the +1 pixel; 1.72 % 8.08 % (mean: 4.73 %). The
maximum absoluteerror recorded for this study was0.25 mm.
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3.3.4 Discussion

3.3.4.1 Overview

The ImageJ method was sensitive enough to detect differences in meniscal
displacement between an intact anda torn condition. The cases with the completely torn
meniscal root showed increased, random, and variable meniscal displacement, especially
at higher loads. Itwas likely the meniscus became decoupled from thapplied axial force
to transmit loadthrough the joint effectively.

The ImageJ method was sufficiently sensitive to measure meniscal displacement
after the application of 100 N axialdrce in almost all cases. The results may somewhat
reflect the material characteristics of the meniscus as a whole tissue in response to load.
There was an initial increase in the displacement with load, followed by a reduction and
plateauing in displacemat when further load was applied. Biological tissues adopt a creep
response, where deformation increases under constant load and the largest amount of
deformation occurs at the initial applicatior{see section1.4.1). Even though the
displacement measurementwvas not able to distinguish between deformation and
displacement, it is likely that creep properties were reflected in the results

3.3.4.2 Evaluation ofthe Method

Measurement SensitivityThe ImageJ techniquewas accessible and easy to use.
Actual displacements of the porcine menisci are unknowrtherefore, a validation
experiment was created to compare the knowmnmediallateral displacement of the
simulatorto the measured ImageJ values. A mean %lasolute error was found to be 4.2%
and the maximumwas ~7% for the measured valuesHowever, the validation expeiment
has a potentialobserverbias, as theobserverwas aware of the knownsimulator

measurement.

Observer Sensitivity The method has a large reliance on thebserver, a
measurement made by oneobserveron ImageJcould be more accurate than another
These errors are likely to occur from visual and coordination differences between
individualsand potentiallyreduces the reproducibility of the methodThe observer
sensitivitycould be better understood by conducting amultiple participant sensitivity
study. Participants wouldmeasurea marker in an imageto generate an errorvalue of
inter-observer variability. This was performedater in this project afterfurther
developments andreliability assessments of thenarker-tracking methodology (see
section4.3.2.2).
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The validation experimentn this studyincluded parameters relating toobserver
error. The maximum margin for error increased to ~16% foihe +1 pixel 1 mm
measurement (mean: 8.85%).With this error margin, it would be possible to distinguish
between the intact and torn conditions for the same knee samples but not between
individual knee samples, which is important toonsider in future methal developments.
Moreover, a maximum absolute value of 0.25mmvas established from the validation
study. However, this margin of error kept on or within the standard deviations of the
results, meaning that in the individually analysed samples, the measurentesrror was
predominantly due to systematic error and not random occurrences. However, when the
error was examined between the kneeases (Table 3.2), large amounts of variatiorwere
evident and random error likely occurred, which may be generated by some uncontrollable
factors, such as variation between porcine knee anatomy, or controllable factors in future
study, such asevaluatingthe cameraposition setup (see section3.7 and Chapter 4).

3.3.4.3 Limitations

The meniscal displacement relative to the tibiavas dictated solely through the
location of themarkers, however, this position was chosen as it is of the highest interest
as meniscal extrusionis measured and diagnosed in this location ofrontal plane
radiographs (see section1.5.2). Moreover, only 2D inear measurements were taken,
therefore deformatiors in other planeswere disregarded However, the aim was to
develop a simple and robust method which was able to measure a difference in relative
meniscal displacemen between an intact and torn condition. In addition, the use of a
complete radial tear at this stage in method development was useful to show a clear
difference, however,in vivothe capsule would provide a barrier against complete
subluxation of the meniscus outside the joint space. Therefore, it would not be sensible to
test this condition in a cyclic loading study. Finallythe tissue relaxation time was not
addressedduring this study, which would have affected the results as reduced water
retentionwould limitthe deformation of the tissue under loadFurther developments will
include a calculated time for the tissue to relax between each test.

3.4 Sagittal Plane Method Development

3.4.1 Rationale

The knee joint allows the greatest amount of motion along the sagittal plane during
flexion and extension. The meniscus moves along this plane in response to flexion and
extension to keep the area of contact continuously satisfying the movirggometry the
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femur and tibia(Vedi et al., 1999) Meniscal extrusion is frequently described in the frontal
plane; however, little is known for the sagittal plane. When evaluating changes in meniscal
kinematics in response to traumatic extrusion, assessing changes in thegerior and
posterior meniscal regions are of high interestrherefore, developing the method

described in the previous section to measure sagittal plane meniscal displacement of the
anterior and posterior regions of the medial meniscus is important whehe dynamic knee
axes in the simulator will be incorporated into the profile.

This section describes the application of the samémageJ method, to measure the
displacement of the anterior and posterior meniscal regions under increasing static load in
intact porcine samples. A torn condition was not studied for the initial sagittal plane
investigations as the aim in this preliminary stage was to investigate if it was possible to
translate the frontal plane method to the sagittal plane. Therefore, this seatidocuses on
the application of the method to measure markers on the anterior and posterior regions of
the medial meniscus with intact meniscal roots and reports on trends observed across
three samples.

3.4.2 Experimental Set Up

3.4.2.1 Sample Preparation and Loading Protocol

Fresh whole knee joint samples (& 3: labelled Sag A, Sag B and Sag LCwere
dissected from the right hind legs of @nonth-old female pigs (67.2kg, 84.3kg and
84.6kg). The methods for sample preparation, including dissection and cementing are
previously described insection 2.2.1. The fasciaand the ligaments were removed during
dissection, following the same conditions as those carried out for the frontaplane
investigations ection 3.3.2.1). The same ramp loading protocol was used, as previously
described insection 3.3.2.3. In addition to the loading protocol, a tissue rest period was
included between eah test. Each sample was left hydrated with PBS and unloaded for 10
minutes, so the compressed tissues recovered.

3.4.2.2 Camera Specifications

Due to thelimited space in thesimulator, a discrete camera with a small focusing
distance was required The focusirg distance, or focal length, is the smallest distance the
object can be away from the lens, and still be in focugA digital camera, such as the one
used for the frontal plane method in the previous section, as too large to fit inbetween
the sample and he simulator. A smartphone (iPhone 7,Apple Inc. CA USA) had a
camera which is capable of filming in 108& 1920 resolution and has a relatively small
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focusing distance (~100mm), with a thincasing. The distance between the medial
meniscus of the sampleand the smartphone lens was measured at ~5éhm, therefore,

the focusing distance of the smartphone camera had to be reduced by around 50%. This
was achieved with a clipon macro lens, attached to the smartphone camera and with the
addition of more artifical light to brighten the markers

3.4.2.3 Anterior and Posterior Meniscal Marker Positioning

To attach the 5 mm diameter markers on the anterior and posterior regions of the
medial meniscus, the tibial width was measured with callipers and thenultiplied by a
factor of 0.4 to give a distance in millimetres, which was used to pin the anterior and
posterior markers away from the anterior and posterior horn insertions of the medial
meniscus, respectively Figure 3.6A). Corresponding markers were placed directly below
the meniscal markers on the tibia. The sample was kept at 0° extension when attaching
the markers. The markers were adhered with supergluesawell as pinned.

Figure 3.6. (A) Anterior (ANT) and posterior (POST) marker placement on thgorcine
medial meniscus, in relation to the anterior and posterior meniscal root insertions. (B)
Smartphone camera position and screenshot of analysis carried out on ImageJ.
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3.4.2.4Video Data Acquisition and Data Analysis

The samelmageJimage acquisition and data analysis measurement technigue
was used to calibrate and measure the displacements of the anterior and posterior
markers, relative to the fixed tibia marker, for each 100 N axial force increase. This is
previously described forthe frontal planeprotocol in section3.3.2.4. The only difference
for the sagittal plane protocol was that each screenshot had two markers to collect data
from, because both the anterior and posterior marker were visible in the same fram
(Figure 3.6B). In addition, each extracted frame was calibrated according to the known 5
mm diameter of each marker. This was performed individuallynghe anterior and
posterior markers to account for slight differences in marker depth from the camera lens.
One repeat test was carried out for each knee sample in the sagittal plane study, this was
because ImageJ measurement consistency from repeated epiments was observed
during the preliminary results and validation reporteth section 3.3.2.6 and to reduce the
effect of unnecessary repeated loading which affectthe tissue compression.

3.4.3 Results

The trends in relativemeniscal displacementmeasured from the locationsof the
anterior and posterior markers for each samplare displayed n Figure 3.7 and Table 3.3.

In most cases, increasinghe load increased the amount of anterior anghosterior
displacement of the medial meniscal markers, except fohe anterior marker of SagA and
SagB, which displaced minimally and posteriorly during the 10° conditionsShe rate of
increase of relative posterior marker displacement, was highest in tHist 100 N of the
10° flexion results, whereas the 0° flexion conditions did not present a sharp initial
increase. The trends shown for samples SagA and SagB were similar, whereas SagC
differed compared to the other samples. Mean values are reported ifable 3.3 with
standard error and 95% ClI, reflecting the variation between the results.
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Figure 3.7. Relative displacement of the anterior (ANT) and posterior (POST) meniscal
markers with respect to the tibiafor (A) Knee SagA, (B) Knee SagB and (C) Knee SagC
at 0° and 10° static flexion angles. As illustrated in the scheatic, positive values
indicate an anterior direction of movement for the ANTegion. Positive values indicate a
posterior direction of movement for the POSTegion (n = 1, porcine).
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Table 3.3. Individual sample results showing the mean displacement of the anterior
and posterior regions of the medial meniscus, relative to the tibia during increasing
load. Values taken at the 1000 N force interval.

Anterior Posterior
Sample
0° 10° 0° 10°
SagA 1.60 -0.35 1.43 2.64
SagB 0.67 -0.29 0.93 3.04
SagC 2.73 2.12 1.32 2.25

Mean (3)  1.67 (+1.03) 0.49(+1.41) 123 (x0.26)  2.64 (+0.39)
SE w( 3 0.60 0.82 0.15 0.23

95% ClI + 2.56 +3.51 + 0.65 +0.98

All dimensions in millimetres.

3.4.4 Discussion

This study showed that it was possibléo use the ImageJ method in the sagittal
plane as well as the frontal plane, to measure a change and observe trends in meniscal
displacement, relative to the tibia, with only 100 N axial force applied. However, from the
mean values and 95% CI| ®s helrelatiohshigbetweemtheb e deduc
relative displacements of the meniscal regions under increasing load. Herein, trends
showing similar behaviour were observed for samples SagA and SagB. The sample SagC
could have had a more posteriorly positioned tibia relativie the femur, potentially due to
the cementing procedure, or from anatomic sample variations. This may have contributed
to an abnormal distribution of load on the anterior portion of the medial meniscus.
However, it is difficult to analyse the data presert in this preliminary work with a small
sample size and until confounding factors are addressed in further study. The main
conclusion to progress with is that themotion capture method can be applied to the
sagittal plane despite the limited space in th&nee simulator.

3.4.4.1 Limitations and Confounding Factors

Due to the nature of the chosen method, limitations involving the marker
positioning and 2D characterisation remain the same (sectio8.3.4.3). However, placing
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markers in multiple key meniscal regions across multiple motion planes, increases the
overall kinematic characterisation of the meniscus. In this study, 10 minutes of tissue rest
was givenbetween each condition in the sagittal plane study, to reduce the issues
associated with tissue compression reported in the frontal plane study.

As indicated inFigure 3.7, positive values equated tcmet movement in the anterior
or posterior direction for the anterior and posterior marker, respectively. This was
presented in this way to illustrate overall expansion of these regions with axial load,
however, when applying this method to dynamic profiles viatchanging flexion, this system
would become confusing. Therefore, a logical coordinate systemvas required and will be
discussed in the latter sections of this chapter.

Moreover, aspects of the measurement technique and experimental control need
to be addressed. The macro lens produced a small widangle distortion on the videos to
increase the field of view. Due to this, thergvas a chance that as the markers moved
towards the periphery of the frame during loading, measurements were underestimated. In
addition, placing both markers in one sagittal camera frame provided just enough
clearance for the porcine knee markers to move out radially in the video. However, the
human tibia is wider, meaning both markers would not be visible in the video. In addition,
camera positioning needs to be kept consistent between knee samples, a higher amount
of control isrequired in the current set up. Finally, the measurement techniqueas
observerdependent, and a fair amount of concentration and screen timeas required to
compl ete measurements from one sampl e®s vide
fatigue and limits the number of data points collected. In the following section,
measurement automation, camera positioning and lens distortion were developed.

3.5 Developing Partial Automation of the Measurement Technique

During the preliminaryexperiments described in theprevious sections of this
chapter, a cameramarker method was able to obtain2D position data from markers
attached to medial, anterior, and posterioregions of the medial meniscus undergoing a
quaststatic loading protocolin the knee simulator The validation study described
previously in section3.3.2.6 showed that the ImageJmethod was able to measure
displacement within an estimatednean error of +/- 4.2 %. However, when comparing
results between multiple samples, theravas a large amount of variation, some of which
was due to anatomical differences when studying natural tissue and some of whigrere
due to confounding factors of the methodologyTherefore, addressingsome ofthe
confounding factors (measurement automationgamera positioning and lens distortion)
was important to mitigate error. Ths section describes how the measurement technique
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was developedto become amore automated process, putting less reliance on the
observerto measure accuratelyand more reliance o the computer.

3.5.1 Problems with the Current (ImageJ) Measurement Technique

Video processing and data analysis is laborious for thebserverin the current
method. Prolonged concentration is required from thebserver, which increases the risk
of error and Imits the number of datapoints collected. An acquisition bias also occurs
after time because oneobserverwho performs this analysis regularly may produce more
accurate results than anotherobserver. The reproducibility and the objectivity of the
measurenent technique was improved using aomputational methal developedon
MatLab R2020a (MatLah The MathWorks Inc.)}o track the moving marker in the video.

3.5.2 Computational Object Tracking

A code was developedon MatLab to detect and track the movement of multiple
moving objects in a 1080 x 1920 resolution videq The MathWorks Inc., 2017; Kikawada,
2023). Specific details ofhow to implementthis code can be found in the standard
operating procedurein Appendix C.

3.5.2.1 Object Identification

The first stage of the process was the object identificatio here are a variety of
ways for a computer vision system to detect an object in a video frame or image. Systems
such as traffic monitoring use object detection to identify and track specific vehicles.
Methods of identifying an objecin an imageinclude segmenting the colour, contours, or
the geometry from the background of the image. In this case, BlatLab computer vision
program calledthe Colour Thresholder Application(The MathWorks Ir., 2023) was used
to filter out the specific colour of the marker from the rest of the colours in the image
frame. Firstly, the HSV (hue, saturation, value) colour spac&as chosenas supposed to
the RGB (red, green, blue) as this broadens the spectrurof colours detected by the
model. The code was capable otracking multiple objectsof the same colourin the videg
which was important when tracking simultaneous tibial and meniscus movemeintthe

following chapters

To trial the script, a simple test video was created which incorporated a 5 mm red
square of card attached to a pin and a 50 mm scale, the pin was manually moved along
the scale in thevideo (Figure 3.8A). The colour thresholding process involved toggling
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colour parameters in the MatLab application to highlight the colour of the red marker,

whilst other background colours were blacked out. Once complete hie colour

thresholding parameters were contained andsaved s a - . Mas k ®overlaysat i on,
black and white binary image orthe first frame of the video(Figure 3.8B). The white pixels
oftheimagear e assi gned aridhepresenutimmarker Thelb&ck pixels of

the image represent the backgroundand are assigned the number 0 ®.

Blob analysis is a form of object detection which applies tisnages having
undergone binarisation(Jia et al., 2008) The functionp| aces a boundi ng box
around the object. This bounding box gives us quantitative pixel information from the
image including the centroid pixel, total area, and the corner pixel$igure 3.8C).

C\féntr,oid/

Figure 3.8. (A) Test video screenshot. (B) Image binarisation of the coloured marker in
the test video. (C)Bounding box (blob) identifying the marker to track in the video.

3.5.2.2 Object Tracking and Segmentation

The markertracking script contains a loop whichapplies the object detection
parametersasabi nary 1 mage ovVvertbalyheftamesM#hekd@. f unct i o
Concurrently, acomputervi si on Mat Lab function called t he
marker across all the frames in the video by locating the area of the frames assigned the
binaryru mber -1® (i . e. t he Ooceéllthaframesséinghmededhadd o b j e
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been processed in the loop, amdditional resulaint video was written in the output,
showing the bounding box attached to the markethroughout the videa

During the trackingloop, the centroid of the bounding box(Figure 3.8C) wasthe
point at whichthe x and y coordinates of thepixel datawere collected from each frame in
the videoand were logged on an empty spreadsheet The y-axis pixel coordinatedata logs
in the odd numbered cells and the »axis pixel coordinatedata logs in the even numbered
cells of the spreadsheet This data wasthen arranged into two column arrays of »axis and
y-axis pixel data to plot againsthe video time. The resolution of the image (1080 x 1920
pixels) governs thex-axis and yaxis scales which can be logged in pixels The output
produces a plot showing the spatial change of the markethroughout the video(Figure
3.9).

The boundingbox around the objectflickered as the video playd which increased
and decreasead the pixel areain an oscillatingfashion between each frame. Tis caused
oscillations or noise in the centroid positiolof the bounding box which was reflected as
noise in thetracking results To reduce this noise, it was important to have a coloured
marker whichwas highly contrasting to the background.
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Figure 3.9. Spatial change (xaxis and yaxis pixel position) of the marker in the test
video over the image resolution

3.5.2.3 Image Calibration

To present the tracking results, the first element was zeroed and the difference in
pixel distance from this element in thesaxis and yaxis arrays was computed. The y-axis
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results were inverted because the yaxes of imagesare read from top to bottom, whereas
in graphical representation the yaxis is read from bottom to top. Inverting the Jaxis
results meant that downward motion of the marker equated to decreasing or negative
displacement, making graphical represntation more intuitive.The MatLab image toolwas
used to measure thesize of themarker in the frame in pixels. The pixel calibration factor
was foundusing Equation3.3; this factor was multiplied with the axis and yaxis results
to convert the data to millimetres This factor also equates tahe smallest division that can
be measured or the resolution of the measurementln the test video, the marker was
manuallymoved ~ 50 mmhorizontallyand back again as shown inFigure 3.10. The
output of the script represens what was happening to the object in the video as a
displacementtime graph; this was the primary goal at this stage.
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Figure 3.10. Temporal change of the xaxis and yaxis position of the test video marker
over the video duration. Calibrated to the kown size of the marker.
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3.6 Measuring Dynamic Meniscal Position under Capsule Constraint

Conditions: A Comparison of the ImageJ and MatLab methods

3.6.1 Rationale

In this section, the ImageJ and the MatLab measurement techniques describéal
the previous sections weretrialled using the same experimental protocolThe
experimental protocol was advanced to include dynamic flexieextension motion as well
as axial loal, as the primary aim was to be able to develop a method which can measure
meniscal position under dynamicsimulator loads and motions. Both measurement
methods are similar as 2D displacement data is estimated from calibrated frames in a
video. However, the MatLab technique is more automated than the ImageJ technique; it
requires less concentration from theobserverand is likely more applicable when
performing complex gait cycles in the simulator. In this study, the experimental set up was
also progressedto include dissection conditions of knee fascia/capsule removathis was
to simulate differing levels of soft tissue constrairand is something which would be
applied in human studies as the method progresses. Therefore, evaluating the
measurements techrnique with respect to these conditions was important to develop at this
stage.

3.6.2 Sample Preparation, Loading Protocol and Video Capture

One fresh whole knee joint was dissected from the right hind leg of arfonth old
female pig weighing 72.3kg. The dissection protocol is outlined insection 2.2.1, where
the capsule was initially retained and then dissected away in stages during the
investigation. The dissection conditions tested were labelled as follows: the knee capsule
fully intact (CAP), the knee capsule removed (NOCAP), and the ligaments (ACLCR,
MCL, LCL) removed (NOLIG). Markers were positioned on the medial meniscus as
previously described in sectior3.4.2.3. However, the marker positicning method for the
anterior marker was adapted because with the capsule retained the anterior horn was not
visible. The anterior marker was placed relative to thenedial and posterior marker. The
distance Ad is equal to the distance between the posterioedge of the MCL and the
posterior marker (Figure 3.11A).
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Figure3.11. (A) Positioning of the anterior (A), posterior (P) and medial (M) meniscal
markers using distancesPd and Ad, in relation to the position of the MCL and PCL. (B)
Loading profile for the experiment. All tibial axes (AP, AA, TR, ML) were fixed, only the
FE axis was driven(porcine).

The simulator was used to perform a simplified loading and motion regime on the
specimen. The specimen was subjected to 50 cycles (1 Hz (+0.1) frequency) of a simple
dynamic profile, which consisted of an extension/flexioposition of 0- 15° and a 1000 N
constant axial force Figure 3.11B). All other axes were constrained to simplify the input
and aid the comparison of the two measurement techniques. Eventually the relative
meniscal displacement will be calculated using the mang tibia as a reference, but for the
purposes of this preliminary study, the tibia was fixed and just the meniscal displacements
were measured in response to load and flexioextension. After each test, the knee was
dissected down to the next condition ad kept hydrated with phosphatebuffered saline
(PBS). The tissues were also left to relax (unloaded) for 10 minutes prior to the next test.

The digital camera and the smartphone camera, described in previous sections
3.3.2.2 and 3.4.2.2, were used to video marker motiorin the frontalplane (measuring
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medialtlateral displacement)and sagittal plane (measuring anterieposterior
displacement)at 30 frames per secondand a resolution of 1080 x 1920 pixels. The
cameras were stationary and securely mounted in brackets throughout the experiment
and a light box was also used to illumirta the markers during theexperiment. The

cameras were manually triggered prior to starting the simulator and recorded the full 50
cycle tests. The video files were imported and trimmed to 5 seconds (5 cycles) in duration,
at cycles 252 29, located by audble signals on the videosThe change in position of the
medial, anterior, and posterior marker for the three test conditions were measured using
either the ImageJ® or the MatLab method and presented over one cycle (cyci2b).
Information on the similarities and differences between the two measurement methods are
described in Table 3.4.

3.6.2.1 Validation

The same validation study, which was previously carried out using the ImageJ
method, was also performed using the MatLalmethod. This method was described
previously in section3.3.2.6. The mediatlateral axis of the simulator was manually moved
to known translationsof +/~ 1mm, 2mm and3mm and three repeats were performed using
each measurement method. Theknown translatiors were compared to the measured
displacementsand the mean percentage error (MPE), standard deviation (SD)and
coefficient of variance (CV)were calculated. The precision of the method was calculated
using the CV (SD /Mean x 100) and in accordance with general practices a threshold of
<10 % data dispersion around the mean wadesirable as a guideline Due to the novelty
of this work, determining the threshold for the accuracy was difficult as the true values for
porcine meniscal displacement are unknownAs a guideline, having a MPE within a +56%
threshold was deemed a good starting point to evaluate method &aracy. However, &
this stage, the main goal is to determine a method which wasystematically consistent,
easy to implement and reproducible.
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Table 3.4. Comparison table of the two measurement techniques

Measurement Method 1 Measurement Method 2
(ImageJd) (MatLab)
Description Photogrammetry methodused = Computational object tracking

on screenshots taken from the  method. Markerswere tracked

video, previously described in using the cade outlined in

sections 3.3.2.4 and 3.4.2.4. section 3.5.2. The white areas
of the map pins were
segmented during object
identification and tracking

Software ImageJ MatLab 2020a
Data Collection
Cycle Cycle 25 Cycle 25
Output Number
of Data Frames 10 30
Ima_ge . 5 mm marker 5 mm marker
Calibration
Data Set
Analysis 8 hours 10 minutes
Duration
Reference . . First frame of the video was the
Overlayed stationary image .
: : . reference. A single cycle was
signalling the location of the . .
o : filtered out from thetroughsin
marker at 0° extension on the
: the graph recorded for the 5-
video . .
cycle duration of the video
Frontal Plane Medial (+ve) - Lateral (-ve) Medial (+ve) - Lateral (-ve)
Measurements Direction (x-axis) Direction (x-axis)

Sagittal Plane Anterior (-ve) - Posterior (+ve) Anterior (-ve) - Posterior (+ve)
Measurements Direction (x-axis) Direction (x-axis)

Screenshot of
sagittal plane
camera view
for the CAP
condition

3.6.3 Results

The displacement results using both measurement techniques are presented in
Figure 3.12. The validation study results comparing both methods are displayed Trable
3.5 and Table 3.6.
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Table 3.5. MatLab measurement method validation displacement results.

Measured (mm) MPE Abs  CV
Known (mm) Mean SD
Triall  Trial2  Trial3 (%) Value (%)
3.00 3.04 2.96 2.99 299 004 019 001 135
2.00 1.97 2.00 1.96 198 002 111 0.02 117
1.00 0.98 1.07 0.95 1.00 006 021 0.00 6.05
-1.00 -1.07 -0.96 -1.05 -1.02 0.06 2.39 0.02 5.84
-2.00 -2.10 -1.97 -2.02 -2.03 0.07 1.47 0.03 3.28
-3.00 -3.08 -3.03 -3.05 -3.05 0.02 1.78 0.05 0.70

The MPE ranged from 0.19 % to 2.39 % (mean: 1.19 %) for the MatLab
measurement method Table 3.5) and from 1.93 % to 6.97 % (mean: 4.20 %) for the
ImageJ measurement Table 3.6). The maximum percentage error found for individual
measurements were + 5 % for the MatLab method and +/ 14.5 % for the ImageJ
method. This equated to an absolute value of 0.tnm for MatLab and 0.29 mm for
ImageJ, respectively.

Table 3.6. ImageJ measurement method validation displacement results.

Measured (mm) MPE  Abs Cv
Known (mm) Mean SD

Trial1  Trial2  Trial 3 (%) Value (%)

3.00 3.04 3.09 3.13 3.09 0.05 291 0.09 1.48
2.00 1.85 2.28 2.29 2.14 0.25 6.97 0.14 11.79
1.00 0.98 1.09 1.10 1.06 0.07 5.60 0.06 6.44
-1.00 -1.01 -0.92 -1.01 -0.98 0.05 1.93 0.02 5.36
-2.00 -1.96 -1.93 -1.93 -1.94 0.02 3.02 0.06 0.77
-3.00 -3.15 -3.13 -3.15 -3.14 0.01 4.79 0.14 0.38

These error margins were appliedo the results inFigure 3.12 to illustrate the
largest error threshold, calculated from the validation study, which maybe expected for a
single measurement for each measurement method. Both methods showed a good

amount of precision as the maj orpo)fgreaChv®s

sho
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measurement method, with only one value (11.79 %) just exceeding this threshold for the
ImageJ method. In addition, the SD for the MatLab method was low and ranged from 0.02
mm to 0.07 mm, whereas more variation was present with the ImageJ ntieod ranging

from 0.01 mm to 0.25 mm.

As presented inFigure 3.12, the ImageJ and MatLab measurement techniques
were able to track similar shaped profds of meniscal displacement for the anterior,
posterior, and medial markers, however, there were differences in the magnitudes of the
results. The posterior marker results followed the motion of the flexieextension arm on
the simulator. For the conditiorwith the capsule fully intact, at 15° flexion a 0.93 mm peak
displacement of the medial meniscus was measured with the ImageJ metholigure
3.12A), and a 0.82 mm peak displacement was measured with the MatLab method
(Figure3.12B). An increase of ~ 72 %in posterior displacement was measured aftethe
knee capsule and collateral and cruciate ligaments were removed using the MatLab
measurement technique, whereas an 25 % increase was measured with the ImageJ
method. Both methods measured minimal differences in displacement between the
capsule removedand ligaments removed conditions.

Unexpectedly, the anterior marker moved minimally during the study and did not
follow the motion of the flexiorextension arm. At 15° flexion, the ImageJ and MatLab
methods measured minimal medial meniscus displacement 802 mm and 0.03 mm for
the capsule intact condition, respectivelyEigure 3.12C and D). Each method was also not
able to distinguish between the dissetion conditions for the anterior marker as all the
error boundaries overlapped. However, as both methods measured a similar profile for the
anterior results, it is likely that other factors of the methodology, not the measurement
technique, were causing this result.

The medial marker displacement results showed the largest displacement in the
medial direction at 15° flexion. For the capsule intact condition, a peak displacement of
0.47 mm was measured with the ImageJ methodHigure 3.12E) and 0.65 mm using the
MatLab method Figure 3.12F). No trends wereobserved between the capsule intact,
capsule removed, and ligaments removed conditionfor the medial marker results. The
Mat Lab technique produced some -noise® in th
was due to the MatLab bounding box flickering inesponse to certain aspects of the test
set up, such as lighting conditions and the camera distance.



Displacement (mm) X>
<< Anterior Posterior >>

O

Displacement (mm)
<< Anterior Posterior >>

m

Displacement (mm)

<< Lateral Medial >>

ImageJ
1.5 | posterior Marker
1 [ /” . ‘\\\\
” e See W
e JatTRNy
v 7 Y
l,/ '\\\‘\
05 if/ S
v \‘\-\\
.,,.l' \;.\
o0k NOLIG NN
- - - -NOCAP
——— CAP
0 0.2 04 0.6 0.8 1
Time (s)
1 : : .
Anterior Marker NOLIG
- - - NOCAP
0.5¢ e CAP
0 <‘=':::A | —— "‘_____ ——
\: S - ’:’
-0.5
-1 . . . .
0 0.2 0.4 0.6 0.8 1
Time (s)
15¢ . ‘ ‘
Medial Marker NOLIG
- -—-NOCAP
—camemmes CAP
1 L
057 //,./—-/ ———————— - \\
e SN
% ~oN
P \.\\\
0 F——== So s
0 0.2 0.4 0.6 0.8 1
Time (s)

100

w

Displacement (mm)
<< Anterior Posterior >>

O

Displacement (mm)
<< Anterior Posterior >>

oL

Displacement (mm)

<< Lateral Medial >>

MatLab
1.5+
L, =" 8
b4
/ 2 ‘\\
& »
1 [ '//I ‘“
’ e A\
’ /'"—' '\._.\ (\)
g <0
/ R
05¢t r \‘\
& N
V., \
7 . A
g’ NOLIG iy
o ---:NOCAP 7
————— CAP
0 0.2 0.4 0.6 0.8 1
Time (s)
1 :
NOLIG
- - - -NOCAP
0.5t ——=CAP ]
L c.'..’;.:.:.a.f_':': :':':':;\- N
0 N Y= %
-0.5
-1 ' : ‘ ‘
0 0.2 0.4 0.6 0.8 1
Time (s)
1.5 '
NOLIG
- - --NOCAP
17 R CAP ]
SRR
0.5 .\," ./‘r"’ \‘\\'\-:\
L REN
w¥ R
o B Ny
-0.5 : ‘ ‘ '
0 02 04 06 08 1
Time (s)

Figure3.12. Comparison of the meniscal displacement betweeporcine knee sample

dissection conditions, capsule intact (CAP, capsule removed (NOCAP) and ligaments
removed (NOLIG), of the posterior marker (A, B), amstrior marker (C, D) and the medial
marker (E, F) results using two different measurement methods (n = 1). Shaded error
bars equate to the highest measured absolute value from the validation study. ImageJ
method +/- 0.29 mm; MatLab method +/ 0.10 mm.
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3.6.4 Discussion

The aim of this study was to develop a method which can measure meniss
displacementover a single dynamic profile cycle, prforming flexiorextension motion with
a constant load. In addition, to compare two measurement technigues on the same
sample undergoing the same protocol. It is important to note that only a single porcine
sample has been evaluated thus far, because at thistage the measurement technique
was the focus and progression onto human samples is of upmost importance for clinical
relevance.

Radiographical studies in the literature studying human meniscal movement with
flexion - extension have shown that the wh@& meniscus moves posteriorly with flexion
(Vedi et al., 1999; Boxheimer et al., 2004; Scholes et al., 2015Although it is difficult to
make direct comparisons between the results of thispeliminary study on porcine
specimens and those reported in the literature, it was observed during the study that
anterior and posterior region of the porcine menisci were moving posteriorly during flexion
to stabilise the knee. However, the results show mimal movement of the anterior region
of the porcine meniscus; yet the posterior region followed the motion of the simulators
flexion arm. Therefore, the sagittal plane video capture was not emulating real motion,
which is likely a result of camera lensidtortion and camera positioning.To bring the
sagittal plane markers into focus, a macro lens was placed on the smartphone camera,
however, this created a wide-angle distortion on the outer edges of the frame. It is
important for the cameras to emulate wht the eye sees, having lens distortion means that
the marker motion is being underestimated towards the edges of the frame. This could be
why the anterior marker results were minimal compared to the posterior marker results,
due to the positioning the makers on the frame. In addition, itvas important that the
camerawas positioned at 90° to the marker to measure the most anterigoosterior
movement. Further method developmentsvere applied tocontrol these factors and are
described in the next sectiors.

3.6.4.1 MatLab vs ImageJ Method Evaluation

The ImageJ and the MatLab method represent two forms efideo markertracking
measurement techniques, this section discusses each method based on the results.

Repeatability and Ease of UseOne of the main advantages of the MatLab method
is that the computational automation has considerably reduced the time taken to agak
results. Observer bias has also been reducedo one instance (the image calibration)
which increases the objectivity of the methodThe ImageJ method requires the useto
measure the distance between each frame manuall\generating the likelihood for rore
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random errorsat each instance.In addition, developing this method on a popular and
accessible package such as MatLab increases the reproducibility. Due to the limitations of
time and observer concentration, the ImageJ method could only produce 10 dat points,
whereasthe MatLab method producel 30 data pointsthroughout a singe 1 second
duration cycle This meart that more descriptivedisplacementinformationwas be

gathered within the same timeframe using the MatLab method.

Margin for Error and Preaion: The MatLab method had a lower margin for error
(within 0.1 mm) than the ImageJ method \ithin 0.29 mm). Due tothe novelty of this
application, there is little evidence for acceptable error margins in the literature. However,
the validation suggeststhat the MatLab method is more likely to be sensitive to detect
differences between test conditions than the ImageJ method. Even thougho definitive
conclusions between the dissection conditions can be drawn from this preliminary work,
the only case whid showed a trend between the capsule intact and capsule sacrificed
conditions were the posterior marker results using the MatLab technique.

The MatLab method wasalso found to have a fair level of precision with the
majority of SB® falling withinthe <10% threshold. This suggests that measurement error
could be attributed more bward systematic error and less to random errorEven though
both methods require theobserverto measure the marker size to calibrate the results
from pixels to millimetres, the lrageJ method relies heavily on the@bserveras the
measurement of the distance between the marker and the tibia is taken at each interval.
Meaning there is an increased risk of random error and bias with the ImageJ method,
creating variation within the resits, and reflected in the standard deviations.

3.6.4.2 Conclusion

This preliminary study has shown that it is possible to adhere markers to the medial,
anterior, and posterior regions of the medial meniscus and estimate the movement of
these regions during dynant flexion-extension motion. In addition, as explained above,
the MatLab method will be chosen to progress with the methodology and further camera
and marker developments are required to understand the measurement thoroughly before
implementing more comple gait profiles and an injury condition.
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3.7 Video Capture and Mounting Development

This section describes developments made to the experimental apparatus, to
mitigate the risk of confounding factors such as camera position, lens distortion and low
marker-background colour contrast. The goal is illustrated ifrigure 3.13, where three
separate cameras are held in the simulator, each filming a region of the meniscus in the
whole joint sample. The method can now be described in a coordinate systewith a
consistent set of polarities between the markerswhere the polarities match the axes of
the simulator.

Medial Meniscus in
whole joint sample

Corresponding reference
markers on the tibia

FRO Posf'i,,e
NTAL | ] ‘ / | 6 Famer g
5{ 0 ol
'7)1 ca,,‘e:.e%l P ‘?-%
e i 4

Figure 3.13. Schematic of the tissuelevel test set upfor the medial meniscus of aight
knee in the simulator, showing the medial, anteriorand posterior camera views and the
polarity of measuredmediatlateral and anteriorposterior movementdirectionsin the
video frames. A tibial reference marker will alsbe introduced so two markers will be
tracked with the MatLab script in the same video to find the mesius displacement,
relative to the tibia.

3.7.1 Design Specification for Improved Method Apparatus

Table 3.7 summariesthe requirementswhich were put in place to sourcethe
appropriate video camerasand markers, and to designthe camera holderwhich attached
to the simulatorin order to facilitatedata collection
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Table 3.7. Specificationsfor designing and sourcing the cameras, markers and camera
holder for the improved method setup illustrated in Figure 3.12.

Quantity
Lens Field of
View

Size

Focusing
Distance

Resolution

Frame Rate

Size/
Diameter

Colour

Function

Durabilityand

Fixation

Usability

Material

Size and
Dimensions

Video CameraRequirements

3 x cameras were required to filmthe meniscus and tibia markers on
each individualregion (medial, anterior and posteriorpf the knee joint

To havea narrow and nearnatural field of view of50°2 70° to avoid
large lens distortions affecting the tracking estimations.

As smalland thin (< 30 (w) x 30 (h) x10 (d) mm) as possible.The
space to fit the anterior and posterior camerasetween the knee and
the FE arm of the simulator could be asmall as50 mm for porcine
knees and30 mm for human knees

To have a small minimum focusing distancefe< 20mmwhich could be
adjusted manually depending on the size of the sample.

To have a highdefinition resolution of 180 x 1920 pixels

To have a minimum frames per second of 3fps to be able to track the
markers moving in the frame.

Marker Requirements

Pins of dameter 2 mm> 4 mm. The menigus and the tibial marker will
be displayed in the same frame and thereforéhe markersneed to be
small enough to be measured in the frame.

To have a solid contrasting colour (green/yellow) to the background.
This helps the colour threshold processnd reduces the noise
generated from the MatLab script.

Camera Holder Rig Requirements:

To attach to the simulator and beadjustable in the x, y and z directions
to allow for varying sized knees. @ hold three video camerasin the
correct position at the tissue levelto enable clear filming of themarkers
attached in themedial, anterior and posteriormeniscal regions.

To be able to maintain securefixation throughout each full sample
experiment anddissipate any simulator vibrations to ensure a
stationaryvideo capture. To avoid and camera movement/tilt which
would reduce the accuracy of measurements taken from theideos.

To allow easy removalclip on, clip off) from theknee simulator.
Modular design to be able to changesingular parts easily in case of
damage or readjustments to material/size/dimensionsStandard
camera mount tapped thread used (UNC 1/42 20).

To be made from a material which is corrosion resistant, waterproof,
and easy to clean. The porcineand humanknees will have to be
sprayed with PBS to be kept hydrategtherefore the holder needs to be
resistant toPBS as well adaboratory regulation disnfectants.

To be able to hold camerasat the tissue level in an estimatedample
area/volume of 150 cubic millimetresand avoid contacting moving
parts of the simulator.Simulator measurements indicatean adjustable
size withinan area of width: 265 mm; height 200 mm; depth: 270 mm.
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3.7.2 Camera Hardware and Markers

Raspberry Piv2 camera modules (Raspberry Pi, UK) connected to Raspberry Pi
Zero (Raspberry Pi, UK) printed circuit board (PCB) were chosen as video capture
hardware. The cameras were capablef filmingat 1080 x 1920 resolution at 30 frames
per second. Three of these cameras were purchased and programmed on Pyth@Rython
Software Foundation, Delaware, USAJo be recognisable by computer as a webam. The
miniature size (Height: 25 mm x Width: 23 mm x Depth: 9 mm) and the adjustable focus
was able to show a clear image with an object ~10 mm away. The field of view was also
within specification at 62°to reduce the amount of lens distortion.

For the frontal plane, 4 mm diameter map pins with a round yellow head were
used. The sagittal plane meniscal markers were made fropiastic delrin ball bearings of 2
mm diameter (Simply Beangs, UK). These were then superglued to a 10 mm long piece
of metal wire 0.017 mm thick. The glued ball bearings were dipped twice in florescent
green petrol resistant paint to make them appropriate for colour segmentirig MatLab.
The markers were measure after painting to take into account any increases in diameter.

3.7.3 Camera Holder Design

Details of the simulator camera holder are outlined iRigure 3.14, including the
SolidWorks assembly design (A, B) and the finished rig in the simulator and with the
anterior, posterior and mediaRaspberry Picameras mounted (C, D). The holder was
made from aluminium due to its machining ease, low cost, and corrosion resistant
properties. All cap head screws and 22apped
as this is the standardised screw size for camermounting. Printed and laminated scales
were placed on the adjustable parts of the holder in order to quantify andatrol the
camera positioning.To protect the Raspberry Pi camera modules, splashproof cases were
3D printed from VeroClea® plastic using afused-filament 3D printer(Objet30, Stratasys,
USA) to protect them from PBS spray and biological tissueg~{gure 3.14D).



A

Frontal plane (medial) RPi
camera module holder with
x-axis adjustment

Adjustable slot for
the y-axis direction.

Holder for the medial /

camera RPi printed
circuit board.

Adjustable rectangular
slots to allow position

change in the x-axis and

z-axis directions. Fixed
with cap head screws
and washers.
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Sagittal plane (anterior and
posterior) RPi camera module
holder with z-axis adjustment

Holder for the anterior

r and posterior cameras
RPi printed circuit
board.

Quick release magnet (not
manufactured). Attaches to the
steel beam of the simulator.

/

Figure3.14. (A) Annotated exploded SolidWorks assembly and (B) complete
SolidWorks assembly of the camera holder design. (C) Manufactured camera holder
adhered to the simulator and (D) with théRaspberly Picameras mounted.
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3.8 Discussion

This chapter has discussed the development ad method to measure dynamic
meniscaldisplacementin a knee simulator. In the preliminary stages, ImageJ was used to
measure the frontal plane marker position changes between frames taken from a video
during a static ramping load protocol. This method was then applied to the sagittal plane,
measuring positionchanges in the anterior and posterior regions of the meniscus. The
measurement technique was then advanced to an object tracking method using MatLab.
Validation experiments showed the MatLab method was more precise, witmefficient of
v ar i saagv% anax6.05%), and more repeatable as data processing time was reduced
considerably. This was chosen over the ImageJ method to measure medial meniscus
displacementexperiencing dynamic flexiorextension simulator motion. The latter stages
of this chapter descrike the apparatus and video capture developments to suit the MatLab
measurement technique and control confounding factors.

The use of markers adhered to the superior surfaces of the meniscus of cadaveric
samples to identify a point of measurement has been pfrmed in a handful of papers
studying meniscal movement{BylskirAustrow et al., 1994; Tienen et al., 2005) However,
most studies take radiographical images at static states of flexion arahly a handfultrack
the movement during a continuous flexiomextension motion. In addition, the benefit of
using an object tracking mehod is that a very small amount of tissue manipulation is
required to place the pins, this allows more freedom of movement to measure dynamic
displacements.

The use of video object tracking has been used in a variety of different applications
from military visual surveillance systems to ecological animal population counting systems
to medical imaging(Olesen et al., 2012; KalcounisRueppell et al., 2013; Kamate and
Yilmazer, 2015) However, to the authors knowledge, no study has used a video capture
and computational object tracking method to estimate and quantifylynamic meniscal
displacement.

In the next chapter, the MatLab technique and experimental set up, using the
Raspberry Pi video equipment and bespoke camera rig, will be investigated further by
performing sinewave motions of the anterieposterior and tibial ptation axes on the
simulator. This will aid the understanding of how rotation effects the 2D measurements
and the sensitivity of the relative meniscal displacement measurement. In addition, to
progress the loading protocol to include dynamic tibial motiarThese further investigations
will help interpretation of the data in relation to the simulator outputs and be important
when progressing the method onto human specimens.
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Chapter 4

Reliability Investigations of the Marker Tracking Method

4.1 Introduction

In the previous chapter an object tracking method was developed to measure the
anterior-posterior and mediatlateral displacement of a moving marker in a video. This
marker tracking method was validatedbn the mediatlateral axisusing a staic reliability
study in section 3.6. However, the overall goal is to measure dynamic meniscus
movement. Therefore, this chapter presents work which further analysed the accuracy
and precision of the marker tracking method to known dynamic simulator inputs. The
simulator input profiles were built upn complexity, starting by applying sinewave profiles
to a solid object (dummy rig), before applying a simulated gait cycle on a porcine knee
joint. The end goal was to measure dynamic meniscalisplacementin the anterior,
posterior, and medial meniscal @gions whilst the whole knee joint was driven through a
simulated gait cycle.During the simulated gait cycle, the tibia movs with the abduction
adduction, anteriorposterior and tibial rotation axes; therefore, two markers were placed
at each region, onemarker on the meniscus and one marker on the tibia. The key
measurement was the relative displacement of the meniscus marker with respect to the
tibia marker. This chapter presents a series of subtudies prior to applying the full model
to porcine and ewentually human specimens, clarifying the reliability of the marker tracking
method.

4.1.1 Aims and Objectives

The aim of this chapter was to establish the reliability of the marker tracking
method and to aid understanding of the meniscus movement measurementdbtained
when complex simulator inputs are applied.

The objectives were:
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1. To establish the accuracy and precision of the marker tracking method in the
anterior-posterior axis using a solid plastic dummjoint;

2. to describe the effect of introducing tibiatotation on the anteriorposterior marker
tracking measurements

3. to describe the margin of error during image calibration and camera lens
distortion;
to establish the polarity of the relative displacement between two moving markers

5. to establish the relaive meniscus displacement measurement and sample set up
by performing sinewave inputs on a porcine knee joint sample with meniscal and
tibial markers placed on the anterior, posterior and medial regions of the menisgus

6. to apply a complex displacement conblled simulated gait cycle and measure the
relative meniscal displacemenbf the anterior, posterior and medial regions of the
meniscus

4.2 Dummy Investigation: Understanding the Accuracy and Precision

in Response to Sinewave Inputs

4.2.1 Rationale

This sectionpresents work using markers adhered to a solid object (dummy) and
driven through simple simulator inputs to assess the reliability of the marker tracking
method. The accuracy was assessed by calculating how close the measured marker
displacements were toknown simulatortranslations The precision was assessed by
performing multiple repeats and calculating the&lispersionof the measured displacements

from one another.

A basic singleaxis study was performed initially, only drivinghe anteriorposterior
translationaxis using a sinewave profile at different magnitudes to assess the agreement
and the dispersion of the measured displacements to the known simulattanslations
This studywas performed to determine a baseline margiof error of the marker tracking
method in the absence of additional factors such as load, and 3D motion.

A second study was performed examining the effect on the measured anterior
posterior marker displacement when applying tibial rotation. Adding tibial rotation
(transverse plane) changed the depth of the marker in the video frame of both the frontal
and sagttal plane cameras (moving towards and away from the lens). This moved the
marker out of plane and effected the measured 2D anterigoosterior displacement in the
video frame. This study was performed to understand the effect of increasing the
magnitude d tibial rotation on the marker displacements in the video frame. This is useful
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because the simulated gait cycle will include an amount of driven tibial rotation and the
sensitivity of this on the 2D tracking system requires investigating to help characise the
measured displacements.

4.2.2 Method

4.2.2.1Test Set Up

A dummy was manufactured consisting of a cylindrical delrin tibial base, a metal
femur and a delrin floating insert to act as a meniscud={gure 4.1A). This floating insert
was able to float along the sagittal plane (anterigposterior axis) only and allowed small
amounts of rotation in the transverse plane. A green 5 mm diameter marker was adhered
to the tibial base of the dummy with superglue and a small square of Velcro. The location
of the marker on the tibial base was positioned medially and posteriorly at ~ 20° angle from
the centre of the circular cross section Figure 4.1B). This position was used so the
marker could be closer to the camera lens for clarity. The tibial base diameter was large
which meant if the marker was placed at the 0°mthe cylindrical profile it would have
been too far away to be illuminated properly. The polarities of the simulator anterior
posterior and tibial rotation axes are described ifrigure 4.1C in the video frame.

A single Raspberry Picamera was programmed and mounted in the simulator on
the medial side to film the marker and a light source was placed on the simulator to
illuminate the marker. A spirit level was used to ensure the camera was level. A flashing
red LED light was linked d the opto-regulator of the simulator to indicate the cycle starting
point in the video frame. The camera was triggered via USB through a standard web
camera application (Camera, Windows 10) and the videos were captured at 30 fps with
the simulator runningat a frequency of 0.5 Hz (2 second cycle duration)This frequency is
half the speed of the standard frequency used in previously published wofkiu et al.,
2015). Thisspeed was necessary to reduce the motion blur of the markers in the output
videos. Motion blur prevented the objectracking bounding box adhering to the marker in
the video. Reducing the frequency allowed clearer movement to be captured whilst not
affecting the pattern of movement produced by the simulator.

All the videos were processed in MatLab to measure the anterigoosterior
displacement of the tibial base marker during one simulator cycle (cycle 10yhe pixel
calibration factor was calculated as described previouslysée section 3.5.2.3) to estimate
the displacements in millimetres. Theotal measured anteriorposterior displacementsfor
each sinewave conditionwere used for data analysis.
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Figure4.1.(A) Dummy study set up in the simulator. (B) Tibial base top view showing th
marker position(attached to the tibial base)in relation to the camera position and the
directions of the simulatorsdriven sinewaveanterior-posterior translation and internal
external rotationof the tibial base (C) Camera frame video of the markeattached to the
tibial base with labelled simulator translation and rotation axes.

4.2.2.2 Study 1: Anterior-Posterior Displacement Agreement

This study was carried out to investigate how effective the method was at
measuring a moving marker in one plane. Only the anterigoosterior translationaxis was
driven as a sinewave profile at differing magnitudes (+1 mm, +~ 2 mm, +/- 4mm, +/- 6
mm) (Figure4.2). No load was applied, and the tibial rotation axis and the abductien
adduction axis were fixed. Thistudy was repeated three times and the measureanarker-
tracking videodisplacementwere compared to the simulatos anterior-posterior
translation output, which were measured withbuilt-in optical encoder sensors Mean
percentage error (MPE) was calculated as th accuracy measure and the coefficient of
variance (CV) was calculated as the precision measure of the marker tracking method.




































































































































































































































































































































































































































































































































