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Abstract

The tibiofemoral joint is unique in its design and it is thoughtitearticular shape is the
main driver of biomechanical behaviodithough the shapof the bony knee is
acknowkdged to change with osteoarthritlse specific relationship between shape changes
and function is not well understood. Deep flexion, specifically kneeling, is an ideal testing
environment for the tibiofemoral joint becausesiboth a difficult and aekirable activity for
people with kneesteoarthritisTotal knee replaceme(tKR) is a surgery which attempts to
restore tharticularshapen order to enhance function. Howevttte influence of implant
design on kneelingikematics is uncleailhis thesis examingthe role of knee shape on
kneeling kinematics before and following total knee replaceniétfour aims of this thesis
were to: 1)escribe and quantify the main modes of shape variation which distinguish end
stage OA from ageand sexsimilar healthyknees; 2Ydetermine whether bony shape can
predict deep kneeling kinematics in people with and without O&x&nine the published
literature to determine whether there are any differences in contact pattersetsoa of

TKR design; and 4o prospectively compare tisex-degreeof-freedomkneelingkinematics

of posteriorstabilised fixed bearing, cruciatetaining fixed bearing and cruciate retaining

rotating platform designs.

Statistical shape modellingenified differences between @siarthritic andhealthybony

knee shapeSpecifically: large expansions around the femoral cartilage péxigansion and
depression at the medial tiblaorder and an area of corresponding bony expansion on the
posterioraspect of thenedialfemur and tia. Statistical shape modelling amtage

registration derived six degree of freedom kinematiese usedo test for associens



between knee shape and knegkinematics The kinematic variabilityvas describedsing
bivariate principle component agais While wefound weak associations between knee
shapeand kinematicsBMI and group (OA vdHealthy) also predictd kneelingkinematics.
This indicates thataictors other than bony shape are important in predicting kneeling
kinematics.Thethird studywas asystematic reviewith metaanalysesising quality effects
modelswhich characterisgé the influence of TKR implant design on kneeling contact
patterns. Theeview found posterior stabilised desigmsre different tacruciate retaining
desigrs, but theheterogeneity was high limiting any firm conclusionbe final study was
prospective randomisedinical trial examining the influence of TKR design kneeing
kinematics. The study fourtlatposteriorstabilised fixeebearing and cruciateetaining
rotatingplatformdesignshad higher maximal flexion compared to cruciate retaufixed
bearing designg-urthermore, the posterigtabilised fixeebearingfemoral componenvas
more posterior and the cruciagaining rotatingplatform was in more egtnal femoral

rotation throughout flexion. However, there was substantial betpagent variability.

This research breaks new growardundwhich aspects dbony shapare altered in
osteoarthritis and how theshapesand prosthetic desigmfluencekneeling kinematics
Furthermore, the metholbgiesemployed in this thesgrovidenew ways of describinthe
variability in complexshape an#tinematicsdatasetswhich may contribute to the

identification of therapeutic efficaciKnee shape is consider& be an important driver for
normalmovementHowever, the results of this thesis indicate that there are potentially other
factors,includn g s of t t i andpagengpacificpmeverhentestsategiashich might
influencethe kinematics of deefneeling.The message for surgeons and other clinicians is
that bony shape and TKR design are not the primary drivers of functional perforamahce

that kneeling should be on their radar as an activity to which their patients should aspire.
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1 Introduction



The question that this thesis aimstoaddress idoes shape drive funct
and prosthetic knee?0 The concept that shape
encapsulated in the maxim attributed to the AmeraehitectLouis Sulliven: A For m f ol |
functi ono. efromvhilcthis,maxinhogiginptesds snore eloquent and worthy of
repetition:

AWhet her it be the sweepineglossangl e in his

the toiling workhorse, the blithe swan, the branchingg,dae winding
stream at its base, thleifting clouds, over all the coursing sun, form ever

follows function, and this is the law. Where function does not change, form
does no {SulivimnalB8dh)e O

The concept of form following function in the humaodly has been variously explored.

the latenineteenth century Wolff developed the concept that bone will &ol#pe loads

placed uporit (Wolff, 1986). More recently, Ravels extended this concept pyoposingan

analytical modeto measure these adapons(Pauwels, 1980)n the musculoskeldta

system, both the hip and s busthe oppontudityforo al | and
complex movementgndt he t humboés mor phol ogdextgrityand i des t |
strengthneeded to performmange of taskgLadd et al., 2014)The tibiofenworal joint is

unique in its desigrihile it is inherently unstabldue to its mall contact areandreduced
surfacecongruenceit is thought that h e  lamiailar &hape ithe main driver of

biomechanical behavioFreeman & Pinskerova, 2008Ithough thebonyshape of the

knee is acknowledged tmdergo osteoarthritichanges such asteophytalevelopment, and

joint space narrowinghe relationship between shape charagesfunction is not well

understood. For instance, does a flattening ofitadial tibial plateaueduceknee flexion, or

impact an accessory movement required for flexion such as axial rotatior@iBtgnsin

total knee replacement design provide kimgematic benefit? These are the questions

addressed in this thesis.



Deep fexion is an ideal testing environment for the tibiofemoral joint because it is both a
difficult and a desirable activity for people with knee dysfunction. The ability to squat and
kneel is important for tasks that enhance daily life. Higkion tasks ar¢hose which require
more than 1@° of flexion (Galvin, 2019; Hemmerich et al., 200&pecifically,
weightbearingleepkneeling is a task which can require up to l@bachievgHefzy et al.,
1998) Kneeling is one of the most difficult activities to fuem yet also reported as very
important. In patients with a TKR, it is the third most important activity, with only sexual
activities and stretching rated as more impor(#veiss et al., 2002)This is remarkable
considering kneeling tasks avaly perfamedin 0.5% of daly life (Huddleston et al., 2009)
Kneeling is essential in many Asian and Middle Eastern societies. Muslim and Buddhist
religions both require prayer positions which involve desgeling(Chokkhanchitchai etla
2010) Furthermore, many Asian cultures still perform fleoeelingwhile eating and during
daily living (Kanekasu et al., 2004In all societies, gardening, cleaning and playing with

grandchildren all demanddh knee flexior(Rowe et al., 2000)

Knee function is often compromised in knee osteodighKnee osteoarthritis (OA) is a

di sease which | i mit s ighflgxiennaskdecause otréduckdptiry t o p
free range of motio(Ladd et al, 2014) In Australia in 2018, 2.2 million peopieere living

with osteoarthritifAustralian Institute of Health and Welfare, 201Bhese people reped
kneeling to be either v egatvelyaifects therr socidl 0 or fc
participation(Theis et al.2013) Recent World Health Organization reports have addressed

the importance of independent livirgjating that the goal of rehabilitatigto ensure full

participation in all aspects of lif@Vorld Health Organization, 2015, 2018)herefore, deep

kneeling is both a compelling activity to study and a useful experimental environment for

shapefunction studies.



Knee osteoarthritis results profoundstructural changes to the bone and to softeéissu

structures withirand aroundhe joint.Bony shape changearetypically visualized usin@D

plain xray (Kellgren & Lawrence, 1957r computed tomography (CT¢han et al.,

1991)These bony shape alges are used to identify and meagheeseverity of the disease

(van Manen et al., 201%) association witlthe history, signand symptomgAbhishek &

Doherty, 2013)While we know thathe shapeof OA andhealtty kneesare dfferent (Barr et

al., 2016; Haverkamp et al., 2011; Neogi, 2012; Neogi et al., 2013st®hepet al., 2001)

wedonot yet know which regional anatomic feat
differentiating enestage OA fromhealthyor how theyimpactknee function during activities

such as deep kneeling.

The soft tissues of the knee are alfected in knee OALoeser et al., 2(). The menisci are
typically torn in up to 91% of patients with QFfesultingin increased extrusion aradtered

joint kinematicg(Bhattacharyya et al., 2003; Scholes et al., 20&E&)thermore, intracapsular
ligaments are more lax in OA adplay degenerative changesrpicularlythe posterolateral
bundle of the ACL(Loeser et al., 2012) astly, there is scarring and thickening of the joint
capsulgLoeser et al., 2012Althoughthese soft tissue changes are important, they are not

the focus of this thesis.

The knee has complex morphology and the shape of thekmapartant to its funabin. This

has led researchers to investigate how shape characteristics influence tibiofemoral kinematics
(Clouthier et al., 2019; Iwaki et al., 2000; Martelli & Pinskerova, 2002; Pinskerova et al.,

2009; Smoger, 2016Kneegeametryin the sgittal plane has been descrikegicomprising

three femoral facets of differehinction andradii (patella, extension and flexion facets$)at

interact with a flat medial and convex latetiblal plateau(lwaki et al., 2000Q)Patient

specific variations itheseradii have been shown tofluence tibiofemoral anterioposterior

translaton, internalextenal rotation, and the location of the most caudal point on the femur



in early to midflexion (Lansdown et al.,@L7; Smoger et al2015) Other morphological
bony features have also been reported to influence functiomckeased posterior condylar
offset ratiohas beemssociated with greater antermosterior translations; and a larger
condylar twistanglehas been shown teesult ina more externally rotated tibia at heel strike
(Hoshino et al., 2012Recently, combined statistical shagr@dmusculoskeletal modelling
revealedhatalarger flatter mediatibial plateauwvas associated with increased external
rotation and anterior translation of the feroarthe tibia during gafClouthier et al., 2019)
However, these findingsxamined shapginction relationships; normal knee cohorts aF
less is understoaabout the shaptinction relationship in pathological gnes, particularly
those with osteoarthritis. Furthermore, the influence of bony shradeeaper flexion activities

hasnotyet been examined

Total knee replacement (TKR)ms torestore articular shape and alignmienteplacingthe
osteoarthritic joint sdacesand soft tissuewith anartificial prosthesisThe primary aimis to
reduce pm and restore good range of movem@unbar & Haddad, 2014yVhile the
procedure delivers pain relief and better function to the majority of patients, in up to 20% of
cases the outcomes arsappointingBourne et al.2010) Dissatisfied patients report either
no change, or increased pain and reduced fun@@anbar, 2001)Reasons for dissatisfaction
following knee arthroplasty have been reviewed extensitBdictors of dissatisfaction
include chronic and centrally mediated pain, psychological staaisfluenaescoping

ability, malalignment and ber errors in surgery and, relevant to this thesis, residual loss of
function(Dunbar et al., 2013; Harris et al., 2013; Howells et al., 2016; Maratt et al., 2015;
Noble ¢ al., 2006; Schnurr et al., 2013)dditionally, dissatisfactiomlue to loss of function
might, in part, be retad to altered kinematics and a feeling of instab{ligili et al., 2017)
Importantly, jointbiomechaits have beemssociated witlpint function and implant

longevity (Banks & Hodge, 2004)



The features o& successful outcome after TKR are having a pain free knee with good range
of movemen{Dunbar & Haddad, 2014¥gignificant development of m@&in TKR prosthess
designhasfocused on restoring kinematics in erdo achieve high flexioAs such, mplant
choice is dictatedot only byimplant survivalandsurgeon preferencbut alsokinematic
performancéVertullo et al., 2017)According to the Australian Orthopaedic Association
NationalJoint Replacement Registitie two most commadwy useddesigns are posterior
stabilised (PS) anposterior cruciate retaining (CR) with both having fixed and rotating
bearing tibial insert varian{®ustralian Orthopaedic Association National Joint Replacement
Registry (AOANJRR), 2019A cam and postwere designed ttacilitate rollback of the

femoral condyles on the tibial bearibg repladng the PCL in the PS desigihhe CR design
retains the posterior cruciate |igament (PCL
mimic native knedemoral rollback in deep flexiofinsall et al., 1982; Victor et al., 2005,
2010) The rotating tibial platformvas designetb increase the freed of the joint by
decoupling rotation from flexion while reducing contact stresses gooligethylenebearing
through higher articular conformity and gredtbrofemoralcontact areéMcEwen et al.,

2005; Walker & SathasivampR0) While there areninimal differences between implants in
terms of pain, clinicaind functionabutcomegBercik et al., 2013; Jiang at., 2016; N. Li et

al., 2014, Verra et al., 2013)istorically,the CR design overall has a slightly lower revision
rate at 18 years when comparedPtdesiqis (9.96 vs 8.2%)(Australian Orthopaedi
Association National Joint Replacement Registry (AOANJRR), 2H®yever, in terms of
function, thePSdesign has been reported to confer greagetimal flexion(Verra et al.,
2013)which might be beneficial for patients wanting to be able to kiiéelefore,
understandinghe kinematicprofiles of differentTKR designsin vivo might help explain why
some patients report dissatisfaction following surgery whethethe shapeof the prostheses

does indeed dictate function



1.1Aims

This thesisaims to

1. Describe and quantify the main modes of shape variation whichgligth enestage
OA from age and sexsimilar healthyknees.

2. Determine whether bony shape can predict deegeling kinematics in people with
and without OA.

3. Systematically reviewhie publshed literature to determine whether there are any
differences inle contact patterns of kneeling as a function of TKR design.

4. Prospectively compare thex-degreeof-freedom kinematics of posteristabilised
fixed bearing (P$-B), cruciateretaining fixed bearing (CHEB) and cruciate retaining

rotating platform (CRRP)designs during kneeling.

The overall objective of this work is tontribute to thé&knowledge of how knee shape
influences deep kneelinginematicsand the implications for ongoing opexegiand non

operative treatments.

The results of this thesis areentded to inform clinicians about potential strategies for

optimising kneeling before and after total knee replacement.



1.2 Thesis Overview

Chapter 1.

Introduction

!

Chapter 2.

Background

l

Chapter 3.

Methodology

Native Bone

Chapter 4.

Knee Statistical
Shape Modelling

Chapter 6.

Kneeling Contact
Patterns
Systematic
Review

Chapter 5.

Association
between shape
and kneeling
kinematics

Chapter 7.

Randomised
Control Trial

Total Knee Replacement

|

Chapter 8.
Discussion

Figurel-1: Workflow of thesis

used to analyse the data.
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This thesis is divided up insevenchaptergFigurel-1). Chapter two provides an overview
of the literaturavhich relates to this thesi€haptertthreewill discuss the pertinent methods
usedto address the amwithin this thesis.It describs the participants included and the
recruitment tinelines. Additionally,it will describe thelata collectiortechniquesvhich are
used. Furthermoré¢his chaptedescribsthe method of hownee shape waguantified using
statistical shape modellinghis chaper also gives a detailed descriptionf éthe technology

used toanalysekneding kinematics Finally, it describsthe important statistical methods




Chapterfour is a crosssectional observational study which describes the difilezs between
healthy andendstage osteoarthriticnee shape. The ability to understand specific shape
differences between these tgwwupswill provideclinicianswith the ability to understand
expected regioml shapdlifferencean patientsprior toa taal knee replacement. Furthermore,
understandinghe shape featuresf an osteoarthritic kneeill allow us toidentify possible
regionsthatexplainthe alteredkinematics of deep kneelingThis stu@ is published in the

Journal of Biomechanid®)1, Hindex: 190; Impact Factor: 2.58)ynch et al., 2019)

Chapteffive is a crosssectional observational study whialms to usehape features
describedn chaper threeto predict kneeling kinematics. This study will providsights into
the rolethatknee shape plays in kneeling kinematics which has not yet been addidéssed.
study is published in the Journal of Orthopaedic Resé@thHindex: 148;impact Factor:

3.14)(Lynch et al., 2020)

Chaptersix is a systematic review and metaalysishat aims to characterisiee rolethat

TKR implant desigrhason kneelirg contact patterndhis study reports the data describing
the influenceof prosthetic TKR design on kneeling kinematics in terms of contact patterns.
This studyis published irkKnee Surgery, Sports Traumatology, Arthrosc¢@g, Hindex:

115; Impact Facto 3.05)(Lynch et al., 2020)

Chaptersevenis aprospectiveandomisedlinical trial examining thalifferences in kneeling
kinematics betweetinree knee replacement designiis is the first RCTo examine the
influence of design on kimeatics and will provide insights intbe different kinematic
patterns that exist between designs. This study hasdeeepted for publicatiom The Bone

andJoint Journa(Q1, Hindex: 171; impact factor: 4.30)

11



Chaptereightexploresthe results of thetudiesincluded in this thesiand how the finding
contribueto the literatureThis chapter discussthe implications of the findirgandthe

limitations of the thesiss well asome suggestiorfer future research.
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2 Literature Review
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2.1 KneeAnatomy

The knee is one of the largest and most complex joints in the human body. It is comprised of
four bones, and it allows movementssin-degreesof-freedom. The bones which make up

the knee are the distal femur, proximal tibia, proximal fibula andlpatelgether, these

bones creatthreejoints which all form the knee: tibiofemoral, patéimoral, and

tibiofibular joints. This thesis will focus solely on the tibiofemoral joint.

211 Femur

The distal femur is comprised of asymmetric medial and lateralytenwhich are separated
posteriorly by an intercondylar notch and anteriorly by the trochlear groove. These condyles
form the main articular surface of the femur on the ti8agittaly,both the medial and lateral
condyles shaped as cams. The lateratlgte is the more prominent and is broader both in its
antereposterior and transverse diamet@say & Carter, 1919)The anterior trochlear

groove allows patellar artication. On both the medial and lateral side of the distal femur,

two epicondyles are present which allow ligament attachment and visualisation of the joint
line (Gray & Carter 1919 (Figure2-1). Superior to the medial epicondyle is the abductor
tubercle, which is thought to be another important landmark for referencing the joint line,

especially in TKR(lacono et al., 2014)

Laterizl
epicondyle
Groove for

tendomn of
Popliteus

P Adduetor
e tubercle

Articular
capsule

Figure2-1: Distalfemuranatomy(Gray & Carter, 1919)
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2.1.2 Tibia

The proximal tibia consists tfvo asymmetric facets or plateaus. The larger medial facet i
oval in shape and is slightly concave from side to dtitpu(e2-2). The anterior surface

which slopes upwards by an average of 11° and is on averags 17 length(lwaki et al.,

2000) The lateral facet is nearly circular, is concave from side to side, but slightly convex
near its posterior part. The facetsiculate with the femoral condyles. These facets are
separated by prominent medial and lateral intercondylar eminences.sEpesate the
intercondylar area into anterior and posterior facets. The anterior facet provides attachment
sites for the ACL andnteriormeniscal ligaments while the posterior fageivides posterior
meniscal attachments andpacefor the PCL tgpassthrough andattachfurther distally on

the tibia

T uberostty

Intercondyloid eminence

Figure2-2: Proximaltibia anatomy(Gray & Carter, 1919)

2.2 Morphological Changes in theK neeSecondary toOsteoarthritis

Knee osteoarthritis (OA) is a dimwmamatasks whi ch
because of reduced pdiee range of motiofLadd et al., 204). In Australia in 2018, 2.2

million peoplewere living withosteoarthritigAustralian Institute of Health and Welfare,

2019) The cost of OA was estimated to be more than Bllian in 2015, and by 2030, this
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is expect to exceed $2.9 billighhe Royal Australian College of Generabh&titioners,

2018)

The current understanding of the development of osteoarthritis includes a complex
relationship between echanical, biochemical, cellular and genetic fact@ben et al., 2017,
Creamer & Hochberg, 1990A occurs when the equilibrium beten is tissue breakdown

and repair disturbed, which can happen if mechanical loads on a joint exceed tolerance levels
(Hunter, 2@1). OA results in the breakdown of soft tissue within the joint and leaals to
abnormal loading response within the subchlahldone(Donell, 2019; Isaacson & Bratt

2014) Typically, OA presents itself in the medial compartment resulting in osteophyte
development, chondral wear, instalyil and varus knee alignment. The shape changes are
likely a reaction to the altered subchondral loading environment. A nuwhbethors have
presented the theory that there is a cyclical relationship where either abnormal stresses or
physiological respase leads to bone remodelling (shape changes) within the knee resulting in
increased joint contract forces and point loagdthgreby leading téurtherabnormal

remodelling Figure2-3) (Donell, 2019; Guilak, 2011; Mellon & Tann&012)

Abnormal Stress Normal Stress
Normal Physiology Abnormal Physiology
LN
Obesity Inflammation
Trauma Joint Destruction Aging

Malalignment Pain Sepsis
Joint Instability Disability Genetic factors
Abnormal anatomy ' Immune responses

Matrix damage
Increased catabolic activity

Aberrant repair response
Mechanical failure

Figure2-3: Hypothesis for the development and progression of Osteoarthr
Adapted from Guliak 201 Guilak, 2011)
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The effects on the shape of the bones, which is the focus of this thesis, include condylar
squaring, reduced joint space due to cartilage and meniscal wear, as well as salérosis a
presence of osteophyté<airbank, 1948; Kellgren & Lawrence, 195The net result of these
changesre knee maalignment, reduced motion, increased pain and altered kneadics
(Arthritis Australia, 2014; Australian Commission on Safety and Quality in Healds Car
2017; Scarvell et al., 2018} has long been believed that altered ingdhrough the knee
contributes to the onset and progression of OA; however, how the shape of the knee is
associated with the presence or progression of the disease is lessatgghFairbank was

the first to report morphological changes in a knee @i#hin a group oparticipantsvho
underwent a meniscectonfiyairbank, 1948)He reported seeing radiographic evidence of
condylar flattening, joint space narrowjrend osteophytic ridge formation. Following this
initial understanding of @soarthritic changes, there has been considerable work undertaken
to examine what specific features change in OA and if there is the ability to predict who
might go on to get OAdsed on their bongneemorphology(Altman et al., 1986; Dieppe et

al., 1993; Felson et al., 2000; Tanamas et al., 2010)

2.2.1 Knee Osteoarthritis Classification Systems

Knee osteoarthritis is a degenerative disease, asulchs bony shape and soft tissue changes
occur along a continuum. Therefore, in order to understand where a knee lies on this
continuum various classification systems have begaldped There are a number of grading
systems which use various imaging midass such as XRay, CT, or MRI with the most
common being plain radiographigure2-4 describes the most commonrXy basedcoring

syst e mob s alagp(iWaglti& Tle MARS Group, 2014)
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TABLE Il Grading Scales for the Radiographic Osteoarthritis Classification Systems*

Scale Grade and Characteristics
Kellgren- 0: No JSN or 1: Doubtful JSN, 2: Definite osteophytes, 3: Moderate 4: Large osteophytes,
Lawrence reactive possible possible JSN osteophytes, marked JSN, severe
changes osteophytic lipping definite JSN, some sclerosis, definite
sclerosis, possible bone ends deformity
bone-end deformity

IKDC A: No JSN B: =4 mm joint C: 244 mm joint space D: <2 mm joint space
space; small
osteophytes, slight
sclerosis, or
femoral condyle
flattening

Fairbank 0: Normal 1: Squaring of 2: Flattening of femoral 3: JSN, hypertrophic 4: All of the
tibial margin condyle, squaring and changes, or both characteristics at

sclerosis of tibial margin left, to a more severe
degree

Brandt et al. 0: <25% JSN 1: <25% JSN with 2: 25%50% JSN with 3: 50%-75% JSN with 4: >T75% JSN with

without secondary features secondary features or secondary features secondary features
secondary or 25%50% JSN 50%75% JSN without or >75% JSN without

features without secondary secondary features secondary features

(subchondral features

sclerosis,

geodes, and

osteophytes)

Ahlback 0: Normal 1: JSNT (with or 2: Obliteration of joint 3: Bone defect/loss 4: Bone defect
without subchondral space <5 mm and/or loss 510 mm
sclerosis)

Jager-Wirth 0: No arthrosis 1: Initial arthrosis, 2: Moderate arthrosis, 3: Medium-grade 4: Heavy arthrosis
small osteophytes, about 50% JSN arthrosis
minimal JSN

*JSN = joint space narrowing, and IKDC = Intemational Knee Documentation Committee. TlJoint space narrowing is =3 mm of the joint space or

<50% of the other compartment.

Figure2-4: Gradingscales fordifferentradiographimsteoarthritisclassificationsystems
(Wright & The MARS Group, 2014)

The most widely used methasl Kellgren and Larence systenKellgren & Lawrence,

1957) This scale, initially proposed in 1957, uses weigdaringanteriorposteriorand

lateral xrays to visualise changes in various morphological parameters within the
tibiofemoral joint(Figure2-5). Despite the advent of newer MRI based systems this is still the
most commonly used system clinically due to the ease of obtaining radiographs and simple
scoring system. However, a recentdstirom the MARS group found tHEC of the KL

scale to be poor at 0.38/right & The MARS Group2014) Additional criticisms of this

criteria have been that correct application of KL grading is difficult due to the vague and
subjective wording of each grade. Furthermore, it is insensitive to change, does notrallow fo
medial or lateral OAKohn et al., 2016)In current practice changes are only interpreted in

two dimensions at any one time, either byax (Kellgren & Lawrence, 1957CT (Chan ¢
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al., 1991) or MRI (Hunter et al., 2011thereby underutilizing their potential for OA

progression and surgical plaing. The challenge is to incseathe precision of the

classification system for knee OA whilst maintaining, or improving, the clinical utility.
Statistical shape modelling has the ability to detect subtle changes within the bony anatomy

and could therefre be a beneficial addition ttassification systems.

Figure2-5: Kellgren and Lawrence osteoarthritis classification system

AP radiographs of the kne®&) Representative knee radiograph of KL classification Gra
1; (B) Representativienee radiograph of KL classification Grade 2; C) Representative
radiograph of KL classification Grade 3; (D) Representative knee radiograph of KL

classification Grade &ellgren & Lawrence, 1957)

2.2.2 Distal Femur
Shape changes specific to the osteoarthritic femur have been reported. Modelling 2D coronal
images of the intercondylar notch in a group of excavatelgtgins (900AD to 1850)

revealed osteoarthritic notches were generally more symmetrical and the rdgdmivere
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straighter and less concave when compared teanibmitic (Shepstone et al., 2001Matsuda

compared the condylar geometry in a Japanese group of 30 valgus and 30 varus OA knees as
well as 30healthy participarstusing radiographs and MRRMatsuda et al., 2004They found

that the lateral condyle in OA knees with valgus alignment wsm@ler,but this finding

didndét occur to t he gSexdiffaaencechave disobeersreportediv ar us
asampleof Chineseparticipantsvith OA (Yang et al., 2014)_ateral condylar height was

significantly greater in males thamifales while women had smaller mediolatekdl )

/anteroposterior (AP) ratioBemale sex iglsoan independent risk factor for disabling knee

OA (Manninen et al., 1996jut it is unclear whether these relationships are also present in a

healthy population as it was n@ported in this study.

2.2.3 Proximal Tibia

Specfic changes in the tibia have also been studideé. presence of a caudally oriented

medial tibial spine was more likely to be associated with early knee cartilage degeneration
when compared with osteophytesather directiongNakamura et al., 2006\\dditionally,
Matsuda and colleagues examined anatomic features associatedrwgmalalignment and
found that increased slemf the posterior tibia is a risk factor for knee @#atsuda et al.,

1999) Differencesn posterior tibial slope have been associated with medial andllater
compartment OANunley et al., 2014)0OA knees were reported to have a flatter slope (mean
6.8°) whereas patientsith lateral unicompartmental OA had a relatively greater posterior
tibial slope (mean 9. The authors suggest that the posterior tibial slope may be a reaction to
diseasewith medial disease demonstrating more anterior wearmlgadiflattening of the

slope while lateral disease leads to posterior wear and an increase in the slope. This finding is
supported by Weidowt al whoreported the same pattern in cartilage weéeidow et al.,

2002)
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One limitationof the relationships the studieslescribed above is that only individual shape
factors were used. These requieedriori identification, are usually identified on 2D image
of single slice projections, are not currently considered in combinationhareddre might

not charaterize overall knee shape

2.2.4 Statistical ShapeModelling of theWhole Knee

Changes to the shape of #matiretibiofemoral jointdue to osteoarthritis can be assessed
usingstatistical shape modellinggSM). SSMs a technique thajuantifesthe variability
betweera set osimilar shapes. SSM uspeancipal component analysis (PCAQ identify
areas otoincident shape variatiaralled modes of variation. This enables the entire

geometry within a dataset to bearacterized using small ninber ofprinciple components

Osteoarthritic tibiofemoral shapes been examined using a number of different shape
modelling techniquescluding modes of variation and shape vectors. The application of each
of these analyses to different pogiubns anddatasets has contributed to our current
understanding of how knee shape relates to clinical and functional outdéaveskampet

al. used statistical shape modelling on 2D Afaysand detected differences in the modes of
variation between gups of OA and normal knees from a Dutch colfideverkamp et al.,

2011) The authors found that an increasedé&width, deceased joint space, increased knee
extension, and a more elevated lateral tibial plateau were all assodidt¢denpresence of

OA. However, this study was limited by thee of 2D image data for the shape models as
well as the potential for owdf-plane and positioning errors. More recently, Baral. used
normalised shape vectors as a way of examining sbagpeantify differences between OA

and normal knee@arr et al., 2016)This technique collapses multiple principle components
into one and thereby describes knee shape in terms of difference from the meakRighape (
2-6). The authors found #tparticipantaundergoing TKR had a knee shape which was further

from the mean than ne@A knees with the femur shape being thest different. Therefore,
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shape was found to be an important defining feature of OA using this global shape analysis
technique However, other techniques can be used to examine regamific changedJsing

a similar technique, Bowes and colleagues dasdrfour year longitudinal changes in bone
area in a group of participants who developed OA and those who dilowes et al., 2015)
They reported alDA knee compartments showed increasecel@ea over time compared

with nonOA participantsHowever, theynly described compartmental differences, limiting
our knowledge of whiclanatomic features are the most important when differentiating OA

from healthy and how much those features change

Anterior
View

Posterior
View

Femur L 1 N I lo—iss

Shape 5 ¥ L S

Vector Extreme Mean Mean Extreme
non-0A non-0A 0A 0A
(-4.0) (-L.0) (+1.0) (+4.0)

Figure2-6: Anterior and posterior viewshape model reconstruction
The femoral shape vector is scaledt@s the mean shape without radiograg
OA and +1 with established radiographic (Barr et al., 2016)

The examination of modes of variation in knee shape has been used to predict the
development of OA. Bredbender al, used statistical shape modelling to determine the
modes of variation between knee shapes of 1alesrwho progressed to OA and 12 fernale
wh o d(Brddbebrter et al., 2010)hey found that knee shape of patients who progressed
to OA differed fom those who did not. Specifically, te\ knees were larger in the AP and

ML direction while being less high than control tibias except for méuti@tcondylar
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eminence and posterior lateral corner. Additionally, the posterior condylar and the lateral
epcondylar regions of the femur weredar in the OA groupThis study was crucial because
it demonstrated that shape is an important factor in the development éfd@ver, the all

female population and small sample make any large population concldsgfanst.

Shape vectors have also been applied to OA knee data to determine if shape is predictive of
OA development. Neogit al.(2013), also compared shape data from 178 people who
progressed to OA within 12 months with data from B&Bicipantsvho did not(Neogi et al.,

2013) However, similar to Baret al.they used shape vectors to describe the global shape
changes. They found that the knees which progressed to OA had a shape vector which was
further from the man than the knees which did not progress. Therefore, this data supported
that of Barr et al. but had the added advantage of predicting OA rather than just describing it.
Specifically, after adjusting for baseline Kellgren Lawrence (KL) s¢beepdds rat of

developing OA within 12 months was 2.9 to 6mMeshigher if a patient had a shape vector
which was further from the mean. Both modes of variation and shape vectors have the ability
to distinguish between healthy and osteoarthritic kaeedspredicthose knees which will go

on to get OA.

2.3 Functional Anatomy

2.3.1 Traditional Measurements

Owing to the complex morphology of the knee, researchers have been interested in

understanding its role in kinematics for the &b centuriesWeber and Weer were the first

to describe that the condyles onttahedr oaddbe
that the flexion axis lay through the centres of the cirdésber & Weber, 18365ince then,

the understanding of kinerties has largely been characterised by using cadaveric dissections
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or medical imaging (CT, MRI, >Ray). These modalities generally allow for analysis using
single slice images in different planes. Studies have tended to focus on sagittal plane motion
(flexion-extension) as this is the degree of freedom with the greatest movement and therefore

the biggest driver of human propulsion.

Movements of the femoral coylés on the tibial plateau are characterised as having varying
lengths and radiilwaki et al., 2000; Martelli & Pinskerova, 2002; Pinskerova et al., 2009
The posterior condyles sagittal radii, measured fsoncadavers, were on average 22 mm
and Z mm (medial and lateral respectively). Additionally, the articulating portions of the
condyles can be divided into three facets. The extension facet (E¢¥) iwhvhen the knee is

in 0-20° of flexion, the flexion facet (FF) which occurs betweerl2@° of flexion, and the
posterior horn facet (PHF) for movements above® 1EQure2-7) (Martelli & Pinskerova,
2002; Pinskerova et al., 200Mterestingly, the PHFaks not come into contact with the
tibia, as movement occurs only on the posterior horns of the mépisskerova et al., 2009)
The medial condyle was initially subdivided into teeparate arcs: an anterior arc associated
with extension and a posterior arc associated with flexite lateral condyle was described
primarily in terms of a flexion facet upon which joint rotation and translation occurigadd
2-7). During flexion up to 12Q the medial condyle stays relatively stable loa tibial plateau
with the lateral condyle rolling and sliding posterigfiill et al., 2000) In deeper flexion,

the medial condyle begins to move posteriorly, up to 8 mm, while the lateral condyles move
anadditional 5mm (Pinskerova eal., 2009) This equal movement of the medial and lateral
condyles suggest that there is little to no axial rotation during deep flgXilmskerova et al.,

2009)
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Figure2-7: Description of flexion facets of mediabndyle in a) 0 and b) 120
of flexion (Martelli & Pinskerova, 2002)

In the coronal view, the joint is curved, and the tibiofemoral surfaces are more congruent
between the inside aspadtthe medial condyle and the tibial emineligartelli &

Pinskerova, 2002)The flattened inferior aspect of the lateral condyle is less congruent which
is suggestive of increased mobil{tyiartelli & Pinskerova, 2002)Additionally, thearticular
surface of théateral condyle is gjhtly longerthan its medial counterpart which could
contribute to the varus orientation of the fer(famith et al., 2003)When the knee flexes into
deep flexion, the lateral odyle moves 2 mm more caudally compared to its position during

mid-flexion (Pinskerova et al., 2009)

Theconcave shape of teedialtibial plateauandthe convex shape of tHateraltibial
plateauallow for complex and asymmetrical movements of the femur on the tibia as seen in
Figure2-8. These motions have been described as a combination of religigg and
spinning(Freeman & Pinskerova, 2005; Moschi & Zingoni, 1977; Smith et al., 200@)
increased congruency of the medial compartment contributes to the constraint ofigle med
condyle while also influencing the arc of motion of the ldteoadyle around the tibial
eminencgMartelli & Pinskerova, 2002)The medial location of the longitudinal axis results

in greater lateral condyle motion during flexion/extengibodo et al., 1999)Furthermore,
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there is a mismatch between the amount of AP translation between the medial and lateral
condyksduring flexion which causes internal tibial rotation, commonly referred to as the

screwhome mechanisritMasouros et al., 2010)

FFC FFC

FFC

FFC FFC
Figure2-8: Diagrams of sagittal sections of the tibiofemoral joint

Medially (left) and laterally (right) ab°, 20° and 110° showing different relative
positions of femur on tibia. Right image is a reconstructadieg (Iwaki et al.,
2000)

There is evidence thatch of these many and varied combinatiorshge characteristics
might influence kinematicsf the kneeHoshino examined the effect of distal femur bony
morphology and translational and rotational kinematigure2-9). They found moderate
correlations for condglr offset ratios (COIRand anterior/posterior tibial translation. The
larger the CORthe larger the translation $R0.57, in men only. Additiondly, condylar twist

angle (CTA) was highly correlated with internal tibial rotation range<(B.81) in women,
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but the correlatiomvas not significant in megHoshino et al., 2Q). These finding suggest
that it is not simply the articulating geometry of the distal condyles that influence knee joint

motion but also their relative alignment and shape.

The arrent singleplane medical imaging modalities{Ray, CT or MRI) are usei describe
the linear relationship between motion and geometry through subjective inspection. These
methods are limited baase the results are contingent on the selectiampafticular finite set
of morphological factors. Statistical shape modelliag the unique capacity to utilize all of

the complexity inherent in individual knee shape to detect how subtle geometigeshan

’ @ ! 7
Transcondylar axis

a 3D CT of distal femur b Make best-fit spheres to
the posterior condyles

influence kinematics.

€ Draw line connecting centers

- N/

\\
/' \ Condyle offset

€ Measure Condyle Offset: Distance between
d Draw the long axis of the femur bony axis and transcondylar axis

a Select the contact area at 0° b Connecting line to set € Slice the most prominent
mediolateral axis area of epicondyles

Irans-epicondylar I Condylar twist angle (CTA)

axis

Iranscondylar axis

d Draw a line connecting the centroids € Measure the angle between the
of the most prominent arcas transepicondy lar line and the transcondylar line

Figure2-9: Definition of condylar offset (top) @hcondylar twist angle (bottom’
(Hoshino et al.2012)
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2.3.2 Influence of Statistical Shape Modellingon KneeKinematics

Statistical shape modelling has the ability to provide a more detailed understanding of the
relationships between shape and kinematics. While previous work has provided certain
insightsinto the relationships between kinematics and morphological paranoetensajor
drawback of this approach is ttiaese relationships are typically described from single slice
imaging and they also draw conclusions about entire populations from rglativall

samples. Additionally, previous work does not consider thpesbfthe knee as a whole and
how a comprehensive set of morphological parameters might interact. Statistical shape
modelling has the capacity to analyse the shape of an entire alecdmatherefore be used to
examine how shape relates to different kmaéic variables by grouping coincident shape
parameters using Princippemponengnalysis (PCA). To date, there are otllyeepapers

which have used shape modelling to define thdstigaships. Smogeet al attempted to
identify these relationships angroup of 20 male cadaveric knees. The authors found that 15
principle components were able to explain over 95% of the variation in the data. The first
modes described scaling and ph@hanges in the condylar radii and their influence on
tibiofemoral aterior posterior(AP) translation, internagéxternal(IE) rotation, and the

location of the most caudal point on the femur. Sagittal femoral condyle geometryroeJ
were directly Inked to the AP translation and IE rotation kinematics and, ultiméakey,
location of the most caudal point. Furthermore, using predictive modelling, the authors were
able to predict the kinematics and contact patterns based on shape with an accuga¢y of 1
0.39 mm. Kinematic predictions were better in the medial commgaittand in the ML

direction. The main limitation of this paper is that these knees are cadaveric with standardised
loading applied. It is unknown whether these relationships will tno&in-vivo.

Recently, a combined statistical shape and musculoakeiedelling approach was used to

examine how simulated gait kinematics were influenced by articular knee(§Hapthier et
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al., 2019) The authors reported that a larger flatteedial tibial plateau was associated with
increasecdexternal rotation and anterior translation of the femur on the tibia during gait. While
the relationships differed slightly ®@mogeret al.é work these findings support the concept

of shapes relatichip with function in early tonid-flexion activities.However, both

approaches do not directly examine the relationship between shape and fureivon in

limiting realworld applications.

Statistical shape modelling has shown that kinematics is retasddhpe in a pathological

knee grougLansdown et al., 2017)n a study of ACLinjured and reconstructed knees
Lansdownet al.found multiple tibial and femoral bone shape features that were associated
with abnormal knee kinematics compared to their contralaterhl Bpecifically, in

extension, increased medial fermbcondylar and tibial height, a more spherically shaped
medial femoral condyle, and a shorter anterolateral plateau were all associated with a more
anterior tibia. In 30 of flexion, a more sphericallghaped medial femoral condyle, a shorter
medial platau superanferiorly, a longer lateral plateau anteroposteriorly and an increased
height of the anteromedial tibial plateau, were all associated with a more anteriorly positioned
tibia (Figure2-10). The main limiation of this paper was that the kinematics were overly
simplistic since the measurements were static and achieved undelogdasy condions,

thereby ignoring the tasttependent nature of kinematics.
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Modeling of Femur 18 Modeling of Tibia 20

Spherical-MFC
Abnormal Anterior Tibia
Position at Baseline

Steeper Medial Tibia Slope
Abnormal Anterior Tibia Position

D . at Baseline ""::m at Baseline
ated with abnormal kinematics

(A) the height of the medial femoral condyle (MFC) (B) siphericity of the medial femoral
condyle; (C) the length of the lateral tibial plateau (D) tibial sldjaden from Lansdowat
al 2017(Lansdown et al., 2017)

Figure2-10: Shapemodeswhich were correl

2.3.3 RelationshipsBetweenDegree of OA andKinematics

It has been established that people with osteoarthritis experience both structural and kinematic
changes associated with their joint dise@saert et al., 2012; Mezghani et &Q17; Nagano

et al., 2012; Zeng et al., 201Recent work from ougroup examinedsteoarthritic
kinematicsduringdeep flexiorandfound that osteoarthritic knees had reduced range of
motion, maintained a more adducted position and showed less pastarsbation of the

lateral femoral condylar axis when compared talthg knees(Galvin, 2019; Scarvell et al.,
2018) However, thassociations betwedinematics andspecific osteoarthritic shape
changes is less well understb Understanding these relationships between osteoarthritic
severityand joint kinematics is important. Ersetzal was the first to report correlations
between Kellgren Lawrence (K/L) grades and sagittal and rotational ranges of motion (r =

0.361 t0-0.553;-0.338 t0-0.439, respective)y(Ersoz & Ergun, 2003Hilfiker et al.found
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similar results showing negative associations between range of motion and increasing K/L
grades aftecontrolling for age, body mass index, social class, sex and com@®(Hilfiker

et al., 2015)However, their results indicated that pain was aldependently associated with
lack of extension. Finally, Laxafog$ d., in 2013, demonstrated that increasing K/L grade
produced a shift towards varus alignment enay at a rate of 0.5590.76° per K/L grade

(Laxafoss et al., 2013)

Relationships between OAwity and kinematic variables have also been reported during
functional tasksspecifically gait. A systematic review revealed reduced knee flexion and
extension when comparing peopldlwmoderate and severe @Mills et al., 2013) A meta
analysis was not possible due to the heterogeneity of the data. Further gaitsareaiyaked
thevariables associated with increasing OA grade wenaceztisagittal range of motion in
stance phase and increased varus align(hNagiano et al., 2012 eng et al supported these
findings reporting a reduction nange of motionROM) in all degrees of freedom as OA
severity increasefZeng et al., 2017)Additionally, they reportethat the osteoarthritic femur
became more medial, anterior and distal with OA progression. Finally, a recent study by
Mezghaniet al. in 2017 used a regression tree analisigtnd precise kinematic gait variables
that could distinguish between healthyoderate and severe osteoarthritic knees. They
identified sagittal flexion angle, IE rotation ROM during swing phase and varus/valgus ROM
during loading phase as the impottkimematicvariables which distinguished between OA

severity(Mezghani et al., 2017)

While a number of studies havocused on global OA progression through K/L grades, fewer
studies have examined the associations between the specific morphological features of OA
and kinematics. The presceandpostion of osteophytes are reported to be correlated with
ROM (Holla et al., 2011)In addition, features such as, narrowed jsiphce, increased

density ofsubchondrabone and enlarged bones are associated with reduced ROM in OA
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knee joins (Ozdemir et al., 2006 However, while these associations are significant, the
correlations are wedak between 0.14 and 0.34)hile there is sora evidence to support the
hypothesis that osteoarthritic changes asoeiated with kinematic changes, because these
correlations are only low to moderate and differ between studies the evidence has not been
well established. It could be thairrent measres of both kinematics and shape are not

sensitive enough to accurteharacterize these relationships.

While prior research has illuminated thessibleinfluence of the shape of the femoral

condyles and tibial plateau on joint kinematiEseseman & Pinskerova, 2005; Pinskerova et

al., 2009) there are still significant gaps in our understandiigeedimensionaimodelling

has the ability analyse complex shamesh as the kneand characterize the information so

that it can benterpreted in the context of joint kinematics. In this way, subtle but important
pathological changes in the shape of the knee cagldied to kinematics. Currently the data
which desribes the relationship between knee shape and kinematics has begadaking

either cadaveric specimens or simplistic kinematic analyses. There is an opportunity to marry
sophisticated statistical srmmodels with statef-the-artin vivokinematic aalysis to
comprehensively describe the relationship between shagerematics in health and

disease. The presence of patient specific shape changes in osteoarthritic knees are well
known. It is also a@pted that the kinematics of OA knees are disdipted variable.

However, the relationship between these shape changethe altered kinematics are not

well established. Although there is good evidence linking increased severity of knee OA with
abnormakinematics, there is little known about whethaek shapeer seis an important

predictor of joint kinematics.
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2.4 Total Knee Replacement

A number of strategies exist tonservativelynanage osteoarthritiEducation, wight loss,
musclestrengthening pigram bracing,andthe use of drugs such as acetaphen, non
steroidal antinflammatories (NSAIDs) are all highly efttive tool§McAlindon et al.,

2014). However, once these approaches are extgusie surgical option is explored, and
manypatientsgo on to receiva total knee replacement (TKR). In Australia in 2018, over
56,000TKR were implantedAustralian Orthopaedic Association National Joint Replacement
Registry (AOANJRR), 2019)his was an increase of 1.18mpared tdhe prevous year

and these numbeare expected to increag@ustralian Orthopaedic Association National

Joint Replaement Registry (AOANJRR), 2019)

The goal of a TKR is toestore articular shape and alignmbwptreplacing the osteoarthritic
joint surfacesand soft tissuewith anartificial prosttesis.The concept of TKR, can be traced
back as far as ThemistoclesuGt k 6s 1891 i v bBiguse2-1)i hogevet, the n e e  (
modern concept of a condylar design whereodteoarthritic weight bearing articulanrfaces

of both the distal femur and proximal tibia are removed andeeg with a combination metal
components and polyethylene tibial bearimgly began in the 1970s with tHasall and
BernsteinFreemanSwanson and Duocondylar implaf@onnin et al., 2012Modern designs
generally consist of femoral diibial metal components and a polyethylene tibial bearing. The
femoralimplant has two spherical phalanges which extend distally and posteriorly to cover the
condyles, anén anteriortrochlea groove to allow patellar articulatiofhe sagittal condylar
geometry is designed to have either sindkeg. Scorpio (Stryke) and Vanguard
(ZimmerBiome}); or multiple radii (e.g. Attune (DepuySynthes and Nexgen
(ZimmerBiome}) where the centre ofrotation coincide with the insertion points of the
collateral ligamets (Stoddard et al., 2013Yhe femoral component als@ries in terms of

frontal plane radii and trochlear groove desi§affarini et al., 2016; Willing & Kim, 2011)
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The tibial baseplate is flat with a keel whiclibaésto the bone for greater stability and can
allow for a fixed or otating platform bearingremoralcomponentsare typicaly made fom
cobalt chromium alloyTibial components are typically made frathercobaltchromiumor
titanium. It is designed to allow attachment of a polyethylene beddnipe tibial bearing
typically made from an Ultra High Molecular Weight fathylene (UHMWPE). While its
design is varialg, this bearing generally has a flattened or slightly dished medial and lateral
groove. These bearings articulate with the femoral comypceaad together they provide the

necessary stability and mobility nesebifor function.

I3
L §

hj.a
Figure2-11: lllustrations of ivory hinge joint suggested by Gl{€uck, 1891)

Thereare a number of implant component designs used in TKR surgery. InT4R.8
different mplants were implanted in Australjaustralian Orthopaedic Association National
Joint Replacement Registry (AOANJRR), 20IBese designs have varying condylar
geometries, tibial slopes, polyethylene cheeastics and ligament restraints. However, even
with this high hetergeneity, designean be broken intthreebroad categoriegruciate
retaining (CR) or minimally stabiliseg@osteriorstabilised (orcruciatesacrificing, PS) and
medialpivot (or medid stabilised, MP) designfAustralian Othopaedic Association National

Joint ReplacemeérRegistry (AOANJRR), @19) These broad categories of implant design
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have arisen from the result of many iterative design changes during the early development of
TKR implants(Bonnin et al.2012) All of these designs include use ather a fixed or

mobile kearing (rotating platform), where the latter has an articulating polyethylene tibial
component which can either be constrained to a set amount of rotation, or is totally free to
rotate elative to the tibial trayThe rotating pldbrm was designed to inease the freedom of

the joint by decoupling rotation from flexipwhile reducing contact stresses on the
polyethylenecomponenthrough higher articular conformity and greater contesa a

(McEwen et al., 2005; Walker & Sathasivam, 2000)e CR design retains the posterior

cruciate ligament (PCL) and reliesonthetipggnt 6 s function to closely
femoral rollback in deeflexion. A cam and post replace the PCL in the PS design, aiming to
facilitate rollback of the femoral condyles on the tibial beafingall et al., 1982)In both

designs, the mediolateral stability is provided by the collateral ligaments combined with the
implant geometryWhile there are minimal differences betn implants in terms of pain,

and clinical atcomegBercik et al., 2013; Jiang et al., 2016; N. Li et al., 2014, Verra et al.,
2013) the cruciate retaining design has a slightly lower revisionfatstralian Orthopaedic
Association National Joint Replacement Registry (AOANJRR])9) However, in terms of
function, the psteriorstabilised desighas been reported to confer greater maximal flexion

(Verra et al.2013)which might be beneficial for patients wanting to kneel.

The goal of TKR surgyy is to relieve pain as well as enhance function, range of motion, and
joint stability (Medical Advisory Secretariat, 20Q05As surgical technique and implant
materials hae improved, survivorship of the prostheses has irsgbd heaverage 18ear
survival rate of a TKR is 91.4%Australian Orthopaedic Association National Joint
Replacement Registry (AOANJRR), 2019he ability to restore walking without pain and
limping in more than 90% of cases has led surgeons to offer this operation to younger

patients. Whig in mos cases TKR is successful, up to 20% of patients do not have a
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completelysuccessful outcom@ourne et al., 2010Reasons for lack of satisfaction are:
ongoing pain, stiffness, and laockexpeted function(Dunbar & Haddad, 2014; Maratt et al.,
2015; Robertssort al., 20@). However, the functional demands and activity levelhese
younger patients have placed increased demands on the profimestislg, specifically, is
reported as one of the most important yet difficult activities for patients followsiiy T
(Acker et al., P11; Devers et al., 2011; Weiss et al., 20@2)ecent systematic review
highlighted the areas pf a t i liwas wisch are impacted by kneeling difficultyigure

2-12) (Wylde et al., 2019)These tasks vary from activities of dailyimg to sports and

recreation.

Household activities

Dissatisfaction

Employment Leisure activities
Impact of
difficulty

kneeling after

TKR

Sports and exercise Religious activities

Family activities Social participation

Getting up after a
fall

Figure2-12: Impact of difficulty kneeling after total knee replacement.
Taken from Wylde et al 2@(Wylde et al., 2019)

The design of modern TKR prostheses have focase@storing healthy kinematics in order
to achieve high flexion. Kiematics features of healthy kneeling inclyaesterior femoral

translation, external femoral rotation and increasing valgus while moving into figawin
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et al., 2019) Therefore, implant choice is dictated not only by implant survival and@urge
preference, but also by kinematic performaf\éertullo et al., 2017)It is therefore arcid to
understand the kinematics of different implant designs. However, the debate over which
implant to use is still unresolved.recent gstematic review examined the influence of
implant design on kinemasaluring deep flexiofAngerame et al., 20197 he authors found
that none of the designs restored normal kinematic patterns and there waariailgihty
within and between designs. However, data was only megaogt to 90 of flexion. As many
activates equire flexion greater than 9@he influence of implant design is still unclear. A
detailed systematic review examining the influence of T™eRign orkneelingkinematics

can be found ichapter seven.
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3 Methodology/Approach
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3.1 Study Design

The research contained in this thesis is located within a large randomised controlled trial
entitled: A prospective imaging study of cruciate retainamgciate substituting, and rotating
platform total knee replacemeirt osteoarthritis and healthy ageing: a randomised control
trial (PICKLeS #ISRCTN75076749). In order to address the aims of this thesis, four studies
were nested within the PICKLeS studyhese four studies employed three different study
designs. Studiesne and two utilized crossectional observational designs; Study three was a
systematic review with metanalysis; and study four was a prospective randonaitreidal

trial.

3.1.1 Setting

All of the testing was completed at the Canberra Hospital, whicB(08-bedtertiary
teaching hospital locatad the Australian Capital Territorymaging of participants took
place at the Medical Imaging Department of the hospital, while subjectiveiactibhal
testing occurred at the Trauma and Orthopaedic ResearcfiTRU). This research
received ethics approval from the ACT Health Human Research Ethics Committee
(ETH.4.11.071) and The Australian National University Ethics Committee (2017/354).

All participants provided written informed consent

3.1.2 Recruitment

Participants with endstageosteoarthritis (OAwereidentifiedfrom both the private and
public waiing lists of Professor Paul SmittSupervisor)Healthycontrol participans were
recruited umg a combination of posters deliveredhie community through conumity
organisations, paper flyers ambrd of mouth These prticipants were a combination of a
convenience and snowball sample, not pukgdg or randomly sample@nd all came from

theCanberra region. All possibleagicipants were initially contactdry phone.During this
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phone call, the participants were provided with an explanation of the study background, aims

and detailsIf the participant was interested, they were sent the amitinformation form

and the questionnaireBarticipants were tephonedthreedays to a week later andabnsent

was verbdy obtainedtheywere invited to attendn interview and physical examinatian

Trauma and Orthopaedic Research Upitor totestingt he parti ci pant és wund
what the studentailed vas assessed and an opportunity for clarification and questions

provided. If the participant and the researcher were satisfiembtisent fornwassigned.

3.1.3 Participants

Healthy participats were eligiblef they were usually active and the tesek was pa-free
with no history of injury or arthritis. OA participants were eligible for the study if they
required gotal knee replaceméfor osteoarthritisTheseparticipantsvere first sceened
clinically with x-ray confirmation of OA by one surge (INS). Table3-1 lists the inclusion

and exclusion criteria for all participants.
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Table3-1: Inclusionand exclusion criteria for the Osteoarthritis (OA)/ Total Knee Replaoé
(TKR) Group and the Healthy Group.

Inclusion Criteria Exclusion Criteria

1 Isolakd lateral compartment
OA 1 X-ray confirmation of osteoarthritis

Participants.  On surgical list for total kne:

replacement

osteoarthritis

BMI > 38

Wholly inactive or seveely
restricted to the minimum of
activities of daily living.

1 Knee flexion < 90° (can you
positionyour foot under your kne:
while sitting)

1 A psychosocial reason not to be

able to consedror complete the

requirements of the study

Metastatic disease

Patholaical fracture

Revision knee replacement

= =4 4 -4

Poor understanding and is unabl

to provide informed corent

=

Pregnancy

Poor understanding and unable

Healthy 1 At least one pain free knee .
provide informed consent

participants. 9§ No history of injury orarthritis
Pregnancy

Metastatic disease

The number of participants recruited relied on the PICKLeS parent study, which reguired
minimum of 80 healthy participants and 60 participants with OBne hundred and twernty
threeparticipants between the ages of 18 and, 9th healthy knees Figure 3-1) and 124
participants with knee osteoarthritiSigure3-2) were initially approachedor eligibility. The

participant flow for thehealthyand OA/TKR cohorts are describadFigure 3-1 andFigure
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3-2. Healthy participants under the age of the youngest total knee replacement pagddipant

years)were notused in this thesis.

[ Enrollment ] Healthy Participants

Potential Participants
assessed for eligibility
(n=123)

Not assessed
Unable to attend (n=11)

v

Total Recruited (n=112)

*Under the age of youngest total knee
Replacement participant (n=24)
*Couldnot use CT (n=11)

A4

Participants Available for Statistical
[ Study 1 ] Shape Modelling (n =77)

Kinematic data not measured
*Did not kneel (n=6)
*Could not register (n=10)

h 4

Participants Available for
[ StUdy 2 ] Osteoarthritic Kinematic Analysis

(n=61)

Figure3-1: Flowchart forhealthyparticipants included in shape modelling studies.
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Osteoarthritis TKR Participants

Potential Participants
assessed for eligibility Excluded (n=45)

(n=124) eCancelled Operation (n= 1)
eNot Interested (n= 13)
eUnavailable for testing (n=17)
«Did not want to be randomised (n=7)
#Poor English (n= 2)
«Did not attend initial testing session (n= 3)
eHistory of Stroke and Parkinson’s (n= 1)
«FFD and Valgus >30 degrees (n=1)

Total Recruited (n=79)

Could not use CT for Analysis (n=3)

Study 1 Participants Available for Statistical
Shape Modelling (n=76)

v

Could not import Fluoroscopy (n=1)
Could not Register (n=17)

Study 2 Participants Available for Osteoarthritic
Kinematic Analysis (n=58)

[ Randomized Control Trial (n=79) ]
4’| *Trial implant not used (n=11) |
[ Randomized (n=68) ]

|

Cruciate Retaining Cruciate Retaining Posterior Stabilised
Fixed Bearing (n=24) Rotating Platform (n=23) Fixed Bearing (n=21)
[ 1 Year Follow-Up ]
Removed (n =2) Removed (n=2)
“Missed 1 year F/U (n=1) ] *Patellar Fracture and
*Declined due to OA in Infection (n=1)
ankles (n=1) *Lost to F/U (n=1)

Cruciate Retaining Cruciate Retaining Posterior Stabilised
Fixed Bearing (n= 22 Rotating Platform (n=21) Fixed Bearing (n=21)
I I |
[ 2 Year Follow-Up ]
Removed (n = 3) Removed (n=4)
Removed (n=2) +Contralateral knee fracture (n=1) »| *Loss to F/U(n=3)
*Lost to F/U (n=2) *THR (n=1) *Moved interstate (n=1)
*Back Surgery (n=1)
¥ 9
Cruciate Retaining Cruciate Retaining Posterior Stabilised
Fixed Bearing (n= 20) Rotating Platform (n=18) Fixed Bearing (n=17)
[ Final Analysis (Study 4) ]
A Y
Cruciate Retaining Fixed Cruciate Retaining Rotating Posterior Stabilised Fixed
Bearing Platform Bearing
1 Year (n=2) 1 Year (n=3) 1 Year (n=4)
2 Year (n=20) 2 year (n=18) 2 Year (n=17)

Figure3-2: Flowchart for participants incled inthe csteoarthritis andbtal kneereplacement

group for shape nuelling andrandomised clinicastudies
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Participantos

t e s tTiahted-2. The basetine Visthsted sappnoxenately t e d

90 minutes and includedonsenting, examinatiofynctional testing, selfeported

questionnairesa CT scan and video fluoroscopy. The OA participéms underwent

arthroplasty surgerwithin 4 weeksand the testing sessions were repeated 12 and 24 months

following TKR. Thehealthygroup were only required to attend one swssihe period of

recruitment and testing was between February 2012 and@re?2018.

Table3-2: Participant Testing Schedule

Total KneeReplacement

Healthy

Baseline

=4 =4 4 A -

Fluoroscopy

CT

Clinical Exam
FunctionalTests

Patient Reported Outcomes

Measures

= =4 A4 A -

Fluoroscopy

CT

Clinical Exam

Functional Tests

Patient Reported Outcome
Measures

Arthroplasty Sugery

12 Months Post
Surgery

= A 4 -4

Fluoroscopy

Clinical Exam

Functional Tests

Patient Reported Outcomes

Measures

24 Months Surgery

A A 4 A

Fluoroscopy

Clinical Exam

Functional Tests
PatientReported Outcomes

Measures
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3.2 Data Collection
3.2.1 Clinical Data Collected

To assess the severity of osteoarthétigl recoery from surgery, a number of clinical and

patientreported measuresane collected.

3.2.1.1 Questionnaires

Severalpatientreported outcome measures (PROMs) were used in this thesis. These PROMs
are questionnaires which measure a pases#lfreported view oftieir health status,

perceived level of impairment, disability, and lieaelated quality of life. While noused to
answer the main aims of the thesis, the questionnaires give an indication about clinical
differences between the groups compared in eacly sThese questionnaires a@mmonly
given toparticipantsat basehe and, if appropriate, at 1@nd 24months followup and can

allow comparisons of outcomes pre and post procedure or to a controlnoggley &

Patel, 2017)The Oxford Knee Score (OKS)asl2-item questionnaire which assesses
patient 6s kneaéJumpayd ah, 2@G0RA) H comtaine Ijuestoms, 7 that assess
function andb that assess paiit is scored out of 48 points with 0 being the worst and 48, the
best.The OKScanassess functioand pain for those with OAand track progress following
TKR. The OKShas moderate construct validity whesmpared to th&nee Society Score

the SF36, and the Stanford Health Assessment questionfiéngson et al., 1998)

Two Visual Analogie Scales (VAS) were administergahin andsurgical satisfaction. VAS is
scored on a linear seafrom 0100 with 100 being the worst outcome. VA& is a
unidimersionalmeasure of intensity gfain(McCormack et al., 2020}t is widely used adh

is a recommeded method for assessing recovery progression of disease and recovery from
surgery(Price et al., 1983Furthermore, it showto have good content validityhen

compared to other similar scoringstgms Cincinnati, Larson, Lystim) (Garratt etl.,
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2004)The VASsatisfactionis a measureelated to patient expectations, pain relief, and
improvement in functioollowing total knee replacemeriDunbar & Haddad, 2014; Maratt
et al., 2015; Robertsson et al., 2Q0)is is an importantmeasure of success following total
knee replacemeriBryan et al., 2018)The VAS scorgjivesan overall indicatoof the
perceived success the TKR surgerySatisfactions a multifactorialoutcome which is
associated witlexpectations, pain relief, and functional improven{8nyan et al., 2018)
Improved patient satisfactidras showrsignificant correlation to paiandphysical functio

(Robertsson et al., 2000)

3.2.1.2 Osteoarthritis Grading

Osteoarthritis severity was graded using the Kellgren Lawr@ceScore. The KL grade is

a 2dimensional grading system use to describe the severity of knee osteodidbliien &
Lawrence, 1957)A score of 0 indicates no osteoarthritis and 4 signifies severe osteoarthritis
(Table3-3). In this study, The KL graelwas determined using the AP projection of supine
CT scans. Both OAral healthygroups were graded. The scans were graded by 2 pairs of

i ndependent assessors. K e n dehof dgréesnenty Agrearsentu s e d
was excellent; W=0.97, p<@®05

Table3-3: Kellgren and Lawrence radiological criteria for assessmekheé

osteoarthritis

Grade 0 None: No features of OA

Grade 1Doubtful: Minute osteophyte
Grade 2 Minimal Definite osteophyteynimpaired joint space
Grade 3 Moderate: Moderate diminution of jaspace

Grade 4 Severe: Joint space greatly impaired with sclerosis of subchondral t
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3.2.2 Imaging Data Collection

The remainder of thishapterprovides an overview of the main methodpésthat were used

in this thesigo test the research questions.t@st the research question regarding the impact
of shape on kinematics, tibiofemoral shape was described using statistical shape modelling.
Six degree of freedom knee kinematics werewalted using 2EBD image registi#on. To
compare posbperative kinenatics, three TKRcomputeraided design (CAD) models were
registered onto 2D fluoroscopic images. Bivariate functipnatipal componentnalyses
(bfPCA) were used to describe varighiin the kinematics. Full desigtions of these

methods follow here

3.2.2.1 Computed Tomography (CT)

In order to undertake statistical shape modellamgl image registratiom, reconstructed 3D

image of the knee is requiredlll participants received a 3D spl computed tomography

(CT) scarof the knee (Toshiba Medical Systergst a w a r a3 gt thelbaselmenvisit. The

field of view was at least 150 mm above and below the tibiofemoral joint line. Slice thickness
was 1 mm with a resation of 512 x 512 voxels with spat dimensions 0.625 x 0.625 x 0.5

mm? and 16 bits/pixel. The participant wpssitionedsupine with the test knee placed within

a specially designed calibration b@igure3-4).

3.2.2.2 Segmentation

Segmentation of the Cdata to create 3D renderings of the native bone was achieved using
bespoke software called Orthovis (Matldlhe Mathworks, Inc., Natick, MA The femur,

tibia, and combined tibia and fibula were segmented from the @gas) to provide 3D

volumes for imag registration and statistical shape modelling. The CT of the native bone was

segmented slice by slice to isolate the bony anatomy of & fkom its soft tissue. Orthovis
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semiautomatically segments CT data by firkivaing the setting of global segmetation
threshold and isolated pixel connectivity lirtotassist with removing artefacts throughthe
volume. Next, amadjustablgolynomal were fit around the bone of interestremowe all
pixelsoutsideit (Figure3-3). Finally, adigital erasemwasused for fine removal or restoration
of pixels.Intra- and iner-rater variation®f the calculated volumdsr the femur were 0.99
and 0.84, and for the tibia 0.98 and Ot&3pectively. These intraclass correlatis reflect a

root mean squared error of uB% which equates towlumetricdifference 0f1966 mm.

Segment CT. Segment CT-
Axial Slice: 126 Axial Slice: 126

100

150

250

150

Info: CT Volume has been loaded from MAT file

150 200 250 100

50 100

Info: CT Volume has been loaded from MAT file

Figure3-3: An example of Orthas segmentation of single CT & of a femur.
Left: before segmeation with polynomial fitted around the cortical margin; Right: af

removal of the pixels outside the bony cortex
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Figure3-4: Obt aining a CTkneean of

The knee is placed insideetlzalibration box.

3.2.2.3 Fluoroscopy

In order to analysknee kinematicghe 3D modelneeds to be registered frathg-frame to a
dynamic2D fluoroscopy To capture mvementa stationary singleplane curved panel
fluoros@mpy (AXIOM -Artis, Siemensyvasplacel for asagittal view of the kned.he
fluoroscope ampledimages at 30Hz with 10241024pixel spatial resolution and
12bits/pixel.Distance between the tube source and image intensifiet20smm with a
screen sizef 280 mm Theknee of interest wasositioned approximate®40 mm from the
image intasifier. This position allowedhe captue of movementfrom (° to approximately
160° (full flexion). Participants were asked to perform a unilateral deep kneelimpacti
starting with themagedknee & approximately 990 (upright kneeling), kneeling down to
achieve full flexion and returning upright kneelingigure3-5). The foot was not constrained
andwas free to rotate. Thismage was optimized in terms of maining the tibiofemoral joint
within the frame for the whole cycle, at times requiringftheroscopic imaging to be

repeated up to three times.
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A calibration box was also recorded for each participant fluoroscagt,eo provide a
mechanism tallow for posthocdistortion correction of the fluoroscopic imagéggure

3-6). The a@libration box has dimensions of 350 mrB50 mmx 200mm and containg mm
tantalum markers emtded on the anterior and posterialwof the box Marker beads were
implanted in the Perspex 20 mmintervals in a grid using a computer driven dr{lfigure
3-6). The box was positioned with the centre oflo& the same distance away as theek

had been (240 mm from the image intensifi€iy(re3-6).

Figure3-5: Demonstration of keeling

Left: starting position vth flexion at 90; Right: deepestftion point while kneeling

Figure3-6. Imaging of the calibration box in fluoroscopy
Box positioned with its centre at the same distance from the image intensitfier latee had
been during the kneeljntask.
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3.3 Statistical Shape Modelling

Historically, joint shapehas been characterized usingaaiety of two-dimensional measures
which are typicallyidentified on 2D images (3Ray) or from single slice projectiomsthree
dimensional scan (MRI, CTpai & Bischoff,2013; Dargel et al., 2009; Elias et, dl990;
Hoshino et al., 2012; Matsuda et al., 2004; Shepstone et al., 2b@i)typicallyinclude
angles, distances, radii of curvature, areas, and volumes. However, theseesnelyson a
priori identificationand are not currently considered ontbination, and therefore might not
characterize overall knee shaf¢atistical shape modellif®@SM)is a technique that
guantifesthe variabilitybetweera set osimilar shapesSSM usegrincipal component
analyss (PCA) to identify areas ofoincident shape variatiocalled modes of variation. Each
shape within a given mode is then assigned principal component (PC) scores or weights. This
enables the entire geometry within dad&t to beharacterized using a sthnumber of PCs
This dmension redction is necessary because the nunob@arameters in a set of shape

descriptions are generally too high for efficientmeaningful statistical angis

Statistical shape modellnwas originally developed by Cooteisal to characterise

variability in 2D shapes for computer vision applicati¢@sotes et al., 1992%ince then, this
technique has been applied to 3D anatomical variéfigricola et al., 2015; Bredbenner et
al., 2010; Neoget al., 2013; Schneider et al.,1&), automatic segmentatighleimann &
Meinzer, 2009)improvements in musculoskeletal modwedl(Bahl et al., 2019; Clouthieat

al., 2019) relating shape and functig€louthier et al., 2019; Lansdown et al., 2017; Smoger
et al., 201%and predicting anatomy from spargeometryZhang et al., 2016; Zhang &

Besier, 2017)

In this thesis SSM will be used compare the tibiofemoral shape ebple with severe knee

OA (preTKR) and a norOA age similar cohortGhapterfour). SSM will also be used to
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determine how the shape characteristics of an OAaalthycohort influence kneeling

kinematics Chapterfive).

3.3.1 CT Cropped for Consistent proportions

Shape modelling works best whgaometries are proportionally the same sigesuch, ach
tibia and femumwerecropped to standard proportiotwsaccount for different distal and
proximal lengths of the Cdbtained, as well as individual participgmbportions Figure
3-7). Usingthe coronal projection of the CT, the femur was cropped dtmesthe digance
from the most distal femoral condyle to the adductor tubercle. Using the coronal projection,
the tibia was cropped to 1ltbnesthe distace from the most proximal aspect of the tibial
spine to the most inferior point of the superior tibiofibulanjoCorresponding femurs and
tibias were recombined using a custom Matlab script to create a tibiofewiatdbj each
participant. Variatios in alignment were removed by aligning the éeatand tibial meshes
so that their axes were orientated at zi¥grees of rotation and translatiomsed on thaxis

forthe CT scansetearligfi nal | y, aénlsmoBtiied ssingveelapéacian filte

Figure3-7. Cropping locations for femur artidbia.
A. The tibia was cropped at the superior tibiofibular joint (*) and; B. the femur v

cropped at the adductartiercle (*)
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3.3.2 Mesh Generation

TheSM is constructed from a set tbiofemoralmeshes by applyingRRCA to acovariance
matrix, X, that contains the Cartesian coordinates of a set of nodes in each geometry to be
included in the model. Each row in X comtsithe coordinates for albdes fora single

geometry mesh:

(O 65 65 6ﬁ éﬁ 65 E éﬁ (O (O

. 0p Ofp Ofp Ofp Ofp Op E O O O _

h ¢ 6 6 6 & 6 E & & ¢ Fquatonl
Oh Or Or O Orn Orn E Of OfF OF

wheren is the number of meshes amds the number of nodes in each meBherdore, it is
necessary that all mesheithin the datasdtave the same number of nodes andttiede
nodes correspond tbhe same location on eanfesh. Fomeshes with amall number of
nodes, it is possible tmanually register landmarks on differenapks For example, in a set
of two-dimensionakadiographic images of the tibiofemoral jginohe could manually label

relevant landmarks in a givemder Figure3-8).

Figure3-8: Example of simleest of nodal coordinates
Image taken from Haverkamp et al 2011

54



However, for compbe threedimensional geometrignanual labellings not feasibleA

number of techniques have been developed to characterise the geafrtiegse complex

shapes including ¢®@rent point drif(Clouthier et al., 2019)piecewise parametric meshes
(Zhanget al., 2014)and radial basis functiorfghang et al., 2018Radial basis functits

(RBF) have the advantage of beimgshlessvhich enablesheknots or starting point of the
RBF, to bebe placed arbitrarily and adagely to a deformation fieldThisfacilitates

i ncreased accuracy of knot pl acemenlasedi t h
registrationZhang et al. demonstratgdod agreement between the target and registered
surfaces across featurdsdifferentcomplex geometries witfitting errorsranging from 0.37

to 0.99 mm(Zhang et al., 2018)

For this thesis, an initial fitting was performed osirggle mesh from one knee in the dataset
to create a templat@his templatavas thenteratively fittedwith a series of coarge-fine

fits to all meshs in the dataset, which resuiismaximum correspondence between meshes.

3.3.3 Alignment

Once nodal correspondence is achieadidbf the meshes within the dataset need to be rigidly
aligned to removsimilarity-transform variationsThese ilude rotational and translational
variations as well as scaling components. Once these are removed only shape variation
remains This is acomplished using &rocrustes analysighich best transforms a group of
meshesd align to a target megfower, 1975)This is accomplished byinimising the
leastsquared btances between tlerresponding nodd&ower, 1975) A full Procrustes
analysis removes alimilarity-transform variagbnswhile a partial Procrustes agais retains

the isometric scaling component of the shape. A partial Procrustes analysis was used in the
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shape models developed in this teess size is likely important in understanding differences

between groups antkeély influences kinematics.

3.3.4 Principal Component Analysis

Dimension reduction is necessary when undertaking shape analysis because the number of
parameters generated from aafeshapes is too large for meaningful statistical analysis.
Principle componerdnalysis (PCA) is the most commoiménsion reduction technique for
shape analysidHeimann &Meinzer, 2009) Following rigid algnment, the nodal coordinates

are assembled in a covariation matrix centred on the mean mesh coorgateson 1).

A principal componentnalysis (PCA) is then run on this covariance matrix to create a set of
orthogmal principal components or modesvafiation and with respective scorghich best
describe variations of shape within the dataset. The modes are ranked in oigiem\ailees
representing principal component variances from largest to smallest insilegre@portions

of variance PCA alows any shape in thdatasetoto be approximated as the sum of the mean
shapeauiplus the weighted sum of the principal comporé(Equation 2)Heimann &

Meinzer, 2009; Schneider et al., 2015)

o o6 Bl Equation2

The shape of each bone was describeglpy i nci pl e componweheér ¢ P€) we
arethe amount of variation along an individual principle comparemiaeaés the number of

principal components needed to explain 90% of the total variation in the populdte@RC
weightsgenerated by theCAforeach n d i v shdpe@hbé extracted for further

analyses.

In this thesis, the fittingrocessrigid registration and PCAsererepeated using the mean

shape as the template. Following this, fitteng processvasfurther refined for individal
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shape differences by incorporagi PCA fitting using the previodSMgenerated from the
dataset. In this wayhe shape mode&asoptimised by propagating fitting correspondence
across the dataset. A final P@%sperformed to generate a statistidadyse model which

generated the PC vghts used in subsequent anab/s

3.4 Six Degree of Freedom Kinematics

Image regstration with video fluoroscopy is a namvasive capture method which can track
movement of joints ivivo (Akter et al., 2014ajThe goal of imageegistration is talign

two imagesof the same jointvithin the samepace. heof these images istaree
dimensional 8D) volume either acquired from a CT, MRI or a CAD model. The second is a
two-dimensional (2D) video fluoroscopy. Registering the Biage to the 2D enablése
measurenma of skeletal kinematics isix degrees of freedom (6DOF)rthovis for 2D to 3D
image registrationyas usedor the studies contained within this thesis. The Orthovis
package is written in Matlafi e Mathworks, Inc.Natick, MA) and uses a combinatio

2D single plane fluoroscopy and either 3D CT or a CAD modetigton of this program
was previously reported fordplane (sagittal) registration as @rzn for translation and 0.3°
for rotation, while the oubf-plane precision was 0:&m and 0.5{Akter et al., 2014a;

Scarvell et al., 2010)

While videcbased motion capture is the most commonly used modality feinvasive
biomechanical analysis, it is much less accurate than imag&a&gis. Motion analysis

involves multiple video cameras thaapturethe movement of skimounted markers placed

on anatomical landmark#s a result, these systems are subject to errors associated with soft
tissue artefaatPeters et al., 20107 systematic review of 20 studies which quantified soft

tissue artefact ported differencesf up to 30 mm usg these systems compared tocddg
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standardPeters et al., 2010These differencesreboth loationand task dependent. Soft
tissue artefact is larger in the thigh segment compared to the tibia and during high
acceleration movemen{Stagni et al., 2005Motion analysisnvolves multiple video
cameras thatapturethe movement of skimounted markers placed onaaomical

landmarks

3.4.1 Correction of Distortion of Fluoroscopylmages

Prior to image registration, pin cushion distortion, which is gtnduct of curved panel
fluoroscopies, needs to be corrected. This was achieved by calibrating the fluoroscopy against
anobject with known dimensions; in ooase this was a 3perspex boxThe difference

between the distorted calibration box coordinates, as recorded by the fluoroscopy and the
known coordinates were used to determine the coefficients of a polynomial fuhetiavas

used to correct the distan (Figure3-9).

50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500

Figure3-9: Fluoroscopy Calibration
Left: Fluoroscopy image of the calibration box before distortion coae, Middle:Fluoroscopy

image wih Orthovis grid overlay, Right: Fluoroscopy image after distortion correction.

3.4.2 Image Registration

Image registration aims to find the best spatial match for the 3D volume (CT or CAD) and

fluoroscopic images. Prior tegistration, tke 3D volume needs tee converted into a
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digitally reconstructed radiograph (DRR) and calibrated. The DRR was calibrated using the
same calibration box used previously. A wrapping function was applied to the 3D volume
which accounts for theonical spreadf the X-ray beams tvm the fluoroscopy sourc€&igure
3-10). This transform was used to expand parts of the volume that were closer toathe X
source and to shrink the parts of the bone that wetteeiuaway from the sour¢&carvell et

al., 2010) Once the DRR was calibrated, it was registered to the fluoroscopic images. This
was achieved using 3 steps: a geometric transform, a similarity measure, and aattim

procedure, as follows.

the image intensifier plane
Translation in the z

direction

S

Results in a larger projection on to<4f\
=
/

< -\> . |
X-ray e o <

source y Plane of
¥z image intensifier

Figure3-10: Fluoroscopy image projection.

As an object moves closer to therdy source it will produce a larger image
at the image intensifier of the fluoroscopy. Imadestafrom Scarvell et al
2010

3.4.2.1 Geomadric Transform

The geometric transform is a 3D idgbody transformation which aligns the location of
points in the DRR image with the location of points in the fluoroscopic image, correcting
their rotational and trangianal mismatcl{Haque et al., 2014; Muhit et al., 2010;

Scarvell et al., 2010)
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3.4.2.2 Similarity M easure

The similarity measure is the algorithm which determines the best fit betweerRRe D
and fluoroscopy. Thisneasure inglves a combination of an edge position difference
algorithm and sum of conditional variances to improve registration accuracy. The edge
position difference algorithrwas initially run to quickly estimate the-piane ad outof-

plane parameter$igure3-11). The similarity measure was then run on the output of the
edge position difference algorithtm produce a more accurate estimate q&#adat et al.,

2017)

Figure3-11: The similaity measure for CT and fluoroscopy best fit.

A) An example of a fluoroscopy image) BD projection of a CT image to be
registered; Cdistance to edge position of the fluoroscopy imagerf e binary
edge image of the[2projection of the CT image. Imaggken from Saadat et al.
2017

60



3.4.2.3 Optimisation procedure

Finally, theoptimisation procedure automatically finds the transform which minimises
both theedge position difference algorithamdthe similarity measureising a gadient
descent method. This methoetluces the number of similarity measure calculations. The
edge posion difference algorithn& sum of conditional variancesinimised the number

of multiplications required to calculate the similarity measure and trerefcreases the

speed of the redistion while not sacrificing accura¢$aadat et al., 2017)

This process requis¢he operator to first manually manipulate the position of the DRR to
match the underlying fluoroscopy for size, rotation and alignment. Once initially matched, an
initial regidration is requiredThe approximateegistration time per frame with the new
similarity measure takes approximately 30 seconds to one minute. Following the initial
registration, the algorithm uses the most recently registered frame to then automatically
registered the current frame Thesepsharerepeated for each fluoroscopy frafoe both the

femur and tibiaRotational andranslational coordinateserecalculated and used to
generatesix degree of freedorkinematicsusing the Grood and Suntagferening

system(Grood & Suntay, 1983; Guan et al., 2017)

3.4.2.4 Defining joint coordinate system

In order to describeelativejoint alignment and kinematics tareedimensional

reference system must be applied. We ubedsrood and Suntay joint coordinate system
(Grood & Suntay, 1983 his systendescribetshe 3Dalignment andinematics by
specifying the relative mitions of the femur and tibia aach fluoroscopy frame and also
the changes in position over tinfeelative movemesbetweerthe femur on the tibia
weredescribed by two segmefiked axes and a mutually orthogonaddting axisSince

itsintroduction,the Grood and Suntagoordinate systernas been recommendbedthe
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International Society of Biomechanics (ISB) in numerous biomechanica¢stiatia
variety of joints(Wu et al., 2002, 2005 he strength of thiseference systers its
ability to describe biomechanical motion using clinical langukgehermore, ihas
advantages over previous systems that used Eulexsafaglrotational description; as
they weae dependent on the order of rotatioflse Grood & Suntay systeare

independent of orddfGrood & Suntay, 1983)

Axeswereset so that the-axis definedhe anterior (+)/ posterior)(direction, the yaxis
definedthe proximal (+)/ distal-§ direction and the-axis definedhe lateral (+)/ media

(-) direction.Each segment requitéwo independent orthogonal axgkich quantify

alignment and motiarThese axeseeedto be established using anatomical landmarks in the

three planes.

3.4.2.5 Joint Coordinate System: Naive Bone

Orthogonal frames of refemee were established based on individual anatomical locations for
each tibia and femur. For the femur, origins were set at the most proximal point of the
intercondylar notchRigure3-12). The zaxis (superioiinferior, mechanical axis of the femur)
was defined by the distahost aspects of the medial and lateral femoral condyles and a
projected line through the femur to thentte of the femoral headrigure3-12B). The xaxis
(medial/lateral) was orthogonal to the plane defined from a line joining the most posterior
aspect oftte femoral condyles. Thegkis (anterior/posterior) was perpendicular to both the y

and z axe¢Grood & Suntay, 1983)

For the tibia, the origins were set at the +paiht of the tibial spinesKigure3-13). As with
the femur, the mechanical axis of the tibia is the longitudinal axis (z).-a8kesz
(superior/inferior) passed between the two intercondylar eminences (tibial angirtihe

centre of the ankle. Theaxis (medial/lateral) was defined by a péabetween the centres of
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the medial and lateral tibial plateaus, along with the mechanical axis-&tis y
(anterior/posterior) was again, perpendicular to both the y and £Gresd & Suntay,

1983)

so
100
150

200

250

) 100 150 200
loft view front v

Figure3-12: Defining femoral axes the native bone

A) In the sagittal plane; identify three points, the most distal point of the femoral condyle,
the anterior and posterior cortical margins of the femoral shaft. elnoronal plane; Identify
three pints, the most distal points the right and left femoral condyles and the most proxi
point of the intercondylar notch. C) In the transverse plane; identify two points, the most
posterior point on the right and ldfand femoral condyle

200 = 50 00

oy

Figure3-13: I5e?ining the tibial axes in the I’B.EVE bone
A) In the sagittal plane, identify three points, the superior aspect of the intercondylar emi
and the antéor andposterior margins of thpogerior tibial cortex. B) In coronal plane;
identify three points, the lowest points of the right and left plateau and the centre of the

intercondylar eminence; C) In the transverse plane; identify the line which insetfsec
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midpoint of the medial anidteral tibial plateau by placing two circles on medial and lateral
tibial plateaus.

3.4.2.6 Joint Coordinate System: Total Knee Replacement CAD Model

The origins of the TKR CAD models were established based on geometric lecaten
femoral origin was set @le posteriormost point at the mighoint of the intercondylar
notch Eigure3-14). The tibial origin was set at tmeediolateral and anteriguosterior
mid-point of the tibial basepte Figure3-15) (Guan et al., 20175imilar to the native
knee, the axes were satarder to have the-axis defining the anterior (+)/ posterioj (
direction, the yaxis déining the lateral (+)/ medial) direction and the-axis defining

the proximal (+)/ distal-§ direction.Neutral alignment was defined as no relative angular

rotation between the femoral and tibial CAD models
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A left view B front view C bottom up view

Figure3-14: Defining thefemoral axesn the TKR CAD model

Example of a left Cruciate Retaining CAD model. The origin of the femoral axis system wa
identified in three planes. A. Sagittal viewhe most anterior position of the floor of tlemforal
component. B. CoronalAt the mid-point of the intercondylar notch. C. AxialThe midpoint of
the most anterior point of the intercondylar notch. THais for the femoral component was
parallel to the transverse surface of the most anteriot pbintercondylar notch. Theaxiswas

perpendicular to the-axis. The yaxis was perpendicular to both thand zaxes.

100
150

200

250

50 100 150 200 250 50 100 150 200 250

E 50 100 150 200 250 F
D left view front view bottom up view

Figure3-15: Defining the tibial axes in the TKR CAD model

Example of a I& rotating platform CAD model. Therigin of the tibial axis system was
identified in three planes. D. Sagittal vieWwhe anteriofposterior midpoint ofthe baseplate. E.
Coronali Mediaklateral midpoint of the surface of the tibial baseplate. F. Axiebdp Geometric
centre of the tibikbaseplate. The-&xis of the tibial component was parallel to the transverse
surface of the tibial baseplate. Thaxis of the tibial component was perpendicular to the
transverse flat surface of the tibial bdsép and the saxis. The yaxis wasperpendicular to both

the xaxis and the-axis.
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Positive rotations are defined as flexion, internal femtaltion Figure3-16), and varus
rotation Figure3-17). Postive femoral translations are in the medigigure3-18), anterior

(Figure3-20), and superiorHigure3-19) directions.

Internal rotation (+) Neutral External rotation (-)
Figure3-16. Internal/external rotation of the femalative to the tibia

Adduction/Varus (+) Neutral Abduction/Valgus ()
Figure3-17. Adduction(varug andabduction(valgug of the femurelative to the

tibia
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Medial (+) Neutral Lateral (-)
Figure3-18. Medial/lateral positiof femurrelative to the tibia

Superior (+) Neutral Inferior ( -)
Figure3-19. Superior/inferior position of femuelative to the tibia

w1

A
,'_-_P

Anterior (+) Neutral Posterior (-)
Figure3-20. Anterior/posterior position of femuelative to the tibia
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3.4.3 Kneeling Divided into Kinematic Phases

The kneeling task was divided into two phases: going intacamdngout of flexion. Phase 1
(going intoflexion) included all datapoints from the start in upright kneeling, starting with the
hip above the knee at approximately 8@flexion and finished at maximum flexion. Phase 2
(coming out of flexion) was theverse.During the task, some participarmlisl not move
smoothly. This resulted in difficulty identifying the transition between phase 1 and phase 2
(Figure3-21). In order to generate consistent phase endpoints, a-peagdying algorithm

was writtenint he &6 R& st a(R CametTeama2D18Rriafly, khia glgorithm took

the first derivative bflexion vs frame (time) and identified the frame number each tfrae
derivative curve crossed zeralinating a change in direction. These points were used to
determine the start and end of the phaBegi(e3-22). For this thesiswe are focusing on the

6into flexiond phase.

Pi138 Pl145

104 106
I
Flexion
120 130 140

Flexion
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T T T T T T
o 50 100 150 200 250

Frame
Frame

Figure3-21. Examples from two participants with noisy flexion curwédsch made phase
identification difficult without the phasilentifying algorithm.
Bl ue |l ine indicates d&iinndtioc aftleesx i 6ocnobmhpekga

red line indicates points outside these phases.
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Figure3-22. Example ofphase determination.

Left figures are flexion vs frame. Blue line indicates intaifi@ phase; Green line
indicates oubf flexion phase; red line indicates points outside these phasés. Rig
figures represent theé'differential curve of flexion. Purple lines identify areas wher

curve crosses zero indicating change in direction.

3.4.4 Functional Data Analysis

Complex biomehanical data are typically described dsree-seies or a function of another
variable, encapsulatingformation about an entire movemanmtactivity. Standard analysis
techniquedor describing and comparing knee é&matics typically focusn predefined
features such as maxamminima, specific values, and slop@g&awashima et al2013;
Kitagawa et al., 2010; Mochizuki et al., 2013; Zeighami et al., 204dyever, he useof

discrete data poinfsails to describéhe entire waveformAppropriate statistical techniques
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are therefore needed to manage thagee and complex formsf data, albwing for the

integration of biomechanics into applied contexts

Functional Data Analysis (FDA) can heed to expredanematic waveformarising from
time-seriesdata, as functionwhich can then be analysed usmglivariate data analysis
(PCA, ttess). This has advantages over conventional multivariate statistical naxlalks
data points are representayglfunctiors andare alloved to correlate with each other
(Warmenhoven et al., 2019urthermore, FDAas the ability taletect differences
between groupdgifferenceghat ist over time,andthe magnitude and eaningfulness of

these difference@ark et al 2017; Warmenhoven et al., 2017)

One particular FDA model of interest is bivariate principal component analysis (bfPCA).
Similar to traditional principal component analysis, bfPCA uses dimension reduction to
characterise the maiowrces of variabily within a datasefWarmenhoven et al., 2019a)
However, this analys is unique, in tht it permits a better understanding of the interaction
between different pairings of 6DOF variables (eg. angle vs flexion or displacement vs flexion)
for different participantsbfPCA also provides variousptions for visualisation dfifferences
betweenindividuals forthe different kinematic pairingdvarmenhoven et al2019a) Each
kinematicvariable can be displayed independently relative to time, or relatarmtoer
variablein the form of angleangle diagraméHarrison et al., 2007}t is particularly useful
for deep knee flexion where there is not a common end point and therefore cannot be
normalised to 100% of cycle which is typically seen in gait anafip@tuzio & Astephen,

2007; Harding et al., 2012)

To accurately generatebP CA model, a number dfteps are requirethitially, both
variables of interestiere temporarilynormalised to 100% of the movement cycle in order to

give all waveform in th dataset the same amount of data pokitgife3-23- middle). An

70



initial moving median filter was passed over both datasets to remove anypitsy Figure
3-23 right). These two sets of curvegerethen estimated as separate functions containing
100points using a 4th orddB-splines. The Bsdines further smooth the curves by adding a
roughness penalty to the fitting procedure. The roughness penalty term ensures that the
smoothness of each fitted cumvascontrolled, and this was achieved by minimising t

penalised residd sum of squarestri®.

Sl Position - Unfiltered S Translation s Median Filtered SI

5 7 " 2 ! '
3 0 40 e 8 10 20 140 160 O oA W@ oW o W e ! 0w m w8 e @ & 9 1
Movement Cycle (%) .
Movement Cycle (frame) Mavement Cycle (%)

Floxion . Unfiltored Floxion Median Filtered Flexion

Flexion (deg)

n . s . n n . .
L " . : g yclo (%) [} 0 22 30 4 s 6 7 80 %
] 20 40 50 80 100 120 140 160 Movement Cyclo (%)

Movement Cycle (frame)

Figure3-23. Representativkinematic waveforms of kneeling

Superiofinferior position (top) and Flexion (bottom) graphs as a function of time. lagit:
data uanormalised (represented per frame); Middle: raw data normalised to 100% of

movement cycle; Right: smoothed with moving medial filter

Once normalisation and smoothing of data has taken plaegidbe functional principal
componentsi{fPCs)were calculated byaking thefirst and second functiorend
concatenating them into a compoditaction(Warmenhoven et al., 20198 covariance
functionwasthen derived fothis composite function, with a standard PCA process being

applied to this composite function. Similar to conventional PCA, the scores or weights
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retained for each bfPwere obtained foeach bivariate function. Additionallyhe bivariate
functions representing eabfPCwerereconstructed for visual inspectiontbekinematic
characteristicand variability (Figure3-24). Findly, the exported B weights can be used
with traditional multivariate data analysatisticancluding groupclassificationsand

random forestegressions.
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Figure3-24: Representative bfPCA analysis.

bfPC1 can be visualed with each variable independently (A and B). Here, positive sc
are indicated by the 6+6 116i de nien il ue,
visualised with both variables concurrently (C), where variabilityachdéfPC is indicad
by the direction and size of the arrows away from the mean profile in each graph. In
profile the mean profile is plotted in solid black and the magnitudesofdhability within
bfPC1 has been scaled using a constant equialert 2 SD of the bfPC scores. Note:

Sl= Superiofinterior translation measured in mm

3.5 Statistical Analysis

Regression analyses were performed to answer the questions posed in this thesis: A logistic
regression model estimated the likelihoodbohyshape distinguishingpetween OA and

healthy knees (Studyne; Random Forest Regression models were used to ptieic

influence ofbonyknee shape on kneeling kinematics (Sttwly) and; linear regression

models were developed within a detailed analysis pb compare thefterences in kneeling
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kinematics as a function of implant design (Sttalyr). These techniges are described

below.

3.5.1 Logistic Regression (ChaptetFour)

A binary logistic regression model was used to determine the shape parametetsaeshich
discriminatedbetween OA antiealthyknees inchapterfour. Logistic regression is used to
model the probalty that a given set of data fall into a certain binary class/groapdA vs
healthy. This is accomplished by creating a logit functiomgsnaximum likelitood
estimation to predict group membershipe model constructed for this study included Gvo
(OA andhealthy as the dependent variabénape modesthe independent variable and
BMI, sexand ageas covariates. Shapeincipal compoents(modes) wereddedin aforward
stepwise fashion until there was no more statistically significant imprewemthe fit of the
model. Principal componenisiodeswhich best distinguished between OA drealthy

shapes, along with their correspondaugfficients and @ds ratios, were reported.

3.5.2 Random Forest Modelling (ChapterFive)

Random forest regression delling was used to determine which bony shapes could predict
kinematics inChapterfive. Randonforest regression is a type of supervised nreclgarning

based a multiple decision treg®Breiman, 2001 Each tree wasreated by selecting a subset

of the input parameters and running them through a decision tree to obtain a prediction for
each sample. This process was repeated 100 times using differems sidlbise data to

generate a forest. Bysingthis procedure, ckdd bagging, different treese assigned

different training parameter sets. This process is unbiased as the prediction for each sample is
based on trees built on trees which do not conteihdample (oubf-bag error). If a feature

has poor predictivelality it will not appear in any nodes of the trees comprising the forest.

However, if a feature is highly predictive it will not only appear in several trees, but will also
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have a tendencytappear in nodes that are more close todbe iThe final prertted
regression value is obtained by averaging the regression values of all of the random trees
(Breiman, 2001)Predicted values are compared to actual values to determine prediction

error.

In this thesis, tibiofemoral shape modes, group, BMIsexdwere included as predictors in

all the raadom forest model$Separate models were created to predict the normalised weights
for alll ki nematic bfPCA models as well as
assessed by partitioning the data itméaning (70%), validation (15%) and testirib@o)

datasets. Thespercentages were selected to produce a stable model and one that would not
overfit the data. The training dataseds used for initial fitting of the parameters in the model.
The validationdatasetvas used for evaluating the fit ofdtiraining model ahto tune the
parameters in the model. Finally, the testing dataasstused to evaluate the final fit of the
model. Results for each model were reported in terms of predictor importanagpmar
explained by the model @R correlatims between prediadeand actual data, reatean

squared error (RMSE) and normalised RMSE (NRMSE). NRMSE was defined as RMSE
divided by the difference between the maximum and minimum observed aallespresse

as a percentage. Finally, associations betwmportant shapgredictors and kinematics were

visualised using scatterplots with associatéaatues.

3.5.3 Randomised Clinical Trial Statistical Plan (Chapter Six)

A detailed statistical analysis plan to addrése aims of chaptsix was completed pridio
analysis of th&kCT in order that a blinded analysis could be undertakenndependent
statistician (Dr Teresa Neeman PhD) blinded to the group assignments performed all of the
analyses. All analyses wetarried out using the Intaoh-to-Treat pringple using two year

follow-up data where it was available and if nobeyear data were brought forward.
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3.5.3.1 Description of Dataset

Each kinematic variable was expressed as a function of knee flexiomicr&hents. This

was achieved by calculating the medrall values witin data bins at 90°, 95°, 100°, 105°,

110°, 115°, 120°, 125°, 130°, 135°, 140° of knee flexion. The bins surrounded the flexion
value by £2.8. For example, data from between 112.5113.5° flexion was used to

calculate the mean valwé a kinematic vagble described at 115° of flexion. The range of

each of the kinematic variables was calculated as the difference from the mean 90° value and

maximal flexion.

3.5.3.2 Data Extrapolation

Therewere 36 participants who did not start the kneelasl tat 90° of kne#lexion and so
backward extrapolation of this missing kinematic data was required to have a dataset that
could be compared. This was achieved using the travelling salesman problenalgisiEhm
(Lawler et al., 1985)This algorithm used the kinematic curves with complete datac(rves
which contained kinematic values starting at 90°) to predict the migaines at 5° flexion
intervals for the curves thatere missing datdriefly, the TSP algorithm achieves the most
likely interpolation of the missing data by determining the best fit for thed#dieient curve
within the dataset. The TSP algorithmezgsally orders the curves using least to greatest
differences in roetmeansquared errors (RMSE) and then the missing data can be imputed

from the curves which are most similar.

A leaveoneout (LOO) crossvalidation was performed to assess the abilitthe TSP

algorithm to predict the kinematic valuessonew participanfrom outside of the training set.

In each of the iterations, one curve containing complete data for one participant was left out
from the development model. The model, based on thairgng curves, was then used to

predict the kinemativalues for the fe-out participant. Separate TSP algorithms were
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performed for each variable. Results for each TSP model, comparing the actual and predicted
data, were reported in terms of RMSE fan&rementally increasing intervals starting at 90°
to 124°(Table3-4).

Table3-4: Prediction errors from the Travelling Salesman Problem

Algorithm for 5 missing flexion intervals from 9CErrors are reported as rewieansquare error

(RMSE). The numbeof participants who were missing data in each interval are reported

Flexion Abductiorn+ Internat Superior . Anterior
Number of . . Mediolateral .
Interval Participants Adduction External Inferior Position (mm) Posterior
Missing (°) P () Rotation (°) Position (mm) Position (mm)
5 14 0.30 0.58 0.42 0.33 0.80
10 11 0.35 0.68 0.4 0.42 1.30
15 8 0.40 0.95 0.39 0.63 1.17
20 1 0.48 1.42 0.48 0.75 1.17
25 1 0.64 1.40 0.70 0.87 1.31

3.5.3.3 Baseline and Demographic Data

Continuous baseline demographic d@ge, body mass, fyht, BMI) as well as baseline
PROMS(Oxford Knee Score, VAS Pain) were summarigsshgmeans and SD for each
randomised group. Categorical baseline data (sex, operated side) were summarised using
frequencies and percentages within eactldomised grouBaseline data were summarised

in tabular form.

3.5.3.4 Statistical analysis of Primary and Secondary Outcomes

All analyses were carried out using the statistical software package R v3.6.1 (R Development
CoreTeam, 2019). Mean kinematic rangestfte sixdegree ofreedom(including flexion),
kinematics at maximal flexion, VAS Pain, VAS satisfaction and Oxford Knee Scores were
compared between the three groups using linear regression modéisf(ihetion inR),

adjusting for BMI, sex and agA.linear regressiors one of the most common statistical
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tools available and is used to understantefeis a relationship between two or more
variables. Specifically, it issed to determine the strengthalinear relationship between a
continuous dpendent variable ¥nean kinematic ranggand one or more independent
variables X (group, BMI, age, sedBased on the results of these models, the adjusted means
and confidene intervals were reported. Thevplue indicating evidence for overall group
differences was repted @novafunction in R). Poshoc pairwise comparisons were made to

test for difference between group using the Tukey metbiwaneansunction in R).

Average positional kinematics at 10tervals were compared between the threeggasing

a mixed efect linear regression (thmerfunction in the ImerTest package in R), with
flexion*Group, BMI, sex and age as fixed effects and subject ID as the randerh Aff

mixed effect linear regression is an extension of linear regressiah atows both fixd and
random effects to be modelled. This type of regression is particularly useful when there is
nonrindependence in the datee(irepeated measure data)sBd on the results of these
models, the adjusted means and confidence inteweile reported. Ehp-valueg indicating
evidence for overall group difference@gas reportedgnovafunction in R). We also indicated,
where relevant, whether the group effegpended upon the flexion angle (group by flexion
interaction). Poshoc pairwse comparisons weraade to test for difference between group

using the Tukey metho@ihmeans$unction in R).
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4 Statistical Shape M odelling RevealsL arge andDistinct
Subchondral Bony Differences inOsteoarthritic Knees
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FIRST STUDY

4.1 Abstract

Knee osteoarthritis (OA) results in changes sugbiasspacenarrowing and osteophyte
formation. Radiographic classification systems group patients by the presence or absence of
thesegross anatomical &uresbut are poorly correlated to function. Statistishhpe

modelling (SSM) can detect subtle differences int&de geometry, providing an

opportunity for accurate predictive models. The aim of this study was to describe and/quantif
the main modes afhapevariation which distinguish erstage OA fronhealthyknees.

Seventysix patients with OA and 77 control participants received a CT of their knee. 3D
models of the joint were created by manual segmentation. A template meshiegdats fail
meshes ad rigidly aligned resulting in a set of correspondent meshes. Principal Component
Analysis (PCA) was performed to create the SSM. Logistic regression was performed on the
PCA weights to distinguish morphological features of the twopgotihe first 7 moes of

the SSM captured >90% shape variation with 6 modes best distinguishing between OA and
healthyknees. OA knees displayed scioondral bone expansion particularly in the condyles
and posterior medial tibial plateau of up to 10 mne Todel classifiethe twogroups with

95% accuracy, 96% sensitivity, 94% specificity, and 97% AUC. There were distinct features
which differentiated OA fronmealthyknees. Further research will elucidate how magnitude

and location of shape changes inkhee influence clical ard functional outcomes.
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4.2 Introduction

Osteoarthritis (OA) is diseaséhat involveghe breakdown of cartilage and underlying bone
resulting in pain andlteredjoint dysfunction(Arthritis Australia, 2014; Australian
Commission on Safety and Quality in Health Care, 20ih7Australig OA is estimated to
affect 8.26 (over 2 million)of the population and costs Australia over $3.2 billion per year
(Arthritis Australia, 2014)The response to thiseasdnas been an increasetotal knee
replacemen{TKR) which, given the projecteincrease in avege population age and

obesity, is likely to bcome financially unsustainatl&bhishek & Doherty, 20130utcomes

of TKR are variable, with up to 20% of patients reporting dissatisfaction following their
operation(Bourne et b, 2010) Therefae, the importance of deepening our understanding of
OA and the role of joint replacement versiiser interventiong disease progression and

amelioration has beconmeoreurgent

Bony knee shape ishanged in OA but clinical imagingth is not well caelated with pain
and function(Barr et al., 2015)The clinical diagnosis afsteoarthritiscan be made from the
history, symptomandsigns alon€Abhishek & Doherty, 2013)ut the severity of the
diseasas commonly determinefilom visualisng tissue morpholgic changes on imaging
(van Manen et al., 2012Bone is normally imaged witBD plain xray (Kellgren &
Lawrence, 1957or computed tomography (CTChan et al., 1992yhile Magnetic
Resonance Imaging (MRIB also used to help clinicians assgsH tissue damagend further
understand the degree of disease sev@iimter et al., 2011)The appearance of an
osteoarthritic knee is highly variable with differing amounts of condylar squ@faidbank,
1948) tibial flattening and widenin¢Ding et al., 2007)joint space narrowing, and
osteophyte formatiofKellgren & Lawrence, 1957hese changes giwachosteoarthritic
knee its own uniqubonyshape However, people with OA knee gent with different levels

of pain and functional limitation regardless of their imaging findifitymter et al., 2013)t
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Is probable that simple visual inspectmirclinical imagirg is insufficient to detect the subtle
changes associated with pain and dysfunctialvafihcemergtin both medical imaging and
computationamodellingallow for analysis othe entire shape of joinis a way thatlinical
imagingassessentscannot. Thesechniques offer an avenue for objectively classifying

shape due to OA in order to evaluate associations with symptoms and progression.

Statistical Shape Modelling (SSM) preciseharacterisesomplex shapes by grouping
coincident shag parameters usirgrincipal Component Analysis (PCA). PCA decomposes
shapes into a set of discrete components, or modes, which describes the main \k&yfs in w
the shape varies across the populaf@ootes et al., 1992; Dreth & Mardia, 1998)The
modes can then be compared to detect what shape features are diftereahlm®horts
(Agricola & al., 2015; Pavloa et al., 2017; Schneider et al., 2015, 20A8ditionally, SSM
allows for the analysis of specific associations between regionahayatad parameters such
as kinematiceind joint contact mechani¢Schneider eal., 2017) which areknownto be
affected by OA. This method differs from current clinical measwent strategiessloause it is
not limited bya priori assumptions and systems. Instead, the patterns and relaticarghips
permitted toemerge from the da. In this way associations between shape and other

important determinants of function and wellneas be interrogate

Bone $iapehas been found to differentiate between OA and healthy knees, but 3D regional
anatomical differences have not been systematically explored. Research describing changes in
the knee using SSM have identified whole ja@nbdiondral boneshapeas a possible

biomarker for differentiating between healthy and osteoarthritic kiB=as et al., 2016;

Bredbenner et al., 2010; Haverkamplet2011; Neogi et al., 20L.3Bredbenneet al.

conducted a landmark study using a longitudinal image database which demonstrated that
people with OA knees had observable shape characteristics prior to symptom development.

These includea slight expansn of the posterior and distal condylar surfaces and spreading
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and depression of the tibial plate&urther, Bredbennest al. quantified the magnitude of

these changes using SSM. This study was crucial because it demonstrated that shape is an
importantfactor in the development of OA. Other researchers have proceeded to identify
specific shape characteristics of symptomatic OA krigescifically, the femur displays
widening and flattening of the femoral condyle, expansion around the cartilage plate and
narrowing of the intercondylar not¢Barr et al., 2016; Bowes et al., 2015; Neogi et al.,

2013) The tibiais described as havilgn fiel evat edo | ater al pl at ea
between tibial spinegnd increase in bone area most prominent alomgahmeter of the
bone(Bowes et al., 2015; Haverkamp et al., 20)hough the tibidhas beemlescribed as
undergoing uniform changeis OA (Barr et al., 2016)these claims are apparently
unsubstantiated with actual dawhile we know thabonyshape differentiates the OA knee
from thehealthyknee(Barr et al., 2016; Haverkamp et al., 2011; Neogi, 2012; Neogi et al.,
2013; Shepstone et a2001) we don 6t hyegdnal &natamic featlras are the

most important when differentiatirendstageOA from healthy Nor do we know the

magnitude of these changd$erefore, lhe aim of this study was to descriéned quantifythe

main moas of shape variationhich distinglishendstage OAfrom age and sexsimilar

healthyknees

4.3 Participants and M ethods

4.3.1 Participants

The participants in this study were recruited as part of a larger randomised controlled trial of
knee replacement designghwvage and sexsimilar healthycontrol participants
(ISRCTN750767489 TheOA group included 7@atientswho were awaiting KR for OA.

Thehealthygroup (N=77)were included if they were pain free with no history of lower limb
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pathology Participants included 52% and 56% females inhithy and OA group,
respectively and were similar in age (mean 67.6 and 66.8 years, respecliablgy{1). All
participants provided ktten consenéind ethics approval was granted by the Australian
Capital Territory Health anthe Australian National University human research ethics

commitees.

Table4-1: Patient Demographics for Statistical Shape Modelling

Participant characteristics Healthy Osteoatrthritis

N 77 76

Age (years) 67.6+10.81 66.8+9.17
Number of females (%) 40 (52%) 43 (56%)
Left Sided Knee$% L) 36 (47%) 36 (47%)

N by KL Grade: 01-2-3-4 3530-9-3-1 0-0-1-23-52
Height (cm) 167.8+9.73 169.3+9.74
Weight (kg) 70.2+12.78 89.2+19.04
BMI (kg.n?) 24.9+3.85 31.0+5.37

Note. KLT Kellgren Lawrence grade; BMIBody Mass Index

4.3.2 Data Collection

Participants received a 3Bpiral CT scan (Toshiba Medical Systeses, a wa r aqgfthel a p an
kneewith a field of view of at least 150mm above and below the tibiofemoral jointTime.

OA knees were selected based on which knee was being operated on. If the surgery was a
bilateral TKR, then the participant selected their worst knee. The side usedaalthg

group was matched to the OA gro@ice thickness was 1mm with a resolution of 512 x 512

voxels with spatial dimensions 0.62%.625 x 0.5 and 16 bits/pixel.

4.3.3 Image processing
The femur and tibia were isolated from tB& scan images by manuabseertation using

customsoftware (Orthovis v4 Matlab, The Mathworks, Inc., Natick, M¥ganual
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segmentation is more precise that automatic because it allows the operator to include
individual features like osteophytdstra- and iner-rater variation®f the calculated volumes

for the femur were 0.99 and 0.84, and for the tibia 0.98 and@spéctively. Three

dimensional coordinate systems for the femur and tibia were established using standard
referencing convention defined by Grood and Suf@&pod & Suntay, 1983)0rthogonal
references frames were aslished based on individual anatomical locations for each tibia and
femur in the dataset. Origins were set for the femur at the most proximal point of the

intercondylar notch and, for the tibia, at the fpmint of the tibial spines.

Following axs seledbn, each model was cropped to allow proportional sizing. Using the
anterior/posterior projection of the CT, the femur was cropped at 1.5X the distance from the
distal femoral condyles to the adductor tubercle. The tibia was cropped 1.5X the distance
from themost proximal aspect of the tibial spine to the most inferior point of theisupe
tibiofibular joint (Figure4-1). Corresponding femurs and tibias were recombined using a
custom Matlab script to create a tibiofemoral joint fazteparticipant. The tibia and femur

were not considered separately becadigberr shape calependence/ariations in alignment
were controlled for by aligning the femur and tibial meshes so that their axes were orientated
at zero degrees of rotation amanslation. The 3D models were exported as meshed surfaces.
Knee models werdown sampled to 30,000 vertices, ambothedising alL apgacianfilter
(MeshLab 2016.12, http://meshlaburceforge.netfor consistencygfft-side meshes were
mirrored so theyppeared as rigtsided. These combined tibiofemoral meshes were used in
the SSM for consistencyMeshes from both osteoarthritic ahealthygroups were combined

in order to create one SSM.
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Figure4-1: Cropping locations for femur and tibia.
The tibia was cropped at tkaperior tibiofibular joint (*) and the femur was

cropped at the adductor tubercle (*)

4.3.4 Statistical Shape Model Generation

The technique implemented for this study was based on preveth®ds(Schneider et al.,
2015; Zhang etla 2014) Firstly, atemplate mesh was created using a serieadidrbasis
functions to parameterise the tibiofemoral jdighang et al., 2018Y his template was based
on a single mesh from one knee in the datdses template wagerativelyfit with a series

of coarse to fine fits to atheshes in the datat which resulted irmaximum correspondence
between meshes. Corresponding meshes were then rigidly aligpiegl a partial Procrustes
analysis whichminimised the leassquared distances of cesponding point§Gower, 1975)

This allowed for only the sha@ad scalingariability to be includedh the model.

PrincipalComponent Analysis (PCA) was then run on the nodal coordinates of the aligned
meshes to create a shape MoBEA is used for dimension reductiavhich allows any shape
in the datasebto be approximated as the sum of the mean stigahes the weighted sum of

the principal componen®s(Heimann & Meinzer, 2009; Schneider et al., 2015)
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Wheret is the number of principal components needed to explain 90% tdttievariation
in the populationTherefore, the shape of each bone was describéghbgcipal component
(PC) weightsy, wherey arethe amount bvariation along an individual principal

component

Following visual inspection of each mesh to ensure the basic shape was corrdtihghe fi

process was repeated using the mean shape as thaterirollowing this, the fitting process

was further refined for individual shape differences by incorporating PCA fitting using the
previous statistical shape model generated from the data#igs imay, the shape model was
optimised bypropagating fting correspondence across ttaaset tomRMS error of 0.89

mm. A final PCA was performed to generate a statistical shape model which generated the PC
weights used in the subsequent analye. tibiofemoral PC wights were extracted for each
subjectfrom each shape modialr logistic regressiorMode weights were normakd to z

scores for consistency and outliers were truncated to 2.5 SD.

4.3.5 Statistics

Binary logistic regression modahg was usé to determinghe shape parameters which best
discriminaed betwee®A andhealthyknees (SPSS v25PSS Inc., Chicago, IllingisThe
model included BMIsexand age. The model added principal components in a stepwise
fashion untilthere was no more statistically significant improvement of the fit of the model
Principal componentahich best distinguished between OA drehlthyshapes, along with
their correponding coefficients and odds ratios, were reported. Pointwise distances were
calculated and visualised to compare anatomical differences between trstrreted mean

OA and mearhealthyknees. Furthermore, pointwise distances were also calculatee for th
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reconstructed principal components which best distinguished between Owaitid; These
differences were reported as plus and minus 2 standard desiati@y from the mean shape
and expressed in millimetres (mm) and percentages in order to quaatdiffédrences

between OA andtealthyfor the entire population.

The effectiveness of the SSM to distinguish between OAhaatthyknees was evaluated
using a leaveoneout cross validation to generate aueaer thaeceiver operator
characteristicROC) curve (AUC),with sensitivity, specificy, classification accuracy, and
positive and negative likelihood ratitBM SPSS Modeller for Windows, version 281BM

Corp., Armonk, N.Y., USA

4.4 Results

The first seven principal components of the combinedstage OA andhealthySSM
accounted for 90% of the total variance in knee joint morpholemgyue4-2). The variation
explainedn the entire moddby each mode ranged from 77.04% for modeto 1.23% for
mode 7 As expected, since we did not control for scalingdmone explained theometic

sizing component of the mod@redbenner et al., 201 Schneider et al., 2018)
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Figure4-2: Individual andcumulative variation explained by the statistical

shape model

Logistic regression results showed thatombination of BMI and todesof variation
significantly distinguisted between OA andiealthyjoints (p<0.05).Table4-2 describes the
odds ratios for significant predictoiBhe modebisplayed a leaveneout accuracy of
94.8% 96.0% sensitivity, 93.7% specificity, 97.0 area under ROC curve, pbdiive
likelihood ratio, and 0.0degativelikelihood rato.

Table4-2: Logistic Regression output
Modes of shape variation which significantly differentiate OA flaalthygroups

Mean + Standard Deviation

Healthy(n=77) OA (n=76)  Coefficient OR (95% CI) Sig Ouitliers
BMI 249+ 3.85 31.0+5.37 0.42 1.5(1.1, 2.0) 0.01 5
Mode 1 -0.22+0.92 0.23+1.04 2.39 10.9 (2.2,53.1) p<0.001 4
Mode 2 -0.49 + 0.68 0.49 +1.03 6.01 405.8 (14.7,11205.3° p<0.001 4
Mode 5 -0.42+0.82 0.43+0.99 4.69 108.9 (7.6, 154.7)  p<0.001 4
Mode 6 -0.34+0.79 0.34+1.07 4.24 69.2 (5.6, 860.0) p<0.001 3
Constant - - -9.58 - 0.02 -

Note. OR = odds ratio; CI = confidence interval; Sig = p values of individual predictors
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A comparison of the mean differences between OAheadthyknees provided a summary of
the modal differences. Theseludel expansion othefemoral cartilage platextending
anteriorly,medialy and laterally Figure4-3). Pcsteriorly, there waa large area of bony
expansion otthe proximal femoral condyle approximatglyhich equated to an increase of
approximately 5 mm (115%) heightcompared tdealthyknees On the tibial surface, both
medial and lateral plateaus appslightly depressednd herewas an area of bony
expansion on the medial aspect of the tibia extending posteaodimishing in atubercle

on the posterior medial plateadnich was 3mm larger in the OA knee comparehlealthy

10mm
Smm
Omm
-4mm

-8mm

Figure4-3: Pointwise diferences in surface geometry of the reconstructed +@#an
knee relative to meahnealthyknees.
Left: anterior view; right: posteriesuperior view. Knees displayed as right sided.

Heat map idicates the extent of the variation in the local anatomy. Mdidiel=
Lateral

Mode 2 described 3.48% of the anatomicalateon within the modelVisually, this

component represeattlargeregional differences ithe anterior femoral cartilage plate
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extendingposteriorly along the medial and lateral bord€&igifre4-4c). Posteriorly this
mode describedn area bbony expansion on the medial condyle resulting reduced
intercondylar fosséFigure4-4d). Tibial differencesncluded expansion of the posterior
medial aspect of the tibial borderausing narrowing of thgosterior intercondylar fossa
(Figure4-4b). Finally, mode 2 described a regionexpansiorwithin the proximal

tibiofibular joint (Figure4-4a).

Mode 5explainedl.64% of the anatomical variation and describleanges in thaeight of
thetibial plateau and spisgFigure4-5a); and a region of large bgrexpansion on the
proximal aspect of the posterior medial condylech differed10mm fromhealthyfemurs

(Figure4-5b).

M
Figure4-4: Pointwise differences in surface geometry of OA knees relatiedbhyknees

using mode 2 weightings
a) poster view of tibia; b) anterior medial view of tibia; ®moral articular surface view
d) posterior view of femur. Heat map indicates the extent of the variation in the local
anatomy measured at plus and minus two standard deviations away from the rpean ¢

for the population. M= Medial; L= Lateral
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Mode 6 (.45% explained variancdgscriled uniquébonyshape differences between OA
and healthyknees Specifically, the most prominent featwasatubercleon the perimeter of
the posterior medial tibiallgteau(Figure4-5c). Furtherdifferencesvere detectedithin the
medial femoral cartilage plate and on the mkdspect of the lateral femoral condgffégure

4-5d),

10mm

Smm

Omm

-4mm

-8mm

Figure4-5: Pointwise differences in surface geometry of OA knees relatiieathy
knees for mode 5 (upper) and mode 6 (lower).

a) posterior view of tibia; b) posterior femur; c) posterior view of tibia; d) posterior
medial view of femurKnees displayed as right sided. Heat map indicates the extel
the variation in the local anatgnmeasured at plus and minus two standard deviatic

away from the mean shape for the population. M= Medial; L= Lateral

4.5 Discussion

The purpose of this stydvas toidentify unique bony shape features which distinguish
between endtage OA andhealthyknees using statistical shape modell{8&M). This is the

first study to quantify the extent of the bony changes which occur istege OA knee. The
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main finding wasthat OA knees displayed bony expansion at the edges of the OA tibial and
femoral cartilage plateshich were up to 10 mm (190%) larger thHagalthycontrols Figure

4-4). Furthermore, we found a posteredial tibial tubecle that was 6 mm (115%) larger
thanhealthytibias Figure4-5c) with a correspondingosteriormedial condylaexpansion

which was up to 10 mm (190%) larger tHaealthyfemurs (Figure 5b). This may explain the
difficulty peoplewith OA knee have in achieving full flexion. Additionallyeviound that

shape features captured by the model could distinguish behed#éry and OA knee shapes
with an accuracy of 94%. Finally, mmbining the shape model with logistic regression

allowed for the identification of the different shape arrays which characterise OA knees.

There are a numberf femoral features which distinghi©A from healthyshapes. These
featuresareregions of boy expansionpwith pointwise differences afp to10 mm (19%),
extending throughout the femoral cartilage plate andetmeralborders. Specifically, these
changes were the greatest anteriarigdially,and on the proximal aspect of the posterior
medial condyleWhile these changes are similathose reported the literatureour study

is the first to quantifithe potential extent of bony expansion betw&sh andhealthyknees

(Barr et al., 2016Bowes et al., 2015; Neogi et al., 2018} ditionally, there is reduced space
within theintercondylamotch whichis caused by the expansion of the bone on the medial
and lateral condgls of the femurSeveral studies have reported similar changéseto
intercondylar notch in OA knees noting the increased presence of osteophytes seen on MRI
(Chen et al., 2016; Sasho et al., 2017; Shepstone et al., EGaidning of the posterior

femoral condyles, p#cularly the lateral condyle, was observed indicating increased levels of
bone remodellingMatsuda et al., 2004Therefore, the distal femur in our OA cohort was
characterised by significant cartimglate expansion, a reduced intercondylar notch and

flattened condyles.
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The tibia demonstratkts own distinct pattern of osteoarthcithangesMode 6 describes a
large bonytubercleon the posteriemedial plateau of the osteoarthritic tibia which idéss

by up to 6 mm (115%) larger thawealthyknees.This tuberclehas been reportezhly once
previouslywhenNeogi observed it as past an SSMbut did not comment on its significance
(Neogi et al., 2013)The fact that it is not commonly reported in relation to OA knee shape is
perplexing but may be due to it being occluded on Z2Byxormissed in MRI slice selection.
This tubercle appears to lie under the posterior horn of the medial meniscus. Thausnienis
regularly reported as torn in patients undergoing a TKR and the subchbadeathanges

are possibly a result of increased lewdlsontact stresses which are seen in the medial
compartmen{Thambyah et al., 2005)odes 2 and 5 describe chang@s$he anterior,
medial,andposterior bordersf the poximal tibia Previous studies repaahoverall increase
in crosssectional area of an osteoarthritic tilpgdteau(Barr et al., 204; Wang et al., 2005;
Wiluka et al., 2005)Our studyprovides much more specific data andicates thatthe

expansion is nah the overall size, but is caused by some distinct regional changes.

The parameter within the model which explained the masation in the SSM was mode 1

and was knee size. Additionally, OA knees were slightly largertiealthy This finding has

been described previously where OA knee size was found to significantly increase over 12
months(Hudelmaier & Wirth, 2016)The authors suggested that increased BMI might be the

driver for this incease in knee size. BMI was also a significant distinguishing factor in our

model. This was expected due to the fact that the @Amwas heavier and increased weight

is a known risk factor for knee OA. tkd t hough
i ncrease in size in the OA group given that

it is possible that the increa size is a result of the difference in BMI between the groups.

The interplay between femoral and tibial geometay play arole intibiofemoral kinematics

(Freeman & Pinskerova, 2005; Pinskerova et al., 2009; Smoger et al., @8tds)arthritis
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changes kinematics, specifigafemoral roll backand thdoss of terminal flexiorfScarvell et
al., 2018) There are corresponding areas within the posterior femur and tibia which impinge
during deep flexion in normal kneg@sildirim et al., 2007) In OA knees, limigd flexion and
difficulty kneeling is commoriSteultjens et al., 2000)n this studythe bory expansion on

the proximal aspect of the posterior medial condgimbined with the toercle on the

posterior medial tibianaybe the cause gfremature bony contaand loss of deep flexion in
OA. Anothercommon kinematic alteration in OA is increased knee varus thrust during gait
(Bytyqi et al, 2014, Foroughi et al., 20Q9)he cartilage plate expansion observed on the
medial aspects of the femur and tibia Bkely to be associated with varus thrust and the
altered loading environment that occurs during BAand & Claes, 1989; Isaacson & Brotto,
2014) The findings of this study will allow the examination of the associations between
specific shape changes and functional desficihese analyses have not previously been

performed.

The ability of SSM to discriminate the gross and subtle geometric differences between OA
andhealthyknees potentially make it an effective predictive and diagnostic tool. Effective
clinical decision making with respect to when operative intervention grapriate is an

imprecise art. TKR are increasingly being performed but there is an appetite to exhaust other
measures prior to this definitive treatment. SSM offers the opportunity for identificdtion

OA featuresmonitoringprogressionand response tierapies. This concept has been

proposed previously by Bredbesmret al.They identified subtle features in knees which
proceeded t o OA c o mBedbentherétal, 2010hesfeatutehr at di dno
included a slight expansion of the posterior and distal condylar surfaces and spreading and
depression of the tibial plateau. We found morgitale and extensive differences, for

example expansiors up to 10 mm (190%) around the cartilage plates and the development

of tibial tubercle of which was up to 6 mm (115%) in size. These findings may be important
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in discriminating between patients whray respond favourably to rehabilitation programs
and hose who do noEnd-stage OA implies awaiting a knee replacement and yet there are
nonsurgical strategies for ameliorating knee pain in severe OA(Steri et al., 2015)Skou

et al. demostrated that 25% of patients removed themselves frerw#iting list following a
strengthening and education progrdinms possible that the 25% did not demonstrate such
extensive change in particular features making them more amenablesargaral

treatment. Clearly this requires further investigatioimereforethe data presented in this
study further advances our understanding about the bony changes that occur in the

osteoarthritic knee

The results of this study should be interpreted in the dghis limitations. The cohorts
included were distinggl different. One group had no knee symptoms and the other included
people awaiting knee replacement. Although there was variation in terms of Kellgren
Lawrence (KL) grade within each group, the midgilades (2 and 3) were sparsely populated
(Table4-1). Although the polarity of the participants was useful in illustrating the degree of
the shape deviation in OA, future studies would benefit from analyzing the shapedsviat
aaoss the OA spectrunthe healthygroupcontained participantsvho had radiographic

OA. However, we were interested in the shapbezlthyknees versus OA. An interesting
future study might b&o examine the differences between symptomegitealthyOA. We

did not include the patella in thssudy,and it is possible that patella shape may have
influenced the shape changes in the trochlear region of the fEmally, individual patient
specfic osteophytes argkely notincluded in these analysdaeto their heterogeneous

nature Since theSSM caturesareas of high variability in descending order, the osteophytes

will only appear in thédower order modewhere the variation is very sma#1% explained)

In conclusionthe novel contribution of th study lies in the identification and quantification

of the changes that occur in knees due to E#ape changes in osteoarthritic &edlthy
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knees weraccurately captured and classified witinode=f variation.Using logistic
regressionuniqueshae arraysdifferentiatel OA from healthyknees.The shape variation
models described may provide a sensitive predictive tool for use in surgical asdrgmal
decision making. Further studiedivelucidate how the knee shape arrays identified in this

study influence the disability related to knee OA.
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5 Shape isOnly a Weak Predictor of DeepKneeFlexion
Kinematics inHealthy and Osteoarthritic Knees

101



Statement of Contribution

This thesis is submitted as a Thesis by Compilation in accordance with

https://policies.anu.edu.au/ppl/document/ANUP 003405

| declare that the research presented in this Thesis represents original work that | carried out
during my candidature at the Australigational University, except for contributions to
multi-author papes incorporated in the Thesis where my contributions are specified in this

Statement of Contribution.

Title: Shape is only a weak predictor of deep knee flexion kinematics in healthy and

oskoarthritic knees

Authors: Lynch, Joseph T., Perriman, Dialf, Scarvell, Jennie M., Pickering, Mark R.,
Warmenhoven, John., Galvin, Catherine R., Neeman, Teresa., Besier, Thor F., Smith, Paul N

Publication outlet: Journal of Orthopaedic Research

Current status of paper Published

Contribution to paper: JTL: re®arch design, acquisition, analysis and interpretation of
data, drafting and critically revising the paper; DMP: research design, analysis and
interpretation of data, critically revising the pgp#MS.: research design, analysis and
interpretation of datadrafting and critically revising the paper; MRP: research design,
analysis and interpretation of data, critically revising the paper; JW: interpretation of data,
drafting and critically revisig the paper; C.R.G.: acquisition, analysis and interpretafion
data, drafting and critically revising the paper; TFB: interpretation of data, drafting and
critically revising the paper; TN: interpretation of data, drafting and critically revising the
paper; PNS: research design, interpretation of data, draftidgatically revising the paper.

All authors have read and approved the final submitted manuscript.

102


https://policies.anu.edu.au/ppl/document/ANUP_003405

Senior author or collaborating authors endorsement: g‘:/l

\« A

Joseph Lynch SNy 25/06/20

Candidatd Print Name Signature \J Date
Endorsed

Paul N Smith g:/l 25/06/20

Primary Supervisor Print Name Signature Date

Dr Diana Perriman d“”’”‘ /@\ 25/06/20

Delegated Authority Print Name Signature Date

103



SECOND STUDY

5.1 Context

This chapter examines the association leetwthe bony shapkescribed in chapter four and
kneeling kinematics. The preceding chagtescrbedthe shape of the knee using statistical
shape modelling and identified so@minentdifferences between osteoarthritic drehlthy
kneesShape of theihiofemoral joint 8 known to influence the mechanics of kimee,but
little is known about deep flexion activities. Our group recently repoiteziiatic
differencesdbetween OA antiealthykneeling(Galvin, 2019) Specifically, Galvin et al.
reportedreduced maximélexion, reduced anterieposerior translation and increed
superiofi inferior position in deep kneelirig OA kneeslt is possible that thedgnematic
differencesaretheresult ofalteredbony morphology. Specifically, tr@rresponohg regiors
of bony expansioin the posterior medial aspect of the femur and tigiscribed in the
previous chaptemightlead toearly impingement which prevent posterior translation and
cause levering in the knee as opposed to its typical roll backmment This chapter seeks to
test the association between the shape charactedstcsbedn chapter fouandthe

kinematics of kneeling.
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5.2 Abstract

Tibiofemoral shape influences knee kinematics but little is known about the effect of shape on
deep kne flexion kinenatics. The aim of this study was to examine the association between
tibiofemoral joint shape and kinematics during deep kneeling in patients with and without
osteoarthritis (OA). Sixty one helknéetOAYy part.
received a computed tomography (CT) of their knee. Participants completed full flexion
kneeling while being imaged using single pla
ki nematics were measured by statie@Tioadt €rDi ng a t h
dynamic fuoroscopic inages. Statistical shapeodellingand bivariate functional principal

component analysis (bfPCA) were used to describe variability in knee shape and kinematics,
respectivel y. Random f or est theabdityofshapetoon mode
predict kinematics controlling for body mass index, sex, and group. The first seven modes of

the shape model up to three modes of the bfPCAs captured more than 90% of the variation.

The ability of the random forest models to pre#tiocematics fom shape was low, with no

more than 50% of the variation being explained in any model. Furthermore, prediction errors

were high, ranging between 24.2% and 29.4% of the data. Variations in the bony morphology

of the tibiofemoral joint were wédy associateavith the kinematics of deep knee flexion.

The models only explained a small amount of variation in the data with high error rates

indicating that additional predictors need to be identified. These results contribute to the

clinical understading of kneek nemati cs and potentially the e

flexion total knee replacement design.

105



5.3 Introduction

Shape of the tibiofemoral joint is known to influence the mechanics of the agttal plane
geometry has been descritegicomprising threfemoral facets of differerftinction andradii
(patella, extension and flexion facetat interact with a flat medial and convex latéitagl
plateau(lwaki et al., 2000)Patientspecific variations ittheseradii influence tibiofemoral
anteriof posterior translationnternatexternal rotation, and the location of the most caudal
point on the femuin early to midflexion (Lansdown et al., 2017;nSoger et al., 2015)
Independently,an increased posterior condylar offseiaéitas beemssociated with greater
anteriorposterior translations; and a larger condylar tarsglehas been shown to resultan
more externally rotated tibia at heelilstr(Hoshino et al., 2012Recently, combined
statistical shapandmusculoskeletal modellingevealedhatalarger flatter meigl tibial
plateauvas associated with increased external rotation and anterior translation of the femur
on the tibia during gafClouthier et al., 2019However, these findingsxamined shape
function relationship normal cohorts. &r less is understoabout the shapfinction

relationship in patological groups, particularly osteoarthritis.

OsteoarthritiOA) results in bonyghapechanges in the knee. Statistical shape modefiasy

revealed specific and subtldferencedetween OA and healthy knees. Specifically,@#e

distalfemoral condyls are wider and flattethere isexpansiorof the cartilage platenargins
theintercondylar notclis narrowedandthere is generdlony expansioymost notably of the

poserior medial condyl€Barr et al., 2016; Lynch et al., 2019; Neogi et al., 20Tk)al

changes includmedial plateadlattening andvi deni n g, an fnel evatedo |
reduction in the space betwethietibial spinesandanincrease irthe bory prominencealong

themedial and posterior perimeter of the plat@arr et al., 2015; Lynch et al., 2019he

bony changeseen in OAmay contribute to the alterédhematicsreportedn osteoarthritic

patients Which of these changes is the most important in terms of influence on joint
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kinematics is not clear. Furthmore,research talate has examined shafumction
relationshiponly during gait and early flexiofClouthier et al., 2019; Lansdown et al., 2017;
Smoger et al., 2015T hese relabnships have not yet been explomeanore challenging

activitiesincluding kneeling and deep flexion

The ability to achievéull flexion is importanfor cultural and recreational taskraying,
kneeling, gardenmp and squatting requiraore than 120of loaded flexionMulholland &
Wyss, 2001; Weiss et al., 2002)d indivduals with knee OA find these activities to be
particularlychallenging People with OA typically haveeduced maximal knee flexi@nd
altered kinematipatterns when compared to their healthy counterparts, but these patterns are
variable(Scarvell et al., 2018; Steultjens et al., 20@Yep flexion occurs at the limit of
mation, and soft tissue factors are known to influence deep knee flexion kine(Katigston
& Acker, 2018; Zelle et al., 2007However, the articular shape idlgtiought to be
important in achieving maximal deep flexion. Indeed, total knee replacement design is
predicated on restoring normal shape in order to achieve optimal kine(#aesson et aj
2005; Zeller et al., 2017Yherefore, the variability in the kinematics of deep knee flexion

mightalso be the result of altered joint shape.

Optimal analysis of knee kinematics requires capture and comparison of the form as well as
the magnitude afhe movement being studiednee kinematics are complex and typically
described as either time seriesaogleangle waveformgPark et al., 2017; Warmenhoven et

al., 2019b) However standard analysis techniques describing and comparing knee
kinematics typically focusn pre-defined features such as magminima, specific values,

and slopegDeluzio & Astephen, 2007; Park et al., 201Theuseof discrete data points

neglecs the entire wavefornfFunctional data analysis, functional mijpal component

analysis PfPCA), is an emerging technique whicffers the opportunity to quantify the entire
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waveform in order to examine the differences between gr@sgiszio & Astephen, 2007;

Warmenhoven et al., 2019a)

The aim of this study was teterminevhether bonyshapecan predictieep kneeling
kinematics inpeoplewith and without OAusinga novel approach combinirggeistical

shape modellingndbfPCA.

5.4 Methods

Level of EvidenceLev el 3, case control study.

5.4.1 Participants

The participants in this study were recruited as part of a larger randomisedledritral of
knee replacement designs with aged sexsimilar healthycontrol participants
(ISRCTN7506749). The OA group incladl 58patients who were awaiting TKR fQA.

The healthygroup included1 participants whavere pain free with no history édwer limb
pathology.The OA group had fewer females, higher Bligher pain levels and less
maximal flexion(Table5-1). All participants provided written consent and ethics approval
was granted by the Australiarafital Territoy Health,Australian National University and

University of Canberrduman researcéthics committees.
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Table5-1: Participant Characteristics

Participant characteristics Healthy OA
N 61 58
Age (years) 68.6+/- 9.54 67.5 +£9.02
Number of females (%) 34 (56%) 29 (50%)
Left-sided knees (% L) 25 (41%) 30/58 (52%)
N by KL Grade (%)

0 30 (49%) 0 (0%)

1 22 (36%) 0 (0%)

2 7 (11%) 0 (0%)

3 1 (2%) 15 (26%)

4 1 (2%) 43 (74%)
Height (cm) 168.9 +£9.74 1688 ++9.53
Weight (kg) 70.8 ++ 13.63 88.1 ++17.02
BMI (kg.m?) 24.7 +/ 3.98 30.9 +/5.3
Pain (VAS, /100) 2+4 48+/- 26
Max Flexion () 142.8 +/5.45 125.9 +/10.31

5.4.2 Data Collection

All participants received a 3D spiral computed tomography &can of the knee (Toshiba
Medical Systemsget a wa r awith dfelgpoh view of at least 150 mm above and below
the tibiofemoral joint lingacquired in supineSlice thickness wa3.5 mm witha resolution of

512 x 512 voxels with spatidimensions 0.625 x 0.625 x 0.5 riand 16 bits/pixel.

Participants were then askedperform a unilateral deep kneeling activity starting with the
knee at approximately 9antil full flexion was achievedHigure5-1). Movement was
recordedusing asingleplane fluoroscopy placed for a sagittal view of the ksampling
images at 30Hz with 1024x10pxel spatial resolution and 12bits/pixel. All participa

wore lead garments to peut their organs.
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Figure5-1: Example fluoroscopy of deep kneeling, a) starpogition, b)

maximal flexion

5.4.3 Image processing

The femurtibia, and tibia with fibulaveremanually segmentefdom the CT san images
using custom software (Orthovis UNSW Canberra; iMATLAB R2018a, Mathworks,

Inc., Natick, MA). Threedimensional comlinate systems for both the femur and tibia were
established using the referencing cemtion defined by Grood and Suni@rood & Suntay,
1983). Orthogonal reference frames wearstablished based on individual anatomical
locations for all tibias and femurs in the dataset. Origins were set for the fetinemabst
proximal point of the intercondylar notch and, for the tibia, at thepuidt of the tibial

spinegScarvell et al., 2019)

5.4.4 Kinematics

Kinematics were calculated by a2®3D image registration algorithnsing bespoke
software (Orthovis, UNSW, Canberfakter et &, 2014b). Orthovis precision was
previously reported for Hplane (sagittal) registration as 0.2mm for translation and 0t3° fo

rotation, while the oubf-plane precision was 0.9mm and O(Bkter et al., 2014b)
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Briefly, the registration aimed to find the best image match between the 3D CT in the 2D

fluoroscopyspace. Thischieved using number of steps:

1. Segmented CTs were comiexl into a 2D digital reconstructed radiograph and
imported into the 2D fluoroscopy space

2. Fluoroscopy distortion was corrected using a calibration box

3. CTs were matchefilame by framéo fluoroscopic images usingradient decent and
similarity measures

4. This process was done first with the femur, second wetiitha and fibula, and
finally with just the tibia.

5. Six degree of freedom kinematw®re therexported for analysis

5.4.5 Statistical Shape Model Generation

Statistical shape modellin@SM)was performed using the technique descritrediously

(Lynch et al., 2@9; Zhang et al., 2014An overview of the SSM process is described in
Figure5-2. Following setting of the axes, each model was cropped to standard proportions.
Using thecoronalprojection of the CT, the femuras cropped at 1.5X the distance from the
mostdistal femoral condyle to the adductor tubbertising the coronal projectiohe ibia

was croppedo 1.5X the distance from the most proximal aspect of the tibial spine to the most
inferior point of the sup®r tibiofibular joint Corresponding femurs and tibias were
recombined using a custom Matlab script to create a tibiofemonafgrieach participant.
Variations in alignment weneemovedby aligning the femur and tibial meshes so that their

axes wer@rientated at zero degieef rotation and translation.
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function PCA

Figure5-2: Workflow overview of the methods employed in this study.
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5.4.6 Mesh Fitting

The 3D models were exported as mesheathses. Knee models were dowampled to

30,000 vertices and smoothed using a Laplacian filter (MeshLab 2016.12, httpaimesh
sourceforge.net). For consistency, lefeemeshes were mirrored so they appeared as right
sided thus all knees were analgse a s 0 r i Agdmplat&knmeshevas@reated using a
series of radial basis functions to parameterise the tibiofemontl Jiis template was based
on a single mesh from one knee in the dataset. This template was iteratiedhyitti a

series of carseto-fine fits to all meshes in the dataset, which resulted in maximum
correspondence between meshes. Corresponding nvestesthen rigidly aligned, using a
partial Rocrustes analysis whichinimised the least squared distances of corresponding

points(Gower, 1975)This allowed for only the shape variability to be included in the model.

Principal componat analysis (PCA) was then run on the nodal coordinates of the aligned
meshes to create a shape model. PCA is used for dimeadiaction which allows any shape
in the datasebto be approximated as the sum of the mean stigbes the weightedusn of

the principal components(Heimann & Meinzer, 2009)

w o T %o

The shapef each bone was described®yprincipalc o mponent (PC) wei ght s,
arethe amount of variation along an individual priradipomponentagags the number of

principal components needed to explain 9@Rihe total variation in the population

Thefitting process wathenrepeated using the mean shape as the template. Following this,
the fitting process was further refined for individual shape differences by incorporating PCA
fitting using the previouSSM generated from the dataset. In this whg, shape model was

optimised by propagating fitting correspondence across the dataset. A final PCA was
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performed on the nodal coordinates to generate a statistical shape model which determined
the princi@l component weights used in the subsequent aral@sie model was created

which contained both OA and healthy kneBse principal components, or modeshich

accounted for 90% of accumulated variance were retained and their respective weights were

extracted fo analyses.

5.4.7 Bivariate Functional Principal Component Analysis

Bivariate functional PCA (bfPCA) was used to describe the variability within the kinematic
data.Similarly to SSMbfPCA decomposgvariability of kinematic datanto aset of basis
functionswhich can be reconstructed anidualised.To perform bfPCA, kinematic data were
truncated so that all timgeries started at 100f flexion (to normalise starting position prior
to analysis). A lvariate functional PCA was undertaken using the technigexaqarsly
described by Warmewlven et a[Warmenhoven et al., 2019&riefly, the six e&gree of
freedom knee kinemiatdata were interpreted as five kinematic variabdstive to flexion
(i.e. Anterior/Posterior (AR)Mediolateral (ML) andSuperior/Inferior(SI) translationsand
Internal/External (IEand AlductionAdduction (Ab/Add)rotaions). Initially, both flexion

and the other kinematic variableere normalised to 100% of the movement cycle. A 21
ordermovingmedian filter was passed over both datageteemove noisgpikes Figure

3-24). These two sets afurves were then estimated functionsising100 4" order B

splines. The Bsplinesfurther smoothed the curves by addangoughness penalty to the
fitting procedire. Theroughness penalty term wesntrolled using a smoothing parameter

and wasachieved by minimising the penalised residual sum of squares term

Once normalisation and smoothing of individual data had taken piaeeate functional
principal componenth{PCs) werecalculated byaking thefirst and second parameter
functonsand concatenating them into a compoghigariate) functionWarmenhoven et al.,

2019a) A covariancdunction waghenestimated and a standard PCA appligte bfPCA
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modes which accounted for 90% of accumulated variance were retained and their respective
weights were eracted for analysebfPCA weightswere normalised to-gcores ér
consistencyFinally, bivariatefunctions representing eabfPCA were reconstructeand

plottedfor visual inspection oéach remaining degree of freedqigure5-3).

42 A 160 B 42 C
40| 7 1507 ,—WNM 40
M"+‘+W 3 o
~ 8. | p —
E 5 Wby, 9 140 & £ 38
= — —— S 130! =
S 36 L i B £ 3
2 X 120} 2
g 34 e u_.-_, +"’; E 34
7] e g 110 -».r‘ 77}
32 N a2

w0
o
o

0 20 40 60 80 100 20 40 60 80 100 100 120 140 160
Movement Cycle (%) Movement Cycle (%) Flexion (Degrees)

Figure5-3: Representative bfPCA analysis, for example flexion and superior
inferior translation (mm).

bfPC1 can be visualised with each variable independently (A and B). Here,
positive scorers are indicated b§
line in red.bfPC1 is also visualised with both variables concurrently (C), whet
variability in eachbfPC is indicated by the direction of the arrows away from tl
mean profile in each graph. In every profile the mean profile is plotted in soli
black andhe magnitude of the variability withiofPC1 has been scaled using a
constant equivalent to +2 SD of thebfPC scores. Note: Sl= Superimterior

translation measured in mm

5.4.8 Statistics

Random forest regressioroatelling was used to determine whiobny shapesould predict
kinematics usinggPSS Modeler 16.0 (IBM CorplRandom Foresegression is a type of

supervised machiniearning based on multiple decision tréBseiman, 2001)Each tree was

created by selecting a subset of the input parameters and running them through a decision tree
to obtain a prediton for each sample. This process was repeated 100 times using different

subsets ofhe data to generate a forest. By this procedure, called baggfegent trees have
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differert training paramter setsThis process is unbiased as the prediction fohsample is
based on trees built on trees which do not contain that samplef{oag error)If a feature
haspoorpredictiveability it will not appear in any nod®f the trees comprising the forest.
However if a feature is highlyredictiveit will not only appear in several trees but widla
have a tendency to appeamiodes thare closer to theoot. The finalpredictedregression
value is obtained by avegimg the regression value$all of therandom tree¢Breiman,

2001) Predicted values are compared to actual values to determine prediction erro

In this study, tibiofemoral shape modes, group, BMI and sex were included e$quseia all

the random forest models. Separate models were created to predict the normalised weights for
all kinematicofPCAmodelsas well as maximal flexion. Eachodd @erformancevas

assessely partitioning the data into trainin@ %y, validation(15%) andtesting(15%)
datasetsThese percentages were selected to produce a stable model and one that would not
overfit the data. The training dataset is used forairitting of the parameterns the model.

The validation dataset is used &waluding the fit of the training model and tone the

parameters in the moddlinally, the testing dataset is usedetaluate the final fit of the
model.Resultsfor each nodel were reported in terms of predictor importance, variation
explainedby the model (R), correlations between predicted and actual dat#mean

squared error (RMSE) amdbrmalised RMSE (NRMSE). NRMS&asdefined as RMSE

divided by the differece betveen the maximum and minimum observed values, expressed as
a percentagd-inally, associations between important shape predictors and kinematics were

visualised using scatterplots with associatégdues.
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5.5 Results

5.5.1 Statistical Shape Model

The firstsevernprincipal componentnodes of thestatisticalshape modglSSM) comprising
both the OA and healthy groups, accounted fod%0of the total variance in tibiofemoral
joint shapgTable5-2). Mode one explained7.6% of the total vaaition and representede

isometricsize of the knee.

Table5-2: Variation explained by each mode of the statistical shape ni®8&l).

Cumulative
Mode 1 2 3 4 5 6 o
Variation

Tibiofemoral SSM  77.6% 3.5% 27% 19% 18% 1.6% 1.3% 90.4%

5.5.2 Bivariate Functional PCA

Up to three PCs of the kinemab® CAs explained 90% of the accumulated variance for all
four modelgTable5-3). MedialLateral translation was excluded from analysis dueigh
within patient variability in the data.

Table5-3: Variation explained by e&agrincipal component (PC) of the four kinematic
bfPCA models.

Cumulative
bfPC bfPC1 bfPC2 bfPC3 o
Variation
InternatExterral rotation 62.1% 27.0% 57% 94.8%
Superiofinferior translation 73.6% 17.7% N/A 91.3%
Ab/Adduction 77.6% 12.3% N/A 90.0%
Anterior-Posterior translation 82.1% 9.8% N/A 92.0%
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5.5.3 Random Forest Models

Maximal flexion, the first principal component for afR€CAs and the second principal
component for superianferior position were all able to be predicted from the random forest
models. Maximal flexion, which was modelled separately, resulted % ah0.477. The
variance explained by the other kinematiodals are reported ifable5-4.

Table5-4: Variance explained @ for each kinematicandomforestregression
modéd

(Negative values indicate no predictive ability of the model).

Kinematic Models PC1 PC2 PC3
InternatExternal rotation 0.45 -0.32 -0.31
Superiorinferior translation 0.52 0.11 N/A
Ab/Adduction 0.48 -0.12 N/A
Anterior-Posterior translation 0.43 -0.14 N/A

The first principal component for all bfPCA kinematic madehptured variability in maximal
flexion (Figure5-4 andFigure 5-5). Additionally, bfPC1 captured variability in the start and
end positions for the superiorferior and &/adduction modeld={gure5-4). Furthermore,

bfPC1 for the anterieposterior and internaxternal rotation models, captured variability at

the end of range which was a function of the variability of maximaldtegigure 5-5).
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Top 3 Predictors

S1 Position (mm)
a3
o

1. Group, BMI, PC2
34 3 1

32

30
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Group, PC6, BMI

AbAd Rotation (Degrees)
=]
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100 120 140 160
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Figure5-4: Kinematic variations for the first principal component of (top) Superior
Inferior position and (bottom) Ab/Adduction displayed daraction of flexion.

Black line is the mean curve; Blue arrows indicate the changes in kinematic pattern
+2SD away from mean (more healthy); Red arrows indicate the changes in kinemat
pattern at2SD away from mean. Features captured in Supébrierior position include
change in Maximal Flexion, and Supeflaferior position throughout flexion. Features
captured in ab/adduction include change in maximal flexion and ab/adduction angle

throughout flexion. Top 3 random forest predictors for each B@haluded
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Top 3 Predictors
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Figure 5-5: Kinematic variations for the first principal component of (top) Internal
External (IE) rotation and (bottom) AnteriBosterior (AP) position displayed as a
function of flexion.
Black line is the meaaurve; Blue arrows indicate the changes in kinematic pattern at
+2SD away from mean; Red arrows indicate the changes in kinematic pat@&sat
away from mean. Features captured in IE rotation include reduced rotation anglewds
of reduced maximdlexion. Features captured in AP position include reduced posteric

translation as a result of reduced maximal flexion. Top 3 random forest predictors fol

PC are included
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Thestriking finding of this study was thahapewvasa poor predictor of kneeling kinematics

with no more than 50% of tHenematicvariation being explaineldy shapen any model.

Prediction errorsn the validation set were high, ranging between %Sa61d33.8% of the
data(Table5-5). The random forest model which predicted Supenéerior bfPC2 was

particularly weak, with less than 12% of the variance explained and large differences between

training, validation, and &ting partitions Table5-5).

Thepr edi ctors which best predicteaedreanaxi mal f |
combination of grouggOA vs Healthy) BMI and either shae mods 2 or 6(Figure5-6 and
Figure5-7). Shape alone could only explaup to 28% of the variation in any of the kinematic

data Figure5-8).
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Table5-5: Results of random forest regressions models.

Training (n=84) 70% Validation (n=16) 15% Testing(n=19) 15%
Variation Min Max Min Max Min Max
] R RMSE NRMSE R RMSE NRMSE R RMSE NRMSE
Explained | Error Error Error Error Error Error
Max Flexion () 0.48 -1459 19.19 0.86 6.48 13.49% -8.07 15.61 0.78 6.02 24.22% | -12.62 9.61 0.77 6.40 25.76%
InternalExternal
] 0.45 -1.29 1.25 0.84 0.59 15.06% -0.40 1.65 0.73 0.58 25.92% | -1.55 1.28 0.53 0.65 29.30%
Rotation PC1
Superinferior Position
pC1 0.52 -1.40 1.45 0.85 0.65 17.11% -1.03 1.46 0.66 0.60 29.35% | -1.31 1.66 0.60 0.71 18.64%
Superior Inferior
N 0.11 -1.42 1.36 0.68 0.77 19.98% -0.44 1.59 0.55 0.80 23.29% | -1.26 1.20 0.10 0.92 33.80%
Position P@
Ab/Adduction PC1 0.48 -1.42 1.36 0.80 0.65 17.23% -0.44 1.59 0.75 0.60 27.37% | -1.26 1.20 0.53 0.58 26.87%
Anterior-Posterior PC1 0.43 -1.49 1.40 0.79 0.67 16.16% -0.63 1.44 0.75 0.59 26.26% | -1.45 1.26 0.46 0.60 26.48%

Note: PC= Principal Component; R= correlation coefficient; RMSE = root mean squared error; NRMSE = normalised root mead sgqoamwhich was

normalised to total range Max flexion reported in degree
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MODE 2 MODE 2

-2 SD (More OA) +28D (More Healthy) -2 SD (More OA) +2SD (More Healthy)

Figure5-6: Shape variations captured within the second mode of the statistical shap
modelperturbed by plus and minus two standard deviations away from the mean sh
= Medial; L=Lateral; A=Anterior

MODE 6 MODE 6
-2 SD (More OA) +28D (More Healthy) -2 SD (More OA) +28D (More Healthy)

Figure5-7: Shape variations captured within the sixth mode of the statistical shape mu
perturbed by plus and minus two standard deviations away from the mean\dhape.
Medial; L=Lateral; A=Anterior; P=Posterior
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Figure5-8: Scatterplots of sh@modes of variation compared with kinematic principal
components which appeared in Random Forest Regression.
Variance explained within each plot is reported 4s R

Femoral kape featuresapturedvithin mode 2 described bony expansions along the agetila

plate and posteriemedial condyleflattening of thedistalcondyles reduced intercondylar
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spaceand changes in the condylar radiibial features includedony expansiongosterior
medial tibia plateau, changes in spine heights and alterations cotbnal slopeRigure5-6).
Features in mode 6 included large bony expansions on the pestedal femur and tibia,

reduced intercondylar space, and alterations to the posterior tibial Blgpeeb-7).

5.6 Discussion

The purpose of this study wasexaminewhether changes in bospapecould explain the
alterations irkinematicsof deep kneeling in patients with G# compared to a normal
cohort The main finding of this study was thatriations in ibiofemoral joint bonyshape
wereonly weakly associated with the kinematics of dkepe flexion While theshape
features contained in thé%and &' shape modes hamedictive ability,groupandBMI were
moreimportant.Even s these variablesnly explained a small amount tfie variation in the

models,with high error ratesndicating thaother predictors must be more important.

Most of the varilility in the kinematics observed in this study were primarily seen at

maximum flexion and the start aedd positions of thether degrees of freedormhis
variability was easily seen in the first PC
aimto examine the differences between OA and healthy kinematics using bfPCA, the random
forest models codldetect different kinematic patterns between the two groups. Functional

PCA has shown the ability to detect differences between healthy and OA kirssnatig

gait (Deluzio & Astephen, 2007; Deluzio et al., 1997; Harding et al., 2@l2)this was the

first study tause PCA taletect differenceduringdeep kneeling .

Our resultsndicate that features other than bony morphology are important foctnedi
deep knee flexion kinematicEhe lack of relationship between shape and kinematics detected

in this study was surprising given the associations between shape and function reported
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previously(Clouthier et al., 2019; Lansdown et al., 2017; Smoger et al., 2dbB)ever,

these sidies focused on early to milkxion tasks which do not stress soft tissue structures
like end of range knee flexion activities (RodriguezMerchan & Oussedik, 2015)
Pinskerova et alhave speculated that impingementha# posterior horn of the medial
meniscus might limit flexiorfPinskerova et al., 2009 he patients in our studyere
requiredto flex their knee as far as possiblea loaded positiownhich likely resulted in the
impingement of the posteristructures of the kneearticularly the menisciChe menisci are
impinged during deep flexion as they m@aesteriorly offthe posterior tibial plateaio create
a pseudo joinsurface(Liao et al.,2017) A recent FEA knee modelling study highlighted the
importance of incluohg posterior soft tissue structures in a model to achieve accurate
kinematic predictiongBeidokhti et al., 2018)Furthermore, they reported that resection of
posterior soft tissustructuregesulted in a&hangeof knee jointkinematicsin early to mid

flexion but did not describe deep flexion.

In this study, group was an import&mematic predictor in all of the random forest models.
Group definedDA and healthyarticipants and this finding suggests that tkgiematics

were differentDifferences baveen OA and healthy deep flexion kinematics have been
supported in the literate (Scarvell et al., 2018B5pecifically, naximal flexion is commonly
reported to be reduced in OA knees when compared to h¢atdyltjers et al., 2000)in
osteoarthritis the soft tissues of the knee are affected in a number ofLweger et al.,

2012) The menisci are typically torresultingincreased medial extrusion aaltered joint
meclanics(Scholes et al., 2015Furthermore, intracapsular ligaments are more lax in OA
anddisplay degenerative chges, particularlyhe posterolateral bundle of the AQLoeser et
al., 2012) Lastly, there isscarring and thickening of the joint caps(lleeser et al., 2012)
Therefore, the soft tissue changes that accompany the bony shape changes seen in OA may all

contribute to the kinematics which have previously been observed in thkad&2A

126



In this studyBMI was a predictor of kinematics ail of the random forest models. Increased
BMI has been reported to restrict maximal flexion in-pathological, OA and post TKR
populationgJeong et al., 2018; Liao et al., 201Erlier thigh-calf conta¢ as a result of soft
tissue opposition alters mechanitsraximal knee flexion during kneelir{gelle et al., 2007,
2009) Early thigh-calf opposition produces a first class lever effect at the knee with the pivot
around theissies opposingGalvin et al., 2018)Additiondly, increased BMI is negatively
associated with changes in accessory moments, and rotations in duriihtpggiing et al.,

2012; J.S. Li et al, 2017) Specifically,Harding et al. compared gait biomechanicta group

of OA and healthy participants and found that BMI affectskgagmatics and kinetics
independently of OATherefore, while our OA group had a higher BMI than the healthy

group BMI is likely to have been an independent predictor of kinematics

Although shape was not a strong predictor of kinematics there were shapes which emerged as
more important than others. The shape variattomgainedn the 29 and 6" mode which
correporded to enlargement of the posteromedial femur and tibial platetflattening
andreduced sphericitgf the femoral condylesvere most associated with deep kneeling
kinematics. Previoushgsteophyte formatioandincreased Kellgrehawrence gradewvhich

is a measure of OA severity derived frormays,has been ngatively associated witthexion
range of movemer{Ersoz & Ergun, 2003; Hilfiker et al2015) Furthermore, latteningand
reduced sphericitgf the femoral condyledave been reported to influence supeinberior
positionthroughout flexion(Baka et al., 2011; Lansdown et al. 1ZQ Smoger et al., 2015)
Furthermore, a recent systematic review by Scaetell reported OA knees to have reduced
AP translationsmaintain amore anteriopostion andhave reduced axiaotations(Scarvell

et al., 2018) Therefore, although the influence of shape was not strong in our mbeets,

are some shape parametetsch appear to be more partant than others.
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That tibiofemoral shape can produce noriiaématics is an underlying assumption of knee
replacement design. The geometry of total knee replacement prostheses have been designed to
reproduce normal knee kinemat{@sdriacchi et al., 2003; Victor & Bellemans, 2006)

Recently, the high flexion knee has been a goal for component manufacturers. While a
number of high flexion prosthesiesigns existheyall essentialljpromoteenhanced

rollback of the femur irder to reduce posterianpingemenbf the posterior rim of the

tibial plateau against the fem{€oughlin et al., 2007; Parrette et al., 20HJwever, while

high flexion designs have improved kinematic outcomes in some patients, these results have
not been consistentjemonstrated indicating thielhematics ag likely driven by factors

other than articular shag€haudhry & Goyal, 2019; Jain &k, 2013; Kim et al.2018) The

results of this study supgdhe premise that bony knee shape is not the primary factor

determining high flexion knee kinematics.

The results of this study should be interpreted in the light of its limitations. lodividtient

specific osteophytewere possibly eliminated frorhase analyses due to their heterogeneous
nature. Since the SSM captures areas of high variability in descending order, the osteophytes
will only appear in the lower order modes where the tianas very small (<1% explagd)

It is possible that some did¢se osteophytes will affect the kinematic patterns in deep flexion.
Also, we did not include the patella in this study and it is possible that patella shape may have
influenced the shape chgas in the trochlear region thfe femur. We set out to expldtee
relationships between shape and kinematics, so other factors that influence kinematics such as
pain, muscle function, and altered loading patterns were not captured in this study. Future

research could extend to expldone influence of these factors.
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5.7 Conclusion

In conclusion, variation in the borshapeof the tibiofemoral joint was only weakly

predicive of kinematicsknee shape is considered to be an important driver for normal
movemel; however the results of thistudy indicate that there aretpntially other factors,
including softtissue properties, which might be more influential for the kinematics of deep
kneeling.These results have implications for the clinical understandittgeadrivers of knee
kinematis and in particular the expectais placed ohigh flexion total knee replacement

design.
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6 Influence of ComponentDesign onlin-vivo Tibiofemoral
Contact Patterns During Kneeling after Total Knee
Arthroplasty: A Systemaic Review and M eta-analysis.
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THIRD STUDY

6.1 Context

The previous stdy provided somasights intohow kneeling kinematics anainimaly
influencal by bonykneeshapean healthyand osteoarthritic participantdon-operative
treatment for OAaims tomanage pa while restoring joint functiofiThe Royal Australian
College of General Practitioners, 2018)r thosepatientswhosesever pain and dysfunction
persist the definitive treatment for OA ia total knee replacement. This procedure in&lve
the removal of the arthritic weight bearing surfaces of the knee and replacing them with
prosthetic componentgVhile there are many different implant choices for surgdorselect
when performing this surgeryhe perfect implant has not yet been identifieactors which
have been reported tofluence implant choice are surgeon preference, survivorship and more
recently kinematic performanc@/ertullo et al., 17). Many groups have examined the
kinematics of different knee replacemeesignsput the sample sizes are small. We sought
to gain a better understanding of the effect of different knesthetic designs using a
systematic review and rreeanalysisFor this chapter, we used contact patterns as our
kinematic measure. Contact patterns are related to the position of the medial and lateral
femoral component relative to the tibial surfaceeyrban be measured either as the closest
point between the femal and tibial surfaces or as tlmvest point on each femoral condyle

relative to the transverse plane of the tibial base plate
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6.2 Abstract

Modern TKR prostheses are designed to restore lydalibmatics including high flexion.
Kneeling is ademanding hilg flexion activity. There have been many studies of kneeling
kinematics using a plethora of implant designs but no comprehensive comparisons.
Visualization of contact patterns allows for quBcétion and comparison of knee kinematics.
The am of this sysematic revewwas to determine whether there are any differences in the
kinematics of kneeling as a function of TKR desigrsearch of the published literature
identified 26 articles which areassessed for methodologic qualising the MINDRS
instrumen. Contact patterns for different implant designs were compared anéilimaximal
flexion using qualityeffects metaanalysis modelsTwenty-five differentimplantsusing six
designs were repted Most of the included studies had small sample sizes, nare
consecutive, and did not have a direct comparison group. Only postatidized fixed
bearing and cruciateetaining fixedbearing designs had data for more than 200 participants.
Meta-analyses revealed that bicruciadtabilised fixeebearing degjins appeared to achieve
more flexionand the cruciateetaining rotatingplatform design achieved the least, but both
included single studies onbjll designs demonstrated posterfemoral tansldion and
external rotation in kneeling but, postergiablised designs were more posterior at maximal
flexion when compared to cruciatetaining.However, he heterogeneitgf the mean
estimates was substantitderefore firm conclusions aboutaBve behaviourcannot be
drawn.:The high heterogeneity may Hee to a combination efariability in the kneeling
activity and variations in implant geometry within each design categbmsre remains a need
for a high quality prospective comparativadiesto directly compare designs using a

common method.
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6.3 Intro duction

Being able to kneel is reported to be one of the most important activities that fails to meet the
expectations of patients after total knee replacement (TB&Ytt et al., 2012)n TKR, high

flexion is an important indicator of success, and considerable effort has been applied to
achieving normal kinematic behaviour in TKR designs. Although there are several kneeling
variations, they larequire up to 165° of flexion which is greater than othehHigxion
activities(Hefzy et al., 1998; Mulholland & Wyss, 20011 order to achieve dedjexion,

the native femur externally rotates and translatetepody on the tibigGalvin et al, 2018,

2019) Contact patterns enable easy visualisation amahiification of tibiofemoral

kinematics. In addition, they make it possible to infer kinematic characteristics such as
roll/glide, sheer and instability, and may be important indicatorsegpttential risk of

implant damage and we@Dennis et al., 1996; Walker & Hajek, 1972)

Modern TKR prosthesis design has focussedesbring kinematics in order to achieve high
flexion. Implant choie is dictated by implant survival, surgeon prefereand kinematic
performancdVertullo et al., 2017)In 2018,Australian surgeongsed193 different femoral
andtibial prosthesis combinatiofdustralianOrthopaedic Association National Joint
Replacement Registry (AOAMRR), 2019) These designs can generally be classified into:
cruciate sacrificing + posterior stabilised (PS), posterior cruciate retaining (GfRjiciate
sacrificing (CS) or brruciae gabilising (BCS) andall canhaveeitherfixed bearing (FB) or
rotatingplatform (RP)tibial insers. However, the CR and PS designs accounted for 91% of
those use@Australian Orthopaedic Association National Joint Replacement Registry
(AOANJRR), 2019)The CR design retains the postegandate ligament (PCL) and relies
onit to achievefemoral rollbackn deep flexionln the PS desigacam and post replace the
PCL, whichfacilitates rollback of the femoral condyles on the tibial bearing. The CS design

uses condylar and tibial geometodrive motion and deliver stability. Finally, the BCS
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designusesboth an anterior and a postersocam and post.he kneeling kinematics of these
prosthetic designs have been frequently described, but the individual study cohorts have been
small(Delport et al., 2006; Incavo et al., 2004; Watanabe et al., 20h8)eforethe

influence of implant design on kekng kinematics istill uncertain

The purpose of this systemat&view was to determine whether there are any differences in
the kinematics of kneeling as a function of TKR design. Specifidhily reviewaimed to
compare the differences in medialddateral tibial compartment, anterior and posterior
contact pattars at 90kneelingandkneeling aimaximal flexion.lt was hypothesised that the
PS design would facilitate relatively greater flexion in deep kneeling through enhanced

femoral rollback.

6.4 Methods

6.4.1 Literature Search Strategy

This systematic review was retgsed with the International Prospective Register of
Systematic Reviews (Prospe&D42017064828 An initial search foistudieswvas

completed ifMMay 2019with a final search run iMarch 2020 The databasescludedOvid
Medline, Ovid EMBASE, Pubmed, Saa, Web of Science and The Cochrane Library. The
following search strategy was built in Embase and replicated for all other databases using

their thesaurus for appropriate terrfws, full text studiespublished in English:

Arthroplasty, Replacement, Knee

tka or tkr or total knee replacement or total knee arthroplasty

contact pattern* OR contact point* OR contact position* OR contact location*
kneel*

A\Knee Prosthesis

lor2or5

3and 4

6 AND 7

N>R WNE
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These electronic searches were supplemented by-anesking citations and reference lists
of the relevant published studies. Details osaldiesreturned from the searchegre
compiled, and duplicates were removed. The remastingdjes wee screened by title and
abstract using inclusicand exclusiortriteria (Table6-1). These selection criteria were
chosen to allow comparisaf findings between studies with minimal influence of
confounding facta@. Studies were screened for inclusion by three reviewers (IMS,

DMP) with a provision for disagreement to be resolved by consensus.

6.4.2 Assessment oM ethodologicalQuality

Two indegendent reviewers undertook the quality assessment (JTL and DMP) arstdsses
methodological quality using the MINORS checklist (Methodadal Index for Non
randomized StudiesY &ble6-2) (Slim et al.,2003) MINORS is a validated scoring tool for
assessment of internal and external validity for-reomdonized studiegSlim et al., 2003)

The items are scored 0 (nmejported), 1 (reported but inadequate) or 2 (reported and
adequate)Scores are added aratal scores corerted to a percentagé the maximal

possible scoreConsensus was employed to resolve any disagreements.

138



Table6-1: Inclusion/Exclusion Criteria

Inclusion

Exclusion

T

Metaanalyses, systematieviews,
randomised controlled trials, observation
studies (cohort and case controlled),
conference proceedings,

In-vivo measurements

Patients received a total knee replacemé
for

Weightbearing kneeling task

Reported medial and lateral compartmel

contact patterns

1 Book chapters, case studies and

anecdotal reprts

1 In-Vitro Studies

M Joints othethan the knee

1 Patellofemoral only studies

1 Non-Total Knee Rplacement

Studies of soft tissue
Knee kinetics data only reported

1 Studies that discuss only compohen
wear

91 Studies which only use modelling or
simulations.
Intraoperative measurements only
Motion analysis using skin markers
only

1 Methodobgical studies

1 Not flexion past 90

1 No contact point data presented

139



Table6-2: Methodological Index for Nomandomized Studig@INORS) Checklist
(Slim et al., 2003)
Met hodol ogi cal items for non randomi zed
1. A clearly stated aim:the question addressed should be precise and relewviaetlight
of available literature
2. Inclusion of consecutive patientsall patients potentially fit for inclusion (satisfying tf
criteria for inclusion) have been included in the study during tiaygieriod (no
exclusion or details about the reasonsefaelusion)
3. Prospective collection of datadata were collected accordit@a protocol established
before the beginning of the study
4. Endpoints appropriate to the aim of the study unambiguous explanation of the
criteria used to evaluate the main outcoméch should be in accordance with the
guestion addressed by the studys A, t he endpoints shou
to treat basis.
5. Unbiased assessment of the study endpt: blind evaluation of objective endpoints
and doubl e b fsubediveenpoints. Othervase thereasons for not
blinding should b gated

6. Fol l ow up period appropr itahtee ftool Itohwe u
sufficiently long to dbw the assessment of the main endpoint and possible adverse
events

7. Lossto follow up less than 5%:all patients should be included in the follow.u
Otherwise, the proportion lost to follow up should not exceed the proportion
experiencing the major endpoint

8. Prospective calculation of the study sizenformation of the size aletectable
difference ofinterest with a calculation of 95% confidenceenval, according to the
expected incidence of the outcome event, and information about the level for statis
significance and estimates of power when comparing the outcomes

Additional criteria in the case of comparative study

9. An adequate control graup: having a gold standard diagnostic test or therapeutic
intervention recognized as the optimal intervention according to the available publi
data

10. Contemporary groups. controland studied grouphould be managed during the sam
time period (no histacal comparison)

11.Baseline equivalence of groupghe groups should be similar regarding the criteria
other than the studied endpoints. Absence of confounding factors that couliebias
interpretation of the results

12. Adequate statistical analyseswhetherthe statistics were in accordance with the type
study with calculation of confidence intervals or relative risk
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6.4.3 Data Extraction

Participant nformation, implant details,ubcane measures, and results wexé&racted and
compiled in the summary of ihded studie¢Table 4) Data extracted included maximal
flexion angle and anteriggosterior contact patterns for both thedial and lateral
compartmentat 90 kneelingandkneeling atmaximal flexion Mean data andariability
were extracted from theuplished tables or the graphs using Webplot diti
(https://automeris.io/WebPlotDigitizerAWherepossible, whewlata wereexpressed as a
percentage, the valsevere calculated back to miatawere reportedas a distancom the

centre ofthetibial baseplate.

6.4.4 DataAnalysis

Implants were categorised in to eight possible designs incl@iced) bearingandrotating
platform variants of:cruciate retaining, posterior stabilis@duciate sacrificingor bi-cruciate
stabilised Where sufficient, extracted data were pooled into implant categories to enable
metaanalysisMetaanaly®s using a quality effects (QE) modetkerun o determine the
pooled means of maximal flexion angle, medial and laten@partment contact patterns at
90° kneelingandkneeling atmaximal flexion for each implant design. The advantage of the
quality effects metanalysis is that it allows fanormalsation of individual studies' inverse
variance weights based on the adutitil variance contribution from internal study biad2si

et al., 2015) This method is different from the usual random redistribution of weiglets s
with a random effects model. In this way, selection bias is not introducecchwlmg studies
based on quality, but studies of more inferior quality have less effect on the results of the

metaanalysis than those of higher quality.

Because most of ¢hincludel studies did not have comparator groups, their pooled means and
associaté 95% confidence intervals were calculatecehtering pseudcomparison group

data of zero for all measurement and variation data. In this way the data represented in the
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forest plas reflected the translation and rotation data described for each ddteuteighted
mean differences (WMDJere calculatedor maximal flexion angle, medial and lateral
contact patternkfeeling a®0° and maximal flexion), and lateral to madiompatment
differences kneeling a®0° and maximal flexion)Only studies whik reported contact
patterns in mm were included in the matwlysesAll analyses were carried out using
MetaXL version 1.1 (EpiGear International; Wilston, Queenslandiralies). Heterogeneity
of contact pattern data, for each implant design, were aealwsing3tests where 0% to
40%: might not be important; 30% to 60%: may represent moderate heterogeneity; 50% to
90%: may represent substantial heterogeneity; 75%0%J10onsilerable heterogeneity
(Higgins et al., 2019 sensitivity analysisvasalso performed to determinew differences
in kneeling strategy influenced the weighted means for the corttietrps and maximal
flexion by subtracting the studies that used bilateral kneeling from the total cohorts.
Comparison between implant designs was made by visualising the estineates! and
associated confidence intervals. Inferential statistics compdifiegent metaanalyses are

not possible.

6.5 Results

6.5.1 Data Extraction

The electronic search strategy ideetfil19 studies, of which 26 studigere included in the
review(Figure6-1) (Barres et al., 2011; Coughlin et al., 2007; Delport et al., 2006; Gamada
et al., 2008; Ginsel et al., 2009; Hamai et al., 2008; Hansdn 20a7; Howell et al., 2013,
2009; Incavo et al., 2004; Kanekasu et2004; Kuroyanagi et al., 2012; Mahoney et al.,

2009:; Mikashima et al., 2010; Moonot et al., 2009; Moka et al., 2007; Nakamura et al.,
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2009; Nakamura et al., 2014, 2015; Nikaét 2013; Okamoto et al., 2011; Scott et al., 2016;

Tanaka et al., 2011atanabe et al., 2015; Watanabe et al., 20086

)
c
.g Records identified through Additional records identified
_g database searching through other sources
s (n=101) (n=18)
c
]
=
A4 A4
PR, Records after duplicates removed
(n=64)
)
£
&
E y
i 3
Cal Records Title and Abstract screened Records excluded
(n=64) (n=33)
a
A
Full-text articles assessed R Full-text articles excluded,
Z for eligibility " with reasons
§ (n=31) (n=5)
= No Contact Points n=2
“ Not TKR n=1
Y Review with no new data n=1
() Studies included in No data past 90° n=1
qualitative synthesis
(n=26)
B v
3
= Studies included in
= quantitative synthesis
(meta-analysis)
(n=26)
)

Figure6-1: Consort Flow Diagram of study identification and screenindirat

inclusion.

6.5.2 Study Characteristics
Table 6-3 describes the study characteristics.sAfdiesdescribed41l cohorts and97 TKRs
from 638 patientsOnly posteriosstabilized fixedbearing and cruciateetaining fixedbearing

designs had da for more than 200 participantSn average, there were TKRs per study
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group There were 25lifferent implants use@&nd six unique implant designsUnilateral

kneeling onto a padded box with the contralateral leg on the ground wasomasoo (n=21).

Table6-3: Summary of implant designs included in the review

Number of studies Number of cohorts Number of TKRs

Fixed Bearing, PS 7 13 247
Rotating Platform, P 3 5 50
Fixed Bearing, CR 11 14 243
Rotating Platform, & 1 2 16
Fixed Bearing, CS 5 6 145
Fixed Beaing, BCS 1 1 25

Note: PS- cruciate sacrificing + posterior stabilised; €Rosterior cruciate retainir
CS- cruciate sacrificing; BC$ Bi-Cruciate Substituting

6.5.3 Quality and Risk of Bias within Studies

Non-comparativeand comparativetudies had siilar MINORS scoresof 64% and 67%,
respectively(Table6-4). Strengthsincludedclearly stated aimgprospectively collected data
andappropiately selected engdoints Weaknesses included mafporting prospectivpower

calculationsandnortinclusion of consecutive patients

6.5.4 Study Data

Studycharacteristicandkinematic datareincluded inTable6-5 andTable6-6, respectively
Onre of the 26 studies did not report contact patterns at 90° or maximal f{&daoekasu et
al., 2004) Only 240f 26 studies reportedontact patterns in mm frothe centre of the
baseplate and twas a percentagd thedistancdrom the centréBarnes et al., 2011,
Coughlin & al., 2007) All studiesgeneratedhe contactpatterngoy registering a computer
model of the implant to either a fluoroscopy (n=9) or latenays (n=7). Kneeling contact

patterns were extracted at 90° flexion in 20 cohorts, and maximal flex8¥hdohorts.
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Maximal flexion angle was reported in 38 cohdftable6-6). The sensitivity analysis for
bilateral verss unilateral kneeling revealed tlthe maximal flexion angle was not different
after Niki et al was removedKigure6-2) (Barnes et al., 20L; Coughlin et al., 2007; Niki et
al., 2013) Niki et al.included only high flexion patients wheere not representative. No
bilateral kneeling data were available for a sensyti@nalysis of medial and lateral contact

patterns.
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Table6-4: Quality assessment of included sesglaccording to the Methodological Index for Nandomized Studies

(MINORS) checklist. Each category isosed out of a maximum of 2

_ ) Additional criteria inthe case of comparati
Non-Randomised Studies

study
~ Prospective . Unbiased . Loss to Prospectivi Adequate Baseline Adequatt
Author Aim Cons§cut|ve collection of Approp.nate endpoint Appropriate follow up sample sizi  control Cortemporar, group statistica Score Percentag
patlent data endpoints assessmen follow-up <5% calculation group group equivalenct analyses
Barnes 2011 2 2 2 2 0 1 - 0 2 0 2 1 14/22 0.64
Coughlin 2007 0 0 2 2 0 2 - 0 2 0 2 2 12/2 0.55
Delport 2006 2 0 2 2 0 2 - 0 2 2 0 1 11/22 0.50
Gamada 2008 2 2 2 2 1 2 2 0 2 2 2 2 21/24 0.88
Ginsel 2009 2 0 2 2 0 1 - 0 - - - - 7/14 0.50
Hamai 2008 2 1 2 2 0 2 - 0 2 0 1 2 14/22 0.64
Hanson 2007 2 0 2 2 0 2 - 0 - - - - 8/14 0.57
Howell 20® 1 1 0 2 0 2 - 0 - - - - 6/14 0.43
Howell 2013 2 2 2 2 0 2 2 2 - - - - 14/16 0.88
Incavo 2004 2 0 2 2 0 2 - 0 2 0 2 2 14/22 0.64
Kanekasu 2004 2 2 2 2 0 2 - 0 - - - - 10/14 0.71
Kuroyanagi 2012 2 2 2 2 0 2 - 0 - - - - 10/14 0.71
Mahoney 2009 2 0 2 2 0 2 - 0 - - - - 8/14 0.57
Mikashima 2010 2 0 2 2 0 2 - 0 2 2 1 1 14/22 0.64
Moonot 2009 2 0 2 2 0 2 - 0 - - - - 8/14 0.57
Moro-oka 2007 2 0 2 2 0 2 - 0 1 2 1 2 14/22 0.64
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Nakamura 2009
Nakamura 2014
Nakamura 2015
Niki 2013
Okamoto 2011
Scott 2016
Tanaka 2011
Watanabe 2013
Watanabe 2015
Watanabe 2016

N N N D DN N DM DN DNDN

O B N N O O N O O o

N N N D N N N DN DNDN

N N DN D N N DM DN DNDN

O O O O o o o o o o

N N N D N N DM DN DNDN

N N O N O O O O O o

8/14
8/14
8/14
19/24
16/22
8/14
16/18
18/24
11/14
16/22

0.57
0.57
0.57
0.79
0.73
0.57
0.89
0.75
0.79
0.73
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Table6-5: Study Characteristics.

All measures are repore d

as

me an

N SD.

Val ueso riepadirrd waslrodateeplireeda c k et s

ar e

ranges

PS- Cruciate sacrificing + posterior stabilised; €Rosterior cruciate retaining; G€ruciate sacrificing; BC$ Bi-Cruciate Substituting; FB Fixed Beaing;

RPi Rotating Platform® i Degrees; mm millimetres

Study esign (Level o Number of

Study . . Implant Name Design Other Characteristics Alignment Age Follow-up Time Clinical Rating
Evidence) TKRs (patients
Retrospectiveease 1009 . FB, CR . 68.586.10
Incavo 2004 Scorpio, Stryker Mechanical 21.3:12.7 KSS 91.9(85i 100)
controlstudy (IV) 10 (9) FB, PS 68.5+6.10
Retrospective case . . International Knee Saety scores (IKS) 99
Kanekasu 2004 . 18(12) Scorpio Superflex, Stryker FB, PS Mechanical - >3 months
series(V) (971 100)
11 (11) FB, CR
Retrospectiveease . . ; N
Delport 2006 Istudy (V) 10 (10) Performance, Biomet FB, PS Mechanical 66 years (53 to 76) 16 months (12 to 24) avell performing
control study
10 (10) RP, PS
. 11 (7) Scorpio,Stryker FB, PS StandardTibial Bearing 59-75 50£32nonths
Coughlin 2007 Retrespectivecase Mechanical KSS>85
oughiin High FlexionTibial echanica >
controlstudy (IV) 11 (®) Scorpio High Flex, Stryker FB, PS 9 _ 59.82 23+/55nonths
Bearing
Retrospective case Legacy KneePosteriorStabilized High Flex . o o
Hanson 2007 . 22 (16) . FB, PS Mechanical 70.9+5.2 minimum 6 months ANell-Functioning
series(1V) Zimmer
Prospective ase 5(12) NaturatKnee, Zimmer FB, CR PCL retained . - 72 (54 96) nonths KSS: 88 (8689)
Moro-oka 2007 Mechanical
control Study(1lf) 9(12) N2C, Zimmer FB,CR  ACL and PCL retained ; 71 (4 84) months KSS: 87 (8589)
8 (8) RP, CR Blocks Balancing 71.0 £ 8.4; 10.33.1 KSS:90.5+5.9
Gamada 2008 Prospective RCTII) TC-PLUS SB Solution, Smit& Nephew Mechanical
8(8) RP, CR Spreader Balancing 72.2+6.7 11.3+23 KSS:935+1.8
. 10 (8) Foundation Knee, DJO Global FB, CR Flat Tibial Bearing 71.6
H i 2008 Retrospectiveiase Mechanical 17.3 th: KSS K 91.4; KSS Function 80.6
amai Pp— echanical .3months nee 91.4; unction 80.
controlstudy (IV) ) ConformingTibial
10 (7) Nexgen LPSZimmer FB, PS . 72.6
Bearing
. Retrospective case _
Ginsel 2009 ies(V) 20 (16) 3D Knee System, DJO Global FB, CR Mechanical 69 (4384) 6-12months KSS>180
serie
Retrospective case . . o . .
Howell 2009 ies(IV) 35 (35) Vanguard, Biome FB, CR Kinematic Alignment Kinematic 67+ 9.8 years (532y) 4+ 1.3 morhs KSS: 93 (75100); OKS: 37 (2218)
serie
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Retrospective case

Mahoney 2009 ies(IV) 20 (15) ScorpioFlex, Stryker FB, PS Mechanical 76.3 (4490 years) min 6 months KSS: minimum Knee @0; Function 80
serie
Retrospective case . . o . .
Moonot 2009 ies(IV) 15 (13) MRK, Finsbury Orthopaedics FB, CS Medial Pivot Mechanical 75+ 7 17 + 4 months KSS: Knee 9% 3; Function 9% 2
serie
Retrospective case . ) -
Nakamura 2009 ies(IV) 20 (20) NexGen LPSFlexMobile RP, PS Mechanical 77 (7084) minimum 1 year HSS: 91 (8697)
serie
_ _ Retrospectivease 10 (9) Foundation Knee, DJO Global FB, CR . 66+ 7 N KSS: 95+ 2
Mikashima2010 Mechanical minimum 12 months
controlstudy 10 (9) 3D Knee System, DJO Global FB, CR ACL Substtuting 68+5 KSS: 90+ 7
. 9(9) FB, CS Medial Pivot - 5 months (3B) Successful
B 2011 Retrospectivezase Ad Wright Medical Mechanical
arnes vance, Wrig edica Double HighTibial echanical
controlstudy (IV) 9(9) FB, CR ) - 9 months (613) Successful
Bearing
. 10 (10) Duracon, Stryker FB, CR 83 months KSS: 182
Retrospectiveease . .
Okamoto 2011 FB, PS(n=2); Bilateral Mechanical 74
controlstudy (IV) 10(10) Triathlon, Stryker ’ : 33 months KSS: 187
FB CR (n=8)
RP, PS 3m
Prospective
Tanaka 2011 Longitudinal @hort 20 (20) NexGen LPS Flex Mobile, Zimmer RP, PS Mechanical 77 years (7084 years) 6m HSS: 91 (8697)
study (I11)
RP, PS 12m
. Retrospective case ) _ e . o
Kuroyanagi 2012 ies(IV) 25 (21) Journey BCS, Smit& Nephew FB, BCS Mechanical 63(4373) minimum 12months well aligned and functioning (KSS: 852)
serie
Prospectie cae 27 (27) FB, CR PCL retained . 76+6 18+ 5 months -
Watanabe 2013 3D Knee System, DJO Global Mechanical
controlstudy (llf) 29 (29) FB, CS PCL Sacrificed 766 19+ 5 months ;
» Retrospectivease ) .
Niki 2013 ies(IV) 29 (23) NexGen LPS Flex, Zimmer FB, PS Mechanical 71.4(53-84) 55 months KSS: 94.7 (83 to 100)
serie
Retrospectiveecase Vanguard, Biomet . o . Oxford: 42+ 4.8 (28 48)
Howell 2013 69 (66) . FB, CR Kinematic Alignment Kinemaic 65+11.4 6 months .
controlstudy (1V) Triathlon, Stryker KSS Function: 93 6.1 (70 100)
Retrospectiveecase 10 . ) FlatTibial Bearing . 754+ 8.3 judged clinically sacessful by their surgeor
Nakamura 2014 Bi-Surface Knee System, Kyocera Medic FB, CS Mechanical 41+35 months . ) )
controlstudy (1V) a4 Dish Tibial Bearing 75.4+8.3 no ligamentous laxity or pain
Retrospective case . . Ball and socketype .
Nakamura 2015 22 (18) Bi-Surface Knee System, Kyocera Medic FB, CS Mechanical 74.7+£9.8 74.7% 9.8 months KSS: 98.7 £2.3

serie(1V)

implant
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Retrospective case

Watanabe 2015 ies(V) 44 (34) NexGen LPS Flex, Zimmer FB, PS Mechanical 717 Minimum 2 year KSS: Knee 945; Function 7516
serie
Retrospectivease 31 (19) Actiyas, KyoceraMedical FB, PS . 74+ 4 2.4 year 0.5 KSS: Knee 4% 10; Functon 50+ 17
Watanabe 2016 Mechanical
controlstudy (IV) 31 (24) NexGen LPSFlex, Zimmer FB, PS 735 2.5yeart0.4 KSS: Knee 4@ 11; Function 48 11
Retrospective case o . .
Scott 2016 16 (15) GMK Sphere, Metacta FB, CS Medial Pivot Mechanical - 10.25months (6 to 19)  KSS Knee: 86 (8®0); Function: 89 (8A.00)

serieg(1V)
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Table6-6: Summary of Kinematic data extracted.

All kinematics measures are reported as mean = SD. 8rack

ar e0 riamdiecwas @ slatat répertede

PS- Cruciate sadficing + posterior stabilised; CRPosterior cruciate retaining; G&ruciate sacrificing; BC® Bi-Cruciate Substituting; FB Fixed

Bearing; RPA Rotating Platform® i Degreesmm- millimetres

Number é . . Medial Compartment Lateral Compartment
. o . L . . Maximal Flexion
Study TKRs Design Other Charaefristics Kneeling Description Contact Point Measuremer Type of Imaging Anal Maximal Maximal
) ngle 9 9
(patients) Flexion Flexion
Unilateral kneeling on a padded bench R N
10 (9) FB, CR 4 . .9 p measured in mm from cent 110+ 10 0.2+3 6+4 1+4 6+3
Incavo 2004 supporthg the tibial tubercle from the knee to ¢ tibial b | Lateral xrays
of tibial baseplate
10 (9) FB, PS just proximal to the ankle. P 111+8 4+4 5+4 26 5+4
Unilateral kneeling. Shin placed on a padded
bench 30 cm high with the foot hanging freely measured in mm from cest
Kanekasu 2004 18 (12) FB, PS ) - Fluoroscopy 139 (125155) - - - -
from the edge. Standing on contralateral leg. of tibial baseplate
Bar in front for support
Cannot Extract Cannot Extract Cannot Extract Cannot Extract
11(11) FB, CR 105.41+ 7.84
Values Values Values Values
measured in mm from cent Cannot Extract Cannot Extract Cannot Extract Cannot Extract
Delport 2006 10 (10) FB, PS - . Lateral xrays ~ 109.62+ 16.84
of tibial baseplate Values Values Values Values
Cannot Extract Cannot Extract Cannot Extract Cannot Extract
10 (10) RP, PS 94.29+ 19.28
Values Values Values Values
11 (7) FB, PS Standard Normdised to anterior 118+ 8 22+9 -48+ 10 25+ 9 51412
. Bilateral kneeling with a pad under the tibia  posterior and mediateral
Coughlin 207 . ) . Lateral xrays
11(8) FB,PS  HighFlexion  tubercle with the knee size. Distance measured frc 125+ 6 21+ 14 -56+ 12 -19+ 12 -59+ 10
centreof tibial baseplate
Unilateral kneeling on padded riser. )
o measured in mm from cent
Hanson 200 22 (16) FB, PS Contralateral leg placed dorsal to the midline o Fluoroscopy 128+ 7 - 17.3+£6.6 - 114.1+2.3
. . . . of tibial baeplate
with slight hip flexion
5(12 FB, CR PCL retained ) ) ) 109+ 13 - -0.1+0.3 - -0.3+0.6
Unilateral kneeling on a padded stool. measured in cm from centi
Moro-oka 2007 ACL and PCL » Fluoroscopy
9(12) FB. CR Contralateral leg on floor of tibial baseplate 104+ 16 R 02+03 R 0.7+03
retained
8(8) RP.CR  Blocks Balancing _ measured in mm from cent 102+12.8 - 27+122 - -10.5+11.4
Gamada 2008 Unilateral kneeling on a padded bench » Fluoroscopy
8 (8) RP,CR  Spreader Balanag of tibial baseplate 107.9+ 10.1 - -1.8+8.2 - -11.1+118
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Unilateral kneeling. Shin placed on a box with

_ 10 (8) FB, CR Flat - " measured in mm from cent all > 120 4.2+3.6 - 4.8+3.3 -
Hamai 2008 the ankle joint extended. Contralateral leg in o Lateral xrays
10 (7) FB, PS Conforming front of tibial baseplate all > 120 3.7£32 - -10.5+3.3 -
. Unilateral kneeling on a padded chair. measured in mm from cent
Ginsel 200 20 (16) FB, CR . . » Fluoroscopy 131+13 - -2+4 - -10+4
Standing on contralateral leg behind of tibial baseplate
) o Unilateral kneeling oistool; contralateral leg ~ measured in mm from cent
Howell 2009 35 (35) FB, CR Kinematic Alignmen . » Lateral xrays 116+ 9.6 3.8+3.3 45+33 16.9+5.5 19.6+5.7
standing on floor of tibial baseplate
Unilateral kneelingpn padded bench; measured itm from centre
Mahaney 2009 20 (15) FB, PS . o Lateral xrays 129.9+7.22 - -1.19+0.18 - -1.4+0.18
contralateral legtanding on floor of tibial baseplate
Unilateral kneeling. Shin on a padded stool 3C .
measured in mm from cent
Moonot 2009 15 (13) FB,CS  Medial Pivot Knee cm hich with the foot hangingreely from the o Fluoroscopy 119 (101 139) -1+2 - 4+2 -
of tibial baseplate
edge
Unilateral kneeling. Shin on a padded beB6h measired in mm froncentre
Nakamura 200¢ 20 (20) RP, PS . . . o Lateral xrays 124+ 17.22 -0.1+2.7 -6.7+2.1 -0.7+24 -11.8+4.8
cm high with the foot hanging freely of tibial baseplate
Unilateral partial weighbearing kneeling on
Mikashima 106) FB, CR P g 9 9 measured in mm from cent 113+£11 12 1+3 -4+3 5+3
2010 padded box at 90na kneeling at maximal ¢ tibial b lat Lateral xrays
_— _ ) of tibial baseplate - -
10 (9) FB, CR ACL Substituting flexion. Contralateraleg standing on floor 123+ 13 7+5 5+8 4+5 77
9 (9) FB, CS Medial Pivot ~ bilateral kneeling on paed stool supporting Normalised to AP size. 108+ 4.7 505+12.8  -15.6+6.9 196242  1124x117
Barnes 2011 the anterior aspect of the leg from tibial Distance measured from  Lateral xrays
9(9) FB,CR Double High tubercle to just proximal to the ankle centre of tibial baseplate 116+ 12.4 15.7+25.2  -28.8+20.2 1.7+17.9 -30.8+ 14.5
10 (10) FB, CR ) ) ) 119+ 13 - -11+6 - -17+6
Unilateral kneeling. Shin on a padded bench :
ok 10 201 FB, PS Bilateral cm high with the foot hanging freely from the measured in mm from cent A
amoto - ilatera . . o uoroscopy
10(10) (n=2), edge. Standing on ctalateral leg. Bar in of tibial baseplate 120+ 9 R Cannot extract R Cannot extract
FB CR front for support separate patter separate patter
(n=8)
3.8 (1 6.2 (71
RP, PS ) _ ) 123.7+129 2. 73.1(oi7.5) 0.3 (T14.
Unilateral kneeling. Shin on a padded bench : 6.3) 0.5)
cm high with the foot hanging freely from the measured in mm from cent -5.7 (12.8 to
Tanaka P11 20 (20) RP, PS . . » Lateral xrays 128.6+134 2. 6 -1.6 (6.21t03.8) -8 (17.41t00.7)
edge. Standing on contralateral leg. Bar in of tibial baseplate 4.4)
front for support -4.7 (10.8 to -11.6 ¢28.5 to-
RP, PS 129.7+183 1.6 (1 4 -2.7 (16.8 ta.5)
3.8) 3.3)
Kuroyanagi Unilateral kneeling activity on a padded benct measured in mm from cent
25 (21) FB, BCS ) o Fluoroscopy 128+ 11 - -10+£ 3 - -20+ 3
2012 with the contralateral foot on the floor of tibial baseplate
i Unilateral Kneeling. Shin placed on 5cm pad B B B B
27(27) FB, CR PCL retained 9 p p measured in mm from cent 115+ 14 2+3 3+4 4+3 7+3
Watanabe 201! atop a 1535cm box with their foot hanging " Lateral xrays
29(29) FB, CS PCL Sacrificed of tibial baseplate 122+ 10 -1.7+-25 2+4 -6.8+1.9 4+3

freely
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measured in mm from cent

Cannot Extract

Cannot Extract

Niki 2013 29 (23) FB, PS Bilateral seizasitting position o Lateral xrays 148 + 8.0 - -
of tibial baseplate Values Values
Unilateral kneeling on a padded stool with the di ; X
measured in mm from cen
Howell 2013 69 (66) FB, CR Kinemaic Alignment opposite leg behind them and out of the field « » Lateral xrays 119+ 8 2.1+4.2 0.7+4.5 2.5+45 -6.5+4.6
. of tibial baseplate
view
Nak »o1 10 B s FlatTibial Insert Unilateral kneeling on a 30cm padded bench measured in mm from cent Lateral 144£10.3 - -8.2£5 - -14.5+28
akamura 201« \ ) o ateral xrays
44 Dish Tibial Insert with the contralateral foot on the floor of tibial baseplate 138.7+ 12.6 _ 89+4.7 _ 148+13.2
Unilateral kneeling on a 30cm padded bench measured in mm from cent
Nakamura 201! 22 (18) FB, CS Ball and socket . » Lateral xrays 115.6+22.5 - -8.3+£34 - -14.3£ 2.9
with the contralateral foot on the floor of tibial baseplate
Unilateral kneeling. Shin on a padded 15 to 3! di ; "
measured in mm from cen
Watanabe 201t 44 (34) FB, PS cm box with their foot hanging freely. ¢ tibial b lat Lateral xrays 123+ 14 - -5+4 - 9+4
of tibial baseplate
Contralateral leg standing on floor P
31 (19) FB, PS Unilateral kneeling. Shin on a padded 15 to 3! measured in mm from cent 121+ 10 7+2 6+2 8+23 11+2
Watanabe 201¢ cm box with their foot hanging freely. ¢ tibial b \at Lateral xrays
of tibial baseplate R - -
31 (24) FB, PS Contralateral leg standing on floor p 114+ 9.2 0+2.1 5+35 4+29 10£2.2
measured in mm from cent
Scott 2016 16 (15) FB, CS Medial Pivot - Lateral xrays 117+ 14 - 1+4 - -6+4

of tibial baseplate
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6.5.5 Meta-analysis Findings

There were differences in the estimated weightedngor maximal flexion angle between
implant designsKigure6-2). The BCSFB design appeared to achieve greater flexion than
both the CR designs; drthe CRRP design achieved less flexion than theFBSand BCS
FB designs. Aditionally, there were no differences in the contact patterns aiFgure6-3).
However, medial and lateral contact patterns foiFBand PSRP were more posterior
compared to CH-B at maximal flexionFigure6-4). For all implant groups the medial and
lateral contact patterns demonstrated posterior translation when moving freom@aximal
flexion (Figure6-5). Furthermore, at mximal flexion, all groups displayed more posterior
translationaterally than mediallyThus, all implants demonstratslightly more external
femoral rotation(equivalento internal tibial rotationat maximal flexion compared to 90°.
The metaanalysiscould not detect any differences in rotatiéinglre6-5). The hetergeneity
of the mean estimates)was substantiameaningthat it was difficult to beertainabout the

differences that emerged from seanal/ses.
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140 1216 1225 119.8 116.8 128.0 122.1 105.6
(115.7t0127.6)  (115.8t0129.5)  (110.9t0128.8)  (110.9t0 122.6) (123.7to132.3)  (107.9t0136.2)  (100.0to 111.3)

i L] f

]
o
—_—
—_—

Maximal Flexion Angle
o
o
—

8

80

PS-FB PS-FB Bilateral PS-RP CR-FB BCS-FB Cs-FB CR-RP
Unilateral
n=168 n=22 n=50 n=235 n=25 n=145 n=16

Figure6-2: Estimates ofmaximal flexionangle means and 95% confidence intervals
derived from quality effects models

PSFB- Cruciate sacrificing + posterior stabilised + fixed bearing; PSBRciate
sacrificing + posterior stabilised + rotating platform; CRHBosterior cruciate
retaining + ixed bearing; CSFB Cruciate sacrificing + fixed bearing; CRREruciate
retaining + rotating platform; BCSFBBI-cruciate substituting + fixed bearing:=
number of implants within each implant group. Unilatérblnilateral kneeling
strategy; bilatedla bilateral kneeling strategy. Only PSFB had data for bilateral
kneeling. This figure does not include data from Niki et al. because data was subj
to significant selection bigdiki et al., 2013)
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Figure6-3: Estimated means dr95% confidence intervals for medial and lateral compartment cqatietns at 90as derived from quality effects models.
Means are reported as mm away from the centre of the tibial baseplate. Positive values indicate anterior to the cgatieearaduss are posterior to the
centre. Note: PSFBCruciatesacrificing + posterior stabilised + fixed bearing; PSRFuciate sacrificing + posterior stabilised + rotating platform; CRFB

Posterior cruciate retaining + fixed bearing; CSFEBuciate serificing + fixed bearing; CSRPCruciate sacrificing + rotang platform
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Figure6-4: Estimated means and 95% confidence intervals for medial and lateral compartment contact points at maximas@kxigrirom a quality
effects models.

Means are reported as mm away from the centre of the tibial baseplate Positive values indicate anterior to the ceatreeavaluesyare posterior to the
centre. Note: PFB - Posterior stabilised + fixed beag; PSRP - Posterior stabilised + rotay platform; CRFB - Cruciate retaining + fixed bearing; €FB

- Cruciate sacrificing + fixed bearing; GIRP - Cruciate retaining + rotating platform

157



10.0

n
=)

e
(=S

-10.0

Contact Location (mm)
W
[=]

-15.0

-20.0

10.0

5.0

0.0

-10.0

-15.0

-20.0
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Medial
PSFB -3.4 (-8.83 to 1.96)
PSRP -0.1(-1.28 to 1.08)
CRFB 1.8 (-0.44 to 4.01)
CSFB -1.4(-2.12 to -0.74)
Medial

PSFB
PSRP
CRFB
CSFB
CRRP

-7.1(-10.47 to -3.86)
-6.7 (-7.62 to -5.78)
-0.5(-3.25t0 2.22)
-4.1 (-9.46 to 1.36)
2.1(-6.8 to 2.64)
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-6.4 (-10.81 to -1.91)
-0.7 (-1.75 to 0.35)
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CRFB -7.2 (-9.12 to -5.36)
CSFB -10.6 (-15.89 to -5.24)
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Figure6-5: Summary of estimated weighted means with associated 95% confidence inter

for medial and lateral compartment contact patterns

A) 9¢° and B) maximal flexion where a more positive location indicates more anterior. Thu

posteior stabilised designs staand finish more posterior and the cruciate retaining designs

relatively more anterior.

Note: PSFB- Bi-cruciate sacrificing + posterior stabilised + fixed bearing; PSRFcruciate

sacrificing + posterior stabilised #tating platform; CRFB Pogerior cruciate sacrificing +

fixed bearing; CSFB Bi-cruciate sacrificing + fixed bearing; CSRBi-cruciate sacrificing +

rotating platform
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6.6 Discussion

The most important findings of this study were that the femoral comparas more
posteriorly podioned on the tibia in posterior stabilised designs compared to their cruciate
retaining counterpartshen kneeling at maximal flexion. Furthermore, lbieruciate

stabilised fixeebearing (BCSFB) design appeared to achieve rftexion and the cruciate
retaining rotatingplatform (CRRP) design achieved the least, but both were from single
studies with small sample sizes. Importanttg heterogeneitfor all the mean estimategas

substantial.

The metaanalysis demonstratedrae distinct differences icontact patterns during kneeling
which were consistent with the current understanding of prosthetic kinematics. Both medial
and lateral compartments fdt designdranslatednoreposterioty at maximal flexion

compared to 90 However, posterior stabikslimplants, whether fixed or rotating platform,
weremoreposterioron the tibia at maximal flexion when compared to cruciate retaifimg
result is unsurprising as the cam and post of posterior stabilised implants are designed to
prevent anterior trafation of the femur on the tibia and guide femoral rolll#akall et al.,
1982) Achieving posterior fenmal translatiormitigates againsposteriorimpingement in

higher flexionand isthought to be criticain restoring normal kinemati¢Most et al., 2003)

This metaanalysis 0638 participants supports this claim.

The metaanalysis indicates that external femoral rotation occurs in afjresAs the knee
moves from 90fnto maximal flexion, the lateral contact pattern translates more posteriorly
than tke medial resulting in apparent external femoral rotation. This evidence of external
femoral rotation indicates that prosthetic knees betli&e healthy knees during kneeling,
with six-degreeof-freedom studies reporting rotationsbaftween 10and 20 (Galvin et al.,

2018, 2019)Unfortunately, because contgmttern data is twdimensional, it is niopossible
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to directly compare the magnitude of rotation with the angular displacement data from of six

degreeof-freedom studies.

This review found that thé8CS-FB design appeared to achieve the most flexion and the CR
RP design achieved the least. Thaicknot appear to be any differences between any of the
other designs. This finding contrasts with three previous systematic reviewsregach
greater flexion in posterior stabilised and rotating platform degiat®bs et al., 2004; Jiang
et al., 2016; Verra et al., 2013)hese reviews measured maximal flexion in4kaeeling
positions,and this may have influenced the results. Howewah theBCSFB and CRRP

results are from single studies and in all designs the variability was high.

The metaanalyses revealed subsiahtvithin-design heterogeneity for most of the contact
pattern data. The exception was the lateral to medial differkm the CS-B designs at
maximal flexion which was 0%-igure6-4). This is a surprising resigtnce three different
implants systems were included in this design. CS designs rely on geometry rather than
ligamentous tethers @am/post mechanisms to facilitate the kinematics. It is possible that
these designs are more resilient to wibelividual differencesput this hypothesis would need

to be tested.

The substantial heterogeneity in the other analyses could have beesuthefrienplant
geometry and the specifics of the task performed. Implant geometry has been shown to
influence kinematics ding gait and also flexion up to 9QArdestani et al., 2015; Bull et al.,
2008; Schutz et al., 2019piven that different prostheses were includéithiv each design
group, heir varying geometries may have influenced the data. Kinematics are task specific
(Galvin et al., 2018; McClelland et al., 205f)d kneeling was performed in different ways
depending on the studRRotation of the foot or the hip and whether the foot is free or

constrained &influence the contact p@rns. Yildirimet al found that internally rotating the
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foot increased the medial to lateral contact pattern differ@fitlgérim et al., 2007) Hefzy et

al. observed that the mechanical axis of the knee was a function of foot position relative to the
hip (Hefzy et al., 1998)ndicating that controlling the task is essential if data are to be
compared. Three of the 26 stiad reported bilateral kneeling. Two of those were comparable

to unilateral kneeling in terms of maximal flexion angle and one was notet\akiselected

only patients who could achieve seiza kneeling (deep bilateral knealif@g®) resulting in

only 23 of a possible 371 patients includ&iiki et al., 2013) It is important to differentiate
between unilteral, bilateral and seizaneeling cohorts because the kinematics may be

fundamentally different.

There are someénhitations in this metanalysis Most of the studies had small sample sizes,
did not use consecutive patients, and did not have a compgr@magmn A comparison group
important because methods and technologies change rapidly making hismmealrison

group data are obsolete. Other confounding factors inctliifierencesn image acquisition
strategies anghstructions to participantsnd inconsistent reportingf patellar resurfacingt

is also important to remark on the likelihood of selection bias in these cohorts. Of the 26
included studies onlg2 7% reported consecutive selecting their cohort. Given that only 20% of
TKR patients adlevekneeling(Wylde et al., 2019i is likely that most of the patients

included in these studies were high performing and selected for their kneeling ability.

The clinical implications ofhis study are twofold. First, in all designs there was evidence of
posterior translation with appent external femoral rotation. Second, the evidence to date
lacks sufficient comparison data and is highly variable. Therefore, there is insufficient
eviderce to support any one implant design in terms of superior performance fiexigin

kneeling. Wé -designed comparative trials are still required.
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6.7 Conclusion

This metaanalysis revealed that the femoral component was consistently more posterior
during hgh-flexion kneeling in posterior stabilised designs compared to their cruciate
retaining countergrts.However, there was substantial heterogeneity between studies
indicating a lack of clarity in this field. There remains a need for a high quality ptvgpec

comparative trials for reliable evidence and clinical utility.
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7.1 Context

The systematic review with meganalysisin chapter sihighlighted a paucity of higlyuality
randomised trialsvhich examnedthe influence of total knee replacement design on krggelin
kinematicsStudies included in the review typically had small numbers, variable implant
geometries, and different ways to elte kneelingAs such, there was high heterogeneity and
variability between studsmaking it difficult to draw any firm conchiors from the data.
Thereforea need for high qualitgrospective trial was identifiedhis chapter presents the
results ofour prospectivaeandomised clinicairial of three different implant designs framne
implant family (ZimmerBiomet Vanguard Kn&ystem)which took place over five years

The results of this study will help inform surgechoice for which implant to use and provide
information regarding patient expectas@round kneelingThis research was funded by

ZimmerBiomet
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7.2 Abstract

Moderntotd knee replacememirostheses are designed to restore healthy kinematics
including highflexion. Kneeling is a high flexion, kinematically demanding activity after
TKR. The debate about design choice has not yet been informe®bly iBi-vivo kinematic.
This prospective randomisetinical trial compared kneeling kinematics in three TKR
desgns. 68 patients were randomised to either a posterior stabilizeeB Sruciate
retaining (CRFB) or rotating platformCR-RP) design. Sixtfour of these patigs
completed a minimum-gear followup. Patients completed ftflexion kneeling while bieg
imaged using singtplane fluoroscopyKinematics werealculatedoy registering the 3D
implant models onto 2fynamic fluoroscopic images and exported for asialCR-FB
designs had significantly lower maximal flexion compare@®RP and PS-B. ThePSFB
design displayed a more posteriorly positioned femur throughout flexion. Furthermore, the
CR-RPfemurwas moreexternallyrotated throughout kneeling. Finalkinematics variability
was high within all designghe increased maximal flexion foundthe PS-B andCR-RP
designs were likely achieved in different ways. TheABIlesignuses a&campostto hold the
femurmore posteriorly preventing posterior impamen. Theexternalrotation within the
CRRP design was spuavipusly bedan negortedt is tikehdaestm thet
polyethylene bearing being decoupled from flexibhne findings of this studgrovide
insights into thdunction of knee replamen designsn the context during deep kneeling

Theyalsoprovideclinicianswith a more kinematically informed choice for implant selection

and providebetter manageentofpat i ent 6 s functi onal expectati
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7.3 Introduction

In total knee replacementKR), high flexion is an important indicator of succe&swell

performing TKR normally achieves 1120 of flexion (Verra et al., 2013put higher flexion

is considered a more desirable outcobeep kneeling in native knees requires up tc® 65
flexion, which is greater than other higlexion activities(Hefzy et al., 1998)Therefore,

deep kneelings demanding after TKRbut it is also highly desirabl@Vylde et al., 2019)
Understanding the kinematics of deep kneeling is the fundamental step in facilitating kneeling

for future TKR recipients.

Implant choice is dietted notonly byimplant survivalandsurgeon preferencéut alsdy
kinematic performancg/ertullo et al., 2017)However, the debate over which implant to use
is still unresolvedAccording to the Australian Joint Registtiie ivo mog commorly used
designs are posterior cruciate retaining (GRYposterior stabilised (PS)ith both having
fixed- and rotatingplatformtibial insert variantgAustralian Orthopaedic Association
National Joint Replacement Registry (AOANJRR), 20I1%e CR design retains the
posteriorcruciae ligament (PCL) and reliesn it tomimic native femoral rollback in deep
flexion. In the PS design, @am and post replasthe PCLthereby preventing anterior
translation andacilitating rollback of the femoral condyles on the tibial bearfimgall et al.,
1982) The rotating tibial platformvas designetb redue contact stresses on the
polyethylenebearing through higher artitar conformity and greater contact af®écEwen et
al., 2005; Walker & Sasivam, 2000)Additionally, this design theoretically proresaxial
rotation(Sawaguchi et al., 2010)Vhile there areninimal differences between implants in
terms of pain and clinical outcom@égerra et al., 2013Xhe CR design has a slightly lower
revision rate at8 years compared to PS (8.2% vs 9.5%) as do-eztting designs
conpared to mobile bearings (8.3% vs 9.@%)istralian Orthopaedic Association National

Joint Replacement Registry (AOANJRR), 2019pwever, in terms of function, the
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posteriorstabilised design has been reported to confergreatximalkneeflexion (Verra et

al., 2013) possibly providing rare potential for deep kneeling after TKR.

The different TKR ddgnsachieve deep kneelingsing unique mechanisms. The PS design
appears to facilitate a more posterior femoral position throughout flexion when compared to
CR designginsall et al., 1982; Victor & Bellemans, 2008he CR design uses the PEL

drive posterior femoral translation and its implant geometigpntrol axial rotatio(Most et

al., 2003) However, the kinematidata underpinning our assumptions about these designs
may be fawedbecause: they are typically derived froetrospectivesingle cohortsare

biased towards higherformingpatients and; compare designs with diffetdrnbfemoraland
polyethyleneggeometies(Lynch et al., 2020)These deficiencies limdur understanding of

the influence bdesignon sixdegreeof-freedom kneeling kinematics.

The purpose of thistudywas to prospectively compare thig-degreeof-freedomkinemattcs
of posteriorstabilisedfixed-bearing(PSFB), cruciateretainingfixed-bearing(CR-FB) and
cruciateretainng rotatingplatform (CRRP)designs duringleepkneeling.We hypothesized
that 1) PSFB designs will have greater maximal flexion angle thanFBRnd CRRP. 2)
The femoral component 8fSFB designs willbe more posterior on the tibia throughout

flexion compared to CHB and CRRP designs

7.4 Methods

This was a singkeentre prospective, longitudinal, parallel groupndomized clinical trial
(Interndional Standard Randomized Controlled Trials Number: 75076749). Ethics approval

for the study was obtained frolimcal ethical committees
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Eligible participantsvereaged over 1§earshad knee osteoarthritis, and weveaiting
TKR. Full inclusion/extusion criteria are reported ifable7-1. All participantsprovided

written informed consent to participate

Table7-1: Inclusion and exclusion criteria

Inclusion Criteria

X-ray confirmation of osteoarthritis

On surgical list for total knee replacement

Exclusion criteria

Lateral compartment osteoarthritis only

BMI > 38

Wholly inactive or severely restricted to the minimum of activities of daily living.
Knee flexion < 90° (can you position your foot under your knee while siging

A psychosocial reason not to be able to consent or complete the requirementtuafythe
Metastatic disease

Pathological fracture

Revision knee replacement

Poor understanding amslunable to provide informed consent

Pregnancy

Between December 2013 and January 2028, participantsvererecruited Forty-five
participantsvere excluded for not meeting the inclusion criteria Ahdiere not randomised
leaving68 enrolled in therial (Figure7-1). All participantsvere blinded to themplant

design

A permutedblock randomization design with a block sizesof stratified by sexvas used to
allocate each subject to onetbé&threeimplant designs Allocation was achieved using
consecutively numbered envelopes according to the order dictated by a random number

generator. These envelopes were held in a separate location by an administrator who was
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blind to the randomization argksignallocation and not involved in the study in any way

except to inform the team of the random allocation for each participant

Assessed for eligibility (n= 124)

Excluded (n= 45)

eCancelled Operation (n= 1)

eNot Interested (n= 13)

eUnavailable for testing (n=17)

eDid not want to be randomised (n=7)
> ePoor English (n=2)
#Did not attend initial testing session (n=3)
ellistory of Stroke and Parkinson’s (n= 1)
oFFD and Valgus >30 degrees (n=1)

\ Initial Assessment (n = 79) ‘

—b’ *Trial implant not used (n=11)

Randomized (n = 68)

A4 v

Posterior Stabilised
Fixed Bearing (n=21)

Cruciate Retaining
Fixed Bearing (n= 24)

Cruciate Retaining
Rotating Platform (n=23)

I

[ 1 Year Follow-Up ]

Removed (n=2)
* Missed 1 year F/U (n=1)
* Declined due to OA in

Removed (n =2)
* Patcllar Fracturc and
Infection (n= 1)

Removed (n=0)

ankles (n=1) * Lost to F/U (n=1)
Cruciate Retaining Cruciate Retaining Posterior Stabiliscd
Fixed Bearing (n=22) Rotating Platform (n=21) Fixed Bearing (n=21)
[ | [
[ 2 Year Follow-Up ]

Removed (n = 3)

« Contralateral knee fracture (n=1)
* THR (n~1)

* Back Surgery (n-1)

Removed (n=4)
* Loss to F/U (n=3)
* Moved interstate (n=1)

Removed (n = 2)
« Lost to F/U (n=2)

A,

Posterior Stabilised
Fixed Bearing (n=17)

Cruciate Retaining
Fixed Bearing (n= 20)

Cruciate Retaining
Rotating Platform (n=18)

[ Final Analysis ]

¥

Cruciate Retaining Rotating Platform
1 Year (n=3)
2 year (n=18)

Cruciate Retaining Fixed Bearing
1 Year (n=2)
2 Year (n=20)

Posterior Stabilised Fixed Bearing
1 Year (n=4)
2 Year (n=17)

Figure7-1: Consort flowchart illustrating patient selection for thal.
Oneyear data was included for those participants who did not return for theiyéano

follow-up
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All surgeries werperformedby a knee fellowship trained surge@l participantseceived

one of threeemented/anguar® TKR designgVanguard Knee System, dimeBiomet,
Warsaw, Indiana) between January 2014 and October 201 signs had consistent

femoral geometry. Participants received a general anaesthetic combined with a local spinal
anaesthetiprior to inflation of the tourniget A midline incision vith a medial parapatellar
approach was use8tandard extraandintramedullary instrumentatiowas usedn all

kneesA standard technique was used with the aim of placing the components in neutral

alignment relative to the meahiaal axis.

Testing was endiwcted12- and 24months possurgeryand occurred betweddecember
2013 to November 201@atient reported outcome measures (PROMSs) incl@déord Knee
Score (OKS), and 106point visual analogue scales (VAS100 best tavorse) for pairand

satisfacton werecollected to assess subjective performance.

Participantsvere asked to perform a unilateral dd&geling movement on a padded box
with the foot hanging and the other leg behind the box so as not to obscure the knee of
interest. Allparticipantswvereinitially positionedwith their knee aapproximately 90° and
asked to bend until full flexion was achieved. Movement was recorded usingsigte
fluoroscopy (Axiom Artis, Siemens, Munich, Germany) placed for a sagi&al of the knee,
sampling inagesat 30Hz with 1024x1024ixel spatial resolution and Hits/pixel.
Calibration was achieved usin@d&0mm x 350mm perspex box implanted witn array of
1mm tantalum beads spaced an2® intervals The box enabled cagction of the pin

cushion distrtion present in théluoroscopy image

Kinematic data were generated by registering the femoral and tibial coraplgdrdesign
(CAD) models for each of the TKR designs to the fluoroscopic images using bespoke

software Ortlvis© (MathWorks, Natick, MA)Theprecision ofOrthovis was previously
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reported for iaplane (sagittal) registration as G@ridn for translation and 0.3° for rotation,
while the outof-plane precision was Orim and 0.5{Akter et al., 2014a; Scarvell et al.,

2010)

Orthogonal axes for femoral and tibial implants were adapted from the convention developed
by Grood and Suntaizrood & Suntay, 1983nd Guaret al(Guan et al., 2017)Thesix-
degreeof-freedom knematics were then exported for analysis and reported as a function of
flexion. Flexion, adductioninternal femoratotationand anterior, medial and superior

translations werdescribedaspositive Eigure7-2).
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Femoral

Tibial

250 250

Figure7-2. Femoral and Tibial Axes Definitions

Top: Axesdefinitions for the femoral and tibial components of the knee prostheses. The ¢
of the femoral axial system was identified in three plabef: Sagittal view- The most
anterior position of the floor of the femoral component. Middle: CoroAathe midpoint of
the intercondylar notch. Right: AxialThe midpoint of the most anterior point of the
intercondylar notch. The-axis for the feroral component was parallel to the transverse sur
of the most anterior point of intercondylar notch beiongifive in the medial direction and
negative in the lateral direction. Thaxis was perpendicular to theaxis being positive in the
rostral/sipeior direction and negative in the caudal/inferior direction. Ta&ig was
perpendicular to both theandz-axes being positive in the anterior/ventral direction and
negative in the posterior/dorsal direction.

Bottom: The origin of the tibial axialysten was identified in three planes. Left: Sagittal vie:
At the middle of the horizontal line connecting ttemtres of the medial and lateral condyles
the polyethylene spacer. Middle: CoronhdWiddle of the top surface of the tibial baseplate.
Right: Axial T Top surface of the tibial baseplate. Thaxis of the tibial component was
parallel to the transvse flat surface of the tibial baseplate with the medial direction being
positive and the lateral direction being negative. Tagig of the tibal component was
perpendicular to the transverse flat surface of the tibial baseplate andxtsewith the
superior/rostral direction being positive and inferior/caudal direction being negative-&g
was perpendicular to both theaxis and the-axiswith the anterior/ventral direction being

positive and the posterior/dorsal direction being negative.
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There were 36 participants who did not start the kneeling task at 90° of knee flexion and so
backward extrapolation of this missing kinematic deagrequired to have a dataset that

could be compared. This was achieved using the travelling salesman p(dBlejralgorithm
(Lawler et al., 1985)This algorithm used the kinematic curves with complete datac(rves
which contained kinematic values starting at 90°) to prediatnikging values at 5° flexion

intervals for the curves that were missing data (Supplementary).

Sample size was determined byaapriori powercalculation. With a study power of 80%

and statistical significance at less than 0.05 {$vded p < 0.05), the s®le size require for

this study was 6@articipantgdivided equally into the three TKR desigi$ie primary

outcome wasrgeriorposterior translationrange (ifference from the mean 90° value and
maximal flexionangle) because it is strongly associatéh high flexion, stability of the

knee, and replication of healthy knee kinematics during knee flexion. The clinically important
difference of ateriorposterior translatiowas defined agd.1mm and we assumewithin-

groupstandard deviation of 4fam (Scarvell ¢al., 2007)

A detailed statistical plawascompleteda-priori. An independent statisticidslinded tothe
group assignments performedthié analyses. All analysesedtheintenton-to-treat

principlewhere unavailabl@-year followup data wereeplaced byl-year followup data.

Continuous baseline demographic daswell as baselinreROMsfor eachdesignwere
summarisedisingmeanst standard deviation or erroiGategorical baseline data were
summarised using frequencies and percentageswedbhdesign Differences between
designs fokinematicranges (90tmaximal flexion) kinematics at maximal flexion and
PROMswere estimated usingultivariatelinear models, witldesignas the factor of interest,

adjustedor BMI, sex and age. Averagibdiofemoral positiongnd angles throughout flexion
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were compared using mixexfectlinear moded, with flexion*design BMI, sex and age as
fixed effects and ID as the random effect. Mean differences between thd&dd®s were
described as marginal mesawith 95% confidence intervalB-values for poshoc pairwise
comparisons were adjusted using the Tukey mefiwoall analysesAll analyses were

undertakerusing R v3.6.1 (R Development Core Team, 2019).

7.5 Results

Of the124 participants approached for thedy, 68 were randomise®4 returedfor 1-year
follow-up and 55eturnedat 2 years6 were lost to follow up (CHB=2; PSFB=3; CR

RP=1) Figure7-1). This resulted ir2 CR-FB, 21 CR-RP, and21 PSFB participans

includedin thefinal analysesKigure7-1). No prostheses were revised in the study pdriad

one patient was removed because of a patellar fracture and subsequent infection prior to their
oneyear assessmentdble7-2). There were ndesigndifferencedor clinical outcomes at

either baseline or followap (Table7-3 andTable7-4).

Table7-2: Postoperative complications

Cruciate Cruciate Posterior
RetainingFixed Retaining StabilisedFixed
Bearing Rotating Platform Bearing
Manipulationunderanaesthetic 2 - 1
Infection - - -
Skin - 1 1
Deep 1 1 -
Deepveinthrombosis 1 1 2
Pulmonaryembolism - 1 1
Patellarfracture - 1 -
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Table7-3: Baseline characteristics for participants included in final analysis.

Results displayed as mean tr&tard deviation

Cruciate Retaining Cruciate Retaining

Fixed Bearing

Rotating Platform

Posterior Stabilised

Fixed Bearing

N 22

Sex (male; female) 11: 11
Age (years) 70.3x7.4
Operated side (left; right) 157
Mass (kg) 96.3+16.D
Height (cm) 170.0£9.3
BMI (kg m?) 33.4+5.4
Oxford Knee Score (/48) 23.7+£54
VAS Pain (/100) 52.3+25.3

21

10: 11
70.0+8.3

6: 15
88.0+18.D
168.2 £+ 8.9
30.9+5.9
26.3+9.1
42.3+3.2

21
8:13
70.1+£7.1
138
84.6 £ 19.0
167.7 £ 8.8
30.0+6.2
26.0+7.0
50.1 £21.5

Note: Data are mean + standard deviation
BMI T Body Mass Index
VAS i Visual Analogie Scale
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Table7-4: Summary of followup clinical resultsncluded in final analysis.
Where 2year followup data was not presentygar followrup data was brought forward.

Results displayed as mean + standard error (95% confidence intervals) p = 0.05

Cruciate Retaining  CruciateRetaining Posterior Stabilised
Fixed Bearing Rotating Platform Fixed Bearing
_ 22 +1.1 23x1.1 23+1.1
Follow-up Time (months)
(20.3 to 24.5) (21.0t0 25.2) (20.0 to 24.3)
] _ 117+ 1.8» 123 +£1.9* 125 £1.90
Maximal Flexion Angle {)
(113.9t0 121.0) 120.0to 127.2) (121.31t0 128.7)
37 2.1 39+£2.0 41 £2.1
Oxford Knee Score (/48)
(32.7 t0 40.8) (35.5t0 43.15) (37.4 t0 45.5)
_ 19+4.4 11 +4.2 11+4.4
VAS Pain (/100)
(10.2 to 27.5) (2.2 t0 18.8) (2.6 t0 20.0)
_ ] 19+£5.3 11 £5.0 11+£5.3
VAS Satisfaction (/100)
(9.1 t020.7) (1.2 to 21.0) (1.1t0 21.9)

VAS T Visual Analogie Scde: O is the best score and 100 is the worst
* CR-FB significantly different to CFRRP
¥ CRRP significantly different to P&EB
N CR-FB significantly different to P&B

The CRRP (123 = 1.6)and PSFB (125 + 2.1)designs achieved higher maximal flexiomrth
CR-FB (116 = 2.1)(p=0.002) Table 7-4). There were no design differences fanterior

posterior translation ranggrimary outcome) Table 7-5). However, posteriestabilised
designs were more poster@treach flexion angle compareddoth cruciateretaining designs

(Figure7-3A).
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Table7-5: Total rotation and translatioangebetweerf0° to maximal flexionby prosthesis

design
Data reported as adjusted marginal méénsSt andar d

with p values fo between design differences (p).

error

(upper

Cruciate Retaining Cruciate Retaining Posterior Stabilised Group
Kinematic Variable Fixed Bearing Rotating Platform Fixed Bearing difference
p-value
] ] -15.6 +1.42 -18.9+1.43 -19.8 + 1.47
Anterior-Posteriomm) P=0.12
(-18.5t0-12.8) (-21.8 to-16) (-22.7 t0-16.8)
1.4 +0.56 2.0+1.38 0.5+0.57
Internal/External®) P=0.44
(0.3t0 2.5) (0.3t0 2.5) (-0.6t0 1.7)
e -0.7 £ 0.29 0.1 +0.29 0.1 +£0.29
Ab/Adduction(”) P=0.14
(-1.2 t0-0.1) (-0.5t0 0.6) (-0.5t0 0.7)
) ] 4.4 +0.28 3.9+0.28 3.9+0.29
Superiofinferior (mm) P=0.48
(3.8104.9) (3.4t0 4.5) (3.4t0 4.5)
) 0.0+0.28 -1.0+0.28 0.1+0.28
Mediolateral(mm) p=0.01
(-0.5t0 0.6)* (-1.6 t0-0.5)¥ (-0.5t0 0.6)

Note: Between design differences:

* CR-FB significantly different to CRRP

¥ CRRP significantly different to PEB

" CR-FB significantly different tdrom PSFB

The CR-RP design displayed more extersfamoral rotation at each angle throughout flexion

when compared tthe othedesigns Figure7-3B andTable7-6). In cantrast, CRFB were

less externally rotateat 130° of flexion compared to F=B and CRRP. The totatotation

rangebetweerf0° to maximal flexion did not differ betweeesigngTable7-5). Visually,

the CRRP hadhighly variable starting position but 76% remained within £3° of that position

(Figure7-4). However, there was substantial variability between patfentsll designs
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Table7-6: Kinematics amaximalflexion angle by prosthesis design.
Data are reported as adjusted marginal mdansSt andar d error (uppe

i nt e with aValsies for betweedesigndifferences.

Grou
. . . Cruciate Retming-  Cruciate RetainingRotating PosteriorStabilised ] P
KinematicsVariable . . ] ) difference
Fixed Bearing Platform Fixed Bearing
p-value
) ) -0.3+1.41 -3.2+1.41 -14.3+1.45
Anterior-Posterioimm) p<0.00L
(-3.1t0 2.5) (-6.0 t0-0.4) ¥ (-17.2 to-11.4)"
1.0+1.05 -3.1+1.05 0.3+1.08
Internal/Exteral (°) p=0.02
(-1.1to 3.2)* (-5.2 to-1.0) (-1.9t0 2.5)
_ -0.6 £+ 0.36 -0.2 +£0.36 -0.2+0.37
Ab/Adduction(®) p=0.69
(-1.3t00.1) (-0.9t0 0.5) (-0.9t0 0.5)
. . 54,9+ 0.64 57.0+0.64 55.2 + 0.66
Superiofinferior (mm) p=0.05
(53.6 t0 56.2) (55.7 to 58.3) (53.9 to 56.5)
] 0.5+0.76 0.8+0.78 0.8+0.78
Mediolateral(mm) p=0.44
(-1.0to 2.0) (-0.7 to 2.4) (-0.7 to 2.4)

Note: Between design differences:

* CR-FB significantly different to CRRP

¥ CRRP sigrficantly different to PSFB

N CR-FB significantly different to from P$&B

AbductionrAdductionangles were relatively small atttere was ndlifference between
designs. The coronal alignment remained close to the mechanical axis from 90° to 110° of
flexion. CR-FB moved into slightbductionat both 120° and 130° of flexion while the-FB

and CRRP remained close to zerBigure7-3C). Visually, CRRP had the most variable
starting position but 90% remained withl8° of that positionSimilar to internalexternal
rotation, there was substaitbetweerpatientvariability with CR-RP demonstratinghe

most butall rotationalpatterns were observedtimethreegroups Figure7-4). However,

there was substantibetweenrpatientvariability for all designs

There were no betweatesign differences iruperiorinferior position (Table7-5, Table7-6,

Figure7-3D).
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Figure7-3: Output from the mixed effect linear models for kneeling kinematics from 90° toof 3@%ion

A) Anterior Posterior Position (mm); BjternalExternal Rotation%; C) Ab/Adduction {); D) Superiof

Inferior Position (mm) and; E) Mediolateral Position (mm), for the three prosthesis designs. Data re|

as adjusted marginal means with upper and lower confidence intervals

Note CRFB: —Cruciate Retaining Fixed Bearing; €RP:—Cruciate Retaining Rotating Platform; ##8:
Posterior Stabilized Fixed Bearing

* CR-FB significantly different to CHRP, ¥ Group CRRP significantly different to RPEB; * Group CR

FB significantly different tdrom PSFB
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Figure7-4: Individual kinematic curves for all three designs for intemdernal rotation and abducti@aduction.

Top: Individual internakexternalrotational patterns for all designsuidber and percentage of patients within each design who displayed an externa
3°), internal (>3°), or no rotation (-+8°) pattern from 90° to maximal flexion

Bottom: Individual Add/Abduction patterns for all dessy Number and percentage of patiemtsin each design who displayed an adductior2(¥,

abduction (>2°) or no rotation (+2°) pattern from 90° to maximal flexion
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