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ABSTRACT

Introduction: Osteoarthritis is one of the leading causes of diggb#ind the
knee joint is the most commonlyaffected sitein the body. The last resort for
treatment ofend-stagekneeosteoarthritisistotal kneearthroplastysurgery Despite
the plethora of implant designghe current evidence on which bearisgive the
most natural movemenand function isstill scarce Aims:the aim of this studyas
to compare the functional performance of fixed and mobile bearings, with different
degrees of congruency.Methods: participants underwent 3D motion capture
analyss during two activities of daily living. Patient participants were recorded
before, fourto sixweeks after, and a year after the operation. Pain and satisfaction
levels werealso surveyedising bespoke questionnaires and the Oxford knee score.
Participari 8 Q Fdzy O A2yl f LISNF2NXIyOS 41 a | 0O0S
statistical procedurdi.e. hierarchical clustering}hat fruitfully classifiednovement
patterns, and discerned healthy from unhealthy movement behaviolssults:
osteoarthritic paticipantsused different movement strategies compared to healthy
individuals Patient participard &m and feet behaviouwas often categorised as
asymmetrical, indicating the presence of compensation mechanisms due to
weakness of the affected joiffostoperaional behaviour tends to converge tbe
O2yiNRfaQ LISNF2NXIYyOS® b2 RAFFSNBYyOSa ¢SI
or anthropometric characteristicsQuestionnaire analysis revealed significant
improvement postoperatively in the selbssessment of patient participants, but
with no eminent correlation between implant design and outcome measures.
Conclusionthe proposed hierarchical clustering procedumanaged to adequately,
rapidly and reliably evaluate changes in the movement habits of patients after total
knee arthroplasty, and access their improvement throughout their rehabilitation

process.
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CHAPTER 1. INTROUCTION

1.1 BACKGROUND

Arthritis (plural: arthritides) originates from the Greek 'arthron" (* =~ A 0 F 2 NJ
joint and the Latin 'itis' for inflammation, and refers tadesorderof one or more
joints. Osteoarthritis (OA) is the most common form of arthritis, affecting about 8.75
million people in the UK alone; this is equivalent to 33% of the population over 45
years of age. While OA can manifest in any joint of the body, the iséhe most
common site (accounting for 59% of all cases in the United Kingdom), followed by the
hip (33%), and ankle (7%). The number of patients with knee OA is estimated to reach
6.5 million by 202@Mobasheri and Batt, 2016

Total knee arthroplasty (TKA) surgery is carried out as a last resort tregtment
relieving pain and disability in erefage OAwith high longterm survival rates: in a
12-years study of 164 Opatients after TKA, there were twazases of infectionand
one case of mechanical loosening with an overall 97% succesfStaie and Taylor,
2004). Due to the increasing lifexpectancy and TKA being offered to younger
patients, the number of proceduresill increase. Younger and more active patients
produce a demand for durable knee implants with improved functional performance.

The natural knee joint movement involves flaxicextension, rotation and
sliding. At the beginning of flexion, the femur slightly rotates laterally which eases
O2ftt FGSNXYt fAIFLYSyidQa GSyarazys |tft26Ay3
menisci are dragged posteriorly. At maximum flexion, thsteoor cruciate ligament
(PCL) elongates, preventing the femur from sliding forward on the tibia. As the knee
extends, the condyles of the femur roll on the tibial condyles, while the anterior
cruciate ligament (ACL) prevents the knee from esxiension.Near full extension,
the femur is rotated medially, the collateral ligaments are contracted, and the knee
is locked.

¢CKAA A& | OKFffSyaay3da Y20SYSyid G2 NBLI

mechanical knee implants have a femoral component whichags the distal end



of the femur, and a tibial component which substitutes the proximal tibia. In
exchange of the menisci, a polyethylene insert is added between the femoral and
tibial components to provide a bearing surface.

A plethora of both major anchinor design choices exists, providing different
approximations to the movement of the natural knee. These design variations include
distinct types of bearing surface (fixed and mobile bearing designs), degrees of
congruency (fully and partially congruentinethods of fixation (cemented or
uncemented), posterior cruciate ligament management (salvage or sacrifice), and
type of constraint (coneén-cone or tibial tray designs).

The success of TKA is quantified Hplinical patient reported
outcomequestionnairs. The Western Ontario and McMaster University
Osteoarthritis Index (WOMA@ndthe Oxford Knee Score (OKS) are most frequently
used(Kia et al., 201% However, tlese clinical knee scoring systems maldfficult,
or even impossible to deted subtle differences betweematients) LIS NJF 2 NI | y C
(Komnik et al., 2016 What is more, the OKS in insensitive to poperative
differences, and thus, it may hbe ideal for studies comparing functional outcomes
after TKA. To overcome such difficulties, multidimensional gait analysis methods
have been usedo report functionalpostoperative differences(Lim et al., 2015
Urwin et al., 2014Li et al., 2013Coffey et al., 201, Farquhar et al., 20Q¥dams and
Cerney, 2007Smith etal., 2006 Catani et al., 2003 Yet, despite the excess of
assessment tools and methods to compare implant bearings, thd¢owate

evidences on which design better simulates the native knee are unclear.

1.2 AIMSOF THE STUDY

Thisthess NSLI2Z NI A | &adzo3INRdzL) |yl faécaia 27F
laasSaaySyd 2F | I A3K /2y 3ANHzSyOe YySS . S|
as NCT02422251.

Recruited patients were randomised to receive one of three different variants
of the Columbus@®Aesculap AG, Germarnee prostheses. Two of thesae high

congruent posterior stabilisedbearings while the lastone ha a lowcongruer


http://en.wikipedia.org/wiki/Patient_Reported_Outcome
http://en.wikipedia.org/wiki/Patient_Reported_Outcome

cruciate retaining design. Posterior stabilideehringsrequire the posterior cruciate
ligament (PCL)Yo be resected. One of théigh congruent knee implants, kaa
rotating platform, while the other two are fixdakearings. Allthe implants in ths study
were fixed with cemenbn both the femoral and tibia sid&o patient was recruited
in this study if the randomisation would leave him/her clinically or functionally
disadvantaged.

This is a double blind randomised controlled trial. Poeposeof the study is
to compare the biomechanical performance tifree knee replacements with
different bearing designs to that of a native or natural knee. The hypothesis is that a
mobile bearing design with a high congruency bearing will allow the knee
replacement to work more like the native knee and give more natural movement
when carrying out everyday tasks.

The current evidence on whether fixed or mobile, low or high congruen
bearngs give the most natural movement or provide better knee function is
ambiguougqPoirier et al., 2015Tjgrnild et al., 2015Capella et al., 2016luang et al.,
2007). By carrying out a randomised controlled trimicluding a cohort of healthy
individuals and taking indepth functional assessments of several different common
activities of daily livingit should be possible to show what level fafnctional
outcome the three bearings being used give.

The studyaimsto:

1. Todeterminewhichbearing provides closer to normal pesperative
function during activities of daily living

2. To determine the improvement in function pesperatively
compared topre-operative.

3. To identify functional differences between the three patient groups

compared to the control group.
The objectives of the study are:

1. To develop and establish an automated statistical procedure that can

identify and classify movement patterirsactivities of daily living, and



use it as a tool to assess the functional performance of people with
movement impairments.

2. To compare patient reported outcome measures between groups.

1.3 THESIS STRUCTURE

CHAPTERde&scribes the anatomy and biomechanics of the knee joint,
and presentsthe current options available for the treatment of osteoarthritis of the
knee in a review of the literaturd@.otal knee arthroplasty is described in detail, with
the benefits and limitations of the most common knee implants and techniques used
today. Subsequently, motion analysis and questionnaire techniques trat
recurrently used for the assessment of theh@&bilitation process after total knee
arthroplasty are described.

The natural variability of movement patterns in human motions is an eften
neglected topic, which is highlighted @HAPTER ® reinforce the motivesand
rationalebehind a movement strategy identification technique that may be used as
an assessment tool. In this chapter, the effects of starting position and task execution
restrictions in the biomechanical analysis of human motion are examined.
Nevertheless, the vability when measuring human motion due to the
dzy LINBRAOQUGUI 6AfT AG& YR AyO2yaA acorslysvelyS a
prohibitive for comparison purpose3o demonstrate this, a case study of a single
participant performing the sito-walk task, igpresented. No instructions were given
regarding the initiation and execution of the task. Kinematic and kinetic variables
were calculated andcompared withanalogousfindings of control subjects from
similar studies in the literature. The effects of moverhstrategy adoption in the
biomechanical analysis are outlined, along with the necessity of an algorithm that will
deal with the heterogeneity of movement behaviownsd preferences

The research objectives of the study, and the potential uses of ansasses
tool for the identification of movemenpatterns in activities of daily living, are

discussed irError! Reference source not found:he chaper concludes detailing h
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ierarchical clustering, the statistical technique that was used for the identification of
movement strategies

CHAPTER éutlines the protocol design and the ethical limitations of the
study. Patient groups are defined, along withe type of raw clinical data that were
routinely collectedProcessing of motion analysis and questionnaire data for the two
recorded activities of daily living, that-to-walk and the car ingress taskis also
detailed

Further processing of the motion capture data, specifically for the purpose of
identifying notion strategies, movement asymmetries, and the division between
healthy and unhealthy movement patterns, is describeCHAPTER: ®Resuls. In
addition to the hierarchical clustering of the recording trials, the chapter concludes
with the statistical analysis of thexford knee scores and bespokuestionnaires.

Discussion and conclusions over the analysis of thesitalk and car ingress
tasksare presented in penultimate section of this the SHAPTER Discussion and
ConclusionThis includes a discussion over the implications offthéings, and a
comparison of the results with the limited existed bibliography. In addition to the
results obtained by means of hierarchical clustering, the chapter discusses over the
inadequacyof the Oxford knee score questionnaire, to detect subtléed@nces in
the progressof total knee arthroplasty patients throughout their rehabilitation.

The entire research project is summarised, and the implications of the
findings are discusseth the concludingpart of the thesis, CHAPTER: Summary

Theclosing sectiomf this workproposessuggestions for future works.



CHAPTER 2. LITERATURE REVIEW

2.1 THE KNEE JOINT
2.1.1 Bony structures

The knee joint is the largest synovial joint of the human body and is formed
betweenthree bones, the femur, patelland tibia.Although it is often considered as
a hinge joint, the motion of the knee is far more complicated due to the rotation
freedom that it provides. The joint itself consists of two different interfaces, the

tibiofemoral andthe patellofemoral

Adductor tubercle

Lateral epicondyle Medial epicondyle

Lateral femoral

condyle Trochlcar groove

Medial femoral
condyvle

Intercondylar eminence

Intercondylar
notch

A0 tract Anterior cruciate
Gerdy’s tubercle ligament
Tibial tubercle
Patellar tendon

Figure2.1 Anatomy of the kne€Scuderi and Tria, 2010

In the tbiofemoral interface, lhe two curved condyles on the distal part of the

femur encounter two dipped condyles at the proximal end of the tibia, in order to



form the secondstrongest jointof the human bodyKigure2.1). The condyles of the
femur are pearshaped when seen from the sagittal plafewever, the medial
condyle has a greater radius of curvatueed ismore prominent than the lateral
one. Thisasymmetrial anatomy, allows the bone to rotate on the tibia in all three
axes of motion, while alspermits a slight translation in the anteroposterigiane
(Scuderi and Tria, 20L0The medial and lateral epicondyles of the famare
separated by a deep notch called intercondylar fo§sgure2.1). On the other side
of the interface the area between the two condyles on the proximal entheftibia
bone is called intercondylar eminence, aoffers attachments for the medial and
lateral meniscus, and the anterior cruciate ligament.

The patellofemoral interface existsetween the p#ella and the femoral
trochleargroove. The patella lies othe anterior of the knee jointThis triangular
sesamoidbone is formed within the tendon of the quadriceps femoris muscle, and is
linked to the tibia with the patellar ligament. The posterior face of the patella
articulates with the trochlear surface oi¢ femur. The patellofemoral joint aids in
the stability of the kneewhile increasing the lever arm of the extensor force by
transferringthe forceanteriorlyto the axis of rotatiorof the knee(Scuderi and Tria,
2010.

2.1.2 Menisci

Bones are protected by a thin coating of hyaline cartilage that provides an
almost frictionless surfacavhile shielding the bone from wear and tear. Amid the
femur and tibia exists the menischdse cartilaginous cresceshaped tissues cling
to the horn of the tibial plateauRigure 2.2). Menisci are primary composed of
collagen (75%), other proteins (rodghl0%) and wate(Scuderi and Tria, 2010
Menisci cover approximately 70% of the articulation area of the plateau. The
periphery of the tissue is connected to the inner surface of the synovial capsule. The
functions of the meniddnclude stress distribution across the jqifdcilitation of the

articulation, and prevention of soft tissue impingemeiffghanasiou and Sanchez



Adams, 2009 Byincreasing knee congruity, the menisci aé8din the stabilisation

of the joint.

Posterior cruciate ligament

Popliteal tendon

Ligament of Humphrey Ligament of Wrisberg

Deep medhial

Lateral collateral i
collateral ligament
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¢ Superficial medial
collateral ligament

Popliteal hiatus
(recess) ; s

Medial memiscus

Lateral meniscus

Transverse ljgment Anterior cruciate ligament

Coronary ligament

(menscotibial) Capsule

Figure2.2 Superior view of the menis¢scuderi and Tria, 2010

2.1.3 Muscles

The quadricep muscle group exists in the antesector of the joint, and
involves four muscleshe rectus femoris, vastus lateraligastusmedialis and vastus
intermedious. Thequadriceps tendoninsertion extends over the patellaand
eventually convertsnto the patellar tendon This tendon is located between the
inferior edge of the kneecapnd the tibia tubercle(Scuderi and Tria, 20).0The
quadricep muscles work as the main extensors of the khelially of the knee lie
the sartoriusand gracilismuscles whereas thehamstringsand gastrocnemiusire
located at the posterior of the joinThehamstrings are the main flexors of therjbi
while the gastrocnemius helps theragulate rotation while flexingPrevious studies
suggestedhat a significant reduction of the quadriceps muscle strengthuosavith
aging(Samuel et al., 20)2while quadriceps weakness can ultimately lead in the

development of osteoarthriti¢Segal et al., 2030



2.1.4 Ligaments

LigamentgFigure2.3) aretough fiorous connective tissues that connect bone
to bone(Darrow, 200). The mainigaments present in the knee joint are the anterior
and posterior cruciate, and the medial and lateral collateral ligaméfigure2.3)
(Scuderiand Tria, 201p The anterior cruciate ligament is the main stabilizer of the
joint, and prohibits the excessiverward translation of the tibia on the femur. This
ligament isapproximately 32mm long and 9.5mm thi¢krliani et al., 201p The
shape2 ¥ (G KS fA3IFYSYyd OKFy3aSa GKNRdIzAK 2 dzi
anteromedial bundle fibres stiffen in full flexion, while the posterolateral ones in

extension(Zens et al., 2015
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Figure2.3 Anterior and posterior views of the knee ligameii®&cuderi and
Tria, 2010.
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The posterior cruciate is considereéa be the most crucial knee ligament,
since it is almost entirely responsible for restraining the posterior movement of the
tibia on the femur.t is approximately 50% largeand two times stronger in tensile
strength (73€1,627 N) than the anterior cruciat@dmis et al., 2006 Similarlyto the
anterior ligament, the posterior bundlef the posterior cruciates tight in full
extension.This ligament is fixated in the intercondylar notch of the femoral condyles

It is, on average, 38mm long and 13mm wi¢arner et al., 1996

2.2 KNEKINEMATICS

The knee joint provides a broad range of movement and an excessive
resistance to eternal streses thanks to its passive and active stabilizers.
Compression and tensiondds arespreadamong the articular surfacegaments
and muscle tissud.igaments are regardess being passivelastic componentsand
can only be loadedyy tensie forces Muscleandtendonsbehave similarly but they
are consideredas active structures. Bones are nelastic, and work under
compressivestresseqAffatato, 2015.

Proper knee kinematic behaviour is essential for the joint functi@manges
in the loading of the jointand overloading of the articulation surfacesagnlead to
degenerativeconditions In the tibiofemoral interfacethe distal end of the femur
and the proximal end of the tibial bone articulate creating a system with six degrees
of freedom Figure2.4). The three translations are excessively limited by the fibrous
capsule,the ligaments andthe musclesof the knee Apart from the flexion and
extension of the joint, both thelauction/adductionand internal/external rotation
movements are restricted as well.

¢KS y2NXIt FftSEA2Y |yR SEGSyaAazy NI y3
(Roach and Miles, 1991This range deviates based on the undertaken type of
I QGAGAGEY Rd2NAYy3I 61 f1AYy3IT | LIWINRPEAYI GStex
M M [Nevacheck]1998. Knee flexion is a result of a mixture of both rolling and sliding
of the femur on the tibial plateau. This complex movement, also known as rollback,

permits the extensive rotation of the joint on the anteroposterior plane: without the
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sliding ofthe femur on the tibia plateau, the joint would dislocate since the articular
surface on the proximal tibia head would be too small; without the rolling, the flexion
would be limited due to possible tissue impingement. Thus, the combination of those
two movements allows an excessive degree of bending without compromising the
22Ay 0 Qa adil oAffatata) 20150 YR Fdzy Ol A2y

Internal-external rotating couple Anterowposterfor

@

translating force

Medio-lateral
subluxing force

T~

% J Flexing-extending couple
Abducting-adducing \
couple

Distracting—interpenetrating force

Figure2.4 Therotations and translationsf the knee(Affatato, 2019.

Even though theknee may beconsidered as a hinge joint, the centre of
rotation is not static throughout the range of motion. Tleentinuous centre of
rotation liesabove the contact area of the joint, and travels on a crescent (fagure
2.5) (Smidt, 1973 It is also suggested that the cruciate linkage is responsible for the

kinematic conditions that lead tthe translation of the centre of rotation of the knee
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(Burgess et al., 1997The variationin the location of the centre of rotation
significantly complicates the design of a prosthetic knee ta&t operatan a natural
manner.

Medial rotation causes the foot to rotate internally towards the centre of the
body; lateral rotation moves it externalli¥ediolateral rotations take place in the
horizontal planeand they are correlated to the extent of flexion of the joint. This
movement is referred ascrewhome" (Hallen and Lindahl, 19%6énd is responsible
for a minor degree of medial rotation duririgll flexion, and a minor lateral rotation
during full extension. Knee extension and flexiare also linked to a passive
abduction/adduction movement. Nevertheless, motion in the frontal plane is only

limited to a few degrees due to the surrounding sadsues.

B

1 = 07 position.

2 = |5° position.
3 = 30° position.
4 = 45° position
5 = &0° position
6 = 757 psotion

7 = 50" posiiion.

Figure2.5 Pathway of continuous centre of rotation with respect to the tibia

and femur(Smidt, 1973
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2.3 KNEKINETICS
Dynamic analysis determines the forces and moments acting on the knee

joint (Figure2.6). The forces acting on the tibiofemoraint fluctuate between 2.8
to 3.4 times the total body weight when walking/hile at the same timethe
patellofemoral joint may receive forces from 0.8 to 2.6 times the body wegyinidt,
1973. When walking on an incline, the compressive forces on the tibiofemoral
interface mayreach up to5 times the body weight, while walking downhan
dramatically increase thload eightfold (Doral et al., 2011

As mentioned previously, the tibiofemoral contact area decreases
significantly viile the knee flexeslue to the femoral rollback. Consequently, load is
transmitted over a smaller area, resultingtive distribution ofhigher stresses during
knee flexion. This magnification effect due to the small contact area of the tibia and
femur, is the reason why t&s such as staiclimbing, and incline wading are
considered to be higimpact activitiesDue to these disproportionateforces acting
on the joint, the knee isnore exposed to wear and tear.

A percentage of this load naturally absorbed by the tissuesid muscles of
the lower limbs. Neverthelesgging was shown to affect muscle massl muscle
strength after the age of 3(Keller and Engelhardt, 20L3Muscle atrophy shifts the
gSAAKG o0SEFENAY3I RSYI YRA hisi Zlong With cadtibgeS &4 Q
deterioration, can lead to hes rubbing against each other, atidreforeincreasing

bone damage in the elderfyopulation

2.4 OSTEOARTHRITISBE KNEE

The prevalence of OA is chiefly correlated with age, sex and
obesity. Symptomatic knee OA occurs in 108fomen and 13% offomenover 60
years of agéZangi et al., 201% Obesityaccount for 21%f the riskof developing
OA of the kneewhile family history, previous trauma, and preus meniscectomy
collectively account for 18%bieidari, 201} Heritability factor and mutations in the
genes for type Il collagen have also been correlated with the developnfe@tto

BEven though there isindoubtedly a genetipredisposition particularlyin hand and
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knee OA irwomen, the genetics of the diseaaee not yet fully understoo@Heidari,
2011). Osteoarthritis is rarely seen in people under the age of 45; in such cases, the

condition is due to trauma or work injuries.

Force J

Force W

Force P
3.2W

Force J
41 W

Force W

Figure2.6 An example of dynamic analysis in stair asc@ffatato, 20195
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Arthritis can aféct a single joint at a time, i.e. a monoarticular clinical
manifestation known as monoarthritis, or it may be part of an oligopolyarticular
disease, affecting less or more than four joints during the first six months of the
manifestation, respectivey. There are ovel hundreddifferent types of arthrits
(Schweizer et al.,, 20)4the most commonof them can be classified into the

following categories:

Degenerative arthritis, also known as osteoarthritis (OA)
Arthritis caused by crystal deposition

Rheumatoid arthritis (RA)

Seronegative arthritis

Connective tissue disorders

Infective

N o o bk~ w0 DN PRE

Arthritis caused by metabolic and systemic diseases

Pain is indisputably the preddrmant symptom of OA of the kne€ifure2.7),
and it is commonly restricted to one or bothigs. The cause of pain is uncertain;
most likely pain originates from the swdhondral bone, the synovium, menisci and
ligaments.Calcium deposits may also cause pain originating from the jBaih is
present in both active and passive motjavhile sweling and muscle atrophy is more
apparent in advanced or chronic cases

Treatingknee OAbegins with the correct diagnosis of the condition: swelling
and pain of the knee might be of a mechanical, inflammatory, neuropathic or
psychosomatic origin. Unlikeflammatory pain which is present at night, mechanical
pain occurs when the knee is used while less pain is present during resting.
Psychosomatic pain has no typical time or origin distributiSeuropathic pain is
related to damaged innervations.

Assessmet of the condition is completed by retrieving history of the pain (i.e.
acute or chronic pain, past clinical conditions or trauma). If the pain is labeled as
mechanical in nature, the most likely diagnosis in elderly is OA. Further investigations

includeradiographic imagingChanges such as wear of the articulating surfaces and
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bony projections, also known as osteophytes, that are formed at the periphery of the

joint are common sights found the imaging of the bones

Figure2.7 Normal knee (left) and Osteoarthritic knee (rigiBellemans J.,

2005

Nonpharmacologicapproach for the management of knee Gnbraces
patient education, aerobic and aquatic exercises to restore musodagth, and
weight loss. Medical mmmendations focus otmeating the pain with pairrelieving
drugs and nossteroid antiinflammatory drugs.Surgical treatments includgssue

repair, arthroscopic lavage (i.eleaning outlood, fluids or loose debriy unilateral

knee arthroplastyandtotal knee arthroplasty
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2.5 TOTAL KNEE ARTHRSOPYA

Knee bearings are commorntyade up of three parts, two metal components
usually fabricated out of a cobalt and chrome alloy, and a polyethylene ifreethe
femoral canponent to be placedthe anterior, posterior and chamfer cuts of the
femur (Figure 2.8) need to be prepared. Frequently, for pestm designs, an

additionalfemoral box cuiFigure2.9) isrequired

b,

Figure 2.8 Anterior, posterior, and chamfer cuts of the femur

(sportsotho.co.uk, 201Y.

Figure2.9 Femoral box cu{sportsortho.co.uk, 2017
For the tibial component, the cut is aimed to be perpendicular to the

mechanical axis of the joint. Ehcut is possibly the most significant cut of the

operation since it largely affects the flexion and extension gipgife2.10) (Stiehl,
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2004). The objective athesecuts is to get equal flexion and extension gap®order
to assure that the polyethylene piece is firmly fixed throughout the whole range of

motion of the joint

Figure2.10 Flexion and extension gapgasgur et al., 2002

Knee implantdesignshave beemotably refinedin the recent past, and they
have turned into the most reliable joint prosthesis availaflertz et al., 2006 The
goal of TKAIs to elevatepain andre-establish clos¢o-normal knee function and
mobility. It is in factacceptedwidely, as the most efficient treatmenfior end-stage
osteoarthritis. Total knee arthroplasty isharacterized byery small revision rate of
approximately4.4%atfter 11 years followp (Lutzner et al., 20)1Yet, knee implants
have tomeet a series of standards order to guarantee the clinical success of the

operation(Affatato, 2015:

U Anatomical
V Restore range of motion

V Provide stability
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V Avert dislocations

V Allow minimal bone cuts

V Efficient fixation
U Mechanical

V Good and homogeneous stress distribution
Minimal wear and tearandwear patrticles
Biocompatible

Wide range of sizes and geometries ifmdividualised needs

< < < <

Relative low cost

2.5.1 Implant fixation

Fixation of the components to the bone can either be cemented with fast
curing bone cements pplymethylmethacrylaty uncemented where the
components are presBtted onto the bone, or with a hybridixation. A cemented
TKA exhibits a firm and durable coupling between the implant, the cement and the
bone (Figure2.11). Yet, over time the cement may crack andarout; as a result,
loosening between the cement and the adjacent bone may occur, causing pain due
to the cement rubbing and eroding the bone. Even though this phenomenon is far
more common with the prostheses of the hip, 0.6% of TKA patients require &revis
surgery due to mechanical looseniffstein and Taylor, 2004Cemented fixation is
normally endorsed for the elderly or the obese.

Even though cemented fixation was thought to be far more robust than
uncemented, there is no evident difference in tomgevity and complication rate of
the operation(Abdulkarim et al., 2013 Uncemented fixation implants display semi
porous surfaces that allow bone ingrowth, forming a compact attachment to the
underlying bone. Cementless fixatiofirigure 2.12) has the benefit of bone
conservation, ease of revision surgery, and avoidance of cementation complications
(Akan et al., 2013 Another benefit of using an uncemented prosthesis is the
shortened operation time. Cementation errors camause pain, impingement,

dislocation and wear of thknee and ultimately leado revision(Akan et al., 2013
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Yet, uncemented fixation is not as secure as cemented, whilessk@ loading is
typically avoided until bone ingrowth occurs. What is mdhe, cost ofcementless
TKAIs approximatelythree timesmore expensivehan the cost of cementedKAIn

the UK market due to the cost of bioactive surfacdMatassi et al., 2013
Uncemented fixation is commonly recommended for younger patiesitsce the
ability of the bone to grow and form a steady connection with the implant declines

with aging.

Figure2.11 Cemented fixation in a%yearold male patientBergschmidt et
al., 201).
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In hybrid fixation, the femoral component jgessfitted (usually along with
screws and pegs), while the tibia component is fitted with cement. Cesiesstand
hybrid implants are today more common than cemented, and they are typically

offered in younger and more active patients.

Figure2.12 Cementless fixation in &3-yearold femalepatient (Bergschmidt

et al., 201).
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2.5.2 Total and unicopartmental knee prostkes

Knee bearing designs are categorized into unicompartmefaddo called
G LJ- NEnd tothal knee prosthese@igure2.13). Unicompartmental knee implants
are frequently used for patients whostamaged bone tissue is limited to a single
femoral condyle Partial knee prostheses are characterised by faster recovesy,
pain, and reduced blood logéffatato, 2015. Yet, a revision surgery in the case of

development of OA in the other areas of the knee is quite common.

Femoral component

—/

)
)

2 Insert
m Insert ‘

3 . //-/
Tibial component

InSert
Patellar component

Figure2.13From ldt to right: total, tricompartmental andunicompartmental

knee prosthese§Affatato, 2019

In total knee arthroplasty, the entire articulation area of both the femur and tibia
isremoved and replaced by a femoral and a tibial component. Total prostheses have
a femoral component that mimics the asymmetrical shape¢he bone, and a tibial
flat component that is typically fixed through a short stem in the bone. In this kind of
arthroplasty,resurfacing of the patella, or even implanting a patellar comporieat
tricompartmental knee replacemenfigure2.13) is common practicgAffatato,

2019. Even though authorstill debate (Campbell et al., 2006 many surgeons
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support that resurfacing of the patella (Kolettis and Stern, 1992 and
tricompartmental surgeriegTierney et al., 199bffer higher estimates of pain relief,

better functional improvementand a smaller chance pbstsurgeryinfection.

2.5.3 Fixed and rotating bearings

Another way toclassifyTKAdesigns involveg/hether thepolyethylenesheet
is fixed upon the underlying tibial component or whetliee insert can rotate short
distances inside the metal tibial trglyigure2.14). Thesdwo designsre respectively
referred to as fixecand rotating (or mobile)bearings Fixed bearings have provided
durable fixation with high success rates; nevertheless, mobile bearings were
developedin order to reduce component wear and allow greater range of motion
(Ladermann et al., 200&erguson et al., 20}4Despite the theoretical benefits of
the mobile bearing designstudies have failed to demonstrate any significant
advantage of the mobile configuratisrover the fixed onef~erguson et al., 2014

Urwin et al., 2014Farquhar et al., 20Q®adermann et al.,@8, Catani et al., 2003

Figure2.14 The rotating platform of a mobilbearing
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The rotating bearingdesigntheoretically provide closer to normal knee
function and better stress distributiofLadermann et al., 2008erguson et al., 20}4
One disadvantage of mobilbearings is that they are more depended on the
surrounding soft tissues and ligaments to avert dislocatidriee most sigificant
complication of the mobildearing total knee design is the bearing spinout of the
rotating-platform (Denavit and Hartenberg, 19h5 his type of dislocation is reported
with an incidence fquency of 3.2%Thornby et al., 200%and most frequently is
associated with #oose flexion gagFigure2.10), i.e. the space between th@osterior
coronal cut on the distal femur and thieansverse cut orthe proximal tibiawhile
knee is in flexionDoleckaet al., 2015. On the other hand, fixed bearisgffer
greater balance, and are better suited to knees with damaged posterior cruciate
ligaments PCL substitutinglesigns)Zatsiorsky, 1998 Typically,rotating platform

prostheses are recommended for young or active patie(datsiorsky, 1993

2.5.4 Bearing congiity

One morekey design consideration is th&evel of congrity among the
femoral component and the polyethylene insaighcongruent knee bearings, have
a high degree of conformity between the femoral section and the bearing surface
over a wide range of flexion. The high degree of conformitsigllyachieved by a
constant sagittal femoral radiygigure2.15, Left) A fully congruent prosthesis has a
theoretical range of motion (ROM) of 120and a large contact area between the
femoral head and the polyethylene insert, which in thedegsens the contact forces
and reduces polyethylene we&uch implants are characterized by the attributés
GKAIK OZhoHORYSHUIONS Ay iz f2¢ Y2@dldmanseétal, f 26 C
2005.

Lower congruency bearin@sigure2.15, Right) maintain a large contact area
in the first degrees of flexion; yet, in the high end of the flexion range, the sagittal

femoral radius isdecreas@d A YLINE gAYy 3 (GKS 1ySSQa whao I

area may increase the wear rate of the bearing matefdtias et al., 201p The
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Figure2.15 9ngle radius, and changing radius femoral curvature design

2.5.5 Posterior cruciate ligament management

Early knee designs resembled a hingiat, disregarding the ligaments of the
knee while permitting mdion in one plane Recentdesigns includ the posterior
stabilizedTKAthat sacrifices both cruciate ligaments while substituting for Bl
and the cruciateretaining designs that sacrifice the anterior cruciate ligament but
retain the PCI(Figure2.16). Studies suggest that thelig no significant difference in
pain leve] range of motion, stability angbint strength between the two designs
(Misra et al., 2008 Nevertheless, normal motion relies on the preservation of the
cruciate ligaments, and thu$CL retaining designs may provide closer to normal
motion kinematics and proprioceptiofffarcells and Tria, 2016

The major disadvantagef the sacrificingype of prosthesisvith a postcam

mechanismis the cam jump. In posterior stabilised prosthgsswith loose lexion

gars, or during hyperextension, the cam can rotate over the post and dislocate. This

dislocation is treated performing an anterior drawer manoeuvre or with a revision
surgery to addresthe loose flexion gagZatsiorsky, 19980n the other hand, in PCL
retaining prosthess a postoperative PClinjury might lead to excessive instability

and finally, to a revision surgefjbe major advantage of the PCL retainifitgA is that
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there is no need for a femoral box cut for a pesim mechanism, resulting in a bone

sparing operation.

Figure2.16 PCL retaining (left) angbst-camsacrificing(right) designs.

2.6 MOTION ANALYSIS

Currently, the functional differences among different bearing designs are
commonly quantified by multidimensional motion analysis methddsere are two
types ofmeasuring systems the market today that argenerally used taassess
humanmotion. The first type uses equipment thtcks visually the body positipn
while the second type uses magneticstruments to define the location and
orientation of the moving body(Richards,1999. Imagebasedsystemsmay use
passive or active marker®assivenarkersreflect light back to theracking devices
whereasactive markergienerate light themselves.

Image based wtion analysis involves the recording éofvo or more
consecutive images, usually produced bhyghrspeedcameras, generating kinematic
information based on the apparent motion in the imagbsmost applicatios, the
cameras are fixed around a capture volume allowihg processor to track the
motion ofamowving object.

The objective of tman mdion analysigs to collect @&taaboutthe dynamics

of the musculskeletal systemthroughout the completion of a motoractivity.
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Principallyrecordedmotion capturedataarerelated tothe movement of theentire
human bodythe relative movemenamongadjoining bones, th&inematicsof joints,
the forcesacting on tle body, the loads acting acrofissues and limbs, anché
energy and power variation during body performandée 3D depiction of the
motion of the human movement as observed by gmyint of view; is a utility addition
that motion capture providesHigure 2.17). Such kinematic and kinetic output is
either measured oassessedising mathematical modelappozzo et al., 2003n

this mannerguantitativeinformation of the human functionality is obtained.

Figure2.17 3-D depiction of motion trial in Vicon Nexus.

Motion analysis systems that automatically track skerkersare increasingly
used by academics and clinicians alike. Even thohgbet systems are many times
more accurate than video analysis systems, they are more expensive, are technically

complicated, require expert operatarand currently cannot be used outdmoduring
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daylight hours(Bartlett, 2007. Usually,real timelocations of markersttached on

the skin are obtained by means ofmotion capture either with conventional
photography orwith optoelectronicdevices Forces acting on the human body are
obtained with the use of force plates. Muscle activity is measured by means of
electromyography Anthropometric measurementsare gathered either using
measurirg tapes or callipers.

In order to access and acquire data that are not directly observed, a
biomechanical model of the human body is used. In such models, each body segment
Is represented by a kinematic chain of linkbese segmentonsistof bonesand ®ft
tissues, and as long as a single bone per segment is concerned, they are treated as
non-deformablerigid bodiesJointswith up to fiveDOF link these segmenighesum
of segments and joints contribute to thetal DOFof the biomechanicamodel and
its efficiency to portray human behaviour

Sgment$) oftdissuesmay or may not be treated adeformable.In most
cases, theentety2 ¥ GKS o602Re&Qa aS3ayYSyid Aa GNBI ISR
upfront type of analysisyet authorsrecentlyinvestigated the laws that govern soft
tissue movement in order to be included in human movement ana(iPsige et al.,

2014 Andersen et al., 2032It is suggestethat by disregardinghe deformability of

suchtissues errors that opposedhe appliedusability of the results occyCheze et
al., 1995. Addedconcernsarise from the inertial effects of wobbling tissugasses
that may alter movement dynamidbroughout highly accelerated activiti€slatze,
2002.

{S3AYSyiaQ 1AYSYIGAO | yI ftnandeAcadatatBat f & & A (
permits the reconstruction of a bodyp each time frame throughouthe execution
of an activity. For this to happemumerical andmorphologicalinformation is
required. The morphologicgbortrayalof a segments obtained by representing it as
a groupof elementsin relation to an orthogonal $eof axes known as local frame.
Given this local frame and a second global eveemaycalculate the positn vectors
of the partcles of any givesegment. Thiss alsoknown as vetor transformation

(Figure 2.18). The global setof axes may be determined in advance by each
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researcher by using wand with fixed markerg.e. acalibration wand) In a similar
manner, it is possible to observe the segment from any possible point of perspective,
and thus allowing the-B representation of the segmenthis approach may be used

to describe the segmeémmovement altogether.

9z
Figure2.18 Position vector of a particle shown in a global and local frame

(Cappozzo et al., 2005

Usually, three or more markers are required to capture the orientation of a
segment. In order to ensure good visibility of the markers at all times, a sufficient
number of motion capture camerame needed. The position of the marker can be
arbitrary. Nevertheless, marker position megincide with anatomical landmarlso
that they be recognisable in a repeatable mannEnhese anatomical landmarks are
typically superficial bony prominences and mayidentified with palpation. In case
of internal landmarks, their position may be estimated by using superficial positions

and predictive models.
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In human biomechanics, biomechanical information of the relative motion
among two segments, one proximal andeodistal, is required. This is referred to as
joint kinematics, and describes the orientation and location of one segment relatively
to the other. Additionally, the use of force plates and the analysis of ground reaction

forces allows the calculaton okKtS 1 Ay SGAO 0SKI @A2dz2NJ 2F GKS

Figure2.19 Full body PIG, figure (modified) froviicon (2010)

30



2.6.1 Plugin gait biomechanical model

ThePlugin gait(PIG) model is widely used and tested by both clinicians and
researchergSchweizer et al., 201Kia et al., 2014Attias et al., 201p The following
figure and table Kigure2.19 and Table2.1) describein detail where thefull-body

Plugin-Gaitmarkers should be placed orsabject

Table2.1 Summary of the fulbody PIG biomechanical model

Marker Marker Location  Description
Label
LFHD Left front head Located approximately over the left temple
RFHD Right front head Located approximately over the right templ
LBHD Left back head Placed on the back of the head, roughly in
horizontal plane of the front head markers
RBHD Right back head  Placed on the back of the head, roughly in
horizontal plane of the front head markers
C7 7th Cervical Spinous process of the 7th cervical vertebr
Vertebrae
T10 10th Thoracic Spinous Process of the 10th thoracic
Vertebrae vertebrae
CLAV Clavicle Jugular Notch where the clavicles meet the
sternum
STRN Sternum Xiphoid process of the Sternum
RBAK Right Back Placed in the middle of the right scapula. T
marker has no symmetrical marker on the |
side. This asymmetry helps the autolabelin
routine determine right from left on the
subject
LSHO &  Left shoulder Placed on the Acromiolavicular joint
RSHO marker and right
shoulder marker
LELB &  Left elbow and Placed on lateral epicondyle approximating
RELB right elbow elbow joint axis
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LWRA & Left and right wrist Thumb side

RWRA marker A

LWRB & Left and right wrist Pinkie side

RWRB marker B

LFIN & Left fingers and Placed on the dorsum of the hand just belo

RFIN right fingers the head of the second metacarpal

LASI Left ASIS Placed directlyver the left anterior superior
iliac spine

RASI Right ASIS Placed directly over the right anterior
superior iliac spine

LPSI Left PSIS Placed directly over the left posterior super
iliac spine

RPSI Right PSIS Placed directly over the right posterior
superior iliac spine

LKNE & Left knee and right Placed on the lateral epicondyle of the kne

RKNE knee

LTHI Left thigh Place the marker over the lower lateral .
surface of the thigh, just below the swing
the hand, although the height is oatical

RTHI Right thigh Place the marker over the lower lateral 2/3
surface of the thigh

LANK & Left ankle and right Placed on the lateral malleolus along an

RANK ankle imaginary line that passes through the
transmalleolar axis

LTIB Left tibial marker  Similar to the thigh markers, these are plac
over the lower 1/3 of the shank to determin
the alignment of the ankle flexion axis

RTIB Right tibial marker These are placed over the lower 2/3 of the

shank
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LTOE & Left toe and right Placed ovethe second metatarsal head, on
RTOE toe the midfoot side of the equinus break
between fordoot and midfoot

LHEE & Left heel and right Placed on the calcaneus at the same heigt
RHEE heel above the plantar surface of the foot as the
toe marker

2.6.2 Errorsof motion analysis systems

Apart fromthe multi inertial measurement unisystems (MIMU), and marker
less methodsmost of the humammotion analysis techniqueare carried outwith
LI a3AD0S YIENJSNE FFaGdFOKSR (2 {K3uithlthle NIi A OA L
anatomical calibration process which captures th& 3 L)2a4S 2F GKS LJ N
bones. Thenthe relative alignmentamid adjacent bones isssessednd used to
guantifyjoint kinematicgDi Marco et al., 2017

Even though motion capture systems drequently usedn research and
clinicalenvironment acquireddata sufferfrom a fewsourceof error. Theinaccuracy
of the measurements arises frosoft-tissue artefact§Leardinietal., 2008 Y I NJ SN& Q
misplacemen{Della Croce et al., 20p&ndinstrumental errordChiari et al., 2006
The first two errors result &m the relative movement between the markers and the
underlying tissue and bonesind from the inaccurate marker placement on the
anatomical bony landmarks of the badiyhethird one depends othe number and
position of the camera@Vindolf et al., 2014 lens distortionthesize of the captung
volume, andthe tracking, reconstructionand calibrationprocedures used by the
system and the operatdiDi Marco et al., 2017

Soft tissue artefact is the most significant source of error in human motion
analysigAndriacchi and Alexander, 2000t is related to tle adopted experimental
protocol, effects of inertia, andkin deformatiordue tobody movement(Leardini et
al., 2005. It is frequently observed in thskinzones closeto the joints. Due to the
nature of the movement, it is often confused with the actual bone movements of the

joints, making it very difficult to apply filtering algorithms. Theoesrassociated with
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the oft tissueartefact are demeaning not only in research proje&tst in routine
clinical assessments to&tudies suggested different approaches to estimatel
cope withsoft tissue artefact{Cheze et al., 199%appozzcet al., 1995 Ball and
Pierrynowski, 1998 neverthelessthe results are far fronsatisfactory(Leardini et
al., 2005. To date, to minimisesuch inaccuraciesthe developmentof more
sophisticated joint models is suggestéceardini et al., 1999 Also, collection of

subject specifidata to access the soft tissue artefact may be of use.

Figure2.20 Calibration wand

Studies havealso shown that the repeatability and precision of body
kinematicgsin fact,heavily affected byanatomical landmarknisidentification(Della
Croce et al., 2005For instancemiscalculatiorof the hip joint centre ®3cmdue to
marker misplacement, may result in 22% error in the calculation of the flexion and
extension moments of the hifLeardini et al., 1999 To minimise such errors, using
more than three offour anatomical landmarks per segmeand thoroughpalpation
instructionsare suggestedDella Croce et al., 20D5

Finally, regarding the instrumental errors, it was shown that systems with low

noise commonly show improved performancéShara et al., 1995 It is also
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recommended by motion capture system manufactures to perfornsyatem
calibration before each sessionhis calibration process is achieved manually by the
investigator who typicallyswingsa wand(Figure2.20) within the capture volume of
the laboratory. Different calibration procedurdBi Marco et al., 201)7 or even a
calibration robot (Windolf et al., 201% were suggested to cope with calibration

uncertainties.

2.7 FUNCTIONAL ASSESSHEN

Optoelectronic methods arfequently adopted to monitor the rehabilitation
progress of patients after total knee arthroplgsexploringhuman biomechanics
during a series of assessments reséimpactivities of daily livingSmith et al., 2006
Yoshida et al., 2008/cClelland et al., 20)1Human komechanics is the study of
continuum mechaits (.e. the study of loads, motion, stress, and strain) and the
YSOKIFYAOlIfT STFSOGa 2y (KS 02 REuQidChaggdS Y Sy (
2012. Human movement isa complicated and rather harmonized mechanical
collaboration between bones, muscles, ligaments and jokrism simple to complex,
movements are achieved by the muscles produtamgile forces and moments with
short lever arms so as twringstabilityunder the effect of external loadgs (Watkins,
2010.

Measuring human motion, constructing 3D computer generated
biomechanical models, and calculating internal forces and moments is a common
practise for clinical and sports applicatioalike. Yet, authors rarely investigathe
habits and patterns ofhuman movemerg Ait EI Menceur et al. (2009and
Lempereur et al. (2005%9tudied theadopted movement strategies during the car
ingress movement, whilsPark et al. (2005¢xaminedthe movement patterns in
stoop and squat lifting motionslo this day, such studies weselelyaiming in the
simulaion of complex realistic movements in the use of computer generated
manikins for industrial ergonomic purposes and vehicle designs. Nevertheless, such

an analysis may be useddetect andevaluatechanges in the movement behaviour
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of patientsundergoing omplex surgical operations, and provide clinical insight by

distinguishinghealth F N2 Y ddzy KSI f 6 K&é¢ Y2@0SYSyd &id NI

2.7.1 Sitto-walkstrategy assessment

Thechair risingnovement is one of the most physically challenging activities
of daily living and is performed more than 50 times per day in healthy afiitsers
et al., 201). Motion analysis studies have extensively explored and elucidated the
biomechanics that governhe sit-to-stand (ST$ motion (Sibella et al., 2003
Roebroeck et al., 199Bouchouras eal., 2015Bowser et al., 2013keda et al., 1991
Nuzik et al., 1986 Particularly concerning studieshdat analyse the motion
performanceof patients before and after TKA, the STS motion is the third most
studied activity of daily living; in a review study published in 2Bb5nik et al.
(2015) approximately 15% of the revised articles investigate the biomechanics of this
task.

Recent studies also described anuidsed a similar, but clearly distinct
movement, the sito-walk (STW) task. The $it-walk is a frequently performed
activity of daily living that involves the harmonisation of momentum generation and
balance control. It is a single contmus motion(Kerr et al., 2018 that contains parts
of both the STS and gait initiation movemer{isgure 2.21). Nevertheless, it is
infrequently utilised as aehabilitation task in individuals with motor impairment,
seemingly due to its higher complex{f#hen and Chqu2013.

Although comparable in nature, studies offer indications of clear differences
between the two movements; the STW movement is proven to be more challenging
than the STS in terms of maintaining body stability, while bestowing higher falling
risks(Schenkman et al., 199Berr et al., 2004 Comparison of the two activities, also
reveals that the STW moreent is shorter in duration than the STS, due a more rapid
gait initiation(Magnan et al., 1996

Since rising from a chair has been regarded as a perquisite ¢gghgnkman
et al.,, 1990, it is hypothesised that the STW movement depicts a more natural

movement when rising from the seated position. What is more, due to its increased
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mechanical demands, it is assumed that the biomechanical analysis of the aeiivity

better reflect the difficulties experienced by subjects with pathologies of the lower
limbs. Finally, the increased demands of this movement will likely reveal more
complex and variable ways to complete the chair rising task, i.e. movement

strategies.
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Figure 2.21 Phases of the sib-walk movement and their relation to the

mediolateral ground reaction forogerr et al., 200%

Movement alterations and neuromuscular adaptations in activities of daily

living in patients with knee osteoarthritiare well documented. Studies have
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reported such changes level walkingGustafsa et al., 2016Schmitt et al., 2015
Arnold et al., 2014rstair ascent and descefitoyama et al., 201 BlicksLittle et al.,
2012), and sitto-stand (STSBouchouras et al., 20]1Preece et al., 201Anan et al.,
2015 Baert et al., 201 3Davidson et al., 201Fegal et al., 201J urcot et al., 201
The main reason suggested for the movement alteraieto unload the affected
joint while keeping the pain experienced to a minim(ills et al., 2013Heidenet
al., 2009 Hortobagyi et al., 2005Yet, such asymmetric adaptations can lead to OA
progression, and even knee replacements in the contralateral joints in patients with
end-stage OAShakoor et al., 20031cMahon and Block, 2003

Motor control is an intriguing field of researcbxploringthe physical and
phycological variables that produce diverse, purposeful, and coordinated
movements. Latash et al. (2010and Martin et al. (2009)describe models of
movement generation that include mechanical movement planning.g. te
directions of an engkffector in spacgand neuronal dynamicée.g. muscle reflex
threshold9® { dzOK Y2RStaz YlI& o6S dzaSR (2 Ay®@S
variables when controlling muscles, and tfeS dzNR Y 2 (i 2 MéleédiéndfiaS Y Q &
specific movement from a seemingly endless pool of movement possibilities.
Previous authoralsomechanisticallglescribechuman movements and thedistinct
phaseqDehalil et al., 200/Kerr et al., 2004Etnyre and Thomas, 20 Dehalil et al.
(2007)andKerr et al. (2004)ised kinematic data an@RF$o define 4 phases in the
STWmovement whereasEtnyre and Thomas (200u3ed vertical GRFs to identify 6
events in the STS movemenNevertheless, those studies are not delivering
descrptive characterigcs of the standing movement, but rather use the peak
kinematic values and ground reaction forces to spit the task in a sequence of phases.
Even though these approaches clearly ease the analysis of the abovementioned tasks
by segmentingnto phasesmovement strategy identification has its own merit: it
depicts the motion patterns participants used to complete a movement, while also
enclosing information on how subjects interact with the environment. This, can be
particularly interesting i the analysis of tasks where the geometry of the

environment may significantlgffect the output of the measurement (e.gehicle
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types in thecaringress taskor distinct ways to complete the same movemgefio
put things into perspective, the literatar(Janssen et al.,, 2092ndicates that
geometry adjustments in the chair rising task ¢amg fluctuations of up to 60%n

the generated lower limb moment&(g.,a higher chair can lower knee moments by
60%; armrests can influee hip moments by 50%; feet positioning may produce
variations in the hip extensor moments of up to 14 G).

To date, he identification of movement strategies the STS and STW
movement or the study of their effects has been achievedguastionnaires, video
observation and motion analys{Polecka et al., 2015agawa et al., 201 &illette
and Stevermer, 2012Bohannon and Corrigan, 200dughes et al., 1994Pushing
through thechair Figure2.22), pushing through the armrestgushing through the
knees, scooting forward, leaning forvegr thorax flexion and obliquity, feet
backward, and no arms usegdave all been identified as categories of movement
strateges (Dolecka et al., 201%agawa et al., 2018ohannon and Corrigan, 2003
| 26 SOSNE (G2 (GKS dziK2NBQ 1y26f SRIST (G KSNJ
to identify and classify the standing movement, potentially facilitating rapid analysis
of motion analysis data with minimal visual inspectidinis can be a extremely
valuable tool when dealing with bigotion capturedatathat need to be analysed to

reveal patterns and associations among groups.

2.7.2 Car ingresstrategy assessment
Predominantly, motion analysis studies explore level walkingiosstand,
standto-sit and stairascent/descent(Komnik et al., 2015 Infrequently more
physically demanding movements such @sating(McClelland et al., 20Q9walking
followed by a sidestefi_effler et al., 201f and obsacle crossingMandeville et al.,
2008), are investigated in order to uncover compensations mechanisms that may not
be apparent in level walkg (Komnik et &, 2015 McClelland et al., 20Q9Yet, such
tasks hardly resemble a€ol f f SR Gl OGAQGAGe 2F RIFEAte& §AQJ)

knee joint implants.
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Figure2.22 The Pushing through the chair strategy for the STW task.
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Automobile transportation is vital for both commuting and social interactions,
FYR Yy AYASLINIOGES LINI 2F G2RIFIe&Qa A DA\
automobile industry in theergonomical development of vehicles is increasing,
biomechanical stdies tend to focus on the implications of human motion in vehicle
design (Giacomin and Quattrocolo, 199Thateauroux and Wang, 201@it El
Menceur et al., 2008_empereur et al., 20QAndreoni et al., 200Reed and Huang,
2008. What is morepersonal transportation in thelderly population igssential for
thoseseeking to preservan active lifestyléLu et al., 2016Shippen and May, 20).6
However,decreased mobility and thegeing musculoskeletal system qanecipitate
less efficient movement patternsand ultimately leadto mobility difficulties and
dissatisfactionDaley and Spinks, 2000u et al., 201 At its very worst, car ingress
can lead to serious injuries: in the United States alone, 37p@@ple of old agare
injured every yeamwhen entering a ca(Dellinger et al., 2008 In response to that,
engineers and medical scientists have begun to study the vehicle ingress and egress
movement to investigate how tamprove vehicle acceq$ish and Vrkljan, 2016
Besidesthe importance of the car ingress and egress saskchallenging activés
of daily livingin people with OAis apparentby the inclusion ofehicle accessibility
questiors in the OKS questionnaireBased on thatthe car ingress task was
consideredas an important and challengingDL, and it was deemed as a vital
addition to thetasks examined in this studylhe car egress task was also considered
asan importantmovementof daily life. Yetthe vehicle ingresss considered to be
more challenging: in a study of over 700 elderly peapid people with disabilities
by the Institute for Consumer Ergonomias the UK about halfof the participants
had difficulties entering thevehicle, whereas only twihirds had problems getting
out (Ergonomics, 1985

Whilst the comfort and safety of elderly passengers are often addressed and
suggestions are offered to enhance their convenie(feetzéll, 199) populations
with prostheses are frequentlgxcluded(Ait El Menceur et al., 2009However, older
people, predominantly those reporting osteoarthritis of the lower limbs, often

experience significantly more problems than younger adwiisen embarking and
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disembarking a caiHerriotts, 2009. Thusthis studyalso focuse®n the functional
performance of elderly patients with a TKA of the knee in a demanding, but common
daily activity, namely car ingress.

The difficulty of the task in question arises from the architeetof the
vehicle. Typically, the configuration of the side sill, roof and steering whedérs
the mobility of the passengers. The interaction of a participant with those elements
of the vehicle while performing the movement in a motion caption labamatis also
the root of complications in the kinematic and kinetic analysis of such recordings.
Researchers customarily restrict the movements and habits of the studied population
in order to facilitate analysis and allow the comparison of the generatedsures:
GKFG A& FAEAY3I GKS GNBFIRYAfEQa 61 t1Ay3
staircases without bannisters, dictating the starting position, etc. Nonetheless,
vehicle ingress strategies has been shown to feature great diversity in how irads/idu
manoeuvre to get into a cafAit EI Menceur et al., 2009Thus, restraining the
interaction of a subject with the elements of the vehicle nayderthe objectivesof
the analysis.

Previoudy, car ingress movement has been investigated through key frame
information (Lu etal., 201§ and visual inspectiorof optoelectronic recordings
(Chateauroux and Wang, 2018it EI Menceur et al., 2008Building on the work of
Park et al(2005), clustering methods havalsobeen used to identify several ingress
movement strategiegAit El Menceur et al.,@9, Lempereur et al., 20Q%omaris et
al., 2018. Onefoot (Figure2.23), two-foot (Figure2.24), trunk foward, lateral sliding
and more, were identified as car ingress movement strategies.

Sz G2 GKS IdzZikK2NBRQ 1y26¢6fSR3IST (KSNS

identification techniques in the TKA populatisimen entering and exiting a vehicle

5

We propose theexamination of the car ingress task through the identification of
movement strategies by means of hierarchical clustering. How the adopted ingress
strategies vary pr@perationally, posbperationally and ongear post
operationally, is also addressedthis thesis.The proposed procedure may be used

to assess posbperative performance of knee implants, and provide insight on the
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movement habits of patients with knee prostheses, or other knee pathologies, aiding

ingress movement simulations and vehicksagyn.

2.8 OXFORD KNEE SCOREQWESTIONNAIRES

Patients reportsubstantialprogressin quality of life after TKAparticularly
concerningohysical pain andobility (D Fitzgerald et al., 2004Among sefassessed
measures ofower limb function, the Oxford Knee Scqf@KShasgood assessnme
properties, and itis suggested as the best tool for knee replacement that can be
applied in large databasd&o et al., 200p The OKS contasnl2 multiple choice
questions on daily activities, which the patient may answer without help from
healthcare personng/APPENDIXd Oxford knee scorg Patients tick one of several
statements that best describ#heir joint functional performance.Eachquestionis
scored from 1 (normal function) to 5 (extremdfatiulty). The global score is the sum
of the 12 item scores; therefore, the best possible score is 12 and the worst possible
score is 60

While this survey can effectively capture pain levels and ability to perform
certain everyday activities, it relies on subjective opinions. What is more, these tests
are not sensitiveenough todetect subtle changes in functionor suggest the cause
and origin @& the pain(Whitehouse et al., 2005Goldhahn et al., 201 denny and
Diesinger, 201R Versions of OKS have been established ifferént languages,

including the Chinese
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Figure2.23 The onefoot ingress car strategy.
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Figure2.24 The twoefoot ingress car strategy.
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CHAPTER 3. THE SITOWALKTASK: A CASE STUDY

This case study will try to identify the key challenges in the biomechanical
analysis of the chair rising assessment, and demonstraterdkienale behind a
movement identification technique based on statistical calculatjors Hierachical
ClusteringMovement strategy identification is used in this thesis as an assessment
tool for the rehabilitation progress of patients with different prostheses of the knee,

while welcoming the natural variability of movement patterns in human mation

3.1 INTRODUCTION
Studies routinely confine the movements of their subjects in ordesinaplify
the analysis and allow the comparison of the produced outcome measures. Starting
position and task execution instructions for the chair rising task, are typxzamples
of this approachparticipants are frequently asked to cross and keep their arms on
their chest(Abujaber et al., 201,55pyropoulo<et al., 2013, not use their armgo
push off the chaifHuffman etal., 20195 1 SSLJ & K2 dzf R S(S&delddi cdn e
Souza et al., 20)1llimit feet placemat (Spyropoulos et al., 20}3and keep their
trunk in a vertical positiofHanawa et al., 201 ¥ amasaki and Shimoda, 2016
Restraintan the starting position and general movement are in contradiction
G2 GKS NBO2NRAY3I 2F |y FOUGA@GAGE 2F RIFATfEZ
restrictive approach may limit even more the efficiency of an assessment involving
patients with pathologies of the lower limbs. TKA and OA patients execute everyday
tasks in an irregular and asymmetrical manner due to quadriceps weakness and knee
joint pain (Anan et al., 2015Turcot et al., 2012Sagawa et al., 20);3as a result,
confining the execution of the activity may conceal these pathological patterns.
Nevertheless, the variability the kinematic and kinetic measures of human
Y2UA2Yy |ylfeéeaia RdzS G2 GKS dzyLINBRAOGI 0A
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movements, is indeed strongly prohibitive for comparison purposes. To demonstrate

this, three motion capture sito-walk (STW) tris of a singleparticipant were
analysedFor this case studyo instructions were given regarding the initiation and
execution of the task. By doing so, the author hopes to highlight the effect of
movement strategy adoption in the biomechanics of a @nggrticipant, and the

need of an algorithm that will deal with the heterogeneity of movement behaviours,

while ideally using it as an outcome measure by identifying healthy and unhealthy
movement patterns.L i &dAK2dz R 06S y20SR KSNBwE GKI G
Gdzy KSIFfdKeé¢ FINBE y20 dzaSR Ay GKAa GKSaraa
G2 OKIFINIOGSNREAS 02R& Y20SYSyilax sKSNB GKSE

behaviour of the control group.

3.2 PARTICIPAIST

A singleadultfemale partigpant was considered for this analy§isable3.1).
The participant was recruited via poster and email advertising from the University of
Strathclyde population. The volunteer was asked to attend a motion capture session
for no longer than 2 hours. The inclusion criteria of this study wege between 35
and 85, normal body function, and perfect eyesight (with or without visual aid).
Exclusion criteria included all musculoskeletal and neurological deficits, previous
knee, ankle or hip surgery, and pregnancy. Pphaeticipant gave written informed

consent fo the study.

Table3.1 Participantanthropometrics

Characteristic

Gender Female
Weight(Q 55.8
Height 9 169.5
BMI (QTH ) 19.4
Age Qi i 38
Chair height @ 9 49
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3.3 DATA COLLECTION

For this case study, a twehaamera optical infrared system by Vicon (motion
systems, OxfordK) was used, alongith four Kistler piezoelectric based force
platforms. The full-body Plugin Gait modelwas selected to facilitate the
biomechanical analysiA height adjustablearmless, backlesshair was used for the
execution of the STW task. For further information regarding the laboratoryset
and the STW protocol, the reader may look at chapteEsMotion capture and5.6
The sitto-walk trials.

/| KFANJ KSAIKG o6l ad FR2dzZAGSR G2 YIFGOK (K¢
an everyday object was placed three meters in front of the chair. The participant was
asked to comfortably sit on the chaiand on the count to three, to approach the
table and grab the objectNo other instructions were givenThree successful
recordings of the STW task were captured.

The participant in question demonstrated a strong diversity in her
movementsDuring the irst recorded trial, the subject adopts a starting position with
arms flexed, shoulders abducted and rotated internally, and hands resting on the
thighs. The back is straight and upright at this point, while the feet rest almost parallel
to each other at Boulder width(Figure3.1, first frame) The participant then initiates
movement, characterised by a general flexion of the body, and notably of the torso.
Rising from the chair is assisted by the hands that are still in contact with the thighs,
and pushing down in order to maintain balance ilrithe seatoff phase of the
movement.The right foot is also dragged posteriorly at this pokig(re3.1, second
frame). At gait initiation, the right foot swingsfahe ground, and the hands loose
contact with the rest of the bod{Figure3.1, fourth frame).During the last phase of
the STW trial, the right foot is in the stanpbase of the cycle, while the left enters

the second swing phase of the gait
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Figure3.1 STW- Triall.
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Figure3.2 STW- Trial 2.
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During the second trial, the starting position is similar to the first recording,
with the exception of the arms being placed laterally of the torso, while the hands
are in contact with the sides and upper surfaces of the clfagufe3.2, first frame).
During the initiation of the movement, the left arm swings forwards, while the right
one maintains contact with the right side of the chair until the sefitphase ofthe
cycle Figure3.2, second and third frame). Throughout the recording, both feet were
stationary until gait initiation. Subsequently, the participant initiated gaith the
right foot swinging first.

The body posture in the beginning of the third trial is also similar to the second
recording(Figure3.3, first frame) Howeverjn this occasion, both arms are in contact
and pushing down the chair during the first instances of the mofeigure 3.3,
second frame) Additionally,unlike the frst two trials, the left foot is dragged
posteriorly(Figure3.3, second frame)Next, the handdoose contact from the chair,
and then,contrary to the other recordingshe gait initiation starts with the left foot
swinging instead of the rigl{Figure3.3, fourth frame).

These three trials were analgd, and kinematic ankinetic variables were
calculated. Subsequently, those variables were compared with similar findings of
control subjects from other studies in the literature investigating the chair rising

movement.

3.4 DATA ANALYSIS

This case study repis on three trials of a single participant, executing the
STW task with kinematic and kinetic recordiriggents were identified from changes
and peak values in the recorded daféhe start of the SIW movement was defined
as theinstant at which the horiantal COM velocity as higher than 0 msand
continuedto increase. The end of the STW was defined as the instant where the
stance foot is no longer in contact with the force pléikerr et al., P04). The seat
off event was identified in correlation to the local maximum of the anteroposterior

ground reaction forcéKralj et al., 199D
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Figure3.3 STW- Trial 3.
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Hip, knee, and ankle moments were calculated by means of conventional
inverse dynamics. Hignd kneepowerswere also calculatedAll joint moments and
powers were scaled to body weightTrunk flexion was calculated in the global
coordinatesystem relative to vertical.

Results are compared with the mean values and standard deviations from
three different studies with similar analydiKerr et al., 2004Bowser et al., 2015
Lamontagne et al., 20)2All three studies considered control subjettiat did not
suffer from any former or current serious lowkmb injuryor disease Demographic
characteristics were, in most of the occasions, compatible with the anthropometrics
of the single participanthenceforth referred to as participarit) whose trials were

considered in this chapteiT@ble3.2).

Table3.2 Participantd demographics compared to other control populations.

Age Height Body Mass BMI (kg/m2)
(Years) (cm) (Kg)
Participantd 38 169.5 55.8 19.4
(Kerr et al., 200% 39.8 (12.3) 176.0 (1.0) 80.9 (15.8) N/A
(Bowser et al.,, 2005  42.8 (11.8) 165.5 (7.8) 74.2 (19.5) 26.8 (5.0)
(Lamontagne et al., 63.5(4.4) N/A N/A 24.9 (3.5)
2012
3.5 RESULTS

Results of the hip, knee and trunk kinematics and kinetics are presented in
Table3.3. Recordings 1 to 3 are categorised by sidedness (e.g. left and right hip),
where applicable. The last column d&able 3.3 includes means and standard
deviations from control groups of similar studies in the literature. Instead of
sidedness, measurements are separated here in dominant anebdoarinant sides.

It is hypothessed that the nondominant leg irtiates walking, with the first swing of
the gait. As a result, in the first two trials of participantthe left side is considered

dominant, whereas in the last trial, the right side is.
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On afew occasions, the results obtained in this case study styosgyee with
GKS 2yS&8 NBLR2NISR Ay tAGSNY GdzNBY YL EAYdzy
within one standard deviation from the corresponding literature reported mean
Gl fdzS onmMdPpe 0T | a2Xa O0OKS i bHzy 1R YA &Sy & da
and the maximum hip extensor moments of the dominant leg (.53, .63, and .75
Nm/Kg compared to .67Nm/Kg; similar behaviour is also observed with the
maximum hip power on both sides.

Nevertheless, the remaining measures presentetlable3.3, exhibitastrong
variability, which is attributed tdhe adoption of differentmovement strateges
while in the first two trials the time to seaiff is consisten{.49 and .55 seconds),
during the last recorded trial that time was doubled (1.1 secordisplaying an
increase of approximately 10stdsven though the STW time cycle recordings (1.48,
1.70, 2.11 s) are on average (1.76 s) comparable with the literagp@rted mean
value (1.70 s), the highest and lowest values are six standard deviations (.11 s) apart;
similar diverse behaviour is observed in all three kinematic and kinetic measurements
of the knees: the maximum knee extensormement and power, and & extension
angle at seabff.

Interestingly, all the literature reported variables show little to no correlation
between mean value and sidedness (i.e. dominant and-cmminant leg). For
example, the maximum knee extensor moments of the dominant (meaNr6/Kg
std .18Nm/Kg and nonrdominant (mean 66Nm/Kg std .18Nm/Kg hip, are rather
interchangeableSimilar behaviour can be observed in all the rest literature reported
variables ofTable3.3. On the other hand, not restricting the execution of the task
significantly increased the diversity of the same recordings: extensor moments for
LJ- NI A GAdftland dightihip, fluctuate from .58im/Kg to 1.22Nm/Kg kree
extensor moments from .15Im/Kgto .55 Nm/Kg maximum knee power from .56
W/Kgto 1.39W/Kg,andsooP ¢ K2a4S RAFFSNByOSa algit g t dzS

and right extremities are up to 3.5 STDs.
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Table 3.3 Kinematic and kinetic variables during the STW task, as well as

means and standard deviations from control groups of similar studies.

Literature
Mean (std)

Max trunk

Trunk angle at seatff

(e)

Time to seabff (s)

STW cycle time (s)

Max hip extensor

moment (Nm/Kg)
Max hip power
(W/KQ)

Max knee extensor

moment (Nm/Kg)
Max knee power
(W/Kg)

Participant |
Trial 1 Trial 2
43.7 44.7
42.2 44.3
49 .55
1.48 1.70

Left Right Left Right

415 (9.72)a
38.3 (8.94)a
.81 (.06)b
1.70 (.11)b

D* N.D*

53 117 .63 1.22

76 .74 e .82

A5 55 24 46

56 139 .89 1.13

Knee extension angle 63.0 64.9 80.7 60.5

atseab f f ( e)

.67 .66
(.18)c (.18)c
.92 .95
(.31)c (.30)c
.50 51
(.22)c (.13)c
.88 .87
(.28)c (.29)c
77.7 78.6
(6.1)c (6.4)c

2 (Bowser et al., 2015

b (Kerr et al., 200%

¢ (Lamontagne et al., 2012

*Dominant and Nordominant sides.

To demonstrate thse differences in the extracted kineticthe Knee

Flexion/Extension Momest(Figure3.4 to Figure3.6), and ground reaction force

graphs Figure3.7 and Figure3.8) of the three recordd trials of Participan®, are

presented belowAlthough the results from the first two trials are comparable, the

knee moments and GRFs for the last recorded trial, show indisputablyast

difference in body kinetics. Those changes are attributethe different execution

of the task in the third trial compared to the first two recordings, namely the
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displacementof the left foot {.e. left foot backwards strategy) and the initiation of

the gait with the left leg.

Knee Flexion/Extension Moment
Strategy 1

Stance toe off

Seat off

Swing toe off

Initiation

0% 20% 40% 60% 80% 00%

STW Cycle
—— Left Knee

Figure3.4 Knee Flexion/Extension MomenTrial 1

Knee Flexion/Extension Moment

- Strategy 2
05 Seat off
' Stance toe off
0.4 X
Swing toe off
0.3
o
X
T0.2
=z

01 | Initiation

0
0% 20% 00%
-0.1
-0.2
STW Cycle
Left Knee Right Knee

Figure3.5 Knee Flexion/Extension MomenTrial 2
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Knee Flexion/Extension Moment

Strategy 3
0.6
0.5
Seat off
0.4

Swing toe off

0.3

Nm/Kg

0.2 |r Initiation
0.1

0

0% 0%
-0.1
-0.2
STW Cycle
Left Knee Right Knee

Figure3.6 KneeFlexion/Extension Moment Trial 3

GRF LEFT LEG
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Force (N)
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% Cycle

-10
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Figure3.7 Ground reaction forcesLeft leg.
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GRF RIGHT LEG
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Figure3.8 Ground reaction forcesRightleg.

3.6 DISCUSSION

Overall, the hypothesis that movement strategies affect the recorded
kinematic and kinetic variables was largely supported. Compared to populations of
control participants in the literature, the participant considered in this case study
exhibits a vast vaability in the recorded outcome measures. Even though the mean
gl t dzZSa 2 F 0lidaldgere@ily lchingidevith the reported means of the
control population(e.g. trunk angle at sedff, time to seatoff and STW cycle time
the maximum and mimium values can be several standard deviations afad.
time to seatoff and maximum hip extensor movement§)able 3.3). The most
notable difference was observed ithe times measured until seatff, and
completion of the STW cycle. For the kinetics, the most evident differences among
the three tasks wer@letectedfor the hip and knee extensor moments, and for the
maximum knee power. What is more, contrary to thed#ture reported population,
the kinematic and kinetic measurementslal: NIi A @ Jett3ing/riggl @wer limbs,

seem to significantly differ in magnitud&gble3.3).
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Our results clearly indicated that performing the STW task in a different
manner, can largely affect joint mechanics. It is hypothesised that these variances
arise from the different strategies adopted during each trial. It is also assumed that
theseA Yy O2y AAAGSYyOASa Ay | LISNE2YQa Y20SYSyi
F2N) I LI NIAOALI yiQa Fdzy OlUA2Yy ldf hisshéra Sa aYS
treatment. On the other hand, restricting the execution of the task maglerwhelm
thepurposeofart OGAGA (& 2F GRIAf & tAGAYyAES 2N S¢
for the understanding of the pathology in questidnis alscapparent from the three
studied trials that postural position at the initiation of the task largely affects the
execution ofthe task. For example, during the first trial of three, the participant kept
her hands on her thighs; as a result, during the execution of the STW task, she used
her arms to push down her knees. On the other hand, during the last two studied
trials, she kpt her arms on her sides, arater used them to interact with the sides
of the chair. As a result, it is hypothesized that postural gtadition, and strategy
adoption are correlated.

The question posed is whether we could use this natural movement variability
to categorise trials based on the strategy each participant used to complete the task.
Ly GKAa OlFasSz AdG Yle& fta2 oS LkaaArotsS (2
behavidzZNR ol &SR 2y (GKS O2y i NP a@entfyjagandLdr G A Sy
classifyingcertain functional and pathological disorders is a previously discussed
topic (Elliott et al., 2009 with undeniable benefits in clinical diagnostics and
rehabilitation assessments. Ultimately, this may be used as an assessment tool to
access the rehabilitation of the OA patients, by detecting transitivom unhealthy
Y2@SYSyG LI GOGSNyazr G2 LISNF2NXYIFyOSa GKIG
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CHAPTER 4. RESEARCH OBJECHAMESTATISTICAL ARREH

4.1 OBJECTIVES OF THIDST

It was demonstrated in the preceding chapter thaatural movemat
inconsistenciesare undesirable for the purposes of conventional biomechanical
analysis; yetthis variability inmovementpatterns may offer the perfect breeding
ground to establish a technique that could identify transitions in movement
behaviour andgerformance before and after a clinical operation.

As stated irSectionl.2 Aims of the study, the key aims of this studyre to
compare the biomechanical performance of three knee bearings to that of a natural
knee, and determine functional improvements postoperatively compared to
preoperatively. Due to the wide variation in kinematic approaches to complex
functional movement, it is not sufficient to answer this question by analysing joint
kinematics and kinetics: this is only appropriate when the same movement is being
performed acr@s patient groups. Rather, initially, the movement itself must be
described and classified. These classifications can then be compared across groups to
ascertain preferential group function, potentially providing insight regarding implant
function. To remee subjectivity in the classification process, an automated
classification is recommended, which may also remove the need to visually review all
casest 2 | RRNX & a priin&nutdaiNg @eSpdpioSeithe use of a statistical
clustering process toclassify everyday tasksand detect differences in the
movements of people with and without physical disabilities of the lower linibg.

mainobjectives of the study are as follow:

1. To develop afast, reliable and repeatableprocess, build on
mathematical calulations,that can cluster and discern healthy form

unhealthy movement strategies.
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2. To critically compare differences in performance among groups and
patient visits with the use of statistical tesgach as ANOVAs
3. To establish that thedeveloped algorithm may be successfully

adopted in a range of recordis@f different activities of daily living.

In detail, ve suggesthe use ofcluster analysito classifyrecordings of people
performingevery-day tasksActivities of daily livingre recordedby means of motion
capture, and further processed in Vicon NexGsdpter5.5 Motion capture). The
extracted kinematic and kinetitme seriesare subjected to first and second order
decompositions, as described @hapters 5.7.4and 5.6.4 Strategy identification.
The classification algorithm is based on a statistical process called hierarchical
clustering. Hierarchicalcluster analysis is a statistical technique used to identify
structure in a series of obp¢s by organizing the objects into groups, or so called,
clusters(Shaw and King, 199®%/arren Liao, 2006Clustering has been used in a wide
range of applications, from the mapping of the brain actiy@®play et al., 19980
discovering patterns from sté&c markets (Aghabozorgi and Teh, 2014nd
earthquake applications(Shumway, 2008 The concept and process of the
hierarchical clustering method is furthediscussednext in Section 4.2. The
identification and labeling of the different movement strategies is achieved by
observation of a small number tifals on each clustelas described iGhapters5.7.4
and5.6.4 Strategy identification. Further statistical analysisused to determine any
differences among the groups in questi@hapters6.1 The sitto-walk assessment
and6.2 The car ingresassesment).

In addition to the abovementioned key objectives, this thesis is also
concerned with the patient reported satisfaction level€linical outcome
guestionnaires and the use of the Oxford knee score is addresS=ttion5.8, while

the results of the analysis are presentedSaction6.3, and discussed IBHAPTER 7
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4.2 HIERARCHICAL CLUBIER

The analysis described in this thesis heavily relies on a statistical procedure
called hierarchical clusterin@ther techniques such as fuzzy lodfatrona et al.,
2018, deep learningWang et al., 2018 and machine lerning were previous used
to analyse and characterise human motiofidasnain et al., 2018 Yet, the
hierarchical clustering approach was favoured over tharthis studyfor practical
reasons: machine learning applicais require large data sets, while a part of the
studied population is required to train the algorith{@areth et al., 2014 as a result,
the relatively small sample size in tisisidy makes such algorithms less compelling.
On top of that, machine learninglgorithmsrequire a priori knowledge of the
optimum classification solution, whereas in the hierarchical clustering approach the
user is not necessarily familiar with the cléissition outcome. Finally, fuzzy
clustering allows items to be clustered in more than one clustedsich was

contradictive to the purposes of this analysis.

Figure4.1 Clusters within a population of adts.

This sectionaims to present a brief but thorough description of the key

concepts and mechanics of this method.
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Clustering is a statistical method used to form clusters within a population, so
that objects in the same cluster are more similar witiaclke other, compared to

objects in other clusterd~gure4.1).

(y)

(x)

Figure4.2 Scatter plot of theg  x matrix.

The basic input for most clustering applications is a multivariate data matrix
¢ 1 where each row contains multiple measurements describing each oljjeot
be clustered.Table4.1 presents an example of such matrix, where G objects are
described by two masurementsd@andw), resulting in & X matrix. Given that the
seven objects in this example are described by two different measurements, their
values can be presented in a scatter plot where each axis signifies one measurement
(Figure4.2). Thanks to one of the most impressive and unique cognitive process of
the human brain, called pattern recognition, we could possibly tell that the data in
this scatterplot maybelong in three distinct groups of objects:(Be, AD-F, and G.

Nevertheless, such a feat would be impossible if those seven objects were described
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by more than three measurements, and their depiction in a scatterplot would require

a higher order multidirensional space.

Table4.1 An example of & x multivariate data matrix

Objects

A B C D E F G
D QWi 61 Qux 3 6 5 3 6 4 1
0Qwi 01 Qu 7 7 6 5 5 3

Hierarchical clustering gets its strength from the concept of multidimensional
distance, where a measure of similarityuised to transform the& 1) matrix into
ane ¢&.For example, Euclidian distance usethis work equally weights distances
on allscalesBy taking the data ifiable4.1, we could compute the Euclidian distance
between any two given objects, say A and B, with regards to the two measurements

wand wby using the following equation:

Equation4.A

Q o ® ® o o =3

This distance resembles the length of the line between objects A and B.
Although in this case only two measurements were used, more than two variables
may be considered under the root sign of the equation. Likewise, we can compute
the distances between eloother pair of objects, and create a distance matiire
elements of which give a measure of similabgtweenall objects.In this example,
the resulting P matrix is presented ifable4.2. These matrices are symmetrical
since the distance between objects A and B is equal to the distance between B and
A. What is more, the main diagonal of the matrix is always equal to zero, since the

distance between an object dritself its zero.
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Table4.2 Euclidian distance matrix.

A B C D E F G
A 0
B 3 0
C 2.22 141 0
D 2 3.6 2.23 0
E 2.82 2.2 1 2 0
F 4.12 4.47 3.16 2.23 2.23 0
G 5.38 7 5.65 3.6 5 3.16 0

There are also alternative distance measures such as the:

T cityof 201
differences,

{ the Mahalanobis distancavhich creates af-score metric in the

RA&GOlIyOS 6KAOK dzaSa

multidimensional space such that distances aralad to the observed

variability,

1 Pearson correlation which is suitable for qualitative measures, and

more.

Values of thee nande¢

procedures such as value standardization (eseares or range 0 to 19r converting

¢ matrices may also be transformed allowing

an exponential dissimilarity relationship to a linear one (logarithmic transformation).

Next, the technique proceeds to a series of mergers of objects into groups.

Initially, each object, occupies a single cluster. Then, the selected suea of

similarity between each and every pair of objects can be used to cluster two objects

together resulting in & p cluster solution.The grouping is made on the basis of

keeping the withirgroup dissimilarity aminimum In the example given, therft

merge will cluster objects E and C together.

At this point, the process continues by redefining the distance from the newly

formed cluster containing the two objects, to all other objects/clusters. For this, a
ySA3IAK

Of dza G SNA y 3

Ff 32NARGKY

6SPdId ySI NBai

used. Differences among clustering algorithms arise from the way the distance (i.e.
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similarity) between two groups is definedlhe most popular clustering algorithms

include the following:

1 Single linkage (a.k.a. nearest neighbour): The distance between two
clusters corresponds to the shortest distance between any two
members in the two clusters.

1 Average linkage: The distance between two clusters is defined as the
averaged aGl yOS o0SGs6SSy Ftft LIANR 2F G

1 Centroid: the geometric centre of each cluster is calculated first and
the distance between two clusters is equal to the distance between
the two centres.

T 2FNRQa YSUGK2RY (KAa iGe6 tmdsé Soests/ 3 | f
whose merger keeps the overall withatuster variance of distances

as small as possible.

Different measures of similarities and hierarchical clustering algorithms may
produce very diverse results on the same data set. As addressédnit € al.
(2010) apart from general observations regarding the properties of each clustering
approach, no recommendations can be made in an absolute sense. Even so, several
authors (Gower and Legendre, 1986trehl et al., 2000Huang, 2008 provide a
discussion over the choice of the similarity measure given the nature of the data, or
provide remarks abdutypical clustering algorithm@&veritt et al., 201

The procedure continues by combining two clusters at each stage until all
objects belong in a single cluster. The end product of the hierarchical clustering
method is generally depicted a& tree of clusters, known as aeddrogram Figure
4.3) (Waren Liao, 200b As seen ifrigure4.3, and reading from left to right, objects
C and E are clustered first. Then A and D follows. Subsequently, object B is combined
with the cluster already containing C and E. After that, a new cluster is formed
containing F and G. Finally, obje&&B-A-D form a single cluster, and shortly after,
all objects are combined together. These clustering steps are summariSebia
4.3.
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Dendrogram using Ward Linkage
Rescaled Distance Cluster Combine
o] H] 10 15 20 23
| 1

. | | |
c 3
E ]
B 2
A 1
D 4
F 6
G 7
Figure4.3 A dendrogram.

The most critical issue of the clustering process is determining the number of
clusters most represdative for the group of objectéHair et al., 200P Even though
there are no standard techniques, a trend in a measofedissimilarity the
agglomeration schedule coefficient, can be used as an indicatmizontal axis,
Figure 4.3). The agglomeration schedule is a numerical summary of the cluster
solution. It is a dimensionless measure, and is usually scaled from 1 to 25. A good
cluster solution sees a sudden jump iretdistance coefficient. The solution before
the gap is kely to bethe most satisfactory solution. In this example, the biggest jump
in the agglomeration schedule coefficient was observed in the last step of the
process, where the cluster containing obieGEB-A-Dis combined with the cluster
containing F and G. In this step, the change in the agglomeration schedule is
approximately equal to 12.97able4.3), and tus, a twacluster solution is indicated.

Yet, as addressed by Hair et al, this approach will most often result in-altster

solution due to the high increase of the dissimilarity measure when going from a two
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to a one cluster solutionOccasionally,aesearchers have a priori knowledge of the

optimum number of clusters from previous studies, or a theory to base their decision.

Table4.3 Clustering steps.

Cluster Combined Agglomeration schedule

Stage Cluster 1 Cluster 2 coefficient
1 C E 1
2 A D 3.1
3 CE B 0.9
4 F G 3.9
5 CEB AD 3.2
6 CEBAD FG 12.9

Unlike clustering of static data, time series clustering can be notably
challenging, especially in long time series with dissimilar len@thsopoulos et al.,
2001). In those cases, authors have resorted to approaches of capturing the
behaviour of the curve by meand first and secongbrder decompositions, such as
mean value, standard deviation and trend order to extract themultivariate data
matrix¢ 1) required by the clustering procegilanopoulos et al., 2001

Even after determining the optimum number of clusters, the objects of each
cluster must be reviewed to ensure that the results imterpretable and meaningful
In this thesis movement strategies are identified through visual inspection of the
motion capture trials prescribed to each clust8uch aeliable procedure will allow
the identification of the strategy attributed to each cluster by visually inspecting only
I FNIOGAz2zYy 2F (GKS OfdzaGSND&E UGNRFIfad ¢KA?Z
utilizing quantitative data and statistical methodger observational techniques, will
allow the fast and consistent identification of movement strategies in bulky motion

analysis data libraries
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CHAPTER 5. METHODOLOGY

5.1 STUDY DESIGN

This project compares three knee prosthesedrom the Columbus® Knee
System rangeAesculap AG, Tuttlingen, Germarthat are currentlyused inTKA
surgery:a high congruentbearing in mobile and fixed configuratignsnd alow
congruent fixed bearingAdults aged between 35 and 85 were recruited as the
control goup for the studyVolunteers were asked to attend a session for no longer
than 2 hours. The procedure followed in the control and the patient groups is
unchanged and it is described in detail in this chap@uontrol participants were
recruited via postes, flyers and email advertisinghe inclusion criteria for the

control participants were
V Able bodied
V Normal lower limb function

V 20/20 vision (with or without visual aid)

The exclusiowmriteria were:
x Musculoskeletal, neurological or sensory deficit
x  Thosewho are, or think that they may bpregnant
x Previous hip or knee replacement procedure
x Unable to give written consent
x Previous ankle surgery

Patients scheduled for total knee arthroplastunder the care of four

consultant orthopaedic surgeons at the @eh Jubilee National Hospital who meet
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the inclusion/exclusion criteriawvere recruited and randomised iatone of three

study groupsThe inclusion criteria for patiemtarticipants were
V Suitable to have any of the three study implants
V Over35years of ge

V Able to return for follow up sessions

Exclusioncriteria:
x  Previous hip or knee replacemeintthe previous six months
x Unable to give written consent

x  Previous akle surgery

Invitation letters and participant information sheetgere sent out to suitable
patients prior to their preoperatig consultation.Patients wereapproached at their
consultation visitand they were given the opportunity to ask questions about the
study. Following written consentrecruited patients were randomised using
sequentially nmbered opaque sealed envelopes. A nhominated person, independent
of the approach ad consent of the patient, signed and opentiet envelope and
informed the hospital research team of the randomisation. The patient and the
university researchteam were blinded to randomisation. For each patient
arrangementsvere made for their preoperativenovement analysis testing sessi
Subsequently, they hattheir surgery and rehabilitation prior to discharge according
to standard hospital practice.articipants returnel to the hospital for standard
follow up appointments at six weeks and one ya#er the operation At the same
time, arrangements werenade for them to attend their follow up movement analysis
sessions. Clinit data recorded at preoperativessessmendand postoperativdollow
up appointments, such as range of mawent, Oxford Kneescores patient
satisfactionand radiographic measurements.

Patient participants were asked to attend movement analysis testing sessions

at the University of Strathclyde inl&@gow on i KNBES & SLJ NI (S
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preoperatively at 48weeks postoperativelgnd at one year postoperativelizach of
these sessionfollowed the same procedure. Prior to data collection, participants
(both controls and patientsjvere askedto change ito the providedtight-fitting
shorts and vest tps (male participants werasked to forego the vest tops) in the
changingrooms within the laboratory facility. Measurements of weight and body
dimensionsveretaken (required foprocessing the data) and theeflective markers
wereattached to the legs, pelvis, torsand arms. Theseereattached usinglouble-
sided toupee tape or elasticated straps asquired. Alother four markerswere
attached on their headwith a headband Marker placement, clothing anthe
calibration posture of a contrgdarticipantis shown irFigure5s.1.

The project presented in this thesis is part of a larger research cliniahl
carried out by two student investigators. Fiaetivities of daily living (ADLs) were
carried out in two labaatories: the standard motion capture laboratory (S) and the
CAREN system laboratory (Motek Medical, Amsterdam, Netherlands) (M). Force
platesin the floor of the motion capture laboratories were utilized to record ground

reaction forces. The ADLs were:

Level walking (S)
Sit to walk (S)
Ascending and descending stairs (S)

Car ingres$S)

o & w0 DdPkE

Walking on an incline (M)

Participants wereasked to perform ADLin a fixed order anduntil at least
three good sets of data were collectedstructions on how to pedrm each ADL
prior to recordingsvere given andubjectswere asked topractice them before data
collection During demanding tasks, participani®re supported by a harneser
hand railgo prevent falls To minimise any potential pain or discomfort, breaere
scheduled between activities or as requestédr as long as necessary. Iparson
wasunable to complete the activity, the testas stoppedUpontask completion,
participantsfilled in a questiomaire about the difficulty and pain levels experienced
while performing the ADIAPPENDIXII¢ Sitto-walk questionnaireand APPENDIX

71



IV ¢ Car ingress questionnaijeOn completion of théest protocol, themarkers were
removed, the participant changed and wiase to leave. Each testing sessitasted
between 1.5 and 2.5 hourdhe work in this thesigleals with the analysis of two
tasks, the Sito-walk 6.6 The sitto-walk trials) and theCar ingress tasks.7 The car
ingress tials).

Participant recruitment is still ongoing; up to no84, patients and 20 control
participants who met the inclusion/exclusion critehavebeen recruitedand tested
at the University of Strathclyd®ecruitment, andhe remaining movement analysis
testing for all three occasionsyill be taking place on the premises of tl&olden

Jubilee National HospitaGlasgow, UK.

Figure5.1 Calibration- A control participant.
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5.2 ETHICS

The study wasarried out in accordance with the standards of Good Clinical
Practiceand the Declaration of Helsinlill members of the research team had up to
date GCPraining.Approvalfrom a NHSResearch Ethics Committ8®ard 5and the
University Ethics Committee wasquired prior to the commencement of the study
Separate ethical approvalas providedhrough the University Ethics Committee for
the collection ofcontrol data since this does not involve NHS patients, staff or

premises.

5.3 CONSENT FORMS ANDADBTORAGE

Consent forms form the control group were kept confidential, stored
indefinitely (with consent) in a locked cabinet in the Department of Bidosd
Emgineering(APPENDIX ¥ Participant consent form If consent wagjiven by he
participants, video recordings wetaken. Additionally, all the inforation was saved
as a backup in a password protected folder on password protected University of
Strathclyde computers and external hard drives. If consead given all videos will
be kept indefinitely.

An ID codéinks the collected data to eadontrol participant. The code list is
stored in a locked cabinet in the Department of Biomedical Engineering. The coded
list, consent forms and collected data are only available for those researches named
in the departmental ethics application. The code list willdestroyed 5 years after
completion of the study and thereby the pseudoonymous data will become
anonymous.

Data gathered within the hospital for the patient groups will be treated in the
same way as clinical records following the NHS code of practipeotecting patient
confidentiality (NHS Scotlandatients agreed to take part in the studywere
assigned a unique study ID number. All research data collected at the university are
stored as anonymised data. Hard copy data are kept in a locked cabuestsible by

members of the research team only. Electronic data collected during the functional
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testing sessions were stored on a standalone computer with password secured user
accounts accessible only by members of the research team. Other study related
electronic data were stored on university servers in the personal accounts of research
team members and accessible only by that individual by a user name and password.
At the university, therdés2 Y S LJF LISNJ R2 OdzySy i f Ay {1 Ay3a (K.

namestored in a locked cabinet. No personal data were or will be published.

5.4 SUBJEEQRUITMEMND PATIENT GROUPS

Participating patients were randomised to receive one of three different
variants of the Columbus® knee prosteegmodelsUC,UCRandCRDD) (Table5.1).
Two of these variants (UC and UCR) are ‘aitragrient designs, while the last (CR
DD) has a lower congruendyoth ultracongruent variants aregsterior stabilised,
but the CRDD is a cruciate retaining design. Posterior stabilised designs require the
posterior cruciate ligament to be resected. One of the variants, the UCR, is a rotating
platform bearing, while the other two are fixed desigAdl.the implants in the study
used cemented fixation on both the femoral and tibia sidRecruited patient
participants were treated by four different orthopaedic surgeoN® patient was
recruited to the study if randomisation to receive any of the variants woedoé

him/her clinically or functionally disadvantaged.

Table5.1 Columbusknee prosthess.

Knee Bearings

uc CR DD UCR
High Congruent n n
Low Congruent n
PCL substituting n n
PCL retaining n
Rotating platform n
Fixed platform n n
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5.4.1 Hxed high congruent beariaJC)

The PClLsacrificing fixed gliding surfacd the Columbus® U(S a posterior
stabilieed variantimplant (Figure5.2-Left), but without the need of a femoral box to
be prepared for a postam mechanisnSince there is no pogstam mechanism in the
UC design, no femoral box preparation is required, resulting bone sparing and
time saving operation. Also, the ventrally flattened meniscus design lowers the risk
of patellar impingementThis design offers great balance to a knee with an absent

PCLgoodrange of motion andbetter polyethylene wear charactetiss.

5.4.2 FHxed low congruent bearis§CR DD)

The PCletaining fixed gliding surfacef the Columbus® CR OBigure5.2-
right) is designed to offer kinematics closely resembling the normal knee. PCL
retaining prosthess are negligibly constrained and highly dependent on the function
of an intact posterior cruciate ligament. Similarly to the UC design, a femoral box cut
is not required, thus avoiding patellar impingements and postatiations that might
occur in posterior stabilisekihees. Since the cruciate ligament is retained, this design

also offers enhanced proprioception.

Figure5.2 The UC (left) and CR DD design (right).
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5.4.3 Mobile high congruent bearisUCR)

The Columbus® UCR knee prosth@sigure5.3) enables a rotating gliding
surface to be used for PCL resections. This minimally constrained prosthesis allows
the polyethylene insert to rotate20° on the tibial plate(Figure 5.4). Theoretically,
theRSAA Iy Qa Ay ONBhedllsiRghed@agling lorOtiie merisBub insert
minimizingpolyethylene wear to under 1 mg per milli@ycles.The tibial overhang
due to the rotational movement of the polyethylene insertimited to A=3.6mm and
B=0.8mm for 20 of motion, and thus diminishing the risk of any adverse

impingement.

Colymbus” UCR

Figure5.3 The PCisacrificing rotating gliding surface Columbus® UC

Figure 5.4 The rotational freedomand the tibial overhandA) of the UCR
desiq.
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55 MOTION CAPTURE

In this study, an optical infreed based system produced by Vicon (Vicon
motion systems, OxfordUK) was used, corsding of six 7160 and six F40S Vicon
cameragFigure5.5), and four Kistler piezoelectric based force platforfigiires.6).
Vicon F160 cameras have a ifiegapixel resolution at a frame rate of 120 fps
allowing the user taapture the smallestand finerdetailsof the motion The frame
rate can be amplified (while lessening resolution) up to 2000fps to capture fast
moving objectsT-40S cameras have ardegapkel resolution recording at 515 fps
allowing the recording of faster movemen#dditionally, both cameras facilitate a
GCdzZfEf al NJ]SNJIDNI&aolfS¢g FSIFidaNBx & A OK
centre ofeachmarker more accuratelysing each pid of the grayscale information,
thus improvingsystem accuracy and precisi@@amera recordings for this study were
captured at a frequency of 100 fpsakker trajectories were filtered using a 4th order
Butterworth filter with a cutoff frequency of 6 HzMarker labelling was done
manually. Gaps smaller than 7 frames were filled manually with spline fills; larger

gaps werananuallyfilled with patternfills, or rigid bodfills (for pelvis markersnly).

C2NDS LI FOGF2NXVAQ &l YLXfpsyd FNBIdzSyoOe o1l a

Figure5.5 The Vicon Optoelectronic Motion CaptureS€ries Cameras used

in the Gait laboratory.

LJS

Reflectivel4mmmarkerswith softand hardbasss SNB FAESR 2y LI N

palpable anatomical locations based on the FBbdy Plugn-Gait (PiG)

biomechanical moddChapter2.6.1Plugin gait biomechanical modél
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Figure5.6 Motion capture laboratory, Strathclyde University, Department of

Biomedical Engineering.

5.6 THE SITOWALKTRIALS
Thissectionwill present the protocol and laboratory set up for the recording
of the STW triald-or the purposes of the studgheight adjustablearmless, backless
char wasmade the chair waglesigned s@sto keep the force m@tes free from any
other contact apartrom the feet of the giing subject Figure5.7). Sitto-Walk (STW)
trials weredesigned to be more compatible with everyday life activit@sair height
g a | R2dzaG SR (2 YI GOK SimkaBy tdblddin et AAQAMSY (G Q& |
andFarguhar et al. (2009)atable with an everyday object was placed three meters

in front of the chair

5.6.1 Participants

Tencontrolsand twelve OA patientaere considered for te STWanalysis.
Participant recruitment was made in accordance to the inclusion exclusion
criteria presented inChapter 5.1 Study designand the ethics considerations in
Chapter5.2 Ethics All participants gave written informed consent for the study
(APPENDIX ¥Participant consent formy Participant characteristics can be found in
Table5.2.
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Tableb.2. Participant characteristics

Characteristic Control Group OA Group
(¢=10) (£=12)

Gender §), female/male 4/6 6/6

BMI (QTH ), mean +SD 23.56 +3.04 32.54 +3.96

Age (0 Q ¢)j mean £SD 46 £7.4 70 5.3

Chair height @ 9, mean +SD 50.40 +2.93 49.85 +4.25

5.6.2 Data collection

Only asubset of seven markerwas usedfor the analysisof movement
strategies in the STW tagke suprasternal notcfCLAVTable2.1), the metacarpals
(LWRA & RWRAhe lateral malleol{LANK & RANInd the lateral epicondyles of
the femurs(LKNE & RKNHE)ending the position of the torso, hands, feet and knees
respectively. The fulbody Plugin Gait model waseededto facilitate the analysis of
a series of different tasks, including the STW, which the participants of this study
performed during the same mimn capture session. Additionally, the processed full
body modelaided the validation of the classification results, by allowing the visual

inspection of the trials in the Vicon Nexus 3D perspective workspace

5.6.3 Thesit-to-walkmovement task

Eachparticipant was asked to comfortably sit on the chair, with each foot
placed on a separate force platforfiRigure5.7). The subject was then instructeak)
the countto three, to rise and walk towards the table to grab everyday object.
Participants were allowed to use arms in order to assist their movements. If a person
was unable to stand from that seat height (100%), the chair was adjusted to 115% of
his/her knee height. If he/she failed at 115%, the STW trials were terminaApdrt
from a singleOA participant whose chair was +adjusted, all otherparticipants
performed the task with the chair at 100% of knee heigBubsequently, the
participant was instructe to return to the sitting position.

Participants were asked to perform the task in a natural manner similar to

standing up from a chair at home to pick up a glass of water from the table in front
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of them. No other instructions were giveRecordings ofte STW movements were

repeated until at least three good set of trials were captured.

Figure5.7 The STW starting position.

5.6.4 Stratey identification

For each recorded trial, two frame& and”@, were chosen to characterise
the initiation and endpoint of the movement strategy. Frarf® depicted the
participant preceding the STW movement, whilst fraifRewas chosen to reveal the
strategy that the participant used betweétp and"@. Frame'@ existsbefore gait
initiation, discounting changes due to side dominance, i.e. left or right leg first to
walk. Wholebody centre of mass trajectory and vertical velocity along with the

mediolateral ground reactiorforce may be used to identify the phase$ the
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continuous STW movemelierr et al., 200¢and select the desirable frame($p
and"@. In this study, the drop in the vertical centre of mass trajectory at the
beginning of the movemenwkas used to determinghrough an automated process
the aforementioned frame¥p and @ (Figure5.8). Marker trajectories were filtered
using a & order Butterworth filter with a cutoff frequency of 6 Hz.

Global coordinates of theevenmarkers were determined atp and @ for
all trials. The following variables were calculated betwé@nand™@: the angle of
the trajectory of the torso markeprojectedin the sagittal plane with respect to the

horizontal(A  ); the horizontal distance moved by each foot marker in the sagittal
plane normalised by body heigfh ); the horizontal distance moved by each hand
marker in the sagittal plane normalised by body height ); the relativecy wand

& position of each hand with respect to the lateral epicondyle of the ipsilatarae

normalised by body height( B ﬁﬁ)' Normalising functions under the

assumption thatsegment lengths are analogous to total body hei¢btillis and
Contini, 1963 Variables@@>¢ QRS&AA Iy G§S GKS LI NI AOALI Y

number, and sidedness of the operated knee joint, respectively.

1000
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850 ——COM trajectory
® f1
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Figure5.8 Identification of frames® and @ by the drop ofCOMcurve
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The variables were orgaseid into four separate matrices corresponding to
the torso angle(Equation 5.A), foot movement(Equation 5.B), hand movement
(Equation5.0), and the relative position of hands with respect to the kiligguation
5.D). The first row of each matrix containea concatenation of the participant
identifier (AJ: control group, K/: OA group), trial numbép v) and, except for the
torso matrix, sidednessO§ iY). These algebraic and matrix operations are
presenting inAPPENDIXI¥ Matlab script

Equation5.A

. op o¢ 00
v Q o 8q 8qg
Equation5.B s
. g O0pY 0pD QQQ ¢ud
v Q@ o 9%q B%q
Equation5.C o
. e 0pY 0pd QQQ i
v Q Q 8 B8q
Equation5.D
5 8
_, opY opdb 8 (OXONONS wd |,
) i 8 8
11 ™
| |f] r‘] 8 n 8 n ”
11 rl
u N i 8 N 8 N '
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al ONAOSa oSNB adzoYAGOGSR G2 1/ o6L.a {t
Euclidian distance were chosen as the agglomerative algorithm atehde measure
respectively.More details regarding the specifics of the clustering prosses are
analysed in thgrecedingchapter4.2 Hierarchical clusteringThe combination of
strategies eactparticipant used to compmte the STW movement derives from
summation of the strategies identified from each distinct HC. Fisher Exact tests were
used to compare OA and control groups for each strategy and to assess the level of

movement symmetry in each group. Significance wastgt 8t v

5.7 THE CAR INGREBRLS

Thischapter describes the recording and analysis of the car ingressAask.
Y201 dzLJ OFNJ 6F &SR 2y | C2NR C20dza Qdy > 2\
designed(Figure5.9 to Figure5.11) and fabricated(Figure5.12 and Figure5.13). A
RNAGSNRE aSlId>x adSSNAyYy3A gKSES1998) wdeRlsof a |y
fitted on the car.The dimensions of the assembly are shownFigure 5.14.
Additionaldrawings and photographs of the mock up car are presentédPRENDIX
Il ¢ Mock up car drawings

Figure5.9 Assembly drawing of the moalp car.
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Figure5.10 Mock up car drawings: the cabin.
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Figure5.13. The nock up calfront view).

5.7.1 Participants

Ten control and ten patient participants were considered for this analysis.
Patient and control participants were requested to attend a single and three motion
Ol LJGdzNB aSaarazyoav NBaLISOGAGSteT LI GASY
weeks prior to the operation, six to ten weeks after the operation, and around one

year after the operation.
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Figure5.14. Assemblydimensions in mm.
Age,gender, height, weight and affected knee (for patient participants only)
were recorded, while body mass index (BMI) was calculate@dtent and control

participants alikeTableb5.3).

Table5.3. Anthropometric measures.

Characteristic Control Group Patient Group, Prep

(¢=10¢ sessioh

(€=10)

Age @W'Q)jmnmean+SD 67.5+7.7 67.9+4.8
Gender §), female/male 5/5 5/5
Height @ &), mean +SD 1691.5 + 122.5 1712.5 + 88.3
Weight (Q2mean +SD 71.3 +17.5 87.6+11.1
Affected knee, left/right Not applicable 4/6
BMI ("QT# ), mean 24.7 +3.6 29.9+3.9
+SD

1 Not the same group of participants as with the STW study.

5.7.2 Data collection

A sevennmarker subsetof the full body model was used for the car ingress
strategiesidentification the 7th cervical vertebrgC7,Table2.1), suprasternal notch
(CLAV)xiphoid process of the sternuf®TRN)fifth metacarpalfLWRA & RWRA)
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and thelateral malleoliLANK & RANKJhe reconstructed full body model was used

for the visual validation ahe resultsthat derived from the classification process

Figure5.15 The end of the ingress movement.

5.7.3 Thecar ingressnovement task

Participants were instructed to adjust the seat to their preferable driving
L2AAGAZ2Y LINR2N) (2 GSatdAy3dae ¢KS RNAGSNRDA
three positions: door fully opeat 60°, door partially open at 50°, or at 3bhe door
locking mechanism in presented in the appenréfigureA.0.3. Participants were then
instructed to enter thecar, sit comfortably, and place their hands on the steering
wheel and feet on the pedalé~igure 5.15). No other instructions were given.
Participants selected thestarting position and performed the movement in their
own preferred manner. Each participant performad least three, and up tdive
repetitions of the ingress movement. The first three successful repetitions with

minimum marker loss were used for theaysis.
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5.7.4 Strateg identification

One hundred and twenty trials were further processed in Vicon Nexus. Gaps
were filledmanuallywith spline fills for gaps with a maximum length of 7 franzesl
with pattern or rigid body fills for larger gaps.akker trajectories were filtered using
a 4th order Butterworth filter with a cuoff frequency of 6 Hz. The whel®dy centre
of mass trajectory was calculated as part of the processed-iRlggit model and
used to manually isolate two frame¥p and’@, from each trial. Framé&p was
defined as the initiation of the descending ingress movement as identified by the
local maximum of the COM trajectory in the sagittal pléiRgure5.16, Left) Frame
'@ defined the end of the ingress movement at the local minimum of the
abovementioned curve, occurring approximately upon the initial contact of the
LI NI A OALJ yiG Qa o dzii (FRWE.46, Rigyit) G KS RNA SN A&

Figure5.16 Frame'(® and @ identification for the car ingress task.
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Global coordinates of the sevanarker subset were exported in ASCII files
and used to calculate the following variables from fraif@eto "@: the straight path
distance each malleolus marker moved in all global axes normalised by body height

(A i R); the straight path distance each metacarpal marker moved in all axes

normalised by body heiglt A ﬁﬁ); the absolute torso rotation angle about the

vertical axis as calculated by the trajectories of th& ervical vertebra and
suprasternalnotch (A ). The script for the matrix operations is catalogues in
APPENDIXI ¢ Matlab script Subsequently, the variables were organised into three
separate matrices corresponding to the feet, hands, and torso movements as follows:
ax p ¢ matrix (Equation5.E) containing the progression of the left malleolus
marker (owsc to 1) followed by the progression of the righibqvsuto x);at ¢ T T
matrix containing the progression of the lefhd righ metacarpas (Equation5.F); a

¢ p ¢ matrix containing the torso rotation anglégquation5.G). The first row of
each matrix contained a concatenation of a participant identifigr (U patient
group,0  "Ycontrol group), trial numbep( 0©), a visit indicative (PRE, POST, YEAR,
and CTRLand for the hands matrix, sidednegsé i'Y). Matrices were submitted to

| ASNY NOKAOFf OfdzaGSNAY3I o661 /0 o6L.a {t{{0v

distance were the chosen agglomerative algorithm and distance measure

respectively.
Equation5.E
n’! P I ¢ 8 E E 8 4"0' )
1 IA A 8 A 38 A 1l
A A 8 A g A 7
' 5 1A A g A 8§ A o
HA A 8 A 8 A o
A A 8 A g A 7
e - . ' II
u A A 8 A 8 A ¥
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Equation5.F

lp2 !p, 8 EEE 8 40, .
1A A 8 A 8 A
i 8 11 . . i
| A A 8 A 8 A
[ .. .. . |
4 A A 8 A 8 A
Equation5.G
. ' B29 ! %2%8 _I_E6|7:'3)844942,
A A A A

Feet movement matrixEquation5.E) was constructed differently than the
rest ofthe matrices in this workfeet and hand movement matrices were drafted
with the left and right extremities of the same trial occupying a diffeéereolumn of
the matrix (Equation 5.B, Equation5.C Equation 5.D, Equation5.F). As a result,
those elements of the matrix were clustered as independ#ata and resulted in the
identification of strategies that characterise each limb separately. On the other hand,
left and right lower body extremitieoccupy the sam column ofthe matrix
presented inEquation5.E Thus, the behaviours of both feet for each trial were
clustered together, and the identified strategies will deserthe behaviour of both
limbs collectively. Ténchoice to compose the feet movement matrix differently,
supported by the results of previous studigempereur et al., 2003\t El Menceur
et al., 2009 that described movement behaviour of the feet jointlyfibt, 2-foot),
and intended to minimise the time for the interpretation of the clustering results.

It should be noted here that nturther analysis was conducted to correlate
the results of the movment identificationprocesgo the kneeimplant types. This is
because by the time this analysis was conducted, only twelve participants have
attended all three visits in the motion capture laboratory at the university of
Strathclyde. Apart from the smaflample size, knee implant randomisation was
irregular: out of the 10 participants this study considered, seven received the same

type of bearing. Thus, drawing conclusions about the studied sample was impractical.
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5.7.5 Time

The time needed to complete thegress movement, i.e. from fram to @,
was also measured for each trial. Sets of three trials per participant per visit were
averaged to enable comparison among visits, and groups. A repeated mixed
measures ANOVABM SP3Svas used to compare the tBfences in task completion
GAYSEa GKNRdzAK2dzG GKS LI G4 \Begks pot alidar o A f A
post2 LISNJ G A @S0 IyR RdzS (2 GKS aAARSRySaa 27
knee). A¢ o0 ANOVA was also implemented to identify thmteraction between
controlandyearpos2 LISNJ G A @S LISNF 2NXI yOSZI FyR LI NI A

medium, tall) on the task completion time.

5.7.6 Questionnaires

Upon task completion, participants were asked to report on 1) the
resemblance of the mock upar to a common car regarding the interior space,
legroom, seats and ease of getting in and out, 2) the resemblance of their movements
when performing the car task to those when entering a common/their own car, and
3) whether or not they currently drive a&ar (APPENDIXWV ¢ Car ingress
guestionnairg. Questions 1 and 2 were scaled from one (yes, very accurately) to five

(no, not at all).

5.8 CLINICAL OUTCOMEB® QUESTIONNAIRES

The secondary outcomes of the study include the comparis@xébrd knee
scores between patient groupfAPPENDIX & Oxford knee scorg and the
assessment of the patient satisfaction through questionnaiPdzPENDIXIIE Sit-to-

walk questionnaireand APPENDII¢ Car ingress questionnaije
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5.8.1 Participants

Apart from the movement strategy classification in activities of daily living,
thisthesis alsaeports on the questionnaireanalysis opatients with endstage OA
who were scheduled to undergonilateral TKA Eligible patient volunteers were

suitable to receive any of three knee implants:

I.  ahigh congruent mobile,
ii. ahigh congruent fixed, and

iii.  alow congruent fixed bearing (BBraun Columbus® total knee systems).

Recruited patient participants wertreated by four different orthopaedic
surgeons.An orthopeadic Researcher in Golden Jubilee National Hospital was
responsible for the allocation of the implants. Yet, if the randomised allocation was
RSSYSR dzyadzA GSR (2 (KS Lld&eled § iaedsuitsb®e SR & =
implant for the surgical procedure; this implant could either be one of the remaining
two BBraun knees, or any other implant appropriate for the procedure.

Outcome assessors were double blinded to the knee implant allocatidnsof t
ongoing study. As a resuthis analysisvill refer to the study groups as Groupstl
groups 1to 3 arbitrarily correspond to the BBraun knees, whereas group 4 includes
patients that received a different design. Out of 26 patient participants, fzene
initially randomised to another group but either received an alternative BBraun knee
system (two patients, one at group 1 and one at group 2) corapletelydifferent
implant (Group 4). Patient distribution to the four groups in question, as welbas

are reported inTable5.4.

Table5.4 Group allocation

BBraun Columbus® total knee
systems

Characteristic Group1l Group2 Group3 Group 4 Total
Number 12 6 6 2 26

Age @WQWj i 68:4.3 69+7.5 70.54.9 65.57.5 68.6:5.7
mean +SD
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5.8.2 Questionnaires

Patients were requested to complete an Oxford knee saprestionnaire
prior to the operation, six to ten weeks after the operation, aagproximatelyone
year after the operation. Likewise, throughout each motion capture session,
participants were asketb report on 1) difficulty, 2) pain, and 3) tiredness levels

following each activity. These questions were scaled from one toTiadel¢5.5).

Table5.5 Sitto-walk and Car Ingress questionnaire.

1) Did you have any difficulty during the task?

No difficulty
at all

Very little
difficulty

Moderate
difficulty

Extreme
difficulty

Impossible to do

2) How would you describe any pain felt during the task?

Moderate

Severe

None Very mild Mild

3) Was the task tiring for you?

Not tiring at all Slightly tiring til\/rl%%erately Extremely tiring Impossible to do

5.8.3 Statistical tests

All guestionnaire measures were imported into an Excel spread sheet and
further processed with SPYBM). A repeated mixed measures ANOVA was used to
compare the differences iIOKSI KNP dz3 K2 dzi (GKS LI 0ASydaQ NB
, weeks post and year posbperative) and due tamplant design(groups 14). A
repeated mixed measureSNOVA joins two unique sorts ohe-way ANOVA into a
single testa betweengroups together with a within-subjects ANOVA. Therefora

the mixed design, one categorical independent variable is a betwsdnjects
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variable and the other categorical independent variable vgithin-subjects variable.

This approacls uilised to test for differences btween two ormore independent

groups while testing subjects at different points of timEhe dependent variable
(here the results of the OK® measured for each groyphe knee implant groups)
across each time level (the rehabilitations process)

Additionally, a threeway ANOVA was used to determine if there is an
interaction effect between strategypreferencein the execution of the car ingress
task,on the OKS results. Accordingly, the three variables examined were the adopted
movement strategies ofhe feet, hands, and torsowhich aredescribedin the
upcomingsection 6.2 The car ingresassesment. Data from all three patient visits
for 10 participantsq o Tvisits) were consideredréble5.3).

Friedman tests were used to test for differences in tBeto-walk and Ca
Ingress questionnaireesults i K N2 dz3 K 2 dzii viSit& & thédhalioh Saptira Q
laboratory(pre-, weeks post and year posbperative) The Friedman test is the nen
parametricalternative to the oneway ANOVA with repeated measures. It is used to
test for differences of particular groupmeasured ordistinct occasionswhen the
dependent variable being measured is ordifrere the difficulty, pain, and tiredness
levels as preented inTable5.5).

In order to test the effect of the implant design to the difficulty, tiredness and
pain level outcomes, when performing the two activities of daily living one year post
operatively, KruskaWallis H tests were usedhe KruskalWallis H test is a nen
parametric test that can be used toheckif there is a statistically significant
difference betweengroups of an independent variablgroups 14) on an ordinal

dependent variabl€Table5.5 questionnaire)
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CHAPTER 6. RESUIS

6.1 THE SITOWALKASSESSMENT

6.1.1 Strategy identification

Based on the operations described@mapter5.6.4 Strategy identification,
four matrices were submigétd to hierarchical clustering, signifying the rotation of the
torso (Equation5.A), the progression of théeet (Equation5.B), the progression of
the arms Equation5.0), and the location of the hands relatively to the rest of the
body (Equation5.D).

The dendrogram olatined from the HC of the torso matrix suggests the
existence of two major clusters, separated by a dashed Iigu(e6.1). This is
confirmed by theagglomeration schedule coefficient bar chaRigure 6.2): the
coefficient of the 6 stage connecting the two major clusters is equal to 200,
whereas the same coefficients for the 8958" and 57" stages are 110.5, 82.5 and
62.2 respectively. The increase in the agglomeration coefficient when the two major
clusters are combined, cluster 1 and cluster 2, is equal to 89.5, whiehcishigher
than the increase for the previous twstages of 28 and 23.3 respectively. The
horizontal axis of the dendrogram also presents the agglomeration coefficient scaled
from 1 to 25. Cluster 1 contains 48 subjects and cluster 2 contains 13. Visual
inspedion of the trials in the Vicon Nexus 3D perspective workspace indicates that
the subjects in cluster ZXollow the leaning forward (LF) strategywhich is
characterised by notable flexion of the torso.

The existence of two clusters, each for feeiglre6.3) andarms Figure6.4),
is further supprted by the increase in the agglomeration coefficients in the last stage

of each HCHKjgure6.5 andFigure6.6).
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Figure6.1 Dendrogram of the HC of the torso progression.
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Figure6.2 Agglomeration schedule coefficient of the torso progression HC.

Cluster 2 from the foot progressiatiustering(Figure6.3) contains 27 lower
extremities and corresponds to the foot backward (FB) strat@gwls in this cluster
show participants dragging theiedt posteriorly before rising from the seating
postion. On the other hand, lements in cluster lof the same dendrogram,
correspondto rather motionless lower extremities.

Similarly, cluster 2 from the clustering of tlaems (Figure6.4) contains 29
upper extremities related to the arm forward (AF) strate@srticipants that adopted
this strategy swing their arm(s) forward during the first instances oir tleeording.
As expected, cluster 1 of the hand progressiendtogram includes trialshere the

participantskept their arms relatively immobile.
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The classification of the arm strategies is astep process: following the3
clustering of the progression of the armBquation5.0), the 4" clustering of the
location of the hand¢Equation5.D) consides only immobile upper body extremities
(i.e. the extremites belonging in cluster 1 of the dendrogram Higure 6.4).
Accordinglythe matrix corresponding to the relative position of the haifiguation
5.D) was dimnished front  p ¢t©T w gby removing the elements of the matrix
following the arm forward strateg{i.e. the 29 extremities belonging in cluster 2 of
the dendrogram irFigure6.4). The dendrogramFigure6.7) implies the existence of
two to four major clusters. Visual inspection of the trials in Vicon Nexus 3D
perspective workspace revealed that extremities belonging in cluster 1, 2 and 3 use
three distinct movement strategies.

As a result, HC of the hands positiéiglure6.7) and arm progressiorF{gure
6.4) metrices, collectively revealed four different movement strateggesticipants
that did not use their arms to assist their movement (Rigure6.7, Cluster 1), those
who pushed the sides of the chair (PC, Cluster 2) or the kné&sQlaster 3) to
enhance their balance and minimise the loading on the knee joints, and finally,
participants that moved their arms forward to increase their momentum and ease
the task (AFFigure6.4, Cluster 2). To visually inspect the results of the hierarchical
clustering process, the position of the arms during sefais depicted irFigure6.8.

The classification of the arm strategies is a{step process which aims to
increase thadescriptivenes8 ¥ G KS | NYAQ 0SKIF @A2dz2NY (KS
(Figure6.4) splits the trials into two groups (immobile and mobile arms), whereas the
second stepKigure6.7) was used to further differentiate these findings and reveal
additional movement strategies (pushing through the chair, pushing through the

knees, and arms forward).
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Figure6.8 Spatial position of the hand extremities with respect to the lateral

epicondyle of thapsilateral knee, adopting the PC, NA, PK and AF strategies

at frame™Q

The strategy eachparticipantused to complete the STW task, derives from
the accumulation of the various extremity strategies identified through the clustering
process (able 6.2). Bilateral strategies, where the left and right extremities used a
matching strategy, are noted wigubscripB. Asymmetrical strategiesreillustrated

with subscriptd_andR, for left and right respectivelyn the HC of the position of the
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hands someirregular movement strategies were classified and clustered among the
major clusters of the threeluster solution.For example, tatrials A3, A4 and Q5,
participants kept their hand(s) close to the seat at the height of their pelvis until
completion of the standing movement. As a result,itheals were clustered as if the
participans were pushing through the chair. Similarly, durimls N1 and Rlhe
handswere floatingover theLJ: NJi A @reésbui/itiio@® being in contagthence,
those movements were linked to the push knee stratélgyose irregular movements
are in bolt inTable 6.2. Even thouglthe process requires the trajectories of seven
markersat two frames, entire trials had to be processed to facilitate the validation of
the clustering outcome, and estimate tinhole-body centre of mass trajectory. As a
result, marker obstruction, more often in trials of obese participants, was the primary
reason for trial omissio(irable6.2).

OA patients adopted the push chair strategy more frequently than the control
group (l 8t p)uln bold, Table 6.1). Conversely, control participanisotentially
tend tofavour the push knee strateghiowever, the difference between groups was
non-significant fj 8t w)xAIl the other strategies were observed with the same

frequency among the two groups in question.

Table6.1. Strategies: preference among groups

Type of strategies Control OA group n L
group (¢ =35 trials)
(€ =26
trials)
Leaning forwardg trials (%) 23 (88.5%) 25 (71.4%) 128
Foot/feet backwarég trials (%) 9(34.6%) 11 (31.4%) .999
Arm(s) forward: ¢ trials (%) 5(19.2%) 13 (37.1%) 163
Pushing through the chair2= trials 4 (15.4%) 16 (45.7%) .015
(%)
Pushing through the kneefs),trials 12 (46.2%) 8 (22.9%) .097
(%)
No arm(s); € trials (%) 6(23.1%) 6 (17.1%) .746

In bold: Statistically significant difference between groups.
% ach type of strategy refers collectively to all possible bilateral and asymme
variations observed.
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Table6.2. Distribution of strategies identified for the recorded trials

106

Subij. 1st trial 2nd trial 3rd trial 4th trial 5th trial
A LF+AFs LF+NAg LF+PCs LF+PCs
B LF+PKg LF+PKg
C AFg
D LF+FBr+PKg LF+FBr+PKs LF+FBr+PKs
E LF+FBL+NAg LF+FBL+AFs
F LF+NAg LF+FBL+NAg FB+NAg LF+AFg
G LF+PKg LF+PKg
H LF+PKg LF+PKg LF+PKg
I LF+PKg LF+AF +PGr LF+FBL+PG
J LF+FBr+NAg PKs
K LF+PKg
L AFg AFg
M LF+FBg+AFs LF+FBs+PKs
N PKs FBs+AFs
O LF+PGs LF+PKg LF+PKg LF+PG
P LF+FBL+PG LF+PG LF+FBg+AFR+PC LF+FBL+PG LF+FBr+PGs
Q LF+NAg LF+FBr+NAg LF+FBr+PGs LF+FBg+NAR+PC. LF+FBe+NARr+PCL
R LF+PKs AFs
S LF+AFR LF+NAg LF+AFg LF+NAg
T LF+PKg
u LF+AFg LF+PG
\ AFR+PCG. PKr+PG AFR+PG AFR+PC. AFR+PC.

In bold: irregular movement strategies.

Abbreviations used: LF: leaning forward; FB: foot/feet backward; AF: arm(s) forward; NA: no arm(s); PC: arm(s) pushing through the chair; PK: arm(s)
pushing through the knee(s)zri: both/right/left.
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Apart from thesix distinct types of adopted strategies, asymmetrieald
bilateral movements were also cataloguedable 6.5). There was no difference
between groups in the frequency of use of such feet stratedigs, & mT)LA small
non-significant differencan feet asymmetrieamong groups, make attributed in
the fact that control participants more frequently drag one of their feet posterjorly
to initiate gait faster.On the other hand, OA patients used considerably more
asymmetrical arm strategies)( 8t o)1 while the control group adoptedearly

entirely, bilateral arm strategiesliable6.3).

Table6.3. Asymmetries among groups.

Asymmetries Control group  OA group n L&a
(€ =26 trials) (€ =35 trials)

Feet asymmetries, trials (%) 8 (30.8%) 5 (14.3%) .205

Hands asymmetries= trials (%) 1 (3.8%) 9 (25.7%) .034

In bold: Statistically significant difference between groups.

6.2 THE CAR INGRESSEMENT
6.2.1 Stratey identification

For the identification of the car ingress strategidsiee separate matrices
corresponding to the fegfEquation5.E), handgEquation5.F), and torsanovements
(Equation5.G) were submitted to HC.

The jump in the rescaled agglomeration schedule coefficient from the two to
one cluster solutionKigure6.10), as well as previous numeal and observational
studies(Ait El Menceur et al., 2008.it EI Menceur et al., 200%uggest a two cluster
solution for the HC of the feet progression matrix. The two major clusters are
sepaated by a dash line on the dendrogram generated by the clustering procedure

(Figure6.9).
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Visual inspection of the trials in Vicon Nexus indicakes trials in cluster 1
and 2 contain participants using the of@ot and twofoot ingress movement

strategies respectively. Specifically, participants adopting thefoaestrategy will

initiate the ingress movement with their body paralseid laterallyi 2 G KS @SKA O

door, and with the left knee raised and flexed. Then, they will bring their torso inside
the mock up vehicle in a continuous movementhile the left foot is landing under

the steering wheel and the righs still on the ground working aa pivot foot. An
example of this approach is presented in a previous chapigu(e2.23).

On the other hand, participants using the tf@ot strategy will start the
Y2@0SYSYylG 6AGK GKSANI o6F O]l GdzZNYySR (2 GKS
facing outside the vehicleitt both feet on the groundThey will then rotate their
torso in order to face the anterior of the mock up car, while rising both legs off the
ground and bringing them in thiaterior of the vehicle.This strategy can be seen in
Figure2.24.

Similar to the clustering of the feet movement, the HC of the hand movement
separated the elements of the matrix intwo clusters. Both dendrogranfigure
6.11) and previous studieg€hateauroux and Wang, 20{1flso confirm the existence
of a two cluster solution. As with the hand and feet clustering of the STW figlsré
6.3 andFigure6.4), the process has distinguishatbvingfrom relatively motionless

extremities.
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Figure6.10 Agglomeration schedule coefficient of tfiset movement HC.

Extremities belonging in cluster 1 and 2 of the hand movement dendrogram,
moved on average 45mm and 231mm in space respectively. Visual iospetthe
trials confirmed that the motionless extremities were in fact in contact with an
element ofthe car throughout the biggest part of the ingress movement. The bilateral
upperbodybehaviour of each participant led to the identification of three strategies
describing the hands interaction with the vehicle:-support, singlesupport, and
double-support.

Able-bodied participants adopting the mgupport strategy, kept their arms
moving freely throughout the ingress movement, andnost ofthe trials, finished
the movement with both hands on the steering wheel. Trials of less able participants
clustered in the same category, frequently depict an ongoing attempt to maintain
hand supportby readjusting their grip on different elements of the environment.
Singlesupport trials portray a pivot hand, typically holding the steering wheel,
doorframe, or the seat, whereas the mobile extremity will often swing and grab the

wheel by the end of tt movement. Finally, doublgupport trials include participants
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maintaining support by holding on the steering wheel, door, seat, car frame, or their

thighs.
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The dendrogram obtained from the HC of the torso rotation matrix suggests
a range of solutions, extending from two tour major clusterqFigure6.13). The
agglomeration schedule coefficient bar chart offers no further insight as kiglli(e
6.12). Previous researcflLu et al., 201pproposes allocating the torso movement into
two major groups: rotated and straight torso. Trials assigned in the first and second
cluster portray participants rotating their torso on an average of 32.8° and 6.8° when
entering the vehicle respectively.

Paticipants with increased torso mobility generally tend to rotate their body
to face toward the anterior of the vehicle by the end of their ingress movement
(Cluster 1Figure6.13). On the contrary, participants on theomplement cluster
(Cluster 2 Figure6.13) will maintain their upper body orientation throughout the
task, andn most cases, finish their movement with the steering wheel on their side

or evenback.
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Figure6.12 Agglomeration schedule coefficient of the torsmvementHC
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Thewhole-body strategy eactparticipantused to complete théngresstask,
derives from the accumulation of the thresegmentstrategies identifiedby the
clustering procesgTable 6.5). Twelve wholebody movement strategies emerged
from the classification process.

Apart from the unanimous adoption of the ofieot strategy,controls seem
to favour the singlesupport (63%) over the nsupport (37%) hand strategyhere
were no observed instances of control participants adopting the double support hand
strategy. Additionallythe majority of the control group (80%3ignificanty rotated
their torso when entering the vehicld ble6.4).

Preoperative p ( A Snmovie@edt preferences seem to be more scattered
across theobservedtypes ofstrategies Nevertheless, gtient group demonstrated a
tendency to switchpostoperativelyto the same strategies the control participants
favour: 57% and 70% follows the singlgport hand strategy preand year post
operatively respectively; 57% and 67% rotated their torso during the same two

testing periods; 63% increaséal 73%after a yearfor the onefoot strategy.

Table6.4. Car ingress strategies frequencies.

Patient Group
Control Group  Preop Weeks posbp  Year posop

Strategy (€=30) (€=30) (€=30) (€=30)

Feet

Onefoot, £ trials (%) 30 (100%) 19 (63%) 23 (77%) 22 (73%)
Twofoot, € trials (%) 0 11 (37%) 7 (23%) 8 (27%)
Hands

No-support,¢ trials (%) 11 (37%) 6 (20%) 10 (33%) 4 (13%)
Singlesupport,¢ trials (%) 19 (63%) 17 (57%) 14 (47%) 21 (70%)
Doublesupport,¢ trials (%) 0 7 (23%) 6 (20%) 5 (17%)
Torso

Rotated ¢ trials (%) 24 (80%) 17 (57%) 21 (70%) 20 (67%)
Straight ¢ trials (%) 6 (20%) 13 (43%) 9 (30%) 10 (33%)
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Table6.5. Strategies distribution.
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Patient participants

Control Participants

Trial Code 1st Visit 2nd Visit 3rd Visit Trial Code 1st Visit
Al 2RSSR 2FSSS 1FSSS K1 1RSSR
A2 2FSSS 2FDSS 2FSSS K2 1RSSR
A3 2RSSS 2FDSS 2FSSS K3 1RSSR
Bl 2FRDSS 1RSSR 2FDSR L1 1FNSR
B2 2FNSS 1RSSR 2FSSS L2 1FENSR
B3 1FNSR 1RSSR 2FSSS L3 1FENSR
C1 1RSSR 1FDSR 1RSSR M1 1RSSR
c2 1RSSR 1FDSR 1RSSR M2 1RSSR
C3 1FDSR 1RSSR 1FDSR M3 1FENSR
D1 1FSSS 1RSSR 1RSSR N1 1FENSS
D2 1FSSS 1RSSR 1FDSR N2 1FENSS
D3 1FSSS 1RSSR 1RSSR N3 1FSSS
El 1FDSR 1FENSR 1RSSR o1 1FSSS
E2 1RSSR 1FENSR 1RSSR 02 1FSSS
E3 1RSSR 1FNSR 1FNSR 03 1FSSS
F1 1RSSS 1FNSR 1FNSR Pl 1FNSR
F2 1FSSS 1FNSR 1FSSS P2 1FNSR
F3 1FENSS 1FNSR 1FNSR P3 1FNSR
Gl 2FDSR 2FSSS 1RSSS Q1 1FNSR
G2 2FDSR 1~DSS 1FSSS Q2 1RSSR
G3 2FDSS 1FDSR 1FSSS Q3 1RSSR
H1 2RSSR 2FSSR 2FDSR R1 1RSSR
H2 2RSSR 2FSSS 2RSSR R2 1RSSR
H3 2RSSR 2FSSS 2FSSS R3 1FNSR
11 1FDSS 1FSSS 1RSSR S1 1RSSR
12 1FSSS 1FNSR 1RSSR S2 1RSSR
13 1RSSR 1RSSS 1FDSR S3 1RSSR
J1 1FNSR 1FNSR 1RSSR T1 1RSSR
J2 1FNSR 1FNSR 1FENSR T2 1RSSR
J3 1FNSR 1FNSR 1RSSR T3 1RSSR

Abbreviations used: foot strategies: ofi@ot (1F and twofoot (2B; hand strategies: no
support N9, singlesupport &3 and doublesupport D9; torso strategies: straigh§(

and rotated R.
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6.2.2 Time

A mixed betweerwithin subjects ANOVA was also conducted to compare the
effect of the sidedness of the affected joint (left or right knee) throughout the
rehabilitation process of the TKA group (preeeks post and year posbperative),
in the time nee@&d to complete thecar ingresstask. There was no significant

interaction between sidedness and rehabilitation stageH I0B & vROCclx

s xooA L N
T U U RN

s oA £ N

significant effect of sidedness in the time needed to complete the task, can be seen
in the firstsectionof Table6.6.

In addition,atwo-way ANOVA examined the effect of height, for the control
and (year posbperative) patient groups, in the time outcome measure. There was
no significant interaction beveen the two variables,Oc¢lp T p& viP
& & as was the main effect of heighy ( & d All effects are reported as nen
significant at) 8t uMean and standard deviatioralues for task completion time
were also calculated for the abowveentioned subgroups of the sampleT@ble6.6,
2nd section).

The average timeto complete the activity for the four groups question
(control, pre, post, and year posbperatively)are also presented in the last row of
Table6.6.

6.2.3 Questionnaires

Following each activity, participants completed a short questionnaire
regarding 1) the resemblances of the mock up car to a common car, 2) the
resemblance of their movements when entering the vehicle to those when entering
a common car, and 3) whether they currently drive.

Participants reported that the mock up resembled a common car very

accurately (85%), to some extent (12.5%), or somewhat (2.5%)n \"étezting ther
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movemens while performing the ingress task to those when accessing a
common/their own car, 77.5% described them matching very accurately and 22.5%

to some extent. All participants reported as drivatghe time of the experiment

Table6.6. Task completion times.

Patient Group

Weeks
Control Group Preop postop Year posiop

(€=30) (€=30) (€=30) (€=30)
Sidedness Left Right Left Right Left Right
Time
i Qo
mean 154 159 194 142 1.45 1.20
+ SD +42 +29 37 40 .04 t.22
Height  Tall Med. Short Tall Med. Short
Time
i 90
mean 1.17 155 1.39 144 121 1.30
+SD +.01 £.30 +.15 +.05 +.22 +.25
Average
Time
i 90
mean 1.42 1.57 1.63 1.30
+ SD +.23 + .36 t .46 +.21

6.3 OXFORD KNEE SCOREMESTIONNAIRES

Even by observation, the total mean values of the OKBI€6.7) reflect a
strong numerical change in this outcome measure throughouirttherapy. from a
score of 38.23 preperative, to 28.50 and 20.73 weeks and year pmstratively
respectively(Table 6.7, in bold). Nevertheless, descriptive statistics are nottit

detect statistical differences among sgboups, i.e. the four knee implant groups
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Table6.7 Descriptive statistics: mean and Std. of the OKS outcome measure between
the different groups.

OKS
Group Mean Std. Deviation N
1 36.92 7.657 12
2 43.50 4.680 6
Pre-
operative 3 35.83 4.309 6
4 37.50 3.536 2
Total 38.23 6.581 26
1 29.00 7.592 12
Weeks 2 29.00 9.818 6
Post- 3 26.00 4.290 6
operative
4 31.50 7.778 2
Total 28.50 7.290 26
1 22.00 5.831 12
Year 2 19.83 3.869 6
Post-
operative 3 18.17 3.869 6
4 23.50 3.536 2
Total 20.73 4.960 26

I [ S@SySQa G(GSad F2N) K2Y23SySane 27
groups was used to teshat the error variance of the dependent variable is equal
across group$] 8t ). There was no significant interaction between kieplant
designs and rehabilitation stag&igure6.14) (7 E 1I0B & mhHOgh ¢ p&® @ip

s x oA 2 N

- \ A =z N

comparisons of the three timepointd éble 6.8), revealed the change in the OKS
outcome measure was statistically significant for each pair of time paints @),

i.e. preoperativdy versus weeks postperativdy, weeks posbperativdy versus
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one year postoperativdy, and finally preoperatively versusone year post

operatively

Table6.8 Pairwise Comparisons of time points

() Time (J) Time Mean Difference OKS (I-J) Std. Error Sig.
Pre Weeks 9.563 1.733 .001
Pre Year 17.562 1.438 .001
Weeks Year 8.000 1.468 .001
Grou
45+ P
o
\x‘ 3
— AY -4
40 \,
" \
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Figure6.14 Change of the OKS measure (vertical axis) among groups over time (1:
pre-op, 2:weeks postop, 3:year postop).
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The OK%®vere also compared to the movement patterparticipants used to
complete the car ingress taskhe effect of movement strategy adoption for the feet
(two groups: Ondoot or Twofoot), hands (three groups: No, Single, or Double
support), and torso (two group&otated andParallel to the vehiclepn the results of
the patient reported outcome measuregere tested with a threavay ANOVATable
6.9). There was no statistically significant thremay interaction béween feet, hands,
and torso strategies)Oplx w & ¢.pFurthermore, there was no statistical main
effect for rone of the considered body segment strategiasthe OKS outcome

measure Table6.9).

Table6.9. Interaction between strategy adoption and OKS.

Dependent Variable: OKS

Source df F Sig.
Feet 1 0.537 0.466
Hands 2 0.531 0.590
Torso 1 0.000 0.992
Fed * Hands* Torso 1 0.194 0.661
Error 79

Apart from the Oxford knee score assessmé&mnigdman tests weralsoused
to indicate how the patients reported levels of difficulty, pain, and tiredness differed
among three timepoints. The bespokguestionnaires are included in the appendices
(APPENDIX lll¢ Sitto-walk questionnaire and APPENDIXWVI ¢ Car ingress
questionnaire).

The test statistic indicates that thekgasa statistically significant difference
for the perceived difficulty and pain levels, for both thetsiwalk and car inggss
tasks(in bold, ) U @ ¢i pT@ble 6.10). This improvement over time can ald®
observed in the bar charts bellowigure6.15to Figure6.18.

Those tests, demonstrated that there isldferencein the answers given by
the patients throughout their motion capture sessions, but do not determine when
that difference occurredToidentify this,Wilcoxon signedank post hoctestswere

used. Wilcoxon tests eve run for the different three combinations the repeated
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measurements: 1) preto weeks posop, 2)pre- to year postop, and 3)weeks to
year postop (1-3, Table6.10). The significance level for the Wilcoxon tests was set

to 8t p yfter a Bonferroni adjustment.

Table6.10 Friedman and post hoc tests

Sitto-walk Car ingress

Difficulty Pain  Tiredness Difficulty Pain  Tiredness

M i no @ ® 7.82 28.10 4.67 16.44 23.07 3.20

n LWE6Q .020 .001 .097 .001 .001 .202
1. Pre to Weeks posbp® .038 .00r - .062 003 -
2. Pre to Year posop® 017 .00r - 00T .001° -
3. Weeks to Year posip® 564 157 - 010 013 -

aprovides the test statistic. () value, degrees of freedom, and the significance level
(N U ® ) dokxhe Friedman test.

Pprovides the significandevel §f 0 @ &) doixhe Wilcoxon signedank tests.
¢Significance level is equal to .017 after Bonferroni adjustment.

In bold: statistical significant result

Pain seems to elevate immediately after the operation: there was a
statistically significat reduction in perceived pain beforeeksusa few weeks after
the surgery, for both examined task$ ( 8t mandn 8t 1t for the STW and Car
ingress respective)y A further reduction in pain levelss observedrom weeks to
year postoperatively in the caingresstask ( 8t p)oOn the other hand, the
difficulty level to perform an activity level seems to decrease only after alymar
passed since surge(pefore \ersws a year aftem) 8t p gndn 8t 7 for the STW
and the Car Ingress test respectivglylnterestingly, improvement in pain levels
during the STW assessment seem to reachardp weeks after the operation (pre
versus weekpostoperativelyry 8t m)psince no statistically significant difference

is observed from weekgostoperativelyto a year after surgery)( & v)xX
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Figure6.15 Reported difficulty levels for the STW task
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Figure6.16 Reported pain levels for the STW task
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Figure6.17 Reported difficulty levels for the car ingress task.
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Figure6.18 Reported pain levels for the car ingress task.
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The aforementionedtest offered an insight intothe improvement of the
patientsA Y I & S| N Bscettaln ¥h® @ffect & th& implant design to the
difficulty, tiredness and pain level outcomes, Kruskéalllis H tests were usedhe
KruskalWallis H test is a rarBasednonparanetric test that maybe implemented to
examineif there are statistically significant differencketween two or more groups
of an independent variable omardinal dependent variablédere, the test was used
to understand whether questionnaire outcomes,easural on a scale from -b,
differed based on the knee desidiour knee implant groups)

¢tKS GSaild akK2gSR GKIFIG GKSNB gl ayQi
perceived difficulty, pain, and tiredness levitsm the preoperative to the ongear
postoperative assessmenbetweenall four groups in questionn( U & aspT@ble
6.11). It should be noted, that tiredness levels were reportedom always minimal
during both visitsAlthoughchanges in the perceived pain were nsignificant, the
relative lowny 0 ® & (8T ,pTable6.11) indicates that knee design may affect the pain

outcome measure; if that is case, a bigger sample size may reveal further insights into the

effects of knee bearings in such clinical outcomes.

Table6.11 KruskalWallis H test statistics andyalues.

Sitto-walk Car ingress

Difficulty Pain  Tirednes$ Difficulty Pain  Tiredness

o ino v 1.167 2.413 - 3.333 6.894  5.275

n LOOQ 761  .488 - 343 .075 153

aprovides the test statistic.(.) value, degrees of freedom, and the significance I
(N UL @ d)doxhe Friedman test.

bprovides the significance levej ( L @ ) doithe Wilcoxon signedank tests.
¢tiredness behaviour was linear, and hence no test statistic was calculated.
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CHAPTER 7. DISCUSSION AND CQUSTDN

7.1 THE SHTOWALK ASSEMENT

7.1.1 Movement strategy preference

A novel numerical proceduresingkinematic and kinetic data from motion
capture trials and statistical clustering methoa&gs used to identify and compare
movement patterns during the STW movement tadSken though HC was previously
used to analyse motion capture datait EI Menceur et al., 200®ark et al., 2006
to date, the identification of moveent strategiesn the STS and STmbvement has
been achievedonly via observation of video recordinggDolecka et al., 2005
Additionally, originalities in the execution of the clustering approach are discussed in
the forthcoming sections7.1.2and 7.2.4. The results obtained in this study are in
goodagreement with the findings in the observation study of older adults and people
living with dementia performing the STS movementmfecka et al. (2015)

Leaning forward was the most common movement strategy, used in 88.5% of
the trials by the control group in this studyable6.1) compared to 100% previously
reported (Dolecka et al., 20)5The foot backward strategy was observed in 34.6% of
the control trials in this study compared to 33.3% reportedCmfecka et al.Z015)
Other similar strategies are observed in this, and the abovementioned study with
similar frequencies: pushing through knees in 46.2% and 36.6% of the control trials;
no arms used in 23.1% and 20%.

Another possible chair rising strategihetscoo forward, may also make the
STW task easi€Dolecka et al., 201 Barreca et al., 2008ohannon and Corrigan,
2003 Nuzik et al.,1986). However, this type of movement was not adopted by
healthy older adultsn previous studie#n the literature (Dolecka et al., 2095 Our
analysis cannot identify this strategy since the progression of the pelvis was not

considered when constructing the matrices. Nevertheless, this strategy is infrequent
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and can be excluded if it issideredasan adjustment in the starting position of the
participant. Apart from the five strategies detected, the leaning forward, foot
backward, push knee, no arms and push chair, the HC of the hands progression matrix
additionally revealed the arm farard strategyli K & ¢+ ay Qi LINB JA 2 dza f ¢
observational studieso far.

Although there are a few studies in the literature that analysed the movement
strategies of healthy individuals performing the chair rising moven(i@aird and Van
Emmerik, 2009Dolecka et al., 201%{ugheset al., 1994 Richard and Darcie, 2003
Sagawa et al.,, 20)8 (2 GKS | dziK2NXRa o0Saddythdtzsf SR3
analysedthe movement behaviours of patients with erslage osteoarthritis of the
knee. Therefore, no comparisormn be made regarding the frequency of the
adopted strategiesof thA & & (patsh® @aup. Nevertheless, comparing the
movement preference of the control to the patient group, may offer insights on how
people with chronic pain and limited lower limb functimperate.

Leaning the torso forward before seaff, is an upper body movement
strategythat was observed withisnilar frequendesamong the control (88.5% able
6.1) and the patient (71.4% able6.1) group. Flexing the torso resultsdecreasing
the height of the COMfrom the base of supporin the sagittal axis, while also
increasing balance control. As a restliis movement stréegy can significantly ease
momentum transferand the transitionfrom the seating to the upright position.
Contrariwise standing up straight raises the centre of gravity above the base of
support and decreases stabilitgtanding straight was only obsedsén 11.5% and
28.6% of the trials of the control and OA groups respectively.

Likewise, draggingfeet posteriorly was observed with comparable
frequencies among the two examidegyroups (34.6 and 31.4%able 6.1). This
movement strategy has two potential benefits. Hystragging one foot posteriorly
results in a faster gait initiation bgasing the transition from standing to the first
swing on thewalking phase. Secondly, spreading the feet increases the size of the
base of support, which by extensiomcreases stability and the ability to move

effectively.
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The control of the base of support is a major contributor in postural control,
body stabiliy, and movement transitionginkster and Eng, 2004 Apart from
widening the base of support by spreading the feet apart, adding ground contact
points offer the same effecAdditional conact points can be added by using other
body parts (i.e. using hands to push through the knees), or by introducing external
contact points, such as a cane, a crutch, or in this case by pushing through the sides
of the chair.

Pushing though the knees was epged with a norsignificant difference in
the frequency of use among the two groups: 46.2% and 22.9% for the control and OA
participants respectivelyT@ble 6.1). Yet, mtients with osteoarthritis of the knee
adopted the push chair strategy more frequently than the control gr@up 8t p,u
Table6.1). The increased use ofigstrategy by the OA group may indicate a need to
assist the STW movement by decreasing the loading on the affected &mde
potentially reduce the experienced pain discomfort Additionally, the STW task can
be a very disorienting activitieading totransitory loss of balance and potential falls.
Pushing through the chair when rising from the sitting position can help maintain
balance until the seabff phase othe movement.

Finally,the use of the arm forward strategy was very evident in the patient
group (37.1%). Propelling the upper limbs anteriorly, moves the G#adin the
sagittal plane, increasing momentum, while contributing in the rising movement by
reducing the lower limb muscle output needed to complete task

Patients with osteoarthritisof the knee also prefer significantly more
asymmetrical arnstrategies(25.7%,Table6.3) than the control participants dorhis
finding, along with an inclination towards hand assisted movemerggeal an
insightful pattern in thebehaviourof patients living with OA: pushing through the
chair with the arm ipsilateral to the affected knee decreases the demand on lower
limb extensors, while the contralateral arm may assist the movement by the use of
the arm forwardor push knee strategies. 8u patterns might ease the pain on the

affected joint by transferring the weighiearing on other joints, increasing though,
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the risk of injury at the hip and ankée the progression of the disease in other joints
(Arnold et al., 2014p

The identification of such compensation mechanisms and movement
strategies may strengthen and accompany the bioh@tcal analysis of motion
capture by providing a depiction of the manner participants perform the movement,
act as an indicator of the rehabilitation process of subjects with movement
disabilities, or correlate the effect of treatment methods on the outwo of the
therapy.Additionally, in the occasion of a sample size with substantial variability in
the biomechanics due to variations in strategy adoption, movement strategy
assessment comes across as advantageous alternative to a conventional

biomechancal analysis.

7.1.2 Hierarchical clustering process

Generally studies utilising hierarchical clustering methodse all multiple
measurements describing the populatitmdevise a singlematrix as an input for the
clustering procesdn past studes (Park et al., 2005Ait EI Menceur et al., 2009the
kinematic belvious 2 ¥ (G KS 0 2 R& @& usedl $o3corStylct & simgle
multivariate data matrix that was used to characterize and discern-djoatted
manual tasksNevertheless, in thithesis data matrices were constructed for each
limb, that were clustered gmrately from each other.

Considering different body segments independently, which in reality act in
concert, has its owwaluablemerit. When dealing with motion capture data, it is
anticipated that repeated recordings of the same participant are clustéogether
due to an increased resemblance of the majority of the segméetsaviour By
considering each segment separately, the proposed procedure was shown to
accurately discern strategies independently of the individual adopting thHesblé
6.2). For example, Participarit (Table6.2), was shown to have great variability in
his/her movements; nevertheless, the proposed clustering process managed to
accurately discern thenSuch a feat woulghossibly beunattainable if wewere to

clusterthe kinematic output ofthe whole bodycollectively
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Additionally, by onlyconsiderirg five body segments arnidentifyingtwo to
four strategies per segment, the whebedy behaviour can be described by 128
possible wholeébodyvariations.What is more, by including further descriptive layers
of movement, the suggested clustering process would exponentially increase the
number of wholebody strategieswhile making sure that the results amways
comparable and descriptivEor example, addg the progression of the pelvis in the
cluster process will increase the identification capacity of the procedure to 256
possible movement variationglternatively, if all body segments were clustered
simultaneously, the optimum numerous cluster soluatio a dendrogramvould have
beenprohibitivelychallenging to detect and validate, with differences among clusters
being trivialand incomparable

To put things into perspectivél STWmotion capture trials were submitted
in four consecutive clustering$o determine the optimunsolution, agglomeration
schedule coefficients and remarks from previous observational studies were used,
which led to the grouping of the trials in two to three clusters per hierarchical
clustering. Subsequentltq identify and label those strategies, the user had to review
in Vicon Nexus, one to two trials per hierarchical clusterkgya result22 distinct
whole-body movement strategiesere identified,asseenin Table6.2. On the other
hand, f we wereto cluster the wholebody behaviour collectively, identifying the
number of different wholebody movement strategies (in this case 22), would be
impossible byeither using the morphology of the dendrogram or the agglomeration
schedule coefficient bar chart. Furthermore, predicting the optimum number of
solution is fruitily, since as explained beforehand, each population of STW trials can
be characterised by um 256 variations. Finally, associating clusters to movement
strategies would require the inspection of additional trials in Vicon Nexus (inifiact,
this casamore than one third of the totalBy clarifyinghesecomplexities the author
hopes to demonstte the contemplation and originalities the execution of the
adopted process.

A limitation of the study may arise from the trial exclusion, resulting in an

uneven distribution of the included trials among participafifsible6.2). Although
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the strategy classification process requires the trajectories of only seven anatomical
landmarks at two single time frames, entire trials had to be processed in order to
facilitate the validation of the clustering results, and estimate the wimmdy centre

of mass trajectory which was used for the selection of fraifgeand™@. As a result,
marker obstruction, more often in trials of obese participants, was the primary
reason for trial exclusion.

The selection of the similarity measure and the clustering algorithm can also
be viewed criticallyComprehending how these parameters work is essential for the
execution of the process. One of the main reasons for this is tthatclustering
algorithm will work even with the most unsuitable data or clustering algoritirhs.
Euclidean distance as a measure of similarity between a pair of objects can be
interpreted as the physical distance betweenatvwpoints in the Euclidean spa
(Everitt et al.,, P10). In an example of measuring the similarity between the
progressions of extremities in an axis of motion, the Euclidean distance has the fitting
property that the pair of extremities with the smallest dissimilarity have moved
almost equallyin space What is more, according tBorcard et al. (2011)Euclidian
distance genally provides the best results among other measwksimilarity when
all variables are continuous. & NX3IF NR& (GKS Of dzad SNA y 3
should always be usedhen the data contain clusters of approximately the same
size without apparent odiers (Borcard et al., 2011 Altogether, these guidelines,
suit the dichotomous nature ® G KA & aiddzRéeQa RIGF asSidsz

healthy individuals.

7.1.3 Conclusion

In conclusion, the proposed procedure managed to classify the participants
based on the combination of distinct movement techniques usetutil the STW
movement. By means of the proposed methodology, it was possible to identify the
five major strategies already reported through observationOmlecka et al. (2015)
while detecting an addibnal sixth, the arm forward, which was likely reported

combined with the no arm used triais the abovementioned studyOther studies
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either classified movement strategies through observation without quantifying the
degree of progression of the particigai & Q S Hoh&ka e al., 2@, Bohannon

and Corigan, 2003 or set a movement distance threshold without accounting for
G NRAFGA2Yy RdzS (i 2(Hughebldi al.Qa9ultoyementzladsifichtion2 Y &
by the proposed procedure occurs based on quantitative data and statistical
calculations, classifyinghe studied populationinto clusters according to thei
movement preferences while taking into consideration the body segment lengths.
The key advantage of this procedure is the reduced processing time of the required
dataset input: instead of processing (gap filling, filterimgpdelling etc.) the entire
length of each recorded trial, processing two frames suffice for the entire analysis.
Matching a strategy to each cluster requires the inspectionvargsmall number of
trials at each distinct cluster. Although the proposed classification process is not
entirely free from the observational aspect, it may be employed as a practical and

reliable tool to process large datasets in minimal time

7.2 THE CAR INGRESS3®S9SENT
7.2.1 The mock up car

A bespoke vehicle was designed and manufactured for the purposessof th
study (Chapter5.7 The car ingressrials). I NI A OA LI yGaQ ljdzSadAazyy
the mock upcar captured the constructs of a real vehiadfectively. 85% of the
people participating in the study reported that it resembles a common vehicle very
accurately.This taskproved to be a challerggy manufacturing amock upcar that
features the architecture and basic components of a real vehicle, while permitting
marker trackingcaries certain difficulties. Possible imperfectiaishe design lie in
the absence of a dashboaathd a floor slope that curves close to the pedals. Although
these elements were considered at first, they were eliminated from the latest designs
since it was alleged that they will obscure camera view and operakeasible
additions for feature designsiay include a handbrake, a gear lever, and a thicker

window seal.
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7.2.2 Movement strategy preference

One hundreeawenty trials of control and TKA participants were used for the
analysis. The HC process revealed a seriedrafegies Table 6.4) for the lower
extremities (onefoot and twofoot), hands (ne, single, and doublesupport), and
trunk (rotated and straight)In total, seven different limb strategies, and twelve
distinct wholebody movement strategies were identified.

Previous studies successfully classified the car ingress movements for the
purposes of motion simulation and car ergononfiaset al., 2016Ait El Menceur et
al., 2008 Lempereur et al., 20Q5Chateauroux andVang, 201Q Among those
studies, two authors have used clustering approaches to classify movement
techniques(Ait EI Menceur et al., 2009.empereur et al., 2005 whereasAit El
Menceur etal. (2009)also considered three elderly participants with prostheses of
the knee in a mixed population of different ages. Nevertheless, this is the first study
that proceeded in the analysis of patients before and after total knee arthroplasty,
and usel their movement behaviour as a tool to assess their functional performance.
What is more, this study proposes novelties in the execution of the clustering
approach that are listed and compared with other similar studfgs El Menceur et
al., 2009 Lemgereur et al., 200b in the upcoming sectior/.2.4 Hierarchical
clustering processAs for the range and complexity of the classification outcome, this
aldzReQa adz33SadSR FfI2NRGKY 2FFSNE SEOST f
technique byLenpereur et al. (2005)suggested the existence of only two movement
strategiesChateauroux and Wang (201d9scribed two main car strategies and four
sub strategiesAit EI Menceur et al. (200&)entified five ingress movements.

¢tKS Y2@0SYSyid LINBTSNEByY OS aagraetithisimifara & G dzR
literature reported fndings.Ait EI Menceur et al. (2008)orked with asinglemixed
population d able-bodied participantsof all agesand people with hip and knee
prostheses; the authors reported that the twioot ingress movement was adopted
in 21% of the recorded trials, whereas theesioot in 79%. Thesproportionsare in
agreement with the ong/ear postoperative frequencies presetin this thesis (27%

and 73% for the two and or®ot strategies, respectively;able6.4). Lu et al. (2016)

132



133

reported that 14% of healthy individualdopt the straight torso strategy, whereas
the remaining 76% the rotated one. Yet again, these frequencies match the behaviour
of the control population in this study: 20% and 80% for the ab@vementioned
torso strategies Table 6.4). The hand strategies are often neglected due to the
complexity of their interaction with the elements of the c@hateauroux and Wang
(2010)in a study of the car egress movemegtoups the participantbased on the
hand interaction with the door, steering wheel, and frame, with findings comparable
to those presented in the ingress car frequerscofTable6.4.

We hypothesise that participants adopting the ofo®t strategy are more
mobile, and capable of comfortably balancing and weight bearing on a siggl€He
two-foot strategy on the other hand, possibly indicates an attempt to protect the
affected limb from excessive loading and potential pain or discomfort. Likewise, we
assume that unsupported and single hand supported movements are opted from
able-bodied participants, while double supported ingress shows a lack of balance,
and an attempt to unload the lower limbs. Nevertheless, this assumption proved to
be a generalization: hesitant participants struggling to maintain hand support were
occasionally sted in the unsupported movement cluster. Finally, we speculate that
participants showing increased torso mobility optimise their movement in order to
lessen the seat positioning phase, and swijilyd their ingress movement in a driving
position with thar upper body phasing toward the steering wheel. On the other hand,
less ablebodied participants would demonstrate a distinct downward ingress
movement, followed by the seat positioning phase, where they rotate their pelvis
and upper body antclockwise.

Control participants demonstrated a preference towards the -tmet (Table
6.4, 100%) single hand suppolitt3%) and rotated torso strategie@0%) None of
the controls used the twedoot, or the doublehandsupportd strategies. On the
other hand, more agileontrol participants used the nbdand support strategy (37%)
when entering the vehicle.

t FGASY(d LI Mpefalyd héhayioud ddes lniJseveal mrofound

insight into strategy preferencé&levertheless, it seems that generally, osteoarthritic
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patients tend to favour the same strategies control do: the most common sub
strategies for tliis group were the ondoot (63%), singkand support (57%) and

rotated torso (57%) as were for the control groupOn the other hand, post
operational behaviouclearlytends to convergenorei 2 G KS O2y G NRBf aQT
there arefluctuationsin this trend throughout the posbperative visitsn detail,

one-foot strategy preference was increased by 10% one year after the first visit;
singlehand support increased by 23% one year after; tenstated strategy was
similarlymore frequently adopted by 10% in the same time frame. Kethould be

noted, thateven though theoverall hand and torso behaviour of the year pogt

and control visitshow remarkable similaritiesy KS £ 2 SNJ f AY0adaQ f Ay S
the control participant§100% following the onéoot strategy)remained unmatched

G2 GKS LI GA Syl QOn evadpstadrelof ti&iMtdhabiltifiony” O S

7.2.3 Time

It was assumed that both the side of the affected knee joint (left or right), and
the stage of the therapywould impact the time needed to perform the recorded
task. Hypotheticallya rightside prosthesis féers a functional advantage when
entering a righthand drive car: adopting the orfeot strategy, allows participants
with a right-side knee implant to keep the operated limb extended and on the
ground, while the left leg will bear the demands of the thgklexing and adducting.
Additionally, it was assumed that with time, the operated group will recover in terms
of muscle strength and limb function. Potentially, that could lead to the transition to
healthier movements, namely from two to o#eot strategies, that were
hypothesised to beshorter in execution time. Finally, it was presumed that after
repeated visits in the motion capture lab, the movements of the patient participants
would be less hesitant, resulting is shorter times as well.

Nevertheles, these hypotheses werall proven wrong: a explained in
Chapter6.2.2 Time, a mixed betweerwithin subjects ANOVA was implemented to
SOLtdz 4GS GKS STFFSOG 2F (GKS AYLIX I yiQa

QX
>
P

group, in the time needed to complete the cactivity. Neither thesidedness of the

affected joint § @ ¢ nor the rehabilitation staggry & Qowere found to be
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significant in task completion timédditionally,there was no significant interaction
between the two parameteitsf) § ocAlthough nonsignificant,a smallvariation in
the task completion time due to sidednesgaple 6.6), is still attributed to the
functional advantage of a rigfside prosthesiver a left onewhen accessinghe
car.

In addition,it was also presumed that differences in body types may influence
the time outcome measure. For example, taller people may need more time to
position their body in the interior of the vehicle due to an unavoidable increased
flexion of the torso when crossj the door frame. However two-way ANOVA
revealedthat pr NI A O A LI (f ( & fwasalSoinarkighificant inthe measured
time.

CAylLtftexs AlG g a,lyR dYISRAySyKibsimeRg S N2  a
behaviour would converge. In fact, it wasufal that there was no statistical
difference among the two grou§ & v verifying that task completion time is not

lagging behindgti KS Sy R 2F (KS LI GASydaqQ GNBIGYSy

7.2.4 Hierarchical clustering process

As demonstrated previouslChapter 7.1 The sitto-walk assesment), the
proposed algorithrmsuccessfullytilises strategic frames of the captured movement
Gral GKFdG SyOotz2asS GKS GFNAIFoAfAGE 2F GKS
centre of mass kinematics or ground reaction forces may be also used to assist the
key frame identificationFor this analysighe trajectory of the centre of mass was
used to identify the desirable frame¥et, this is not an essential requirement: the
trajectories of torsoor pelvismarkers may be used with comparable results.

To quantify the features of #n movement, the author suggesusing the
kinematic behaviour ofthe & S 3 Y Sy Geffe@torsSKVR endeffectors were
considered for the purposes of the strategy identification algorithm: the lateral
malleoli, the ' metacarpals, and sternunAdditional £gments (such as the pelvis
or the head) may add to the complexity of the resatd the establishment of further

whole-body strategiesClustering kinematic time series can be proven a puzzling task;
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in this analysis, the amplitude of the kinematic cwsvadequately captured
movement features of the car ingress task and led to a fruitful HC.
{S3AYSyilAy3a (KS o02ReéQa o0SKIFI@A2dzNJ I yR
constitutes a key novelty in the execution of the hierarchical clustering approach for
the analyss of motion capture data. This is a significant achievement in the analysis
of motion capture trials of the same participant: the same person may execute the
task multiple times in a similar fashion, but with mird@viatiors. If the movement
of the entirebody was considered jointlfAit El Menceur et al., 219, Lempereur et
al, 2009z RdzS G2 GKS ylGdzN}§ 20SNIftf AAYALLN
clustering algorithm may cluster those trials together, disregarding possible minor
differences in strategy adoption. Since each segment was considered separately, the
proposed procedure in this work discerned strategies independently of the
participant adopting then(Table6.2 and Table6.5). As a result, it was possible to
utilise multiple recordings of the same patrticipant, and increase the overall studied
sample size. This remark, may be the reason why previous studies ohle@avwith
automated movement strategy identification, used a single trial per particiait
El Menceur et al., 2002 empereur et al., 2005What is more, by segmenting the
whole-body behaviourjt was possiblgo identify more movements comparetb
previous studiessix STW movement strategies compared to five described by
Dolecka et al. (2015{welve car ingress strategies compdte two byLempereur et
al. (2005)nd five byAit El Menceur et al. (2008)

7.2.5 Conclusion

As previously mentioned, one of the major drawbadiksthe hierarchical
clustering method, is thait always functios by groupng the data into clusters,
irrespective of the choseclustering algorithm, measure of similarityr even the
nature of the dataPossibly, the most challenging task when utissach a statistical
technic, is to establish that the generated clusters are meaningful for the purposes of
the study. Not only that, but any results should be repeatable with any set of data, or

in similar applications. One of the most important achieeens of this work is that
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we managed to successfuliynd meaningfullydentify and classify human behaviour
as captured by means of motion capture, while guaranteeing the repeatability and
functionality of the method in the analysis of various tasks: tleASand the Car
ingress.

The proposed process deals with the processing time problem of motion
capture data by demanding merely two frames from each trial for the clustering
process. Furthermore, rather than applying the HC with all body segments behaviour
simultaneously, this approach suggests considering them individually. By doing so,
we were able to dichotomise the sample after each individual HC, identify a series of
A0NF GS3IASEa F2N) 6KS O2yaARSNBR o02Reé asS3a
behaviour by twelve combinations of wholbody strategies. Decomposing the
whole-body behaviour led to identifying strategies independently of the participant
performing them Table 6.5), while also permitting an easier comparison of the
groups in questionTable6.4).

Concentrating solely on the ingress paftthe movement while ignoring the
variability of the seat positioning phase, limits the range of the classification
outcome. Although the seat positioning movements are anticipated to be correlated
to the preceding ingress strategy, their analysis maseat additional insight on the
way people with lower limb pathologies perform the task. Even though a limitation

of this approach, repeating the procedure for the positioning phase is an option.

7.3 OXFORD KNEE SCOREAMESTIONNAIRES

A series of questionnads were used to access the functional improvement
during activities of daily livingThese questionnaires were designed to track the
difficulty, tiredness, and pain levels among visits, and are presentA@HENDIX I
and APPENDIX IVApart from the twobespoke questionnaires, the OKEPPENDIX
) was used from the stuff at the Golden Jubilee National hospital during the
programmed patient visits of the participating population.

We included 26 people in this analysis, 16 men and 10 women, with a mean

ace of68.6years (ranges4¢79years; 3D, 5.7 years) The right knee was involved in
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11 patients, and the left in the remaining 15. Mean OKS38a83(SID, 65) before
surgery and 20.3 (SD 4.9) after surgeryResults agree to findings of similar studies
with elderly subjectsbefore and after total knee arthroplasty surgery: in a study of
2012(Jenny and Diesinggra population of 200 people with a mean age of 71 years
was tested.They reported that the mean OKS before surgery was @STD, 6.9)
whereas the same score after the operation was equal to Z8'5D, 5.6)which
perfectly matchethe results presented in this thesis.

A mixed betweers A 0 KAY adzo2S0G&aQ !'bhx! glka 02
effect of the implant design during thessessment periodf the patientgroupsin
the OKS clinical outcome measurfere was a statistically significar® ( 8t m)u
AYLINRGSYSYy(d Ay (GKS FdzyOlAzy 2F GKS LI GASy
TKA, i.e. pr@perative vs weeks posiperative, and weeks posiperative vs a year
postoperative(Table6.8)® . S Ad ¢l a F2dzyR GKIG (GKS
affect the results of the &6 ® & 0;)igure6.14). This latest finding should be
dealt with scepticismalthough the OKS is wallited to access knee functig¢Ko et
al., 2009, the absence bsignificant floor and ceiling effeat the test may limit the
ability of the accessor to detect subtle outcome differences that are not noted by
patients who consider the entkesults as satisfyingldenny and Diesinger, 2012
Additional statisticaltests demonstrated that there is no correlation between
movement habits and the OKBaple6.9). The threeway ANOVA incorporated data
from all three patients vis# Bven though the OKS indicates a significant
AYLINRGSYSYyU Ay GKS LI GASYyGaQ FdzyOlAz2y |0
seems that participants who scored better in the gelported measures do not
adopt different movement patterns than those wiszored poorly. This finding can
either imply that movement strategy identification is nfot to evaluate functional
performance, or in fact, it is more sensitikan the OKS. That might be more
apparent if the questions contained within the OKS areawed with scepticism:
more than half of the questionnaire is dealing with pain levels and joint stability
(APPENDIX ¢ Oxford knee scorg As a result, it is expected that participants
revealed of pain will score highenS @3S NI KSf Sdazx (KIFIG R2SayQi
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improvement injoint function. Thus it may be more prodative to treat movement
strategy habits and transitiongomplementary to patient reported outcome
measures.

Patient questionnaires weralsoin agreement with the OKS results, showing
a continues improvement in the reported pain levels during the entirabdlitation
process(® 8t m)pFurthermore, the difficulty to perform activities of daily living
seems to decline significantly a year after the opera(ion 8t p)xNevertheless, it
appears that TKA does not make activities of daily living less tiringe\rowt should
be noted that participants did not find the examined activities of daily living tiring to
begin with: 96% of the examined population found the first motion capture session
to be very little or no tiring at a(lTable6.10).

Similarlyto the OKS questionnaires, patient questionnaires were not able to
detect an effect of the knee implant design in the perceived difficulty, pain, and
tiredness levelgTable6.11). This may indicate that patients prior to operation rate
their knee condition as very severe, and fail to evaluate their improvement- post
surgically after a successful operatidime use of moréhoroughtests would help to

perform amore comprehensive investigation performanceafter TKAsurgery.
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CHAPTER 8. SUMMARY

8.1 THE SITOWALK ASSEMENT

Patients with osteoarthritis of the knee, commonly alter their movement to
compensate for lower limb weakness. Movemaiterations may lead to weight
bearing asymmetries, and potentially in the progression of the disease in other joints
of the lower extremities. This study presents a novel numerical procedure for the
identification of sitto-walk movement strategies andsymmetries between OA and
control groups.

Ten control and twelve OA participants performed the STW task in a motion
capture laboratory. Participants sat on a stool, height adjusted to 100% of their knee
height, then stood, and walked to pick up an objecini a table in front of them.
Different movement strategies were identified by means of hierarchical clustering.
Trials were also classified as to whether the left and right extremities used a bilateral
or an asymmetrical strategy. OA patients used sicgnifily more asymmetrical arm
strategies fj 8t o)1 while adopting the pushing through the chair strategy more
often than the controparticipants(n 8t p)u

The results demonstrated that control and OA participants favour different
STW strategies. The @A G ASYy G4 Q | NY 0SKI @A 2 dzhNdfdeJ2 &4 A0 f
weakness of the affected leg. The propossditisticalprocedure may be useful to

rapidly assess postperative outcomes and developing rehabilitation strategies.

8.2 THE CAR INGRESS3SSENT

Thisstudy describes an alternative movement identification technique for the
analysis of the ingress movemenh order toevaluate changes in the movement
behaviair of patients after total knee arthroplasty surgery in comparison to healthy

agematched controparticipants.
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A mockup car was fabricated based on the architecture of a common vehicle
design. Ten control participants and ten patients with severe osteoarthritis of the
1ySS FTGGSYRSR | aAy3atS FyR GKNBS satiAz2y C
and door positioning were adjusted prior to the recording. Participants were asked
to enter the car and sit comfortably adopting a driving position. Three trials per
session were used for the identification of movement strategies by means of
hierarchcal clustering. The time to task completion was also measured.

Results demonstrated that control participants favour different movement
strategies compared to the preperational behavior of the patients with
osteoarthritis. Posbperational behaviour tetRa (12 O2y @SNBS G2
performance. Group membership, height and sidedness of the affected joint were

found to be nonsignificant in task completion time.

8.3 OXFORD KNEE SCOREDESTIONNAIRES

Patient filledquality-of-life questionnaires are wital tool for the assessment of
clinical outcomes, as theglepict patient satisfaction. The Oxford Knee Score is a
validated instrument that is extensively used to measure outcomesTKA
operations.

Twentysix patients were included in this analyddigible patient volunteers
were suitable to receive any of three knee implant desigiisee OKS questionnaire
along with a bespoke guestionnaire was handed to each participant prior to surgical
procedure, and twice during followp visits. The mean OKS w&8.2 (range, 2319;

SD, 6.6) before surgery, 28.5 (rangeq3% SD, 7.8and 20.7 (range, ¥33; SD, 4.9)
two months and a yeaafter surgery respectively Patients reported a significant
improvement in their selassessmentb 8t m)pbut no difference were observed
due to knee implant allocatiorPatient questionnaireshat were given after each
motion capture sessiorwere in agreement with the OKS results, showing a
continuous improvement in the reported paiand difficulty levels during their
therapy. There was also no statistically significant interaction between strategy

adoption and the OKS results.
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8.4 REVIEW OF TAHBMSOF THE STUDY

The aim of the study was to compare the biomechanical performance of three
knee replacements with different bearindesigns (UC, CR DD, UCR) to that of a
natural knee. Ta performance of the studied population was measured using motion
capture analysis, and a series of questionnaires such as the Oxford Knee Score. The
motion capture data were analysed by means of a tsthacal procedure called
KASNI NOKAOIFf OfdzaliSNAYy3IS gKAOK (2 GKS | dz
time in literature for the assessment of persons with clinical impairments. Outcome
measures among groups were analysed statistically ugihNgVAs, Friedman,
KruskalWallis HWilcoxon,Chisquarel y R CA & R&®Ia SEF O

Theaim of the study was to determine which type of bearing provides better
function in daily livingParticipants were tested in two of the most challenging
activities of day living, the sito-walk and the car ingress taskaurrently, the author
of this work was unable to fully determine the existence of any potential differences
among patient groups. This is due to the fact, that by the time this thesis was
completed, onlytwelve full sets of patient daté.e. from patients who attended all
three motion capture visits) where recorded in the Biomedical Engineering
department of the University of Strathclyde. From those twelve data sets, ten were
fully used in the analysisf the car ingress task presented in this the&isen with
these few recordings, knee design comparison was impractical: out of the ten
patients that wereconsidered seven were randomised to receive the same knee
implant, leaving littlespace forsubstantialcomparisonsamong groupsAs a result,
the hypothesis 1.2 Aims of the study) that the mobile bearing can provide closer
function to that of the native knee, can neither be accepted or rejected.

On the other handmovementstrategy identificatiorwhich was the principal
objective of his work,was proven to be an excellent towl deal with the second and
third aims of the study determining improvement in function postoperatively, and
identifying differences among groupdlovement behaviour classification verified

the improvement in kee function postoperatively when compared to the
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preoperative assessment. What is more, the behaviour of the patient gronpyear
postoperativelywas shown tasignificantlyconverge to the control@

Finally, the laisobjective of the studywasto compare Oxford knee scorgs
and patient performance with the use of questionnaires. Data from all 26 people who
completed the OKS assessment in the Golden Jubilee national hospital were used.
OKS and bespoke questionnaires indeed verified a significant functional
improvement in theseltassessment of the participating osteoarthritic population.
Nevertheless, questionnaire outcomes ngeconsidered to bensufficient to reveal

differencesdue to knee implant allocatian

8.5 RECOMMENDATIONS RORJRE WORK

As previously mentioned, the eting evidence on whether bearing design
affects the functional performance after TKA is unclear. Certatinig,may simply
mean thatimplant architecture does not significantly affect the outcav#d the
operation., SG X AF GKI G§Qa tWweundedyikgissuéshat @ightba K S NB
accountabléefor this ambiguity eitherthe functional tests we are conducting are not
demanding enough t@xpose antithesesor there are other factors affecting the
operational outcome that are not controlleat evenmonitored.

The counterargument in the first case is that eldgrgoplewith severeOA,
which is generally accompanied by muscle atroptarrow their activity levels to a
relative minimum, whilenly carrying out plain everyday tasksch asvalking, stai
climbing, standing from a seatqabsition, etc. Thus, recreating more demanding
tasks (e.g. running or cycling) just for the sake of exposing differences due to bearing
design is purposeless.

On the other hand, there is an abundant of clinical and técdimssuesthat
affect the outcome of total knee replacemerdjong these lingsthe root of our
uncertainty may stem fronan inability to regulate factors generating variability in a
research environment. For example,hias beenrepeatedly shown that gud pre

operativeknee functionlargely results in better postoperative outcom@ugitani et
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al., 2015 Clement, 2013Sancheti et al., 201Farahini et al., 201XKawamura and
Bourne, 2001 Other factos accountable for the quality of theurgicalresults are
the general physical health of the patieriClement, 2018 obesity and other
comorbidities (Dooley and Secretan, 2018oon et al., 2008 component mal
alignment andsurgeon performancéGatti et al., 201% physiotherapyLowe et al.,
2007), and knee anatomge.g. patellar tilt anglelfkawamura and Bourne, 201
Hence, future studies should attempt not to increase sample sizesihgte
out participantsm a thorough manner by taking into consideration as many outcome
affectingfactors as possibléor exampleparameters such as muscle mass, condition
of the cruciate ligamentknee range of motiongeneral healthage,activity levels,
obesity, knee anamy, and patient postoperational expectation should be taken
under consideration for participant recruitment or group allocation. What is more,
surgical operations and rehabilitation should be carried out by the same surgical team
and physiotherapist resgztively, while medical imaging should be used to ensure
consistent implant alignment for all sample sigethis way, a research study with
only few participants may be more adequate to discusscihrroversialitybetween

fixed and mobile knee bearings.
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APPENDDEIOXFORD KNEE SCORE

During the past 4 weeks......

1. How would you describe the pain

you usually have in your knee?
" None

Very mild
Mild

Moderate

) Eel Ee) Ee

Severe

2. Have you had any trouble washing
and drying yourself (all over) because

of your knee?

" No trouble at all
Very little trouble
Moderate trouble
Extreme difficulty

) Eel el e

Impossible to do

3. Have you had any trouble getting ir

and out of the car or using public

transport because of your knee? (WitF

or without a stick)
" No trouble at all

Very little trouble
Moderate trouble
Extreme difficulty

) Eel Ba) e

Impossible talo

7. Could you kneel dowmand get up
again afterwards?

Yes, easily

With little difficulty

With moderate difficulty
With extreme difficulty

53 Rel Bel B

No, impossible

8. Are you troubled by pain in your
knee at night in bed?

" Not at all

° Only one or two nights
©° Some nights

" Most nights

 Every night

9. How much has pain from your
knee interfered with your usual
work? (including housework)

Not at all

A little bit
Moderately
Greatly

51 Rel Bel Bel B

Totally
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4. For how long are you able to walk
before the pain in your knee becomes

severe? (With or without a stick)
© No pain > 60 min

16- 60 minutes

5-15 minutes

Around the house only

) Eel Ee) Ee

Not at all- severe on walking

5. After a meal (sat at a table), how
painful has it been for you to stand up
from a chair because of your knee?

© Not at all painful
Slightly painful
Moderately pain
Very painful

) Eal el e

Unbearable

6. Have you been limping when
walking, because of your knee?

* Rarely /Inever
Sometimes or just at first
Often, not just at first
Most of the time

All of the time

) Eel Be) e

158

10. Have you felt that your knee
might suddenly give away or let you
down?

53 Rel Bel B

Rarely / Never
Sometimes or just at first
Often, not at first

Most of the time

All the time

11. Could you do household shoppin
on your own?

&1 Rel Rel Bel Be

Yes, easily

With little difficulty

With moderate difficulty
With extreme difficulty

No, impossible

12. Could you walk down a flight of
stairs?

A

5

5
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Yes, easily

With little difficulty

With moderate difficulty
With extreme difficulty
No, impossible
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May indicate severe knee arthritis. It is highly likely that you may well require :
Score 0to 19 form of surgical intervention, contact your family physician for a consult with a
Orthopaedic Surgeon.

May indicate moderate to severe knee arthritgee your family physician for an

Score 20 to 29 . . .
assessment anday. Consider a consult with an Orthopaedic Surgeon.

May indicate mild to moderate knee arthritis. Consider seeing your family
Score 30 to 39 physician for an assessment and possibtayx You may benefit from nesurgical
treatment, such as exercise, weight loss, and /or-mftammatory medication

Score 40 to 48 May indicate satisfactory joint function. May not require any formal treatment.
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APPENDIKXg MOCK UP CAR DRAWINGS
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Figure A0.1 Car measurements
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FigureA.0.2 Mock up car, front view
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FigureA.0.3 The door locking mechanism.
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FigureA.0.4 Thesteeringwheel and pedals.
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APPENDIX ¢|SITTOWALK QUESTINNIRE

4) Did you have any difficulty during the task?

No difficulty Very little Moderate Extreme

at all difficulty difficulty difficulty | 'MPossible todo

5) How would you describe any pain felt during the task?

None Very mild Mild Moderate Severe

6) Was the task tiring for you?

Moderately

Not tiring at all Slightly tiring tiring Extremely tiring Impossible to do

Do you have any other comments?
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APPENDIX t CAR INGRESS QUESNAIRE

1) Did you have any difficulty during the task?

No difficulty Very little Moderate Extreme
at all difficulty difficulty difficulty

Impossible to do

2) How would you describe any pain felt during the task?

None Very mild Mild Moderate Severe

3) Was the task tiring for you?

Not tiring at all lightly tiring Mo;ﬂireirrgely Extremely tiring Impossible to do
4) Do you use a car?
Yes No

5) Have you had any difficulty getting in and out of a car because of your knee?
(With or without a walking aid)

No difficulty Very little Moderate Extreme

at all difficulty difficulty difficuty | 'mPossible todo

6) Other than the appearance, do you think that the mock up car in our laboratory
resembles a common car (space, height, seats, ease to get in and out, etc.)?

Yes, very Yes, to some No, not that No, not at all

Not sure
accurately extent much

If no, please say why:
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7) Do you think that this task resembles your experience entering and exiting your

car?
Yes, very Yes, to some Not sure No, not that No. not at all
accurately extent much

Do you have any other comments?
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APPENDIXQPARTICIPANT CONSEDRM

Consent Form for Participants

Name of department: Biomedical Engineering

Title of the study: Clinical investigation of the functional outcomes of high congruency

versus low congruency knee bearings.

1 I confirm that | have read and understood the information sheet for the above project
and the researcher has answered any queries to my satisfaction.

1 lunderstand that my participation is voluntary and that | am free to withdraw from the
project at any time, without having to give a reason and without any consequences.

1 1 understand that | can withdraw my data from the study at any time without giving
reason.

1 lunderstand that any information recorded in the investigation will remain confidential
and no information that identifies me will be made publicly available.

1 1 understand that whether | participate in the project or not will in no way affect my
standing within the University of Strathclyde.

1 I confirm that | meet the inclusion/exclusion criteria.

1 | consent to being a participant in the project and for the collection, documentation
and usage of data gathered during the experiment.

1 lunderstand that incentives/reimbursements will not be offered for participation.

Optional:

1 I consent to the use of unidentifiable audio and video data recorded as part of the
project for educational purposes

1 1 consent to the use of unidentifiable audio and video data recorded as part of the

project in future publications [delete which is not being used]. Yes/ No

Full Name of Participant:

Signature of Participant: Date:
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APPENDIX ¥ MATLAB SCRIPT

close all force;

clear all;

clc;

tic % starts timer;

%Simple GUI function selection;

choice = menu('Choose a function',’1l. Torso Flexion (y)','2. Feet Movement (x)','3. Hands
Movement (x)','4. Hands Position (xyz)''5. Fedbvement (xyz),'6. Hands Movement
(xyz)','7.Torso Rotation (xyz)','8.Head Rotation (xyz)");
attributes = 'Trajectories’;

% Processing waitbar

h=waitbar(0,'Please
wait...",'Name','Progress','CreateCancelBtn','setappdata(gcbf,"canceling”,1)";
setappdatalj,’canceling’,0);

% Reads file containing particinapt's heights;
[num_height,txt_height,raw_height] = xIsread('HEIGHTS.xIsx");
% Changes directory;

cd('data_csv_files");

i=0;

j=0;

trial_num=1;

patient_num=1;

% Loads csv files from directory;

csvfiles dir(**.csv');

% Loops 1 by 1 each file;

for file = csvfiles’;

i=i+1;

[num{i},txt{i},raw{i}] = xIsread(file.name);
cur_name({i}=lower(file.name(1:6));

if ((i>=2) && stremp(cur_name({i},cur_naméf)==1);
char_label=char(j+'AL);

trial_num=trial_num+1;

else;
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=L

char_label=char(j+'AL);

trial_num=1;

end;;

% Finds height based on participant's name

[rh,ch] = find(not(cellfun(isempty’, strfind(lower(txt_height), cur_name{i}))));
h=num_height(rh(1,1p);

% Converts numeric to cell array;

num_cell{i}=num2c#inum{i});

if choice==1;

B Torso Flexion (y) function %

[r1,c1] = find(not(cellfun(isempty’, strfind(txt{i}, 'CLAV"))));
Z_STRN_start=num_cell{i{r1+2,c1+2};

Z STRN_last =num_celli{end,c1+2};
X_STRN_start=num_cell{i{r1+2,c1};

X_STRN_last =num_celli{end,c1};
SN{1,i}=['YEARchar_label,num2str(trial_num);",cur_name{i}];
SN{2,i}=(atand((Z_STRN_stArtSTRN_last)/(X_STRN_skKrSTRN_last)));

elseif choice==2;
Y- FeetMovement (x) %
[r2_r,c2_r] = find(not(cellfun(isempty’, strfind(txt{i}, 'RANK"))));

X_RANK_start=num_cell{i{r2_r+2,c2_r};

X_RANK_last =num_celiK{end,c2_r};
LM_r{1,i}=['YEARchar_label,num2str(trial_num),'R,cur_namdi}];
LM_r{2,i}=(X_RANK_statt RANK_last)*(1/h)*1000;

[r2_l,c2_1] = find(not(cellfun(lisempty’, strfind(txt{i}, 'LANK?)));
X_LANK_start=num_cell{i{r2_I1+2,c2_1};
X_LANK_last=num_cell{i{end,c2_1};
LM_K1,i}=['YEARchar_label,num2str(trial_num),L,cur_name{i}];
LM_K{2,i}=(X_LANK_staxt LANK_last)*(1/h)*1000;

elseif choice==3;
Yr-mmmmmmmmmmm e Hands Movement () %
[r3_r,c3_r] = find(not(cellfun(isempty', strfind(txt{i}, 'RFIN'))));

. X_RFIN_start=num_cell{i{r3 2£3_r};
. X_RFIN_last =num_cell{i{end,c3 r};
. M_r{1,i}=['YEARchar_label,num2str(trial_num),'R,cur_name{i}];
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. M_r{2,i}=(X_RFIN_stak_RFIN_last)*(1/h)*1000;

[r3_1,c3_1] = find(not(cellfun(isempty’, strfind(txt{i}, 'LFIN"))));
X_LFIN_start=num_celfi3 1+2,c3_I};

X_LFIN_last =num_cell{i{end,c3 _I};
M_K1,i}=['YEARchar_label,num2str(trial_num),"L',cur_namef{i}];
M_K2,i}=(X_LFIN_staX_LFIN_last)*(1/h)*1000;

elseif choice==4;

Yr-mmmmmmmmmmm e Hands Position rel. to the Knees (xyz} %
[r4_rf x,c4_rf x] = find(not(cellfun(isempty’, strfind(txt{i}, 'RFIN")));

X_RFIN_last =num_cell{i{end,c4_rf_x},

[r4_rk_x,c4_rk_x] = find(not(cellfun('isempty’, strfind(txt{i}, 'RKNE")));
X_RKNE_last =num_cell{i}{erd,dk_x};
SM_1r{1,i}=['YEARchar_label,num2str(trial_num),'R,cur_namef{i}];
SM_1r{2,i}=(X_RFIN_la¥t RKNE_last)*(1/h)*1000;

[r4_If_x,c4_If_x] = find(not(cellfun(isempty’, strfind(txt{i}, 'LFIN")));
X_LFIN_last =num_cell{i}{end,c4_If x}

[r4_lk_x,c4lk x] = find(not(cellfun(lisempty’, strfind(txt{i}, 'LKNE"))));
X_LKNE_last =num_cell{i{end,c4_lk_x}

SM_1K1,i}=[' YEARchar_label,num2str(trial_num),™L,cur_name{i}];
SM_1K2,i}=(X_LFIN_laxt LKNE_last)*(1/h)*1000;

[r4_rf y,c4_rf_y] =find(not(cdlin('isempty', strfind(txt{i}, 'RFIN"))));
Y_RFIN_last =num_cell{i{end,c4_rf_y+1},

[r4_rk_y,c4_rk_y] = find(not(cellfun(‘isempty’, strfind(txt{i}, 'RKNE")));
Y_RKNE_last =num_cell{i{end,c4_rk_y+1};
SM_2r{1,i}=['YEARchar_label,num2str(trial_num),'R,cur_name{i}];
SM_2r{2,i}=(Y_RFIN_Ilast RKNE_last)*(1/h)*1000;

[r4_If_y,c4_If_y] = find(not(cellfun(isempty’, strfind(txt{i}, 'LFIN")));
Y_LFIN_last =num_cell{i{end,c4_If_y+1},

[r4_lk_y,c4_lk_y] = find(not(cellfun(isempty’, strfind(txt{BKNE")));
Y_LKNE_last =num_cell{i{end,c4_lk_y+1},

SM_2K{1,i}=[' YEARchar_label,num2str(trial_num),®L,cur_name({i};
SM_2I{2,i}=(Y_LKNE_I&tLFIN_last)*(1/h)*1000;

[r4_rf_z,c4_rf_z] = find(not(cellfun(isempty’, strfind(txt{i}, 'RFIN")));
. Z_RFIN_last =num_cell{i}{end,c4_rf_z+2},

100[r4_rk_z,c4_rk_z] = find(not(cellfun(isempty', strfind(txt{i}, 'RKNE")));

10

1Z RKNE_last =num_cell{i{end,c4 rk_z+2};
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102.SM_3r{1,i}=["YEARchar_label,num2str(trial_num),'R,cur_name{i};
103SM_3r{2,i}=(Z_RFIN_laat KNE_last)*(1/h)*1000;

104[rd_If z,c4_If z] = find(not(cellfun(isempty’, strfind(txt{i}, 'LFIN"))));
105Z LFIN_last =num_cell{i{end,c4 _If z+2};

106[r4_lk_z,c4_lk_z] = find(not(cellfun(isempty’, strfind(txt{i}, 'LKNE")));
107Z_LKNE_last =num_cell{i{end,c4_Ik_z+2};

108.SM _3l{1,i}=['YEARchar_label,num2str(trial_num),"L,cur_namef{i}];
109.SM_3K2,i}=(Z_LFIN_la&t LKNE_last)*(1/h)*1000;

110elseif choice==5;

111% Feet Movement (xyz}) %
112]r5_r,c5_r] = find(not(cellfun(lisemptystrfind(txt{i}, 'RANK?)));
113 X_RANK_start=num_cell{i{r5_r+2,c5_r};

114X _RANK last =num_cell{i{end,c5 _r};
115Y_RANK_start=num_cell{i{r5_r+2,c5 r+1};
116.Y_RANK_last =num_cell{i{end,c5_r+1};
117Z_RANK_start=num_cell{i{r5_r+2,c5_r+2};

118Z RANK_ last =num_cell{i{ertl,c+2};

1191 MXYZ{1,i}=['YEARhar_label,num2str(trial_num},,cur_name{i}];
120LMXYZ{2,i}=(X_RANK_startRANK_last)*(1/h)*1000;

121 LMXYZ{3,i}=(Y_RANK_startRANK_last)*(1/h)*1000;

122 LMXYZ{4,}=(Z_RANK_S@&MRANK_last)*(1/h)*1000;
123][r5_1,c5_1] = find(not(c#lun(isempty’, strfind(txt{i}, 'LANK?"))));
124 X_LANK_start=num_cell{i{r5_I+2,c5_l};

125X _LANK_last =num_cell{i{end,c5_l};
126.Y_LANK_start=num_cell{i{r5_I+2,c5_|+1};

127Y_LANK_last =num_cell{i{end,c5_I+1}

1287 L ANK_start=num_cell{i{r5_I+2,c5_1+2};

1297 LANK_lastnum_cell{i{end,c5_|+2};
130LMXYZ{5,i}=(X_LANK_stdrtL ANK_last)*(1/h)*1000;
131LMXYZ{6,i}=(Y_LANK_stértL ANK_last)*(1/h)*1000;

132 LMXYZ{7,}=(Z_LANK_st&rtL ANK_last)*(1/h)*1000;

133elseif choice==6;

134 % ---------mmmm] Hands Movement (xyz) %
135]r6_r,c6_r] = find(not(cellfun(isempty’, strfind(txt{i}, 'RFIN")));
136 X_RFIN_start=num_cell{i{r6_r+2,c6_r};

137 X_RFIN_last =num_cell{i{end,c6 _r};

171



172

138Y_RFIN_start=num_cell{i{r6_r+2,c6_r+1};

139.Y_RFIN_last =num_cell{i{end,c6_r+1};
140Z_RFIN_start=num_cell{i{r6_r+2,c6_r+2};

141Z RFIN_last =num_cell{i{end,c6_r+2};

142 MXYZ_r{1,i}=['YEARhar_label,num2str(trial_num),"Recur_name({i}];
143MXYZ_r{2,i}=(X_RFIN_stXrtRFIN_last)*(1/h)*1000;

144 MXYZ_r{3,}=(Y_RFIN_strtRFIN_last)*(1/h)*1000;

145 MXYZ_r{4,i}=(Z_RFIN_stZrtRFIN_last)*(1/h)*1000;
146]r6_1,c6_1] = find(not(cellfun(lisempty’, strfind(txt{i}, 'LFIN")));
147 X_LFIN_start=num_cell{i{r6_1+2,c6_l};

148X _LFIN_last =num_cell{i{end,c6_l};
149Y_LFIN_start=num_cell{i{r6_1+2,c6_I+1};

150.Y_LFIN_last =numel{i{end,c6_I+1};

151Z LFIN_start=num_cel{i{r6_I1+2,c6_I+2};

1527 LFIN_last =num_cell{i}{end,c6_1+2};
153MXYZ_K1,i}=['YEARhar_label,num2str(trial_num);Lcur_name{i}];
154MXYZ_{2,i}=(X_LFIN_stXtLFIN_last)*(1/h)*1000;
155MXYZ_[3}E(Y_LFIN_staN_LFIN_last)*(1/h)*1000;

156 MXYZ_I{4,}=(Z_LFIN_startLFIN_last)*(1/h)*1000;

157 elseif choice==7;

158 %o--------==mmmmmmmes Torso Rotation (xyz) functior %
159]r7,c7] = find(not(cellfun(isempty’, strfind(txt{i}, 'G});
160X_C7_start=num_cell{i{r7+2,c7};

161X_C7_last =num_cell{i{end,c7};
162Y_C7_start=num_cell{i}{r7+2,c7+1};

163Y_C7_last =num_cel{i}{end,c7+1};

1647 C7_start=num_cell{i{r7+2,c7+2};

1657 C7_last =num_cell{i{end,c7+2};

166 X_CLAV_start=num_celKi}{r7+2,c7+6};

167 X_CLAVakt =num_cel{i}{end,c7+6};
168.Y_CLAV_start=num_cell{i{r7+2,c7+7},

169.Y_CLAV_last =num_cell{i{end,c7+7},
170Z_CLAV_start=num_celKi{r7+2,c7+8};

1717 CLAV_last =num_cell{i{end,c7+8};

172 X_STRN_start=num_cell{i{r7+2,c7+9},

173X_STRN_last =num_cell{i{end,c7+9};
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174Y_STRN_att=num_celKi{r7+2,c7+10};

175Y_STRN_last =num_cell{i{end,c7+10};

176Z STRN_start=num_cell{i{r7+2,c7+11};

177Z STRN_last =num_cell{i{end,c7+11};

178 TORSO{L,i}=['YEABhar_label,num2str(trial_num);",cur_name{i}];

179 TORSO{2,i}=(atand((Y_CLAV_staTRN_statff_CLAV_staiZ_STRN_start}))
(atand((Y_CLAV_la¥t STRN_last)/(Z_CLAV -AsETRN_last)));

180.TORSO{3,i}=(atand((X_CLAV_stai$TRN_start)/(Z_CLAV_S@&ISTRN_start}))
(atand((X_CLAV_laxt STRN_last)/(Z_CLAV -lAsETRN_last)));

181.TORSO{4,i}=(atand((Y AL startY _C7_start)/(X_CLAV_stxt C7_start)})
(atand((Y_CLAV_la%t C7_last)/(X_CLAV_I&tC7_last)));

182 elseif choice==8;

183 %-----------=--=---- Head Rotation (xyz) function %%

184]r8,c8] = find(not(cellfun(isemptystrfind(txt{i}, 'LFHD")));

185X_LFHD_last =num_cell{i{end,c8};

186.Y_LFHD_last =num_cell{i{end,c8+1};

187Z_LFHD_last =num_cell{i{end,c8+2};

188X_RFHD_last =num_cell{i{end,c8+3};

189.Y_RFHD_last =num_cell{i{end,c8+4};

190Z_RFHD_last =num_cell{i{end,c8+5};

191X LBHD_last mm_cell{i{end,c8+6};

192Y_LBHD_last =num_celKiH{end,c8+7};

1937 L BHD_last =num_cell{i{end,c8+8};

194 X_RBHD_last =num_celli{end,c8+9};

195Y_RBHD_last =num_cell{i{end,c8+10};

196Z_RBHD_last =num_cell{i{end,c8+11};

197X_HD_last =(X_LFHD_last+X_RFHD_last+X_LBHO RBHD _last)/4;

198Y_HD_last =(Y_LFHD_last+Y_RFHD_last+Y_LBHD_last+Y_RBHD_last)/4;

199Z_HD_last =(Z_LFHD_last+Z_RFHD_last+Z_LBHD_last+Z_RBHD_last)/4;

200X_FHD_last =(X_LFHD_last+ X_RFHD_last)/2;

201Y_FHD_last =(Y_LFHD_last+ Y_RFHD_last)/2;

202Z_FHD_last =(Z_LFHD_|a&tRFHD_last)/2;

203X_BHD_last =(X_LBHD_last+ X_RBHD_last)/2;

204Y_BHD_last =(Y_LBHD_last+ Y_RBHD_last)/2;

205Z_BHD_last =(Z_LBHD_last+ Z_RBHD_last)/2;

206 X_LFHD_start =num_cell{i{r8+2,c8};
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207.Y_LFHD_start =num_cell{i}{r8+2,c8+1}
208Z_LFHD_start =num_cell{i}{r8+2,c8+2};

209X RFHD_start =num_cell{i{r8+2,c8+3};
210Y_RFHD_start =num_cell{i}{r8+2,c8+4};

2117 RFHD_start =num_cell{i{r8+2,c8+5};

212X _LBHD_start =num_cell{i}{r8+2,c8+6};
213Y_LBHD_start =num_cell{i}{r8+2,c8+7};

2147 LBHD_start =num_cell{i{r8+2,c8+8};

215X _RBHD_startnum_cell{i{r8+2,c8+9};
216.Y_RBHD_start =num_cel{i}{r8+2,c8+10};

217Z RBHD_start =num_cell{i{r8+2,c8+11};
218X_HD_start =(X_LFHD_start+X_RFHD_start+X_LBHD_start+X_RBHD_start)/4;
219Y_HD_start =(Y_LFHD_start+Y_RFHD_start+Y_LBHD_start+Y_RBHD_start)/4;
220Z HD_start =(4.FHD_start+Z_ RFHD_start+Z LBHD_start+Z RBHD_start)/4;
221 X_FHD_start =(X_LFHD_start+ X_RFHD_start)/2;
222Y_FHD_start =(Y_LFHD_start+ Y_RFHD_start)/2;
223Z FHD_start =(Z_LFHD_start+ Z_RFHD_start)/2;
224X_BHD_start =(X_LBHD_start+ X_RBHD_start)/2;
225X _BHD_start =(Y_LBHEarsr Y_RBHD_start)/2;
226Z BHD_start =(Z_LBHD_start+ Z RBHD_start)/2;
227X_C7_last =num_cell{i{end,c8+12};
228Y_C7_last =num_cell{i{end,c8+13};

2297 C7_last =num_cell{i{end,c8+14};
230X_CLAV_last =num_cell{i{end,c8+18};
231Y_CLAV_last =num_cell{i{end,c8+19};
232Z_CLAV_last =num_cel{i{end,c8+20};
233X_N_last =(X_C7_last+ X_CLAV_last)/2;
234Y_N_last =(Y_C7_last+ Y_CLAV_last)/2;
235Z N last =(Z_C7_last+ Z_CLAV_last)/2;

236 X_C7_start =num_cell{i{r8+2,c8+12};
237.Y_C7_start =num_cell{i{r8+2,c8+13};
2387_C7_start =num_cell{i}{r8€3+14};

239X _CLAV_start =num_cell{i{r8+2,c8+18};
240Y_CLAV_start =num_cell{i{r8+2,c8+19};

241Z CLAV_start =num_cell{i{r8+2,c8+20};

242X _N_start =(X_C7_start+ X_CLAV_start)/2;
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243Y_N_start =(Y_C7_start+ Y_CLAV_start)/2;

2447 N_start =(Z_C7_start+ Z_CLAV_start)/2;

245 HEADL,i}=['YEARchar_label,num2str(trial_num);",cur_name{i}];

246 HEAD{2,i}=(atand((Y_HD_startN_start)/(Z_HD_sta#_N_start)latand((Y_HD_last
Y_N_last)/(Z_HD_Ia& N_last)));

247 HEAD{3,i}=(atand((X_HD_stxrtN_start)/(Z_HD_sta_N_start)atand((XHD_last
X_N_last)/(Z_HD_la& N_last)));

248 HEAD{4,i}=(atand((X_FHD_stdrtBHD_start)/(Y_FHD_staft BHD_start)))
(atand((X_FHD_la%¢ BHD_last)/(Y_FHD_la6tBHD _last)));

249end,;

250% Updates the waitbar;

251 waitbar(i / length(csvfiles"));

252end,;

253 set(0,'ShevHiddenHandles','on’);

254 delete(get(0,'Children");

255cd("../");

256 %% Exports;

257if choice==1;

258 xIswrite('results/YEARorso.xls',SN";

259 elseif choice==2;

260LM(1,1:length(csvfiles’))=LM_I(1,1:length(csvfiles"));

261LM(2,1:length(csvfiles"))=LM_I1(2,1:length(csvfiles"));

262 LM(1,length(csvfiles’)+1:2*length(csvfiles'))=LM_r(1,1:length(csvfiles"));

263 LM(2,length(csvfiles")+1:2*length(csvfiles'))=LM_r(2,1:length(csvfiles");

264 xIswrite('results/YEAReet.xIs',LM");

265 elseif choice==3;

266.M(1,1:length(csvfiles"))=M_I(1,1:length(csvfilgs")

267 M(2,1:length(csvfiles"))=M_lI(2,1:length(csvfiles"));

268 M(1,length(csvfiles')+1:2*length(csvfiles'))=M_r(1,1:length(csvfiles"));

269 M(2,length(csvfiles')+1:2*length(csvfiles'))=M_r(2,1:length(csvfiles"));

270xIswrite(‘results/YEARIands.xIs',M");

271 elseifchoice==4;

272.SM(1,1:length(csvfiles'))=SM_1I(1,1:length(csvfiles"));

273.SM(1,length(csvfiles')+1:2*length(csvfiles'))=SM_1r(1,1:length(csvfiles"));

2745SM(2,1:length(csvfiles'))=SM_1I(2,1:length(csvfiles"));

275SM(2,length(csvfiles’)+1:2*length(csvfiles'))=SM_ 1r(@rnth(csvfiles");
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276.SM(3,1:length(csvfiles’))=SM_2I(2,1:length(csvfiles"));

277 SM(3,length(csvfiles')+1:2*length(csvfiles'))=SM_2r(2,1:length(csvfiles"));

278 SM(4,1:length(csvfiles"))=SM_3I(2,1:length(csvfiles"));
279.SM(4,lengtlicsvfiles')+1:2*length(csvfiles'))=SM_3r(2,1:length(csvfiles"));
280xIswrite('results/YEARIands(pos).xIs',SM");

281 elseif choice==5;

282 xlIswrite('results/ YEAReet(xyz).xIs',LMXYZ");

283 elseif choice==6;
284MXYZ(1,1:length(csvfiles"))=MXYZ_I(1,1:length(csvfiles"));
285MXYZ2,1:length(csvfiles"))=MXYZ_I(2,1:length(csvfiles");

286 MXYZ(3,1:length(csvfiles"))=MXYZ_I(3,1:length(csvfiles");

287 MXYZ(4,1:length(csvfiles"))=MXYZ_I(4,1:length(csvfiles"));

288 MXYZ(1,length(csvfiles')+1:2*length(csvfiles’))=MXYZ_r(1,1:length(csvfiles"));
289 MXYZ(2,length(csvfiles")+1:2*length(csvfiles'))=MXYZ_r(2,1:length(csvfiles"));
290MXYZ(3,length(csvfiles")+1:2*length(csvfiles"))=MXYZ_r(3,1:length(csvfiles");
291 MXYZ(4,length(csvfiles')+1:2*length(csvfiles'))=MXYZ_r(4,1:length(csvfiles"));
292 xIswrite('results¥ EARHands(xyz).xIs',MXYZ";

293 elseif choice==7,

294 xIswrite('results/YEARorso(xyz).xIs',TORSQO";

295 elseif choice==8;

296 xIswrite('results/YEARIead(xyz).xIs',HEAD");

297 else;

298error('Error!! Could not find any data");

299end,;

300%%;

301toc %ends timer;

302close alfforce;

176



