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Abstract

The progression of knee osteoarthritis (OA), thesiheommon cause of physical
disability in older adults, is influenced by musauand biomechanical factors.
Reliability of muscular and biomechanical measuireduding knee muscle strength and
limb alignment, is critical. Furthermore, consémva interventions that slow the course
of OA disease progression and prevent disabiligyumgently needed. The objectives of
this thesis were to: 1) investigate the reliapitift measures of knee muscle strength and
alignment in persons with knee OA, and 2) deterrtineenfluence of an exercise
intervention targeting hip muscles on knee joiraiding in those with medial knee OA.

In the first study reliability of knee muscle stgth measures was evaluated
within one testing session in 40 persons with KDAe Isometric and isokinetic peak
torque values for the quadriceps and hamstring lesisiemonstrated high degrees of
intra-session reliability.

Reliability of lower limb alignment measures wagetmined following a bone
landmark-based approach with use of a computeranog Excellent reliability
coefficients were found which compared favorablyhweliability of manual measures
from schematics of limb deformities drawn with AG®SD® software. When the
computer method was applied to 100 full-limb radagds of persons with or at risk for
knee OA, alignment measures demonstrated high iaber intra-reader reliability.

Hip muscle weakness may influence loading of tieelial knee compartment. Hip
abductor strength was evaluated in 40 individualk medial compartment knee OA in

comparison to a control group of 40 healthy old#rlts. The effect of an 8-week home-



based hip abductor strengthening program on the &dduction moment was also
assessed in this group with knee OA, compared th@lcontrol group which received no
intervention. Following the exercise program th& @goup demonstrated improvements
in hip abductor strength and functional performamcea sit-to-stand task. There were no
changes in the knee adduction moment. Thus, hgclastrengthening did not influence
joint loading, but may improve function in persamish knee OA.

Results from this thesis provide increased undedihg of knee OA, from muscular
and biomechanical perspectives, in the areas o$unement reliability and exercise

intervention.



Co-Authorship

Elizabeth Sled was the primary author of all chegptéthin this thesis. Chapter 3
represents a manuscript in preparation for jousnlimission. Co-authors of Chapter 3
are Sandra J. Olney, Alison C. Chalmers and Wilm#&ibpman. Elizabeth Sled co-
designed the study procedures with the help oSandra Olney and was responsible for
all data collection and interpretation for Cha@erWilma Hopman assisted with
statistical analysis. The manuscript was compleieBlizabeth Sled, with editing
provided by the co-authors.

The material in chapter 4 is also a manuscripré@paration for journal
submission. Chapter 4 was co-authored by LisaiMe8y, David T. Felson, Patrick A.
Costigan, Miu Lam and T. Derek V. Cooke. All expeental work, including training of
readers, data collection, analysis and interptatvas completed by Elizabeth Sled.
Assistance with statistical analysis for the secstody in Chapter 4 was provided by Dr.
Miu Lam. Elizabeth Sled completed the initial draff the manuscript that comprises this
chapter and participated in subsequent editing thighco-authors.

Chapter 5 was designed by Elizabeth Sled, withtiffom Dr. Sandra Olney and
Dr. Elsie Culham. All data collection, analysislanterpretation for Chapter 5 were
completed by Elizabeth Sled. The manuscript thatprises this chapter was written by

Elizabeth Sled, with editing and feedback providgdr. Olney and Dr. Culham.



Acknowledgements

This thesis represents contributions from manypfeeover the course of my
doctoral studies. | am thankful for two excellantl experienced supervisors, who
guided me very effectively through this period.. Bandra Olney offered support and
encouragement as | made the transition to beingdest again and taught me so much
about the research process. | am also gratefdfoDIney’s continued interest in my
progress and ongoing input during her retiremdént. Elsie Culham stepped in so
efficiently to become my co-supervisor and | anmitial for all that | have learned from
our meetings together. | appreciated her tremenéfforts as she provided guidance
throughout my final research project and helpeddotiis thesis to completion.

| express appreciation to my thesis examining cdteenfor their time spent in
reviewing the thesis and for their helpful commeris. Derek Cooke and Dr. Kevin
Deluzio offered direction and insight as part of thgsis advisory committee and their
expertise in the areas of orthopedics and biomecharas invaluable to me. | also
extend thanks to Wilma Hopman, Dr. Patrick Costigad Dr. Miu Lam for their
cheerful willingness to act as resources at varstages of my research.

Two colleagues, Dr. Scott Lynn and Latif Khoja,revespecially helpful during
gait data collection for my final thesis projettgreatly appreciated Scott Lynn’s input in
all things technical and mechanical and his abibtadd laughter and liveliness to our
testing sessions. | am also grateful for Latif fghovho faithfully assisted with gait data
collection for many months and helped me with pcatcomputer issues. | appreciated

our friendly discussions about research and ahieunl Pakistan and Canada.



| extend thanks to Alison Chalmers, Caleb Wermel \diswa Gangeddula for
their assistance with data collection at variomses. | am grateful for the technical
expertise provided by Leone Pleog, Carolyn HeynzartsDr. Brendan Joss at the
Human Mobility Research Centre. | thank Kingstamé&ral Hospital Radiology
Department for the excellent service they provittedughout my final research project.
| would also like to express my gratitude to owse@ch volunteers who gave of their
time and were keen to participate. Following-ughwhose participants who completed
the exercise intervention for our final researabjgut was a very enjoyable experience.

Special thanks to the faculty and staff in thedatlof Rehabilitation Therapy and
my fellow graduate students in the Motor Perforneababoratory. It was also a
privilege to meet other Queen’s students and fp@dtwell as individuals from the
community, including those at Bethel Church, whaaed my experiences in Kingston.

| extend grateful thanks to my parents for themstant love and support during
my studies. As educators themselves, they indtilane an interest in education and
learning from an early age. Heartfelt appreciatsextended to my sisters and brother-
in-law who were so encouraging through this procéseank my niece and nephews for
the times of fun and laughter that were a welconmeakofrom my studies. | am also
grateful for my late grandfather, William Sled, wivas so supportive of my educational
endeavors over the years. Special thanks to miguRobert Rohloff, for his kindness
and generosity shown throughout my time as a studen

Above all, | thank God for guiding me to pursuedé studies, for strengthening
and enabling me these past five years and foricgrme towards the finish. | am most

grateful for many rewarding experiences in the pssoof completing this thesis.

Vi



Table of Contents

Y 013 = Lo S OO PPPPPPPPP ii
CO-AUTNOISNID. . et e e e e e e e e e e e e e eearanae v
F o (Lo [=To (o T=T 0 o= o | TP v
TabIE Of CONTENTS ....uiiiiiiiiiiiiie ettt e e e e e e e vii

LISt Of TaDIES ..o e e e e e X
LISt Of FIQUIES ... e e e e e e e WX
List Of ADDIeVIatiONS ... ..ottt e e e e e e e e e e e e e e e e XV

Chapter 1 General INtrOAUCHION...........uueiiiiiiee e e e e e e e e e 1
1.1 Demographics and Socio-economic Burden of@sthritiS.............cceeeeeeeenneeee. 1
1.2 Osteoarthritis of the KNee ..........oi e 2
1.3 Intent and Structure Of TRESIS .......cceeemeriiiiiiii e 4
1.4 REIEIENCES ...uttiiiiiiiiiiieit ittt eemmmm ettt ettt e e e e e e e e e e e s srsrr et e e e e e e e e e eeeeas 7

Chapter 2 Literature REVIEW.......ccooiiiiiiiiiiiieeeeeiiiiee e e e e e e e eeeeeeeennnes 11
P2 R [0 1 (oo (U Tod 1 o] o PP TTTTPTPPP 11
2.2 Risk Factors for Development and Progressiddsteoarthritis......................... 11
2.3 Local Biomechanical Factors in Knee Ostedgigh................cccceeeiiiiiiiiiinnnnnnne. 12

2.3.1 Joint Injury and PhySical ACHIVItY ceeee..ooieiiieieiiiiiiieeeiii e 12
pC B © | o 1= | Y/ 12
2.3.3 Static Lower Limb Malalignment........cccocooooioiiiiiiieee e 13
2.3.4 Dynamic Loading of the Knee Joint.....cccccceiiiiiiiiiiiiiiiiiiiee e 15
2.3.5 Varus-Valgus Knee Joint Laxity .......ccceeeieeeiiiiiiiiiiiiineeeeeeeeeeeeeeeeiiiieeees 15
2.3.6 Proprioceptive DefiCItS ..............wemmmmreeerrrrunniiniaaaeeeeeeeeeeeeeeeeseeesiennnneeeeees 16
2.3.7 MUSCIE WEAKNESS .....ooiiiiiiiiiei ettt 16
2.4 Measurement in Knee Osteoarthritis ReSearCh..........cccccvvveveviiiiinnnnnnnn. 17.
2.4.1 Measurement of Osteoarthritis DISE@ESERELY ...........ceeeiiiiiieeeiiiiieeeeiiians 71
2.4.2 Measurement of Knee AIGNMENt.......couueeeriiiiiiniiiiiiiiiiiii e 19
2.4.3 Measurement of Lower Extremity Muscle Sgtan..............cccoeeevvvvvvvnnnnnnnn. 22

Vil



2.4.3.1 ISOMELriC TESHNG ...cceeiiieieeeeee e e e e e e e e e e 23

2.4.3.2 ISOKINELIC TESHING ..ceeveeeeeetcmmmmm s e e e e e e e e e e ee e ettt e e e e e e e e eeeaeeeaeeeaes 25
2.4.4 Gait ANAIYSIS ..oieiiiiiiiiiiiii s s e ettt enaa e e e e e e 27
2441 The Gait CYCle.....ccooiieee e 29
2.5 Gait Characteristics in Persons with Knee QA.............cccoiiiiiiiiiiiiiiiiiieeeens 30
2.5.1 Temporal Spatial Parameters ....cccccccceeeiiiieeeiiiiiieeece e 30
2.5.2 KiNEMALIC ANAIYSIS.......cciiiiiiiiiiieeeemeiae et 31
2.5.3 KinetiC ANalySiS: OVEIVIEW...........uceeeiieeiiiiiiiiiiiiaaaeaeaaeeeeeeeeeeeeeeseeneenes 32
2.5.4 Ground ReACtiON FOICES ..........uuiimmmeeeeiiiiiiiiiiiiiiiireee e 33
2.5.5 Sagittal Plane MOMENTS........cccoe oo eeeeee 34
2.5.6 Frontal Plane Moments: The External Kndduktion Moment................. 35
2.5.6.1 Knee Adduction Moment and its Relatlop with Disease Severity,
Alignment and Pain.............oooviiiiiiiiicemmmeise e 39
2.5.6.2 Knee Adduction Moment as a Risk Faftoincidence and Progression
Of Knee OSte0artNItIS ... ..cooii it eeeees 41
2.5.7 Frontal Plane Hip MOMENLS...........coiieeiiiiiiiiiiiean e eeeeeeeeeeeees 42
2.6 Strategies and Interventions to Lower the&kAdduction Moment................... 42
P TN R - T ] (= 1 (=0 | = 7 42
2.6.1.1 Decreased Walking Speed ... 43
P20 A o = o T | T T 43
2.6.1.3 Lateral Trunk Lean .......ccooiiiiiiiiiiiee et 45
2.6.2 Conservative Interventions: Bracing anth@lics............ccccccceeeeiiiiieeeeeeenn, 46
2.6.2.1 KNEE BIraACES.....ccoiiuiiii it ceeemm ettt ettt eenmme e 46
2.6.2.2 FOOt OrthOtICS .....cciiiiiiiieitceeeee ettt e e e e e e e e eeeeee b eennneeeeennnne a7
2.7 EXercise INErVENTIONS .........oiiiii i ee e e e e 49
2.7.1 Strengthening Exercises: Influence on BathFunction.............ccccccevunee. 49
2.7.2 Influence of Exercise on Gait Parameters...........cccceeeeeiiieeieeiiiieeeeeennns 2l
2.8 Frontal Plane Hip MUSCUIALUIE ..........ccccoiiiiiiecciieeeeeee e 53
2.8.1 Dynamic Control of Frontal Plane Knee Sihi................coooeiiiiiviiiiiinnnns 54
2.8.2 Hip Muscle Strength and Lower Extremityulgs ...............ooovvvvvvveniinnnnnnn. 55

viii



2.8.3 Hip Muscle Strength in Persons with Knee.QA..........ccccoeeeeeiiiivveeeeeininns 57
2.9 Concluding REMAIKS .........ccceiiiiiet e e eeettees e e e e e e e eeeeeaaeeeeessssennnneeesnnnnes 59
2.10 REIBIBNCES ....ueiiiii e e e e e e e e et e e e aee e e e e e eeeeeesenes 60

Chapter 3 Strength Testing in Persons with Knee Seoarthritis: Measures of

Reliability and Influence of PaiN.............ciiiiiiiiiiicc e 79
TRt Y o1 1 = T USSP PPPPPRPTRPPP 79
G T0ZA | 1 70T [UTox 1o o [P 80
3.3 Sample and Methods ..........cooiiiiiiieeieeeeeee e 83

IR Tt B = - 1101 o = T | £ USRS 83
3.3.2 Data CoOllECHION .....eeiiiiiiiiiiee e et 84
3.3.3 Data Processing and Statistical ANalYSiS . .....cooovriiiiiiiiiiiiiii e 38
B4 RESUILS ... ————————————————— 91
3.5 DISCUSSION ..tiiieiiiiiiiiee ittt et e ettt e e e e e eesnsebb bbb beeeeees 98
3.6 RETEIEBNCES ... .o 103

Chapter 4 Reliability of Lower Limb Alignment Measures using an Established

Landmark-Based Method with a Customized Computer Stiware Program ........ 108
Al ADSITACT ...t 108
V40 1 11 oo [F o 1o o I 109
4.3 Materials and Methods ................tuummmmmeetrtniiiias e emnaneeeeeees 111
4.3.1 Methods Common to Both StUdIies......cceeeeeiiiiiiiiiiiiiie 1n
4.3.2 Study 1: Comparison of manual and comgagsisted measures.............. 114

4.3.3 Study 2: Reliability analyses of alignmergasures from full-limb

(=0 [0 | £= o] o IS 0T 118

4.3.4 Data ANalYSIS....uuuiiiiiie e 119

A4 RESUIS ..ot e e e e e 120
4.4.1 Study 1: Comparison of manual and comgageisted measures.............. 120

4.4.2 Study 2: Reliability analyses of alignmergasures from full-limb
(7= 10 [ 0T | 7= T 1= 122



I B 1ol 1] (o] o [T 122
ST 2 L=] (=) (=] [ =T TR 129

Chapter 5 Home Program of Hip Abductor Exercises: Effect on Gait, Strength,

Function and Pain in Persons with Knee Osteoarthris.............cccoooeiiiiiiiiiiiinninnnne. 131
5.1 ADSIIACT ..ottt ettt e e e e e e e e e ettt et e e e e e e e as 131
022 [ 70T [UTox 1o o [ 132
5.3 Sample and Methods ..........ooooiiiiiiiiiii s 135

5.3.1 PaArtiCIPANTS .ovvuiieriiiiei e i e e e oo eee e e eee et s s s s e e e e e e e e e e e e eeeesaennnneeeeeennnnes 135
5.3.2 SAMPIE SIZE ..euuiiiiii it ————————— 136
5.3.3 Data COllECHON ...uvueiiiiiee e s 137
5.3.4 EXercise INterVeNTION .........ccouiiiiiiiiiiiiieeie et e 151
5.3.5 Statistical ANAIYSIS ..........coevees e e eeeeeeeeiiiirra s e e e e e e e e e eereeeeeeeeeeeees 152
5.4 RESUILS ... 153
5.4.1 Baseline Characteristics of the Study BIgantS ............cooovviiiiiiiiiiiiinnnnnnn. 153
5.4.2 COMPLIBNCE ....coi i s 154
5.4.3 WOMAQC SCOMES....couuiiieiiieiiiiie e et et e e e e e e e e e e renmannnns 156
5.4.4 OUICOME MEASUIES .....coevriiieeieimmmmmmme ettt e e e e e e e e e e e e e eenmannnns 156
R T B T[S Tod U 1S3 o] o 164
5.5.1 Muscle Strength MEASUIES............coummmmeeerrrmmmmiiiaieeeeeeaeaeeeeeeeeeeesieennn. 164
5.5.2 Knee and Hip Adduction MOMENLS ... eeeereeeeeeriiiiiiiiiieaeeeeeeeeeaeeeeee 716
5.5.3 WOMAC PaiN SCOMES......ccciuiiiiiiiimmememseeeeeeteeeeee e e e e e e e e e e s s s s ssnssseeeees 170
5.5.4 Physical FUNCLION MEASUIES ..........eemmmmmiiiiiiiiiiiiiiiiiiiae e eeeeeieeees 171
5.5.5 Limitations and Recommendations ..........ee..uuveueeniiiinieneeeeeeeeeeeeeeeiiiinens 72
5.5.6 CONCIUSIONS ...ooeiiiiiiiiiiiiii e e e e 173
5.6 RETEIENCES ... .o a e 175

Chapter 6 General Discussion and Future Perspeges.............cccoevvvvvvvvvvnnnnnneennn. 184

6.1 THheESIS OVEIVIEW.....cciiiiiieiiiiiiiiee ettt e e e e e e e e e e ee e e eeneeeeeeeseee 184



6.2 Reliability of Knee Muscle Strength MeasureRersons with Knee

OSTEOAINIITIS ...t ettt e e e et e e e e e e e e e e e e s sasmr e e e e e e e eeaeeeeas 185
6.3 Reliability of Manual and Computer-Assistedddures of Alignment............. 187
6.4 Hip Abductor Strengthening in Persons withdMeCompartment Knee
OSTEOAINIITIS ...t ettt e e et e e e e e e e e e e e e s ssrmr e e e e e e e aeeeaeeas 189
6.5 RECOMMENUALIONS ....ccciiiiiiiiiie e 193
6.6 FULUIE RESEAICN......cci it eeee e eeeenaes 195
6.7 CONCIUSIONS ... e eena e e s e e e e e e e eaaas 196
6.8 REIEIENCES .. ..ttt et a e 197
APPENdiIX A CONSENT FOIMS.....ccoiiiiiiiiiiiii ittt e e e et e e e e e e e e as 202
Appendix B Types of Intraclass Correlation Coefftients.............ccoevvviiiiiiiiiinnnnnn. 212

Appendix C Power Calculations for Estimate of Samle Size for Study in

(@4 g F=T o] (=] T PUPUPPRN 215
Appendix D Data Collection ShEetsS...........ccceviiiiiiiiiiiice e 219
Appendix E Hip Abductor Muscle Strengthening Progam and Sample of

EXErcise Calendar (LOQ).....cu o uuueuuuiaaaaeeeeeeeeeeeeieeitttiimmmeeteae e s e e e e e e e e e e eeeeesneennnnns 222

Xi



Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 3.6

Table 4.1

Table 4.2

Table 5.1

Table 5.2

Table 5.3

List of Tables

Descriptive characteristics of stpdyticipants .............c..coviiiiinnnnn. 92

Intraclass correlation coefficien@(s) and confidence intervals for
the 4 repetitions of isokinetic testinglahe 3 repetitions if isometric
testing for knee flexion and extension ..............cooiiiiiiiiiiii s 94

Means and standard deviations ofa@eepeak torque values ........... a5.

Pearson correlations between medntpegue values for tests of knee
EXEENSION ...ttt e e e e e e e e aaeea e OO

Pearson correlations between meantpegue values for tests of knee
FlEXION ..o a2 90

Means and standard deviations (S@yefage visual analogue scale
(VAS) pain scores after each strengthdastof changes in pain from
DASENNE ... 97

Intraclass correlation coefficien@(s) and confidence intervals for
manual versus computer-assisted meastimg)tes and bone lengths ...121

Intraclass correlation coefficien@®(s) and confidence intervals for
computer-assisted measures of angles @mel lengths on 100 full-limb
radiographs (200 liIMDBS) ..o e 123

Baseline demographic and clinicaratigristics of participants

completing the study ... 155
Comparison of mean WOMAC subscaleescfvom initial to final
testing for the OA group .......ocvvivviie i i i veiee e e ieneeenn2. 1B7

Initial and final means and standbedations for the outcomes of hip
muscle strength, peak hip and knee adaluctioments and chair rise

time in OA and control groups .............ccoeivviiiiieiecieeemeeenn el ... 158

Xii



Figure 2.1
Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 3.1

Figure 3.2

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 5.1

List of Figures

Risk factors for knee OA ...t 12
Common patterns of frontal planedolmb alignment ..................... 20

The external knee adduction moneaitulated as the product

of the frontal plane ground reactiorce®wector and the frontal plane
lever arm (the perpendicular distanoenfthe ground reaction force
VeCtor to the KNee CeNtre) .......oovi it e e e 36

The external knee adduction momertdss the stance phase of gait....... 38

Potential mechanism by which stdimek hip abductor muscle
weakness could lead to an increase ikrike adduction moment
during gait and cause grelai@ding through the ipsilateral medial

compartment of the knee ...............ccceiiiiiiiii i eeeee 08

Set-up for knee muscle strengthwtgsismg the Biodex System 3

Isokinetic Dynamometer .. ...86

Sample of knee torque data obtam#disokinetic concentric
testing at an angular velocity of 12Gffter application of a 6 Hz low
pass filter and WINAOWING .......cuviiiieiiei i e e 90

Diagram of frontal plaages and angles in a limb with varus

aligNMmeNnt ... e 112

Examples of electronic tools (cirelder and midline tools) provided
by the custom software progratorizon Surveyor (version 1.5,
OAISY S INC.) ottt e e e e e 115

Five patterns of frontal plane loweb alignment, simulating
full-length radiographs of healthy andaligned limbs, drawn using
AULOCAD® SOTtWAIE .....iie ittt e e e e e e e \u

Hip-knee-ankle (HKA) angle: inteader agreement for 2 readers
measuring on right Knees...........ocoo i 124

Hip-knee-ankle (HKA) angle: inteader agreement for 1 reader ........

Anterior-posterior knee radiogragipidting the anatomic axis angle ....139

Xiii



Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Standard configuration of markestaus for gait trials ..................... 142

Pointed probe fitted with 4 infratight emitting diode markers
(IREDSs) placed on bone landmarks durivgreference trials ..........143

Sample walking frame (lateral vishpwing C-Motion computer-
generated model with location of infra-emitting diodes, force
platforms and [ab axes .........coiiiiii 145

Set-up for hip abductor and adduistkinetic and isometric muscle
strength testing using the Biodex SysBelsokinetic Dynamometer ..147

Mean isokinetic hip abductor musttength: comparison between
initial and final tests for OA and cortgooups ..........cccevveiiviennnnn. 159

Mean isometric hip abductor mustiength: comparison between
initial and final tests for OA and croitgroups ..............................159

Mean isokinetic hip adductor musttength: comparison between
initial and final tests for OA and cortgooups ..........cccovveiiiinnnnnn. 161

Mean isometric hip adductor mustiength: comparison between
initial and final tests for OA and contgooups ............cccevvvvvvnenn.n. 161

Mean peak external knee adduction emdsn comparison between
initial and final tests for OA and casltgroups ...............cccveveneen. 162

Average knee adduction moment waweddor the OA and control
groups across the stance pbase gait cycle, on both initial and final
102153 1] o PNt X ¢ V24

Mean time to complete the Five-TirBé@sto-Stand Test: comparison
between initial and final tests for OAdagontrol groups ................... 163

Xiv



ANOVA

BMI

CH

CP

EMG

FM

FS

FTSST

GRF

HKA

ICC

IRED

K/L

LBA

MAK

MOST

MRI

N'm

OA

PA

PASE

List of Abbreviations

analysis of variance

body mass index

Condylar-Hip angle

Condylar-Plateau angle

electromyography

femoral mechanical axis

femoral shaft (anatomic) axis
Five-Times-Sit-to-Stand Test

ground reaction force

hip-knee-ankle angle

intraclass correlation coefficient

infra-red emitting diode
Kellgren and Lawrence (grade of osteoarthulisease severity)
load-bearing axis
Mechanical Factors in Arthritis of the Kneaudy
Multicenter Osteoarthritis Study

magnetic resonance imaging

newton-metres

osteoarthritis

Plateau-Ankle angle

Physical Activity Scale for the Elderly
Y



ROM

SD

SAS

SPSS

™

TS

VAS

WOMAC

3-D

2-D

%BW*Ht

range of motion
standard deviation
Statistical Analysis System
Statistical Package for Social Scientists
tibial mechanical axis
tibial shaft (anatomic) axis
visual analog scale
Western Ontario and McMaster Universitiesdosirthritis Index
three-dimensional
two-dimensional

percentage of the product of participant gieiand height

XVi



Chapter 1

General Introduction

1.1 Demographics and Socio-economic Burden of @starthritis

The Bone and Joint Decade was launched in Jan2@®Q, in recognition of the
significant impact of bone and joint disorders ba individual, the health care system
and society. The aim is to advance the understgrahd treatment of these disorders
through research, prevention and education (1).

Osteoarthritis (OA) is the most common chronioja@ondition and a major
source of pain and limitation of activity in oldedults (2). Approximately 3 million
Canadians (1 in 10) have OA and it is estimateti§68&o of Canadians will have been
diagnosed with OA by the age of 70 years (3). T9@61to 1997 National Population
Health Survey by Statistics Canada revealed tleaptbvalence of OA is 2.5 times and 6
times greater than that of heart disease and camspectively (4).

Recent Canadian data on direct and indirect healtt costs of OA indicate that
the economic burden associated with OA is immeb$®.( Added to these costs are the
intangible or quality-of-life related costs, whiemphasize the personal and social
consequences of OA. Osteoarthritis has a signifitapact on health-related quality of
life factors, including ambulation, body care anodvement, emotional behaviour, sleep,
home management and work, all of which contribatthe “humanistic” burden of OA
(7). Osteoarthritis is positioned among the togdldses of disability worldwide (8). As

aging is an important systemic risk factor for (), the rapid increase in the percentage



of the population greater than 55 years makes Qfowing public health problem

(10;11).

1.2 Osteoarthritis of the Knee

The knee joint is the weight-bearing joint most coomly affected with OA (12).
Epidemiological studies estimate a prevalence ef2% for symptomatic, radiologically
diagnosed knee OA in adults greater than 55 ydaagen(13). Joint replacement
surgeries for advanced knee OA have increased igrkeer the past decade. In
Canada the number of total knee replacements gp8&% from 1994-1995 to 2004-
2005 (14).

Traditionally, OA has been conceptualized as aatis of articular cartilage.
More recently, the contributions of bone and sisfiue structures to the pathologic
process of OA have been recognized and the cwretgrstanding is that the pathology
of knee OA involves the entire joint (9;15).

Articular cartilage forms a thin layer lining theny ends of all synovial
(diarthrodial) joints. It consists of a solid matfpredominantly composed of collagen
and proteoglycan molecules), which is saturatetd water (16-18). The primary
functions of articular cartilage are to: (a) distitie forces generated during joint loading
over a wide area, (b) stabilize and guide jointion, (c) contribute to joint lubrication,
and (d) allow relative movement of the opposingt@urfaces with minimal friction
(17;18). In a healthy joint, articular cartilageynwithstand the large forces associated

with weight-bearing and joint motion with little aio signs of wear (17;18). With injury
2



or degeneration related to OA, the earliest patifiodd change in cartilage is the
deterioration of the solid matrix (16;18). Damagehe solid matrix is associated with
changes in cartilage mechanics, including a sigaii loss of tensile, compressive and
shear stiffness and an increased propensity follisgyef the cartilage (17;18). Cartilage
degeneration may involve fibrillation (splitting tfe cartilage surface), the presence of
cracks or fissures and partial or complete logb@tissue (16-18).

Sophisticated radiography techniques and magreg@nance imaging (MRI)
have provided evidence that bone pathology is dg ature in the initiation of knee
OA (19). Increased mass and stiffness of subclabihdne (sclerosis), bony proliferation
at the bone margins (osteophytes) (15) and anasera metabolism of bone (bone
turnover) (19) are characteristic bony changesAn @ther pathological processes
include changes to the soft tissue structures dnasound the knee joint, which may
consist of capsular stretching, synovial inflammatand ligament laxity (20)The
disease process results in joint pain, swellingraxdced joint range of motion, with
concomitant weakness of surrounding muscles.

Diagnosis of knee OA is made by clinical and rgdaphic evaluation.

According to the American College of Rheumatology;22), clinical criteria for knee
OA include knee pain, morning stiffness of the kfe 30 minutes and crepitus on
joint motion. Radiographic criteria consist of geace of osteophytes, the loss of joint
space, or both (21;22).

Knee pain is the predominant symptom of knee OAthrdeason why

individuals seek medical attention (23-25). Setpmakeople with knee OA may report
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significant limitations in physical function. Ftrose over the age of 65 years, OA of the
knee accounts for greater physical disability wdo extremity tasks, such as walking,
stair climbing and rising from a chair, than anlgestcondition, clearly reducing quality

of life and independence (26;27). Furthermore pilesence of other co-existing chronic
conditions including heart disease, pulmonary disease ansitybacreases the
likelihood of subsequent disability in persons vkitiee OA (28;29). Given the
prevalence of knee OA in society and the burdgohgsical disability from OA,

continued attention must be given to determinirgyrtiost effective approaches to painful

knee OA (25).

1.3 Intent and Structure of Thesis

This thesis aims to promote a better understanafikgee OA, from muscular
and biomechanical perspectives, in the areas ofunement reliability and exercise
intervention. The intent of this thesis is to istigate the reliability of measures of knee
muscle strength and frontal plane lower limb aligmtncommonly used in knee OA
studies and to evaluate the influence of an exerntervention on knee joint loading,
strength, function and pain in persons with knee OA

Chapter 2 of this thesis provides a review efchrrent literature on local,
biomechanical risk factors for knee OA, outcome soeas in knee OA research and
changes in gait parameters demonstrated by thdbekmge OA. Interventions for OA,

including bracing, orthotics and exercise, are disoussed.



Chapters 3-5 present a series of studies of iddals with knee OA. Lower
extremity muscle strength is commonly measureceekOA research. A review of the
literature indicated that numerous knee musclagthetesting protocols were utilized
and that poor intra-session reliability at higregkinetic strength testing velocities was
characteristic of some studies (30-32). Thus,hafer 3 we evaluated a group of 40
individuals with mild to severe knee OA in orderdtermine the reliability of
commonly used isometric and isokinetic measurdsieé muscle strength within a
single testing session.

In addition to muscle strength measures, evalnatod frontal plane lower limb
alignment are frequently performed in knee OA stadilrechnical advances in medical
imaging have led to a shift from use of conventiditia radiographs to digital
radiographs, requiring computer software prograonsrfeasurement of alignment from
digital images. To evaluate the reliability ofgrlment measures using a computer-based
method, the second study (Chapter 4) consistedmfeliability analyses. The first part
compared measurements of lower limb alignment nbthmanually and by a computer
software program using schematics of limb defomesitirawn with AutoCAD® software.
An established approach, which involves the salaadf 10 bone landmarks on the femur
and tibia, was used to derive the alignment measufer the second part of the study we
applied the computer-assisted method to full-lingitdl radiographs and evaluated the
reliability of alignment measures using the bomaltaarks-based approach.

Excessive knee joint loading during gait has b&ewn to contribute to the

progression of knee OA (33). It has been postdlttat the hip abductor muscles may
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influence knee joint loading through their contobkhe pelvis in the frontal plane
(34;35). Weakness of the hip abductor musclegisgns with knee OA may lead to
impaired frontal plane pelvic control and greatexds through the medial compartment
of the knee. However, few studies have assessgestribngth of the hip abductor muscles
in those with knee OA in comparison to healthy olaldults (36). In addition, no study
was identified which evaluated the effect of arsgteening program targeted specifically
to the hip abductor muscles on reduction of kna# joading. The purpose of the final
study (Chapter 5) was to examine the influencend-aveek home-based exercise
program of hip abductor strengthening on hip mustrilength and knee joint loading in
40 persons with medial compartment knee OA whenpewed with a control group of 40
asymptomatic individuals. Secondary objectivesenterevaluate the effect of hip
abductor strengthening on functional performanaindua sit-to-stand task and knee
symptoms. This sample of 40 participants with k@dewas a different cohort from the
cohort studied in Chapter 3.

The final chapter (Chapter 6) summarizes the figsliof the thesis and provides a
general discussion of the studies, including recemuhations and suggestions for future

research.
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Chapter 2

Literature Review

2.1 Introduction

This review will present an update on the currerdvidedge of risk factors for the
incidence and progression of knee osteoarthritd) @nhd a summary of common
measures utilized in clinical knee OA studies. Tharacteristics of gait in persons with
knee OA will also be reviewed. Finally, poteniidlerventions for slowing disease
progression and reducing pain and functional litiotes, including various exercise

interventions, will be discussed.

2.2 Risk Factors for Development and Progressi of Osteoarthritis

Osteoatrthritis is considered to be the produe cdmplex interaction between
systemic and local biomechanical factors (1;2){Feg2.1). How risk factors interrelate
to affect the incidence and rate of progressio®Afis not yet fully known (3). The
initiation and progression of knee OA may involiBedent risk profiles, as some early

joint lesions remain stable over long periedsle others progress rapidly (4).

The results of cohort-based epidemiological stutieve provided new insights
into the risk factors for the development and pesgron of radiographic knee OA. This

review will focus on the recent literature concagniocal biomechanical risk factors.
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Systemic Factors

Age

Gender
Ethnic CharacteriM

Local Biomechanical Factors
in Development of Knee OA

Joint injury and physical activity
Obesity
Lowenhi malalignment
Varus-valgus &raxity

Bone Density Susceptibility prioceptive deficits
Estrogen replacement therapy to OA Muscle weakness

(in post-menopausal women
l v

Nutritional factors
Genetics

Other systemic factors aiel severity Progression of
of OA Knee OA

Figure 2.1 Risk factors for knee OA, modified from Felson et=.

2.3 Local Biomechanical Factors in Knee Ostadhritis

2.3.1  Joint Injury and Physical Activity

Local biomechanical factors which are considetedontribute to the incidence
of knee OA include previous joint injury and mermiseny (4;6-8), occupational tasks,
particularly those that involve frequent kneelisguatting and heavy lifting (9-12), and
high intensity sports participation (4;13-15). f@éemance of recreational sports activities

does not appear to increase the risk of subse¢uertOA (13;16;17).

2.3.2 Obesity

Longitudinal studies have demonstrated that opésté powerful risk factor for

the development of knee OA, particularly in wom&8-21). Obesity has also been
12



shown to increase the risk for radiographic OA pesgion (4;22-24). The increased risk
for progression of knee OA among overweight persppears to be limited to those
with varus, but not valgus, alignment (25) and éagth moderately malaligned limbs,

rather than severe malalignment (23).

2.3.3  Static Lower Limb Malalignment

Frontal plane lower limb malalignment has beenshto increase the risk of
disease progression, yet it is still unclear whethalalignment plays a role in the initial
development of the disease. In 1,501 participeartdomly selected as part of the
Rotterdam Study, a large, prospective cohort ingason, Brouwer et al. (26) reported
that knees with varus anatomic axis alignment an@A at baseline demonstrated a
two-fold increase in the risk of developing knee @fer 6.6 = 0.5 years, compared to
knees with normal alignment. Knees with valgugratient showed a borderline
significantly increased risk of developing knee ORurther analyses of the participants
stratified according to body mass index (BMI) irated that the risk for developing knee
OA in those with varus alignment at baseline way significant for overweight and
obese individuals, but not for the healthy weigtttugp (26).

Hunter et al. (27) examined the influence of aiigmt on the development of
knee OA in 110 incident knee OA cases and 356 manctntrol knees from among
participants in the Framingham Osteoarthritis stulilycontrast to the findings by
Brouwer et al. (26), baseline knee anatomic axgnaient was not associated with the
development of knee OA on follow-up testing at aamef 8.75 years from baseline.

Neither varus nor valgus malalignment predicteddieict knee OA after adjusting for
13



age, gender and BMI. The smaller case-controbdesi this study in comparison to the
study by Brouwer et al. (26) and the demarcatiantpdor alignment quartiles are
factors that may have explained why a relationslefgveen malalignment and incident
OA was not detected (28).

Epidemiological studies have confirmed a strongti@ship between lower limb
alignment at baseline and progression of knee @2@30). In a prospective
longitudinal cohort study of 237 community-dwellipgrsons with primary knee OA
(30), varus mechanical axis alignment at baseliag associated with a 4-fold increase in
the odds of medial compartment disease progressienan 18-month period after
adjustments for age, gender and BMI. Baselineug#lignment was associated with a
nearly 5-fold increase in the risk of lateral OAgression. Cerejo et al. (29) further
analyzed the results from this group of particigadntexamine the malalignment effect
according to baseline stage of disease severity impact of varus or valgus
malalignment on the odds of OA disease progressien 18 months was greater in
knees with more advanced OA at baseline.

The above findings were substantiated in the Ridta Study (26), in which
participants were followed over a mean of 6.6 yedise risk of OA progression was
significantly greater in persons with varus aligminat baseline than those with normal
alignment. Further evidence for the relationshepaAeen progressive joint deterioration
and frontal plane malalignment has come from tbdysbf bone marrow edema through
magnetic resonance imaging (MRI). A longitudinaidy by Felson et al. (31)

demonstrated that bone marrow edema lesions wererfd predictors of structural
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progression in persons with knee OA and that thesens were strongly related to

malalignment.

2.3.4 Dynamic Loading of the Knee Joint

Measures of lower limb alignment from radiograpéféect only a static
observation of alignment. Three-dimensional (kDematic and kinetic analyses are
required to offer a dynamic picture of the multipdeces imparted on the joint during
ambulation (32-34). A major determinant of loadtih@ knee joint is the external
adduction moment, a gait parameter that has rgcesdeived considerable attention in
the literature. The external knee adduction moraedtits influence on the incidence

and progression of knee OA will be discussed irni8e@.5.6 of this review.

2.3.5 Varus-Valgus Knee Joint Laxity

The results of cross-sectional studies suggestrib@eased varus-valgus knee
joint laxity, producing abnormal displacement of tibia relative to the femur in the
varus-valgus direction, may be a factor contribgitim the incidence and progression of
knee OA (35;36). Varus-valgus laxity was greatethie uninvolved and involved knees
of 164 individuals with OA than in the knees ofantrol group of 24 older adults
without OA (35). Increased varus-valgus laxity vaasociated with greater joint space

narrowing (35;36) and bony attrition (35) in thagiéh knee OA.
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2.3.6 Proprioceptive Deficits

Preliminary cross-sectional research has indicttadproprioceptive deficits may
both precede the development of knee OA and infleetructural disease progression.
Among older adults, deficits in knee position seasé detection of movement at the
knee were significantly greater in those with k@ than those without OA (37-39). In
addition, proprioceptive impairments were greatebath the arthritic and non-arthritic

knees of individuals with OA than in healthy ol@delults without knee OA (39).

2.3.7 Muscle Weakness

Quadriceps muscle weakness may not only be a @sodinful knee OA, but a
risk factor for its development (40;41). In a presfive study of 280 community-
dwelling older adults with no evidence of radiodrapOA at baseline, reduced
guadriceps strength relative to body weight appktrydoe a risk factor for the initiation
of knee OA in women, but not in men, on follow-Ufeaa mean of 31.3 months (41).

The literature is conflicting as to whether loveatremity muscle strength
protects against progression of structural chamgpsrsons with knee OA or contributes
to its advancement (42;43). Brandt et al. (42) suezd baseline concentric isokinetic
guadriceps strength in 79 individuals with knee & performed follow-up
radiographic assessments at a mean of 31.5 matdrs No significant differences in
muscle strength were found between participants midiographically stable OA and
those whose joint damage progressed, suggestihgubdriceps weakness was not a risk

factor for the progression of OA.
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The influence of muscle strength on OA progressian also studied by Sharma
et al. (43) in a prospective longitudinal cohoutdst of 237 persons with knee OA over an
18-month period. For the group of OA participantth more neutral knee alignment
and low varus-valgus laxity the findings were cetet with those of Brandt and
colleagues (42), in that quadriceps strength atllmeeshad no effect on disease
progression. However, among those with increasedsvvalgus malalignment and high
varus-valgus laxity, greater baseline quadricepngth was associated with a significant
increase in the likelihood of OA progression. Hsasuggested that malaligned knees
were less able to evenly distribute muscle foroesylting in greater structural
progression (43). Greater quadriceps strengthatsayincrease compressive forces
across the knee joint, an effect which may be herggd with malalignment (44).

Large-scale, longitudinal studies evaluating logerremity muscle strength in
cohorts of persons at risk for incident knee OA prabression of established OA will

provide further understanding of the influence afsale strength as a risk factor (45).

2.4 Measurement in Knee Osteoarthritis Resealn

2.4.1 Measurement of Osteoarthritis Disease Saity

Radiographic grading scales are used in clinrcalstto determine the severity of
knee OA and are commonly utilized as principal oote measures to identify disease

progression in longitudinal studies (46). Thesdescavaluate changes in cartilage and
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subchondral bone and provide individual or ovegi@lthbal) grading of radiographic
features (47).

The first scheme for grading knee radiographsciwvhias been used extensively
in clinical trials, was a global scale developed®&igren and Lawrence (K/L) (48;49).
The joint is graded on a five-category scale (gsdaid), according to the presence of
osteophytes, joint space narrowing and subchomsdlatosis (48). Global radiographic
grades are as follows: 0 = no radiographic findinOA; 1 = questionable (doubtful
narrowing of joint space and possible osteophyieitig); 2 = mild (definite osteophytes
and possible narrowing of joint space); 3 = mode(atultiple moderate osteophytes,
definite narrowing of joint space, some bony sgdey@nd possible deformity of bone
ends); 4 = severe (large osteophytes, marked nangoaf joint space, severe bony
sclerosis and definite deformity of bone ends)480). Although the K/L grading
scheme is still widely used, the scale is limitgdtb emphasis on the presence of
osteophytes in the diagnosis of OA, inconsistencigaiblished descriptions of its
radiographic features and its relative insensititat change over time (50;51).

Numerous other grading scales for assessing raapbgr features of knee OA
have been published. These systems include tHeagkl(52), Brandt (53), Scott (50)
and Cooke (54) scales. The grading system descdoyp€tboke et al. (54) was developed
as a revision of Scott et al. (50) to provide alt@int scoring system that would be
sensitive to change over time and to specific, leidmanical deformity in knee OA. This
system is a unicompartment grading system, graaigthe compartment that shows

greater joint deterioration, since early knee clesraye typically focused in one
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compartment. Four categories of joint changegeaded as follows: joint space loss (0-
3); femoral osteophytes (0-3); tibial erosion (Qah)d subluxation (0-3). Tibial erosion

is graded according to the progression of featdres) initial dishing, to marginal
destruction, then fragmentation and finally grosesdodamage. Subluxation is defined as
a medial or lateral shift between the tibial spiaed the femoral sulcus. The scores in
each category are summed, producing a total saaging from 0 (normal knee joint) to
13 (maximum radiographic disease severity) (54yer@ll grading scores on the scale by
Cooke et al. (54) demonstrated high inter-readetiéty and significant correlations

with measures of lower limb alignment.

2.4.2 Measurement of Knee Alignment

Evaluations of knee alignment are important folestigating the influence of
mechanical factors in OA, for guiding the consemeatnanagement of knee OA and for
assisting the surgeon in surgical planning (26;2B63-57). Ideally, limb alignment
measures are obtained from long-limb radiograptieehip, knee and ankle joints using
a standardized system for positioning the subj&@s The gold standard measurement
of lower limb alignment is the angle formed by th&ersection of the femoral mechanical
and tibial mechanical axes, often termed the higekankle (HKA) angle (55;59;60) or
the mechanical-axis angle (60-63) (Figure 2.2).

There is no general agreement concerning the mesaiaxes of the knee (58).
From anatomical studies the mechanical axis oféhmur has been depicted as a line
from the centre of the femoral head to the mid-gtercpoint of the distal femur (64),

while the tibial mechanical axis is formed by aliinom the centre of the tibial plateau
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Figure 2.2 Common patterns of frontal plane lower limb aligmmenodified from
Cooke et al. (58).

A. Varus alignment: LBA passes medial to the krmeelanee centre is displaced
laterally (HKA s -ve).

B. Neutral alignment: knee center is located orLfB& (HKA = 0°); femoral and tibial
mechanical axes are co-linear.

C. Valgus alignment: LBA is lateral to the knee &n@e centre is displaced medially
(HKA is +ve).

Legend:
LBA = Load-bearing axis HKA = Hip-knee-ankle aagl
FM = Femoral mechanical axis TM = Tibial mechah#ds
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(interspinous, intercruciate midpoint) to the cerdf the tibial plafond distally (65). In a
limb with neutral alignment the HKA angle approaeii®€0° and the femoral and tibial
mechanical axes pass through the centre of the (§389) (Figure 2.2B). The
mechanical axes are co-incident with the load-pgeaaixis (LBA), the line representing
the ground reaction forces (GRFs) passing froncémre of the ankle to the centre of
the hip (55;59;63). In a limb with varus alignmém LBA passes medial to the knee
and the knee centre is displaced laterally (Fi@u2é\), while in valgus alignment the
LBA is lateral to the knee (Figure 2.2C) (59;63he HKA angle is conventionally
expressed as the angular deviation from 180°, thattthe HKA angle = 0° in neutral
alignment. Varus alignment is typically denotechasegative value and valgus
alignment as positive (55;58;59).

Other methods for measuring frontal plane mechaaida alignment are based
on various single knee centre point approacheshioh a midpoint between the tibial
spines and apex of the femoral intercondylar n@dbcated. This knee center point then
becomes the distal point for constructing the feahorechanical axis and the proximal
point for the tibial mechanical axis (61;62;66)owetver, Cooke et al. (58) recommend
the use of separate centre points at the femodatilaial knee surfaces for detecting the
presence of medial or lateral femoral subluxatiod #r determining the extent of the
femoral and tibial contributions to overall alignmie

Several studies have investigated mechanicaladigisment in adult populations
without OA, in attempts to establish normal valt@sfrontal plane lower limb

alignment. Mean values ranged from -1.0° to -bf37arus, with large standard
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deviations around the mean (x 2.0° to 2.8°) (58B56;67). These findings indicate
that malalignment is present in the general pofariaperhaps predisposing individuals
to OA in later years. In those with establishedirmecompartment knee OA, varus
malalignment predominates. Mean values of vargsilation in medial OA study
populations have been reported in the ranges 842330), -6.67° (68), -7.1° (69) and
-7.2° (67), with large standard deviations3(8° to 4.8°).

While weight-bearing, full-limb radiographs allowrfmeasurement of
mechanical axis alignment, they expose the pebvisrtizing radiation, require
specialized equipment and expertise and are cO8lly1). Instead, measurement of
anatomic axis alignment from knee radiographs rsiered a valid alternative to
alignment measures from full-limb radiograpgle®;70;71). Anatomic axis alignment is
measured as the angle formed by the anatomic \shads of the distal femur and
proximal tibia (the femur-tibial angle) on a radiagh of the knee (60). The femoral
anatomical axis was shown to provide a reasonabiemate of the femoral mechanical
axis, since these axase offset from each other by approximately’46®;62;64;66;71).
Offset-corrected anatomic axis measurement frone kadiographs is recommended as a
cost-effective, practical approach to evaluatingrehent in epidemiological studies and

clinical trials (60;70;71).

2.4.3 Measurement of Lower Extremity Muscle Sength

Muscular strength may be defined as the maximueefarmuscle or muscle

group can generate. The product of the force haddrce’s moment arm (the
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perpendicular distance from the force’s line of@ctto the axis of rotation) is designated
as torque, expressed in Newton-metremN72). Static, or isometric, strength is the
capacity to produce torque with a voluntary isometontraction in which there is no
visible change in the length of the muscle. Dyrastiength is measured as the torque
produced during concentric actions (shorteninghefrhuscle under load) or eccentric
actions (lengthening of the muscle under load){3R; Advances in strength testing
instrumentation have led to the development ofirsgtic dynamometry as an accurate
method for assessing dynamic muscle strength.

Both isometric and isokinetic measures of lowdrearity muscle strength have
been utilized in knee OA research and will be ti@u$ of the next sections of this

review. Advantages and disadvantages of the gestgthods will also be highlighted.

2.4.3.1 Isometric Testing

Easily accessible instruments for testing isoretuscle strength boast the
advantages of technical simplicity and low cost 742 For individuals with knee OA
an additional advantage of isometric strength nressis that the loading rate on the knee
joint can be controlled, thus minimizing the effeof pain inhibition during strength
testing (75). A limitation of isometric testingtisat the strength measures are recorded
only at a specific point in the range of motiomdich the isometric contraction occurs.
Furthermore, static strength measures may nottdafie muscular actions required for
daily functional activities which involve dynamicavements (74).

Peak torque or the average torque from seveads are commonly used as

outcomes from isometric testing (72). Rate of istim force development may also be
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evaluated (76). The available literature indicdked isometric muscle actions should be
held for at least 5 seconds and that 3 test regpetishould be performed to attain a
maximal isometric contraction (74;76)

One device used for the assessment of isometsclenstrength is the hand-held
dynamometer. A simple hand-held dynamometer caneish handle, a resistance
surface with an embedded force transducer andit@ldigsplay. The device is held by
an examiner and applied to the tested segmenedidby as the tested individual pushes
against it (77). While hand-held dynamometerspamtable and inexpensive (78), they
require that the examiner have sufficient upperesmity strength to stabilize the device
and maintain the isometric position in order touraghat valid and reliable strength
measures are obtained (77;79). This major lingitatif hand-held dynamometers
becomes particularly apparent when testing powenfudcle groups, such as the
guadriceps. Matrtin et al. (79) tested a supinertiegte for measuring isometric
guadriceps strength using a hand-held dynamonretezalthy older adults and found
that isometric quadriceps strength scores werdyhighrelated with isokinetic strength
scores. Both a hand-held dynamometer and a dynatapateached to a portable steel
frame were shown to produce reliable isometricngjtie measures of the hip, knee and
ankle muscles in groups of older adults (78;80).

Other devices for measuring isometric muscle gttemclude force transducers
(load cells) and strain gauges fitted to the framvof a chair and connected to
computer software programs (76). This arrangernastbeen used in randomized

controlled trials evaluating exercise interventiémsknee OA to obtain measures of
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isometric knee muscle strength as outcomes (81488)netric measures of quadriceps
and hamstring muscle strength acquired using @ fiead cell were shown to
demonstrate discriminant validity and high teseseteliability in persons with knee OA
(75;81).

Isometric strength testing may also be perforngdguan isokinetic device by
selecting an angular velocity of/. Isokinetic testing will be discussed in thetne

section.

2.4.3.2 lIsokinetic Testing

An isokinetic dynamometer is a rotational devitat tconsists of a lever arm
attached to a dynamometer head. The participgiesp force on the lever arm and
resultant muscle torque is recorded through rataticthe lever. Isokinetic
dynamometers control angular velocity by providingesistance proportional to the
torque produced during muscle contraction throughgaint’s range of motion.
Angular velocity is pre-set by the examiner andtlamstant by a feedback loop which
continuously compares the actual angular velooithe pre-selected velocity and adjusts
the resistive moment applied by the braking medmarof the dynamometer (84).
Isokinetic strength represents the maximum torgaedan be exerted when the joint is
moving at a constant, pre-set angular velocity§45p;

Isokinetic dynamometers provide assessments afrdimand static muscle
strength and are widely utilized in clinical andearch settings. Concentric and/or
eccentric isokinetic protocols may be selectedndutesting. Isokinetic dynamometry

avoids joint or muscle overloading and is regardedne of the safest forms of strength
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testing (84). The use of isokinetic measures igdichin large-scale epidemiological
studies, however, because of the disadvantaigesst and lack of portability of the
equipment (79).

Accurate dynamic strength measurements with istidrlynamometry require
that the effect of gravity be considered, an imgatrfactor when testing seated knee
extension/flexion. The performance of knee extmsequires the individual to lift the
weight of the limb and the lever arm of the maclagainst gravity, while gravity assists
the motion of the limb and the lever arm during khee flexion motion. To compensate
for gravity and avoid measurement errors, an autedngravity correction procedure is
inherent in modern isokinetic dynamometers as@fdatie software system (74;76).

Other potential measurement errors with isokingyicamometry are velocity and
torque overshoot, which produce impact artifact§B) Velocity overshoot occurs
when the limb accelerates past the desired velaaitibraking takes place to slow the
limb to the pre-selected velocity, resulting incioe overshoot (an inflated torque spike).
At the end of the repetition when the dynamomeggiris to decelerate the lever arm in
anticipation of changing directions, the lever ammpacts the mechanical end stop and
may oscillate slightly, producing an inflated isdnespike. These large, rapid spikes in
the torque curve should not be confused with actugdcle torque production and must
be removed during data processing. “Windowingthaf isokinetic data is a term which
refers to filtering out all data that are not ob&al within the pre-set angular velocity in

order to eliminate erroneous torque values (86;87).
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Recommended guidelines for isokinetic testing idetuyproper positioning of the
individual in the dynamometer, with the axis ofatodn of the machine aligned with the
joint being tested; stabilization of the individweth straps to restrict motion to the joint
being tested and avoid extraneous movements; tierpance of several practice trials
to allow familiarization with the equipment; and@ast 3-4 test repetitions (74,88).

Isokinetic tests in clinical trials for knee OAvgfocused predominantly on
dynamic evaluation of the quadriceps and hamstringcles, particularly in the
concentric mode. The most common angular velecgedected for isokinetic testing of

the knee muscles were %€ 90/s and 120's (40;42;89-95).

2.4.4 Gait Analysis

Quantitative gait analysis provides a valuable tooassessing the pathology and
progression of knee OA, for offering insights camieg potential disease-modifying
strategies and interventions and for evaluatingetfectiveness of treatment interventions
(32;96;97).

Modern gait laboratories are typically equippethvé sophisticated motion
analysis system and one or more force platfornggdeide simultaneous force data.
Current three-dimensional (3-D) motion analysideys consist of multiple cameras,
markers to track joint motion and direct computgeifacing (98). Motion analysis is
aimed at evaluating quantitatively the spatial nmegats of body segments and the
motions of joints connecting segments. This infation can be used for providing an
objective description of motion (kinematics) and dalculating joint forces and moments

associated with the motion (kinetics) (99).
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Markers placed on body landmarks either reflagtttl(passive systems) or emit
light (active systems). Passive systems (e.g.niGxford, UK) use wireless, reflective
markers that reflect projected light back to theneeas. Active systems (e.g. Optotrak,
Northern Digital Inc.,Waterloo, ON) utilize infraatdight-emitting diodes (IREDSs),
which generate their own light and are connecte wiring to a control unit attached to
the participant. The active markers flash segaéiptand the marker positions are
detected by the cameras based on flash timing @99;1

Various marker configurations are employed in tdibratories. One typical
configuration uses arrays of markers placed onl pdptes attached to the body. Clusters
of markers mounted on rigid structures tend to cedunwanted marker movement and
error compared to independent markers placed directthe skin. At least three markers
are needed to define each segment (101).

To acquire 3-D motion data, two-dimensional (2eDdrdinate information is
obtained initially from the cameras and the logatd the markers. From these sets of 2-
D coordinates, 3-D spatial coordinates are caledlasing a common approach based on
the direct linear transformation method (101;10&8h advantage of modern motion
analysis systems is that the coordinate positida can be rapidly calculated from
multiple markers throughout an entire movement sege (100). Thus, gait trials can be
viewed within minutes of data collection, enablexgamination of the data for potential

errors while the participant is still present ie taboratory (103).
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2.4.4.1 The Gait Cycle

A complete gait cycle is defined as the sequehex@nts which occurs from
initial contact of one foot to the successive alitiontact of the same foot (104). The gait
cycle is typically normalized, such that each evemxpressed as a percentage of the
whole, with initial foot contact designated as Offl éhe successive foot contact of the
same limb selected as 100%. The gait cycle inclstince phase (when the foot is in
contact with the ground), representing about 60%efgait cycle in healthy adults at
normal walking speed, and swing phase (when thieisawot in contact with the ground),
which makes up about 40% of the gait cycle (98).

Although different terminology exists for furthéivision of the gait phases,
stance phase is traditionally subdivided into Is¢eke (including initial contact and foot
flat events), midstance and push-off phases (we#l bff and toe off events during this
sub-phase). A commonly used terminology from Rasdibos Amigos (105) divides
stance phase into the sub-phases of loading respongdstance, terminal stance and pre-
swing. Swing phase is typically subdivided intolyawing, mid-swing and late swing
phases. Throughout the gait cycle there are twiog®of double limb support when
both feet contact the ground and two periods dajlsiimb support when the body is

supported by one limb (98;106).
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2.5 Gait Characteristics in Persons with Kne®A

2.5.1 Temporal Spatial Parameters

Common temporal variables measured in gait inchalespeed, stance/swing
time, stride/step time, single limb/double limb pap time and cadence (number of steps
per minute). Spatial or distance parameters irechidde length (the distance from one
foot strike to the next foot strike by the samedowxtremity), step length (the distance
from the foot strike of one extremity to the fotilse of the contralateral extremity) and
step width (the width of the walking base, betw#enmidpoint of the heel of one foot to
the same point on the other foot) (98;104;106).

Altered temporal-spatial gait characteristics hagen demonstrated in persons
with varying severities of knee OA. Those withdrib severe knee OA walked at a
significantly slower self-selected gait speed thaalthy control participants (107-110).
Others (111;112) reported no differences in sdeted normal walking speed between
those with less severe or more severe knee OA syrd@omatic control subjects.

Related to decreased gait speed, individuals kmde OA demonstrate
significantly decreased stride length, shorter &eapgth, lower cadence, longer stride
time and an increase touble limb support time compared to healthy cdmesticipants
(107;109). These changes may be mechanismsreas® weight-bearing stability

during ambulation.
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2.5.2 Kinematic Analysis

Kinematics provides a description of human movemeathout regard to the
forces, either internal or external, that causentbéion. Kinematic gait variables include
linear and angular displacements, velocities aweélacations. Angular displacement
describes the range of motion of a body segmeatalto an adjacent segment (113).

Dynamic sagittal plane range of motion (ROM) & kip, knee and ankle joints
was significantly reduced in 58 persons with sekeee OA who were compared to 25
healthy, age- and gender-matched subjects (10hid study OA participants walked at
significantly reduced self-selected speeds in caispa with the control group. When
gait speed was controlled (all participants walkithgpeeds between 1.12 and 1.34 m/s),
a group of 15 individuals with moderately severe&k®A demonstrated less knee
flexion and extension ROM during gait than an asigmyatic control group matched for
age, gender and weight (114).

Other studies reported that those with knee OAamiaitial contact with the
ground with the knee more extended compared tq ggeder- and weight-matched
healthy adults without knee OA (115;116). In aiddhf significantly lower mean knee
angular velocities and maximum knee extension viéscwere found in persons with
moderately severe knee OA in comparison with asgmatic control subjects matched

by age, gender and weight when both groups amlougdtsimilar gait speeds (114).
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2.5.3 Kinetic Analysis: Overview

Kinetics refers to the study of the forces and raots that cause motion and
provides insight as to the basic mechanisms of mewe (98;117). Kinetic analysis
requires GRF data, which can be derived from fptatform measurements during gait.
The GRF represents the force of the ground ondbg Which is equal in magnitude and
opposite in direction to the force that the bodgréxon the ground through the foot. The
sum of the vertical force component and anteriatgor and medial-lateral horizontal
shear forces constitutes the GRF vector (118;119).

Combined data from external forces (GRFs), kinaratalysis (velocities and
accelerations of joint positions) and anthroponsetreasures (segment mass, centre of
mass and moment of inertia) allow for the calcola®f forces and moments. To obtain
3-D kinetics, force platform data must be syncheediwith the kinematic data. Current
motion analysis systems enable the simultaneolisctioin of kinematic and force
platform data at compatible sampling rates (117,12 inverse dynamics approach is
applied to indirectly determine forces and momémis kinematics and
anthropometrics. Inverse dynamics uses a link-eegmodel which moves from distal
to proximal and treats limbs as rigid segments eoted by joints or links, following
Newtonian mechanics, in order to calculate kinpticameters (117;119).

A critical factor in 3-D kinetic analysis is thedation of joint centres. One
technique involves the approximation of joint cestbased on the location of anatomical
landmarks in relation to the marker clusters atddo the body. The knee joint centre
may be estimated as the midpoint of the distantedsn the lateral and medial
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epicondyles and the ankle joint centre as the midpd the distance between the lateral
and medial malleoli. One simple method for locatimg hip joint centre is to estimate
25% of the distance between the right and lefttgredeochanter landmarks (117).

Quantification of joint moments during gait casiasin identifying the nature
and cause of functional abnormalities (32). Momemdy be classified as external or
internal. External moments are the moments alh@ujoint centre which are produced
by external forces, including GRFs and inertiatés. The external moment is equal and
opposite to the net internal moment generated bsctas, joint capsules and ligaments to
counteract the external forces acting on the b88y10). In this review, moments will
be referred to according to the external momenvention unless stated otherwise.
Moments are often normalized to participants’ badyght and height and expressed in
the units of percentage body weight and height (%BiVto allow for comparison
between subjects.

The following sections will describe the typicahétic features (GRFs and

moments) which characterize the gait of personk knee OA.

2.5.4 Ground Reaction Forces

Evaluation of GRFs in those with knee OA may pdevan indication of loading
through the lower extremity joints. Several stsdbowed that the vertical loading rate,
or the slope of the GRF, was significantly highethose with knee OA compared to
asymptomatic control participants (114;116;121ne@tudy of small sample size and
low statistical power found no difference in knemnj forces or vertical loading rates

between OA and control groups (115).
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Using principal component analysis and discrimiraralysis, Astephen et al.
(121) identified that the loading response phagbefait cycle immediately following
initial foot contact was a discriminatory phasdidguishing between the gait patterns of
those with and without knee OA. Gait featuresmyithe loading response phase may be
important in the development and progression oEkKdA. Radin et al. (122) found that
a group of people with a history of knee pain (wheye free of pain at the time of
testing) and negative knee radiographs (possilvg-gsteoarthritic’) demonstrated
increased rapidly-applied loading at initial conteempared to a healthy group with no
history of knee pain or radiographic evidence of. GRapid joint loading may increase a

joint’s susceptibility to articular cartilage dansa@22;123).

2.5.5 Sagittal Plane Moments

Decreased external knee flexion moments in midegtgphase of the gait cycle
were reported in several studies comparing peraathsknee OA and asymptomatic
control participants (108;110;112;120;124). Pmaticomponent analysis and
discriminant analysis revealed that smaller knegidin moments during stance were
important features distinguishing the gait of thosi knee OA (108). The external
knee flexion moment is counteracted by the inteknake extension moment. A gait
pattern requiring decreased quadriceps contra¢toiadriceps avoidance’ pattern) may
have been adopted in an attempt to reduce comypeessces on the knee joint and
alleviate pain (120;125).

Other studies examining sagittal plane momenpeisons with knee OA have

shown conflicting results. Increased knee mom#mtsughout the stance phase of gait
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were found in those with severe knee OA in comparisith healthy, age- and gender-
matched control participants. These moments weiatained for longer periods,
possibly to stabilize the knee joint for weightiséer in stance (107). No differences in
sagittal plane moments between knee OA and cogitooips were reported by other

authors (116;126).

2.5.6 Frontal Plane Moments: The External Kne&dduction Moment

A more recent focus on frontal plane biomechadigsng gait, in addition to
sagittal plane patterns, has provided greater gtateding of dynamic knee joint loading
in persons with knee OA. Direct measurement aftjtmads is not feasible on a large
scale in humans due to the invasive nature of teéhod. However, accumulating
evidence indicates that the external knee adduatioment measured during quantitative
gait analysis provides a valid, indirect estimdtdymamic load on the medial
compartment of the knee (32;127-129) .

The knee adduction moment is the moment tendirgitiuct the knee throughout
most of the stance phase of gait and is larger ttteumoments tending to flex, extend,
and internally or externally rotate the knee (13Quantification of the knee adduction
moment may be obtained by calculating the prodtittefrontal plane GRF vector and
the perpendicular distance from the GRF vectohéokinee joint centre (Figure 2.3).
This distance is termed the frontal plane lever @rgi). Hunt et al. (131) reported that
frontal plane lever arm magnitude was greater ieknaffected with OA than in
unaffected knees. Furthermore, the peak knee &ddunoment magnitude was more

highly correlated with the magnitude of the pealntal plane lever arm than with the
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Figure 2.3 The external knee adduction moment, calculateti@product of the
frontal plane ground reaction force vector andftbatal plane lever arm (the
perpendicular distance from the ground reactiosog@ector to the knee centre),
modified from Specogna et al. (69)
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peak frontal plane GRF vector. It was suggestatlititerventions focused on reducing
the magnitude of the lever arm may be beneficiatHose with medial knee OA.

Across the stance phase of gait the knee adduct@mnent has a typical biphasic
pattern with two distinct peaks (132). In genetia first peak occurs in the first half of
stance during the loading response phase shotdyiatftial contact. The second peak is
associated with late stance when the whole foot c®ntact with the ground prior to
push off (Figure 2.4).

The knee adduction moment has been implicatedh@eg@ determinant of
medial to lateral load distribution at the kneenjoHurwitz et al. (127) tested the validity
of the knee adduction moment as a measure of km@dgading in a study of bone
mineral content of the proximal tibia in healthyuid. The authors reported a significant
positive correlation between the peak knee addactioment and the ratio of medial to
lateral tibial bone mineral content. Wada et a29lconfirmed these findings of an
increased medial to lateral ratio of bone minegadgity in the proximal tibia with
increasing magnitude of the peak knee adduction embim 69 individuals with medial
compartment OA. It was postulated that the hiddwere mineral density was a
consequence of greater loads through the medigbadment of the knee.

Recently, Zhao et al. (133) investigated the i@tship between the knee
adduction moment during gait and in vivo measuramehmedial compartment load
using an instrumented knee implant in a singleestibjrhe knee adduction moment was
shown to be highly correlated with internal mediampartment contact force and medial

to total force ratio, further strengthening the diyyesis that the knee adduction moment
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Figure 2.4 The external knee adduction moment across theesfamase of gait.
Note the typical biphasic pattern with two distipeiaks.
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can be used as a surrogate measure of medial congpdiload during gait (133).

Higher knee adduction moments have been repantdtbse with medial knee
OA compared to healthy participants of similar ageight and height
(111;116;124;132). The higher knee adduction maséaring stance phase were
identified as discriminatory features of persongiwinee OA when gait patterns were
evaluated with principal component analysis andrdisnant analysis techniques
(121;124).

Peak knee adduction moment values demonstratedl@xctest-retest reliability
(ICC of 0.86) in 31 persons with medial compartnmiarge OA awaiting high tibial
osteotomy (134). Testing was conducted on twors¢épaccasions and the mean time
between sessions was 3.4 = 2.0 days. The findinggested that the knee adduction
moment is a reliable outcome measure for distifgngsamong patients over time, as in
clinical trials investigating the effects of intervions on the reduction of medial knee

joint loading.

2.5.6.1 Knee Adduction Moment and its Relationspiwith Disease Severity,

Alignment and Pain

A report of significant correlations between tleak external knee adduction
moment and radiographic disease severity (r = Q&8jneasured by the K/L grading
system, was provided in a cross-sectional studgtmrma et al. (135) of 54 persons with
medial knee OA. The magnitude of the peak knee @dtumoment was higher in knees
with K/L grades of 3 or 4 compared with grades ¢d @ (p < 0.001). These results

persisted after controlling for age, gender anesgvof pain. When only joint space
39



width was considered, significant correlations wiexend between the peak knee
adduction moment and medial joint space width {0.45). Other studies have
confirmed these findings of an association betwherknee adduction moment and
radiographic OA grades (111;116;136;137).

A positive relationship between the knee adduathmment and static lower limb
alignment, as measured by the mechanical axis angtebeen demonstrated in persons
with knee OA (69;129;132;137). Although the stritisgof the associations varied in
these studies (r values from 0.23 to 0.74), thasie gveater varus alignment had higher
knee adduction moments during gait.

Studies have demonstrated that pain intensity amergpns with knee OA is
related to the knee adduction moment (138-140)wiz et al. (139) studied the inter-
relationship between pain and the knee adductioment after individuals with knee OA
had discontinued their arthritis medication for-e@ek washout period. Following gait
analysis and clinical evaluation, participants WitA were then administered a non-
steroidal anti-inflammatory drug, acetaminophemplacebo for 2 weeks and gait
evaluations were repeated. The change in the lpeak adduction moment between the
two evaluations was inversely correlated with thange in pain (& -0.48). Those with
lower pain scores on the Western Ontario and Mcétdshiversities Osteoarthritis Index
(WOMAC) demonstrated a significant increase inkhee adduction moment between
initial and final testing. The authors postulatiedt an inhibition of the pain protective
reflex occurred in those with decreased pain, wheslulted in increased joint loading

and higher knee adduction moments (139).
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2.5.6.2 Knee Adduction Moment as a Risk Factor fdncidence and Progression of

Knee Osteoarthritis

The effects of dynamic mechanical factors on thggenesis and rate of
progression of knee OA is not yet fully known (14 Btudies of small sample sizes have
provided preliminary evidence that the magnitudéhefknee adduction moment may
influence subsequent initiation of knee OA (142)148min et al. (142) reported that a
higher knee adduction moment at baseline was agedawith the development of
chronic knee pain in a group of older adults evi@d&-4 years later. Since knee
radiographs were not performed at baseline orliaweup, the study investigated
chronic knee pain and not necessarily knee OA.

Stronger evidence exists for the role of the kragiuation moment as a risk
factor for knee OA progression. Miyazaki et aB{)Ltested the hypothesis that dynamic
load at baseline could predict radiographic disgasgression in persons with medial
compartment knee OA at 6-year follow-up. Those whowed progressive medial joint
space narrowing over the 6-year period had highselme knee adduction moments,
compared to those without disease progressionséhsitivity, specificity and positive
predictive value of the baseline knee adduction emrfor radiographic disease

progression were reported to be 88%, 83% and 888pgectively (137).
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2.5.7 Frontal Plane Hip Moments

Alterations in frontal plane hip biomechanics haeen reported in those with
knee OA, possibly as compensations to reduce kaeelpading during gait
(108;116;144;145). Mundermann et al. (116) fourat,timmediately following initial
contact, maximum external hip abduction momentsevmgreased in persons with knee
OA compared to matched control participants withmée OA. During mid-stance and
terminal stance lower first and second peak extédnpaadduction moments were
observed in persons with more severe OA, whiledivagh less severe knee OA had hip
adduction moments that were similar to matchedrobparticipants (116). Findings of
reduced stance phase peak hip adduction momengsalger reported in other studies of

individuals with moderate and severe knee OA (148;145).

2.6 Strategies and Interventions to Lower the Kee Adduction Moment

2.6.1 Gait Strategies

Certain characteristics of gait are associated sithwer peak external knee
adduction moment (97;111;132;146-148). Individweikh knee OA may adopt gait
strategies unconsciously in attempt to reduce rhedrapartment load and decrease pain
(149). It has been suggested that these adaptategies could be reinforced or learned
as part of gait training in rehabilitation and abpbtentially produce a disease-modifying

effect for those with medial compartment knee OA$3;111)
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2.6.1.1 Decreased Walking Speed

One potential adaptive gait strategy is decreasgking speed. Mundermann et
al. (111) studied 44 individuals with knee OA ofyiag disease severity who were
matched by age, gender, height and weight to 4dhjptymatic control participants.
When participants walked at their self-selectedmadiwalking speed, the relationship
between maximum knee adduction moment and wallpegd was highly specific to the
individual and depended on disease severity. Tdpes of the walking speed/maximum
knee adduction moment relationship were signifigagrteater in those with less severe
knee OA than the asymptomatic control participamesults of the study suggested that
those with less severe knee OA may automaticatlyae their walking speed as a

strategy to decrease mechanical loading of the KhEP.

2.6.1.2 Toe-out Gait

Increased toe-out angle of the weight-bearing fluwing stance phase of gait is a
pattern often adopted by persons with knee OA (3,146;148). The toe-out gait
strategy may be a mechanism to decrease the kdeetamh moment and unload the
medial compartment of the knee. Greater toe-ouhdigait would theoretically result in
a more lateral displacement of the centre of presshus shifting the GRF vector closer
to the knee joint centre and reducing the fronkahe lever arm (97;132;146;148). In
those with knee OA, ambulating with a greater amadiself-selected toe-out has been
shown to correlate with a reduced second peak &ddection moment during late stance

(97;132;146;148). Jenkyn et al. (148) reported tina magnitude of the frontal plane
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lever arm was shorter in the toe-out condition tigitout the gait cycle in 180 individuals
with medial compartment knee OA. Increasing tleedat angle beyond a self-selected
degree further reduced the second peak knee adduntiment in 10 persons with knee
OA (146).

Previous studies found no relationship betweeressed toe-out angle and the
first peak knee adduction moment during early stgstase of gait in those with knee
OA (97;132;146). The lateral shift of the centrgpogssure with toe-out gait may only
occur in late stance. However, Jenkyn et al. (1d&ntly reported that toe-out gait
produced small, but significant, reductions in fituatal plane lever arm and knee
adduction moment in early stance phase, which aetempanied by significant
increases in the sagittal plane lever arm and eaté&nee flexion moment. The authors
suggested that externally rotating the hip to iasesthe toe-out angle converts a portion
of the knee adduction moment into a flexion momemarly stance, which may help to
shift load from the medial knee and distribute iogdnore equally between
compartments (148).

In an 18-month longitudinal study, Chang et aFf)(@emonstrated that a greater
toe-out angle during gait at baseline was assatiaith a decreased likelihood of OA
disease progression. Similar results were obtaafied adjusting for potential
confounding factors, including age, gender, BMle&main severity and baseline
radiographic disease severity. The authors sugdélat toe-out angle is potentially

modifiable through gait training or use of foothmtics. Clinical trials would be required
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to evaluate the effectiveness of increasing toeaagte as a rehabilitation strategy for

slowing the progression of knee OA (97).

2.6.1.3 Lateral Trunk Lean

Lateral trunk lean, a gait pattern observed clihyda some individuals with
knee OA, is another strategy which may be adomedduce knee joint loading.
Leaning the trunk laterally over the stance limhuldcshift the centre of mass laterally,
resulting in a lateral displacement of the GRF @eand a decrease in the magnitude of
the lever arm about the knee (147).

A study to quantify the magnitude of lateral trda&n during gait included small
samples of individuals with unilateral and bilatdnace OA and a group of
asymptomatic control participants (150). Resultthe study demonstrated no
significant difference in the lateral trunk leargnbetween the three groups. Those with
bilateral knee OA demonstrated a tendency to leain trunk towards the swing side
during ambulation, which, theoretically, would iease loading in the medial
compartment, a characteristic gait that the authoggiested may contribute to the
progression of knee OA.

Hunt et al. (147) measured lateral trunk leanrdpgait in 120 patients with
medial compartment knee OA and reported thatdinst second peak knee adduction
moments demonstrated significant negative coraxativith lateral trunk lean (r = -0.39
and -0.33, respectively). Furthermore, trunk [Eamards the stance limb explained a
considerable portion of the variation in the fpsiak external knee adduction moment.

The magnitude of lateral trunk lean had a higheratation with the peak knee adduction
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moment than other kinematic variables, including gjgeed and toe-out angle. The
findings indicated that future gait studies of fatérunk lean in persons with knee OA
are warranted, particularly in trials investigatmmgk factors and interventions for knee
OA.

It may be that individuals with knee OA alter thgait pattern through a
combination of mechanisms, including decreasedspa&ied, lateral trunk lean and toe-
out walking (148). Further research is requireddgtermine the long-term benefits of
these compensatory gait patterns as potentialgbatie interventions for reducing knee

pain and slowing disease progression.

2.6.2 Conservative Interventions: Bracing and @hotics

Non-surgical interventions, including knee braaed foot orthotics, offer the
potential for decreasing the knee adduction moraedtalleviating pain in persons with

knee OA.

2.6.2.1 Knee Braces

Valgus-producing unloader braces aim to reducepcessive load on the medial
compartment through the application of an oppositgrnal valgus (abduction) moment
to the knee (151). Studies evaluating the effentgs of valgus braces for reducing the
knee adduction moment in persons with knee OA Ipaoduced mixed results. No
differences in gait parameters, including the kagguction moment, were found during
testing with and without valgus bracing after 9 seand 1 year of brace wear in 19
individuals (13 persons at one-year follow-up) wktiee OA (152). Other knee OA
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studies of similar sample sizes have demonstragggh#icant decrease in the knee
adduction moment with bracing (153-155). Gaaslatel. (154) found that the greater
the degree of varus malalignment, the greaterdtiaation in peak knee adduction
moment achieved by the brace.

Pollo et al. (151) estimated medial compartmend lkasing an analytical model
which incorporated kinematic and kinetic gait asaydata and the measured brace
moments. Net knee moments were calculated asxteeal adduction moment minus
the brace valgus moment. Significant reductionssitimated medial compartment load
were found for valgus bracing at each of the valgulations studied compared with
the unbraced condition. In addition, the net kmegnent was significantly reduced with
valgus bracing compared with no brace (151). Inresn, Otis et al. (156), using similar
estimations to calculate medial compartment loadorted no significant differences in
medial compartment forces between sham bracingdlgus correction) and valgus
bracing.

While the effectiveness of valgus bracing for r@ddg medial compartment load
in persons with knee OA is still uncertain, subjexfindings of decreased pain and

improved function from use of valgus braces hawnlbreported (151-155).

2.6.2.2 Foot Orthotics

Valgus (laterally) wedged insoles have been recentted for the conservative
management of knee OA as a means of directly aff&mee joint biomechanics. The
mechanism by which laterally wedged insoles malyarfce the knee adduction moment

is not clear. It has been postulated that wedgidistse calcaneus into a valgus position
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relative to the tibia, thus shifting the centrgoéssure laterally during walking (157-
159). These adjustments would theoretically simatfte frontal plane lever arm at the
knee and decrease the joint moment.

Reductions in peak knee adduction moments ancdsed knee pain have been
reported with the immediate use of laterally wedmgeadles in those with medial
compartment OA in comparison to using no insolesram-wedged control insoles
(160-162). In contrast, results of a study by Metlal. (158) demonstrated no immediate
differences in the displacement of the centre espure or the peak knee adduction
moment between the conditions of routine footwaaralgus heel wedge and a modified
valgus orthosis in persons with medial knee OA.

A two-year prospective randomized controlled thplPham et al. (163) failed to
demonstrate improvements in knee symptoms or #neeption of long-term structural
deterioration with the use of laterally wedged Iasacompared to neutrally wedged
insoles in persons with medial knee OA. This stddlynot include gait analysis and,
thus, it was not possible to determine if use efdrthotics reduced the knee adduction
moment. In addition, the insoles utilized in tihedy wedged the rearfoot only. Hinman
et al. (164) found that full-length insoles whickedged the entire lateral border of the
foot significantly reduced the first and secondkple@ee adduction moments compared
with no insoles, but that rearfoot wedges had goicant effects. Full length insoles
may be necessary for effectively altering lowerdimomechanics and influencing

symptoms and disease progression.
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Hinman et al. (160) reported that the use of &iewedged insoles produced an
immediate reduction in peak knee adduction momierttse first and second half of
stance and at 50% of stance phase. After thre¢hmaorh treatment with insoles, there
were improvements in pain and self-reported phy$icaction. Those factors which
predicted clinical outcome with wedged insoles waisease severity, baseline self-
reported function score and magnitude of immedihtnge in walking pain and first
peak knee adduction moment, although much of tharvee in outcome was
unexplained. Given the lack of consistent respeptséateral wedging in persons with
medial knee OA, it has been suggested that layesedtiged insoles may be more
effective in certain sub-groups of this populatidfurther studies are needed to identify

characteristics which predict a favourable outcgh®a).

2.7 Exercise Interventions

2.7.1 Strengthening Exercises: Influence on Peand Function

Randomized controlled trials have demonstratetiidbtn home-based and
facility-based programs focusing exclusively on éovextremity muscle strengthening
are effective for persons with mild to moderateek@ (83;165-169). Benefits include
reduced knee symptoms, increased muscle stremgpnovements in self-reported
physical functioning and performance of functiotzalks, and enhanced health-related
guality of life. These benefits were found asyad 6-8 weeks from baseline (166-168)
and over the long-term (up to 2 years) (83). Dasee pain and improvements in self-
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reported and objective measures of physical funaticcurred regardless of the mode of
strengthening (isometric, isotonic or isokinetigjth no differences between the
programs when the strength modes were comparecdl@®6 Both high- and low-
intensity resistance programs were shown to prodiggeficant improvements in pain,
self-reported physical function and objective fumcal measures in persons with knee
OA (167). Contrary to those findings, a 6-weekhhigtensity strengthening program
had no effect on pain or function, but a small @ffen quality of life, in those with
moderate to severe knee OA (170).

Exercises, in combination with manual physicatdipg techniques, have been
shown to decrease pain and improve self-reportddhbjective measures of physical
performance over the short-term in randomized cdiett trials of persons with knee OA
(81;171;172). Long-term benefits of manual therapg exercise were found at one-year
re-assessment (172), while another study repodesigmificant differences between
treatment and control groups at 9 months’ followflip3). Hydrotherapy-based
strengthening programs were also effective for oaprg pain and/or self-reported and
objective measures of physical function in thostn\wnee OA (174-177).

It has been suggested that generic, minimally rsigel exercise programs may
not be appropriate for all individuals with knee Ok particular, generic strengthening
exercises for persons with OA and malaligned okiaees may produce negative effects
of increased joint reaction forces and damagettoudar cartilage (43). Specific exercise
programs which consider the local mechanical emvirent of the joint may be more
effective (43;45).
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In summary, evidence from published systematicesgsiof the literature indicate
that strengthening exercises alone as well as pdytkierapy in the form of manual
therapy and supervised exercise programs produak tnmoderate beneficial effects
on pain, physical function and health-related dualf life in persons with knee OA

(178-182).

2.7.2 Influence of Exercise on Gait Parameters

Few studies have investigated the effects of és@&n gait mechanics in persons
with knee OA. Temporal-spatial parameters werduatad in a study by Peterson et al.
(183), in which 102 individuals with knee OA wesndomly assigned to an 8-week,
hospital-based exercise intervention group (n 5 dansisting of fitness walking, light
stretching and strengthening exercises 3 times/waek control group (n = 45), which
received weekly telephone contact. Following thee®k intervention period,
participants in the exercise group demonstratedifgigntly increased stride lengths at
natural and fast walking speeds compared to theaagroup.

Fransen et al. (81) randomly assigned participaittsknee OA to three groups:
individual physical therapy treatments at the adison of the treating physical therapists
(n = 43); small group sessions of stretching arehgthening exercises led by a physical
therapist 2 times per week, supplemented by a hexaecise program (n = 40); and a
control group which received no treatment (n = 48)llowing the 8-week interventions,
both forms of physical therapy treatments resultegignificantly increased gait speed

and stride length in comparison to the control gr(&(1).
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The influence of exercise on kinematic and kinpticameters during gait has also
been investigated. The Fitness and Arthritis ini@snTrial (FAST), a 2-centre, single
blind randomized controlled trial, was conductedi¢termine the long-term effects of
aerobic walking and weight training interventiomsgait mechanics over an 18-month
period in older adults with knee OA (184). Both #exobic exercise group (n = 33) and
the resistance exercise group (n = 34) completdnanth facility-based program,
followed by a 15-month home-based program congjsifraerobic walking and
resistance exercises, respectively. The contmlm(n = 36) participated in a health
education class. Following the 18-month period,dkrobic group and, to a lesser extent,
the weight-training group demonstrated improvedckng speed, cadence and stride
length compared to the health education group.atérenean ankle and knee angular
velocities and vertical and anteroposterior propel$orces were also apparent in both
exercise groups, particularly the aerobic walkingug. In both exercise groups the
changes in gait were associated with a reductidkm&e pain during ambulation,
indicating that these individuals were able to egeeater loads through the lower
extremity without any negative influences on sympsq184).

Initial studies have also examined the effectexafcise on the knee adduction
moment. In an 8-week uncontrolled pilot study 8fpersons with early knee OA, the
knee adduction moment was measured during gaiysieand while participants
performed a one-leg rise from a stool (185). Mearsents were performed at baseline
and following an exercise intervention targetedamis improving lower extremity

strength and neuromuscular control. On post-ieation testing, there was a significant
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reduction in the peak knee adduction moment duwimegtleg rise, but not during gait.
The lack of change in the adduction moment duraiggay have been due to the low
power of the study and the mild disease severith@fparticipants (185).

The effect of quadriceps strengthening on the laggiction moment was
evaluated in 107 persons with medial knee OA i2-avikek randomized controlled trial
(186). Participants were stratified accordingligrament (more varus or more neutral
alignment) and were randomly assigned to a supghheme-based quadriceps
strengthening program or a control group which ikezeno intervention. After 12
weeks of quadriceps strengthening there was ndfis@mt change in the knee adduction
moment in either the group with varus malalignnmarthe more neutral group. Based on
a power analysis, the authors reported that thesigmficant finding was unlikely due to
insufficient power. Results of the study did shdwattquadriceps strengthening produced
a decrease in knee pain in persons with more raligament, but not in those with

greater varus malalignment (186).

2.8 Frontal Plane Hip Musculature

The frontal plane hip muscles may function to pdevstability at the pelvis, hip
and knee. Research relating to hip and thigh rewsdivity in healthy adults, those with
lower extremity injuries and persons with knee @& summarized in three sections

below.
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2.8.1 Dynamic Control of Frontal Plane Knee Staility

The effect of thigh muscular activity on varusfuas knee stability was evaluated
in a study of 5 healthy young male adults (187)usble activity was monitored by
electromyography (EMG). Varus/valgus knee stabwiis quantified using a device
designed to objectively measure resistance to atigalin the frontal plane, with the
participants positioned in supine. Under varus ilogdcontraction of the knee extensor
muscles with synchronous activity from the tensmicfa lata produced a delay in
opening of the lateral side of the knee joint, tregsting varus angulation. The authors
postulated that the lateral thigh muscles andlibighial band, which originates in the
tensor fascia lata, may function as lateral stadigi at the knee. Contraction of the knee
flexor muscles with synchronous activity from origte hip adductor muscles (gracilis)
resisted against valgus angulation (187).

Zhang and Wang (188) later provided a more speitifiestigation of dynamic
control of the knee in abduction-adduction undehlpassive (muscle relaxed) and
active (muscle contracted) conditions. In thiglgtthe axis of the joint driving device
was aligned with the knee abduction axis, whilehm study by Olmstead et al. (187) the
device produced linear motorized perturbation eflttmb from the ankle. Nine healthy
male adults with no previous lower extremity inggriwere tested. Electrodes were
placed on the lateral and medial thigh musclespamticipants sat upright in the joint
driving device with the knee in full extension. drés of the study showed that when the
participants actively resisted the adduction pédtions, the lateral muscles (biceps
femoris, vastus lateralis and lateral gastrocnenaastracted considerably. Similarly,
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medial muscles (semitendinosus, gracilis and megisirocnemius) contracted to
actively resist the abduction perturbations.
These studies provide evidence in healthy aduttsowt knee pathology that the

frontal plane lower limb muscles contribute to \&malgus knee stability.

2.8.2 Hip Muscle Strength and Lower Extremity hjuries

Recent studies have investigated the role of ifpenuscles in lower extremity
injuries and the potential benefits of hip strergiing as part of rehabilitation following
injury (189-194). Three-dimensional motion anatysésingle leg squatting, landing
from a jump and side-step cutting maneuvers indittzt the hip abductor muscles are
important for controlling frontal plane hip and lenmovements (191;195;196). Gender
differences have also been reported, with heakhyale adults demonstrating lower hip
muscle strength (normalized to body mass) and estifrontal plane hip and knee
control compared to males (191;195;196). Significgegative correlations (r = -0.35)
between hip abductor muscle strength and kneeyaigus displacement on single leg
landing from a jump were found for women, but ratrhen, suggesting that hip
abductor strength may play a more important rolegaromuscular control of the knee in
females (191). The above findings may partiallglai the higher incidence of anterior
cruciate ligament injuries among female athletetigpating in cutting and jumping
sports (197;198).

Weakness of the hip abductor muscles has beeneédpa persons with
patellofemoral pain syndrome (190;199-201) in congoa to non-injured, matched

control subjects. Researchers have theorized thakmess of the gluteus medius muscle
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as a hip abductor and external rotator may causessike femoral internal rotation and
adduction and increased valgus knee motion witlgktdbearing. Increased internal
rotation of the femur beneath the patella may gl&tellofemoral tracking and lead to
greater lateral patellar contact pressure (202;208)er et al. (194) studied the effects of
a 6-week program consisting of hip strengthenirgyféexibility exercises on knee
symptoms in 35 individuals with patellofemoral payndrome. Results of the study
showed that gains in hip abductor and adductongthewere no different between those
with symptomatic improvement and those without iay@ment in symptoms.

Runners with iliotibial band syndrome also demmatstd significant weakness of
the hip abductor muscles, compared to non-injuneders (189). Fredericson et al.
(189) proposed a mechanism, similar to the hypatheghe above studies on
patellofemoral pain syndrome, by which hip muscéainess could contribute to
iliotibial band syndrome. The authors suggestetweakness of the gluteus medius
muscle in its actions of hip abduction and extero&dtion would lead to increased hip
adduction and internal rotation during walking andning and would produce an
increased valgus vector at the knee. This patteatd place tension on the iliotibial
band, making it more prone to impingement agaimstiateral epicondyle of the femur,
especially during early stance phase when maximereldration occurs to absorb GRFs.
Following a 6-week strengthening program targetirgghip abductor muscles, 22 of 24

runners with iliotibial band syndrome were painfeg&l had returned to running (189).
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2.8.3 Hip Muscle Strength in Persons with Kne®A

The hip abductor and adductor muscles may assisgulating medial-lateral
load distribution across the knee joint. Frontahp hip muscles are important for
maintaining stability of the pelvis during gait @0 It has been hypothesized that
weakness of the stance limb hip abductor muscleddiead to drop of the pelvis
towards the contralateral (swing) limb during gaibich would shift the centre of mass
towards the swing limb. This shift in the centferass would theoretically increase the
magnitude of the frontal plane lever arm, leadmgigher knee adduction moments and
greater medial compartment knee joint forces instaace limb (116;144) (Figure 2.5).

Few studies have assessed hip muscle strengtiisargewith knee OA. Yamada
et al. (205) measured isometric strength of theabiguctor and adductor muscles in 32
women with medial compartment OA (49 knees) in cangon to a control group of 13
women with no history of knee problems. No sigrfit differences were found in hip
abductor or adductor muscle strength between the@Acontrol groups and between
knees with varying severity of OA. However, thelactor to hamstring ratio was
significantly greater in OA knees than control ksieand increased with increasing grade
of OA disease severity. The authors suggestedhbaitip adductor muscles may have
increased in strength over time to decrease vargslation of the limb and reduce the
knee adduction moment in those with knee OA (205).

Significant age-associated declines in isometratiaokinetic strength of the hip
abductor and adductor muscles have been docum@@ie207). Reduction in strength
of these muscles with aging may potentially contigtto frontal plane postural instability
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Figure 2.5 Potential mechanism by which stance limb hip aboluttuscle
weakness could lead to an increase in the kneecadd moment during gait and
cause greater loading through the ipsilateral aledimpartment of the knee,
modified from Chang et al. (144).

CM = centre of mass
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and falls among older adults (207). Given that kdéeaffects mostly older adults and
often leads to lower activity levels, hip muscleakieess may be present in those with
knee OA.

To our knowledge, the role of hip muscle strengtheg in the treatment and
prevention of knee OA has not been investigategh. adductor strengthening may be
important for improving frontal plane pelvic statyiland reducing compressive load at

the knee.

2.9 Concluding Remarks

Based on the literature presented in this chaftterfollowing chapters provide
further exploration of measures of muscle strenlgilier limb alignment and gait in
persons with knee OA. This review has also higitéd the current emphasis in the
literature on the pursuit of effective, non-surgjicéerventions to reduce medial
compartment loading and slow disease progressi@nee OA. Presented in this thesis
(Chapter 5) is the investigation of one potentiareise intervention for influencing knee

joint loading, pain and function.
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