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Abstract

Knee osteoarthritifOA) is a complex disease with several proposediranisms for
both the initiation and progression of the dseWithin the next 30 years, 1 in 4 Canadians
are expected to have OA and 30% of the workforce will have difficulty performing
occupational activities due to O®ne atrisk groupis workers whoseccupations require
frequent and intermittent kneelinigabitual kneelersTo better our understanding of how
knee OA is initiatedn this population, biomechanical studies are needed to suppefute
currenthypothesizegathways thalink occupational kneelintp knee OAlt is well
documented thdtontal planeknee laxity changes throughout {i®gression oknee OA
but it is not known whethdaxity changes ara cause or a result tfe diseaseThis thesis
work explores a laxity mechanism for knee @#iation in habitual kneelersStudy 1 aimed
to reliably capture frontal plane knee joint laxity usimgimproveddevice.Ten healthy,
young participants volunteered (5 males, 5 femal€€).scores ranged from 0.95 to 0.99
suggestingexcellentreliability of the deviceAn MDD of 1.2Z2was calculatedrad used to
inform laxity decisions in Study &tudy 2 was novel as it was the firsdietermine what
changes occur in passifrental plane knee joint laxityin addition togait mechanics and
muscle activation following a kneeling exposure. Fifte@ealthy, young participants
volunteered (8 males, 7 femaleSpntrary to what was expected, frontal plane knee joint
laxity did notchangdollowing the kneeling exposurélowever, during gaitknee flexion
angle at heel contaahdpeakknee flexion angleluringearly stance phase wdreth
affected by the kneeling exposure. These findlimdgskneeling exposure tarimediate
changes in measures indicativekage jointinstability andalteredloading that have the
potential to damage knee joint cartilagéus, the findingsupportthe epidemiological
evidence of a higher risk &hee OA development in habitual worketitsough likelythrough

someothermechanism thamcreasedrontal plane knee joint laxity.
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Chapter 1

| ntr oducTthiessn s Overview

Osteoarthritis (OA) is the most common form of arthritis daradfects 1lin 8 (13%)
Canadians aged 1 older Bombardier, Hawker & Magr, 201). Within the next 30 years,
1 in 4Canadians are expected to have OA and 30% of the workforce will have difficulty
performing occupational activities due to OBofnbardier, Hawker & Mayer, 2011
Osteoarthritis is costly to socie@ver the nexB0 years, direct costs, indirect costs and the
total economic burden of OA will drastically increase2010, the total economic burden of
OA in Canada was estimated to be $27.5 billion, with direct costs of $10.2 billion and
indirect costs of $17.3 bitn. If no changes are made in prevention and identifying early risk
factors, by the year 2040, the total economic burden of OA will be an estimated $1455.5
billion (Bombardier, Hawker & Mayer, 20L1At the individual level, OA is the most
common cause dafisability in Canada, with an individual suffering from pain, decreased
quality of life, and decreased in functional abilitits&acDonald, Sanntéin, Langlois &
Marshall, 2014

Canadians are most frequently diagnosed with knee joint (29%) or hip anpbikriee
(29%) osteoarthritis, suggesting that nearly 50% of all OA diagnoses involve the knee joint
(MacDonald, Sanntéin, Langlois & Marshall, 2014 Knee OAis a complex disease that is
thought to have several biological, functional, and structural fttat influence its
initiation andprogressior{Andriacchi, 2012)Both systemic (age, gender, genetics, and

nutrition) and local mechanical factors (joint overuse, injury, obesity, muscle



weakness/coordination, laxity, alignmeposturg have beemdenified as risk factors for

kneeOA (Figurel-1). Strong associations with both advancing age and obesity means that as
Canadians age, there is a need for a better understanding of knee OA initiation mechanisms
and srategies for individuals to manage their sympt@mnd progression of the disease
(Toivanen et al., 200%.elson,2002). Additionally, for many people with symptomatic
osteoarthritisit has been found thittakes several years to get a diagn@d¥iacDorald,

Sanmatin, Langlois & Marshall, 2014 This finding is criticabecause the initiation phase of
knee OA is the best opportunity we have to identify and modify early knee OA risk factors in
these individualsAlthough progression of knee OA has beesrdiighly researched,is

evident thatittle research has focused early, modifiable risk factors that may be present

during the initiation phases of knee OA.

Knee OA

Machanical
Facioms

Sysiamic
Faciors

| ]
| l | [ l | I

1
Mustia | i i deind Desupstang =
| Wenkress | Liwity inury | Aligniment P hetvtios Mulrgon Sarder Genetis hoa

| Dbasty

Figure 1-1: Risk factors of knee OA.Local mechanical risk factorsare on the left, systemic

factors on the right. Modified from Arden & Nevitt, 2006.
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Recently, epidemiological studies have indicated that deep knee flexion activities
such as kneeling and squatting at workaasociated wi increased rates of knee OA
(Coggm et al , 2000; D6 Souza TesefirdingswarrahtOir@e 8 ; Mur a
biomechanical study of these occupatiand the daily occupational activities performed by
workers Kneeling(unsupported, supporteand sitting on heelgnd squatting postures at
work caninvolve a combination afustainedind intermittent periods of knee flexion greater
than 90. Examples of occupation&heelingtasks include insiling tiles as a floor layer or
laying bricks as anasomy worker (Kajaks, 2008jensen, Rytter & Bonde, 201@ne theory
of knee OA developmeris that cartilage becomes conditioned to the loads it is exposed to,
and therfollowing abnormal stresses and strains on the tigsugsh occur in kneeling)
injury ensuesiue to an inability to respond appropriatéindriachhi et al., 2004Despite
this epidemiological evidence that these workers are at increased risk f@Anee
development, littleesearch is being done to explore how occupational expasianes
influencethedevelopment of knee OA in these workekgilot study byKajaks and
Costigan (2015)vas the first study that explored the effects of prolonged kneeling on
mechanics and neuromuscular measunetudingkneeflexion angles, external moamts
and muscle activationWhile this studyfounddifferences in measures after prolonged
kneeling was performed, their results were limitei@ to thenability to describe the
mechanism through which these changes occurred. The authors theorikeg¢hatnt
laxity might bea key variable needed to explain the pathway to knee OA develofoment

habitual kneelersoy linking kneeling to mechanical and neuromuscular chaktygegever,



laxity was not measureddditionally, the sample only consisted adfdithy, young males,
but females also spend significant time in kneeling postdtes)g both activities of daily
living and occupationactivities

Changesn frontal plane mechanics have been obse(8bdrma et al1999;van der
Esch, Steultjens, Wringa, Dinant & Dekker, 200%hroughout the progression of knee OA
(not necessarily in habitual kneelers), includimgyeasesn passiverontal plane laxityand
in frontal plane anglesnomentsandmuscle activatiopatternsduring gait It has been
hypothesized that modifications in gait kinematics may make a habitual kneeling group more
vulnerable to knee OAaudreault, Hagenster, Poitras & de Guise, 20l&audreault et
al. (2013 found that a habitual kneeling group, without knee OA, had dlteree adduction
and flexion anglesshen compared to a healthy control group, suggesting that changes may
occur due to cumulative kneeling exposures before disease progréssionmary of the
hypothesized pathwap knee OA development through a laxitgchanism has been
developedEachelement will be explored later in the literature revi€hgpter 2 with the
highlighted elements Figure1-2 beingthe focus of this thesis warkhe elements thare
not highlightedn thefigure, measurindigament creepcompressiopandstability in the
knee joint directly, and in turn, the consequenndsrmsof knee jointtissueintegrity, are

beyond the scope of this project.



Ligament
creep/dysfunction

Joint instability

Increased
stability

Healm? e
"

Figure 1-2: The proposed pathway to knee OA development through a laxity mechanism in
habitual kneelers (Modified from Kajaks & Costigan, 2015). KAA = Knee adduction angle,
KAM = Knee adduction moment, KFA = Knee flexion angle, KFM = Knes flexion moment.
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The purpose of this investigation was to investigate whether an acute kneeling
exposure could elicit any identifiable changes to passive frontal plane knee joint laxity, knee
joint mechanics, omuscleactivation.Thiswas achieved by cwlucting two studiesStudy 1
(Chapter 3involved designing, creating, and testimgiaprovedfrontal plane knee joint
laxity device. This devicevas then used in Study(€hapter 4to determinef frontal plane
knee joint laxity increased after an acuterBidute deep knee flexioexposureFigure1-3
showsthe complete thesis study desigrhis thesis was designed for two separate
manuscripts, and thu€hapter 2will read as a general literature review whileapter 3and

Chapter 4will read as separate, staatbne papers.



Research Quastion:
Can we accurately
measure frontal plansa
knee joint laxity?

Recruitment;
10 healthy
participants (&
males, 3 females)

Study 1 -
Raliabikty
i Study
Thesis
Overview
Study 2 -
Knaeling
Exposure
Study

Research Question;
Does kneeling change
laxity, machanics or
muscle actvation?

Depandent Variable:
1. Frontal plane laxity

Recrultrment:
15 healthy
participants (8
males, 7 famales)

Depandent Variables:

1. Frontai plana knee
Ity

2. Knee joint angles and
momants

3. Net muscla activation

Research Contributions:
1, Devica to measura
frontal plane laxity

2. Examine acute frontal
plane deficits as a result
of krealing expasura as
they may play a rola in
knae OA development
3. Accept or refule
theorized laxily pathway
of kneae 04 devalopment

Figure 1-3: Thesisstudy designshowing motivations, recruitment, dependent variables and contributions of each styd




Chapter 2

Literature Revi ew

This section will review studies supportitige theoretical framework behiimcreaseknee

joint laxity as a mechanism fénee OAdevelopment in hahial kneelerqFigurel1-2). First,
section2.1shows the epidemiological data that demonstrates that habitual kneelers are an at
risk population for knee OASecondsection2.2.1describes the literature to support that
ligament dysfunction likely occuismmediately following aracute kneeling exposurand

could result in joint instabilityThird, sectios 2.2.2andwork together to describe hcam

i ndi vi dual ibcseasedaxdtyrault bead atterpt to increase stabiligadingto
abnormal loadingwhich may result in damage to articular cartilagection2.2.4describes

how mugle activation is affected ithis pathway, while sectioris3and2.4 describe how

muscle activation and laxity are important measures throughout the course of knee OA

development and progression.

2.1 Occupational Risk Factors for Knee Osteoarthritis

Epidemiological studies hayovided three main points of evidenehich, when
taken together, provide strong support for the relationship between occupation and knee
osteoarthritis and provide motivatiéor the biomechanical study of high flexion
occupational activities.

1. Specific occupations have been associated with knee osteoarthritis. While the

relationships shown were strong statistically, the conclusions drawn were based on



specific job titles, nospecific job tasks or postures, and therefore cannot be

accurately interpreteddm a biomechanical perspective(son, 1988)

2. More recent epidemiological studies have identified specific occupational activities,
such as kneeling and squatting, that haeen associated with knee osteoarthritis.

This effort to isolate activities that are performed during a typical workday and to

categorize time spent doing these activities is a crucial step that provides the impetus

for analysis of these activities fromb@éomechanical perspective in an attempt to
determine why they may be detrimental to the knee (@obper et al., 1994; Coggan

et al., 2000).

3. Although knee pain is not a direct indicator of knee osteoarthritis, it is thought to be
an important risk factdior knee OA development (Robbins et al., 2011). In addition

to the associations with the risk of knee OA specifically (see points 1 and 2), strong

associations have been found between knee

2000).

One of the limitation that earlier epidemiological studies faced was having the
workers recall how much time was required in postures such as standing, squatting and
kneeling. In an attempt to elimate this recall bias, Kivimaki, Rhiimaki & HanningB92)
used video analysiwhile participants were at work to categorize time spent in standing,
kneeling, and squatting postures. This study compared an at risk group whose occupations
(carpet and floor laying) required kneeling more often, to a group with-&meeling

occupaton (painting). They found that although the groups did not differ in time spent in



squatting postures, the carpet and floor layers spent 42% of their time in kneeling postures
and their occupation was more at risk for knee morbidity and osteophytosis. Thes
observations support the idea that increased kneeling time at work is related to knee
osteoarthritis but this study does not provide a threshold for exactly how much daily kneeling
is required nor does it identify mechanisms of knee OA initiation ogpesson that are
related to kneeling.

Previous studies have indicateccupationakxposures based on low, moderate, or
high levels while others have quantified exposures by asking workers how much time per day
they spend in kneeling postures. Coopel.€tl894) compared a group of individuals with
painful, radiographic knee OA to age and sex matched controls and found a strong
association (OR 3.4, 95%CI 1931) between knee osteoarthritis and more than 30 minutes
of daily kneeling at work. Coggon dt &£000) confirmed that a daily duration of
occupational kneeling over 1 hour nearly doubles the risk (OR 1.7, 95%€I7).for knee
osteoarthritis. The results of these two studies, along with similar findings in other studies,
indicate that an atisk kneeling group should be defined as workers who kneel at36#i
minutesd ai |y (DO0Souza et al ., 2 @6oc8videnteuhataki et a
workers must kneel at least 2 hours daily to see similar risk (Manninen et al., 12882uld
be noted that occupational squatting has also been linked to an increased risk of osteoarthritis
as people that perform3 hours of squatting at work have been found to be at double the

risk for knee OA (Coggon et al., 2000; Zhang et al., 2004).
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The resilts of these epidemiological studies strongly suggesteg knee flexion
activitiesat work are risk factors for knee osteoarthritis. It is likely that morphological,
biomechanical and neuromuscular changes can occur due to prolonged or repetitfive use
these posture3heaim of Study 2 (sed-igure 1-3) wasto determindf biomechanical and
neuromuscular variables in gait differ following a strenuous kneeling actrogsible
mechanisms of how and why these changes cam @glt be explored in subsequent sections

of this review.

2.2 Etiopathogenesis oKnee OA

Over the past 25 years, the definition of knee OA has evolved as a more accurate
understanding of the etiology and pathomechanics of the disease have been recognized
(Brandt et al., 2008). Previous definitions of the disease focused on joint damage in general
butmore current definitions recognikeee OAas a failure of an organ (the synovial knee
joint) compris@l of many tissues and thus its causesharaerousAlthough knee OA is a
complex disease involving many systems, the purpose of this section will be to explain
mechanicallyat the tissue levghow the disease process may initiate to afmabmechanics
at the knee joint.

There are two distinct phases to kia@&: the initiation phase and the progression
phaselt is believed that during the initiation phase, mechanical inseittser injury or
abnormal loding- cause negative adaptations in soft tissues of the kneeTbimtigh it may
be difficult to identifyone initiator of knee OA, it has been hypothesized that the

development of knee OA starts wah initiatingmechanical insult to the joint (Radin et al.,
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1991; Andriacchi et al., 2004; Brandt et al., 2008hether this insulbccurs in the
ligaments cartilageor a combination of botlhas yet to be determinethe mechanism
proposed in this thesis work is through ligamaygfunction(Figure1-2) and thefollowing
sections will describe how prolonged deep knee flexion postuagsitiate this mechanism

in knee jointtissues.

2.2.1Joint Laxity with Deep Knee Flexion

There is little research related to ligament creep during deep knee flexion angles
greater than 39 But, in order to understand how a ligan#pasedmechanism can ledad
knee OA from sustained kneeling, it is important to review how ligament creep may occur
from frequent and intermitteeep flexiorkneeling.Ligament creep is induced by constant
load causing exponential lengthening and consequently, a temporargffaxity in the
loaded ligament (SolomonqQwW®004). Jackson et al. (2001) found tHiallowing 20 minutes
of prolonged lumbar flexiorghanges in feline supraspinatiige toligament creep had not
returned tdaselineconditions after 7 hours of rest. flct, after the #hour rest period, the
ligament had only returned to 79% of its4steetch tension. Although this animal model is
not a direct comparison to the behaviour of a human knee joint, it gives an indication that
joint stability may be compromasl due to ligament creep from as little as 20 minutes of
static kneeling. Maintaining joint stability is the primary role of ligaments and with
deficiency, the joint may subluand cause daage to the cartilage (Solomono004). The
role of ligaments ingint stability during static deep knee flexion postures may be increased

due to the fact that with these postures, it is likely that muscles play little role in stability
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since little joint motion is required (Jackson et al., 2001; Wojtys et al.,) E9@bin most
cases, net muscle activation in these sustained, static postures is vErgnoant, Maly,
Callaghan & Acker, 2014)

Previous literature has indicated that ligameyrsifanctionplays an important role in
altering joint mechanics (Andriacchi &by, 2005; Chaudhari et al., 2008). Childs et al.
(2004) proposed that the reduced flexion moment and flexion angles in OA groups are likely
associated with Rneejoint stabilizingmechanisno protect the joinin response to frontal
plane laxiy, funcional instability and knee paiAssociated with the knee angle change,
guadriceps and hamstrings activity increaiséarthering support for this knee stabilizing
mechanism (Childs et al., 200DA groupshave also been showaspond to laxity by
increagng co-contraction of muscle groups that cross the knee joint to increase joint stability
(Lewek et al., 2005).

In an invitro study on the geometrical changes of knee ligaments during passive knee
flexion, Belvedere et al. (2012) found ligament-$uimdes lengthen in the anterior cruciate
ligament (ACL), medial cruciate ligament (MCL), and lateral cruciate ligament (LCL) and
tighten in the posterior cruciate ligament (P@uying deep flexionLi et al. 004
performed a cadaveric study examiningitu forcesin ACL and PCLUigaments of the knee
joint duringsimulateddeep flexion kneelingThe ACL was found tde under increased
tensionat the start of knee flexion 8€¢), followed by a decrease in tensjahen another
increase irtensionwhen reackg higherflexion angles ofl50e The PCL was found to have

peak forces at ¥bf flexion posturesAnother study supported thétet MCL and LCL are
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also under tension in deep knee fleximnparticular, the anterior portions of these ligaments
are straied in deep knee flexion (Park et al., 2008)vivo length change patterns have

more recentlypeenmodeled for the MCL and LCL (Hosseini et al., 2014). This study
supported the idea that the anterior portions of collateral ligaments have increasinuingth
to 20%original lengtl) with increasing flexion. If this strain is held constant for a period of
time, it may induce ligament creephese studies demonstrate that although kneeling is a
sagittal exposure, and likely causes changes in the sagittal fiksues that support frontal
plane stability (mainly the collateral ligaments) ar@asetched during this posture and it is

appropriate texpect thakinematic and kinetic changes will occur in the frontal plane.

Ligament deficiency iproposedo be a cause of laxity that is experienced during
deep knee flexion postures, and habitual kneélesty increasemuscle activatioro
compensatéor functional instability While it may be suggested that increased co
contraction(and thus increased jdistability) may protect these workers from developing
knee OA in the first place, it is also known that increasedotdractionresults inincreased
joint compression forces (Childs et al., 2Q04hich has been associated witiee OA
initiation and prgression(see sectio.2.4. Additionally, althoughsomeone may increase
co-contractionafter kneelingo increase stability, thayight never quite achieve the same
stability as they had before performiadneeling activityThis thought would support the
theory that a change in location of loading may initiate the disease since an unstable joint
(due to laxityand abnormal loadingouldhave a change in loading contact locati(sese

section2.2.2. In the proposed study, frontal plane knee joint laxity wilhmasuresince
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frontal plane laxity and instability has been shown to be an integral part of the knee OA
disease process (Lewek et al., 2004)e role of frontal plamknee laxity speciically, in

knee OA development is discussedattion2.4.

2.2.2Tibiofemoral Joint Contact Location, Area, and Stressduring Deep

Knee Flexion

It is believed that during the initiation phase, mechanitllts due tonjury or
abrormal loadingcause negative adaptation in the atdceartilage fibers and matrix.
Cartilage becomes exposed to abnonmiak loadingwhen ligaments are injured or stretched
which causes changes in knee motion that shift the typical load bearingt ¢oca#ion of
the joint to a zone not conditioned to frequent load bearing (Andriacchi et al., 2004,
Chaudhari et al., 2008). These new load bearing regions are not mechanically or structurally
capable of withstanding the compressive or tensile forcestayme exposed to and thus,
they may fail under these new loading conditions (Chaudhari et al., 2008). These initial
events may cause a cascade of biological, mechanical, and functional changes within the
joint andinitatethedevelopmenphase of knee OA

Currently it is unknown what maximum force articular cartilage can withstand before
mechanical damage initiates knee OA and whether or not this maximal force threshluld
be the same for different groups of people. For example, it may be possilitesiiareshold
is different for two individuals of the same age, one who performs occupational kneeling and
one who does not, or it could be different for two individuals of similar occupdiidref

different ages (Buckwtdr, 2012; Seedhom 200&dditionally, & the joint increases in
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flexion angle, there are contact changes with regards to location, areangact force
magnitude both for the medial and lateral contémetaghat need to be considered, as these
are possible mechanisms for early idegtion of the articular cartilage (Chaudhari et al.,

2008).

Thambyah et al. (2005) investigated the contact stresses that are present during
different loading conditions of walking and squatting in five cadaveric knees. They found
that mean stresses neased by over 80% to 26.6 MPa for deep flexion loading conditions
relative to stance phases of gait which averaged peak contact stresses of 14.1 MPa. These
stresses, in part due to the increased force on the knee joint during high flexion activities, are
concerning considering previous research has indicated that damage to the articular cartilage
structures can be seen from cyclic and prolonged loading to the knee joint at impacts lower
than the loads mentioned in theoab study(Farquhar et al., 1996; Rel et al., 1978).
Walker et al. (2006) indicated that actual contact areas would depend not only on the changes
in loading but the shape of menisci and deformation of the cartilage surfaces. It is quite
possible that a combination of all three mechanisoi@nge in area, location and magnitude
of load- are initiators of the disease. tms thesisdifferences in contact area and loading
locationwere representéuly differences in knee joint kinematics based on-skounted
motion tracking. Differences knee jointadductiormoments indicattchanges in loading

magnitude.
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2.2.3Why the changes in contact loading are detrimental to cartilage

Articular cartilage serves to minimize high joint contact stresses during loading and
reduce friction at the joint dumg motion.Although damage thresholds for cartilage are not
well establishednegative adaption of cartilage to increased stress and changes in load
direction and contact area (see secfidh? is explained below, in termg ocartilage
composition and structural organization.

I n the 19706s, research began to categor.i
articular cartilage. Water composes nearly 65 to 85% of the total weight for normal cartilage
and is dispersed namiformly across the tissue (Maroudas, 19Fghe cartilage
hydration has been associated with higher permeability in the tissue (Maroudas, 1975).
Maroudas (1975) found that once the cartilage hydration, expressed as a percentage of initial
weight, droppedo 50%, there was visibly little to no permeability of the cartilage tissue.

This is particularly concerning because high peak stresses (which occur during deep knee
flexion activities) and high stress rates cause loss of water content and superficiztllaye
death, all of which can be detrimental to the integrity of the cartilage and its function to
disperse pressure across the tibial plateaus (Thambyah et al., 2005; Milentijevic & Torzilli,
2005). If cartilage loses hydration, it loses the abilitygfodn thus decreasing the contact
areadue to decreased joint conformépd increasing the stress on the area (Walker et al.,
1972).

Kempsm et al. (190) were one of the first groups to correlate the stiffness of
cartilage with the specific constituerathe cartilage. While water controls the permeability

and viscoelastic properties of the cartilage, proteoglycans (PGs) and chondrocytes are two
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structural components that control the lazadrying capabilities of the tissue. Using an
indentation methgdcreep modulus of cartilage at 2 seconds was collected after each load
application to eliminate the effect of thickness in the creep response. They found that as the
glycosaminoglycan content increases, so does the creep modulus (compressive stiffaess). T
same positive relationship was not seen for increasing collagen content of the cartilage.
These results indicated that PGs are responsible for biomechanical properties of cartilage
under compressive loading. In a later study performed by the samechegearp, they

showed that tensile properties of cartilage from the femoral head were associated with the
collagen content and specifically, they found that parallel arrangement of fibers to the surface
only in the superficial layer were associated withstie and shear stiffness. Interestingly,

this association was not seen in a perpendicular arrangement, nor was it seen in deep layer
of cartilage(Kempson et al., 1970 Thehigh-tensilestiffness cartilage areas are along the
periphery and as the kneppaoaches maximal flexion angles, the compressive load (contact
area) shifts to these areas. Thus, the arrangements of the cartilage fibrils in the periphery are
structured to resist tensile loads and not compressive loads, which could be detrimental to

workers who repetitively perform deep knee flexion postures.

2.2.4Muscle activation in Knee OA

Research on thmuscle activatioinvolved in the onset and progression of knee OA
is important to identify whether patterns in lower extremity muscle activatiorr thiéfisveen
healthy populations and knee OA populations. To ensure normal knee joint stability and

function, equilibrium between external forces and internal forces must be obtaereel(B
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et al., 2013). External knee joint loading is caused mainly byngroeaction forces and

inertial characteristics of lower limb segments and by definition, is counteracted by internal
structures such as muscles, ligamentsgisabdral bone and cartilage (Bl et al., 2013).

It has been hypothesized tlzdbss of knegoint stability stimulates an increase in muscle
activationbut whether altered muscle coordination is a cause of knee OA or a consequence
of knee OA is not well understood (Clslet al., 2004; Andriacchi, 2013). Understanding
muscle activation patter@sd therole of stability can provide further insight into how the

knee is loaded during gait and kneeling, and aid in developingnwasive measures which
can be used in conjunction with radiographic scores to improve clinical classifiogtard
interventiondor, those with varying severities of knee OA (Hublegzey et al., 2009)n

this thesis work, Study 2 @nOA cohort study, aimed toidentify differences immuscle
activationbetweerpre and poskneelingthatcould be used in the future piedictors of risk

and as a foundation for prevention

2.3 Muscle Activation Patterns during Gait Analysisin Knee OA

Much of the research domeuscle activatiomssociated with knee OA has been
focused on patterns of activation (timing and amplitude) arattivation of three lower
extremity muscle groupsjuadricepqvastus medialis (VM), vastus lateralis (VM), rectus
femoris (RF)) hamstringgbiceps femoris (LH), semitendinous ) andgastrocnemius
(lateral gastrocnemius (LG), medial gastrocnemius YMGhilds et al., 2004; Hubley

Kozey et al., 2009; Zeni et al., 2010). These studies have indicated that there are alterations
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in knee joint muscle activation patterns during gait and that some of these changes are
consistent with increasing structuraveaty of kneeOA.

The quadriceps have peak activation in the first 15% of the gait cycle, which aids in
lengthening the limb to support the weight of the tahgng the weight acceptance phase of
gait (Winter & Yack, 1987). Appropriate eccentric thag of the quadriceps during this
phase of the gait cycle serves as a protection mechamiastrenuatdigh impact loadshat
occuraround heel conta¢Bemell et al., 2013). In comparison to asymptomatic controls,
studies have shown that individualglwmoderate knee OA utilize higher quadriceps muscle
activation throughout most of the gait cycle (Astephen et al., 2008; Hilolegy et al.,

2006). HubleyKozey et al. (2006) found that the amplitude of the VL and RF muscle
activations were higher f@n OA group compared to controls atichtsimilar muscle

activations occurred for VM. Additionally, Childs et al. (2004) found that quadriceps had
longer durations of activity during stance. Hubkegzey et al. (2006) also found this trend in
duration but secifically for VL and RF, which was thought to be a response to increase joint
stability.

The roles of hamstrings during gait are to decelerate extension of the knee and
prepare for initial loading and thus, the pé&alknstringsactivation occurs at theslginning
and the end of the gait cycle (Yang & Winter, 1985). In comparison to asymptomatic control
groups, moderate OA groups have higher amplitudes for LH during initial contact phase of
gait (HubleyKozey et al., 2006). Initial joint changes due to hatcal insults may require

the moderate OA group to unload the medial compartment during contact, and increasing LH
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activity during this phase could potentially redistribute the contact force to the lateral side
(Hubley-Kozey et al., 2006). Rutherford &t (2013) found that prolonged activation of both
hamstrings (especially LH) occurred during rstdnce in individuals with knee OA
compared to the asymptomatic group, which is consistent with previous findings for similar
participant groups (Hublel{ozeyet al., 2006)In the OA group, e role of prolonged
activation during stance was thought to provide increased stiffness as the quadriceps also
have prolonged activation during stance.

In knee OA groups, coontraction indice¢CCl) of lower extremitynuscle pairs
(both medial and lateral pairaje increased throughout the gait cycle (Childs et al., 2004;
Hubley-Kozey et al., 2009; Zeni et al., 2010). Knee joint instability or potentially, changes in
mechanics at the hip or ankle, can elicit increasgdgonistic muscle activity in individuals
with knee OA (Zeni et al., 2010). Because there are many potential sources for akered co
contraction of muscles, it has been difficult to establish causal relationships between co
contraction and knee joint degtation. HubleyKozey (2009) investigated eactivation
differences in lower limb muscles between asymptonfetintrol), moderate knee OA and
severe knee OAroupsduring gait. They found that differences in CCls existed on lateral
muscle pairs (VL/LH; VILG) for all three groups but differences in the mediailscle pairs
(VM/MH; VM/MG) only occurredater in the disease procebstween moderate and severe
OA. This finding may indicate that intervention strategies to alterotraction should be
different based on the knee OA severity level of the individual. An interesting paradox exists

in studies that consider muscle-&ctivation strategies. While some believe that medial co
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contraction exists to increase stability of the joint due to structurabelkan the medial
compartment, this very strategy could potentially initiate mechanical changes because higher
muscle cecontraction can lead to higher jocampressive forces (Lewek et al., 2005).
Longitudinal studies are needed to assess hewontracion indices change from healthy
controls through to the development and progression of knee OA. WNaiteirrent thesis

work (Study 2) wasrosssectional in nature, focused orvariables during gait that are

typically altered between asymptomatic cofgrand moderate knee OA groufecause of

the tendency for CCI to increase or decrease in knee OA gwhigs) in turn complicates
interpretations of neuromuscular measures, net muscle activation was usetragate

measure oknee joint stabilityand total muscle activation during the loading phase of gait

(Heiden et al., 2009).

2.4 Frontal Plane Laxity in Knee OA

Frontal plane knee joint laxity can be defined as the angular deviation of the tibio
femoral joint in the frontal plane following the ammaltion of a varusvalgus load (Sharma et
al., 1999).In addition to this definition, thelis a need to distinguish between passive and
dynamic laxity. Passive frontal plane laxity implies that only the passive structures of the
knee (ligaments, tendormsenisci)are contributing to the laxity measurememhile
dynamic frontal plane laxity implies contributions from both passive and active structures of
the knee joint. Passive laxity therefore should be confirmed by monitoring activation of
muscles croseg the knee joint to ensure sufficient levels of muscle relaxation (less than 5%

MVC) aremetduring laxity measurements.
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Few studies have reported on passive frontal plane knee laxity debgiiteg
considered an important risk factor by many in theek® Acommunity(Sharma et al., 1999;
van der Esch, Steultjens, Wieringa, Dinant & Dekker, 2086 der Esch2006, Shultz et al.,
2007)(Table2-1). Frontalplane laxity scores in both healthy and knee OA patients range
from20i119. 5e¢e, with healthy participants having
knee OA groupsSharma et al., 1999an der Esch, Steultjens, Wieringa, Dinant & Dekker,
2005 Shultz et al., 2007 Frontal plane laxity in the knee joint has prestyubeen reported
to increase across knee OA grades (Sharma et al., 1@989er Esch, Steultjens, Wieringa,
Dinant & Dekker, 200b In a knee OA cohort stud§gharma et al. (199%howedfrontal
plane laxity increases across K/L grades, bone attritiategr; and minimal joint space
width. In another study, van der Esch et al. (2005) found that both joint space narrowing and
malalignment, but not osteophyte formation were related to frontal plane laxity. The highest
reported frontal plane laxity differeabetween adjacent levels for one characteristic
(narrowing, malalignment,etgjas 4. 0Oe, which occurred betwee
joint spacenarrowing characteristic of osteoarthritic knees. The fact that this occurred
between levels 0 and 1 fimint space narrowinguggests that this difference is occurring at
an early stage of knee OA.

Measuring frontal plane laxity requires high precision measurement with high
reproducibility due to the small differences expected in vaalgus deviation tria.
Instrumented devices that measure knee laxity in the frontal plane are important because

previous work has shown that laxity measurembwishysical examiners hap®or within
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observer agreeme(@iCC 0.55 (Cushnaghan et al., 1990). Sharma et al. §1L9s the first
research groupp develop aneasurement system to capture frontal plane laxity. In a healthy
control group, aged 280 years old, the mean frontal plane measurement wa&L20p.

These FPL measurements are lower than reported by the@cerd studies of van der Esch
(2006) and Shultz et akRQ07)(Table2-1). The difference;m measurements between

research groups are likely due to differing forces applied on the lower leg, demographics of

samples, and deviakesign.

Table 2-1: Summary of passive frontal plane laxity studies with healthy participants

Variable Shultz et al. (2007) Van der Esch (2006)  Sharma et al.
(1999)

Number of Participants (N) 10 20 12

Sex M/F M/F M/F

Population University students  University students  Young controls

Laxity (e) 9.6 (3.0) 5.9(2.6) 2.9 (1.0

There is a need to better understand how frontal plane laxity changes across both the
development and progression of knee OA asptiwith knee OA demonstrate both higher
passivdrontal plane laxity (Sharma et al., 199@n der Esch, Steultjens, Wieringa, Dinant
& Dekker, 200% and higher external knee adduction moments (Lewek et al., 2004) than

healthy controlsStudy 1of this thesis worlk{Chapter 3wascarried outo quantify the
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reliablity of the frontal plane laxity measurements that were used to addecfist
hypothesisn Study 2 Chapter 4. This hypothesis fatsed on thdirst stegsin the proposed
pathwaybetween kneeling exposure and knee OA initigtwinich suggested that FPL

would increase following a knee strainiegposurgFigure1-2).
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Chapter3:St ud-Re pr odiutcyi mifll aonnt ak nee alnaexi ty
measur ememt si mpsdewge dae and motion trac

participants

3.1 Introduction

Frontal plané&knee laxityis measureds the angular deviation of the tifiemoral
joint with an appliedrarusvalgusload (Sharma et al., 1999). Measurfrantal plandaxity
requires high precisioandreproducibility due to the small differences expected in varus
valgus deviation trials. Instrument&dntal plandaxity measuremertdevices areequired
because laxityneasurementdeterminedy physical examiationcanhave poor within
observerreliability (0.55 Cushnaghan et al., 19980d the role ofrontal plandaxity in knee
OA initiation and progression is unknow@hang, Lee, Zhao, Ren & Zhang, 2014)
Reproduibility refers to the ability to achieve similar scores on repeated
measurements in an unchanging object or pgid®Vet, Terwee, Knol & Bouter, 2006)
When considering reproducibility, the measurements of reliability and agreement answer two
differentquestions. Agreement describes how close the results of the measurements are
within individual subjects by measuring absolute error in repeated measurements; this
concerns measurement error. Reliability differs in that it is concerned with whether or not
individuals within a group can be distinguished from each other despite measurement error;
this concerns variability between study persales\{et, Terwee, Knol & Bouter, 2006an
der Esch, Steultjens, Wieringa, Dinant & Dekker, 206%r joint laxity, ageement can be

defined by the standard error of measurement (SEM), the minimal detectable difference
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(MDD), and limits of agreement (LoA). Ralility is represented by intraclassrrelation
coefficients (ICCs) ranging from 0 to 1, where 1 representeqeadliability {/an der Esch,
Steultjens, Wieringa, Dinant & Dekker, 2Q0SEM, MDD and LoA are expressed in the
metric unit of the measurement, degrees for this study. MDD values allow clinicians to
assess Iif differences among measurements are maankgf example, if the difference
between two measurements is greater than the MDD, that difference cannot be entirely
attributed to measurement er(®oebroeck et al., 1993). LoA provide another way to ensure
the differences in measurements between@essre in an acceptable clinical error range
(Portney & Watkins, 2000).

To our knowledge, few studies have measured reliabilifyootal planeknee joint
laxity measuremenSharma et al. (1999), van der Esch et al. (2005) and Shultz et al. (2007)
haveall reported relatively good withinbserver reliability; therefore, similar
methodological and protocol considerations were used for this study. However, to improve
the interpretability of the results, potential sources of enrprevious methodwere
identified andhenaddressed in the designtbeimproveddevicefor this study
Specifically, the new design addresgedentialsources of error caused by frictional and
gravitational forces, definition of knee joint center of rotation, and lack o€leastivation
monitoring.

Specific purposes of the study were to:

[) Design a device thameasursfrontal planeknee joint laxity with good

reproducibility. In particular, good withinbserver agreement was needed to assess
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potential laxity changes due @agute knesstraining exposures in future studies
(including Study 2)
II) Improve on previous designs by addressing potential sources of error affeeting

accuracy ofaxity measurements.

3.2 Methods

This study was reviewed and receivetthicsclearance thnaghthe University of
WaterlooOffice of Research Ethic3en healthy participants (5 males and 5 females)
provided written informed consent. Exclusion criteria included current pain in the lower
limbs and previous lower limb injuries that required suldieamtmentThese criteria were
adopted due to their potential impact on knee joint laxity measurementsiér Esch,
Steultjens, Wieringa, Dinant & Dekker, 200%he age of the participants was also limited to
30 years, as age is known to affect frbptane laxity scores (Sharma et al., 1999).

Electromyography (Wave Plus, Cometa, Citislano, Jtafithe dominant leg
guadricepgvastus lateralisyastus medialisjAppendix C Electrode Placementsvassampled
at 2048Hz witha built-in bandpass filter of 2800Hz.EMG dataweretreated with bias
removal, fullwave rectification and lowpass filteimg at 6 Hz using a Butterworth filter
(Winter, 1990). EMG data was amplitude normalized to maximum amplitutte linear
envelopef the quadricepMVC exercisgperformed.Two MVC trials of5-secondduration
were taken while the participant was seated knee extension machine with the knee flexed
at an angle of 45 from full knee extensid@MG signals were redime monitored fo spikes

and appropriate relaxation of muscle activatio
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Kinematic data was collected 64 Hz using an 1-8amera Optotrak motion capture
system (Northern Digital Inc., Waterloo, ON, Canadlégrker clusters, each equipped with
5 Optotrak smart markers & noncollinear orientation, were placed on the participant
bilaterally for the thighs, and unilaterally on the right shank and foot. Care was taken to
ensure that marker clusters were placed in appropriate areas for visibility kiveméaxity
trialsand minimum soft tissue deformation (De Rosario et al., 2012). The following
landmarks were digitized (right leg only except for the thigh) to define segments:iThigh
greater trochanter, lateral epicondyle and medial epicondyles of femur; Slaekaland
epicondyles of femur, medial and lateral malleoli; Fotztteral and medial malleoli,
calcaneus,land %" metatarsal headRegistratiorand alignment was completedth a 16
marker cube over a 60 second calibrationce plate corners were digiéd using the probe
and were saved to be used for transformations between the force plate, segment, and global
coordinate systemgigure4-2). All digitization was performed with the participant standing
in the anatomical posan. Knee angles were calculat@disual3D, Gmotion, Germantown,
MD) following the ISB recommendations for the knee (Wu & Cavanagh, 1898y a ZXY
(flexion/extensiori adduction/abduction axial rotaton) Cardan sequen¢&ppendix D).
Kinematicdata wee filtered using a dual pas§“rder Butterworth lowpass filter at a cut
off frequency of 10 HzKristianslund, Kosshaug & van den Bogert, 2Q1®issing data
points were interpolated using a thimdder cubic spline in order to fit the missing fraroés

data up to a maximum of 10 frames (Howarth & Callaghan, 2010).
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Thefrontal plane laxity measuremesh¢vice consisted of four main parts: a chair
with backrest; a freenoving arm (tibial sled) with Plexiglas base; zplated ball bearings;
and a Plexglas surface/tabl@igure3-1). Multiple fixation sites and modalitiesimed to
minimizeinternal/external rotation of the lower leg and th{gigure3-2). Frontal plane
laxity was measwed by applyinga 2.28kdoad, via anearfrictionlesscablepulley system, to
the medial and lateral aspects of the tibial sledil a steady moment of 10N.m was reached
(Charg, Lee, Zhao, Ren & Zhang, 2014 hemoment arm of the applied loagisheld
constanfor each participarat 0.45m by measuring the distanoan the condylar clamps to
the point of load application on the skedensure it did not chang€he leg wase-

positionedo neutral bllowing each load application.

Figure 3-1: I) Frontal plane laxity jig set-up. A: Back rest; B: Freenoving arm; C: Dead weight

pulley systenil) Fixation techniques for the assessment of knee joint laxit: a Velcro bandage

crossed the thigh distally ab®the knee joint; B: femoral condylar clamps steadied the femur; C: a

Vel cro bandage crossed the | ower-shhpedclappwasx i mal |y
used to secure the lower leg distally such that the Achilles tendon nestled deepvrgbaped

clamp. This design allowed for nefaictionless movement of the lower leg relative to the thigh.
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Thigh Velcro fixation

Condylar clamp fixations

Shank Velcro fixation

V-shaped notch

Ankle Velcro fixation

Figure 3-2: Birds-eye view of the fixation techniques including the-ghaped notch that the

ankle nestled tightly in (chair, sled and table with ball bearings removed).

The experimental setp wassimilarto that of Sharma et al. (1999) and \dr Esch

et al. (2005) except for four main changes that aimed to address potential sources of error in
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theoriginal designs. Firstly, the device was specially designed to bdriat@mmless Figure

3-1). The tablesled interface consisted 4im diameter zincoated ball bearings

sandwiched between two layers of Plexigdscondlyt he devi ce chair was
horizontal to maintain a knee fder&sch2006). angl e
Since the tibia was horizontal, the effect of gravity on the moving segment (the tibia) was
eliminated. Previous designs @yed the same flexion angle with the shank hanging from

the device chair but a gravitational force, in addition to any applied load, would have

contributed to the frontal knee angles achieved when load was applied. Thirdly, the knee was
not forced to rote about a fixed mechanical axis on the dewdgch allowedhe knee to

rotate about its natural, dynanfrontal planeknee joint centrel.astly, previous work has

suggested is necessary tdistinguish between passive laxity, with muscles relaxedy fr
dynamiclaxity, with muscles activeKupper, LoitzRamage, Corr, Hart & Ronsky, 2007)

To our knowledge, no previous study has monitored activation of muscles crossing the knee

to confirm sufficient relaxation (< 5% MVC) during laximeasurements. Thefore, MVC

normalized muscle activity was monitored in this study (Carvalho and Callaghan, 2011).
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The mean knee laxity was obtained from each of two measurement sessions within

the same visitThere were three laxity measurements taken in sessior(Figure3-3).

SRR (g

Valgus Varus

Frontal plane laxity = sum of valgus and varus deviations

Figure 3-3: Birds-eye view demonstrating that load was applied in the valgus and varus

directions and frontal plane laxity was calculated as the total acdach deviation in a trial.
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Following the first session, the experimenter marked the location of the condylar clamps,
thigh and shank straps, and area where the shank made contact wiih#pesd clamp to

assist in repositioning the participant into ttevice for the second set of measurements. In
between measurements, the participant was seated in a chair directly beside the laxity device
to eliminate any affect of movement on subsequent laxity trials. The participant then returned
to the device, was pesitioned to neutral via martéandmarks and pushing ttep of the

sled secury against the edge of the tabl®A were calculated for mean laxity between the

two sessions. Intreater reliability was assessed using ICCs where a coefficient greater tha
0.75was consideredxcellent(Portney & Watkins2000). Withinsession ICC scores (IGC

ICC>) were expressed as the measured variance within one rater, across three measurements
(model 3, 3). To obtain the betwesession ICg; the three measurementisdach session

were used to express the measured variance within one rater across both sessions (model 3,

1) (Figure3-4).
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Session 1 | | Session 2 |

Laxity Score Laxity Score
Laxity Score [~ WithiniCC1 | Laxity Score [~ Within IcC2
Laxity Score Laxity Score
Mean Score | | Mean Score
1 ]
I
| Between ICCa |

Figure 3-4: Experimental design including reliability and agreement parametersOne rater (a
human movement scientist) performed all laxity measurements. The rater measured frontal plane
laxity of the dominant leg of each participant in two sessions, each with three laxity measurements
(total of six measuremesiper participant).

To obtain the SEM Equation3-1) and MDD (Equation3-2) values a univariate
model ofanalysis of variance was performed. The model was used to esthmatbsolute

measurement e (error variance term) across sessions:

Equation 3-1

Yoo

MDD was computed as the 95% confidence limit of the SEM using the following farmula

Equation 3-2
000 pgoe W YOO
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The MDD was then used to represent the minimal change that could be interpreted as
clinically relevant (Beckerman et al., 200LpA were calculated for mean laxity between
the two sessions. All ICC¢he SEM, and the MDD were calculated using the Statistical

Package for the Social Sciences (SPSS) version 21.0 (SPSS, Chicago, IL, USA).

3.3 Results

Study sample characteristics and reproducibility parameters were compared to
previousdevices Table3-1). For theone rater who performed all measurements, the mean
kneelaxitiesfromt he f i rst and second sessions were 7
During all laxity tials EMG activity levels wereonfirmedtobes5 % MV C. The r ater
within-sessions ICCs were 0.95 (I€€5% C1 0.87, 0.99) and 0.99 (1c@5% CI 0.96,
0.99).The r at e fsésson [CE€Wasv®E9 (95% CI 0.89,99).The error variance

term generated from the ANOVA results wa$94 Figure3-5).

Measure: MEASURE 1

Type lll Sum
Source Spaajon | Of Squares df Mean Square F slg.
Sesslon Linear .005 1 .005 024 879
Error(Sesslon) Llnear 1.743 9 194

Figure 3-5: Error variance term from the statistical analysis used to calculate SEM and MDD.

Generalized across sessionsarndrt idheMB@ meag al
(Table3-1). Agreement was initially assessey plotting the means of each session against

eachother Figure3-6). To further compare to our results to Shultz et al. (2007), a limits of
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agreement (LoA) analysisas performean the mean laxity scores from session 1 and
session 4Bland & Altman, 2007)The LoA provide an upper and lower limit within which
95% of diffeences between the laxity scores from sessions 1 and 2 can be expected to fall.

The lower and upper limits of agreement wdre 2 7 & . arésgectively Eigure3-7).
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Table 3-1: Comparison of participant characteristics and statistical parameters fofrontal plane laxity measurements in the literature.

Variable Current Study Shultz et al. (2007) Van der Esch(2006) Sharma et al. (1999)
Number of Participants (N) 10 10 20 12
Sex 5M/5F 5M/5F 10M/10F M/F (distribution N/A
Population University students University students  University students Knee OA
Measurement method Motion tracking Motion tracking Electrical Goniometer N/A
Sessions Sameday Between-day Betweenday Between-day
Laxity (e) 7.67 (2.4) 9.6 (3.0) 5.92 (2.6) 2.9 (1.0
Intra -rater reliability ICC 0.95 to 0.99 N/A N/A 0.85 to 0.96
(within -session)
Intra -rater reliability ICC 0.97 0.96 0.84t00.93 0.84t00.90
(betweensession) Rater A: (0.89, 0.99) N/A Rater A: (0.61, 0.94) N/A
95% Confidence Intervals Rater B: (0.81, 0.97)
N/A

-0.03 + 124 06+27
LoA (e)
Intra -rater agreement
SEM (e) 0.44 0.67 1.35 N/A
MDD (e) 1.22 1.88 4.30 N/A
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Mean Laxity of Session 14

Figure 3-6: Comparison plot of mean laxity for each session. The dotted line represents 100%

agreement of mean laxity between sessions for the rater. Each point represents one participant.
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Figure 3-7: Difference between session 1 and session 2, plotted against the mean laxity for each

participant. Dashed line shows the mean difference@.03). The solid black lines represent the 95%

upper and lower limits of agreement(-1 . 2 7 e,

40
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3.4 Discussion

ICCs from the current study compared well to those of the previous reproducibility
results found iditerature Table3-1). Notably, thewithin-session ICC scores for the current
study were higher than those reported by Sharma et al. (1999). The beags&m reliability
score of 0.97 in our study was comparable to that from Shultz et al. (2007) (0.96), and higher
than those from vader Esch (2006) (0.84 to 0.93) and Sharma et al. (1999) (0.84 to 0.90).
Therefore, the information ihable3-1 serves asummary of study protocols and outcomes, but
direct comparison between these studiesagerated by these differences in protocol.

Agreement parameters (SEM and MDD) were used to assess whether repeated
measurements within an individual can be performed with minimal measurement error. The
SEM and MDD values of 0.4&nd 1.22are lower thameported by Shultz et al. (2007) of 0e567
and 1.8@and consideralllower than van der Es¢B006) of 1.38and4.4@ . These findi:i
suggest the method in this study could be more sensitive to changes due to an acute exposure
(i.e. smaller differences ottl be detected with this device without attributing them to
measurement errorfhe LoA of (1.27¢ 1.21 are lower than the calculated LoA by Shultz et
al. (2007) {2.1e 3.3, suggesting they are in an acceptable clinical error raldgspite the fac
that the purpose of each device was to measure frontal plane knee joint laxity, this was achieved
through different designs, equipment, and loads. In addition to these differences, each group used
different study samples. These recruitment differencegdraffect mean laxities and ICCs. In
addition to all these factors, times between sessions were different between our study (same
visit) and the other studies (differetidy). Samevisit study designs are useful to examine how
kneestraining exposures magutely change knee laxity, changes that might be missed with
differentday designs. Other devices may also hexeellentsameday reliability, but it has yet

to be reported.



The reproducibility results confirm that the design considerations fadlitateurate and
precise measurements. The dead weights, ball bearings and Plakayleesl for near
frictionless movement of the lower leg relative to the thigh. Tilting the chair allowed for the
shanktoremainhorz ont al whil e stil|l achieving 20eof
effect of gravity in the plane of measurement, which could have influenced laxity measurements
in the other studies as they had the shank angled and hanging from an arm extemdihg fro
device chair. Finally, EMG was used to confirm that muscular activity was <5% of an MVC, a
measure that has been used previously to classify a movement as (&gsper, Loitz
Ramage, Corr, Hart & Ronsky, 2007)

Although the design of this laxityevice addressed potential sources of error in previous
designs, there were some weaknesses in both the study peotddble design of the device.
Well-known limitations of using skin surface markers exist with digitizing landmarks and soft
tissue movemant artifact, though given the small range of moaiohievedthis may not have
been a major concerbdsing the same examiner to identify landmarks and the same protocol to
reposition participants when they returned to the jig controlled these limitalerferming the
two sets of measurements within the same visit meant that error dupdsittening of markers
was eliminated. The use of one trained rater to perform all laxity measurements has previously
been recommended, as inteder reliability ishigher than interaterreliability (van der Esch,

2006). Finally, as a constant load is applied, the long axis of the tibia deviates from the original
position. The maximum deviation that occurred in one direction, from any participant, was 7.0
Giventhe constant load of 22.36N and the moment arm of 0.45nsrttaangular deviation of

7.0eresulted in a moment change from 10Nm initially to 9.98Nm in the final position.
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The results of this study suggest that both withimd betweersession ICCs wer
excellent(Portney & Watkins, 2000)Any difference between multiple, samisit sessions of
measuring front al pl ane knee joint |l axity mea
change that cannot be solely attributed to measurement énretMDD is smaller than
previously reported, but it should be noted that the current study made changes to the design of
the laxity device including a neéictionless design and passive laxity verification and included
highly accurate motion tracking withe goal of improving the MDD score. In the future, the
reliability of the device should be tested in a multpigt study design to confirm adequate
betweenvisit reliability. This consideration is important because in addition to being able to
identify acute laxity changes (Study@hapter 4, in the future, this device could be used to
track laxity changes longitudinally in a clinical population across the course of knee OA.
Although many knee OA models consider laxisyaafactor that changes across the severity of
the disease, it is currently unknown as to how it specifically plays a role in both initiation and
progression of the disease. A better understanding of how laxity changes over time will aid in the
identificaion of its role over the course of knee OA, which could assist in accepting or refuting
current theories of knee OlAitiation (Figurel-3) and progression and guiding future prevention

mechanisms.
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Chapter4:St wd-Z2he Ef$Sesctt Konkedi ng on Knee Joi

MechaamnMwscl e Activati on

4.1 Introduction

The purpose of this study was to compare laxity, mechanicsnasde activatiomefore
and after a kneeling protociol gait Chapter Zxplored structural, mechanical and physiological
responses in the knee to gait and deep knee flexion activities, and discussed how these responses
may put a habitual kneeler more at risk for developing knee osteoarthritis. Only ormiprevi
study by Gaudreault et al. (2013) e@mminedhe effect of occupation (kneelers vs. aon
kneelerspn adduction, flexion and internal rotation andlestheir interpretations were limited
to kinematics (they did not collect force plate data or measeints of muscle activityguring
treadmill walking Another study performed by Kajakad Costigan (2015}jedied a simulated
occupational exposure to 30 minutestatic, full flexionkneeling and how itmpacted
mechanics and neuromuscular changeshaustudy did nomeasure knee joiméxity, which
was central totheauthos proposed mechanism of knee Gihabitual kneelersThe current
study was the first to look at the impact of 30 minutes of kneeling on knee joint laxity,
mechanics and neuronmaudar measures combined. It was hypothesized that sustained kneeling
would compromise the integrity of the knee joint structureseasingrontal plane laxity and
changingambulatory loading profiles. Differences between pred postkneeling variables
during gait analysiwere used to explain how this occupational exposught initiate knee OA
in high knee flexion occupations.

The specific hypotheses that were tested were all with respect to the right tibiofemoral

joint of the knee and are as fols:
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1. Exposure to 30 minutes of kneeling will caaséncreasein frontal plane knee joint
laxity.

2. Exposure to 30 minutes of kneeling wdluseincreasedn knownsurrogateknee joint
stability parametersn response to instability

a. Flexion anglesathed contactandpeak knee flexion anglesluringearly stance
will be higher postkneeling than pré&neeling Gaudreault, Hagenster, Poitras
& de Guise, 2018 resulting in a lower flexion range of motion during gait. A
higher knee flexion angle at foot dant has been demonstrated as severity of
knee osteoarthritis increas@verall decreasekhee flexionthroughout stance
has been viewed asstrategy tqrotect the joint from paiparticularly whe
combined with increased muscle acg(Childs et al.2004). A reduced sagittal
plane knee flexion/extension ranigasalsobeenfound in moderate knee OA
patients (Childs et al., 2004; Zeni et al.12D

b. Peak flexion momentwill be lower in theearlystance phase of gaqibst
kneeling than pr&neeling This variable is thought to be a consequence of both
reduced sagittal plane flexion/extension range and increased muscle aciivation
response to instability.

c. Mean net muscle activationacrossstance phaseill be higher postkneeling
than prekneeling. Hghermuscle activation haseen found in moderate OA
patients compared to healthy controls (Childs et al., 2004; Hikdegy et al.,
2009;Heiden et al., 2009%eni et al., 2010)Net muscle activation was
calculatedas an indicator dtnee joint stabity (Heiden et al., 2009)

3. Exposure to 30 minutes of kneeling will caasthange in loading environment
location/contact area, or magnituaiiring theearly stance phase of gait between-pre
and postkneeling measures.

a. Adduction anglesat foot contacand peak adduction angle durimgrly stance
will be higher postkneeling than pr&neeling Gaudreault, Hagenster, Poitras
& de Guise, 2018 Higher adduction angles are related to higher adduction
moments, whiclmay be indicative of greater medial jolodding (Gaudreault,
Hageméster, Poitras & de Guise, 2013).

b. Peak adduction momenturing early stanceill be higher post kneeling than
pre kneeling. A higher external knee adduction moment is associated with
increased medial loadirand knee OA developent and progressidhewek et
al., 2004 Andriacchi et al., 2004; Astephen et al., 2008
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4.2 Methods

4.2.1Study Design Overview

Each participant performed two sets of laxity measurements and two sets of gait trials;
one of each before and aftesustainedkneeling protocol Figure4-1). Each laxityand gaitset
consisted of 3 measurements. After the first set of gait trials and laxity measurements,
participants underwent the sustained kneeling protocol. The protocol consisted les3oEyen
minutes & sustainedfull flexion kneeling.A 5 minute seated rest periaghsprovided after each

of the kneeling cyclet simulate a 2:1 workest ratio.
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Knee Laxity
Measurements

Gait Trials

Kneeling
(10mins)

Rest
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Kneeling
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Kneeling
(10mins)

Rest
(5mins)

Knee Laxity
Measurements

Gait Trials

Figure 4-1: Experimental design of kneeling protocol
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4.2.2Participants

Eight males and seven femalesre recruited from the University population. Only
right leg dominant participants were selected due to the current design of the laXihejig.
exclusion criteria included current pamthe lower limbs, previous lower limb injuries that
required surgical treatment, and currently taking analgesics edemtessive medication.

The age of the participants was limited to 30 years, as age is known to affect frontal plane
laxity scores (Sarma et al., 1999All of the above weréesignatd as exclusion criteria due

to the potential impact on knee joint laxity measuremg@ats der Esch, Steultjens,

Wieringa, Dinant & Dekker, 2005The study was reviewed and received clearance through
a University of Waterloo Research Ethics Committee and all participants provided written
informed consenParticipants wore shorts anghirts and were shoeless for all trials.

Anthropometric data including height, weight, and age were recorded

4.2.3 Electromyography

Participants were then equipped with the surface electrodes for data collEMGN.
locationswereverified by systematically asking participants to contract their hamstimys
guadriceps tensure proper location and functioning of the electrdélestrodes were
placedon the right leg for the quadriceps (rectus femoris, vastus lateralis, vastus medialis)
and hamstringsbfceps femoris, semitendinosus). All electrode sites were placed according
to SENIAM guidelines Appendix C Electrode PlacementfHermanset al., 1999), with an
inter-electrode distance of 2 cm (De Luca, 199%73ximum voluriaryisometric contractions

(MV Cs) were performed to provide a reference for comparing EMG amplitudes between
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muscle sites for noralization purposegwo MVC exercises were performed to test
hamstringsand quadriceps muscles respectivedy:Prone knee flexion at 14nee flexion

while lying on a massage table against fixed resistance; b) seated knee extension with the
knee joint anapproximate angle of 45° of knee flexion from ftension against

weighted resistang@urden et al., 2003Ywo trials of eactMVC exercise were pormed

for 5seconds with a 68econd rest period between each exer&igetromyography was
measued using a wiress anplifier system (Cometa, Italy) and sampled at 2048Hz with a

built-in bandpass filter of 2A000Hz.

4.2.4Motion Tracking and Kinematics

Marker clusters, each equipped with 5 Optotrak smart markers in-eotiorear
orientation, were placeah the participant bilaterally for the thigkand unilaterally on the
right shank and foot. Care was taken to ensure that marker clusters were placed in
appropriate areas for visibility during deep knee flexion and minimum soft tissue
deformation (De Rsario et al., 2012). The following landmarks were digitized (right leg
only except for the thigh) to define segments: Thigjteater trochanter, lateral epicondyle
and medial epicondyles of femur; Shanlateral and epicondyles of femur, medial and
lateral malleoli; Foofi lateral and medial malleoli, calcaneu¥ahd %' metatarsal heads.
All digitization was performed with the participant standing in the anatomical position.
Kinematic data was collected using ancEnera Optotrak motion capture syst@Northern
Digital Inc., Waterloo, ON, Canada) at a sampling rate of 6&KiHee angles were

calculatedVisual3D, Gmotion, Germantown, MDipllowing the ISB recommendations for
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the knee (Wu & Cavanagh, 199%ing a ZXY (flexion/extension adduction/alductioni

axial rotaton) Cardan sequen@&ppendix D). This rotation sequence was chosen to reflect
ISB recommendations with the understanding that the first rotation is static so it likely did
not affectthe second rotation. If laxity was beexaminedat multiple flexion angles,

adduction/abduction should be the first rotatiothe sequence

4.2 5Kinetics

Kinetic data was collected with four AMTI force platforms (Advanced Mechanical
Technology Inc., Watertown, MA, USA) at a sampling rate of 2048 Hz eFulate
amplifiers were turned on a minimum of 4 hours before data collections and were zeroed
upon the arrival of each participant. After registration and alignment was compltied
16-marker cube over a 60 second calibratfonce plate corners wedigitized using the
probe and were saved to be used for transformations between the force plate, segment, and
global coordinatsystemgFigure4-2). All raw signals were collected using First Principles

software (version 1.2.3).
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Figure 4-2: The laboratory setup.

4.2.6 Standardized Gait Trials

Participants performed a minimum o§Gccessful pr&neeling and postneeling
gait trials at their natutzelf-selected pac&.hough studés have shown that gait velocity
affects moments at the knebis is less of a concern for a repeated measures desigimeand
decision to use a sedklected pace was made to capture the true events that occur after a
sustained statikneeling exposurd2revious work has shown that witksnbject waveform
variance does not change within conditions, despite not controlling for gait velocity (Kajaks
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and Costigan, 20157 9-meterwalkway was used and a successful trial was one in which

t he par thtfootlardedterdirely an any of tHdorce platesThe stride in which

the participantodos heel made contact with the
trial was recorded for 10 seconds and was monitored for marker visibility and EM#b sign

quality. Trials were excluded if there were more than 15 frames of consecutive missing data

or spikes in EMG data representatofenoise in the environment.

4.2.7 Standardized Laxity Measurements

Participants were seated in the laxity device and allifinanethods described in
Chapter 3, SectioB.2were implemented to ensure axial rotation occurred at the shank,
thigh or hip.A moment of 10l.m was applied in both directions in the frontal plane, and the
total angulardeviationin the frontal planevas recordeds frontal plane laxitfor each trial
Each set (preand postkneeling) consisted of 3 trials of total frontal plane laxXitye mean

of the 3 trials in each set was used for analysis.

4.2.8Kneeling Protocol

After thecompletion of the initial gait and laxity trials, the kneeling protocol was
performed. Participants adopted a full flexion kneeling posture such that their buttocks rested
just above or on their heels. They were not given direcbanshether theghouldkneel
with the foot in adorg-flexed (Figure4-3) or plantafsflexed Figure4-4) positionbut rather
were told to adopt a position where they felt both balanced and comfoxigtkbeir
buttocks on théack of their heeldt should be noted that all participants chose to adopt the

plantarflexed postureFoam padding was provided for the participants to place under their
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ankles as they assumed the kneeling posturashion the top of the foot and peat
discomfort due to prolonged stretching of structuretheranterior side of the ankl€his

was provided for every participant, and every participant used it to decrease discomfort
during kneelingFigure4-4). Additional mas were placed on top of the force plates to
minimize the pain from kneground contact forces that could have potentially impacted
laxity or gait measure3 his kneeling protocol was thought to tm@re strenuous on the
passive tissues of the knee joiranhhand supported kneelirfgr examplelf laxity changes

were to exist, they should occur due to strain on ligaments that occurs in higher knee flexion

angles.

Figure 4-3: Dorsi-flexed kneeling
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Figure 4-4: Plantar-flexed kneeling

The kneeling protocol was adopted from Kajaksl Costigan (2015h which
participants in their study performed 30 minutes of static kneeling in-@iteme bouts
separated byv¥e-minute bouts of rest. A worto-rest ratio of 10 minutes of activity to 5
minutes of rest has been shown to induce ligament creep in feline supraspinous ligament in
static flexian (Courville et al., 2005Althoughthe effects othis kneeling protocalvere
studiedpreviously, the proposed mechanism by which altered stability and joint loading
occurs is via joint laxity a measurement that was not collectetheprevious study
(Kajaks and Costigan, 20L5Additionally, females were includesihce theyalsoperform

kneeling workand should not be excludethis plantatflexion kneeling posture was chosen
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to capture ligament creep that may occur during the most extreme flexion angles, as opposed
to adopting a posture that may more closely resemble apatenal kneeling exposure.
Discomfort data was monitored every 5 minutes throughout the kneeling prasocol
participants were asked to rate their lewsldiscomforton a visual analog dasheet

(Appendix A Visual Analog Scale Duringrest periods, participants were seated on a chair and
were asked to sit with little movement of the lower limbs. The first two rest periods were 5
minutes in duration but the final rest period was only long enougivéol minute of static

red, and toverify all markers were securely fastened to the lower limbs and that EMG
equipment was in working ordérhere were no cases where instrumentation verification
took any longer than the 1 minute of static rBsiring the final rest period, pactpants were
asked to stand after 1 minute of rest so that visibility of markers and EMG signal quality
could be checked. As soon as equipment was in proper pagtkneelinglaxity

measurementsere recorded anfdllowed immediatelyby postkneeling g# trials.

4.3 Data Analysis
Custom Matlab programs (Mathworks, Inc., Natick, MA) and Visual 3D pipelines (C

Motion Inc., Germantown, MD) were used to analyze raw kinematic, kinetic and EMG
signals and output dependent variables. Kinematic and ground refactie data were
filtered using a dual pass 2nd order Butterworth-fiass filter at a cunff frequency of 10
Hz (Kristianslund, Krosshaug & van den Bogert, 2012). Missing data points were
interpolated using a thirdrder cubic spline in order to fit tmeissing frames of data up to a

maximum of 10 frames (Howarth & Callaghan, 2010). hstsgmental joint angle and
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moment variables were calculated in Visual 3D software with a custom built pipeline. The
automatic gait events function in Visual 3D softwass used to identify gait events (heel
contact and toe off), with the force threshold set to 20N. External knee moments were
resolved in the tibia coordinate system (Mundermann, Dyrby, Hurwitz, Sharma, and
Andriacchi, 2004) and magnitude normalized to %dybeweight multiplied by height to

eliminate confounding effects of sex. Moments were time normalized to 100% of the stance
phase of gait (Moisio, Sumner, Shott, & Hurwitz, 2003), with heel contact arafftoe
representing 0% and 100% of stance phase regplyc Positive external moments in the
sagittal plane represent flexion moments and positive moments in the frontal plane represent
adduction moments. ISB recommendations were used to define the local knee joint
coordinate systems as outlined in Wu e(2002) (Appendix D: Local Coordinate Systems

for Lower Extremities).

All EMG data was treated with bias removal,-fulive rectification and lowpass
filtering at 6 Hz using a Butterworth filter (Winter, 1990). EMG data was amplitude
normalized to maximm amplitudeof the linear envelopef the twoMVC exercises
performed for each muscl¥et muscle activation was determined for each leg by calculating
the sum of all of th&1VC normalized EMG signalsand usea@s an additional surrogate
measure of totdtnee joint stability and generalized-contraction. Net muscle activation
was calculated for each gait trial and the mean value dtivengarlystance phase of gait was

calculated for successful trials.
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A summary of the dependent measures that weraagt fromeach trial othe data
setis summarizeqTable4-1). i Brly stance phasavas defined as the first 50% of stance

phase of gait.

Table 4-1: Dependent variables of interst for pre- and post kneeling for both laxity and gait

parameters
Parameter type | Stage of Gait Dependent Variables
Hypothesis 1 Frontal plane laxity
(Increased.axity)
Hypothesis 2 Heel Contact Flexionangle
(Response to Early Sance ase | Peak flexion angle
Instability) Peak flexion moment

Stance Phase Mean ret muscle activation

Hypothesis 3 Heel Contact Adduction angle
(Change in
loading Early Stancé’hase | Peak adduction angle
environment Peak aduction moment
location/contact
area, or
magnitude
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4.4 Statistical Analysis

Means and standard deviations for each kinematic, kinetic and neuromuscular
outcomemeasurdseeTable4-1) were calculatedor each trial, then averaged to get apre
kneeling and postneelng mean for each participaritaxity was represented by thesamof
threefrontal plane laxitymeasurements that wenecorded during each prand post
kneeling measurement s8tatistical analyses were performesing SPSSoftware (Version
12.1).Onetailedpaired sample-testson participant meansere used to test for differences
between preand poskneeling outcome variables. Alpha was set to 0.05 prior to conducting
the experimentA Bonferroni correction for multiple comparisons was used, wteralpha
level of 0.05 was divided by thrumber of comparisorte determinghe corrected alpha

significance level. This resulted in a corrected alpha level of 0.00625 (0.05/8 comparisons).

4.5 Results
The study sample consisted of 8 makegd 22.2(2.2) years;Height 1.74(0.08)m;

Weight 77.8(11.9)kg) and 7 femalesAge 22.8(3.3) years Height 1.65(0.05)m; Weight
62.1(6.9)kg). Two-way mixed ANOVAs were performed on a within factor of sex and
between factor of time (pre vs. post. kneelidg)ere were no sex main effects or
interactions, sonetailed paired sampletests were performed for the main effect of time.
Discomfort data was not a main outcome measure, but increases greater than 2cm from

baseline were preseint someparticipants Appendix B Kneeling Discomfort Dafa
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4.5.1Laxity Response

There was naignificant difference ifirontal plandaxity scoresetween pre
kneeling (M8.46°, SD=3.9°) andpostkneeling (M=8.09, SD=3.5°) conditions(p=.0685.
Only 3of 15 participant$P4, P5, P7{Figure4-5) displayed laxity changes greater than the
MDD of 1.22 (Table3-1). Additionally, all 3 participants were females and aibdibited a
decrease in laxity po&neelingi achange in the opposite directiontbathypothesized
(Figure4-5). This finding rejects hypothesis 1, which stated that mean frontal plane knee

laxity would increase in response to the kneeling exposure.

H Pre
| | | Post

P1(M) P2(F) P3(M) P4(F) P5(F) P6(M) P7(F) P8(F) P9(F) P10(F) P11(M) P12(M) P13(M) P14(M) P15(M)

Participants

BOR R R s e
©O B N W & 0

Frontal Plane Laxity (deg)

©C B N W & U O N 0 O

Figure 4-5: Frontal plane laxity of each participant pre- and postkneeling.
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4.5.2Response to instability

A paired samplestest was conducted to compare knee flexion angles at heel contact
for pre- and poskneelingconditionsacrosarticipantgFigure4-6). Therewasa significant
difference in knee flexion angtg heel contadbr prekneeling (Mean=10.8 SD=5.4) and

postkneeling (Mean=8.9 SD=5.0; p=0.0AL5) conditions Figure4-7).

Paired Samples Statistics

Sad. Sad. Errar
Mean N Dleviation Mean
Pair I  PreXFAHC §.5040 15 4.9953% 1.28980
PostKFAHC | 10,7718 15 537618 1.38852
Paired Samples Correlations
N Correlation Sig.
Pair I  PreiFAHC & PostKFAHC 15 929 00

Paired Samples Test

Paired Differences

95% Confidence interval of
s, Sid. Error the Difference Sig. (2-
Mean Deviation Mean Lawer Wpper t df tziled)
Fair I  Pre¥FAHC - PostKFAHC | -1.86781 1.99213 51437 -Z2.97101 -.7o4a0 -3.831 14 no3

Figure 4-6: Paired t-tests results for differences in knee flexion angle across participants at heel
contact pre- and postkneeling. The p-value was divided by 2 to reflect a onailed test which

was dictated by the structure of hypothesis #2a.
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Figure 4-7: Mean knee flexion angles at heel contact for preand postkneeling for each

participant.

A paired samplestest was condued to compare peak knee flexion anglesng
early stancéor pre- and postkneelingconditions across participant&dure4-8). There was
a significant difference in peak knee flexion ardjeing early stance betwepne-kneding
(Mean=19.9, SD=6.5) and posdtneeling (Mean=218 SD=6.4 p=0.0@®5) conditions
(Figure4-9). Thisfinding (Figure4-8), alongwith results in (Figure 4), leads to acceptance
of Hypothesis 2a, whh statedflexion angle at heel contact would increase tad thepeak
flexion anglethroughout early stanagould increase in response to the kneeling exposure.
In addition to the discrete meassi(knee flexion angle at heel contact grehk knee flelon
angleduring early stance), which wecempared statistically, the mean knee flexion curves

for the entire stance phase are shawAppendix E A qualitative comparison of these curves
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shows an increased knee flexion angledighout early stance phase (0% to 50% stance

phase) after the kneeling exposure.

Paired Samples Statistics

Std. Std. Error

Mean N Deviation Mean
Pair 1  PreKFAMax | 19.9067 15 6.45847 1.66757
PostKFAMax | 21.7884 15 6.38181 1.64778

Paired Samples Correlations

N Correlation Sig.

Pair 1  PrekFAMax &
PostkFAMax 15 941 .000

Paired Samples Test

Paired Differences

95% Confidence Interval of
Std. Std. Error the Difference Sig. (2-
Mean Deviation Mean Lower Upper t df tailed)
71 PreKFAVax -
P A -L88171 | 2.19882 56773 | -3.00037 |  -66404 | -3.314 14 005

Figure 4-8: Paired t-tests results for differences in peak knee flexion angle during early stance
across participants for pre- and postkneeling. The p-value was divided by 2 to reflect a one

tailed test which was dictated by the structure of hypothesis #2a.
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Figure 4-9: Peakknee flexion angles duringearly stancefor pre- and postkneeling for each

participant.

A paired samplestest was conducted to compare peak knee flexion moments during
early stance for preand postkneelingconditions acrosparticipants Figure 4-10). There
wasno significart difference in peak knee flexianomentfor pre-kneeling
(Mean=2.9%BW*Height, SD=1.5%6BW*Height) and poskneeling
(Mean=3.1%BW*Height, SD=1.36BW*Height, p=01685 conditions Figure4-11). This
finding leads to the rejection ofyothesis 2b, which stated thmgakknee flexion moment

during early stanceould decrease in response to the kneeling exposure.
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Palred Samples Statlstics

Std. Std. Error
Mean N Devlation Mean

Palr1 PreistPeakMax 2.8063 15 1.49834 38687

PostistPeakMax | 3.0802 15 1.32392 .34183

Paired Samples Correlations
N Correlation |  Slg.

PreistPeakMax &

il +ichcos s 15 905 | .00
Palred Samples Test
Palred Differences
95% Confidence Interval of
Std. Std. Error the Difference
Mean Deviation Mean Lower Upper t

Pre1stPeakMax -

r p:,atfmm, -.16386 .83787 .16470 -.51709 .18938 -.005
Palred Samples Test
slg. (2-
df talled)

Palri PreistPeakMax -

PostistPeakMax 14 337

Figure 4-10: Paired t-tests results for differences in peak knee flexiomoment during early
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stance across participants for preand postkneeling. The p-value was divided by 2 to reflect a

one-tailed test which was dictated by the structure of hypothesis #2b.
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w

Peak KFM during early stance (%BWH)
N

[=Y

PL P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15
Participants

Figure 4-11: Peak knee flexion moments during early stance for preand postkneeling for each

participant.

A paired samplet-test was conducted to compare mean net muscle activation during
stance for preand postkneelingconditions acrosparticipants Figure4-12). Therewasno
significant difference irmean net activatiobetweerpre-kneeling (Mean31.0, SD=8.2) and
postkneeling (Mean31.6, SD=9.2; p=@51) conditions Figure4-13). Thisfinding leads to
the rejectiorof Hypothesis 2c¢, which stated that net muscle activation would increase in

response to apparent knee joint instability caused by the kneeling exposure.
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Palred Samples Statlstics

Std. Std. Error
Mean N Devlatlon Mean
Palr1 PreAvgNA | 31.0096 15 8.18663 2.11378
PostAvgNA | 31.5638 15 9.19900 2.37517
Palred Samples Correlations
N Correlation Slg.
Palr1 PreAvgNA & PostAvgNA 15 942 .000
Palred Samples Test
Palred Differences
985% Confldence Interval of
Std. Std. Error the Difference
Mean Devlation Mean Lower Upper 1
Palr1 PreAvgNA - PostAvgNA | -.55419 311216 .80356 -2.27764 1.16927 -.690
Palred Samples Test
Slg. (2-
df talled)
Palr1 PreAvgNA - PostAvgNA 14 .502

Figure 4-12 Paired t-tests results for differencesn mean net muscle activation during stance

across participants for pre- and postkneeling. The p-value was divided by 2 to reflect a one

tailed test which was dictated by the structure of hypothesis #2c.
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Figure 4-13: Mean net muscle activation during stance for preand postkneeling for each

participant.

4.5.3Change in bading environmenti location/contact area, or magnitude

A paired samplet-test was conducted to compare knee adduction angles at heel
contact pre and postkneelingconditions acrosparticipants Figure4-14). There was no
significant difference in knee adductiangle for prekneeling (Mean.3°, SD=2.8°) and

postkneeling (Mean=1.8 SD=3.F; p=.079) conditions Figure4-15).

67



Palred Samples Statistics

Std. Std. Error
Mean N Devlation Mean
Pair1 PreKAA | 1.3425 15 2.87333 74189
PostKAA | 1.7857 15 3.07340 .79355
Palred Samples Correlations
N Correlation | Sig.
Palr1  PreKAA & PostKAA 15 .927 .000
Palred Samples Test
Palred Differences
95% Confldence Interval of
St. Std. Error the Difference
Mean Devlation Mean Lower Upper t df
Palr1 PreKAA - PostkKAA | -.44327 1.15208 29747 -1.08127 19473 | -1.490 14
Palred Samples Test
slg. (2-
talled)
Palr1  PreKAA - PostKAA 158

Figure 4-14: Paired t-tests results for differences in mean adduction angles at heel contact

across patrticipants for pre and postkneeling. The p-value was divided ly 2 to reflect a one

tailed test which was dictated by the structure of hypothesis #3a.
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Knee adduction angle (deg) at heel contact

Participants

Figure 4-15. Mean knee adduction angles at heel contact for prend postkneeling for each
participant. Positive represents adduction, negative represents abduction at heel contact.

A paired sample-teg was conducted to compare pdalee adduction angle
differences throughout early stance for prand poskneeling conditions across participants
(Figure 4-16). Therewas no significant difference in peak knee adduction angle fer pre
kneeling (Mean=6.8 SD=4.0) and poskneeling (Mean=6.7 SD=4.5; p=448) conditions
(Figure 4-17). Thisfinding (Figure 4-16), combinedwith the previous finding that mean
adduction angle at heel contact did doange Figure 4-14), leadsto rejection of Hypothesis
3a, which stated th&hee adduction angle at heel contaut peak kne adduction angle

during early stanceould increase in response to the kneeling exposugaldition to the
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statistical analyses on discrete measukppendix E showsthe mean adduction angle curves

throughout stance phase.

Paired Samples Statistics

Figure 4-16: Paired t-tests results for differences irpeak adduction anglesduring early stance

across participants for pre- and postkneeling. The p-value was divided by 2 to reflect a one

tailed test whichwas dictated by the structure of hypothesis #3a.
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Std. Std. Error
Mean N Deviation Mean
Pair1 PreKAAPeak | 6.8107 15 3.96458 1.02365
PostKAAPeak | 6.7407 15 4.54913 1.17458
Paired Samples Correlations
N Correlation Sig.
i PreKAAPeak &
Pl APk 15 895 | 000
Paired Samples Test
Paired Differences
95% Confidence Interval of
Std. Std. Error the Difference
Mean Deviation Mean Lower Upper t
i PreKAAPeak -
Pair 1 p:;mupm 06997 2.03620 52575 -1.05764 1.19759 133
Paired Samples Test
Sig. (2-
df tailed)
i PreKAAPeak -
i heryy 14 -896
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Figure 4-17. Mean peak knee adduction angles during early stance for each participant.

A paired sample-test was conducted to compare peak knee addutionent
differences duringearly stance for preand postkneeling conditions acrogarticipants
(Figure4-18). Therewasno significant difference in peak knee adductinoment for pre
kneeling (Mean=2.2SD=0.67) and poskneelhg (Mean=2.3SD=0.68; p#.01) conditions
(Figure4-19). Thisfinding suggest$lypothesis B isrejected whichstated that thknee
adduction moment during early staveeuld be higheafter the kneeling exposurgxternal
knee aduction moment wathe only kinetic variable thatid show a trend towards

significance followinghe kneeling exposur®aximum knee adduction moments were
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consistently higher postneeling in fact, 8 of 15 participants the sample had increases in

knee adduction moment of greater than &#baseline (pré&kneeling stance phase).

Palred Samples Statistics

Sid. Sud., Error
Mean M Deviation Mean
Pair 1  PrelsiPeakiKAM 2.1508 16 58815 17200
PoatistPeakAM 2.2838 15 BET12 AT225

Palred Samples Correlations
N Cormelation q._

PreistPeakiCAM &
i Pmiaﬂ‘eﬁﬂﬁull 15 050 -000

Palred Samples Test

Palred Differences
| 85% Confidence Interval of
Sud. Sud. Error the Difference
Mean Deviatlon Mean Lower Upper 1
E'l ﬂxhﬂ - | |
L B ol iy -.14320 21100 05448 -.26005 -.02035 | -2.620

Paired Samples Test

. | B2
(Pair 1 PreistPeakiAM -

PostlstPeakiAM 14 -0z0

Figure 4-18: Paired t-tests results for differences in peak adduction moments during early
stance across participants for preand postkneeling. The p-value was divided by 2 to reflect a

onetailed test which was dictated by the structure of hypothesis #3b.
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Figure 4-19: Peak kneeexternal adduction moments during early stancdor pre- and post
kneeling for each participant.
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