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“In physical science the first essential step in the direction of 

learning any subject is to find principles of numerical reckoning and 

practicable methods for measuring some quality connected with it. I 

often say that when you can measure what you are speaking about, 

and can express it in numbers, you know something about it; but 

when you cannot measure it, when you cannot express it in numbers, 

your knowledge is of a meagre and unsatisfactory kind; it may be the 

beginning of knowledge, but you have scarcely in your thoughts 

advanced to the state of Science, whatever the matter may be.” 

Lord Kelvin 

PLA, vol. 1, “Electrical Units of Measurement”, 3rd March 1883 

(https://archive.org/details/populatlectures10kelvgoog) 
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Abstract 

Background 

Knee osteoarthritis (KOA) can produce pain, swelling, stiffness, and loss of joint 

function. Globally, KOA affects more than 10% of men and 18% of women aged 

over 60 years, with more than half reporting moderate to severe pain. Deep flexion 

activities are challenging for those with KOA, yet they are important both culturally 

and in our activities of daily living. Improving our knowledge of the kinematics of 

deep flexion can help understand the relationship of kinematics and KOA and may 

translate into better total knee replacement (TKR) design. Accurate in vivo 3D knee 

kinematics can be utilised in studying the relationship between function and knee 

motion. Kneeling is the deep flexion activity investigated in this research as it is one 

of the most challenging activities for people with KOA and TKR because it 

necessitates loading the knee into extreme deep flexion. 

The five aims of this deep flexion kneeling kinematics research were to 1) to quantify 

the current knowledge as determined by medical imaging, 2) to understand the effects 

of ageing on the kinematics of kneeling, 3) to measure and compare healthy and end-

stage KOA cohorts, 4) to investigate the associations between knee kinematics and 

common KOA treatment outcome measures, and 5) to investigate the predictive 

capabilities of kneeling kinematics.  

Methods 

Our systematic review and meta-analysis were conducted using a computerised 

literature search and bibliography review without date restriction. Studies were 

included if they described deep flexion (flexion higher than 120°), and included the 

movements squatting, lunging and kneeling. The meta-analysis generated a pooled 

effect size using a random-effects model when heterogeneity was moderate to high. 

Participants were recruited with healthy knees (n=67) or end-stage osteoarthritis 

awaiting TKR (n=59). The data collected included six-degree-of-freedom (6DOF) 

knee kinematics, grade of osteoarthritis severity, patient-reported-outcome-measures 
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(PROMs), clinical scores and functional test results. 6DOF kinematic data were 

collected by first recording both dynamic kneeling motion within a fluoroscope and 

a static CT image of the knee joint. The fluoroscope and the CT data were then 

spatially aligned and ‘registered’, frame by frame using Orthovis©; a (three 

dimension/two dimension) 3D/2D multi-modal image registration technology that 

accurately and non-invasively measures 6DOF knee kinematics. The motion was 

quantified using the Grood and Suntay reference system. The imaging data were used 

to perform biomechanical, rigid-body, dynamic analyses of kneeling. 

Four studies were undertaken using these data to ascertain the effect of age on 

kneeling kinematics, the effect of KOA, the relationship between kinematics and 

outcome measures and finally, the predictive capacity of kneeling kinematics with 

respect to KOA severity. To examine healthy ageing, 6DOF kneeling kinematics 

were compared for four healthy age-groups. Differences between the healthy and 

osteoarthritic groups were analysed with body-mass-index (BMI) as the covariate. 

To determine the associations between 6DOF kneeling kinematics and the variation 

of the PROMs, clinical and functional data, we used multiple step-wise linear 

regressions. Finally, a predictive model of KOA severity using kneeling kinematics 

was developed using data mining and machine learning following the Cross-Industry 

Standard Practice for Data Mining (CRISP-DM) protocol. The dataset was 

partitioned into training (60%), testing (20%), and validation (20%). 

Results 

The systematic review and meta-analysis included 12 studies (with 164 participants 

aged 25–61 years in vivo, and 69–93 years in vitro) in the analysis. In vivo 

measurement technologies included radiographs, open MRI and 2D/3D MRI or CT 

image-registration on fluoroscopy. In vitro methods utilised Microscribe. The meta-

analysis found that between 120° and 140° flexion, there was internal tibial rotation 

and posterior translation of both the medial and lateral-femoral-condyles. There was 

high heterogeneity between squatting and lunging for medial-femoral-condyle 

translation, whereas the lateral-femoral-condyle had low heterogeneity, suggesting 

that only the medial-femoral-condyle translation is sensitive to the different activities.  
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Comparison of healthy age groups showed no differences between any of the age 

groups except that the 80+ group femurs were more varus and anterior at 110° and 

120°. Also, after 120° flexion, the 80+ group rotated further and faster into valgus. 

Comparison of healthy and osteoarthritic participants showed that there were 

differences in kinematic positions, displacement and rate-of-change (/°flexion). At 

100° flexion KOA femurs were more varus and externally rotated. Between 120° to 

maximum flexion the KOA femurs translated 5.8 (2.8, 8.9) mm less posteriorly, 

1.3(0.6, 2.1) mm more superiorly and rotated 2.8° (0.8°, 4.7°) more externally. Knees 

with osteoarthritis had 12.8° (95% CI 8.6°, 17°) less maximum flexion in kneeling 

than healthy knees, moving into flexion. At maximum flexion, KOA femurs were 

more anterior and medial.  

The relationships between kneeling kinematics and the PROMs, clinical and function 

scores were moderate for the Oxford Knee Score (OKS) (53.2%), American Knee 

Society score (KSS) (52%) and pain visual-analogue-scale (painVAS) (48%). There 

was a moderate to small relationship with the associated quality of life (AQOL-8D), 

the timed-up-and-go (TUG) and remaining scores. Maximum flexion was strongly 

associated (85.3%) with femoral anterior position and internal/external rotation after 

120° flexion and was the most significant contributor in all but the five-times-sit-to-

stand-test. An 11° increase in maximum flexion explained minimally clinically 

important differences in many of the scores: including; 7 points of the OKS, 13 mm 

decrease on the painVAS, a 0.06 increase in the AQOL-8D, and a 1.3-sec decrease 

in the TUG time. 

Using kneeling kinematics, the classification and regression (CR&T) decision tree 

model delivered the highest accuracy and stability for training, testing and validating 

data. The performance of the model overall accuracy for training was 98.89%, testing 

was 100%, and validation 100%. 

Conclusion 

This research breaks new ground by using deep flexion kneeling kinematics to 

investigate healthy ageing, to determine kinematic changes due to osteoarthritis, to 

determine kinematic relationships with outcome measures, and to find a kinematic 
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signature for KOA severity. We found very little kinematic impact of age, but real 

changes to knee kinematics with osteoarthritis in deep flexion. We found strong 

relationships between knee kinematics and clinical outcome measures. Finally, we 

developed a strong predictive model that can distinguish healthy, early and late stage 

KOA from kneeling kinematics. Understanding the relationships between 

osteoarthritis and kinematics may facilitate better non-surgical interventions. 
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Prologue 

Sitting in a café on a hot summers’ day, in a suburban shopping centre in Canberra 

are two old friends, sipping their chai teas. “It’s really painful to walk and do the 

housework”, Ruth sighs and rubs her knee. “My weight is out of control, and I miss 

training, but my knees crack and swell if I do too much. I wouldn’t be able to kneel 

while we meditate, it’s just too painful.” Ruth misses training at Kate’s Taekwondo 

School. She misses her old training buddies and that feeling of camaraderie, strength, 

and fitness. “I’m tired all the time and think I’m turning into a couch potato”. She 

also doesn’t like taking painkillers and worries about how she’ll pay the bills if she 

can’t work. “It’s not fair” Ruth quietly says to Kate. “We’re the same age but 

compared to you I move like an old woman.” Kate tries to empathise, but she can’t 

see anything physically wrong with Ruth—perhaps she’s just a bit depressed. “Why 

don’t you come back to training, you’d feel better”. Kate wants to have Ruth back in 

her class, everyone was missing her. Ruth is a talented martial artist and a wonderful 

children’s instructor. Yes, they’re getting older but Kate “knows her limits” and 

adjusts her training so she can keep doing the activities she loves--she can’t see why 

Ruth won’t do the same. Ruth sighs and shrugs her shoulders, she can tell that Kate 

doesn’t comprehend the waves of pain in her knee--if she could train, she would--but 

that seems to be almost impossible now. But what can Ruth do? She doesn’t want 

surgery, and doesn’t want the pain to get worse? 

Why are the experiences of these women so different? There is a simple answer, Ruth 

has knee osteoarthritis (KOA), and Kate doesn’t. Ruth and Kate are fictional, but the 

story uses documented testimonies of those with and without KOA (page.38). Those 

without KOA can control and accommodate the limits of ageing by replacing one 

activity with another.(Gignac et al., 2006) Whereas those with KOA find themselves 

less capable of managing the simple things of life.(Gignac et al., 2006; MacKay et 

al., 2014)  
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Osteoarthritis of the hip and knee is the 11th highest contributor to disability in 

Australia and ranks amongst the top ten causes of disability internationally.(AIHW, 

2015) For those with osteoarthritis, more than 1 in 2 have moderate to severe pain, 

are 2.3 times more likely to describe their health as poor, and consequently, 1 in 6 of 

them suffer from high or very high psychological distress.(“Osteoarthritis Snapshot,” 

2018) Osteoarthritis also has broader consequences including the high costs to the 

Australian community, which exceeded $3.75 billion in 2012.(Arthritis and 

Osteoporosis Victoria, 2013) Osteoarthritis is the most common chronic joint disease 

in Australian with over 9% (2.2 million) Australians in 2014-2015 reporting they 

have the disease.(Ackerman et al., 2018) Osteoarthritis is also the prime cause of knee 

and hip replacement surgery in Australia. Unfortunately, more people are diagnosed 

with knee osteoarthritis every year, due to risk factors including obesity, acute injury 

and ageing.(Gheorghiu et al., 2018) 

Currently, there is no cure for knee osteoarthritis (KOA), and so treatment can only 

relieve the symptoms.(Lane et al., 2017) Treatments include pain medication, 

physical exercise and a total knee replacement (TKR). Pain is the most common 

symptom reported and is the top clinical concern for treatment, as increased pain 

leads to less physical activity, resulting in a lower quality of life.(Hawker, 2012) 

When the symptoms of KOA become unmanageable, the most efficacious treatment 

is a TKR.(Susko and Fitzgerald, 2013) The Australian Joint Registry reported that in 

2017, 55.042 primary TKR procedures were performed in Australia, which is an 

increase of 4.3% over 2016 procedures, and a 151.6% increase since 

2003.(Gheorghiu et al., 2018) A TKR is the superior treatment for pain relief and 

improved function but does have risks which include death (0.5-1% of patients within 

90 days of surgery), fracture, infection, embolism, deep vein thrombosis and 

stiffness.(Katz, 2015) Long-term studies have also shown that TKR recipients 

experience more functional disability when compared to their peers with healthy 

knees in the general population.(Boutron et al., 2003; Linsell et al., 2006)  

For those with early KOA and those who choose not to have surgery, non-surgical 

treatments need to provide viable options that address both pain and function. Non-

surgical treatment includes both non-pharmacological and pharmacological options, 
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which aim to provide pain relief, maintain or recover function, improve quality of life 

and even slow down disease progression in the early stages. Non-pharmaceutical 

clinical guidelines have been published, with the highest level of evidence treatments 

including land-based exercise, strength training and weight loss.(Fernandes et al., 

2013; Hochberg et al., 2012; McAlindon et al., 2014) The American College of 

Rheumatologists also recommend manual therapy but don’t specify any particular 

treatments.(Hochberg et al., 2012)  

Full participation in life can be difficult for those with KOA. Joint pain reduces the 

capacity to do many activities of daily living, including walking, climbing stairs, 

standing up from a chair, and kneeling, all of which require substantial knee flexion 

(bending) and extension (straightening).(Fransen et al., 2001; Gignac et al., 2006; 

MacKay et al., 2014; Murphy, 2013; Weiss et al., 2002) A 2011 World Health 

Organisation report,(WHO, 2011) addressed the importance of independent living; 

stating that the goal of rehabilitation was to ensure full participation in all aspects of 

life. Considering the WHO directive, the objective of this research is to investigate 

both healthy and KOA knee kinematics while kneeling; to inform the development 

of treatments aimed at reducing pain and enabling people to live independently, 

participate in, and actively contribute to, society. 

This thesis explores the tibiofemoral knee kinematics of kneeling in two groups; those 

with healthy knees and those with KOA. Knee kinematics describe the geometry of 

motion, the displacement, velocity, and acceleration of the femur relative to the tibia, 

as the knee flexes and extends. Five major questions are asked. What are healthy knee 

kinematics? Do they change as we get older? How does osteoarthritis influence knee 

kinematics? What is the relationship between commonly used treatment outcome 

measures and knee kinematics? Finally, can knee kinematics tell us the difference 

between healthy and osteoarthritic knees and the severity of KOA? Answering these 

major questions will provide new insight into knee function, informing two forms of 

treatment aimed at restoring normal knee function; physical therapy programmes and 

total knee replacement design. 
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Kneeling is the motion studied throughout this research, involving weight-bearing 

deep flexion (greater than 120° flexion). Kneeling is one of the most difficult but also 

one of the most significant activities. For patients with a TKR, it is the second most 

important activity (52%) only behind leg stretching (56%).(Weiss et al., 2002) In the 

west, there is a high demand for deep flexion, including 135° flexion for getting into 

a bath,(Rowe et al., 2000) 150° flexion for yoga and gardening(Rowe et al., 2000) 

and up to 165° flexion for kneeling and squatting.(Hefzy et al., 1998) Kneeling is 

also associated with spirituality and reverence in many cultures and thus is essential 

to living a culturally rich life. Throughout the Middle East and Asia, deep flexion 

activities including kneeling are widely practised in mosques, temples, restaurants 

and the home. Daily, devout Muslims from the age of seven are expected to pray five 

times a day—with the knee moving into deep flexion, up to seventy times.(Hefzy et 

al., 2006) Visitors to Buddhist temples pick up their cushion and kneel before the 

Buddha. Many Christians use kneeling as a position of prayer. Many Japanese and 

South Koreans still practice floor culture, where they live and dine on raised 

floors.(Kanekasu et al., 2004) In India, Nepal, Tibet and China, many homes have no 

chairs, and the inhabitants need to squat and kneel continually in their everyday life. 

Thus, achieving knee flexion greater than 145° is vital for these 

communities.(Kanekasu et al., 2004) Because of this significance both culturally and 

in daily life, all research within this thesis involves the kinematics of kneeling. 

This thesis is divided up into ten chapters where chapters 5 to 8 are written for journal 

publication. As a result, there is some duplication in the introductions and methods. 

In chapter 2 we present the background to the story of human knee kinematics 

research from Ancient Greece to the latest technology and findings in knee 

kinematics of deep flexion. We describe knee anatomy and the mechanical properties 

of various tissues, including the shape of the articulating surfaces of the bones, the 

ligaments, menisci, and articular cartilage, as their interactions underlie the 

kinematics of the knee joint. Contributing to the understanding of both healthy and 

diseased knee function, chapter 2 describes the shape and movement of a knee joint 

and the effect of osteoarthritis on its various tissues. 
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We consider what is known about knee osteoarthritis (KOA): its diagnosis, how it 

damages the knee joint, who is at risk, what is the human cost, and what are the 

treatments available today. Research has proven that exercise as treatment may help 

an osteoarthritic joint by promoting cartilage homeostasis, reducing inflammation 

and providing endogenous pain suppression.(Susko and Fitzgerald, 2013) However, 

while therapeutic exercise is considered safe, improving our understanding of the 

kinematics of the knee joint during movement is vital in the understanding of how 

we want to move to stay pain-free.(Murphy, 2013 ref Juri, Reichenbach & Dieppe 

2006)  

We explore the development of our current understanding of knee kinematics with 

two literature reviews that investigate knee kinematic research from the early 19th 

century. In the first review, we describe the major technological ideas and advances 

that have fueled new research into knee kinematics. These advances include medical 

imaging and the coordinate systems that quantify knee motion, leading to the 

development of 3D/2D image registration techniques used today. In the second 

review, we evaluate the current research into the knee kinematic of deep flexion that 

investigated three areas: specific groups of participants, comparison of 

methodologies, and finally the comparison of the knee kinematics between different 

groups. 

We then present the results the systematic review and meta-analysis investigating 

dynamic loaded deep flexion kinematics (chapter 3). Chapter 4 features the methods 

used for our research. Our participant numbers, recruitment timetable, and methods 

of data collection are determined by a more extensive study titled: A prospective 

imaging study of cruciate retaining, cruciate substituting, and rotating platform total 

knee replacement, in osteoarthritis and healthy ageing: a randomised  control trial 

(PICKLeS) #ISRCTN75076749. The PICKLeS participant information pamphlet is 

included in Appendix 2. This thesis focuses on data collected during the first four 

years of PICKLeS, which includes both healthy and osteoarthritic participants. We 

describe the technology advanced and used exclusively during this PhD that 

quantifies knee kinematics. Finally, chapter 4 ends with a detailed description of the 

statistical analyses and assumptions testing used in later chapters. 
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In chapter 5, we conduct a cross-sectional observational study to evaluate the effects 

of ageing on healthy kneeling kinematics. We compare the kinematics across four 

age groups of healthy participants, from the ages of 20 to 90 years. If kneeling 

kinematics do change as we get older, then it will be important to develop a normative 

data set that could be used to assist with the clinical evaluation of treatment and 

surgical outcomes for those age groups. This study aims to provide evidence-based 

data that investigates the prevailing belief that osteoarthritis is a disease of old age. 

In chapter 6 we investigate the differences between healthy and KOA kneeling 

kinematics. With non-surgical KOA therapies aiming to reduce pain and improve 

function, a better understanding of these kinematic changes can inform the design of 

treatments that assist with the resumption of healthy kinematic motion. 

We identify the relationship between KOA treatment outcome measures and kneeling 

kinematics in chapter 7. These measures include patient-reported outcome measures 

(PROMs), clinical scores and functional tests. Previously it was stated that these 

measures could not serve as a ‘proxy’ for knee kinematics.(Holsgaard-Larsen et al., 

2014) However, we revisit this relationship question using kneeling kinematics, 

because there is a strong desire to use this easily collected data to evaluate the 

outcomes of the treatments available.(Hunter et al., 2015) Many therapies for KOA 

already consider knee kinematics in their design and then recommend that the results 

be measured by these outcome measures. This chapter is the first time the strength of 

the relationship between kneeling kinematics and outcome measures is identified. 

As we evaluate and interpret kneeling kinematics throughout this research an 

interesting question arises, “can the kneeling kinematics predict the different stages 

of knee osteoarthritis?”. In chapter 8 we investigate this question by using machine 

learning and data-mining, aiming to develop a model of KOA severity. Recording 

dynamic kneeling motion produces an extensive kinematics data set. Traditional 

statistical methods can struggle to capture the complexity of large dataset patterns; 

however, data mining is designed to find complex patterns in large amounts of data. 

Using a data mining strategy enables many inputs to be used, and we exploit this 
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opportunity by determining many variables from our dataset to describe kneeling 

kinematics. 

Our discussion in chapter 9 explores the questions we asked at the beginning of this 

research and the answers we have found. We consider the implications of our findings 

and the ongoing challenges that must still be faced in understanding knee 

osteoarthritis and the development of treatments that can reduce pain and prolong 

knee joint life. 
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1.1 Thesis Aims 

The purpose of this thesis is to investigate in vivo tibiofemoral knee kinematics in 

six-degrees-of-freedom (6DOF), in both healthy and osteoarthritic knees during a full 

cycle of kneeling. There are five overarching aims: 

A1. Quantify the current knowledge concerning deep flexion healthy knee 

kinematics. 

A2. Quantify the kinematics of the healthy knee and identify the changes that 

occur to healthy pain-free knees as they age--enabling the development of a 

knee kinematic normative data set for every twenty years of life. 

A3. Compare kneeling kinematics of both KOA and healthy knees, to determine 

if KOA changes tibiofemoral kinematics. 

A4. Investigate the relationship between patient-reported-outcome-measures, 

clinical findings, functional performance and kneeling kinematics.  

A5. Develop a predictive model of osteoarthritis severity and the Kellgren-

Lawrence osteoarthritis grade, using kneeling kinematics. 
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1.2 Hypotheses 

The hypotheses related to the kinematics of the femur relative to the tibia, with 

increasing flexion while moving into kneeling are detailed below. 

H1. The knee kinematics of older participants will have reduced maximum 

flexion and range of motion (ROM):  

 with more anterior position and less posterior translation; 

 increased medial position with less lateral translation; 

 reduced superior position and less superior/inferior displacement; 

  reduced external rotation angle and less external rotation; and  

 an increased varus angle and rotation. 

H2. The knee kinematics of osteoarthritic knees compared to healthy pain-free 

knees will have reduced maximum flexion and ROM, and: 

 a more anterior position and less posterior translation; 

 a more medial position and less lateral translation; 

 less superior position and reduced superior/inferior translation; 

 less external rotation angle and less external rotation; and 

 an increased varus angle and increased varus rotation. 

H3. Investigation of the relationships between knee kinematics and functional 

and clinical indicators including pain will demonstrate that: 

 the Oxford Knee Score (OKS) and the American Knee Society Score 

(KSS) will be associated with maximum flexion, anterior/posterior translation 

and internal/external rotation, 

 the associated quality of life score (AQoL-8) will be influenced by 

maximum flexion as this determines many activities of daily living, 

 the functional tests including the five-times-sit-to-stand, the 10m 

walking test (10MWT), and the 6 min walking test (6MWT) are motions in 
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the sagittal plane, and so would expect a relationship with the sagittal knee 

kinematics of flexion, anterior/posterior and superior/interior translation, 

 the timed-up-and-go (TUG) has a sharp 180° turn and so would expect 

a relationship with both the sagittal and transverse kinematics of flexion, 

anterior/posterior, superior/interior, and medial/lateral translation and 

external/internal rotation, 

 as KOA patients experience pain in deep flexion, we are expecting to 

see a   relationship between pain and maximum flexion. 

All references cited in this thesis including the published papers and details of the 

origin of reproduced illustrations are presented as a single list at the end of this thesis 

to avoid repetition
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This thesis investigates knee kinematics, the relative movement of the femur and the 

tibia, at the tibiofemoral joint. By understanding the relationship between anatomy 

and kinematics, a model could be developed that would enable the prediction of 

kinematics based on a subject’s articular geometry.(Smoger et al., 2015) Knee 

osteoarthritis (KOA), a disease of the synovial knee joint, can change bone shape, a 

‘subjects geometry’ as well as damage other tissues in the synovial knee 

joint(OARSI, 2014) and is expected to produce changes to knee kinematics. Because 

of these expected changes, this background chapter describes the anatomy and motion 

at the knee joint, along with the damage that can occur due to osteoarthritis. It 

explores previous investigations into knee kinematics, including the technological 

development required for accurate measurement and the findings of the latest 

research on knee kinematics in deep flexion. 



Chapter 2 Background 

13 

2.1 Knee Joint Anatomy and Movement 

With four bones and three joints, the knee can move in six degrees of freedom 

(6DOF), with three translations and three rotations (Figure 2-1). Its bones include the 

distal femur, the patella, the proximal tibia and fibula (Figure 2-2 and Figure 2-11). 

The three joints are the patellofemoral, the proximal tibiofibular and the two 

condyloid articulations of the tibiofemoral joint. Under axial compression and 

gravity, the knee joint moves primarily in flexion and extension, allowing the lower 

leg to swing forwards or backwards. The secondary motion is axial rotation which 

accompanies all flexion and extension movement, with internal femoral rotation 

during extension and external femoral rotation during flexion.(Kapandji, 2010) The 

knee has two opposing functions; the first is to provide mobility during flexion, and 

the second is to provide stability in extension. During flexion, the knee becomes more 

unstable, and the ligaments and menisci more prone to injury.(Kapandji, 2010) 

During extension, the knee is more stable, but the articular surfaces and ligaments are 

more prone to injury.(Kapandji, 2010) 

 

Figure 2-1. Six-degrees-of-freedom of the tibiofemoral joint. 

The anatomical coordinate system used to describe the motion of the femur with respect to the tibia. 

The rotations: FE: flexion/extension, IE: internal/external, AA: varus/valgus. The translations are 

AP: anterior/posterior, ML: medial/lateral, SI: superior/inferior.(Andriacchi et al., 2003) 
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The knee is one of the largest and most complex joints in the human body. In 

explaining this complexity, Kapandji et al. in 2010 described the knee’s dynamic 

equilibrium by using the analogy of a windsurfer: 

“the sea supports the surfboard (action of the articular surfaces), the surfer 

steers the board using muscle reactions to the wind and sea (corresponds to the 

periarticular muscles), and the sail is the recipient of the force of the wind 

(corresponds to the ligaments).(Kapandji, 2010)  

Knee joint stability and motion is aided by the bony architecture of the femur, tibia 

and patella, as well as its ligaments, capsule and periarticular musculature.(Goldblatt 

and Richmond, 2003) 

To maintain stability, the knee needs to manage and resist forces acting on it. For 

protection, taut ligaments can assist against injurious joint forces,(Stowers, 1996) 

while primary and secondary stabilisers provide restraints to these forces.(Zlotnicki 

et al., 2016) Taut ligaments aligned with an applied force provide primary restraint 

in the direction of that force. Secondary restraints are those structures that can resist 

this force when the primary restraint cannot, and can include other ligaments and the 

articular capsule.(Zlotnicki et al., 2016) Muscles and ligaments manage forces very 

differently. Muscles can contract and apply force throughout the movement, whereas 

ligaments can only restrict (or apply) force when they are tight. In healthy knees, 

during normal movement (not rapidly applied force) muscle contraction manages 

those forces that could produce unwanted joint motion. In vitro studies have shown 

that muscle loading does affect knee kinematics; as passive knee kinematics are 

significantly different from those of a knee with both quadriceps and hamstring 

loading.(Victor et al., 2010) All ranges of motion are limited by bones, ligaments, 

cartilage and periarticular muscle, but can be compromised by injury or 

disease.(Stowers, 1996) 

2.1.1 The Patellofemoral Joint 

The patellofemoral joint (Figure 2-2) is a plane synovial joint between the patella and 

the femoral trochlear and intercondylar notch, against which the patella glides in a 
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short non-axial movement. The patellofemoral joint is essential for increasing the 

mechanical advantage of the quadriceps muscles and can reduce the quadriceps force 

needed to extend the knee by up to 30%.(Goldblatt and Richmond, 2003) 

The obliquely superior quadriceps force on the patella is transformed into a vertical 

force as during knee flexion, the patella slides from the femoral trochlea down to the 

intercondylar fossa, more than twice patella length. In deep flexion, the posterior 

surface of the patella is exerting force against the femoral condyles.(Kapandji, 2010) 

The patellofemoral joint was beyond the scope of this PhD study as it does not interact 

with the articulating surface of the tibiofemoral joint. 

 

 

Figure 2-2. Right knee-joint, anterior view. 

Showing the fit of the medial and lateral femoral condyles into the depressions of the meniscus. 

Henry Carter illustrator, Anatomy of the Human Body.(Gray and Carter, 1919) 

2.1.2 The Tibiofibular Joint 

The proximal tibiofibular joint (Figure 2-2, Figure 2-11), is a plane synovial joint 

where the slightly concave tibial facet (located on the posterolateral aspect of the 

tibial condyle), glides on the convex fibula facet, on the head of the fibula. During 

knee flexion, the fibular head moves posteriorly and if this glide is obstructed, knee 

flexion can be restricted.(Ellenbecker, 2000) It is not possible to voluntarily move the 
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proximal tibiofibular joint--it responds mainly to ankle movement. The tibiofibular 

joint dissipates both torsional stresses originating from the ankle, and lateral bending 

moments of the tibia.(Borgohain et al., 2015) The tibiofibular joint was beyond the 

scope of this PhD study as it does not interact with the articulating surface of the 

tibiofemoral joint.(Ling et al., 1997) 

2.1.3 The Tibiofemoral Joint 

The tibiofemoral joint is the focus of this thesis. The tibiofemoral joint includes the 

area where the femoral condyles correspond with the tibial articular surfaces, plus the 

area where the tibial intercondylar tubercles fit inside the femoral intercondylar 

fossa.(Kapandji, 2010) The tibiofemoral joint is a synovial (bones separated by a joint 

cavity containing synovial fluid), diarthrotic (freely movable) bicondylar (medial and 

lateral femoral condyle) joint. The sides and posterior aspect of the tibiofemoral joint 

are constrained by an articular capsule, whereas the anterior aspect is constrained by 

three ligaments which run from patella to the tibia and integrate into the sides of the 

articular capsule (Figure 2-2).(Ellenbecker, 2000) The medial and lateral sections of 

the tibiofemoral joint have substantially different surface shapes and congruity, and 

different meniscus mobility and ligament limits. 

With the tibiofemoral joint being at the end of two long bones, it is intrinsically 

unstable and relies on its musculature and ligaments to provide stability (Figure 2-2 

and Figure 2-11).(Schultz, 2000) The tibiofemoral joint experiences movement in 

6DOF (Figure 2-1). The three translation degrees of freedom are anterior/posterior, 

lateral/medial and superior/inferior and the three rotational degrees of freedom are 

flexion/extension, internal/external and valgus/varus. Lateral/medial and 

superior/inferior translations are, in the first instance, constrained by bony anatomy, 

and ligament function restricts the remaining degrees of freedom(Stowers, 1996) 

Flexion/extension is the primary movement of the tibiofemoral joint. Flexion occurs 

when the posterior surface of the thigh moves towards the calf and can be either active 

or passive. Most activities of daily living use active flexion, and under normal 

hamstring loading, can reach up to 120°. However, if the hip is flexed and the 

hamstrings powerfully contract, active flexion may reach 140°.(Kapandji, 2010; 
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Pinskerova et al., 2009) Passive flexion begins at approximately 120° and reaches up 

to whatever is the passive limit of the particular knee (Figure 2-4c).(Pinskerova et al., 

2009) That passive limit was tested with six cadaver knees--which were unable to 

flex past 160°--despite large flexion moments being applied (up to 60 

kg/cm).(Pinskerova et al., 2009) 

Internal/external (axial) rotation around the longitudinal axis is the secondary 

movement of the tibiofemoral joint. Internal tibial rotation can be achieved by 

rotating the foot medially, and external tibial rotation while rotating the foot 

laterally.(Kapandji, 2010) 

2.1.3.1 The Femur 

The proximal tibiofemoral joint consists of two convex and asymmetric, medial and 

lateral femoral condyles (Figure 2-2, Figure 2-3, Figure 2-4, and Figure 2-5). These 

condyles are separated posteriorly by the intercondylar notch (Figure 2-11) and 

anteriorly by the trochlear groove (Figure 2-2). Hyaline cartilage, called articular 

cartilage covers the articulating ends of the femur. The femur is asymmetric in all 

orthogonal planes of motion.  

In the sagittal plane, both medial and lateral femoral condyles are cam-shaped; with 

the medial being larger than the lateral condyle. This asymmetry contributes to knee 

valgus.(Goldblatt and Richmond, 2003) Sagitally, circles can approximate the 

posterior shapes of the medial and lateral femoral condyles. The average radius of the 

circular posterior medial condyle measured from six male cadavers (aged 25 to 55) 

was 22 mm, and the radius of the circular posterior lateral condyle was 21 

mm.(Freeman and Pinskerova, 2005) Where the medial (Figure 2-3) and lateral 

(Figure 2-4) femoral condyles articulate on the tibial plateau (Figure 2-6, Figure 2-7, 

and Figure 2-8), the surface of the femur can be divided into three sections, the 

extension facet (EF), the flexion facet (FF), and the posterior horn facet (PHF).(Iwaki 

et al., 2000a) The EF is the surface of the femur in contact with the tibia during 

extension (0° to 20°). The FF is the surface of the femur in contact with the tibia 

during flexion from 20° to 120°. The femur is in contact with the PHF after 120° of 

flexion. 
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Figure 2-3. A sagittal section MRI through the medial compartment. 

a: 0°, b: 120°, c: 140°, d: 160°. The arrows point to the meniscal horns. EF: extension facet, FF: 

flexion facet, PHF: posterior horn facet, AHF: anterior horn facet. (Martelli and Pinskerova, 2002; 

Pinskerova et al., 2009) 

 

Figure 2-4. A sagittal section MRI through the lateral compartment. 

The arrows point to the meniscal horns. a: 0°, b: 120°, c: Full flexion of the volunteer, FFC: flexion 

facet centre.(Martelli and Pinskerova, 2002; Pinskerova et al., 2009) 

In the transverse plane, the medial femoral condyle is shorter and broader than the 

lateral condyle (Figure 2-5).(Smith et al., 2003) Mediolaterally, there is also 

asymmetry between the medial and lateral posterior femoral articular cartilage; the 

medial cartilage does not extend as far as the lateral cartilage superiorly or anteriorly 

(Figure 2-2).(Pinskerova et al., 2009) There is symmetry, however on the posterior 

edge of the lateral femoral articular cartilage. 

In the coronal plane, the lateral femoral condyle is slightly shorter than the medial 

condyle, contributing to the valgus alignment of the knee (Figure 2-5).(Smith et al., 

2003) Moving from mid-flexion to full flexion the centre of the flexion facet arc of 

five cadaver knees descended approx. 2 mm.(Pinskerova et al., 2009) 
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A B 

Figure 2-5. MRI of medial and lateral FF centres. 

A: Transverse section of an extended knee B: Coronal section at 30° flexions.(Martelli and 

Pinskerova, 2002) 

Past 120° flexion, in deep flexion, tibiofemoral contact ends; where the femur is 

posterior to the FF and articulates with the PHF, not with the tibia (Figure 2-3c & d 

and Figure 2-4b & c. and Figure 2-7).(Iwaki et al., 2000a; Pinskerova et al., 2009) In 

deep flexion, the synovial pocket between the femur and the knee capsule provides 

space for the posterior horn of the medial meniscus to move into (Figure 2-3c & 

d).(Pinskerova et al., 2009) At the limit of flexion, full flexion, the centre of the 

flexion facet arc of five cadaver knees was approx. 1 mm anterior to the posterior 

edge of the tibial cortex.(Pinskerova et al., 2009) 
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Figure 2-6. Femur on the tibia 

schematic diagram.(Iwaki et 

al., 2000b)  

 

Figure 2-7. Sagittal section of 

femur and tibia in 

extension.(Iwaki et al., 

2000b) 

Sagittal section of both 

medial (left) and lateral 

(right) tibiofemoral 

components for the unloaded 

cadaver knee. Includes the 

means of angles and lengths. 

EF: extension facet, FF: 

flexion facet, AHF: anterior 

horn facet, PHF: posterior 

horn facet, TAF(lateral) tibial 

articular facet 

 

Figure 2-8. Sagittal section at 

110° flexion, of tibiofemoral 

components. 

 Medial (left) and lateral 

(right) unloaded cadaver 

femur and tibia.(Iwaki et al., 

2000b)  

Including the mean distance 

between the ipsilateral 

posterior tibial cortex and the 

flexion facet centre (FFC), 

EF: extension facet, FF: 

flexion facet: AHF: anterior 

horn facet, PHF: posterior 

horn facet, TAF(lateral) tibial 

articular facet 
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2.1.3.2 The Tibia 

Distally, the articulating surface of the tibiofemoral joint is the tibial plateau, which 

consists of asymmetric medial and lateral tibial condyles. This surface is coated with 

articular cartilage. The oval medial tibial condyle is larger than the lateral tibial 

condyle and has a concave joint surface (Figure 2-9 and Figure 2-10). The more 

circular lateral tibial condyle is saddle-shaped, with the medial portion of the lateral 

condyle being concave, and anteroposteriorly it is convex.(Ellenbecker, 2000; 

Goldblatt and Richmond, 2003) Two spines, called the lateral and medial tubercles 

or the intercondylar eminence, separate the medial and lateral tibial plateaus (Figure 

2-6, Figure 2-10). 

Figure 2-9. Femoral and tibial surface shapes and contact points.(Wismanns et al., 1980) 

Research on six male cadavers (25-55 years ) has informed the following descriptions 

of the anatomical tibial plateau. In the sagittal plane, the shape of the tibial plateau 

(Figure 2-7 and Figure 2-8) enables complex kinematics of the femur on the tibial, 

described as a combination of rolling, sliding and spinning.(Schultz, 2000) In the 

sagittal plane, Figure 2-7 shows that the medial tibial condyle is longer than the lateral 

condyle, and details the slopes of both the medial and lateral tibial condyles in the 

sagittal plane. The medial tibial condyle is higher anteriorly demonstrating an anterior 

tibial slope of approximately 11° (Figure 2-7).(Martelli and Pinskerova, 2002) The 

lateral tibial surface slopes down anteriorly, is relatively flat in the centre, before 

again sloping down posteriorly, past 90° flexion (Figure 2-7).  Between 20° and 120° 
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of knee flexion, the medial femoral condyle moves posteriorly on the medial tibial 

plateau for approx. 10mm, while the lateral femoral condyle moves nearly 24mm 

(Figure 2-8).  Thus, between 20° to 120° of flexion, the distance where the lateral 

condyle is in contact with the femur is more than double that of the medial 

condyle.(Martelli and Pinskerova, 2002)  

In the coronal plane (Figure 2-5) the intercondylar eminence, which is composed of 

the medial and lateral intercondylar tubercles, separates the medial and lateral 

articular facets. In front of and behind the eminence are fossae, for the attachment of 

the anterior and posterior cruciate ligaments and the menisci.(Ellenbecker, 2000) 

2.1.4 The Menisci 

Located on top of the tibial plateau (Figure 2-10), the menisci help to absorb the load 

and provide joint congruency; minimising side-to-side rocking of the femur. The 

menisci may also assist in lubricating and providing nutrition to the articular cartilage 

by compressing synovial fluid onto it.(Ellenbecker, 2000) The medial and lateral 

menisci are asymmetric and wedge-shaped, deepening the two cups in which the 

femoral condyles sit (Figure 2-10). 

 

Figure 2-10. Head of the right tibia as seen from above. 

Menisci and cruciate ligament attachments. Henry Carter illustrator, Anatomy of the Human 

Body.(Gray and Carter, 1919) 
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The C-shaped medial meniscus is attached to the deep fibres of the medial collateral 

ligament, the edge of the joint capsule and the tibial condyle (Figure 2-2 & Figure 2-

11).(Ellenbecker, 2000) In deep flexion at 140°, the posterior border of the medial 

meniscus reaches the edge of the femoral articular cartilage. Past 140° the medial 

meniscus passes this edge and moves into the posterior horn space described above. 

At 160° flexion the meniscus is compressed between the tibia and the bottom of the 

posterior horn space, thus reducing its height by approximately 15%.(Pinskerova et 

al., 2009) 

The oval lateral meniscus is attached to the edge of the joint capsule and the lateral 

tibial plateau (Figure 2-11). The lateral meniscus is also attached to the 

meniscofemoral ligament which splits into two bands. The posterior band is the 

ligament of Wrisberg which runs obliquely and superiorly from its posterior horn 

(postero-superior) to the lateral aspect of the femur (Figure 2-10 and Figure 2-11). 

The anterior band is the ligament of Humphrey which attaches to the lateral aspect of 

the medial femoral condyle (anteroinferior).(Ellenbecker, 2000) These ligaments 

function to support the posterior cruciate ligament (Chapter 2.1.5.2) in resisting 

tibiofemoral posterior translation and have been reported to reduce contact pressures 

in the lateral compartment.(Amadi et al., 2008) However, the lateral meniscus is not 

attached to the lateral collateral ligament, enabling more anteroposterior mobility 

than that of the medial meniscus. Finally, assisting the lateral meniscus to glide 

posteriorly with knee flexion, is the attachment of the popliteus to the posterior horn 

of the lateral meniscus.(Ellenbecker, 2000)  

2.1.5 The Ligaments 

Ligaments, as opposed to muscle, do not apply force throughout a movement; they 

only resist movement when taut.(Stowers, 1996) Three properties determine when 

and how much restraining force a ligament can deliver: slack length, stiffness, and its 

attachment sites.(Stowers, 1996) Slack length is the ligament length measured at the 

moment its fibres start to feel the strain. Stiffness is the resistive force a ligament can 

impart once it has reached its slack length. Finally, the attachment sites determine the 
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direction of the ligament force. By knowing these properties, a ligament’s resistive 

force can be established.(Stowers, 1996) 

  
A B 

Figure 2-11. Posterior view of knee joint A: Left knee, B: Right knee. 

Lateral and medial femoral condyles, meniscus, cruciate and collateral ligaments. LCL: Fibular 

collateral ligament; MCL: tibial collateral ligament. Henry Carter illustrator, Anatomy of the Human 

Body.(Gray and Carter, 1919) 

2.1.5.1 The Anterior Cruciate Ligament 

The anterior cruciate ligament (ACL) primarily restrains anterior tibial translation 

during flexion when the knee is in neutral rotation. The ACL is also a secondary 

restraint for hyperextension, valgus, varus, and internal rotation of the tibia. Attached 

to the femur on the posterior medial surface of the lateral femoral condyle, the ACL 

passes through the tibial tubercles, and finally, attaches laterally to and in front of the 

medial tibial spine (Figure 2-2 & Figure 2-10). The ACL controls and produces 

internal tibial rotation during flexion.(Goldblatt and Richmond, 2003) 

In extension, the ACL is almost parallel with the longitudinal axis; however, during 

deep flexion, it is almost horizontal. During early flexion, the largest shear force on 

the ACL occurs as the quadriceps contract, pulling the tibia forward and inducing 

internal tibial rotation. At higher flexion angles, the ACL is protected by co-

contraction of the hamstring muscles.(Victor et al., 2010) 
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2.1.5.2 The Posterior Cruciate Ligament 

The posterior cruciate ligament (PCL) primarily restrains posterior tibial translation 

during flexion when the knee is in neutral rotation. It is a secondary restraint for 

valgus, varus, and tibial external rotation. The PCL femoral attachment is on the 

anterior lateral surface of the medial femoral condyle and is attached to the tibia 

between the two plateaus in a dip; spreading several millimetres distally onto the 

posterior tibial surface (Figure 2-10 & Figure 2-11).(Goldblatt and Richmond, 2003) 

In full flexion, the PCL extends upwards with its tibial insertion point close to the 

intercondylar notch which lies between the femoral condyles. MRI scans have shown 

that after 50° flexion, the posterior curvature of the PCL alters, where before 50° it is 

convex, after 50° it is concave and curving around the intercondylar 

notch.(Pinskerova et al., 2009) 

2.1.5.3 The Medial (Tibial) Collateral Ligament 

The medial collateral ligament (MCL) and connected capsular structures restrain 

valgus rotation (femoral adduction) and are added protection against external rotation 

and medial and lateral tibial translation. The MCL increasingly contributes to knee 

stability as flexion increases and posterior structures loosen. The MCL femoral 

attachment is on the medial epicondyle (adductor tubercle), and it inserts into the 

medial tibial diaphysis, deep to the gracilis and semitendinosus tendons (Figure 2-

11).(Goldblatt and Richmond, 2003) Without the MCL, the joint space opens under 

valgus load, over the entire range of motion.(Goldblatt and Richmond, 2003) In full 

flexion, both superficial and deep sections of the MCL are taut anteriorly, providing 

resistance to tibiofemoral separation. Posteriorly, the MCL is slack in deep 

flexion.(Goldblatt and Richmond, 2003) 

2.1.5.4 The Lateral (Fibular) Collateral Ligament 

The shorter and smaller lateral (fibular) collateral ligament (LCL) is a primary 

restraint to varus (tibial adduction) at all flexion angles and a secondary restraint to 

external rotation and posterior translation. However, the LCL loosens with flexion, 
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which allows internal tibial rotation during flexion. The LCL originates posteriorly 

to the lateral femoral condyle and attaches superiorly and laterally onto the fibula 

head (Figure 2-11).(Ellenbecker, 2000; Goldblatt and Richmond, 2003) In full 

flexion the LCL is slack, providing no resistance to movement.(Pinskerova et al., 

2009)  



Chapter 2 Background 

27 

2.2 Knee Osteoarthritis 

2.2.1 Definition, Diagnosis and Pathogenesis 

Previously considered a disease of mechanical cartilage breakdown, knee 

osteoarthritis is now believed to be a disease of the synovial knee joint.(Glyn-Jones 

et al., 2015; David J Hunter, 2011) Investigations into knee osteoarthritis pain and 

mechanical failure are continuing. This thesis will briefly touch upon the 

pathogenesis of osteoarthritis and the effect of mechanical load. 

2.2.1.1 Osteoarthritic Pain 

Osteoarthritic pain is now explained by using a ‘biopsychosocial framework’ 

integrating biological, psychological and social influences.(David J Hunter, 2011) 

This framework can assist in understanding why those with knee osteoarthritis can 

have very different experiences; either symptomatic (pain and mechanical difficulty), 

or asymptomatic (no pain). Psychosocially, ‘constitutional factors’ including self-

worth, catastrophising of pain, and social support can help to understand the pain 

experience.(David J Hunter, 2011) The evidence supports this definition as there is 

little relationship between pain, structural damage and radiological diagnosis.(David 

J Hunter, 2011)  

2.2.1.2 Definition 

Osteoarthritis is derived from the Ancient Greek, with osteo- meaning ‘of the bone’, 

arthri- meaning ‘joint’ and -itis interpreted as inflammation. Osteoarthritis has 

proven to be challenging to accurately define, as it is polymorphic with many clinical 

presentations.(Kohn et al., 2016) The Osteoarthritis Research Society International 

(OARSI) definition of osteoarthritis is:  

 “a disorder involving movable joints characterised by cell stress and 

extracellular matrix degradation initiated by micro- and macro- injury that 

activates maladaptive repair responses including pro-inflammatory pathways of 

innate immunity. The disease first manifests itself as a molecular derangement 
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(abnormal joint tissue metabolism) followed by anatomic, and/or physiologic 

derangements (characterised by cartilage degradation, bone remodelling, 

osteophyte formation, joint inflammation, and loss of normal joint function), that 

can culminate in illness.”(Sharma, 2016)  

In their layman’s definition OARSI further explains that osteoarthritis:  

”leads to joint symptoms and signs which are associated with defective integrity 

of articular cartilage, in addition to related changes in the underlying bone and 

at the joint margins” (Figure 2-13).(OARSI, 2014) 

2.2.1.3 Diagnosis 

Diagnosis of knee osteoarthritis is typically based on a clinical assessment, patient 

history, and a radiographic investigation.(McKenzie, 2010) However, in some 

epidemiological investigations, it has been diagnosed by self-reporting.(David J 

Hunter, 2011) The timing of diagnosis is critical to the efficacy of management 

strategies, as early diagnosis might provide time to repair the damage.(David J 

Hunter, 2011) Unfortunately, unlike cardiovascular disease and diabetes which can 

be identified, the early detection of osteoarthritis is challenging, as accurate disease 

precursors are yet to be determined.(David J Hunter, 2011) 

 

Figure 2-12. Radiograph for osteoarthritis diagnosis. 

a: Kellgren Lawrence grade 3, b: Kellgren Lawrence grade 4.(D. J. Hunter et al., 2015) 

The Kellgren-Lawrence classification system (KL) was developed to diagnose and 

classify knee osteoarthritis using radiographs and is used in clinical practice and 
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research. The KL system uses osteoarthritic features to assign a grade of 0 to 4, where 

0 signifies no osteoarthritis and 4 signifies severe osteoarthritis (Table 2-1. & Figure 

2-12). The original authors determined both the inter- and intra-reliability correlation 

coefficient of the KL system for knee osteoarthritis to be 0.83. Radiographic 

diagnosis relies on observable osteoarthritis features which are only identifiable at 

later stages of the disease. This is problematic as by the time these features can be 

seen on a radiograph, the deterioration of cartilage revealing subchondral bone is not 

reversible.(David J Hunter, 2011) Those who postpone getting a medical opinion also 

increase diagnostic lag time.(Smith et al., 2014) 

 

Table 2-1. Kellgren and Lawrence radiological criteria for assessment of KOA. 

(Spector and Cooper, 1993)  

Grade 0   None          No features of OA 

Grade 1   Doubtful    Minute osteophyte 

Grade 2   Minimal     Definite osteophyte, unimpaired joint space 

Grade 3   Moderate   Moderate diminution of joint space 

Grade 4   Severe       Joint space greatly impaired with sclerosis of subchondral bone 

 

2.2.1.4 Pathogenesis 

The current understanding of the pathogenesis of osteoarthritis includes a complex 

relationship between mechanical, biochemical, cellular, genetic and immune 

systems.(Kohn et al., 2016) The healthy knee has a dynamic joint tissue equilibrium 

that balances breakdown and repair. The disease occurs when this equilibrium is 

disturbed, which can happen if mechanical loads on a joint exceed tolerance 

levels.(David J. Hunter, 2011) All tissues in the synovial knee joint are altered by 

osteoarthritis, while articular cartilage, subchondral bone, synovium and systemic 

inflammation may have ‘key roles’ in its pathogenesis.(Glyn-Jones et al., 2015) 

2.2.1.4.1 Articular Cartilage (Figure 2-13) 

Healthy knee articular cartilage is a smooth and lubricated coating of the distal femur 

and proximal tibia which, under normal activities of daily living, assists with the 

distribution of load and wear reduction of the contacting joint surfaces.(Sanchez-

Adams et al., 2014) Articular cartilage has both cellular and extracellular elements 
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(extracellular matrix), and is avascular, without lymphatic channels or neurologic 

innervation.(Marieb and Hoehn, 2010) The cellular element consists of chondrocytes 

which build, organise, and maintain the extracellular matrix. The extracellular matrix 

has two main components: the first is the porous, permeable solid phase and the 

second is the interstitial fluid. The solid phase, which includes collagen (type II), 

proteoglycans and aggrecan, provides tensile stiffness and compressive strength--

both important factors in maintaining the structure of the collagen. The second 

component of the extracellular matrix is the freely moving interstitial fluid (mostly 

made up of water), which allows both compression and recovery.(Hung and Mow, 

2012) 

This combination of both cellular and extracellular elements gives the articular 

cartilage important biomechanical properties that include anisotropy (directional 

properties), viscoelasticity, and swelling behaviour. These properties allow articular 

cartilage to manage multi-directional compressive loads.(Hung and Mow, 2012) 

Articular cartilage has four zones, the superficial, middle, deep and calcified (Figure 

2-13 and Figure 2-14). The superficial zone has high water content and a well-

structured extracellular matrix. The middle layer has larger chondrocytes and more 

random collagen structures. The deep layer has collagen fibres arranged in vertical 

columns. Finally, the calcified cartilage is partly mineralised with large chondrocytes, 

forming a ‘tide mark’ between the calcified and deep layer of articular 

cartilage.(Sharma et al., 2013) The calcified cartilage sits on the subchondral bone 

(Figure 2-14). 

Healthy articular cartilage needs biomechanical stress to maintain homeostasis, 

without which proteoglycans decline.(Sharma et al., 2013) Osteoarthritis disturbs this 

homeostasis, as normal repair is overcome by destructive processes, which leave 

behind structural damage and clinical symptoms.(Sharma et al., 2013) In the early 

stages, osteoarthritis decreases proteoglycans in the superficial zone, reducing the 

viability of the collagen network.(Sharma et al., 2013) As the disease progresses, 

there is an ever-increasing production of matrix-degrading enzymes including 

aggrecanases (ADAMTSs) and matrix metalloproteinases (MMPs) (Figure 2-13). 

These enzymes reduce structural integrity, which eventually produces cracks (fissure 
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lesions) in the articular cartilage, leading to vascularisation, and eventually exposing 

the subchondral bone.(Glyn-Jones et al., 2015; Sharma et al., 2013) 

 

Figure 2-13. Structural changes due to osteoarthritis at the tibiofemoral joint. 

(Glyn-Jones et al., 2015) 

ADAMTS: a disintegrin and metalloproteinase with thrombospondin-like motifs. IL: interleukin, 

MMP; matrix metalloproteinase, TNF: tumour necrosis factor, IFN: interferon, IGF: insulin-like 

growth factor, TGF: transforming growth factor, VEGF: vascular endothelial growth factor. 

There is a complex relationship between mechanical loading and the biochemical 

responses that influence chondrocyte metabolism.(Sanchez-Adams et al., 2014) This 

loading can either be beneficial or damaging depending on the mode, scale and period 

of load application; articular cartilage cannot withstand exceptional stress for 

prolonged periods.(Uygur et al., 2015) 
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Figure 2-14. Normal and KOA articular cartilage and subchondral bone.(Sharma et al., 2013) 

2.2.1.4.2 Subchondral Bone 

Just beneath the calcified layer of the articular cartilage is the subchondral bone, 

composed of both cortical plate, and cancellous bone (Figure 2-13 and Figure 2-

14).(Sharma et al., 2013) The cortical plate has higher bone volume than the 

cancellous bone and is less porous or vascular.(Uygur et al., 2015) Osteoarthritis 

thickens the subchondral bone, by restarting endochondral ossification (Figure 2-

14).(Glyn-Jones et al., 2015) The restructuring of the subchondral bone could be a 

result of the loss of cartilage and its load-bearing capacity.(Glyn-Jones et al., 2015) 

This bone thickening pushes the tidemark further into the joint, allowing innervation 

and vascularisation; perhaps explaining the increase in pain. With the loss of articular 

cartilage, the changes to mechanical loading on the subchondral bone alter its shape, 

influencing the formation of osteophytes, bone marrow lesions and cysts.(Uygur et 

al., 2015) 

2.2.1.4.3 Synovium and Inflammation 

Inflammation of the synovium, which surrounds the knee joint, usually occurs with 

osteoarthritis and can appear in the early stages of the disease (Figure 2-13).(Glyn-

Jones et al., 2015) Synovitis releases synoviocytes which, when detected can predict 
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the progress of osteoarthritis (OR 9.2, 95% CI 3.2-26.3).(Glyn-Jones et al., 2015) 

Along with chondrocytes and osteoblasts, synoviocytes release inflammatory 

mediators and degrading enzymes. In osteoarthritis, synovial tissue appears to drive 

a degenerative feedback loop towards joint deterioration.(Glyn-Jones et al., 2015) 

2.2.2 Who Is at Risk of Osteoarthritis? 

Knee osteoarthritis (KOA) has primary and secondary categories. Primary 

osteoarthritis is idiopathic with no identifiable cause; however, genetics, age, 

ethnicity and even biomechanics may contribute. Secondary osteoarthritis has an 

identifiable cause that could include injury, dysplasia, infection, inflammation and 

other aetiologies.(Kohn et al., 2016) KOA is not a new disease; Figure 2-15 shows 

an exhibit from the British Museum of the 500+ years old skeletal remains of a 

Sudanese man who had KOA. 

 

  
Figure 2-15. Knee osteoarthritis exhibit in the British Museum. 

(Jennie Scarvell, 2017) 

The risk of knee osteoarthritis is influenced by body mass index (BMI), ageing, 

gender, knee injury, and professions such as tilers and carpet layers.(Silverwood et 

al., 2015) The interplay between these risks may also influence the overall risk of 

disease. A significant injury in an older person is more likely to result in osteoarthritis 
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that it is in a younger person. An overweight younger person has a lower risk of knee 

osteoarthritis than an overweight older person.(Felson, 2013)  

2.2.2.1 Body Mass Index 

Body mass index (BMI) is a simple, quick and inexpensive measure used extensively 

in epidemiological studies.(Dam et al., 2010) BMI has been shown to strongly 

correlate with whole body fat mass percentage, as measured in a DXA scanner, taking 

into account age and sex; and so can be viewed as a useful measure of body 

composition.(Dam et al., 2010) Body mass index (BMI) is calculated by dividing 

body weight (kg) by the square of height in metres (kg/m2). It is a method of 

determining if a person’s weight is in a healthy range.(AIHW, 2017) The World 

Health Organisation (WHO) defined overweight as when BMI is between 25kg/m² 

and 30kg/m², and obesity when BMI is higher than 30 kg/m².  

Being obese (BMI > 30kg/m2) increases the risk of KOA, more than age, ethnicity, 

gender, and occupation, because obesity increases both biomechanical and 

biochemical stresses on the knee.(Fransen et al., 2014; Nguyen et al., 2011; 

Silverwood et al., 2015) The lifetime risk for KOA in the US population is almost 

double for those who are obese when compared to the non-obese, being 19.67% 

compared to 10.85%.(Losina et al., 2013) The good news is that reducing weight can 

significantly lower this risk.(Blagojevic et al., 2010) Musumeci et al. in 

2015(Musumeci et al., 2015) found that 24.6% of all knee pain is due to excess weight 

or obesity. 

The risk of KOA as a function of BMI appears to be dose-dependent. In the BMI 

range 16-27 kg/m², for every BMI unit increase, there is a corresponding 27% 

increased risk.(Leung et al., 2015) Thus, risk begins to rise even at lower levels of 

BMI. A Chinese study investigated the risk of KOA in people with BMI’s of 22, 25, 

30 and 35 kg/m². A BMI of 25kg/m² increased risk 1.59 times, a BMI of 30kg/m² 

increased risk 3.55 times and a BMI of 35 kg/m² increased risk 7.45 times.(Zhou et 

al., 2014) Obesity delivers a ‘one-two punch’ as it not only increases the risk but also 

accelerates KOA progression.(Allen and Golightly, 2015) A BMI ≥ 30 kg/m² 

increases the incidence of KOA and doubles its prevalence, according to a study using 
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national U.S. population-based data from 2007-2008.(Losina et al., 2013) Even in the 

younger population, obesity doubles the risk. One example of this is the incidence of 

KOA in non-obese and obese men aged 25-34 years which is 0.12% and 0.25% 

respectively. In contrast, at the other end of life, men aged ≥85 years are the group 

least affected by obesity with non-obese to obese values being 0.04% to 0.05% 

respectively.(Losina et al., 2013) 

2.2.2.2 Ageing 

Age is a significant non-modifiable risk factor for KOA.(Allen and Golightly, 2015; 

Blagojevic et al., 2010; Li et al., 2015; Losina et al., 2013) In 1995, the Fallon 

Community Health Plan study showed that the incidence of KOA increased until the 

age of 80 years.(Oliveria et al., 1995) This result held until 2014 when, after nearly 

20 years there had been a measurable distribution shift of KOA towards a younger 

cohort.(Losina et al., 2013) Losina et al. in 2013 found the highest incidence of KOA 

now occurs in the 55-64-year-old group.(Losina et al., 2013) This age group 

experiences the highest incidence rates for men and women both obese (0.64% and 

1.02%) and non-obese (0.37% and 0.43%).(Losina et al., 2013)  

In 2008, the Johnston County Osteoarthritis Project in North Carolina concluded that 

the lifetime risk for KOA after the age of 45 years is 45%.(Murphy et al., 2008) This 

value is much higher than that calculated by Losina et al. in 2013 which was 13.83% 

from age 25 years.(Losina et al., 2013) There are three fundamental differences 

between the studies. The first is the commencing age of the risk value, (45 compared 

to 25 years). The second is the size of the samples used; the Johnston Project used a 

much smaller sample of the population. The third is the number of those reported 

with KOA; as only two-thirds were diagnosed with KOA in the Johnston Project. 

Interestingly when Losina (2013) ran the cohort data from the Johnston County 

project through its model, they came up with a very similar result for lifetime risk. 

Thus, different populations have different levels of lifetime risk. 

This shift to a younger cohort has led to a decreased mean age for total knee 

replacement in the US population from 69 to 66 years and a threefold increase of total 

knee replacement in the 45-64 years cohort.(Agency for Healthcare Research and 
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Quality. Healthcare Cost and Utilization Project (HCUP): Nationwide Inpatient 

Sample (NIS). 1997–2009., n.d.) In Australia, between 2003 and 2016 the number of 

total knee replacements increased by 139.8%. The mean age of Australian patients in 

2016 was 68.5 years, and the most common reason for the surgery was KOA.(Joint 

and Registry, 2016) 

2.2.2.3 Gender 

Being female amplifies the risk of KOA.(Losina et al., 2013) Studies on both 

Caucasian and Chinese populations have confirmed that the incidence of KOA for 

women is higher than for men and that this risk increases with age.(Allen and 

Golightly, 2015; Johnson and Hunter, 2014; Li et al., 2015; Musumeci et al., 2015; 

Neogi and Zhang, 2013; Silverwood et al., 2015) In every age group, women have a 

higher incidence of KOA than men, peaking at 55-64 years.(Losina et al., 2013) Only 

one study on the Chinese population in Singapore found that KOA risk was similar 

for both men and women.(Leung et al., 2015) In contradiction to these findings, two 

older studies found KOA was present in more men than women at 50 years of 

age.(Musumeci et al., 2015; Tsai and Liu, 1992) However, after menopause, these 

older studies did show that women’s risk of KOA increased dramatically, 18% in 

women compared to only 9.6% in men. Overall the lowest incidence of KOA in 

females compared to males is 0.14% and 0.12% (non-obese, ages 25-34), and its 

highest value is 1.02% and 0.64% (obese, ages 55-64). For those aged over 85 years, 

incidence drops back to 0.06% in women and 0.04% in men.(Losina et al., 2013) 

2.2.2.4 Knee Injury 

Traumatic knee joint injury including meniscal damage, ACL rupture and direct 

articular cartilage injury has been identified as another significant risk factor for 

KOA.(Allen and Golightly, 2015; Blagojevic et al., 2010; Lohmander et al., 2004; 

Musumeci et al., 2015; Muthuri et al., 2011) A 2015 review by Harkey et al. 

demonstrated the biochemical link between injury and KOA by showing an increase 

in KOA biomarkers when compared to healthy controls.(Harkey et al., 2015) Not 

only does knee joint injury increase KOA incidence but it can accelerate disease 

progression.(Driban et al., 2014) According to data from the Osteoarthritis Initiative, 
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injury can lead to radiographic KOA, from a clear baseline, in 48 months.(Driban et 

al., 2014) Knee-joint misalignment is also a strong risk factor for KOA progression; 

whether or not it resulted from a knee-joint injury.(Driban et al., 2014) Finally, ACL 

rupture, also associated with articular cartilage, subchondral bone, collateral ligament 

and menisci damage can result in KOA.(Stefanik et al., 2014)  

Much effort is made to reconstruct ACL-damaged knees, aiming to repair joint 

mechanics and minimise KOA risk. Unfortunately, a recent review of nine studies 

with 596 participants showed there was no difference between the risk of developing 

radiographic KOA between those who were treated operatively and non-

operatively.(Ajuied et al., 2014; Hart et al., 2010) Contrary to expectations, Hart et 

al. in 2010, showed that those treated operatively and who then developed 

radiographic KOA had more severe radiographic changes.(Hart et al., 2010) Also 

demonstrating that reconstructive surgery may not provide the expected protection, a 

Canadian study showed that those who had surgery were seven times more likely to 

have a total knee replacement.(Valderrabano et al., 2006) A Swedish study in 2014, 

which ran for over nine years, also showed an increase in KOA after reconstructive 

surgery.(Nordenvall et al., 2014) These studies demonstrate that both traumatic knee 

injury and the efforts to repair it, appear to increase KOA risk.  

However, perspective is important here, as knee joint injury has been linked to only 

5.1% of knee pain, compared to 24.6% of knee pain being linked to obesity—thus 

demonstrating the much greater role obesity plays in KOA.(Musumeci et al., 2015) 

2.2.2.5 Physical Activity 

Strong evidence from longitudinal cohort studies indicates that a moderate to high 

level of physical activity does not lead to symptomatic KOA or total knee 

replacement.(Fransen et al., 2015) The only factor that may increase the risk of this 

level of activity is obesity amongst women.(Agaliotis et al., 2014) The 1946 British 

Cohort study found no link between ‘vigorous leisure activities’ and KOA.(Martin et 

al., 2013) In 2012, the Norwegian HUNT study, which followed 30,000 participants 

over 11 years, also found exercise does not increase KOA risk.(Mork et al., 2012) A 

large Swedish longitudinal study found there was no link between KOA and the most 
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popular activities reported; walking, cycling, stair climbing and gardening.(Agaliotis 

et al., 2014) The Johnston County Osteoarthritis project measured the relationship of 

KOA risk to the standard physical activity guidelines (>150 min per week of 

moderate to vigorous activity), and found no connection between KOA and those 

guidelines.(Barbour et al., 2014) 

Juxtaposed against these studies, the Melbourne Collaborative Cohort Study found 

that those who reported high levels of physical activity had increased total knee 

replacement risk.(Wang et al., 2011) Confusing this interpretation, only 12% of those 

with a total knee replacement were previously vigorously active, and thus the study 

conceded that they could not determine a dose-response relationship between 

vigorous physical activity and KOA risk.(Wang et al., 2011) The Melbourne study 

also lacked information on the different activities being undertaken. In contrast to the 

Melbourne study, the Cooper Clinic study, quantified the joint stress of various 

activities, using self-reported data from 5280 individuals, and weighted activities that 

ranged from 9.5 (walking) to 21 (racquet sports). Considering age, previous injury, 

surgery and BMI, the Cooper Clinic study found that a high ‘joint stress physical 

activity score’ is not linked to KOA. They stated that “in the absence of significant 

joint injury, moderate types of physical activity including walking, cycling, and 

swimming, do not increase the risk of osteoarthritis over 12 years.”(Fransen et al., 

2014) 

2.2.3 The Human Cost 

Without the setback of KOA, healthy ageing adults have described the changing 

nature of their physical activities as resulting from a greater sense of “knowing their 

limits”. Loss of flexibility, reduced strength and slower reaction times define those 

limits, not pain.(Gignac et al., 2006; MacKay et al., 2014) Healthy adults remain in 

control of their physical health, and when necessary, choose to accommodate the 

limits of healthy ageing by replacing one activity for another.(Gignac et al., 2006) 

KOA can disrupt physical health and activity producing a very different experience 

to that of healthy adults.(Gignac et al., 2006; MacKay et al., 2014) KOA can produce 

pain, stiffness, swelling, joint cracking, fatigue and loss of joint function—as well as 
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a slow erosion of the ability to perform activities of daily living.(Lin et al., 2009) This 

erosion can be a great loss to bear, both for the individual and for society.(MacKay 

et al., 2014) Interviews conducted by MacKay et al. in 2014 tell the story of the 

demoralizing effects of the disease “it’s like you’re an athlete, and you go to a couch 

potato” and another “You find yourself slowing down, always conscious of not doing 

something that will make your knee worse, gain weight, lose confidence in your 

ability.”(MacKay et al., 2014) KOA can result in an altered sense of self, with 

sufferers feeling less independent and less capable of managing the simple things of 

life.(Gignac et al., 2006; MacKay et al., 2014) 

2.2.3.1 Compensation 

In a study conducted across eleven countries, KOA was shown to be “an important 

determinant for absenteeism.”(Agaliotis et al., 2014) McNamee et al. in 2014 

analysed the relationship between life satisfaction and chronic pain and determined 

that there was an increased chance of a sufferer leaving the labour market and 

reducing their household income.(McNamee and Mendolia, 2014) They also 

determined that the value of compensating income variation due to the reduced 

quality of life was substantial at US$640 per day.(McNamee and Mendolia, 2014) 

With the global need for people to continue working later in life, it is important to 

not only mitigate risk but to develop strategies that reduce the impact of KOA and 

minimise the loss of overall work productivity.(Agaliotis et al., 2014) 

2.2.3.2 Emotional Wellbeing 

KOA can disturb social and emotional health. For some, physical activity greatly 

contributes to emotional wellbeing, and its loss and changing nature can be 

particularly onerous. Disruption to their social health can include the loss of social 

connections resulting from giving up meaningful activities. For those who loved to 

practice martial arts, dance, play squash or tennis, cycle or go walking, it is not only 

losing the activity; it is falling outside their circle of friends that greatly diminishes 

social contact.(MacKay et al., 2014) This diminishing contact contributes to their 

feelings of isolation and exclusion.(Power et al., 2008) Some have described a 

reduced feeling of personal security, no longer feeling infallible, active and 
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independent.(MacKay et al., 2014) In contrast, people with healthy knees have a more 

positive outlook for the future, feeling they have ultimate control of their health and 

can make it better or worse by their own decisions.(Gignac et al., 2006; MacKay et 

al., 2014) 

2.2.4 Non-Surgical-Management 

To date, there is still no cure for KOA. Interesting leads including stem-cell therapy 

for cartilage repair, and disease-modifying treatments are being trialled, but no 

breakthroughs have been made.(Lane et al., 2017) Non-surgical management, 

including both non-pharmacological and pharmacological treatments, aims to 

provide pain relief, maintain or recover function, improve quality of life, and slow 

down disease progression. Pain is the top clinical concern while treating KOA; as it 

is the most common symptom reported.(Hawker, 2012) The need for non-surgical 

management is rising, as more people are living with KOA for prolonged 

periods.(Larmer et al., 2014) Non-surgical options are also needed for those who 

cannot or choose not to have surgery. Finally, despite the increasing number of total 

knee replacements performed every year, there is still a substantial amount of waiting 

time for many people on the surgical waiting lists.(Larmer et al., 2014) Providing 

them with non-surgical options is essential to managing the disease in the interim. 

2.2.4.1 Guidelines 

Several societies have published clinical guidelines to ensure that the conservative 

management of KOA is evidence-based. These guidelines recommend both non-

pharmacological and pharmacological treatment. These guidelines are designed to be 

“not dictatorial but to provide evidence-based guidance for patterns of clinical 

practice” and are periodically updated.(Larmer et al., 2014)  Table 2-2. includes the 

clinical guideline recommendations from three prominent international societies, 

OARSI(McAlindon et al., 2014), the European League Against Rheumatism 

(EULAR)(Fernandes et al., 2013), and the American College of Rheumatology 

(ACR).(Hochberg et al., 2012) The methods used to determine their 

recommendations included extensive literature searches and systematic reviews, with 

all recommendations assessed by an expert panel. All three societies, OARSI, 
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EULAR and ACR, had expert panels which included Orthopaedic Surgeons, 

Rheumatologists, Physical therapists and GPs. However, EULAR had a more 

extensive and broader expert panel that also included nurses, a psychologist, a 

dietician and an epidemiologist, which explains the different treatments considered.  

Across OARSI, EULAR and ACR the non-pharmaceutical recommendations that 

demonstrated the highest level of evidence were land-based exercise, strength 

training and weight loss. Education had very strong evidence in OARSI and EULAR 

but was not considered by ACR. To back up these findings, a 2014 systematic review 

by Larmer et al. assessed seventeen conservative management clinical guidelines 

including OARSI, EULAR & ACR, and found that exercise and education were 

strongly recommended.(Larmer et al., 2014)  
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 Table 2-2. Non-pharmaceutical & non-surgical guidelines of three international societies. 

 OARSI 2014 

(McAlindon et al., 2014) 

EULAR 

2013 

ACR 

2012 

Non-pharmaceutical treatments Without 

comorbidities 

With 

comorbidities 

(Fernandes 

et al., 

2013) 

(Hochberg et al., 

2012) 

Acupuncture U U  CR* 

Assistive devices U    

Biomechanical interventions A A   

Brace with varus/valgus as indicated A A   

Heel wedges (medial or lateral) A A   

Appropriate footwear/insoles A A 1 CR 

Education A A 1  

Exercise-land based A A  SR 

Aerobic   1  

Range of motion/flexibility   1  

Exercise-water based A A   

Individualised management plan A A 1  

Individualised treatment   1  

Initial assessment   1  

Manual therapy     CR 

Psychosocial interventions   1 CR 

Regular contact to promote self-care   1 CR 

Strength training A A 1 SR 

Quadriceps strengthening A A   

Endurance/strengthening A A   

Tai chi    CR 

TENs NA NA  CR 

Thermal modalities U A   

Ultrasound U NA   

Walking aids as needed A U 1 CR 

Weight loss if overweight or obese A A 1 SR 

*only for those with chronic moderate to severe pain. 1: level one evidence either a meta-analysis of RCT 

or at least one RCT, SR: strongly recommended, CR: conditionally recommended, NR: not recommended, 

A: appropriate, U: uncertain, NA: not appropriate.  

2.2.4.2 Expectations 

Despite the strong evidence supporting conservative management, many patients 

expect their conservative management options to fail and that a total knee 

replacement is inevitable.(Smith et al., 2014) In a systematic review that investigated 
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the ‘attitudes of people with osteoarthritis,’ it was found that many patients delayed 

diagnosis, and preferred to manage and learn about the disease themselves. They did 

not want their disease and its impact on their lives trivialised.(Smith et al., 2014)  

Despite the efficacy of exercise for both pain relief and function improvement; it can 

only help if the patient does the work. One reason identified for poor exercise 

adherence is not understanding the benefits and the minimal risks of exercise. There 

was also a reluctance to continue with medications, particularly NSAIDs because of 

the concern with side-effects. This gap in understanding provides an opportunity for 

education to improve exercise and conservative management compliance; improving 

the patient’s outlook on their treatment. This approach, providing both education and 

exercise, was successful in predicting an improvement at one year, in the study 

produced by Skou et al. 2014. They demonstrated that improvements in physical 

performance and self-reliance after three months of conservative treatment could 

predict improvement in knee pain after one year.(Skou et al., 2014) 

2.2.4.3 Total Knee Replacement 

Unfortunately, despite these conservative management recommendations, and 

perhaps because of a lack of education fuelling the patient's belief in the inevitable 

failure of those treatments, one study showed that more than 19% of KOA sufferers 

felt that their pain relief was not adequate.(Marcum et al., 2011) The final treatment 

option, when all other options have been exhausted, is a total knee replacement. 

While this option is valid, it is a palliative operation and cannot be reversed.(Murphy, 

2013) A total knee replacement also comes with higher risks including death (0.5-1% 

of patients within 90 days of surgery), supracondylar fracture, deep infection, 

embolism, deep venous thrombosis and stiffness. Despite these risks, in end-stage 

osteoarthritis, with severe joint disruption and pain, a total knee replacement is 

superior to conservative management regarding pain relief and improvement of 

function.(Katz, 2015)  
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2.3 Aristotle To This Thesis; A Brief History of 

Human Biomechanics 

The pathogenesis of knee osteoarthritis includes a complex relationship between the 

mechanical, biochemical, cellular, genetic, and immune systems.(Kohn et al., 2016) 

Articular cartilage needs mechanical stress to maintain homeostasis. However, this 

balance is disturbed when mechanical loads exceed tolerance levels and by 

osteoarthritis; leading to structural damage, and clinical symptoms. (David J. Hunter, 

2011; Sharma et al., 2013) To understand the mechanical changes resulting from 

osteoarthritis requires a complex and detailed measurement of the mechanics of joint 

motion. 

2.3.1 Aristotle To Newtonian Mechanics 

Mechanics is the study of the motion of objects resulting from the action of forces; 

one of the oldest of the physical sciences going back to the physics of Aristotle (384-

322BC) and Archimedes (287-212BC). Archimedes, a scientist, engineer and 

mathematician, also among the most famous of the Ancient Greeks, developed the 

principle of the world’s first machine, the lever. The mechanics of the lever is widely 

used today while studying human body mechanics--the bones being the lever and the 

muscles applying force. Archimedes was a founding father of applying mathematical 

principles to nature, in his case studying bodies in equilibrium or at rest. Later this 

branch of mechanics was called statics; a unit once studied by every engineering 

undergraduate. 

After Archimedes, the western world had to wait more than sixteen centuries for 

Galileo (1564-1642) to study bodies in motion--a sub-branch of mechanics now 

called dynamics. Galileo was the first person to combine deductive reasoning with 

experimental observation.(Baker, 2007) Following in Galileo’s footsteps a century 

later, Sir Isaac Newton (1642-1727) studied bodies (heavenly rather than earthbound) 

that accelerated uniformly and developed his famous laws of motion.(Beer and 

Johnston, 1990) Around this time Rene Descartes (1596-1650) invented analytic 
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geometry and the orthogonal coordinate system, enabling us to describe the position 

of objects in space. The Cartesian coordinate system was named after Descartes using 

his Latinised name Renatus Cartesius. With this new knowledge, the first scientist to 

apply Newtonian mechanics to human movement was Hermann Boerhaave (1668-

1738) while working in Leiden.(Baker, 2007) 

2.3.2 Biomechanics Is Born 

Nearly four centuries after Newton and Boerhaave, the application of the principles 

of mechanics to living things led to a sub-branch of mechanics called biomechanics—

a term embraced in the 1970s. Hatze, in 1974 defined biomechanics as “the study of 

the structure and function of biological systems by means of the methods of 

mechanics.” Living things or biological systems include bodies with different 

properties; fluids, deformable bodies, and rigid bodies—all of which have their 

particular branch of biomechanics.(McGinnis, 2013) 

2.3.3 A Rigid Body, Dynamic Kinematic Analysis of The Human 

Knee 

This PhD thesis will investigate rigid-body biomechanics as we are dealing with non-

malleable bones of the knee (considering scale and time frame). Dynamics, the legacy 

of Galileo, is the study of objects while they are in motion and comprises two 

branches, kinematics and kinetics. Kinematics describes the motion of an object, 

while kinetics describes the effect of forces acting on that object.(Hall, 2006; 

McGinnis, 2013) Kinematics studies the geometry of motion; displacement, rate-of-

change, and acceleration; incorporating the use of a Cartesian coordinate system--the 

legacy of Renee Descartes. Therefore, this study of the movement of the tibia and 

femur (rigid bodies) as the knee flexes and extends while kneeling, can be correctly 

described as a biomechanical, rigid body, dynamic kinematic analysis of the 

tibiofemoral joint. This PhD thesis aims to determine an accurate description of this 

movement for osteoarthritic and healthy knees—in 6DOF. 
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2.4 Development of Knee Kinematics Research 

The modern investigation of human knee kinematics can be described within three 

distinct historical periods as suggested by Pinskerova et al. in 2000.(Pinskerova et 

al., 2000) The first period ended during world war one, the second ended in the 1970s, 

and the third continues to this day. This thesis explores these periods with the results 

of two systematic reviews. 

An extensive search was conducted using the search terms (knee* OR "knee 

mechanic*" OR "knee joint") AND ("healthy knee*" OR "normal knee*"). Searches 

were conducted using the databases SCOPUS, Web of Science, EBSCO (1940 

onwards), IndexCat and WorldCat. IndexCat is the catalogue of the Library of the 

U.S. Army Surgeon-Generals Office, 1880-1961 and includes items from the 1400s 

through to 1961. IndexCat--even though it was the collection of a single library--was 

the world’s largest medical library by 1895. WorldCat is operated by the Online 

Computer Library Centre--a global cooperative—and described on its webpage as the 

“world’s most comprehensive database of information about library collections.” 

WorldCat aims to make “library collections findable and accessible around the 

world.” As of September 2017, WorldCat, contained over 404 million bibliographic 

records, with 56% of items not in English, representing 491 languages. In addition to 

these searches, contact was made with the British Society of the History of Medicine, 

by way of a request for information. Finally, bibliographic trails were followed, from 

the citations found in old books and papers. 

2.4.1 1836 to 1917 

This period begins in 1836 with the publication of a book produced in Germany, 

called the Mechanics of walking in humans.(Weber and Weber, 1836) Their striking 

illustration in Figure 2-16 is possibly one of the first modern figures of human gait. 

Its authors were two redoubtable brothers; Wilhelm and Eduard Weber. Wilhelm 

Weber (1804-1891) was a professor of Physics at Gottingen, and Eduard Weber was 

a professor of physiology at the University of Leipzig.(Wilhelm Weber Biography 

inventions, n.d.) Before the Weber brothers, theories attempting to explain human 
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movement were developed, by such luminaries as Borelli (1609-1679) and Samuel 

Poisson (1781-1806). However, no experimental work supported these earlier 

theories as, before the Weber brothers, there was a lack of research that included 

knowledge both of mechanics and physiology.(Baker, 2007) By working together, 

they united mechanics and physiology to investigate the mechanics of human gait; 

work which included observations of the knee joint. After dissecting a human 

cadaver, they noted the circular shape of the posterior femoral condyles. They also 

studied the motion of the femur by drawing an axis between the centres of the 

posterior circles of the medial and lateral femoral condyles and noted, possibly the 

first biomechanical observation of the tibiofemoral joint, that during flexion the 

medial femoral condyle moved very little compared with the posterior movement of 

the lateral femoral condyle. This work led to their observation that during flexion, 

longitudinal rotation of the femur occurred around a medial pivot.(Weber and Weber, 

1836) 

 

Figure 2-16. A snapshot of 14 instants during the gait cycle. 

Weber and Weber Plate XIII(Weber and Weber, 1836) 

Another extraordinary partnership in London between two Englishmen, Henry Carter 

and Henry Gray, produced the first edition of Anatomy—Descriptive and Surgical in 

1858.(Gray and Carter, 1858) It seems unlikely that they had access to, or were 

influenced by, the Weber brothers’ publications as no English translations were 
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found.(Richardson, 2009) Gray and Carter identified what they called the ‘chief 

movements’ of the knee joint—flexion and extension. Inexplicably, they noted that 

the tibia glides backwards during flexion and forwards during extension--the opposite 

of our understanding today. Despite this incorrect interpretation, Gray and Carter’s 

contribution is important as it is, arguably, the first kinematic description of the 

tibiofemoral joint in English. Henry Carter’s intricate anatomical illustrations of the 

knee are included in Figure 2-2, Figure 2-10, and Figure 2-11. 

Back in Leipzig in 1891, anatomists Braune and Fischer were the first to investigate 

living in vivo knee kinematics of gait, using stereo-photogrammetry; a process that 

combined two photographs taken at specific angles. They noted that as the living knee 

flexed there was an accompanying femoral rotation.(Braune and Fischer, 1891) 

Braune and Fischer also collaborated in an investigation of the human body’s inertial 

parameters. They strapped Geissler tubes to a soldier (Figure 2-17), taking nearly 

eight hours to insulate the soldier from the dangers of electrocution. From the images 

taken they were able to calculate point co-ordinates and joint centres (Figure 2-17). 

Fischer was then able to draw the trajectory of the centre of mass and using inverse 

joint kinetics he calculated torques (moments) of the lower limb joints. This was the 

last definitive paper written before X-rays and was presented in 1892, by the 

Professor of Anatomy in Lausanne, Edouard Bugnion who noted that knee flexion 

was “always bound to internal rotation of the tibia.” They observed that during 

flexion, the medial meniscus moves little compared to the lateral meniscus; producing 

further evidence that the longitudinal rotation of the femur is around a medial pivot 

point.(Bugnion, 1892; Pinskerova et al., 2000)  

By 1904 a new technology called X-rays, enabled Zuppinger from Zurich, to suggest 

that during flexion, the cruciate ligaments do not restrain but act as guides. Zuppinger 

was the first to hypothesise a four-bar linkage structure in the knee, suggesting that, 

the cruciate and collateral ligaments remain tight during flexion.(Zuppinger, 1904) 

This theory implied that knee kinematics were controlled by the tension in the 

cruciate ligaments, and has remained popular deep into the twentieth 

century.(Williams and Logan, 2004) 
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Controversially, Strasse from Berne disputed Zuppinger’s four-bar linkage 

hypothesis in 1917. Strasse demonstrated that after flexion commences the posterior 

cruciate ligament (PCL) is loose.(Strasser, 1917) Unfortunately, it seems that Strasse 

made a tactical error when refuting the 4-bar linkage theory by including Zuppinger’s 

4-bar-linkage diagram in his paper. Inexplicably, the diagram and not the rebuttal has 

been remembered, and thus, Strasse unwittingly fueled a biomechanical controversy 

that has continued for over seven decades.(Pinskerova et al., 2000) 

 

  
A  B 

Figure 2-17. Braune and Fischer 1893 (Baker, 2007).  

A: Geissler tubes strapped to a brave soldier(Baker, 2007)  B: The ‘enlightened’ soldier walking, 

Revisiting femoral condyles in 1911, Fick analysed their shape in three dimensions 

for the first time. He suggested that the flexion-extension axis is offset from the 

sagittal plane by several degrees, resulting in a single fixed flexion-extension 

axis.(Smith et al., 2003) 

Unfortunately, it appears that much of this knowledge was lost in translation and war.  
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2.4.2 1917 to 1970s 

No evidence could be found of research built on the findings of Braune and Fischer, 

Bugnion, Zuppinger, Strasse and Fick in the second or third decades of the 20th 

century. This research became another casualty of the Great War, which created a 

chasm between the researchers in Europe and those in Britain. An insight into the 

direction of the Orthopaedic focus on knees during ‘The Great War’ is provided by 

Lieutenant-Colonel Robert Jones in his 1916 British Medical Journal article titled 

“Disabilities of the Knee Joint.” It is a comprehensive article designed for a doctor 

practising in a military hospital. He offers advice on how to determine and deal with 

minor and major knee injuries; ranging from a sprain to rupture of ligaments and 

fracture of the tibial tubercles and includes a discussion on how to deal with bullet 

wounds. With limited imaging equipment available, in severe cases, the surgeons had 

to physically cut the patella in half to find out the cause of knee injury (Figure 2-18). 

Intriguingly, Lt Col Jones noted how important it was for the surgeon, rather than the 

patient, to be able to distinguish the difference between a minor and major injury 

because, as he remarks: 

“in my experience, a considerable number of men who wish to avoid service 

have found they can puzzle the medical officer by complaining of obscure pain 

and disability of the knee.”  

This necessity reveals a time when a knee injury could save one’s life. What is of 

interest looking back over the passage of 100 years, was Lt Col Jones last paragraph 

where he states, “the whole question of septic arthritis in and about the joints, with 

resulting ankyloses, is a larger subject, which cannot be dealt with in this article.” 
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Figure 2-18. The slitting of the patella to investigate a knee injury in 1916.(Jones, Robert (Inspector 

of Military Orthopaedics, 1916) 

In 1918, both Henry Gray and Henry Carter were gone, but their legacy continued 

with the 20th edition Anatomy of the Human Body. It provided a different and more 

comprehensive description of knee kinematics compared to that of their first edition 

in 1858.(Gray and Carter, 1919) It observed three phases that occurred during the 

movement from full flexion to extension. The first, while in full flexion, was the 

resting of the posterior femoral condyles on the posterior meniscotibial surface, and 

some femoral rolling at this position. The second, as the knee moves from flexion 

toward extension, was the forward movement of the femoral axis (drawn between the 

femoral condyles) and the condyles themselves, which not only rolled but glided on 

the tibial plateau. In the final phase toward full extension, Gray and Carter described 

the “screwing home” movement of the joint, with the lateral femoral condyle moving 

slightly forward and medial, and the medial condyle travelling backwards and 

rotating medially also—resulting in the inward rotation.(Gray and Carter, 1919) 

Revisiting the work from Zuppinger (1904)(Zuppinger, 1904) and Strasse 

(1911)(Strasser, 1917), ligament function was investigated and reported on by 

Brantigen and Voschell (1941), Steindler (1955), and Kapandji (1970). In an in vitro 

study, Brantigen and Voschell (1941), found that during knee extension the MCL, 
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LCL and ACL were taut, but the PCL was slack, During knee flexion, they found that 

the LCL was slack.(Smith et al., 2003) Thus, providing more evidence to refute 

Zuppinger’s four-bar linkage theory. 

Internal/external rotation at the knee was explored in 1948.(Levens et al., 1948) They 

noted that when these rotations were restricted, the “synchrony and rhythm of 

walking was interrupted.” This interruption was observed when patients were 

required to wear a leg brace that inhibited rotational movement. This early 

understanding of lower leg kinematics was used to inform the design of more 

comfortable and functional leg braces and prosthetics; built for those with either 

above or below knee amputations.(Levens et al., 1948) Discussion on the location of 

the axis of internal/external rotation (axial rotation) has been considerable. Gray’s 

Anatomy (1962) states that the axis goes through the lateral condyles, thus refuting 

the assertions of Steindler (1955) and Morris (1953) that the axis of rotation lies 

closer to the medial condyles.(Morrison, 1970) 

In 1967, the University of Cambridge released Research Report 1 titled ‘Complex 

Movements at the Knee Joint’.(Shute, 1967) Lateral radiographs were taken in vivo 

of one young adult male in various angles of flexion (unfortunately there was no 

indication of loading). From these images, they were able to measure the movement 

of the medial and lateral femoral condyle associated with each flexion angle. They 

found that during extreme flexion (130° to 160°) both femoral condyles moved 

posteriorly (they described it as ‘rollback’). In extreme flexion, the posterior fibres 

of the posterior cruciate ligament were associated with the posterior motion of the 

medial femoral condyle, while the popliteus muscle was associated with drawing 

back posteriorly the lateral femoral condyle. In extreme flexion, the medial femoral 

condyle rode up onto the posterior rim of the medial meniscus tilting the 

femur.(Shute, 1967) 

In anticipation of being able to design a mathematical model of the knee, Moschino 

and Zingoni (1977) described the sagittal rotatory and translation motions of the 

medial and lateral femoral condyles on the tibial plateau (Figure 2-19). They 

observed that medial contact is a combination of rolling and sliding in early flexion, 
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becoming almost exclusively sliding deeper into flexion. Laterally, the combination 

of rolling and sliding becomes exclusively sliding only after 75° flexion.(Moschi and 

Zingoni, 1977) 

 

Figure 2-19. A 1977 reconstruction of the condyle locations in the sagittal plane. 

Values 1 to 8 corresponds to 0°, 10°, 25°, 40°, 75°, 100°, 120° and ?. Left: medial, and Right: lateral 

condyles.(Moschi and Zingoni, 1977) 

2.4.3 To the Present Day 

2.4.3.1 Technology 

The desire to accurately capture the complex motions of the femur and the tibia has 

driven the development of new and more accurate kinematic measurement 

technology. Various methods have been employed to measure three-dimensional 

(3D) knee kinematics, including motion-capture using skin-mounted markers or 

bone-pins, radio-stereometric analysis, dual-plane radiographs, fluoroscopy, 

transverse CT scans, microscribe digitising, and 2D/3D MRI or CT-fluoroscopy 

image registration algorithms. 

Motion-capture systems that evaluate kinematics involve multiple video cameras that 

measure the movement of skin-mounted markers placed on anatomical landmarks 

(Figure 2-20). Motion capture has many advantages, it is non-invasive, easy-to-

operate, and is used extensively in the field of animation and computer 

graphics.(Muhit et al., 2013) However, motion-capture using skin-markers, cannot 

provide the level of accuracy required in a kinematic analysis. In a running gait study 

that compared the difference between the measurements made using skin-markers 
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and bone-pins (attached to the femur and tibia), they found that skin-markers 

introduced substantial errors; with the lowest average error being 21% for 

flexion/extension and moving up to 70% for varus/valgus.(Reinschmidt et al., 1997) 

This high level of error due to large relative movement of skin and soft tissue artefacts 

compared to the underlying bones, renders skin marker motion-capture technology 

as inappropriate for kinematic studies.(Akter, 2015) 

Early kinematic studies investigated the patterns of wear on TKR contact surfaces 

and required high levels of sub-millimetre accuracy. The roentgen 

stereophotogrammetry analysis (RSA) provided this accuracy and is still considered 

to be the gold standard for capturing knee kinematics (Figure 2-21).(Pickering et al., 

2009b) Unfortunately, RSA has two significant drawbacks. The first is that it can 

only be used for cadavers or postoperative assessment, because RSA requires the 

surgical implantation of tantalum beads into the femur and tibia. The second 

drawback is that RSA requires two orthogonal X-ray beams and therefore delivers a 

double dose of radiation. Thus, healthy knees cannot be measured this way, as it is 

unethical to implant beads or attach bone-pins into a natural, healthy or asymptomatic 

knee.(Pickering et al., 2009b) Consequently, RSA and bone-pins can be used for in 

vitro studies or post-surgical studies, but not in vivo healthy knee studies. 

Measuring in vivo knee kinematics accurately and ethically, continued to be a 

challenge. Various early studies used X-rays and MRI--one of the first studies to 

measure healthy kneeling kinematics used bi-planar X-rays.(Hefzy et al., 1997) X-

ray technology is well understood and widely used. Developed by Wilhelm Roentgen 

X-rays were revealed to the public in 1895. Roentgen deservedly won the first Nobel 

Prize in physics for this work.(Bushberg et al., 2012) However, X-rays are at best a 

compromise between the radiation dose required for clarity and the lowest dose for 

safety.(Bushberg et al., 2012) 

MRI is considered to be a viable alternative as it can assess the knee in 3D, does not 

irradiate and produces multi-planar images that include soft tissue.(Bushberg et al., 

2012) MRI has been used to study tibiofemoral contact points,(Scarvell et al., 2004) 

to compare healthy and ACL injured knees(Scarvell et al., 2005) and for analysing 
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osteoarthritic knee kinematics.(Scarvell et al., 2007) Unfortunately, MRI does have 

its drawbacks as it is slow and expensive, and has little room providing only limited 

opportunities to image movement. An ‘interventional’ MRI (at St Mary’s Hospital in 

London) that had a 56 cm gap between its two magnets made it possible for patients 

to be viewed during weight bearing.(Williams and Logan, 2004) Two early studies 

used MRI to record healthy knee motion, however, both could only measure ‘quasi-

static’ motion, not a dynamic movement.(Scarvell et al., 2004; Williams and Logan, 

2004) 

 

 

 

Figure 2-20. Motion-capture using skin markers. 

(Pickering presentation 2016).  

Figure 2-21. RSA  

(Pickering presentation 2016). 

Fluoroscopy provides a solution to recording, real-time dynamic movement of the 

joints in vivo. Fluoroscopy produces a rapid temporal sequence of X-ray images, 

making real-time movies of the patient and thus can record, in two dimensions (2D) 

their dynamic movement. It is already widely used and is available around the world, 

guiding the positioning of catheters, visualising contrast agents and monitoring 

therapeutic procedures.(Bushberg et al., 2012) Fluoroscopy was first used to image 

the knee joint and to assess kinematics by Stiehl, Komistek and Dennis in 

1995.(Stiehl et al., 1995a) They recorded a lunge in the sagittal plane, from both 

medial and lateral sides, and analysed X-rays taken every 5° of flexion. Bi-planar 

fluoroscopy, which incorporates two simultaneous orthogonal views of the knee, is 

very precise and can be used to model the motion of rigid bodies in 3D (Figure 2-
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22).(Pickering et al., 2009b) However, bi-planar fluoroscopy has drawbacks which 

include; the double dose of radiation, the need to access two fluoroscopy units which 

are set up for this purpose, and the limited field of view. This limited view reduces 

the number of human activities that can be recorded.(Pickering et al., 2009b) 

 

  

Figure 2-22. Bi-planar fluoroscopy (Pickering 

presentation 2016) 

Figure 2-23. Single-plane fluoroscopy set up at 

the Canberra Hospital. 

The quest continued to find technology that was accurate, non-invasive and ethical. 

Pragmatically, researchers needed a method that could be applied in vivo, record 

dynamic motion in real-time, had acceptable levels of ionising radiation and used 

readily available equipment. Alongside this search, computer processing power was 

accelerating, making more options available for motion analysis. Post-knee 

replacement kinematics were analysed in 1996 by Banks and Hodge who successfully 

matched computer-aided design (CAD), 3D models of the TKR femoral and tibial 

components, with the associated 2D fluoroscopy frames.(Banks and Hodge, 1996) In 

2001, Asano et al. developed the software and tested the validity of a method that 

used a combination of CT scans (Figure 2-24) and X-rays, to record normal knee 

kinematics in vivo, under weight-bearing conditions. They developed 3D models of 

the femur, tibia and fibula from the CT data, and matched them to X-rays that were 

taken every 15° of flexion, during a lunge.  

The breakthrough that incorporated CT and single-plane fluoroscopy to measure 

dynamic motion was made by Komistek, Dennis and Mahfouz in 2003. They 
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combined the CT image of a knee with fluoroscopy (frame rate: 30 frames/sec) and 

analysed lunge and gait, a chair sit and rise, and stair descent. 

 

 
Figure 2-24. CT scan of the knee. 

Figure 2-25. 3D/2D simulated projection.(Dennis 

et al., 2005) 

Combining the 3D model developed from a CT scan and the 2D images of a knee in 

motion has many advantages. Single-plane fluoroscopy can instantly capture natural 

dynamic motion, the equipment is readily available, and it has half the radiation dose 

of its bi-planar cousins (Figure 2-23).(Akter, 2015) The process that integrates the 

3D data from the CT with the 2D data from the fluoroscopy is already widely used 

for many medical imaging applications, providing accuracy on par with the gold 

standard RSA when used with still images.(Akter et al., 2012) Its current medical 

imaging applications include image-guided radiation therapy, pre- and post-operation 

planning and monitoring, Orthopaedic surgery, interventional neuroradiology, and 

vascular interventional radiology.(Akter, 2015) The adaptation of this approach to 

enable the capture of kinematic data from normal knees was developed by Dennis et 

al.(Dennis et al., 2005) and also by Fregly et al.(Fregly et al., 2005) Their approach 

included first generating 3D models of the femur and tibia via a CT scan. Secondly, 

the 3D model was transformed into a 2D projection that could then be ‘registered’ 

with the fluoroscopy frame; with registration being the process that found the best 

spatial fit of the two images.(Akter, 2015) However, this new technology was not 

without its challenges. This process is now called 3D/2D multi-modal registration, 

multi-modal because of the two very different technologies that are involved. 
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2.4.3.1.1 The History of Orthovis© 

Challenges to 3D/2D multi-modal registration, included the dimensional mismatch 

of images taken by different technologies (multi-modal), the amount of initial 

displacement between the two images, distortion produced by the curved fluoroscopy 

image intensifier, the difficulties in precisely measuring out-of-plane movement, and 

finally the large amounts of time required to accurately register each fluoroscopy 

frame. These challenges have been addressed throughout this PhD by the continuing 

development of this technology through the collaboration between the University of 

New South Wales (ADFA) and the Trauma and Orthopaedic Research Unit at the 

Canberra Hospital. 

The first development was to create a 2D model from the CT called a digitally 

reconstructed radiograph (virtual fluoroscopy of the CT), which could have its edges 

enhanced to improve the accuracy of the registration process (Figure 2-25).(Pickering 

et al., 2009b) The next development was an algorithm that included a new multi-

modal similarity measure, which determined how well aligned the images were. The 

algorithm increased the initial displacement that could be correctly registered and 

reduced the number of iterations required—thus reducing the time needed for 

registration.(Pickering et al., 2009a) This improved 3D/2D registration algorithm was 

then tested against the gold-standard RSA, using two cadaver knees by Muhit, 

Pickering, Ward et al. in 2010.(Muhit, 2011) Each femur and tibia had tantalum beads 

implanted and were passively flexed from 0° to 90°. At each flexion angle, data were 

simultaneously collected for the RSA analysis and the 3D/2D registration. The results 

showed that the accuracy of the new registration method compared favourably with 

RSA and bi-planar fluoroscopy schemes (Figure 2-26). This demonstrated the ability 

of this 3D/2D image registration technology to accurately measure and compare the 

kinematics of healthy, injured and osteoarthritic knees pre- and post-surgery.(Muhit, 

2011)  

Improvements to the speed and precision of this new technique and algorithm have 

continued. One drawback of this registration technique has been its failure when the 

initial displacement is large. Failure can occur when registering dynamic motion such 



Chapter 2 Background 

59 

as a step up with low frame rate fluoroscopy. Ongoing development has improved 

the ability of the algorithm to accurately match the DRR with the fluoroscopy when 

these large initial displacements occur.(Saadat et al., 2017) The resulting software 

package called ‘Orthovis’ has been developed entirely in-house and is the only tool 

used in this thesis to measure knee kinematics. A large amount of time within this 

PhD was spent working with this new software alongside its developers, and the final 

description of Orthovis is included in the Methods section (Orthovis© Multi-modal 

3D/2D Image Registration page.142). 

 

 
 

Figure 2-26. The accuracy of the new 3D/2D registration algorithm against RSA. 

Muhit, Pickering, Ward 2010.(Muhit, 2011) 

2.4.3.2 Reference System Development 

Knee kinematics can be measured by two different types of reference systems; 

tibiofemoral contact patterns and tibiofemoral coordinate reference systems (Figure 

3-2). Tibiofemoral contact patterns describe the motion of the tibiofemoral contact or 

lowest points of the femur at the articulating surface.(Nisell, 1985; Scarvell et al., 

2004; Walker et al., 2011) Early investigations measured the anterior-posterior path 

of the contact points of the femoral condyles on the tibial plateau. Tibial rotation 

could then be calculated from the difference in medial and lateral contact point 

translation.(Scarvell et al., 2004) Restrictively, contact pattern systems are limited to 

two-dimensions, whereas a complete description of knee motion is three-
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dimensional, as it is a mechanical linkage with six-degrees-of-freedom 

(6DOF).(Banks and Hodge, 1996; Grood and Suntay, 1983) In 3D, the tibiofemoral 

coordinate reference systems base the flexion/extension (FE) axis in the femur and 

describe motion in 6DOF.(Smith et al., 2003) Motion in the knee joint is described 

by a Cartesian coordinate system (x, y, z) which is positioned using bony 

landmarks.(Walker et al., 2011) The motion of the femur and the tibia can then be 

described by the relative motion between their two body-fixed coordinate 

systems.(Lenz, 2008) 

Careful choice of a reference system is vital to ensure an accurate comparison of knee 

motion across studies--the same motion can have different kinematic values resulting 

from different reference systems.(Lenz, 2008; Tanifuji et al., 2013) Early 3D studies 

measured knee motion using Euler angles or the helical (screw) axis.(Grood and 

Suntay, 1983) Drawbacks to the Euler systems included the dependence on the angle 

sequence, as the angles are not independent.(Grood and Suntay, 1983) The helical 

(screw) axis was an attempt to describe knee motion independent of the orthogonal 

axes but is difficult to understand clinically.(Walker et al., 2011) Also, few early 

investigators considered measuring translation at the joint.(Grood and Suntay, 1983) 

Taking these drawbacks into account, modern body-fixed coordinate systems attach 

the flexion/extension axis to the femur, the internal/external (IE) axis to the tibia, and 

use a third floating axis determined by the FE and IE axes. The measurement of 

rotations and translations are around and along these axes.(Grood and Suntay, 1983; 

Lenz, 2008) Importantly, these body-fixed coordinate systems are independent of 

angle sequence and can be understood clinically, as the three orthogonal axes 

approximate motion in the lateral/medial, superior/inferior and anterior/posterior 

directions.(Lenz, 2008) 

Cadavers were used to compare five different femoral coordinate systems: three used 

anatomical landmarks (Grood and Suntay, Della Croce, and Pennock and Clark), one 

used a partial helical axis, and the last was an experimental setup-based system with 

the flexion/extension axis parallel to the hip flexion axis.(Lenz, 2008) Overall, they 

found that using femoral anatomical landmarks to determine an flexion/extension 

axis which was perpendicular to the femoral longitudinal axis, described kinematics 
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‘most consistently’.(Lenz, 2008) They also found that flexion/extension and 

internal/external rotation were similar across the five coordinate systems. However, 

anterior/posterior motion was sensitive to the location of the femoral origin, and 

varus/valgus was sensitive to the direction of the flexion/extension axis. Importantly 

they found that the orientation of the flexion/extension axis was the principal factor 

that influenced most motions.(Lenz, 2008; Most et al., 2004) During knee flexion, a 

more valgus FE axis measured more valgus motion, and a more externally rotated FE 

axis measured more externally rotated motion.(Lenz, 2008) The Grood and Suntay 

and Della Croce systems, (both of which used anatomical landmarks to determine the 

sagittal plane and defined a flexion/extension axis that is perpendicular to the femurs 

longitudinal axis), had the least variation in flexion/extension axis orientation along 

with comparable valgus/varus and internal/external rotation measurements. Thus, if 

kinematics in 6DOF are to be measured, Lenz et al. 2008 recommended using either 

the Grood and Suntay or the Della Croce method.(Lenz, 2008) An accurate 

determination of the position and orientation of the axes is essential to for the correct 

measurement of knee kinematics.(Roland et al., 2010) 

Flexion/extension is the most significant knee motion, and so its orientation and 

origin is important.(Roland et al., 2010) Three major techniques have been used to 

define the flexion/extension axis; the trans-epicondylar axis (TEA), the flexion facet 

centre axis (FFC) (also called the circular axis in flexion), and the geometric centre 

axis (GCA) (also called the cylindrical axis). The various axis descriptions are 

provided in Table 3-2. The TEA connects the most protruding points on the lateral 

and medial femoral condyles. The FFC axis connects the centres of the two circles 

that approximate the medial and lateral posterior femoral shape in the sagittal plane, 

and the GCA connects the centre of the two spheres that best fit the posterior medial 

and lateral femoral condyle shapes. Unsurprisingly, when measuring the same 

motion, the TEA and the circular axis will produce different knee kinematic 

outcomes.(Walker et al., 2011) 

Determining which of the flexion/extension axis definitions most closely resembles 

the functional flexion axis has been the goal of previous studies. By comparing 

vertical displacement in the sagittal plane, Mochizuki et al. in 2014, suggested that 
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the TEA may not be the functional flexion axis, and is not a suitable axis for single 

radius total knee replacement designs.(Mochizuki et al., 2014a) Also with the aim of 

identifying the flexion/extension axis that most closely replicates the functional knee 

axis, Yin et al. compared the functional knee axis with the TEA and the cylindrical 

axis.(Yin et al., 2015) They determined that the deviation of the TEA away from the 

functional flexion axis was larger than that of the cylindrical axis—concluding the 

cylindrical axis is closer to the functional FE axis and should be the flexion/extension 

axis of choice to measure knee kinematics.(Yin et al., 2015) 

Following the recommendations of Lenz et al. in 2008 and the recommendation of 

the International Society of Biomechanics recommendation,(Wu and Cavanagh, 

1995) the Grood and Suntay (GS) reference system was chosen for this research. 

2.4.3.2.1 Grood and Suntay 

Grood and Suntay, 1983 provided a reference coordinate system that specifies the 

relative position of two rigid bodies (femur and tibia). The femur and the tibia have 

their specific geometry described by a Cartesian coordinate system, which is fixed to 

and moves with, the bone. This Cartesian coordinate system is identified by bony 

anatomical landmarks. Their relative motion is described by the change in the 

geometric relationship of the femur and tibia over time using a joint coordinate 

system. This joint coordinate system facilitates the accurate description of the relative 

motion and requires a third axis; called the ‘floating axis.’ The floating axis is not 

fixed to either the femur or the tibia, but it is related to them by two body-fixed axes, 

one defined for each bone, and moves in relation to both. The relative joint geometry 

and motion is based on the location of the origins of the femur and tibia. The three 

separate coordinate systems will now be described; the independent systems of the 

femur and tibia and the joint coordinate system.(Grood and Suntay, 1983) 

2.4.3.2.1.1 G & S Tibial Coordinate System-Figure 2-27 

The mechanical axis of the tibia is the longitudinal axis (z), which passes in-between 

the two intercondylar eminences (tibial origin) proximally and the centre of the ankle 

distally. Due to the interest of researchers in the internal/external rotation of the tibia 

about the longitudinal axis (z), it has been described by Grood and Suntay as the 
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‘body fixed axis’ of the tibia.(Grood and Suntay, 1983) The line that connects the 

centres of the medial and lateral tibial plateaus, along with the mechanical axis, 

identifies the alignment of the coronal plane. The coronal plane then defines the 

anterior tibial axis (y), which runs perpendicular to the coronal plane through the tibia 

origin. The third is the lateral axis (x-axis) which is determined by the right-hand rule 

described as the product of the first two axes. 

2.4.3.2.1.2 G & S Femoral Coordinate System Figure 2-27  

The mechanical axis of the femur is also its longitudinal axis (Z), which passes 

proximally through the femoral head and distally through the most posterior surface 

of the femur, halfway between the medial and lateral condyles (femoral origin). The 

line that connects the two most distal points of the medial and lateral femoral 

condyles, along with the mechanical axis, defines the alignment of the coronal plane. 

The anterior femoral axis (Y) is perpendicular to the coronal plane, passing through 

the origin. The third is the lateral axis (X), which is determined by the right-hand 

rule, described as the product of the first two axes. Due to the interest of researchers 

in the flexion/extension rotation of the femur, Grood and Suntay defined the femoral 

‘body fixed axis’ to be the lateral axis (X).(Grood and Suntay, 1983) 
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A B 

Figure 2-27. G&S coordinate system from anatomical landmarks. 

A: tibia, B: femur 

2.4.3.2.1.3 G & S Joint Coordinate System 

Tibial internal/external rotation about the tibial ‘body fixed axis’ is independent of 

the femur. Flexion/extension which occurs about the femoral ‘body fixed axis’ 

(medial axis) is independent of the tibia. However, the third rotation varus/valgus of 

the femur occurs about the floating axis (Figure 2-28). A vector that quantifies the 

relative geometry between the femur and tibia runs from the femoral origin to the 

tibial origin. Its components define the three translations.(Grood and Suntay, 1983) 

2.4.3.2.1.4 G & S Failure of Clinical Terminology 

Caution is needed when interpreting Grood and Suntay kinematic data using clinical 

terminology. Translation of the biomechanical description of movement into clinical 

terminology falters when the tibial and femoral ‘body fixed axes’ are not 

perpendicular--which occurs when the femur abducts or adducts (varus or valgus). 

This results in the loss of orthogonal coupling of the body axis and the imaginary 

axis. 
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Figure 2-28. G&S coordinate system with clinical interpretations.  

This figure shows the relative joint rotations and translations, of a moving femur about a fixed 

tibia. Note: This portrait shows the translation of biomechanical data to clinical terminology that 

is correct only when the varus/valgus angle is zero. If not zero, the inferior/superior and 

mediolateral translations are affected.(Grood and Suntay, 1983) 

When the varus/valgus angle of the femur is zero, the joint translations in Figure 2-

28 are correctly described by the clinical descriptions included. However, when the 

varus/valgus angle of the femur is NOT zero, two of the three translations, 

lateral/medial and inferior/superior can no longer be so easily interpreted. They need 

to be calculated from the mathematical calculations fully described in Grood and 

Suntay, 1983. However, Grood and Suntay described this limitation to their system 

and stated that it “has presented them with no difficulty in communicating with the 

physician since it is readily visualised and understood”.(Grood and Suntay, 1983) 
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2.5 In Vivo and In Vitro Knee Kinematics 

Literature included in this, our second literature review, was found by using the 

online bibliographic databases Scopus (including Science Direct), EBSCOHost 

(including MEDLINE, PUBMED, CINAHL and SportsDiscuss), Web of Science and 

The Cochrane Library. The full literature search strategy implemented the keywords 

search string (knee* OR "knee kinematic*" OR "knee joint") AND ("healthy knee*" 

OR "normal knee*") AND ("deep flexion" OR "deep knee bend" OR "weighted 

flexion" OR "weight-bearing flexion"). Citation trails from reference lists were 

followed through to the current day, screened for inclusion into this discussion. 

The investigation into understanding normal/asymptomatic deep flexion knee 

kinematics languished after 1967. There was a general belief that flexion and femoral 

‘roll-back’ were inextricably linked and that the four-bar linkage theory explained 

tibiofemoral kinematics (Background 1917 to 1970s, page 50 to 53).(Williams and 

Logan, 2004) However, curiosity about natural deep flexion knee kinematics was 

reinvigorated by the increasing popularity of total knee replacement (TKR) surgery 

and it’s problematic outcomes. There was a growing belief that if a TKR could 

replicate natural knee kinematics, there would be an improvement in surgical 

outcomes. Investigation accelerated after the publication in 1995 of the paper 

‘Fluoroscopic analysis of kinematics after posterior-cruciate-retaining knee 

arthroplasty’ by Stiehl, Komistek, Dennis, Paxton  and Hoff.(Stiehl et al., 1995b) 

This paper was responding to the concerns expressed about abnormal knee 

kinematics after a TKR; believing that abnormal motion would contribute to 

‘excessive wear’; leading to early prosthesis failure. To determine if TKR kinematics 

were ‘abnormal’ the study included four normal knee control participants and found 

that TKR kinematics were variable and different from those of the natural knee. They 

used two sagittal plane fluoroscopies and investigated a ‘quasi-static’ lunge.(Stiehl et 

al., 1995b) After the publication of Stiehl et al. 1995, and along with the concurrent 

development of new technology and measurement reference systems; the 

investigation into normal knee kinematics under different conditions and of different 

groups increased. 
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Since 1995 researchers from around the world have investigated knee kinematics 

associated with various deep flexion activities including squatting, lunging, and 

kneeling. In vitro studies have investigated the anatomy of the knee joint in deep 

flexion and described the tibiofemoral motion of an unloaded and loaded joint. In 

vivo studies have investigated and measured both quasi-static and dynamic motion 

kinematics of deep flexion activities. In vivo research also measured and compared 

the deep flexion knee kinematics of various groups; including gender, age, ethnicity, 

those with and without an anterior-cruciate-ligament, and those with and without 

knee osteoarthritis. 

As the number of combinations of technology and reference systems used to record 

and describe knee kinematics is large, exact values of kinematic variables will not be 

quoted here. Instead, the trends of kinematic motion will be reported. 

2.5.1 In Vitro Knee Kinematics 

Before and during the development of in vivo kinematics technology, six in vitro 

studies were published that described cadaveric normal knee kinematics. Two studies 

measured knee kinematics with an unloaded knee,(Freeman and Pinskerova, 2005; 

Pinskerova et al., 2009) one used a combination of quadriceps and hamstring 

loads,(Li et al., 2004; Victor, 2010) two simulated squatting,(Yildirim et al., 2007) 

and two simulated kneeling.(Hofer et al., 2011; Lee, 2014) 

The first unloaded knee study by Freeman and Pinskerova (2005),(Freeman and 

Pinskerova, 2005) measured the kinematics up to 120° flexion while the second 

study, by Pinskerova et al.(Pinskerova et al., 2009) measured kinematics up to 

maximum flexion. They found that up to 120° flexion; the medial femoral condyle 

(MFC) moved little, and the lateral femoral condyle (LFC) posteriorly translated 

along with internal rotation of the tibia. However, from 120° to 140° flexion, both the 

MFC and LFC moved posteriorly, with the MFC translating further posteriorly than 

the LFC, along with little axial rotation. Finally, at 140° flexion, the MFC moved up 

onto the posterior horn of the medial meniscus. They determined that the posterior 

cruciate ligament (PCL) could not have contributed to the final posterior translation 
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of the MFC, because of its curvature and attachment site, and that maximum flexion 

is limited by the posterior horn of the medial meniscus. (Pinskerova et al., 2009) 

Two in vitro studies, Li et al. 2004 and Victor et al. 2010 applied a combination of 

quadriceps and hamstring loads and measured the resulting kinematics.(Li et al., 

2004; Victor et al., 2010) With increasing flexion, unloaded, both studies found the 

tibia translated anteriorly, and internally rotated. Interestingly, Li et al. found the rate 

of translation and rotation increased after 120° flexion.(Li et al., 2004) Loading 

changed knee kinematics, with both studies finding that the most significant 

differences between passive and loaded kinematics occurred in deeper flexion. With 

a combined quadriceps and hamstring load, from 60°-120°, the tibia moved 

posteriorly in Li et al. but anteriorly in Victor et al. At 150° Li et al found minimal 

tibial translation.(Li et al., 2004) Interestingly, Victor et al. found that including or 

excluding medial hamstrings did not change the kinematics. A quadriceps-only load 

produced an anterior tibial translation. Thus both LFC and MFC translated 

posteriorly, and because the MFC is more stable, internal tibial rotation 

resulted.(Victor et al., 2010)  In deeper flexion, they found that after adding both 

hamstrings the tibia posteriorly translated, with the hamstrings balancing the shear 

and rotational forces of the quadriceps.(Victor et al., 2010)  

These contradicting results can be explained in part by the different knee simulators 

and loading. Using a robotic knee testing system that fixes the knee in an inverted 

position, Li et al. applied 150 kg of force to the tibia while the femur was fixed. Victor 

et al. simulated squatting by using a knee simulator based on the Oxford Knee Rig, 

which moved the ‘hip joint’ up and down to flex and extend the knee while applying 

a constant vertical ankle load of 130 N.  

The second in vitro study to simulate squatting was Yildirim et al. 2007.(Yildirim et 

al., 2007) They loaded the cadaver knees to simulate squatting and produced detailed 

maps of the contact areas on the tibiofemoral surface, at flexion angles 135° and 155°, 

resulting from different femoral loads and tibial rotation (Figure 2-29, and  Figure 2-

30).(Yildirim et al., 2007) 
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The contact areas show that posterior translation of the MFC in deep flexion is limited 

by the upward slope of the posterior tibial surface, as well as the immobility of the 

medial meniscus. This limitation provides some evidence of the ‘ball in a socket’ 

description of the medial side of the tibiofemoral joint. It can be seen in Figure 2-30 

that at 155° that the femur medially is in contact with the medial side of the 

intercondylar eminence. The ‘gutter’ shape of the lateral posterior tibial condyle 

assists with posterior LFC translation in deep flexion.  

 

 

A B 

Figure 2-29. Tibiofemoral contact patterns at 155° deep flexion.  

Yildirim 2007 A: simulated squatting contact areas. B: Loaded simulated squatting, contact areas 

on the tibia, for three femoral loads. 

Two in vitro studies, Hofer et al., 2011 and Lee 2014 investigated the tibiofemoral 

kinematics of kneeling.(Hofer et al., 2011; Lee, 2014) Both studies simulated single- 

and double-legged kneeling and compared the kinematics. Both reported posterior 

tibial translation and external tibial rotation, with translation and rotation increasing 

as kneeling changed from double to single legged. The contact surface area in the 

lateral compartment was shown to be larger than that in the medial compartment, and 

contact pressure was higher in single legged kneeling. They demonstrated that in vitro 

pressure on the tibial tubercle produces a posterior translation of the tibia relative to 

the femur in simulated kneeling. (Hofer et al., 2011; Lee, 2014) 
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A B 

Figure 2-30. Simulated squatting contact areas.  

A: tibial plateau, and B: femoral condyles. In A, the medial contact moves onto medial 

intercondylar eminence. In  B, at 155° flexion, this contact results from internal and external tibial 

rotation on femoral condyles.  

2.5.2 Can In Vitro Replicate In Vivo Knee Kinematics  

With so much effort and time invested in studying in vitro knee kinematics it is 

important to ask the question; can in vitro studies accurately reflect in vivo knee 

kinematics? Measuring ‘in vitro’ has many benefits including reducing extrinsic 

factors, and the ability to minimise the variability of knees by using the same knee 

under different test conditions. Some in vitro tests are not possible to perform in vivo. 

In vitro tests can be used to study normal knee kinematics before and after a total 

knee replacement, to determine how well normal kinematics are restored after 

surgery. One major drawback in comparing kinematic data between in vivo and in 

vitro studies is the use of different reference systems (Reference System 

Development, page 59) and the simulation of different activities. 

In 2009, Varadarajan et al. (2009) reviewed the literature and compared kinematic 

data from in vivo studies (MRI and fluoroscopy), with kinematic data from in vitro 

studies (Oxford Knee Rig or the Robotic Knee Testing System).(Varadarajan et al., 

2009b) The weight-bearing closed-chain flexion-extension movements are included 

are squatting, stair-climbing and the single-legged lunge. They found, as the previous 

section has demonstrated, that there are considerable differences in the kinematics of 

different motions and in vitro testing systems. They showed that in vitro studies can 

replicate in vivo kinematics up to 30° of flexion, including femoral rollback with 

increasing flexion and ‘screw home’ tibial rotation. However, after 30° flexion, they 
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concluded that it was ‘unclear’ if in vitro studies can replicate in vivo 

kinematics.(Varadarajan et al., 2009b) In vitro studies also find it difficult to simulate 

muscle activity correctly, including the timing and size of hamstring co-contraction, 

which is important to the preservation of ACL integrity.(Victor et al., 2010) Other 

limitations may include not considering triceps surae forces and ankle forces 

necessary to replicate deep flexion. Thus the important message for kinematic studies 

is that in vitro technology cannot yet accurately duplicate in vivo knee kinematics 

after 30° flexion and that the considerable effort invested into improving the accuracy 

of in vivo technology is warranted (The History of Orthovis©, page 58).(Varadarajan 

et al., 2009b) 

2.5.3 Squatting Knee Kinematics  

Three studies investigated in vivo normal knee kinematics of squatting.(Andriacchi 

et al., 2003; Johal et al., 2005; Williams and Logan, 2004) Two of the studies, Johal 

et al. 2005 and Williams and Logan, investigated quasi-static squatting using MRI, 

while Andriacchi et al. investigated dynamic (continuous) squatting using motion 

tracking. Both quasi-static squatting studies were performed in an interventional 

MRI, with the participants standing with their backs against a 10° inclined board. 

Before 120° flexion there is LFC posterior translation, but little MFC. However, after 

120° both MFC and LFC translated posteriorly and at a higher rate per degree of 

flexion. Tibial rotation is internal up to 120° flexion. These studies also showed that 

the tibiofemoral kinematic pattern is independent of side and gender.(Johal et al., 

2005; Williams and Logan, 2004) The dynamic squatting study by Andriacchi et al. 

2003 used a motion analysis method designed to reduce skin movement errors. This 

method enabled a natural pattern of squatting down to approximately 150° flexion. 

They showed that deep flexion squatting requires substantial external rotation of the 

femur, and the rate of rotation increased after a ‘break point’ around 128° 

flexion.(Andriacchi et al., 2003) 

2.5.4 Lunging Knee Kinematics  

Seven studies have investigated the normal knee kinematics of lunging. Four of these 

studies investigated quasi-static lunging using either MRI still photos (Stiehl et al. 
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1995), CT and X-ray (Asano et al. 2001), or MRI and bi-planar fluoroscopy (Defrate 

et al. 2004, Qi et al. 2013).(Asano et al., 2001; DeFrate et al., 2004; Qi et al., 2013; 

Stiehl et al., 1995a) The three studies that investigated dynamic lunging used CT and 

single-plane fluoroscopy.(Feng et al., 2015; Hamai et al., 2013; Komistek et al., 

2003) Only two studies measured kinematics with 6-degrees-of-freedom (Figure 2-

31).(Hamai et al., 2013; Qi et al., 2013) 

All lunging studies, both quasi-static and dynamic found that with increasing flexion, 

the femur translates posteriorly on the tibial plateau. The MFC moves little, with a 

small anterior translation at low flexion angles, changing direction around the 

midpoint of the flexion cycle and then translates posteriorly, always seeming to 

remain in the centre of the medial compartment up to 120° flexion (Figure 2-31). The 

LFC consistently moves posteriorly ending up on the posterior edge of the tibial 

plateau at 150° flexion (Figure 2-31). 

 

 

Figure 2-31. Dynamic lunging kinematics in three planes.(Hamai et al., 2013) 

In the transverse plane, all studies reported external rotation of the femur, with a sharp 

increase in the rate of rotation at higher flexion (Figure 2-31). In the frontal plane, 

Hamai et al., 2013 reported femoral valgus from 0 to 150° flexion (Figure 2-31) while 

Qi et al., 2013 reported that knee varus changes to valgus after 120° flexion. Hamai 

et al., 2013 explained that their results, medial compartment centre of rotation, knee 

valgus, and posterior condylar translation, all occurring while condyles are still in 

contact with the tibial plateau, are possible because the tibial surface has different 

slopes medially and laterally.  
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2.5.5 Kneeling Knee Kinematics  

Four studies investigated the normal knee kinematics of kneeling.(Acker et al., 2011; 

Han et al., 2015; Hefzy et al., 1997; Moro-oka et al., 2008) A fifth study by Fukagawa 

et al., 2010 investigated the kinematics resulting from supine tibial tubercle pressure, 

one of the forces unique to kneeling. Quasi-static kneeling was studied using bi-

planar radiographs at flexion angles of 90°, 120° and 155° flexion.(Hefzy et al., 1997) 

Dynamic kneeling was studied using CT and fluoroscopy by Moro-oka et al., 2008, 

while Han et al. 2015 and Acker et al. 2011 used motion-capture electromagnetic      

tracking systems with skin markers. The fifth study by Fukagawa et al., 2010, 

investigated the knee kinematics of a load applied to the tibial tuberosity, where the 

participants were lying on their side. This study is included here as it informs us about 

the kinematic effects of an isolated load on the tibial tuberosity. 

In the sagittal plane, throughout flexion both Hefzy et al., 1997 and Moro-oka et al., 

2008 describe an ‘asymmetrically positioned’ femur on the tibial plateau with the 

LFC more posterior than the MFC. At the highest flexion angle, the patella was only 

in contact with the condyles; as it had cleared past the femoral groove. A maximum 

flexion angle of 141.6° (8.3°) was measured by Acker et al., 2011. 

In the transverse plane, the tibia internally rotated, which was necessary to achieve 

deeper flexion.(Moro-oka et al., 2008) In the frontal plane, Hefzy et al., 1997 noted 

less lateral joint space with increasing flexion and Acker et al., 2011 reported valgus. 

In an interesting twist, Fukagawa et al., 2010 reported posterior translation of the 

tibia, resulting from loading the tibial tubercle.  

2.5.6 Methods: Comparisons of In Vivo Knee Kinematics  

2.5.6.1 Loaded vs Unloaded Knee Kinematics 

Two previously discussed in vitro studies (page 67) applied different combinations 

of quadriceps and hamstrings loads to deep flexion. Both studies came to the same 

conclusion—loading changes in vitro knee kinematics, with the largest differences 

occurring deeper into flexion.(Li et al., 2004; Victor et al., 2010) However, it is 
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important to refer to in vivo studies at higher flexion angles because after 30° it is 

uncertain if in vitro kinematics can replicate in vivo kinematics.(Varadarajan et al., 

2009b) Two studies investigated loaded vs unloaded in vivo knee kinematics. The 

first, by Scarvell et al., 2004, studied a quasi-static supine leg-press (up to 90° flexion) 

using an MRI. The second by Johal et al., 2005 studied quasi-static squatting (up to 

maximum flexion) within an interventional MRI. Loading did not change the 

tibiofemoral contact patterns of the leg-press but did change the timing of external 

femoral rotation during squatting, where the loaded femur rotated earlier before 

flexion reached 45°.(Johal et al., 2005; Scarvell et al., 2004) This difference in results 

may be due to the method of loading, and different activities.  

2.5.6.2 Activity-Dependent Knee Kinematics 

Four in vivo studies have investigated and compared the normal knee kinematics of 

multiple activities. These studies all measured dynamic motion. Motion capture 

systems were used by Andriacchi et al., 2003 and Hemmerich et al., 2006 while CT 

and single-plane fluoroscopy were used by Komistek et al., 2003 and Moro-oka et 

al., 2008. The activities that these studies assessed included deep squatting, kneeling, 

sitting cross-legged, stair-climbing and walking.(Andriacchi et al., 2003; Hemmerich 

et al., 2006; Komistek et al., 2003; Moro-oka et al., 2008) 

In the sagittal plane, the mean maximum flexion angles for squatting, kneeling and 

sitting cross-legged were all over 150°. Between 20° to 80° flexion, the femur 

translated posteriorly, with similar MFC and LFC translation.(Moro-oka et al., 2008) 

Increased flexion required a more posterior rollback, with LFC translating further 

posteriorly than the MFC.(Komistek et al., 2003; Moro-oka et al., 2008) When 

measured using contact points, lateral femoral translation of squatting and kneeling 

demonstrated significant differences for flexion between 100° to 135° (p < 0.01) and 

135° to 139° (p = 0.015).(Moro-oka et al., 2008)  

In the transverse plane, all studies measured external femoral rotation, with the 

greatest range of motion necessary for sitting cross-legged.(Hemmerich et al., 2006) 

There were significant differences in femoral rotation between squatting and kneeling 

for all flexion angles (p < 0.05).(Moro-oka et al., 2008) In the coronal plane, no 
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significant differences were measured between the activities. The studies concluded 

that knee kinematics could vary between these activities  

It is important to note here that Komistek et al., 2003 was the first study to use and 

demonstrate the accuracy of the 3D/2D CT and single-plane fluoroscopy registration 

with multiple activities.(Dennis et al., 2005; Komistek et al., 2003) 

2.5.6.3 Quasi-Static vs Dynamic Motion Knee Kinematics 

Two studies investigated the difference between quasi-static and dynamic squatting 

knee kinematics.(Mu et al., 2011; Tanifuji et al., 2011) Quasi-static and dynamic 

squatting kinematics were compared by Tanifuji et al., 2011 using data previously 

reported in Asano et al., 2001. The second study by Mu et al., 2011 compared the 

dynamic data provided by Moro-oka et al., 2008 with the quasi-static data Johal et 

al., 2005.  

In the sagittal plane during dynamic squatting, the two studies reported different MFC 

motion, while the LFC motion was similar. Tanifuji et al., 2011 found that between 

0° to 100° flexion, the medial end of the geometric-centre-axis (GCA) translated 

anteriorly, and over 100° flexion reversed to translate posteriorly. In contrast to this, 

Mu et al., 2011 reported that the medial FFC did not experience any anteroposterior 

translation between 0 to 120° flexion. Both studies reported that the lateral end of the 

GCA and the lateral FFC consistently translated posteriorly with increasing flexion 

in both dynamic and quasi-static squatting. The sagittal dynamic motion measured 

by Tanifuji et al., 2011 is consistent with that reported by the quasi-static kinematics 

reported by Asano et al. 2001 but no statistical analysis was performed. However the 

medial FFC motion is statistically significantly different to that of quasi-static motion 

(p = 0.01, Cohen’s d = 1.7).(Asano et al., 2001) 

In the transverse plane, there were no significant differences, between the quasi-static 

and dynamic kinematic data; with both reporting increased femoral rotation with 

increased flexion (p = 0.25).(Mu et al., 2011) 
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Thus, two opposing conclusions were drawn, Tanifuji et al., 2011 stated that the “full 

range of motion GCA kinematics did not vary between dynamic and quasi-static 

motion, while Mu et al. 2011 found a difference between the medial kinematics of 

dynamic and quasi-static motion. Considering these opposing conclusions, we must 

again acknowledge the effect of the different technologies and reference systems. 

However, the low number of participants may also help determine the power of the 

studies to find a measurable difference. Asano et al., 2001 and Moro-oka et al., 2008 

both had six participants, Johal et al., 2005 had 10, and Tanifuji et al., 2011 had 20. 

No power calculations were provided, and thus we can only make assumptions as to 

how many participants are needed. 

2.5.6.4 Flexion vs Extension Knee Kinematics 

Only one study compared the flexion/extension cycle of knee kinematics.(Feng et al., 

2015). Feng et al., 2015 studied a lunge dynamically throughout the entire 

flexion/extension cycle and compared flexion and extension knee kinematics. They 

found that the only difference between the cycles occurred mid-cycle, at 30-50% 

(approx. 30° to 60°) where the LFC was significantly more posterior in the flexion 

cycle than it was during extension. This result suggests that in mid-cycle the knee 

joint is activity dependent.(Feng et al., 2015) 

2.5.7 Groups: Comparisons of In Vivo Knee Kinematics  

2.5.7.1 Normal vs ACL Deficient Knee Kinematics 

One previously discussed in vitro study compared the contact patterns of normal and 

ACL deficient (ACLD) knees and found no difference.(Yildirim et al., 2007) Three 

in vivo studies also compared normal and ACLD knees. Of the three, two studies 

compared normal and ACLD knee kinematics during quasi-static lunging, with 

Defrate et al., 2006 using MRI and bi-planar fluoroscopy, and Chen et al., 2013 using 

bi-planar fluoroscopy.(Chen et al., 2013; Defrate et al., 2006) The third study, Dennis 

et al., 2005 compared normal and ACLD knee kinematics during dynamic lunging, 

using CT and single-plane fluoroscopy.  
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In the sagittal plane, from 0° to 120° flexion both normal and ACLD knees displayed 

anterior tibial translation, with the MFC moving little and the LFC translating 

posteriorly.(Dennis et al., 2005) At 90° and 120° of flexion, neither Defrate et al., 

2006 nor Chen et al., 2013 reported any differences between normal and ACLD knee 

kinematics. However, Dennis et al., 2005 found that the ACLD MFC had more 

posterior translation while the ACLD LFC had less posterior translation.  

In the transverse plane, only Dennis et al. determined there was a difference in the 

internal tibial rotation, with the ACLD knee rotation being much less than the normal 

knee, and showing more kinematic pattern variance.(Dennis et al., 2005)  

 

Figure 2-32. Normal and ACLD anteroposterior translation and axial rotation. 

Dennis (2005) 

In the coronal plane, no differences between normal and ACLD knee kinematics were 

found. The different results may be partially explained by the different technologies 

used and reference systems, Dennis et al., 2005 used the helical axis, Defrate et al. 
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2006 the TEA, and Chen et al., 2013 the GCA like Grood and Suntay. Finally, only 

the study measuring dynamic movement found statistically significant differences 

between the two groups. 

2.5.7.2 Male vs Female Knee Kinematics  

Five studies compared male and female knee kinematics.(Fang et al., 2015; Han et 

al., 2015; Leszko et al., 2011; Varadarajan et al., 2009a; Wünschel et al., 2013) 

Dynamic in vitro simulated squatting knee kinematics were compared by Wunschell 

et al., 2013. Kneeling and squatting knee kinematics measured by motion capture 

technology were compared by Han et al., 2015. Lunging knee kinematics were 

compared by Leszko et al., 2011 and Varadarajan et al., 2009a who used MRI and 

fluoroscopy, and by Feng et al., 2015 who used single-plane fluoroscopy with CT.  

In the sagittal plane, in vitro, there were no differences between male and female 

kinematics.(Wünschel et al., 2013) In vivo there were no differences between the 

maximum flexion angle of males and females in all studies except Leszko et al., 2011 

who found that Caucasian males had lower maximum flexion angles than Caucasian 

females and both Japanese males and females. Anteroposteriorly, there were no 

differences between males and females with both exhibiting similar patterns of 

translation over the flexion range.  

In the transverse plane, in vitro, there were no differences between male and female 

kinematics across all of the simulated ankle force conditions.(Wünschel et al., 2013) 

In vivo, both Varadarajan et al., 2009a and Feng et al., 2015 found no differences 

between the tibial rotation of males and females. However, Lesko et al., 2011 

reported Caucasian men had lower axial rotation than Caucasian women, and Han et 

al., 2015 reported that females had increased peak internal rotation.  

In the coronal plane, in vitro, there was no difference in femoral mediolateral 

translation or valgus/varus rotation except at 70° flexion, where the mediolateral 

translation was higher in females than males.(Wünschel et al., 2013) In vivo, there 

were no differences in varus/valgus rotation or mediolateral translation except at 120° 

flexion where females had greater medial translation.(Varadarajan et al., 2009a)  
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2.5.7.3 Ageing In Vivo Knee Kinematics 

Five studies investigated the effect of ageing on normal knee kinematics during deep 

flexion. Four studies investigated squatting.(Fukagawa et al., 2012; Qi et al., 2013; 

Wei et al., 2014; Yuhara et al., 2014) One study investigated kneeling.(Zhou et al., 

2012)  

All four of the squatting studies used motion tracking to measure knee kinematics. 

Fukagawa et al., 2012 compared two age-groups, those younger or older than 45 

years. Wei et al., 2014 compared young adults (23.6 years) and ‘elderly adults (62.7 

years). Both Yuhara et al., 2014 and Kasahara et al., 2014 compared participants in 

their 60s (67.7(1.4) years) and in their 70s (73.1(3.3) years). Neither maximum 

flexion nor internal/external rotation were different between any of the younger and 

older groups (p > 0.05). However, the 70s group maximum flexion was less than the 

60s group (no p values were provided in English translation).(Kasahara et al., 2014; 

Yuhara et al., 2014) 

Only Zhou et al., 2012 investigated the effects of ageing on kneeling kinematics using 

motion analysis with skin markers. The participants were split into a young group 

23.8(1.6) years and an older group 60.4(2.5) years. No differences were found in any 

of the three planes of motion. 

2.5.7.4 Normal Vs Osteoarthritic In vivo Knee Kinematics 

Ten studies have compared normal and osteoarthritis in vivo deep flexion knee 

kinematics. Four studies investigated the lunge.(Dimitriou et al., 2016; Kitagawa et 

al., 2010, 2014; Yue et al., 2011) Two by Dimitriou et al., 2016 and Yue et al., 2011 

quasi-statically using MRI and fluoroscopy, and two by Kitagawa et al. 2014 

dynamically using CT and single plane fluoroscopy. Five studies investigated the 

squat; Zeighami et al., 2017 quasi-statically using bi-planar X-rays, and four 

dynamically all using CT with single-plane fluoroscopy.(Hamai et al., 2009; 

Mochizuki et al., 2015, 2014b, 2013; Zeighami et al., 2017) One investigated the 

quasi-static supine leg-press.(Scarvell et al., 2007) Only three of these studies 
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reported knee kinematics past 100° flexion.(Hamai et al., 2009; Kitagawa et al., 2010; 

Yue et al., 2011) 

In the sagittal plane, five studies reported that osteoarthritic knees experienced less 

posterior femoral translation than normal knees.(Hamai et al., 2009; Kitagawa et al., 

2010; Scarvell et al., 2007; Yue et al., 2011; Zeighami et al., 2017) More posterior 

translation of the medial TEA was reported by Mochizuki et al., 2014b and in 

agreement with Zeighami et al., 2017 less lateral TEA posterior 

translation.(Mochizuki et al., 2014b; Zeighami et al., 2017) Dimitriou et al., 2016 

found no difference.  

In the transverse plane, the results were mixed. Hamai et al., 2009 reported that the 

tibial internal rotation patterns were similar between normal and OA knees, however, 

OA knees had an 8° femoral internal rotation bias. Two studies, Kitagawa et al., 2010 

and Mochizuki et al., 2014b found OA knees had less external femoral rotation with 

increasing flexion. Both Hamai et al., 2009 and Yue et al., 2011 found a similar 

internal tibial rotation. Paradoxically, Kitagawa et al., 2014 reported external tibial 

rotation. These conflicting results are at first difficult to explain if comparing the 

technology and reference systems. However, there are strong reasons for this conflict; 

the first is that the study that reported external tibial rotation only investigated lateral 

OA participants with a severe valgus deformity, while the other studies investigated 

medial OA. The second reason is that all had small participant numbers, and none of 

the studies conducted a power analysis. 

Only three studies reported the coronal plane. Yue et al., 2011 found the OA knee 

had a more varus angle only between 0° to 45° flexion. Zeighami et al., 2017 found 

that the OA knee had higher knee adduction angles (p=0.01) and agreed with 

Mochizuki et al., 2015 a smaller bone-to-bone distance in both compartments in the 

OA knee (p < 0.01). 
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3. Squatting, Lunging 

and Kneeling Provided 

Similar Kinematic Profiles 

in Healthy Knees—A 

Systematic Review and 

Meta-Analysis of the 

Literature on Deep 

Flexion Kinematics  



Ph.D. Thesis; Osteoarthritic and Healthy Knee Kinematics 

82 

Declaration for Chapter 3 

This chapter has been published in The Knee 2018 25(4): p 514-530 

Declaration by candidate 

In the case of Chapter 3 the nature and extent of my contribution to the work was the 

following: 

The following co-authors contributed to the work: 

Name  Contributor is also a student at 
UC Y/N 

Dr. Diana Perriman DP N 

Dr. Phillip Newman PN N 

Joseph Lynch JL N 

Prof. Paul Smith PS N 

Prof. Jennie Scarvell JS N 

 

Nature of Contribution Contributors 

Conceived and designed review CG, JS 

Literature search and data collection CG 

Retrieved and reviewed articles CG, JS 

Meta-analysis  CG, PN 

Interpretation of results  CG, PN, DP, JS 

Wrote the paper CG 

Reviewed the paper CG, JL, PN, DP, JS, PS 

Approved final manuscript for publication CG, PN, DP, JS, PS 

 
 
 
 

 
______________________________________    
Candidate’s Signature                                         Date 14th January 2019 

  



Chapter 3 Systematic Review and Meta-Analysis on Deep Knee Flexion Kinematics 

83 

Declaration by co-authors 

The undersigned hereby certify that: 

1. the above declaration correctly reflects the nature of the contribution of each of 

the co-authors; 

2. they meet the criteria for authorship in that they have participated in the 

conception, execution, or interpretation, of at least that part of the publication in 

their field of expertise; 

3. they take public responsibility for their part of the publication, except for the 

responsible author who accepts overall responsibility for the publication; 

4. there are no other authors of the publication according to these criteria; 

5. potential conflicts of interest have been disclosed to (a) granting bodies, (b) the 

editor or publisher of journals or other publications, and (c) the head of the 

responsible academic unit; and 

6. the original data are stored at the following location(s) and will be held for at 

least five years from the date indicated below: 

Location of data storage Trauma and Orthopaedic Research Unit, Canberra Hospital, ACT Health 

 
Signatures Date 

  
(Prof. Jennie Scarvell) 

14/1/2019 

 
(Dr. Diana Perriman) 

14/1/2019 

 
(Dr. Phillip Newman) 

14/1/2019 

 
(Joseph Lynch) 

14/1/2019 

 
(Prof. Paul Smith) 

14/1/2019 



Ph.D. Thesis; Osteoarthritic and Healthy Knee Kinematics 

84 

3.1 Abstract 

Background 

 Understanding healthy deep flexion kinematics will inform the design of 

conservative clinical rehabilitation strategies for knee osteoarthritis and contribute to 

improved knee prosthesis design. This study is a systematic review and meta-analysis 

of the kinematic outcomes measured at the healthy tibiofemoral joint during loaded 

deep knee flexion. 

Methods  

A computerised literature search and bibliography review without date restriction 

identified twelve studies with 164 participants aged 25–61 years in vivo, and 69–93 

years in vitro. Flexion higher than 120° was achieved by squatting, lunging or 

kneeling. Measurement technologies in vivo included radiographs, open MRI and 

2D–3D MRI or CT image registration on fluoroscopy. Microscribe was used in vitro. 

Results  

Outcomes were either six degrees-of-freedom based on femur movement or contact 

patterns on the tibial plateau. The meta-analysis demonstrated that in vivo, between 

120° and 135° of flexion, the tibia internally rotated (mean difference (MD) = 4.6°, 

95% CI 3.55° to 5.64°). Both the medial-femoral-condyle and lateral-femoral-

condyle translated posteriorly, (MD = 10.4 mm, 95% CI 6.9 to 13.9 mm) and (MD = 

5.55 mm, 95% CI 4.64 to 6.46 mm) respectively. There was some evidence of 

femoral medial translation (3.8 mm) and adduction (1.9° to 3.3°), together with 

medial compression (1.7 mm) and lateral distraction (1.9 mm). 

Conclusions 

Across the in vivo studies, consistent kinematic patterns emerged; despite the various 

measurement technologies and reference methods. In contrast, in vivo and in vitro 

results were contradictory. 
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Trial registration: This systematic review protocol was registered with the 

International Prospective Register of Systematic Reviews (PROSPERO) on 25 

February 2017 (registration number: 42017057614). 
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3.2 Introduction 

The American College of Rheumatology and the American Academy of Orthopaedic 

Surgeons  recommend a range of rehabilitation strategies for the conservative 

treatment of knee osteoarthritis including strength, aerobic exercise and 

neuromuscular education.(Hochberg et al., 2012) These recommendations are broad 

and demonstrate the need for a deeper understanding of the knees’ response to 

different rehabilitation programmes and the effects of knee osteoarthritis.(Rowe et 

al., 2000) Accurate clinical evaluation and effective rehabilitation programmes for 

various flexion demands can be informed by the measure of deviation away from 

healthy motion.(DeFrate et al., 2004) With younger and more culturally diverse 

patients, there is a high demand for deep flexion, including 135° flexion for getting 

into a bath, 150° flexion for yoga and gardening and up to 165° flexion for kneeling 

and squatting.(Hefzy et al., 1998; Rowe et al., 2000) Total knee replacement patients 

have also indicated that deep flexion is an important postoperative 

outcome.(Huddleston et al., 2009; Weiss et al., 2002) Thus, an understanding of 

healthy deep flexion can contribute to improving rehabilitation programmes and to 

the functional design of new total knee replacements. 

Various methods have been used to measure three-dimensional (3D) knee kinematics, 

including skin-mounted markers, bone-pins, radio-stereometric analysis, dual-plane 

radiographs, fluoroscopy, transverse CT scans, microscribe digitising, and 2D-3D 

magnetic-resonance-imaging (MRI) or computer-tomography (CT)-fluoroscopy 

image registration algorithms. The most accurate technique is radio-stereometric 

analysis, but it is highly invasive-involving dual X-rays and the insertion of tantalum 

beads into bone. Bone-pins are also highly invasive. Consequently, radio-

stereometric analysis and bone-pins can be used for in vitro studies or post-surgical 

studies, but not in vivo healthy knee studies. Skin markers are non-invasive, but their 

accuracy is affected by marker movement and skin deformation-producing errors of 

a scale that limit their use in tibiofemoral kinematic measurement. These limitations 

led to the development of a non-invasive method combining fluoroscopy with either 

MRI or CT.(Banks and Hodge, 1996) Fluoroscopic and 3D images, are registered 

(shape-matched) to determine the precise movements of the bones, and soft tissues 
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(MRI only) in the knee joint; revealing the complex interactions of translations and 

rotations in four dimensions.(Moro-oka et al., 2008) 

Different reference systems have been used to describe knee kinematics. Early 

investigations were interested in the anterior-posterior path of the contact points of 

femoral condyles on the tibial plateau, with tibial rotation calculated from the 

difference in medial and lateral contact point translation.(Scarvell et al., 2004) 

Unfortunately, this system was limited to the sagittal plane. However, knee motion 

is three-dimensional, a mechanical linkage with six-degrees-of-freedom (6DOF) and 

needed a more comprehensive system.(Banks and Hodge, 1996) Grood and Suntay 

in 1983 developed a joint coordinate system with knee flexion as the reference 

motion.(Grood and Suntay, 1983) They defined knee motion in 6DOF and related it 

to clinical descriptions. Grood and Suntay make it possible to set the femoral axis in 

various ways, including; using anatomical landmarks, and by fitting a circle or sphere 

over the sagittal femoral condyle. To date, there are no studies that compare the 

results of these various systems to that of healthy knee motion in deep flexion. 

Early anatomical studies observed that during flexion, there is little medial femoral 

condyle movement compared to the posterior translation of the lateral femoral 

condyle.(Weber and Weber, 1836) During passive deep flexion, both femoral 

condyles translated posteriorly; rolling back onto the posterior horn of the tibial 

plateau.(Freeman and Pinskerova, 2005) Skin-marker motion analysis (up to 120° 

flexion) found during squatting, kneeling and praying, that with increasing age, the 

rate of internal tibial rotation and knee abduction increases.(Dennis et al., 1998; 

Fukagawa et al., 2012; Han et al., 2014; Pinskerova et al., 2009) Contact-point 

mapping found no significant difference between left and right knee 

kinematics.(Hefzy et al., 1998; Scarvell et al., 2004) Early fluoroscopy studies found 

a difference between loaded and unloaded kinematics in vivo as unloaded kinematics 

can be influenced by the laxity of soft tissue constraints.(Dennis et al., 1998) 

Fluoroscopic analysis has shown that while lunging up to 120° flexion, the healthy 

knee tibia translates anteriorly compared to the femur,(Stiehl et al., 1995a) together 

with the external rotation of the femur.(Defrate et al., 2006) Even with so many 

methods of measurement and reference systems that have been used to determine 
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knee kinematics, no systematic review has yet been conducted for knee kinematics 

in deep flexion. 

The aim of this study was to systematically review published data describing healthy 

knee kinematics in both in vivo and in vitro studies that occurs at the tibiofemoral 

joint, during a weight-bearing deep flexion cycle and includes different movements 

that achieve deep flexion, various measurement technologies and methods of motion 

analysis. 

The research questions for this systematic review were: 

1. How do knee kinematics change as the healthy knee flexes above 120°? 

2. Is there a difference in the kinematics of the different activities; squatting, 

lunging and kneeling? 

3. Do different measurement, and motion analysis systems report consistent knee 

kinematic patterns? 
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3.3 Method 

3.3.1 Study Selection 

This systematic review protocol was registered with the International Prospective 

Register of Systematic Reviews (PROSPERO) on 25 February 2017 (registration 

number: 42017057614). The online bibliographic databases used to access the 

literature were Scopus (including Science Direct), EBSCOHost (including 

MEDLINE, PUBMED, CINAHL and SportsDiscuss), Web of Science and The 

Cochrane Library. The full literature search strategy implemented the keywords 

search string (knee* OR "knee kinematic*" OR "knee joint") AND ("healthy knee*" 

OR "normal knee*") AND ("deep flexion" OR "deep knee bend" OR "weighted 

flexion" OR "weight bearing flexion"). Scopus citation trails and the reference lists 

of similar systematic reviews were also screened. The full list of articles was 

compiled, and duplicates removed. The remaining studies were screened by title and 

abstract using inclusion and exclusion criteria (Table 3-6). The articles were then 

screened independently by two authors. Discussion resolved any differences.  

3.3.2 Methodological Assessment 

Two independent reviewers (CG, JS) assessed the methodological quality of each 

study using a modified Downs and Black checklist (Table 3-1. ).(Downs and Black, 

1998) Optimised for this systematic review, the resultant checklist included ten 

conditions that are relevant for observational analysis studies; providing a profile of 

each study's methodological strengths and weaknesses. Each condition was either met 

(1) or not met (0). Consensus resolved any disagreements. 
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Box 3-1. Inclusion and exclusion criteria 

3.3.3 Data Extraction  

Information about the method, design, participants, intervention, outcome measures 

and results were extracted and compiled in the summary of included studies (Table 

3-6). Kinematic data were extracted by the author, from published tables or derived 

from the graphs using Microsoft Visio 2010 drawing tools. Calculation of the changes 

in the means produced by increasing flexion was performed wherever possible. 

Where data were expressed as a percentage, the value was calculated back to mm or 

degrees. Where no kinematic data was provided, a description of the findings was 

used. 

Inclusion criteria 

Design  

 Meta-analyses, systematic reviews, randomized control trials and cohort- and case-controlled 

observational studies. 

Participants 

 Adults > 18 years old, in vitro and in vivo 

 Healthy, normal or asymptomatic knees 

 No history of knee pain, previous knee trauma or knee surgery 

Intervention 

 All forms of deep knee flexion 

 Knee flexion past 120° 

Outcome measures 

 Knee kinematics 

 Translations between femur and tibia (Anterior/ Posterior, Lateral/medial, Superior, Inferior). 

 Rotations of femur and tibia (knee flexion, internal/external rotation, abduction/adduction) 

Comparisons 

 Change of knee kinematic measures from 120° knee flexion 

Exclusion criteria 

Design  

 Anecdotal reports 

 Case studies without control groups 

 Non-English studies 

 Not knee joint 

 Ligament, meniscus, cartilage injury 

 Total knee replacement, and knee osteoarthritis 

 Skin-marker motion-analysis 

Participants 

 History of knee osteoarthritis, knee pain 

 Previous knee trauma 

 Knee surgery 

Intervention 

 Knee flexion less than 120° 
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3.3.4 Data Analysis 

Outcome data were collated into three categories of knee flexion activity; squatting 

(Table 3-7), lunging (Table 3-8), and kneeling (Table 3-9). Where sufficient data 

could be extracted and pooled to enable a meta-analysis the results were combined 

and analysed using Review Manager (RevMan) Version 5.3 Copenhagen: The Nordic 

Cochrane Centre, The Cochrane Collaboration, 2014.(The Nordic Cochrane Centre, 

2014) Mean differences (MD) at specific degrees of flexion were generated to 

determine the pooled effect size of each kinematic motion. Random effects model 

was applied where I2 tests for homogeneity were moderate to high (N 25%).(Huedo-

Medina et al., 2006) 

Fixed effects modelling was applied when heterogeneity was low (<= 25%). Effect 

sizes were defined as trivial (0 - 0.2), small (0.2 - 0.6), moderate (0.6 - 1.2), large (1.2 

- 2.0), and very large (N > 2.0).(Hopkins, 2002) The p-value for significance of the 

pooled effects analyses was set at <= 0.05. 
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3.4 Results 

3.4.1 Data Extraction 

The electronic search strategy identified 171 studies, of which 61 were duplicates. 

After screening titles, abstracts and reference lists, 56 studies remained for full-text 

analysis. 44 failed to meet the inclusion criteria, leaving 12 studies to be assessed for 

quality (Figure 3-1). 

3.4.2 Participants 

The in vivo participants’ ages ranged from 25 to 61 years (Table 3-6). The definition 

of a healthy knee varied from ‘healthy’ (25%) to no evidence of knee pathology or 

abnormalities (33%). The most detailed definition stated that a healthy knee was one 

with no knee-related symptoms (pain, instability, click, limited range of motion), no 

history of knee trauma or obvious deformity (25%).(Dennis et al., 1998; Tanifuji et 

al., 2013, 2011) 

The in vitro specimens‘ ages ranged from 69 to 93 years (Table 3-6), with one study 

not stating their age. The description of the in vitro knee specimens varied from 

‘without knee pathology’(Yildirim et al., 2007) to ‘without abnormalities’,(Walker et 

al., 2011) to ‘fresh-frozen cadaveric knees’ however they were assumed to be 

asymptomatic as no abnormalities were reported in the results.(Hofer et al., 2011) 

3.4.3 Study Characteristics 

All study characteristics are presented in Table 3-6. The 12 included studies tested 

164 participants. One participant had both knees included, so the total number of 

knees examined was 165. Most knees have been investigated in vivo (148) while the 

remaining 17 were in vitro. One study did not provide data that could be included in 

the results table, as it presented results via colour maps of the tibiofemoral contact 

areas, without quantitative analysis.(Yildirim et al., 2007) The in vivo participants' ages 
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ranged from 25 to 61 years (Table 3-6). The definition of a healthy knee varied from 

‘healthy’ (25%) to no evidence of knee pathology or abnormalities (33%). 

 

Figure 3-1. The flow of studies through the systematic review. 

* Papers may have been excluded for failing to meet more than one inclusion criteria 

The most detailed definition stated that a healthy knee was one with no knee-related 

symptoms (pain, instability, click, limited range of motion), no history of knee 

trauma or no obvious deformity (25%).(Dennis et al., 1998; Tanifuji et al., 2013) 

The in vitro specimens' ages ranged from 69 to 93 years (Table 3-6), with one study 

not stating their age. The description of the in vitro knee specimens varied from 

‘without knee pathology’,(Yildirim et al., 2007) to ‘without abnormalities’,(Walker 

Titles and abstracts screened (n = 171) 

 Cochrane Library (n = 3) 

 Scopus (n = 61) 

 Web of Science (n = 31) 

 EBSCOhost (n = 34) 

 Reference lists (n = 42) 

 

Papers retrieved for evaluation of full text 

(n = 56) 

Papers included in review (n = 12) 

Papers excluded after screening 

titles/abstracts (n = 54) 

Papers excluded after evaluation of full 

text (n =44)* 

 Unloaded deep knee flexion (n = 4) 

 No kinematic data (n = 3) 

 No healthy participants (n = 7) 

 Knee flexion < 120°  (n = 15) 

 Not tibiofemoral joint (n = 2) 

 Used skin markers (n = 9) 

 Case study (n = 1) 

 Kinetic study (n = 3) 

 Not dynamic or stop-motion (n = 1) 

 Participants were not adults (n = 2) 
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et al., 2011) to ‘fresh-frozen cadaveric knees’ however they were assumed to be 

asymptomatic as no abnormalities were reported in the results.(Hofer et al., 2011) 

 

Table 3-1. Modified Downs and Black checklist (Downs and Black, 1998) 
Studies A OC PC ID CF V RP AS AOC EP 

Dennis 1998 1 1 1 1 1 0 1 1 1 0 

Hamai 2013 1 1 1 1 1 1 0 1 1 0 

Hefzy 1998 1 1 0 1 1 0 0 1 1 0 

Hofer 2011 1 1 1 1 1 1 0 1 1 1 

Johal 2005 1 0 1 1 1 1 0 0 1 0 

Leszko 2011 1 1 1 1 1 1 1 1 1 0 

Moro-oka 

2008 

1 1 1 1 1 1 0 1 1 0 

Qi 2013 1 1 1 1 1 1 1 1 1 0 

Tanifuji 

2011 

1 1 1 1 1 1 1 1 0 1 

Tanifuji 

2013 

1 1 1 1 1 1 1 1 1 0 

Walker 2011 1 1 1 1 1 0 0 0 1 0 

Yildirim 

2007 

1 1 0 1 1 1 0 0 1 0 

(%)#  100 92 83 100 100 75 42 75 92 17 

(n = 12); 0 = no or unable to determine, 1 = yes. #: % of papers where conditions were met. 

A: aims, OC: outcome, PC: participant characteristics, ID: intervention description, CF: clear findings, V: 

variability, RP: representative of population, AS: appropriate statistics, AOC: accurate outcome measures, 

EP: enough power. 

3.4.4 Quality Assessment 

The selected studies were assessed by a modified Downs and Black  quality checklist 

(Table 3-1. ), where the median number of conditions met was 8 out of 10 (range: 6 

to 9).(Downs and Black, 1998) All studies stated their aims, methodological 

description, and findings. Most papers described their outcomes (92%), participant 

characteristics (83%) and used accurate outcome measures (92%). No papers were 

rejected based on quality. 

3.4.5 Deep Knee Flexion Kinematics 

All studies investigated knee kinematics during loaded knee flexion, moving past 

120° (defined here as deep flexion). Only one study examined moving out of deep 

flexion.(Yildirim et al., 2007)  Six of the seven squatting studies used the single-

legged squat (Dennis et al., 1998; Moro-oka et al., 2008; Tanifuji et al., 2013, 2011; 

Walker et al., 2011; Yildirim et al., 2007) while one investigated the double-legged 

squat.(Johal et al., 2005) Three studies investigated lunging,(Hamai et al., 2013; 
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Hefzy et al., 1998; Leszko et al., 2011; Qi et al., 2013) and three studies investigated 

kneeling.(Hefzy et al., 1998; Hofer et al., 2011; Moro-oka et al., 2008) 

The in vivo knee joint was loaded using full body weight in seven studies,(Dennis et 

al., 1998; Hamai et al., 2013; Hefzy et al., 1998; Leszko et al., 2011; Moro-oka et al., 

2008; Tanifuji et al., 2013, 2011) while two reduced loading by providing assistance 

at each flexion angle, with one allowing the utilisation of a handrail and contralateral 

leg(Qi et al., 2013) while the other placed the participants back against a board 

inclined at 10°.(Johal et al., 2005) 

The three in vitro knee-rig studies applied various loads including simulating a body 

weight vertical load,(Yildirim et al., 2007) a multi-planar load totalling 300N which 

aimed at replicating the body weight of a 70 kg person,(Hofer et al., 2011) and a 

compressive load of 74N, simulating body weight loading.(Hofer et al., 2011; Walker 

et al., 2011; Yildirim et al., 2007) 

Foot positioning and rotation constraint varied, with foot position not specified in 

four studies,(Dennis et al., 1998; Hefzy et al., 1998; Leszko et al., 2011; Qi et al., 

2013) while a fixed foot constrained neutral tibial rotation in four studies.(Johal et 

al., 2005; Tanifuji et al., 2013, 2011; Walker et al., 2011) In two of the three kneeling 

studies, the foot was left free to permit rotation.(Hofer et al., 2011; Moro-oka et al., 

2008) 

3.4.6 Measuring Equipment 

Three studies used fluoroscopy registered with MRI,(Leszko et al., 2011; Moro-oka 

et al., 2008; Qi et al., 2013) Three used fluoroscopy with CT.(Hamai et al., 2013; 

Moro-oka et al., 2008; Tanifuji et al., 2013, 2011) One study used ‘interventional’ 

MRI.(Johal et al., 2005) Four of the 2D to 3D registration studies quantified their 

image registration root mean squared (RMS) error for translations and 

rotations.(Leszko et al., 2011; Moro-oka et al., 2008; Tanifuji et al., 2013, 2011) The 

RMS error for in-plane translations ranged from 0.3 to 0.8 mm.(Moro-oka et al., 

2008; Tanifuji et al., 2013, 2011) The out-of-plane translation, which is the most 

difficult to determine in 2D-3D registration(Pickering et al., 2009b) was specified as 
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1.6 mm.(Moro-oka et al., 2008) The RMS error for rotation ranged from 0.2° to 

0.6°.(Moro-oka et al., 2008; Tanifuji et al., 2013, 2011) 

The accuracy of flexion measurement varied between studies. Johal et al. (2005) and 

Qi et al. (2013) measured flexion angles by eye, using a goniometer, while the 

remaining studies derived them from radiographs. Dennis et al. (1998) and Hefzy et 

al. (1998) determined flexion from radiographs manually by constructing 

longitudinal axes of the femur and tibia. Later studies used algorithms that measured 

continuous movement in 3D between digitised models of the femur and tibia. Johal 

et al. (2005) used Vernier calipers to gauge the height of the femoral condyle from 

the ipsilateral tibial plateau.(Johal et al., 2005)  

Each of the three in vitro studies employed a different knee-test-rig. The motion of 

the in vitro knee specimens was tracked by following three fiducial points on the 

femur and the tibia using a microscribe digitiser. The in vitro motion was measured 

at specific knee flexion angles which were built into the knee rigs. After removing 

the specimens from the test rig, the soft-tissue stripped bones were digitised into point 

clouds and reconstructed into knee models using Rapidform (Rapidform, Inus 

Technology, Inc., Seoul, South Korea).(Hofer et al., 2011; Walker et al., 2011; 

Yildirim et al., 2007) Fiducial point movement in the Microscribe digitised point 

cloud knee model was used to measure the 6DOF displacement of the femur and tibia. 

3.4.7 Reference Systems 

Knee kinematics were defined by two reference systems; the tibiofemoral reference 

systems and the tibiofemoral contact patterns (Figure 3-2). The tibiofemoral 

reference systems base the flexion/extension axis in the femur, and describe 6DOF 

with three rotations and three translations.(Smith et al., 2003) In the reviewed studies, 

four reference systems are used to define the flexion/extension axis: the 

transepicondylar axis,(Most et al., 2004) the flexion facet centre,(Walker et al., 1985) 

the geometric centre axis,(Most et al., 2004) and the cylindrical axis.(Most et al., 

2004) The second reference system is the tibiofemoral contact-pattern which 

describes the motion of the tibiofemoral contact or lowest-points  at the articular 

surface.(Nisell, 1985; Scarvell et al., 2004; Walker et al., 2011) Not using these 
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systems, two early studies simply used the longitudinal axes of the femur and tibia to 

determine the knee flexion.(Dennis et al., 1998; Hefzy et al., 1998) 

 

 

Figure 3-2. Tibiofemoral contact patterns and femoral reference systems 

This includes the epicondylar axis (transepicondylar axis, TEA) and the circular axis. The circular 

axis is very similar to the flexion facet centre axis and the geometric circular axis (GCA. This figure 

also describes the contact pattern resulting from lowest points and how they are projected onto the 

tibial plateau. Walker et al 2011(Walker et al., 2011) 

Four studies compared outcomes from different reference systems. Walker et al. 

compared four reference systems; the transepicondylar-axis, the cylindrical-axis, 

contact-points and lowest-points.(Walker et al., 2011) They found the medial-

femoral-condyle (MFC) translated posteriorly across all measurement systems with 

the largest translation recorded by the transepicondylar-axis.(Walker et al., 2011) The 

lateral-femoral-condyle (LFC) translation, when measured by its contact-point, was 

more anterior than the other systems. They also found that after 120° of flexion, 

external femoral rotation of the cylindrical axis was less than that of the lowest 

points.(Walker et al., 2011) Leszko et al. found both the flexion-facet-centre and 

lowest-points demonstrated similar posterior translation.(Leszko et al., 2011) Moro-
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oka et al found that after 100° of flexion, both the cylindrical-axis and contact-points 

showed similar rates of rotation.(Moro-oka et al., 2008) The two studies by Tanifuji 

et al. with the same participants and the same activity found that after 120° flexion, 

both medial and lateral ends of the geometric centre axis were less posterior than 

those of the transepicondylar-axis, but both showed a similar amount of posterior 

movement.(Tanifuji et al., 2013, 2011) 

Table 3-2. Reference system definitions 

Reference System  Description 

Flexion facet centre (FFC) axis, also called 

the Circular Axis  

-Constant throughout all flexion angles.  

-Based in the femur. 

 

This axis is the line drawn between the centres of the best-
fit circles that match as closely as possible to the shape of 

the medial and lateral posterior femoral condyles. 

 

Geometric centre axis (GCA) & Cylindrical 

axis (CA) 

 -constant throughout all flexion angles 

 -Based in the femur. 

 

The GCA or CA is defined by the line connecting the two 
centres of the best-fitted spheres to the medial and lateral 

posterior condyles; where the midpoint of the line is the 

coordinate system origin. This is also called the cylindrical 
(cylinder) axis (ref Yin 2015).   

 

Transepicondylar axis (TEA) 

-Constant throughout all flexion angles.  

-Based in the femur. 
 

The surgical TEA is the line that connects the lateral 
femoral epicondyle and the sulcus point on the medial 

condyle. The clinical TEA is the line that connects the 

medial and lateral epicondylar prominence (ref Kobayashi 
2015). 

 

Contact-points (CP)  

 -changes as the knee is flexed  

The CP is the line that joins the two points that are the 

epicentres’ of the contact areas of the femur on the medial 
and lateral areas of the tibial plateau. Confusingly, in early 

studies, CP has had the same description as LP. So, it is 

important to check the definition in each study. 

 

Lowest-points (LP) 

 -changes as the knee is flexed  

This is the line that joins the two closest points between 

the tibial plateau and the medial and lateral femoral 
condyles. Can be different to the contact-points line. Can 

also be described as the line between the two lowest points 

of the medial and lateral condyles. 

 

An explanation of these different results comes from the shape of the femoral 

condyles and the tibial plateau, the definition of the transepicondylar and cylindrical-

axis, and the lowest-points measurement as shown in Figure 3-2. The contact-points 

show less rotation than the cylindrical axis due to the shape of the tibial plateau, with 

its medial concavity and lateral convexity.(Walker et al., 2011) The increased rotation 

of the transepicondylar axis compared to the cylindrical axis and contact-points can 

be explained by the definition of the axis--it is the line between the medial and lateral 

epicondyle which unlike the cylindrical (or geometric centre axis), has a particular 

tilt--with its medial point more posterior than its lateral. (Walker et al., 2011) 
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3.4.8 Outcome Measures 

Kinematics of translation were measured against flexion in nine studies, five for 

squatting (Table 3-7),(Johal et al., 2005; Moro-oka et al., 2008; Tanifuji et al., 2013, 

2011; Walker et al., 2011) three for lunging (Table 3-8),(Hamai et al., 2013; Leszko 

et al., 2011; Qi et al., 2013) and two for kneeling (Table 3-9).(Hofer et al., 2011; 

Moro-oka et al., 2008) Kinematics of rotation were reported in eight studies; four for 

squatting (Table 3-7)(Moro-oka et al., 2008; Tanifuji et al., 2013, 2011; Walker et 

al., 2011) three for lunging (Table 3-8),(Hamai et al., 2013; Leszko et al., 2011; Qi 

et al., 2013) and two for kneeling (Table 3-9).(Hofer et al., 2011; Moro-oka et al., 

2008) The study outcomes included a comparison of flexion with internal/external 

rotation and abduction/adduction. Tibial rotation data from three studies was included 

in the meta-analysis, but abduction/adduction was not, due to lack of data. 

Use of translation in mm is sensitive to variation due to the size of the knees in the 

sample. To take this variation into account, Qi et al., Hamai et al. and Leszko et al. 

normalised translations of lunging by reporting them as a percentage of the average 

tibial plateau width and length.(Hamai et al., 2013; Leszko et al., 2011; Qi et al., 

2013) For this review, where possible, this data was calculated back to mm based on 

average tibial plateau width and length of each group. 

3.4.9 Results of Meta-Analysis 

The meta-analysis of MFC and LFC translations (Table 3-4 and Table 3-5) between 

120° and 150° flexion, included 11 comparisons from four studies that examined 

squatting and lunging.(Hamai et al., 2013; Leszko et al., 2011; Tanifuji et al., 2013, 

2011) Eight studies could not be included; six did not provide MFC translation 

data(Dennis et al., 1998; Hefzy et al., 1998; Hofer et al., 2011; Johal et al., 2005; Qi 

et al., 2013; Yildirim et al., 2007) and two did not provide standard deviations.(Moro-

oka et al., 2008; Walker et al., 2011) There was a very large pooled effect size 

favouring medial and lateral posterior translation of Z=5.83(p<0.00001) and 

Z=8.93(p<0.00001). Both the MFC and LFC translated posteriorly, (MD = 10.4 mm, 

95% CI 6.9 to 13.9 mm) and. (MD = 5.55 mm, 95% CI 4.64 to 6.46 mm) respectively 

(Table 3-4 and Table 3-5). 
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The MFC data had high heterogeneity between squatting and lunging (I2 = 74.2%) 

and high heterogeneity within both squatting (I2 = 82%) and lunging (I2 = 91%). This 

high heterogeneity suggests the MFC translation requirements are different for 

squatting and lunging, and that MFC translation measurement is sensitive to the 

different measurement and reference systems. The LFC showed low heterogeneity 

between squatting and lunging (I2=37%), suggesting a reliable result despite the 

different activities. The low heterogeneity within the squatting data (I2=0%) showed 

there was no difference between the reference systems used. Moderate heterogeneity 

within the lunging data (I2=48%) suggest there was sensitivity to the reference system 

and population. 

The meta-analysis examined tibial rotation using 11 comparisons from three studies 

covering squatting, lunging and kneeling (Table 3-3). Nine studies could not be 

included in the analysis; five did not provide rotation data, and four did not provide 

standard deviations. There was a very large pooled effect size favouring internal 

tibial rotation of Z=8.63 (p<0.00001). Between 120° and of 135° flexion, the tibia 

internally rotated (MD = 4.6°, 95% CI 3.55° to 5.64°) (Table 3-3). There was 

moderate heterogeneity (I2=52.9%) between squatting lunging and kneeling, 

suggesting internal tibial rotation requirements are different for different activities. 

However, within each of these activities, there was low heterogeneity (I2=0), despite 

the different measurement and reference systems. Deep flexion of the knee results in 

internal rotation of the knee, with slight variation between the three activities.  
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Table 3-3. Tibial rotation Forest plot 

Mean difference (95%CI) of the effect of increasing deep knee flexion from 120° to 135° on tibial 

rotation CP = contact point, CA = cylindrical axis, FFC = flexion facet centre, GCA = geometric 

centre axis, TEA = transepicondylar axis, CT = computer tomography, MRI = magnetic resonance 

imaging,, SQ = squat, L = lunge, KN = kneel, CM = Caucasian males, CF = Caucasian females, 

JM = Japanese males, JF = Japanese females 
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Table 3-4. MFC translation Forest plot 

Mean difference (95%CI) of the effect of increasing deep knee flexion from 120° to 135 of MFC 

translation. CP = contact point, CA = cylindrical axis, FFC = flexion facet centre, GCA = geometric 

centre axis, TEA = transepicondylar axis, CT = computer tomography, MRI = magnetic resonance 

imaging, SQ = squat, L = lunge, K = kneel, CM = Caucasian males, CF = Caucasian females, JM 

= Japanese males, JF = Japanese females 
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Table 3-5. LFC translation Forest plot 

Mean difference (95%CI) of the effect of increasing deep knee flexion from 120° to 135° on LFC 

translation. CP = contact point, CA = cylindrical axis, FFC = flexion facet centre, GCA = 

geometric centre axis, TEA = transepicondylar axis, CT = computer tomography, MRI = magnetic 

resonance imaging, SQ = squat, L = lunge, KN = kneel, CM = Caucasian males, CF = Caucasian 

females, JM = Japanese males, JF = Japanese females. 
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3.4.10 Kinematics of Squatting 

All data is included in Table 3-7. In vivo, squatting achieved a mean maximum 

flexion angle of 135° (range:110°-154°).(Dennis et al., 1998) This level of flexion 

occurred concurrently with both MFC and LFC posterior translation and internal 

tibial rotation. Between 120° and 140° flexion, the MFC and LFC moved posteriorly 

with their ranges being (0 to 8.4) mm and (2.8 to 9.8) mm respectively.(Johal et al., 

2005; Moro-oka et al., 2008; Tanifuji et al., 2013, 2011) The tibia internally rotated 

in all in vivo studies. Between 120° and 135° flexion, internal rotation ranged between 

(3° to 5°) and continued to increase with flexion; as the range for 120° to 140° flexion 

demonstrates (5.7° to 6°).(Moro-oka et al., 2008; Tanifuji et al., 2013, 2011) 

Between 120° to140° flexion, Johal et al. reported the lift-off of the medial flexion-

facet-centre from the tibial surface by 1.7 (0.5) mm, and a drop of the lateral flexion-

facet-centre of 1.9 (0.8) mm.(Johal et al., 2005) This lift-off concurs with the contact 

map in Figure 3-3, which shows the LFC dropping down over the posterior edge of 

the tibial plateau.(Yildirim et al., 2007) 

In vitro, the kinematics of squatting between 120° to 135° flexion, were dampened 

compared to their in vivo counterparts, with the posterior translation of both the MFC 

and LFC; being in the range (-1.3 to 5.0)mm and (-1.0 to 2.3)mm  

respectively.(Walker et al., 2011) At higher angles of flexion, from 135°to 155°, both 

the MFC and LFC continued to move posteriorly on the tibial plateau, but more so 

laterally (Table 3-7). At 155°, the medial contacts were described as being “between 

one half and one third from the posterior edge of the tibial plateau…on the medial 

slope of the intercondylar eminence”.((Yildirim et al., 2007)(pp 382) At 155°, 

laterally the contact was “close to the posterior edge (of the tibial plateau), in one 

case over the edge itself”.((Yildirim et al., 2007)pp 382) There was minimal internal 

rotation, ranging between (-0.3° to 4.4°) with only the rotation measured by contact-

points (4.4°) being greater than one degree.(Walker et al., 2011) With an added 20° 

of internal or 20° of external tibial rotation, between 135° and 155° flexion, Figure 

3-3 showed that “the femur was ‘climbing up’ the eminences during rotation, thus 

indicating the role of the eminences in limiting rotation”.((Yildirim et al., 2007)pp 
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383) On the lateral side of the femur, impingement occurred only in extreme external 

tibial rotation.  

 

  
Figure 3-3. Femoral and tibial contact areas in deep flexion. 

A: Left medial impingement for 20° internal tibial rotation. Right: both medial and lateral impingement 

occurred at 20° external tibial rotation. Yildirim et al. 2007(Yildirim et al., 2007) B. Contacts on the 

proximal tibia at 135° and 155° flexion. 

3.4.11 Kinematics of Lunging 

All data is included in Table 3-8. Lunging achieved a maximum flexion range of 

153.2°.(Leszko et al., 2011; Qi et al., 2013) Leszko et al. demonstrated that for all 

ethnicities, this high level of flexion occurs concurrently with both MFC and LFC 

posterior translation, and internal tibial rotation.(Leszko et al., 2011) Between 120° 

to 145° flexion, posterior translation of the MFC averaged 1.9(SD:2.1) mm and the 

LFC averaged 4.8(SD:2) mm.(Qi et al., 2013) For 120° to 150° flexion, the MFC and 

LFC moved posteriorly in the ranges of (2.2 to 10.8) mm(Hamai et al., 2013; Leszko 

et al., 2011) and (0.3 to 12.4) mm(Hamai et al., 2013; Leszko et al., 2011) 

respectively. 

The tibia internally rotated in all results and continued to increase with flexion; as the 

range for 120° to 150° flexion demonstrates (7° to 9.6°).(Hamai et al., 2013; Leszko 

et al., 2011) Only two studies reported abduction/adduction and had conflicting 

results. Leszko et al. reported adduction in the range (1.9° to 3.3°) while Hamai et al. 
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showed an average varus of 3.8°.(Leszko et al., 2011) (Hamai et al., 2013) There was 

minimal tibia abduction 0.2°(SD: 3.3°). 

3.4.12 Kinematics of Kneeling 

All data is included in Table 3-9. Kneeling achieved an in vivo maximum flexion 

angle of 157.3°(SD:4.9°).(Hefzy et al., 1998) In one study, this high level of flexion 

appears to retain the medial pivot of the MFC, along with more posterior LFC 

movement and internal tibial rotation.(Moro-oka et al., 2008) Between 120° and 150° 

flexion, there was a small average anterior MFC translation of 1.0 mm along with a 

larger average posterior LFC translation of 3.5 mm.(Moro-oka et al., 2008) The tibia 

internally rotated in all studies. Between 120° and 135° of flexion, internal tibial 

rotation ranged between (4.9° to 6.0°) and continued to increase with flexion; as the 

range for 120° to 150° flexion demonstrates (9.1° to 10.8°). 

In vitro, there was little concurrent kinematic motion associated with deep flexion. 

Hofer et al., using the transepicondylar axis, reported negligible anterior/posterior 

movement and little internal tibial rotation.(Hofer et al., 2011) Between 120° to 135° 

flexion, the small anterior translation of the transepicondylar-axis origin, was 

0.6(SE:1.0) mm, while the tibia internally rotated 1°(SE:2.7°).(Hofer et al., 2011) 
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3.5 Discussion 

This review aimed to describe the kinematics of healthy knees that occur at the 

tibiofemoral joint, during a weight-bearing deep flexion cycle. This review includes 

in vivo and in vitro studies, three movements that achieve deep flexion, various 

measurement technologies, and reference systems. Consistent patterns of in vivo 

kinematics have emerged, despite the differences in the deep flexion activities and 

the kinematic reference systems used. 

This review provides evidence that after 120° of deep flexion, the femur moves 

posteriorly, while the tibia internally rotates. The femur and both its MFC and LFC 

move posteriorly relative to the tibia, in the range of -1 mm to 12.4 mm. This result 

agrees with Freeman & Pinskerova who describe the posterior translation of the MFC 

and LFC onto the posterior horn.(Freeman and Pinskerova, 2005) Our meta-analysis 

also demonstrated that between 120° to 140° of flexion in both squatting and lunging, 

the MFC translated posteriorly almost twice as much as the LFC, with the means 

being 10.4 (95%CI 8.29 to 15.82) mm, and 5.88 (95%CI 4.4 to 7.36) mm. This 

finding agrees with that of Pinskerova et al. who showed that while moving from 

120° to 140° flexion, the median flexion-facet-centre moves 4 mm posterior while 

the lateral flexion-facet-centre moves 2 mm.(Pinskerova et al., 2009) This MFC 

translation is a departure from pre-120° kinematics, where the MFC moves little and 

behaves as a medial pivot. Dennis et al., and Mu et al. showed that there was a 

minimal translation of the MFC before 120° flexion.(Dennis et al., 2005; Mu et al., 

2011) Lunging as measured by the flexion-facet-centre, requires more posterior 

translation of both MFC and LFC than squatting.(Hamai et al., 2013; Leszko et al., 

2011; Moro-oka et al., 2008; Tanifuji et al., 2013, 2011) 

Interestingly, despite these translations, there is still internal tibial rotation around its 

longitudinal axis. This finding agrees with Dyrby et al. and Andriacchi et al. who 

found a significant relationship between deep flexion and internal tibial 

rotation.(Andriacchi et al., 2003; Dyrby et al., 1997) This internal rotation may be 

explained by the different anatomy of the femoral condyles and the method of 

measurement. There was evidence of femoral medial translation, disagreeing with 
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Yue et al., who found no medial translation up to 105°.(Qi et al., 2013; Yue et al., 

2011) Unfortunately, as only one study measured medial translation, there is limited 

evidence at this point that this translation is a result of deep flexion. 

Two lunging studies measured femoral abduction/adduction with contradicting 

results of femoral valgus (abduction)(Hamai et al., 2013) and femoral 

adduction.(Leszko et al., 2011) This difference may be due to the number of 

participants; the group that showed femoral adduction had only 5 participants(Hamai 

et al., 2013) while the other had 72.(Leszko et al., 2011) Only Johal et al. measured 

MFC lift off and LFC convergence towards the tibial plateau; differing from the 

subluxated tibiofemoral joint described by Freeman & Pinskerova.(Johal et al., 2005) 

This contradiction could be due to the differences in study design; double vs. single 

legged, loaded vs. unloaded and in vivo vs. in vitro. 

In vivo and in vitro studies showed different kinematics during deep flexion. In vivo 

femoral translations, both MFC and LFC, were posterior and the tibial rotations 

internal. In contrast, in vitro MFC translations were more posterior than its LFC 

translations, and the in vitro tibia rotated externally. These results agree with 

Varadarajan et al. who found that after 30° flexion, in vitro systems did not capture 

the posterior translation of in vivo femoral condyles and at the same time measured 

decreased internal tibial rotation.(Varadarajan et al., 2009b) This evidence needs to 

be considered by those making kinematic interpretations of in vitro data and reiterates 

the importance of testing in vivo. 

The loading of the knee by body weight and gravity helps to explain the kinematic 

differences between the three activities. The centre of gravity of the load while 

squatting is above the ‘foot pivot’ while during the lunge it moves posteriorly to the 

knee; with the contralateral leg behind the body.(Leszko et al., 2011; Yildirim et al., 

2007) If kneeling with feet under an upright body, the load is producing a first-class 

lever effect at the knee--with the axis of rotation around the point of the contact of 

thigh on the calf.(Hefzy et al., 1998) The increasing distance of the load from the 

knee could produce more torque and higher kinematic results. 
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Foot position and thus tibial rotation could influence knee kinematics. Yildirim et el. 

found that moving from 20° internal to 20° external tibial rotation caused the MFC 

contact point to translate 4 mm and the LFC 8 mm respectively.(Yildirim et al., 2007) 

Hefzy et al. observed different flexion angles based on whether the participants 

placed their feet directly under their body or laterally while kneeling.(Hefzy et al., 

1998) The foot needs to be in the natural centre of its ‘laxity range’ to prevent the 

restriction of the maximum flexion angle.(Yildirim et al., 2007) One squatting study 

specified the foot to be in the sagittal plane,(Johal et al., 2005) another ‘neutral 

position‘,(Tanifuji et al., 2013, 2011) while the remainder left it up to the participant. 

Unfortunately, no lunge study specified foot position, so we cannot be sure of tibial 

rotation. For kneeling (minus Hefzy et al. 1998), the foot was free to rotate. 

Contact patterns and femoral axis systems describe the kinematics of posterior 

femoral translation and internal tibial rotation. 3D to 2D registration that used either 

MRI or CT produced very similar results; with Moro-oka et al. finding no significant 

difference between them.(Moro-oka et al., 2008) The reference systems that defined 

their axis in the femur; including the cylindrical axis, the circular axis, the geometric-

centre-axis and the flexion-facet-centre produced similar results, easily explained by 

the similarity of their definitions.(Leszko et al., 2011; Moro-oka et al., 2008; Qi et 

al., 2013; Tanifuji et al., 2013, 2011; Walker et al., 2011) The transepicondylar axis 

produced absolute results that were different from the other axis systems; however, 

the changes it measured were similar.(Hamai et al., 2013; Tanifuji et al., 2013)  

The meta-analysis revealed that the greatest sensitivity to reference system appeared 

to be in the measurement of the MFC translation during squatting and lunging, as 

shown by the heterogeneity within activities. There was high heterogeneity between 

contact-point and flexion–facet-centre reference systems within Leszko et al. and 

between the contact-point,(Hamai et al., 2013) the geometric-centre-axis(Tanifuji et 

al., 2011) and the transepicondylar axis(Tanifuji et al., 2013) used by Hamai et al. 

and Tanifuji et al.(Tanifuji et al., 2013, 2011) Despite the different measurement 

techniques and reference, the pattern of posterior femoral movement and internal 

tibial rotation is consistent across the studies. 
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Limitations of this systematic review consist of its inclusion of only studies published 

in English. There may be studies that have not been translated in other countries e.g. 

Japan. A comparative analysis would have been more informative if there were a 

standard reference system and a common method, and this should be a major 

consideration in future research. There were also few papers for each activity with 

small numbers of participants; making it difficult to draw firm conclusions. Only a 

partial in vivo meta-analysis was possible, due to lack of data and reported variation.  

In conclusion, across activities, measurement and reference systems, consistent in 

vivo kinematic results were revealed, with posterior translation of both femoral 

condyles and internal tibial rotation. However, the ability to draw conclusions around 

the remaining kinematic variables was limited. Future research using technology that 

produces accurate, reproducible results and larger participant numbers would be 

beneficial in determining different kinematic patterns among various age groups and 

kinematic variation between healthy and diseased knees. A better understanding of 

deep flexion kinematics will inform clinical rehabilitation strategies for the 

conservative treatment of knee osteoarthritis and contribute to improving functional 

outcomes. 
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Table 3-6. Summary of included studies (n = 12) in chronological order 

Study  Design Participants Intervention Measuring Equipment Motion Analysis Method Outcome measures 

Dennis 1998 

(Dennis et al., 1998) 

 

In vivo 

CSOS 

n=20  

Age =52.5yr 

Sex(8F,12M) 

Single leg squat Fluoroscopy  Longitudinal axes of femur & tibia Range of motion 

 

Hefzy 1998 

(Hefzy et al., 1998) 

 

In vivo 

CSOS 

n=5  

Age = 31.6yr  

Sex=(5M) 

Kneel 

3 positions 

90°, 120° & full flexion 

Foot position was either 

beneath or lateral to the 
thigh 

 

Bi-planar radiograph, 

AP then lateral 

 

Femoral & tibial axes were parallel 

to the femoral & tibial shafts 

Patella flexion angle 

Description of femoral condyle position 

on tibial plateau 

Johal2005 

(Johal et al., 2005) 

 

In vivo 
CSOS 

n=12  
Caucasian 

Male   

Age= 25yr (range 20-30) 
Female  

Age =(26 & 32) 

Sex(2F,10M) 

Double leg squat 
Full extension in 10° 

increments up to full 

flexion 

MRI using a superconducting 
open magnet scanner, which 

allows the participant to be 

standing & squatting while 
being scanned. 

FFC, based on circles of PFC AP translation 

SI translation 

Yildirim 2007 

 

In vitro CSOS n=6 

Age=NS 

Sex NS 

Simulated squat 

Coming out of the squat 

Knee test rig 
Femur kept horizontal, 

free to rotate around 

long axis 
Vertical force 

representing body 

weight 
Neutral, internal & 

external tibial rotation   

Knee flexion at 135°, 
145°, and 155°. 

 

Microscribe digitised the 

fiducial points on the femur & 

tibia recreating the bones in a 
point cloud,  

Point cloud matched to the 

positions previously measured 
on the rig.  

The software was then used to 

calculate separation distances. 

Not described The location & shape of the contact areas  

Colour contoured maps 

No quantitative data 

Moro-oka 2008 

(Moro-oka et al., 

2008) 

 

In vivo 
CSOS 

n=6 
Age =29yr (range 28-31) 

yr. 
Sex=6M 

Kneel: Leg on box with 
foot & ankle free  

Squat: Flexed from full 
extension to maximum 

flexion while standing 

on a wheeled cart 

Bone models of femur & tibia 
were created from both CT & 

MRI scan 
Continuous sagittal X-ray 

images were taken. 

Registration RMS errors are 
0.53 mm in plane translations, 

1.6 mm out-of-plane 

translations & 0.54° for 
rotation. 

Mediolateral Z axis of both femur & 
tibia is the CA between PFC. The 

CA mid-point was the coordinate 
system origin. The femoral Y axis 

was perpendicular to Z-axis 

intersecting the femoral head centre. 
Y axis for the tibia was 

perpendicular to the CA in the plane 

intersecting the ankle centre. 
The x-axis was calculated from the 

cross-product of the first two. 

 

Tibial rotations  
Separation distance mapping. 

Spline interpolation with 5° flexion 
increments was used to create average 

kinematics for the group. 
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Table 3-6. Summary of included studies (n = 12) in chronological order 

Study  Design Participants Intervention Measuring Equipment Motion Analysis Method Outcome measures 

Hofer 2011 

(Hofer et al., 2011) 

 

In vitro 

CSOS 

n=5 

Age=84.2yr (range 78-
93) yr. 

Sex (2F,3M) 

Kneel  

Knee testing jig. 
Replicate crouch, 

double leg & single leg 

kneel. 
Multiplanar load of 

300N in total 

Flexion Angles 90, 
105,120, 135°.  

 

A microscribe 3DLX was used 

to track 3 points attached to the 
distal femur & 3 points to the 

proximal tibia. 

Tibial rotation & translation was 

measured about the  TEA, as the 
femur was fixed to the jig. 

The TEA was aligned parallel to the 

coronal plane of the jig. 

Tibial translation  

Tibial rotation  

Leszko 2011 

(Leszko et al., 2011) 

 

In vivo 
Cohort OS 

n=72  
Cau 24F: Age=25.2 

(6.9)yr.,  

Cau 24M Age=27.5 
(6.8)yr.;  

Jap  11F, Age=37.4 

(5.9)yr.,  
Jap 13M, Age=30.9 

(6.6)yr. 

 

Lunge followed by 
forward lean to achieve 

max flexion angle 

Activity was analysed 
from full extension to 

maximum flexion in 30° 

increments 

Fluoroscopy  
MRI used to create models of 

the tibia & femur. 

Error specified for registration 
was from TKA study: 

translational <0.5 mm, 

rotational <0.5° 

FFC and CP for AP translation 
CP is the closest point between the 

tibial plateau and femoral condyles. 

Grood & Suntay (Grood 1983) with 
the AP position on the tibial plateau 

measured in the tibial (local) 

coordinate system. 
AP translation results were 

normalised to average tibial plateau 

length 

Flexion 
Axial rotation 

Abduction/Adduction 

Medial & lateral tibiofemoral contact 
locations 

Knee motion (spin, roll, slide, combined, 

concordant translation & counter 

translation. 

Tanifuji 2011 

(Tanifuji et al., 2011) 

 

In vivo 

CSOS 

n=20 

Age=37.2 yr. (range 24-

61)yr. 
Sex (10F,10M) 

Squat from full 

extension to maximum 

flexion. 

CT of femur & tibia. 

Fluoroscopy with mean angular 

velocity & sampling rate 
17.8°/s & 0.8 images/° of knee 

flexion. 

The root mean square error was 
0.3-0.8 mm for in-plane 

translation, & 0.2-0.6° for 

rotation. 

The tibial z-axis connected the 

midpoint of the tibial eminence with 

the top of the talar dome. The y-axis 
is perpendicular to the mediolateral 

centre of the insertion of the PCL to 

the z-axis. The x-axis was the cross-
product of the z- & y- axis. The x-y 

plane was considered the tibial axial 

plateau. On the femur, the GCA 
connected the centres of the spheres 

of the sagittal femoral condyles. 

Relative movement of femur & tibia 
quantified as the movement of GCA 

projected onto the axial (XY) plane 

of the tibial coordinate system. 
 

Tibial rotation 

AP translation of medial & lateral ends 

of GCA. 
Motion patterns  

AP translations in absolute & normalised 

values.  
Normalised by using AP diameter of the 

proximal tibia. The midpoint was defined 

as the 0% point, while most anterior & 
posterior points were anterior 100% & 

posterior 100%’points. 
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Table 3-6. Summary of included studies (n = 12) in chronological order 

Study  Design Participants Intervention Measuring Equipment Motion Analysis Method Outcome measures 

Walker 2011 

(Walker et al., 2011) 

 

In vitro CSOS n=6 

Age) = 69 yr. 
Sex (5M, 1F) 

Squat  

Desktop knee rig with 
tibia fixed.  

Axial compressive load 

of 74 N  
Quadriceps tendon 

adjusted for required 

flexion. 
Flexion starting from 

full extension to 15°, 

30°, 60°, 90°, 120°, & 
135°. 

Microscribe digitizer was used 

to record three fiducial points 
on the femur & tibia. 

After the test, all ligaments, 

menisci, & soft tissue were 
removed & the femoral & tibial 

cartilage bearing surfaces were 

digitised over a lattice of points 
spaced about three mm apart 

along with all the fiducial 

points.  
A 3D model of these surfaces 

was generated using the 

Rapidform software.  
Using the fiducial points, the 

3D models were aligned to 

create a virtual model of the 
knee, complete with CA & 

TEA. 

 

CP axis –joins contact ‘points’ or 

centres of contact areas, at a given 
flexion angle. (Different for each 

flexion angle). 

LP axis joins lowest-points on 
lateral & medial femoral condyles, 

at a given flexion angle. (Different 

for each flexion angle). 
CA—joins centres of best fit circles 

through lateral & medial PFC (fixed 

in femur). 
TEA—joins lateral & medial 

epicondyles (set in the femur).  

All axes were projected onto the 
tibial surface.  

Tibia z-axis defined across posterior 

of the tibia, y-axis parallel to long 
axis of the tibia. 

AP translation--The displacements of the 

lateral & medial femoral condyles were 
measured along the tibial x-axis. 

The internal/external rotation about the 

tibial y-axis. 
The displacements were measured 24 

mm laterally & medially from the centre 

of the tibia, along with the x-axis. 
Average results of the six knees were 

calculated. 

Hamai 2013 

(Hamai et al., 2013) 

 

CSOS n=5 

Age=29 yr. (range 28-30) 

yr. 
Sex (5M) 

Single leg lunge 

Continuous knee motion 

 

CT scan femur & tibia 

Fluoroscopy @ 3frames/sec 

Best-case accuracy was 0.53 
mm for in-plane translations, 

1.6 mm for out-of-plane 

translation, 0.54° for rotation 

Bone model-embedded Cartesian 

coordinate systems for femur and 

tibia were aligned to the cylindrical 
axis 

ML contacts were the geometric 

centre of the region having less than 
6 mm TF separation. 

ML centre of rotation was 

normalized to the dimensions of 
each tibia plateau and expressed as 

a % of tibial width 

Spline interpolation with 10deg 
flexion increments 

 

AP translation of medial and lateral CP 

Femoral int/ext. rotation 

Varus/valgus rotations about tibia 

Qi 2013 

(Qi et al., 2013) 

 

CSOS n=7,  
knees=8 

Age=23-49 yr. 
Sex (2F,5M) 

Single leg lunge from 
full extension to full 

flexion.  
Held knee position for 

one second at each 

selected flexion angle,  
Every 15º from full 

extension to maximal 

flexion. 

Allowed to balanced 

using handrail and 

contralateral leg 
 

MRI scan 
Two orthogonally positioned 

fluoroscopes 
Goniometer for measuring 

flexion angles. 

Coordinate systems of the femur & 
tibia were based on the TEA of the 

femur & the bony geometry of the 
MRI model. 

AP & ML femoral translation. 
Tibial rotation. 

Tibial abduction/adduction 

AP CP translation on tibial plateau 
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Table 3-6. Summary of included studies (n = 12) in chronological order 

Study  Design Participants Intervention Measuring Equipment Motion Analysis Method Outcome measures 

Tanifuji 2013 

(Tanifuji et al., 2013) 

 

CSOS n=20 

Age=37.2 yr. (range 24-
61)yr. 

Sex (10F, 10M 

Squat from standing to 

maximum flexion 

CT of femur & tibia. 

Fluoroscopy with mean angular 
velocity & sampling rate 

17.2°/s & 1.2 images/° of knee 

flexion. 
Root mean square error was 

0.3-0.8 mm for in-plane 

translation, & 0.2-0.6° for 
rotation. 

Same as Tanifuji 2011 with relative 

motion now between the femur & 
the tibia, quantified as the 

movement of the TEA projected 

onto axial (XY) plane of the tibial 
coordinate system. 

The clinical (or anatomical) TEA 

connects the prominent points of the 
medial & lateral femoral 

epicondyles. 

Tibial rotation 

AP translation of medial & lateral ends 
of the TEA.  

Motion patterns in respective phases 

during knee flexion 

CSOS: cross-sectional observation study; OS: observation study; n: number of participants; yr.: years old: M: male; F: female; NS: not stated; Cau: Caucasian; Jap: Japanese; AP: anterior/posterior  MRI: magnetic 
resonance imaging; CT: computed tomography; RMS: root mean squared error; TEA: transepicondylar axis; CA: circular axis; TKA: total knee arthroplasty; FFC: flexion facet centre; PFC: posterior femoral condyle; CP: 

contact points; PCL: posterior cruciate ligament; GCA: geometric centre axis; LP: lowest point; TF: tibiofemoral; ML: lateral/medial; SI: superior/inferior; Int/ext: internal/external. 
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Table 3-7. Squatting kinematics, .Results for single- and double-legged squat. Translations and rotations   

   
 

Translations on tibial plateau (mm) and (SD) if provided, at different values of knee flexion °  Rotations ° and (SD) if 

provided 

        Anterior (+)/Posterior (-)  Superior(+)/ 
Inferior(-) 

 Internal (+)/External (-) 

    Medial femoral condyle  Lateral femoral condyle  MFC LFC  Tibia 

 Study Method n 
max 
flex 

(°) 

120° 135° 140° 
120° 

to 

135° 

120° to 

140° 
 120° 135° 140° 

120° 
to 

135° 

120° 
to 

140° 

 
120° 

to 

140° 

120° 
to 

140° 

 120° 135° 140° 
120° 

to 

135° 

120° 
to 

140° 

In vivo     
  

                                      

Dennis 

1998 

In vivo, 

SL, F 20 

135 

(110-
154) 

- - - - -  - - - - -  - -  - - - - - 

Moro-

oka. 

2008 

In vivo, 
SL, CA 6  - - - - - -  - - - - -  - -  25 (4) 

28 

(3) 
- 3 (5) - 

" 
In vivo, 
SL, CP, 

MRI+F 

"  - 
4.4 
(RMS: 

0.5) 

- 
4.4 
(RMS: 

0.5) 

- 
0 
(RMS: 

1.0) 

 
 -12.2 
(RMS: 

0.5) 

- 
 -15 
(RMS: 

0.5) 

- 
 -2.8 
(RMS: 

1.0) 

 - -  22 (5) 
27 

(4) 
- 

5 

(6.4) 
- 

" 
In vivo, 
SL, CP, 

CT+F 

"  - - - - - -  - - - - -  - -  22 (5) 
27 

(4) 
- 

5 

(6.4) 
- 

Tanifuji  

2011 

In vivo, 
SL, CT+F, 

GCA 
20  - 

 -3.9 

(3.5) 
- 

 -7.1 

(3.2) 
 - 

 -3.2 

(4.7) 
  -12.2 

(3.9) 
- 

 -16.7 

(5.8) 
- 

 -4.5 

(7) 
 - -  

15.5 
(RMS: 

0.6) 

- 
21.2 
(RMS: 

0.6) 

- 

5.7 
(RMS: 

1.2) 

Tanifuji  

. 2013 

In vivo, 

SL, CT+F, 

TEA 
"  - 

 -10 
(5.7) 

- 
  -15 
(5.0) 

 - 
 -5 
(7.6) 

  -20 
(6.4) 

- 
 -25 
(9.3) 

- 
 -5 
(11.3) 

 - -  
5.8 

(RMS: 

0.6) 

- 

11.8 

(RMS: 

0.6) 

- 

6 

(RMS: 

1.2) 

Johal 

2005 

In vivo, 

DL, MRI, 

FFC 

12  - - - - - 
-8.4 
(2.1) 

 - - - - 
-9.8 
(2.4) 

 1.7 
(0.5) 

-1.9 
(0.8) 

 - - - - - 

In vitro 
  

                                          

Yildirim. 

2007 

In vitro, 

SL 6  - - CM - - -  - CM - - -  - -  - - - - - 

Walker. 

2011 

In vitro, 

SL, CP 6  - 21 16 - -5 -  6.5 5.2 - -1.3  -  - -  -18 -14 - 4.4 - 

" In vitro, 

SL, CA 
"  - 19 17 - -2 -  1 -1.3 - -2.3  -  - -  -22.4 -23 - -0.3 - 

" In vitro, 
SL, TEA 

"  - 7.9 5.2 - -2.7 -  -7.2 -8.8 - -1.6  -  - -  -18.9 -18 - 0.9 - 

" In vitro, 

SL, LP 
"  - 18.3 19.6 - 1.3 -  -1 0 - 1  -  - -  -24.2 -25 - -0.3 - 

BR = Bi-planar radiographs; SL = Single Legged; DL = Double Legged; CA = Cylindrical axis; CP=Contact points; SE=Standard error (not standard deviation in this case); 120° to 

135°=change from 120° to 135°; 120° to 150°= change from 120° to 150°; RMS=root mean square error of measurement, used when no SD is provided; (SD)=sqrt((sumsq(sd))/(n-1)) 
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Table 3-8. Lunging kinematics, translations and rotations, at different values and ranges of flexion. 

    Translations(mm) and (SD) if provided, on the tibial plateau  Rotations ° and (SD) if provided 

    
med 

(+) – 

lat (-) 

anterior (+ve)-posterior (-ve)  abd (+)-add (-) valgus 
internal (+)/ 

external (-) 

    TEA 

origin 

TEA 

origin 
medial femoral condyle lateral femoral condyle  femur tibia femur Tibia  

Study Method n 

max 

flex 

(°) 

120° 

to 

145°  

120° 

to 

145°  

120° 150° 

120° 

to 

150° 

120° 

to 

145°  

120° 150° 

120° 

to 

150° 

120° 

to 

145°  

 120° to 145° (5.7°) 120° 150° 

120° 

to 

150° 

120° 150° 

120° 

to 

150° 

120° 

to 

145°  

Leszko 

et al. 

2011 

CP, in 

vivo, 

MRI+F 

24 
CF 

151.6 
(6.9) 

 -  - 
1.7 
(3.7) 

 -5.0 
(6.3) 

 -6.8 
(7.3) 

 - 

 -

12.5 

(4.2) 

 -18.0 
(3.1) 

 -5.5 
(5.2) 

 -  -3.3 
(4.7) 

 -     -  -  -  - 

" " 
24 

CM 

146.1 

(9.3) 
 -  - 

 -0.7 

(6.0) 

 -

11.4 
(6.1) 

 -

10.8 
(8.6) 

 - 

 -

14.8 
(3.7) 

 -20.7 

(3.7) 

 -5.9 

(5.2) 
 -  -3.3 

(4.4) 
 -     -  -  -  - 

" " 
11 

JF 

153.2 

(7.4) 
 -  - 

2.0 

(3.6) 

 -5.3 

(3.2) 

 -7.3 

(4.8) 
 - 

 -

10.9 
(3.4) 

 -16.8 

(2.2) 

 -5.9 

(4.1) 
 -  -3.3 

(3.5) 
 -     -  -  -  - 

" " 
13 

JM 

151.5 

(6.7) 
 -  - 

0 

(2.6) 

 -6.4 

(5.9) 

 -6.4 

(6.4) 
 - 

 -

13.1 
(2.8) 

 -17.2 

(2.8) 

 -4.1 

(4.0) 
 -  -1.9 

(2.1) 
 -     -  -  -  - 

" 
FFC, in 

vivo,  
MRI+F 

24 

CF 
 -  -  - 

 -4.4 

(4.3) 

 -9.7 

(6.9) 

 -5.3 

(8.1) 
 - 

  -

23.9 
(7.8) 

 -32.8 

(6.4) 

 -8.9 

(10.1) 
 -   -  -    20 

(9.2) 

28.5 

(8.8) 

8.5 

(12.7) 
 - 

" " 
24 

CM 
 -  -  - 

 -6.9 

(5.6) 

 -

14.5 
(5.0) 

 -7.6 

(7.5) 
 - 

 -

27.8 
(9.8) 

 -40.1 

(6.9) 

 -12.4 

(12) 
 -   -  -    18 

(6.9) 

25 

(6.5) 

7 

(9.5) 
 - 

" " 
11 

JF 
 -  -  - 

 -7.1 

(5.3) 

 -9.4 

(5.0) 

 -2.2 

(7.3) 
 - 

 -

22.8 
(7.0) 

 -29.4 

(8.0) 

 -6.6 

(10.6) 
 -   -  -    18.5 

(9.2) 

27.3 

(7.3) 

8.8 

(11.7) 
 - 

" " 
13 

JM 
 -  -  - 

 -4.5 

(3.2) 

 -7.7 

(4.5) 

 -3.2 

(5.5) 
 - 

 -

25.3 
(4.8) 

 -25.0 

(12.1) 

0.3 

(13) 
 -   -  -    19.2 

(4.6) 

28.8 

(5) 

9.6 

(6.8) 
 - 

Hamai 

et al 

2013 

CP, in 

vivo, 
CT+F, 

CA 

5  -  -  - 
3.1 
(5.3) 

 -0.6 
(5.6) 

-3.8  - 

 -

12.2 

(4.2) 

 -16.3 
(1.9) 

-4.1  -    1.3 
(2.5) 

5 
(1.9) 

3.8 
22.9 
(8.6) 

30 
(3.8) 

7.1  - 

Qi et 

al. 

2013 

TEA, in 
vivo, 

MRI+ F 

8 
145.3 

(5.7) 

 3.8 

(2.6) 

 -7.5 

(4.3) 
 -  -  -   -  -  -    - 

0.2 
(3.3) 

valgus 

    -  -  - 
7.0 

(6.2) 

" CP, 

MRI+F 
"  -  -  -  -  -  - 

-1.9 

(2.1) 
 -  -  - 

-4.8 

(2) 
  -  -     -  -  -  - 

BR = Bi-planar radiographs; SL = Single Legged; DL = Double Legged; CA = Cylindrical axis; CP=Contact points; SE=Standard error (not standard deviation in this case); 120° to 

135°=change from 120° to 135°; 120° to 150°= change from 120° to 150°; RMS=root mean square error of measurement, used when no SD is provided; (SD)=sqrt((sumsq(sd))/(n-1)) 
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Table 3-9. Kneeling kinematics, translations and rotations. Data is not normalised 

Study  Method n 

max 

flex 

(°) 
Translations (mm) and (SD) if provided, at different values of knee flexion  Rotations (°) and (SD) if provided 

        Anterior (+ve)-Posterior (-ve)  Internal(+)/ external(-)  

    
Tibial translation  Medial femoral condyle  Lateral femoral condyle  Tibia  

    120° 135° 

120° 

to 

135° 

 120° 150° 
120° to 

150° 
 120° 150° 

120° to 

150°  
 120° 135° 150° 

120° 

to 

135°  

120° to 

150°  

In vivo                                         

Hefzy et al. 

1998 
In vivo, 

BR, DL 
5 

157.3 

(4.9) 
 -  -  -   -  -  -   -  -  -   -  -  -  -  - 

Moro-oka et 

al. 2008 
In vivo, 

CA 
6  -  -  -  -   -  -  -   -  -  -  10.9 

(2.6) 

16 

(1.9) 

21.7 

(0.9) 
5.1 10.8 

" In vivo, 
CT+F, 

CP 

"  -  -  -  -   -  -  -   -  -  -  10.8 

(1.9) 

16.8 

(1.9) 

19.8 

(5.3) 
6.0 9.1 

" In vivo, 

MRI+F, 
CP " 

 -  -  -  -  
2.5 

(RMS: 
0.5) 

3.5 

(RMS: 
0.5) 

1 

(RMS: 
1.0) 

 
 -8 

(RMS: 
0.5) 

 -11.5 

(RMS: 
0.5) 

 -3.5 

(RMS: 
1.0) 

 10.9 

(2.6) 

15.9 

(1.1) 

20.4 

(2.5) 
4.9 

9.4 

(3.6) 

In vitro   
  

                                    

Hofer et al. 

2011 In vitro, 

TEA, SL 
5  - 

 -9.6 
(SE: 

0.4) 

 -9.0 
(SE: 

0.6) 

0.6 
(SE: 

1.0) 

  -  -  -   -  -  -  
 8.1 
(SE: 

1.4) 

 7.1 
(SE: 

1.3) 

 - 
 -1 
(SE: 

2.7) 

 - 

BR = Bi-planar radiographs; SL = Single Legged; DL = Double Legged; CA = Cylindrical axis; CP=Contact points; SE=Standard error (not standard deviation in this case); 120° 

to 135°=change from 120° to 135°; 120° to 150°= change from 120° to 150°; RMS=root mean square error of measurement, used when no SD is provided; 

(SD)=sqrt((sumsq(sd))/(n-1))  
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4. Methods  
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This work is a subset of a more extensive study titled: A prospective imaging study 

of cruciate retaining, cruciate substituting, and rotating platform total knee 

replacement, in osteoarthritis and healthy ageing: a randomised control trial 

(PICKLeS) #ISRCTN75076749. This research received ethics approval from the 

ACT Health Human Research Ethics Committees (ETH.4.11.071) and University of 

Canberra human research ethics committee. 
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4.1 Study Design 

This research is a cross-sectional, case-controlled, inductive study of the kinematics 

of knee motion while kneeling, which includes medical imaging, clinical measures 

and functional testing. It aims to characterise the kinematics of knee motion that 

occurs in six-degrees-of-freedom in both osteoarthritis and healthy knees. 

4.1.1 Setting 

This research was performed at the Canberra Hospital, Woden, Australian Capital 

Territory, Australia. The Canberra Hospital is a 600-bed acute care tertiary teaching 

hospital and as the largest public hospital in the region provides services to more than 

540,000 people. Subject functional testing was performed in the Trauma and 

Orthopaedic Research Unit (TORU) at the Canberra Hospital. 

4.1.2 Recruitment 

Recruitment of healthy knee participants was managed in three ways; by a poster or 

pamphlet provided to the public (Appendix 2), by invitations made directly by the 

researcher, or word of mouth by existing participants. Possible KOA patients were 

identified from the operating lists of one Orthopaedic surgeon (PS). All respondents 

were contacted by phone and screened for eligibility (Appendix 3). During this phone 

call, the participants were provided with an explanation of the study background, 

aims and details. Those eligible and interested were sent by post or email, the 

PICKLeS study participant information sheet and registration form (Appendix 4 and 

Appendix 6), the Oxford Knee Score (OKS) ( Appendix 8), the Assessment of 

Quality of Life Questionnaire (AQoL) (Appendix 11) and a booking for them to come 

into the hospital for testing. Before testing, the consent form (Appendix 5) was 

discussed and if agreed to, duly signed. The period of recruitment and testing was 

between February 2012 and May 2017. 
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Box 4-1. PICKLeS Inclusion and exclusion criteria. 

  

Healthy participant inclusion criteria 

 Normally active 

 At least one pain free knee 

 No history of injury or arthritis 

 

OA participant inclusion criteria 

 X-ray confirmation of osteoarthritis 

 On surgical list 

Exclusion criteria 

 Lateral compartment osteoarthritis only (OA participants) 

 BMI > 38 

 UCLA score of  ≤ 2.  wholly inactive or severely restricted to the 

minimum of activities of daily living. 

 Knee flexion < 90° (can you position your foot under your knee 

while sitting) 

 Fixed flexion contracture of  ≥ 10  (Can you fully straighten your 

knee?) 

 A psychosocial reason not to be able to consent or complete the 

requirements of the study 

 Metastatic disease 

 Pathological fracture 

 Revision knee replacement 

 Poor understanding and is unable to provide informed consent 

 Pregnancy 

 Unable to attend due to distance 
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4.1.3 Participants 

Potential healthy participants were eligible if they were usually active and the test 

knee was pain-free knee with no history of injury or arthritis. Potential KOA 

participants were first screened for X-ray confirmation of KOA by one surgeon (PS). 

Box 4-1 lists the inclusion and exclusion criteria for all participants. 

4.1.4 Study Size 

The number of participants recruited relied on the PICKLeS parent study, which 

required 80 healthy participants and 60 participants with KOA. The participant 

flowcharts Figure 4-1 and Figure 4-2 describes the flow of participants through this 

research. One hundred and eight participants with healthy knees (Figure 4-1) and 

eighty-eight participants with knee osteoarthritis (Figure 4-2) were initially assessed 

for eligibility, ultimately resulting in the analysis of the kinematic data of sixty-seven 

healthy knees and fifty-nine knees with osteoarthritis. Power calculations are 

included for each study will be covered in the relevant chapter. 
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Figure 4-1. Healthy knee participant flowchart. 

  

Healthy participants

Potential participants assessed 

for eligibility 

(n = 108)

Total number recruited 

(n = 99)

Total number assessed 

(n = 88)

Not contacted

 (n = 9)

Not assessed 

Unable to attend (n=  11)

Kinematic data not measured

 Did not kneel (n=6)

 Could not register (n=8)

 Couldn’t import CT or 

fluoroscopy (n = 7)

Total number included in 

kinematic data analysis

 (n = 67)

20-29 

years

N = 9

50-59 

years

N = 12

60-69 

years

N = 11

40-49 

years

N = 7

30-39 

years

N = 8

70-79 

years

N = 12

80+ years

N = 8
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Figure 4-2. Knee osteoarthritis participant flowchart  

 

  

Knee osteoarthritis participants

Potential knee osteoarthritis 

participants assessed for eligibility 

(n = 88)

Total number assessed 

(n = 81)

Participants not assessed

 Withdrawn (n = 2)

 Did not attend (n = 5)

Kinematic data not measured

 Could not register (n = 18)

 Couldn’t import CT or 

fluoroscopy (n = 4)

Total number included in 

kinematic data analysis

 (n = 59)

50-59 

years

N = 9

60-69 

years

N = 17

40-49 

years

N = 3

70-79 

years

N = 23

80+ years

N = 7
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4.2 Bias 

This discussion of bias is based on the Cochrane Risk of bias tool,(“Assessing Risk 

of Bias in Included Studies | Cochrane Bias,” n.d.) and the British Medical Journal 

paper by Sedgwick et al. that described bias that can occur in cross-sectional 

observational studies.(Sedgwick, 2015) Included are the actions that were taken 

during this research to minimise the risk of bias. There are many sources of potential 

bias in cross-sectional observational studies. 

4.2.1 Selection Bias 

Would the results of this group of participants be different from the population it 

intends to represent?  

Both the KOA and healthy volunteers came from Canberra, ACT, and the 

surrounding region. Participants were a sample of convenience, not purposely or 

randomly sampled. Osteoarthritic volunteers were invited from the private or public 

total knee replacement (TKR) operating lists of one surgeon (PS). Healthy 

participants responded to pamphlets or posters placed near the researcher’s home. 

Some healthy participants were invited to participate because of their ease of 

movement while walking, climbing stairs or standing up from a chair. There was no 

financial reward offered for attending. As the osteoarthritic patients were on only one 

surgeon’s operating list, there is a possibility of selection bias. However, accessing 

patients on both private and public lists enabled a broader sample of the population 

to participate. By asking those in the community whom the researcher deemed to 

have healthy knees could also have introduced selection bias. However, the effect of 

this bias on results is unlikely to be any higher than another sample of convenience. 

4.2.2 Attrition Bias 

How much incomplete data occurred for each primary outcome, and how was 

incomplete data handled? 
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Those who were assessed but due to technical difficulties did not have their kinematic 

data included in the final analysis were spread relatively evenly among both the 

osteoarthritic and healthy groups. Methods of dealing with incomplete questionnaires 

are described in the relevant questionnaire section. This study is a single episode, so 

there is no attrition. Only those participants whose kinematic data was extracted were 

included in the studies. 

4.2.3 Volunteer Bias 

Was there a systematic difference between those who chose to participate and the 

population? 

If possible, every osteoarthritic patient included on the surgeons operating list was 

contacted. The exceptions were those who lived outside of Canberra. There was only 

one osteoarthritic participant below the age of 50 years (49 years), while healthy 

participants were recruited from the ages of 20 years up to 90 years. An effort was 

made to include healthy participants from both genders and across all decades. 

Healthy participants were not screened for KOA before testing, and it is possible that 

some of our healthy participants had some level of KOA. The two motivations for 

our healthy participants to participate was overwhelmingly curiosity and altruistic. 

Only two osteoarthritic participants withdrew once they understood the research; 

however, those who were unable to attend their testing appointment were spread 

evenly between the two groups.  

4.2.4 Response Bias 

Did the participant, either consciously or subconsciously provide results that were 

different from their experience? 

Response bias could occur if the healthy participant wanted to demonstrate their level 

of ability while those with osteoarthritis may have wanted to emphasise their 

disability. This bias could also have happened, in the answering of the questionnaire, 

if the participants felt that their answers may in some way influence their treatment, 

or if a question was included that they thought could be potentially embarrassing. 
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This bias was limited by the careful description of the confidentiality and de-

identification of the research at the start of testing. 

4.2.5 Performance Bias 

Were the participants in the two groups treated differently during testing? 

The instructions for kneeling and the functional tests were the same for all 

participants. There could have been unconscious differences in language used and the 

references to pain experienced, but an effort was made to keep language consistent. 

4.2.6 Assessment (Or Observer) Bias 

Was the recording of data influenced by the attitudes or past experiences of the 

researcher? 

The questionnaires were sent out before the appointment, and all participants were 

asked to fill them in at home. This request was to negate any influence the researcher 

may have had if the participant answered the questionnaires in their presence at 

TORU. All instructions relating to the testing were consistent with both groups. Due 

to automation, measuring the kinematics using Orthovis© was mainly independent of 

the researcher, making kinematic assessment bias difficult. 
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4.3 Data Collection 

To assess the severity of osteoarthritis, OARSI (Osteoarthritis Research Society 

International), OMERACT (Outcome Measures in Rheumatology Group), and 

GREES (Group for the Respect of Ethics and Excellence in Science) have identified 

the importance of measuring pain, a participants disease status, and functional 

impairment.(Tubach et al., 2005) Following these guidelines, this data collection 

included: four patient outcome measure questionnaires, clinical data as captured by 

the American knee society score (KSS), and four functional tests. 

4.3.1 Patient Recorded Outcome Measures 

Patient-reported outcome measures (PROMs) differ from other measurement tools as 

they reflect only the patient's views. Researcher bias or inter-observer error is 

minimised; thus, the PROMs indicate the patient's experience and not the concerns 

or priorities of the researcher or clinician. Four PROMs were included in the data 

collection: Oxford Knee Score (OKS), Functional Comorbidity Index (FCI), pain 

Visual Analogue Score (painVAS) and Assessment of Quality of Life (AQoL-8D). 

The literature review conducted on these tests provides details on content, reliability, 

sensitivity, validity, limitations and clinical indicators and is included in Appendix 8 

to Appendix 11. 

4.3.1.1 Oxford Knee Score 

The OKS assesses function and pain for those with KOA, before and after a TKR. 

Reviews that have investigated the OKS against similar measurement systems have 

recommended its use.(Impellizzeri et al., 2011; Y. Ko et al., 2013) The OKS has a 

high level of reproducibility,(Dawson et al., 1998), is highly responsive to change 

compared to similar scores(Impellizzeri et al., 2011), and has moderate construct 

validity.(Garratt et al., 2004) The OKS clinical indicators include the minimal 

detectable change (4 points), the minimally important change for an individual (7 

points), the minimally important change within a single group (9 points), and the 
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minimally important difference between groups (5 points).(Beard et al., 2015) More 

OKS information is in Appendix 8. 

The OKS includes twelve questions, seven that assess function and five that assess 

pain—experienced over the last four weeks ( Appendix 8).(Dawson et al., 1998) Each 

question is weighted by the Likert scale from zero to four, where ‘none’ is four points, 

and ‘severe’ is zero. The sum of all the answers provides the final score. The worst 

score is zero for those with most symptoms, and the best score is 48 being least 

symptomatic.(Murray et al., 2007) The management of missing answers required 

taking the average of the scores provided and using that value in place of the missing 

answers—this method is valid only if less than three answers are missing.(Murray et 

al., 2007) If a participant had marked two answers to a question, the worse was 

recorded.(Murray et al., 2007) 

4.3.1.2 Functional Comorbidity Index (FCI) 

The FCI is a self-administered questionnaire that is a list of diagnoses associated with 

physical function.(Groll et al., 2005) The participant indicates which of the diagnoses 

(comorbidities) have been made for them by a physician. Participants with KOA have 

a high rate of comorbidity, which may limit activities.(van Dijk et al., 2009) The FCI 

has been chosen for inclusion in our research because of its focus on physical function 

and not on mortality, thus enabling an adjustment for comorbidities which may 

influence kinematics.(van Dijk et al., 2009) Previous comorbidity indices that have 

focused on mortality appear to have little relationship with physical disability. 

Importantly, the FCI lists diagnoses, rather than symptoms; thus limiting the 

confusion that may occur from one disease with many symptoms, or conversely one 

symptom resulting from more than one disease.(Groll et al., 2005) The FCI is highly 

correlated with the physical component of the SF-36 and moderately correlated with 

the AQoL-8D score. More FCI information is in Appendix 9 

There are eighteen items listed on the FCI (Appendix 9). The participant responds to 

each item with a yes/no answer. Each ‘yes’ is counted as a single point, and the final 

score is the sum of the points, ranging from 0 to 18. Thus, the FCI concentrates the 
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number of comorbidities a patient chooses from the list, into one score.(Groll et al., 

2005) 

4.3.1.3 Pain Visual Analogue Score (painVAS) 

The painVAS is a measure of both the intensity and unpleasantness of pain.(Price et 

al., 1983) This widely used score is included in the recommended methodology for 

assessing the progress of KOA.(Dieppe, 1995) It has been evaluated for knee surgery, 

arthroscopy, and patellofemoral pain.(Garratt et al., 2004) It can also be used for both 

healthy and chronic pain populations, as there is no difference in response to sensory 

tests between the two groups.(Price et al., 1983) The painVAS has been 

recommended as an assessment of KOA.(Dieppe, 1995) 

The painVAS has a high level of test-retest reliability for chronic pain,(Höher et al., 

1995) can determine improvements in pain, and has good content validity.(Garratt et 

al., 2004) The painVAS clinical indicators include the minimal detectable change 

(28), and the minimum clinically important difference (20).(Tubach et al., 2005) 

More painVAS information is in Appendix 10 

The painVAS is a line scale from 0 to 100 anchored on each end (Appendix 10). Zero 

represents no pain, and 100 is the highest level of pain. The participant is asked to 

mark on the scale where they believe their degree of pain has been in the past week. 

4.3.1.4 Assessment of Quality of Life (AQoL-8D) 

The AQoL was developed in Australia, to measure a person’s health status, and turn 

it into a numerical utility score—providing an economic evaluation of health 

services.(Richardson et al., 2013) The AQoL-8D is a multi-attribute utility 

instrument, designed to capture the ‘health status of life’ and the impact of illness and 

treatment, by considering the multiple domains of physical, emotional, and social 

health.(Ackerman et al., 2014) Importantly, the AQoL-8D is not disease-specific, 

although it is validated for hip and knee osteoarhtritis, which enables a comparison 

between chronic diseases and the patient and public populations.(Ackerman et al., 

2014) The AQoL-8D may influence the other data recorded in research and should 
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thus be considered as baseline data.(Dieppe, 1995) Measuring the psychosocial and 

general health status of the patient has been recommended practice in all studies that 

measure the outcome of KOA.(Dieppe, 1995)  

Considering osteoarthritis, measurement of outcomes is becoming increasingly 

important for the patient, the health profession and the funding providers.(Ackerman 

et al., 2014) The AQoL-8D was determined to have the highest composite score 

incorporating both sensitivity and validity for the arthritic population.(Richardson et 

al., 2016) The AQoL-8D has adequate reliability (ICC=0.89), is more sensitive to 

change compared to similar scores, and has predictive validity as good as similar 

scores. (Jeff Richardson et al., 2014) The AQoL-8D minimal important difference is 

O.06 (95% CI 0.03-0.08).(Hawthorne and Osborne, 2005) More AQoL-8D 

information is in Appendix 11. 

The AQoL-8D includes 35 questions (Appendix 11) which cover eight dimensions, 

which are the components of two super-dimensions; physical and psychosocial 

(Figure 12-2). The algorithm calculates an ‘index’ number for each of the eight 

dimensions, and an ‘index’ number for the two super-dimensions. The algorithm also 

calculates an overall utility score which is on a scale between 0.00 and 1.00; the 

lowest score = 0.00 is death, and the highest score = 1.00 is the best possible level of 

health. 

4.3.2 Clinical Testing-American Knee Society Score (KSS) 

The clinically based rating system used for all participants was the American knee 

society score (KSS).(Caplan et al., 1989) The KSS clinical data were collected at 

TORU in the Canberra Hospital. The details of KSS content, reliability, sensitivity, 

validity, limitations and clinical indicators are included in Appendix 12. 

The KSS requires both clinician and patient input, and is designed to gauge the level 

of benefit of a TKR.(Davies, 2002; Medalla et al., 2009) The KSS is a dual rating 

system comprising of a knee score and a function score (Appendix 12). The KSS 

knee score measures the condition of the TKR, and the KSS function score measures 

the participant's ability.(Caplan et al., 1989) Age and comorbidities should not affect 
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the knee score, but they can reduce the function score—as it aims to isolate 

deteriorating function.(Liow et al., 2000; Medalla et al., 2009; Reddy et al., 2011) 

The collection of data by a clinician or trained researcher ensured that the problem of 

missing answers did not occur. 

The KSS has a high level of reproducibility,(Martinbianco et al., 2012) is less 

responsive to change and has moderate construct validity when compared to similar 

scores.(Lingard et al., 2001) The KSS clinical indicator of treatment success at 12 

months was a cut-off score for the KSS knee score (85.5) and the KSS function 

score(72.5).(Giesinger et al., 2015) 

The KSS knee score consists of two sections; the first measures pain both in 

frequency and severity (50 points), and the second records the clinical judgement of 

the total range of motion (ROM) (25 points) and anteroposterior and mediolateral 

knee stability (25 points) (Appendix 12). If the participant has extension lag, a flexion 

contracture or misalignment (varus/valgus angle), points are deducted. The maximum 

KSS clinical knee score of 100 is obtained by a painless, well-aligned, stable knee 

with at least 125º ROM. Thus, the lower the KSS clinical knee score, the more 

substantial the disability. With the participant lying in the supine position, flexion 

contracture, extension lag and knee stability were checked. Maximum knee flexion, 

knee extension and knee alignment while standing (valgus/varus) were measured 

using a goniometer.  

The KSS function score evaluates the maximum possible walking distance (50 

points), stair-climbing ability (50 points) and deducts points if there is a need for 

walking support. The maximum KSS functional score of 100 is attained by 

participants who are pain-free, can walk unlimited distances and move up and down 

stairs unassisted. Points are deducted if the participant experiences pain, can walk 

only limited distances, needs assistance with stairs or is using walking support. Thus, 

as with the clinical knee score, the lower the score, the more substantial the 

disability.(Caplan et al., 1989) 
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4.3.3 Functional Testing 

Objective functional tests can be more sensitive to changes than PROMS.(Rozzini et 

al., 1997) With this in mind, both performance-based and self-reported outcome 

measures are needed to develop a more comprehensive view of a participant’s 

physical function.(Wang et al., 2011) All functional test data (Appendix 13) were 

obtained by performing a five times sit to stand test, a timed up and go test, a six-

minute walk test and a 10 m gait velocity test. All functional tests were performed on 

the day of testing at TORU. The literature review conducted on these tests provides 

details on content, reliability, sensitivity, validity, limitations and clinical indicators 

and is included in Appendix 14, Appendix 15, Appendix 16, and Appendix 17. 

4.3.3.1 Six Minute Walking Test (6MWT) 

The 6MWT measures functional exercise capacity and endurance.(Crapo et al., 2002) 

It is useful, being similar to normal daily activities, including walking around the 

supermarket and walking to the car in the carpark.(Rikli and Jones, 2013; Steffen et 

al., 2002) The 6MWT has excellent test/retest reliability.(Kennedy et al., 2005) The 

6MWT clinical indicators include the minimal detectable change for KOA patients 

(61m), and the minimally clinically important difference for stroke survivors 

(50m).(Perera et al., 2006) More 6MWT information is in Appendix 14. 

Participants were asked to walk as quickly as possible (with encouragement) for six 

minutes, and the distance travelled over that time was recorded. In TORU, the 

corridor was marked out in 25 m lengths, and during the test, the number of lengths 

walked (plus a remainder) was counted. Rest breaks were permitted within the six 

minutes. If required, the participant was able to use an assistive device. The test was 

stopped if the participant experienced chest pain, developed a pale appearance or 

experienced excessive sweating.(Logerstedt et al., 2014; Rikli and Jones, 2013; 

Steffen et al., 2002) 
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4.3.3.2 Five Times Sit to Stand (5STS) 

The 5STS test measures lower limb strength and the functional change of lower limb 

movements.(Schaubert and Bohannon, 2005) It is appropriate for many different 

populations including the healthy elderly, KOA, and TKR. The importance of the 

5STS lies in its ability to indicate increased disability, morbidity and also in 

identifying those people who are more likely to fall repeatedly.(Buatois et al., 2008; 

Guralnik et al., 2000) The 5STS has good reliability (ICC=0.82) within the range of 

similar studies,(Schaubert and Bohannon, 2005) and has adequate construct validity 

when compared to the SF-36.(Bohannon, 2006a) The 5STS clinical indicators 

include the minimal detectable change (2.2 sec),(Schaubert and Bohannon, 2005) and 

the cut-off time that identifies increased disability and morbidity (13.6sec).(Guralnik 

et al., 2000) More 5STS information is in Appendix 15. 

The list of test equipment for 5STS includes a hard-backed chair and a stopwatch. 

The outcome measured is the time it takes the participant to complete five ‘stand and 

sit’ repetitions. The time starts with the participant seated and when the researcher 

says ‘go’ and stops when the participant sits down for the fifth time. The instructions 

to the participant are as follows: ’without using your hands, from your sitting 

position, stand up and sit down five times, as quickly as you can’. The test is 

demonstrated by the researcher before the participant commences. Three trials are 

performed, with enough time between tests for the participant to fully recover. The 

best of the three tests is recorded. 

4.3.3.3 10 m Walking Test (10MW) 

The 10MWT assesses functional mobility. It measures short-duration, maximum gait 

speed and identifies any deficits in gait speed and balance.(Marques et al., 2015; 

Middleton et al., 2015a) Maximum, rather than comfortable gait speed was measured 

as maximum gait speed decreases faster with increasing age and lower extremity 

strength.(Bohannon, 1997) Gait speed is affected by the participant’s health status, 

including their musculoskeletal condition with maximum gait speed being more 

sensitive to changes resulting from age, lower extremity muscle strength changes and 
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any interventions.(Abbasi-Bafghi et al., 2012; Bohannon, 1997; Fritz and Lusardi, 

2009; Marques et al., 2015; Middleton et al., 2015a) 

The 10MWT has high reliability for healthy, Alzheimer and chronc obstructive 

pulmonary disease (COPD) populations. (Bohannon, 1997; Steffen et al., 2002) and 

has excellent construct validity for ‘elderly patients’.(Steffen et al., 2002) The 

10MWT clinical indicators include the minimal detectable change, for those in 

residential care (0.31 m/s),(Middleton et al., 2015a) and the minimally clinically 

important difference in the geriatric population (0.05m/s).(Perera et al., 2006) More 

10MWT information is in Appendix 16. 

The 10MWT records the time taken to walk at maximum speed between two markers 

10m apart, along a straight line. Walking commences at least 3 m behind the first 

marker to allow acceleration and finishes at least 2 m after the second. The 

researcher's instructions are as follows: ‘when I say go walk as quickly and safely as 

you can, without running, and keep going past the 10 m mark’. If needed the 

researcher will demonstrate what is required. Three trials are performed with 

recovery in-between. The fastest time recorded is used in the analysis. 

4.3.3.4 Timed Up and Go (TUG) 

The TUG is used to assess gait speed, balance, and lower leg function.(Bischoff et 

al., 2003; Kojima et al., 2015; Podsiadlo and Richardson, 1991; Pondal, 2008; 

Rockwood et al., 2000) The TUG can assess many different populations including 

KOA, those without an apparent disability, the elderly, the frail, people living in the 

community or institutions, those with cognitive impairment, chronic lung disease, 

and Parkinson’s Disease.(Bischoff et al., 2003; Clegg et al., 2015; Herman et al., 

2011; Isles et al., 2004; Kojima et al., 2015; Lin et al., 2014; Rockwood et al., 2000) 

The TUG is useful in measuring disability, identifying falls risk, mobility difficulties, 

frailty, and the change in function after an intervention.(Bischoff et al., 2003; Clegg 

et al., 2015; Herman et al., 2011; Podsiadlo and Richardson, 1991; Pondal, 2008) 

The TUG has excellent test/retest reliability,(Hofheinz and Schusterschitz, 2010) and 

demonstrates high construct validity when compared with similar scores.(Podsiadlo 
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and Richardson, 1991) The TUG clinical indicator available is the minimal detectable 

change (2.7sec).(Marques et al., 2015) More TUG information is in Appendix 17. 

The TUG measures the time taken to stand up from a standard hard-backed chair, 

walk 3 m forward, turn and return to sit back down; all performed as quickly as 

possible. The researcher's instructions are as follows: “when I say ‘go' stand up, walk 

forwards to the 3 m tape, turn, come back and sit down, with all movements done as 

quickly as possible.” Three trials are performed, with recovery in between. The TUG 

is first demonstrated by the researcher before testing commences. The best of the 

three tests was used (Appendix 17). 

4.3.4 Imaging of Knee Kinematics 

4.3.4.1 Kneeling into Deep Knee Flexion 

To position their knee correctly within the c-arm of the fluoroscopy machine, the 

participant placed their knee on top of the provided padded box with the tibia 

horizontal, 960 mm from the X-ray source. Stability was helped by the participant 

putting one hand on a handle and the other on the imaging equipment (Figure 4-3). 

The handle was only hand tightened and could not take much weight, so was used 

only for balance. While kneeling, the opposite leg was kept outside the fluoroscopy 

field of view. One full cycle of kneeling into deep flexion starts with the knee at 90°, 

and hip extended (Figure 4-3). The hip and knee flex as much as possible to their 

maximum flexion, and then rises back up to the starting position. The researcher 

provided verbal instructions to assist with timing “down, two, three, bend as deep as 

you can, up, two, three, hip above the knee.” The timing required the participant to 

take five seconds to achieve maximum flexion and then five seconds to the return to 

the starting position. The participant was given as many opportunities to practice 

kneeling as was required to feel confident to perform correctly before being imaged. 
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A B 

Figure 4-3. Demonstration of the kneeling cycle. 

A: starting position with flexion at 90. B: deepest flexion point while kneeling 

The knee displayed on the x-ray image has a total knee replacement. All participants tested wore 

lead shielding 

4.3.4.2 CT Scan and Fluoroscopy 

The combination of data obtained from the CT scan and single-plane fluoroscopy 

enabled the measurement of kneeling knee kinematic data in 6DOF. The CT static 

3D image of the knee was taken using a Toshiba Aquilion spiral CT scanner (Toshiba 

Medical Systems, Japan) which reconstructed each 1 mm slice at 512 x 512 voxels 

with spatial dimensions 0.625 x 0.625 x 0.5 mm3 and 16 bits/pixel. The CT scan 

covered 300 mm, from 150 mm above to 150 mm below the knee joint. The 

participant was lying supine with the test knee placed within a specially designed 

calibration box (Figure 4-4). 

The fluoroscopy was recorded using a curved panel fluoroscopy system (AXIOM-

Artis, Siemens) at 30 Hz, with 1024 x 1024-pixel spatial resolution and 12 bits/pixel. 

Parameters for this system included 1200 mm between tube source and image 

intensifier, a screen size of 280 mm, and no filter disc on the image intensifier. The 

centre of the knee was placed approximately 240 mm from the image intensifier. The 

timing of the activity was necessary to keep a steady and consistent rate of movement, 

reduce blurring of fluoroscopy images, and to limit the radiation exposure. The final 

image taken for each participant was of the calibration box, to allow later distortion 

correction of the image. 
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Figure 4-4. Obtaining a CT scan of a participant’s knee. 

The participant is lying supine, and the test knee is placed inside the calibration box. 

4.3.4.3 Calibration Box 

Distortion correction was required to achieve accuracy in the fluoroscopy data--the 

two primary sources of distortion being pin-cushion and sigmoidal. Pincushion 

distortion is the most significant, a by-product of using a curved panel fluoroscopy 

system. This distortion is due to the geometry of the Image Intensifier, which projects 

the image received on the curved input screen onto its flat output surface—causing 

each image point to displace radially outward from the centre of the image--with the 

most distant points moving the most (Figure 4-18).(Hecht and Zajac, 1980) 

Pincushion distortion results in little distortion in the middle of the image. 

To correct this distortion, a 400 mm x 400 mm transparent calibration box (Figure 4-

5), was built with its front and back panels being 200 mm apart and implanted with 

0.5 mm tantalum beads, placed in a regular grid pattern 25 mm apart.(Scarvell et al., 

2010) At the end of each participant’s fluoroscopy session, the calibration box was 

imaged by a still frame of the fluoroscope to record the distortion (Figure 4-18). The 

difference between the distorted calibration box coordinates and the already known 
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correct coordinates were used to determine the coefficients of a polynomial function 

that was used to correct the distortion (Figure 4-18). 

 

 

Figure 4-5. Imaging of the calibration box in fluoroscopy 

The second source of distortion is called S-distortion or sigmoidal distortion. This 

spiral shaped distortion occurs as the earth's magnetic field affects the trajectory of 

the electrons as they move from the cathode to the anode inside the Image Intensifier. 

Taking the fluoroscopy in the lateral direction has significantly reduced S-

distortion—as the electrons travel orthogonally to the earth's magnetic field.(Hecht 

and Zajac, 1980) 

4.3.4.4 Radiation Exposure 

This study exposes participants to a small amount of ionising radiation from both the 

CT scan and the fluoroscopy. All participants were informed of this risk in the 

participant information sheet (Appendix 2) and were told that the effective dose of 

this study is less than 8 mSv. This dose assessment was prepared by Professor 
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Graham Buirski, the Director of Medical Imaging at Canberra Hospital. According 

to the Australian Radiation Protection and Nuclear Safety Agency, there is no direct 

evidence of human health effects for a dose of ionising radiation up to 10 

mSv.(Agency, 2005) 

Participants who were pregnant or breastfeeding were excluded from participating. 

No healthy participant was engaging in other research that could have included 

radiation exposure. It is recommended that research participants should be over the 

age of 40 years where practical.(Australian Radiation Protection and Nuclear Safety 

Agency, 2005) All osteoarthritic participants were over the age of 48 years. Healthy 

participants were all over 20 years and were imaged as kinematics specific to this age 

group were being investigated. 

Aiming to keep the radiation dose to a minimum, before imaging, all participants 

were taught and given the opportunity to practice the timing of the kneeling motion. 

The fluoroscopy was then recorded once after the participant was confident with the 

movement. This practice ensured that the fluoroscopy recorded in the shortest 

possible time. All participants wore a lead apron throughout testing. 
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4.4 Data Processing 

This research has used the multi-modal 3D-2D image registration software package 

called Orthovis©, developed by Professor Mark Pickering, at the University of New 

South Wales. It is designed to non-invasively and accurately capture 3D imaging of 

kneeling. Currently, there are very few other 3D-2D registration options available 

worldwide, with three of those being proprietary. This study is the first time 

Orthovis© has been used in vivo with such a large participant group. With the 

innovations in the algorithm that include three main components: a geometric 

transform, a similarity measure, and an optimization procedure our image registration 

solution has been developed for both increasing speed and accuracy. Previous studies 

showed that the accuracy of Orthovis set a new standard for 3D/2D image registration 

software.(Muhit et al., 2013) 

The author extensively beta-tested all aspects of the Orthovis© software GUI, while 

providing feedback and suggestions to the developer; aimed at improving both the 

speed and accuracy of Orthovis©. This research is the first large-scale study of this 

type to provide kneeling kinematics in 6DOF using Orthovis©. 

4.4.1 Orthovis© Multi-modal 3D/2D Image Registration 

Orthovis© aims to align two images of the same joint spatially, one 3D (CT) and the 

other 2D (fluoroscopy)--enabling the measurement of skeletal kinematics in 

6DOF.(Akter et al., 2014) The CT scanner revolves around the participant’s body, 

taking multiple X-rays at predefined angles producing static 3D images of the joint 

(Figure 4-6). The single-plane fluoroscopy is a real-time X-ray imaging system that 

provides dynamic digital 2D images of the moving joint (Figure 4-7 & Figure 4-13A). 
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Figure 4-6. 3D CT scan of the knee 
Figure 4-7. Fluoroscopy process.(Akter et al., 

2012) 

 

4.4.1.1 Image Registration 

Orthovis© image registration aims to find the best spatial match for the CT and 

fluoroscopy images in the fastest time frame; achieved by registering a 3D volume 

onto a 2D image (Figure 4-8 & Figure 4-9). Two critical processes are needed to 

prepare the CT and fluoroscopy data for spatial matching. The first transforms the 3D 

CT volume into a 2D image; called a digitally reconstructed radiograph (DRR) 

(Figure 4-6 & Figure 4-13B). The transform is achieved by simulating the capture of 

a fluoroscopy image of the CT, and by using a projective transform—(Figure 4-7 & 

Figure 4-13B). The 2D projection is developed by adding the pixel values in the z-

direction.(Akter et al., 2012) The second process corrects the distortions in the 2D 

fluoroscopy using the calibration grid (Figure 4-18). 

Once the DRR is created and the distortion corrected, there are three main 

components to the Orthovis© registration algorithm that spatially match the data: the 

geometric transform, the similarity measure, and the optimisation procedure. 

Orthovis© image registration uses these three components and then records the 

dynamic kinematic data in 6DOF, of the tibiofemoral joint. 
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Figure 4-8. Preparing to register DRR onto 

fluoroscopy.(Muhit et al., 2013) 

Figure 4-9. After image registration.(Muhit et al., 

2013) 

4.4.1.2 The Geometric Transform 

The geometric transform between two images matches the locations of points in one 

image to the location of points in the other. It aligns the DRR with the fluoroscopy 

frame, correcting their rotational, translation and dimensional mismatch.(Saadat et 

al., 2017) 

4.4.1.3 The Similarity Measure 

The similarity measure is the measure of best fit between the DRR and the 

fluoroscopy. During this research, new methods for determining the similarity 

measure and reducing the number of ‘optimisation iterations’ were tested by the 

author. The new approach to the similarity measure involves processing the 2D 

images by combining an edge detection algorithm (EPD) and then using the sum of 

conditional variances (SCV) to improve the accuracy of both in- and out-of-plane 

variables. The first stage uses the EPD to quickly estimate the in-plane parameters 

and a coarse estimation of out-of-plane parameters, while the second applies the EPD 

output of the first stage, to the SCV. This one-two combination dramatically improves 

the robustness of the programme compared to EPD alone; as is shown in the rate of 

successful registration for various values of initial displacement (Figure 4-10). 

The EPD produced a simple binary output image, where a pixel is assigned ‘1’ at an 

edge, (where the intensity value of a pixel has a large change), and a value of ‘0’ 

where the pixels have similar values (Figure 4-13 C & D). The binary edge image is 



Chapter 4 Methods 

145 

then processed using a 2D chamfer distance operator, which calculates the minimum 

distance every non-edge pixel is from its closest edge pixel (Figure 4-13 G). The 

chamfer distance operator has speed advantages over other methods of determining 

distance as it requires only two passes over the image to calculate the distance value 

for all non-edge pixels. The second stage applies the SCV approach to the output of 

the EPD first stage. This hybrid similarity method requires significantly less time to 

register the two images but has comparable accuracy and robustness to the previously 

used SCV (Figure 4-10).(Saadat et al., 2017) 

 

 

Figure 4-10. Measurement of the robustness of registration. 

The success rate for different maximum registration errors, indicating the ability of 

Orthovis© to account for different values of initial displacement between the two 

images.(Saadat et al., 2017) 

4.4.1.4 The Optimisation Procedure 

Whilst the similarity measure tells us how well the images match, the optimisation 

procedure aims to find the best spatial alignment.(Muhit et al., 2013) A gradient-

descent method aligns the edges of the two images, maximising the number of edge 

pixels which are in identical positions. This optimisation procedure, combined with 

the EPD & SCV, reduces the processing time in two ways. The gradient-descent 

optimisation method reduces the number of similarity measure calculations. The EPD 

& SCV minimises the number of multiplications required to calculate the similarity 

measure. Thus, the time to register the DRR onto each fluoroscopy frame has been 
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reduced by a factor of five; where previous methods for registration took up to 106 

secs, the new approach takes 20 secs (Table 4-1). This reduction in time using the 

new method has not diminished robustness of the algorithm; as demonstrated by the 

success rate for achieving successful registrations based on initial displacement in 

Figure 4-10.(Saadat et al., 2017) 

 

  

  

 
 

  

  

SCV: the sum of conditional variances, EPD: edge position difference, EPD & SCV: a 

combination of EPD and SCV used in the latest version of Orthovis©.(Saadat et al., 2017) 

4.4.2 Orthovis© 3D-2D Registration Procedure 

Once the collection of imaging data is complete, processing takes place within 

Orthovis©. The Orthovis© output includes both a dynamic moveable 3D image of the 

joint and kinematics of the femur and the tibia in 6DOF using the Grood and Suntay 

coordinate system.(Grood and Suntay, 1983) 
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Figure 4-11. Orthovis© File tab on the title 

page 
Figure 4-12. Orthovis© View tab 

Step 1: Extract CT, Step 2: Segment CT, Step 3: Calibrate Fluoro, Step 4 Define Axes, Step 5: 

Register. 3D vis provides a visual representation of the registered bone. 

Proceeding the importation of CT and fluoroscopy data (Figure 4-11), the Orthovis© 

procedure now follows step 1 to 5, as detailed in the second drop-down menu under 

View (Figure 4-12). Figure 4-14 shows the procedural flowchart for processing CT 

and fluoroscopy data in Orthovis©. In this section, each procedural step is described, 

and Orthovis© visuals are included. All controls within Orthovis© are identified by 

italics. This description of the process is an overview--for full instructions, TORU 

has produced a user’s manual with detailed instructions and information. 
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A 

 

B 

 

C 

 

D 

 

E 

 

F 

 

G 

Figure 4-13. The similarity measure for CT and fluoroscopy best fit. 

A: one frame of fluoroscopy. B: Digitally reconstructed radiograph (DRR) of CT. C: Edge 

position on fluoroscopy frame. D: Edge position on DRR E: Horizontal direction to the nearest 

edge. F: Vertical direction to the nearest edge. G: Distance to the nearest edge. 
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Figure 4-14. Orthovis© process flowchart 
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4.4.2.1 Step 1 Extract CT 

In this step, the femur and tibia are separately ‘extracted’ from the CT (Figure 4-15). 

A red rectangle in the three planes can be moved to ensure extraction of all the 

required bone. 

 

 
 

Figure 4-15. Orthovis© step 1: Extraction of femur and tibia  

Extraction of the femur and tibia from CT. 

4.4.2.2 Step 2 Segment CT  

Segmentation involves the removal of external artefacts (e.g. soft tissue, skin, patella, 

calcification in the blood vessels, and noise from an artificial knee replacement in the 

contralateral knee) from the extracted CT of the femur, the tibia with the fibula, and 

the tibia alone (Figure 4-17). Segmentation is time-consuming as each frame of the 

CT (approximately 150 frames per bone) requires accuracy. As segmentation is 

repeated three times, up to 450 frames, need to be individually segmented for one 

participant. 

A global segmentation threshold and isolated pixel connectivity limit can be set to 

assist with removing artefacts throughout the entire volume (Figure 4-17). After the 

global removal of artefacts, each frame was segmented. Three methods available for 

this level of segmentation include a connectivity scale, a flexible polynomial and an 
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eraser. Figure 4-17 shows the flexible polynomial that removes all artefacts outside 

it. The operator can vary the size and number of nodes of the polynomial, making it 

possible to fit the shape of the required bone. For final touches, the eraser is used to 

remove or restore in times of trouble, aberrant pixels. 

 

  
A B 

Figure 4-16. Orthovis© step 2 Segmentation of femur.  

A: before, B: after 

 
 

A B 

Figure 4-17. Orthovis© step 2: Segmentation of tibia. 

A: before, B: after 
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4.4.2.3 Step 3 Calibrate Fluoroscopy 

The setup of this step is in Chapter 4.3.4.3. Overlay square grid places another 

‘flexible’ grid of circles over the top of the calibration grid (Figure 4-18). The 

operator then finds the optimum fit of the overlay square grid and the calibration grid, 

by matching the circles and beads. Snap to beads then fits the ‘flexible’ grid to the 

calibration grid. If all circles of the flexible grid surround a calibration grid bead, then 

correct distortion and save distortion correction (Figure 4-18). 

 

 
A B 

 

C 

Figure 4-18. Orthovis© step 3: Fluoroscopy calibration  

A: Fluoroscopy pincushion distortion before calibration distortion correction, B: Fluoroscopy 

with grid overlay before correction distortion, C: Fluoroscopy after distortion correction.  
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4.4.2.4 Step 4 Defining Axes  

 
Figure 4-19. Orthovis© step 4: Defining the femoral axes  

In the coronal plane, identify three points, the most distal points on the right and left femoral 

condyles and the most proximal point of the intercondylar notch. In the sagittal plane; identify three 

more points, the most distal point of the femoral condyle, and the anterior and posterior cortical 

margins of the femoral shaft. Finally, in the transverse plane identify two points, the most posterior 

point on the right and left-hand femoral condyle 

 
Figure 4-20. Orthovis© step 4 Defining the tibial axes.  

In the coronal plane, identify three points, the lowest points of the right and left tibial condyles 

and the centre of the intercondylar eminence. In the sagittal plane, identify three points, the 

peak of the intercondylar eminence, and the anterior and inferior margins of the tibial cortex.  

The two independent orthogonal axes that quantify the motion of the femur and the 

tibia are established using anatomical landmarks in the three planes--identified in 

Orthovis©. The origin point for the femoral coordinate system is the midpoint of the 
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intercondylar notch. The tibial origin point is the centre of the intercondylar 

eminence. The axes have been defined according to the Grood and Suntay reference 

system.(Grood and Suntay, 1983) 

4.4.2.5 Step 5 Registration  

All previous steps have been required to prepare the data for registration. The order 

of registration is essential; first the femur, then the tibia with the fibula, then finally 

the tibia alone (Figure 4-21). Registration starts with Load Fluoroscopy. Play 

Sequence checks the fluoroscopy. Then Load CT pulls in the DRR of the CT, which 

appears on the top left of the screen. The operator now needs to manipulate the 

position of the DRR to match the underlying fluoroscopy for size, rotation and 

alignment. By manipulating the position of the DRR using the cross that appears in 

the middle of the image, the DRR can be resized, dragged and rotated to hover and 

visually fit over the fluoroscopy. Then Register Sequence starts the automation of 

Orthovis© which then attempts to match each frame without manual interference 

(p143-146). Unfortunately, due to the nature of human movement, and the 

fluoroscopy recording only at a frequency of 30 Hz there are times when the frame 

cannot be automatically registered, and manual operation is necessary. The result can 

be viewed in 3D-vis, allowing the operator to move the image and observe motion 

from any angle (Figure 4-21D). 

The approximate registration time per frame with the new similarity measure is now 

20 seconds (Chapter 4.4.1.3). Registration is very time consuming, thus improving 

the speed of the similarity measure is essential. With 300 frames, for each of the three 

CTs, (300 x 3) frames x 20 seconds = 18,000 seconds, this registration would take 5 

hours—assuming no human intervention is required. Initially, registration of one 

frame could take over 100 seconds. Once again, if no human intervention is needed, 

this registration would have taken 25 hours (900 x 100 = 90k seconds). 
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A B 

 

 
C D 

Figure 4-21. Orthovis© step 5 Registration  

A: Registration of Femur DRR onto fluoroscopy, B: Registration of tibia with fibula DRR onto 

fluoroscopy, C: Registration of tibia DRR onto fluoroscopy, D: The 3D visualisation of the joint.: 

This image can be manipulated in Orthovis© to enable observation from any angle. 
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4.4.3 The Grood and Suntay Reference System 

Upon completion of the registration, Orthovis© quantifies the 3D motion of the femur 

and tibia using the Grood and Suntay (G&S) joint coordinate system (page 

62).(Grood and Suntay, 1983) This system provides the 3D kinematic description of 

kneeling by specifying the position of the femur relative to the tibia, at each 

fluoroscopy frame, and also the changes in position over time. The power of using 

the G&S reference system lies in its ability to describe the biomechanical motion of 

the knee joint using clinical language, bridging the gap between research and clinical 

implementation. It also has advantages over previous systems that used Euler angles 

for rotational description; as they were dependent on the order of rotations. G&S, 

1983 kinematics are independent of order.(Grood and Suntay, 1983) 

The definition of both positive and negative directions are provided in Table 4-2 as 

well as graphically in Figure 4-22, Figure 4-23, Figure 4-24, Figure 4-25, Figure 4-

26. 

Table 4-2. Clinical description direction 

Directions of clinical rotations and translations of the movement 

of the femur relative to the stationary tibia 

Right knee Left knee 

Flexion + + 

Varus (Figure 4-23) + + 

Internal rotation (Figure 4-22) + + 

Medial translation (Figure 4-24) + + 

Anterior translation (Figure 4-26) + + 

Superior translation (Figure 4-25) + + 
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Internal rotation (+) Neutral External rotation (-) 

Figure 4-22. Internal/external rotation of femur relative to the tibia  

(Left and right knee) 

 

 

 
 

Varus (+) Neutral Valgus (-) 

Figure 4-23. Varus/valgus of the femur relative to the tibia  

(Left and right knee) 
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Medial (+) Neutral Lateral (-) 

Figure 4-24. Lateral/medial position of femur relative to the tibia  

(Left and right knee) 

 

 

 

 

Superior (+) Neutral Inferior (-) 

Figure 4-25. Inferior/superior position of femur relative to the tibia 

 

 

 

Anterior (+) Neutral Posterior (-) 

Figure 4-26. Anterior/posterior position of femur relative to the tibia 
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4.4.3.1 Kinematic Outputs 

With the axes of both femur and tibia identified and the movement of the bones 

registered, the next step is to write the kinematic data in 6DOF to an excel 

spreadsheet. This is accomplished in Orthovis© using MATLAB code. 

4.4.4 Determining the Phases of Kneeling 

One full cycle of kneeling starts with the knee at 90° flexion with hip extended and 

comprises of two major phases; phase one is going into flexion, and phase two 

coming out of flexion. This cycle creates two sets of kinematic data for each flexion 

angle. In this research, the two phases were studied separately, due to the differences 

in muscle activation and loading at the knee. 

4.4.4.1 Phase Description 

Phase one is assisted by gravity, with the hip and knee flexing in the sagittal plane to 

the limits of flexion of the participant. The major muscle action controlling this 

motion at the knee is the eccentric contraction of the quadriceps group of four 

muscles, the rectus femoris, the vastus lateralis, the vastus intermedius and the vastus 

medialis. Kinetically, at the starting position of phase one, the participant’s centre of 

mass is directly over the knee joint but moves back during flexion, increasing the 

length of the moment arm and the torque at the knee joint. 

Conversely, gravity resists phase two, with the hip and knee extending in the sagittal 

plane back to 90° of knee flexion. The muscle action to control phase two is a 

concentric contraction of the quadriceps muscle group. Kinetically, at the beginning 

of phase two (the point of maximum flexion), the participants’ centre of mass is 

furthest away from the knee joint and moves closer to the knee joint as the hip and 

knee extends, reducing the length of the moment arm and the torque at the knee joint. 

During the process of kneeling some participants did not move smoothly in one 

direction. For many participants, due to the noise created by this movement 

oscillation, it was hard to identify precisely when one phase started and ended. As 
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can be seen for the participant in Figure 4-29, the start and end of both phases were 

not easily determined. Some participants moved very smoothly (Figure 4-28), and 

visual inspection could identify their phases, however, to create a consistent process 

across all participants, a phase identifying algorithm was written in R(Team, 2008) 

and the code is included in Appendix 20. 

4.4.4.2 The Method of Phase Identification 

Kinematic data for all participants was extracted from Orthovis© and combined into 

one data set for analysis. This dataset included the variables participants’ ID, frame 

and flexion value. 

A smoothing spline was used with the scatter plot flexion vs frame, and then its first 

(1st) derivative was determined and plotted, A non-parametric Lowess line of best fit 

was applied to the 1st derivative scatter plot. The Lowess function in R has a ‘span’ 

argument (f) which determines the number of points that are used to calculate each 

fitted value and we determined that f=.094 worked best for our data. 

The first derivative of flexion vs frame enabled detection of the frames where 

direction changed—recording the frame number each time the derivative curve 

crossed zero (which we called an inflexion point). These inflexion points were used 

to determine the start and end of the phases. There are three cases we looked at; case 

1 where there are less than three inflexion points (Figure 4-27), case 2 where there 

are exactly three inflexion points (Figure 4-28), and case 3 where there is more than 

three inflexion points (Figure 4-29).  

In each of the figures Figure 4-27, Figure 4-28 and Figure 4-29, the graph flexion vs 

frame is coloured to indicate the phases; phase one is coloured blue, phase two is 

green, and the points outside these phases are red. Alongside the flexion vs frame 

graph, the first derivative has the inflexion points indicated by purple vertical lines, 

a horizontal grey line identifies zero on the y-axis and at the top is a scaled down 

graph of flexion vs frame. Phase data is written back into the dataset for analysis, and 

the graphs for each participant are plotted in a .pdf document. 
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Figure 4-28. Case 2 phase determination with exactly three inflexion points.  

In case 2, where there were three inflexion points, the points define the beginning and end of the 

phases. 

In case 3, where there are more than three inflexion points, they are clustered using 

the k-means method in R. This approach partitioned the points into three groups 

where the sum-of-squares from the inflexion points to the centre of the cluster is 

minimised. The upper and lower whiskers of a box plot were used to find the limits 

of these groups. 

 

Figure 4-27. Case 1 phase determination with less than three inflexion points.  

In case 1, the phases were determined using the first and last frame. 
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. 

Figure 4-29. Case 3 phase determination with more than 3 inflexion points. 
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4.5 Data Analysis 

4.5.1 Description of Data Set 

Each participant took approximately 10 seconds to kneel, delivering up to 300 

fluoroscopy frames of data. Thus, each participant had up to 300 lines of data 

included in the dataset. Columns of the dataset included participant ID, frame 

number, phase (into or out of flexion), osteoarthritis status (healthy or osteoarthritis), 

all demographic information, outcomes of all PROMs, questionnaires and clinical 

scores, functional tests and the 6DOF kinematic data. The kinematic data collected 

in each frame included; flexion, anterior/posterior, medial/lateral and 

superior/inferior translation, and external/internal rotation and varus/adduction. 

The position of each kinematic variable at 90°, 100, 110°, 120°, 130°, 140° and 

maximum flexion was determined by calculating the mean of the data collected, 

within one degree of that flexion position. For example, data from 89.5° to 90.5° 

flexion was used to calculate the mean of a kinematic variable at 90° flexion. 

The displacement (translation or rotation) of each of the kinematic variables was 

calculated over three flexion ranges, 90° to 120°, and 120° to 140°, and 120° to 

maximum flexion. The displacement was the difference between the mean of the two 

kinematic variable positions at the beginning and end of these flexion ranges.  

The rate-of-change per degree of flexion (/°flexion) of each kinematic variable was 

determined using a generalised linear model for each of the five dependent variables, 

(anterior/posterior, medial/lateral, superior/inferior, external/internal, and 

varus/adduction).  

All graphical representations of the kinematic variables were determined by 

calculating their mean value at each degree of flexion and thus were displayed with 

their standard error, which was calculated at each degree of flexion using the standard 

deviation/(sqrt N); describing the uncertainty of the estimate. 
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4.5.2 One-way MANCOVA 

A one-way MANCOVA statistical test was chosen to compare age groups in chapter 

5, and healthy and osteoarthritic knees in chapter 6. This test determines if there is a 

difference between the groups of the independent variable (age-groups in Chapter 5, 

and osteoarthritic status in Chapter 6), based on the combined dependent variables 

(after adjusting for the covariate). The one-way MANCOVA forms a linear-

composite of the dependent variables and compares the linear composite of each 

group; the inclusion of a continuous covariate is to improve the capability of the test 

to detect a difference.(Laerd, 2017)  

The one-way MANCOVA was chosen as dependent kinematic variables should be 

considered jointly where possible, because they represent the underlying construct of 

the knee joint; describing not only the effect of each dependent variable but the effect 

of them together. Individually the differences between the dependent variables of the 

group might be small, but by studying the dependent variables together, we may be 

more likely to determine a difference.(Laerd, 2017) 

Where the one-way MANCOVA found a statistically significant result, there was a 

difference between the linear constructs of the groups of our independent variable. 

To understand this result, we followed up with one-way ANCOVAs performed for 

each of the dependent variables. Only the statistically significant one-way 

ANCOVAs were followed up by a Bonferroni post hoc test, which produced the 

pairwise comparisons of the adjusted means for the groups of the independent 

variable.(Laerd, 2017) 

A Bonferroni correction is applied to the level at which there is a statistically 

significant result because the one-way ANCOVAs are a follow-up test to the one-

way MANCOVA. This correction is managed by dividing the p-value (0.05) by the 

number of dependent variables in the analysis and is necessary to reduce Type 1 (false 

positive) errors. As in most of the analyses we perform there are five dependent 

variables (anterior/posterior, medial/lateral, superior/inferior, external/internal and 

varus/adduction) and so our one-way ANCOVA is significant if p < (0.05/5 = 0.01). 
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4.5.2.1 One-way MANCOVA Assumptions (Laerd, 2017) 

1. Two or more continuous dependent variables. 

2. One independent variable that is categorical with two or more categorical, 

independent groups. 

3. The covariate is continuous and of less importance than the independent 

variable. 

4. All observations were independent. 

5. Within each independent variable group, there should be a linear relationship 

between each pair of dependent variables. 

6. Within each independent variable group, there should be a linear relationship 

between each dependent variable and the covariate. 

7. Regression slope homogeneity. 

8. There should be homogeneity of variances and covariances 

9. There should be no significant univariate outliers in the groups of the 

independent variable regarding each dependent variable. 

10. There should be no significant multivariate outliers in the groups of the 

independent variable regarding each dependent variable. 

11. The residuals should be approximately normally distributed for each group of 

the independent variable. 

4.5.3 Statistical Tests and Assumptions used in Chapter 5 

4.5.3.1 Results of checking one-way MANCOVA assumptions 

 Assumptions 1 to 4: are met by our study design. 

 Assumptions 5 and 6: scatterplots of all dependent variables were used 

to visually determine the linear relationships between the dependent variables 

and between them and the two covariates, UCLA and AQoL physical. There 

was a weak linear relationship between the rate-of-change variables and 

between those variables and the covariates. 

 Assumption 7: homogeneity of regression slopes was checked by the 

significance value of Wilks Lambda for all dependent variables in both phases. 
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This test was done by adding an interaction term between the covariates, 

UCLA and AQoL physical and the independent variable age groups, in the 

one-way MANCOVA analysis. When the interaction was not statistically 

significant, then slopes were the same, and the assumption was met. There 

was homogeneity of regression slopes as assessed by the interaction terms 

between the age groups and the covariates UCLA and AQoL physical for all 

kinematic variables. 

 Assumption 8: there was homogeneity of variances and covariances as 

assessed by Box’s M test, for the dependent position variable at 90°ۥ flexion, 

and all displacement variables. However, the assumption of homogeneity of 

variances and covariances was violated as assessed by Box’s M for position 

variables at 120° and maximum flexion and all rate-of-change dependent 

kinematic variables. 

 Assumption 9: univariate outliers were determined by creating z-

scores. Extreme outliers were considered 3 < z-score < -3. Identified extreme 

outliers were checked to determine if they resulted from technical or human 

error. Where possible, outlier data was ‘Winsorized’ which entailed replacing 

the outlier data with the next highest score that was NOT an outlier.  

 Assumption 10: multivariate outliers were investigated by determining 

the Mahalanobis value. There were no multivariate outliers in the data set. 

 Assumption 11: as it is challenging to determine multivariate 

normality, the normality of the residuals for each age group for all the 

dependent kinematic variables was investigated using the Shapiro-Wilks test. 

All residual distributions were normally distributed except for all the rate-of-

change kinematic dependent variables.  

The rate-of-change kinematic variables have not met assumptions 5 and 6, there is no 

linear relationship with each other and with the covariates UCLA and AQoL physical. 

They do not meet assumption 8, they do not have homogeneity of variances and 

covariances, and finally, do not meet assumption 11 as the residual distributions are 

not normally distributed. Because of these assumption violations, the rate-of-change 

kinematic variables will be assessed using the non-parametric statistical test, Kruskal-

Wallis H test. 
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4.5.3.2 Kruskal-Wallis H Test for Rate-Of-Change Dependent Kinematic 

Variables.(Laerd, 2015a) 

Non-parametric tests were run to assess the rate-of-change kinematic dependent 

variables, due to their failure to meet the test for multivariate normality and the 

homogeneity of variance. Thus, a combined linear-composite for the group of these 

variables is not possible.  

4.5.3.2.1 The Kruskal-Wallis H Tests Four Assumptions(Laerd, 2015a)   

1. At least one continuous or ordinal dependent variable. 

2. One independent variable that has two or more categorical, independent groups. 

3. All observations were independent. 

4. Distribution of scores for each age group have the same shape. 

 Assumptions 1 to 3: were met by our study design. 

 Assumption 4: all rate-of-change kinematic variable distributions were 

similar for all age groups, as assessed by visual inspection of a boxplot. 

4.5.4 Statistical Tests and Assumptions used in Chapter 6 

4.5.4.1 Checking one-Way MANCOVA Assumptions  

 Assumptions 1 to 4: are fulfilled by our study design. 

 Assumptions 5 and 6: scatterplots of all dependent variables were used 

to determine the relationship between them and the covariate BMI. Overall, 

most relationships between each pair of the dependent variables and BMI were 

linear, in both healthy and osteoarthritic groups 

 Assumption 7: multivariate tests were run between the healthy and 

osteoarthritic groups, for all the dependent kinematic variables.  

 Assumption 8: the homogeneity of regression slopes was assessed by 

the interaction between BMI and healthy and osteoarthritic groups. This 

assumption was tested using Box’s M test of equality of covariances. This 

assumption was met for all but the rate-of-change dependent variables. A 
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violation of this assumption can affect the Type 1 error rate, which is when a 

statistically significant finding is determined when there is not a significant 

difference. This assumption violation must now be kept in mind when 

interpreting the results. 

 Assumption 9: univariate outliers were determined by creating z-

scores. Extreme outliers were considered 3 < z-score < -3. Identified extreme 

outliers were checked to determine if they resulted from technical or human 

error. Where possible outlier data was ‘Winsorized’ which entailed replacing 

the outlier data with the next highest score that was NOT an outlier.  

 For the mean kinematic variables at 90° flexion there were no outliers, 

at 120° flexion there were five, at 140° flexion there were four, and at 

maximum flexion there were two. In the displacement variables between 90° 

to 120° there were no outliers, but from 120° to maximum flexion there were 

three. Finally, in our rate-of-change kinematic variables from 90° to 120° there 

were 12 outliers, and from 120° to maximum flexion there were six. These 

were kept in the data. 

 Assumption 10: multivariate outliers were investigated by determining 

the Mahalanobis value. For the kinematic variables at 90° flexion there was 

one, for the rate-of-change from 90° to 120° there were six, from 120° to 

maximum flexion there were two. As the number of these outliers was low, 

and all possible steps have been taken to determine and manage univariate 

outliers, due to either technical or human error, these multivariate outliers 

were not removed from the dataset. 

 Assumption 11: as it is challenging to determine multivariate 

normality, the normality of the residuals for each group of the independent 

variable for all the dependent variables was investigated using the Shapiro-

Wilks test. All residual distributions were normally distributed except for 

medial/lateral at 90°, superior/inferior displacement from 90° to 120° and all 

rate-of-change kinematic variables. Despite these exceptions, the MANCOVA 

can be run as it is robust to deviations from normality because our sample size 

numbers are similar. 
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4.5.5 Multiple Regression and its Assumptions used in Chapter 7. 

The primary objective of this study was to determine how much of the variation of 

the PROMs, clinical data, and functional test results could be explained by the 

independent kinematic variables that are different in healthy and knee osteoarthritic 

groups (identified in Chapter 6).  

Running a successful multiple regression needs to consider eight assumptions.(Laerd, 

2015b)  

1. There is one dependent variable that is measured on the continuous scale. 

2. There are two or more independent variables that are continuous or nominal. 

3. Independence of observations (independence of residuals). 

4. There needs to be a linear relationship between the dependent variable and the 

independent variables, and a linear relationship collectively. 

5. Homoscedasticity of residuals. 

6. No multicollinearity between independent variables. 

7. No significant outliers, high leverage points or highly influential points. 

8. The residuals are approximately normally distributed. 

4.5.5.1 Checking multivariate regression assumptions 

The first multiple regressions were run to check assumptions.(Laerd, 2015b)  

 Assumption 1 & 2 are ensured by our study design.  

 Assumption 3; The independence of observations was tested 

statistically using the Durbin-Watson test, which looks for 1st order 

autocorrelations and checks that adjacent observations are independent. The 

Durbin-Watson statistic can range between 0 to 4, but a result between ~1.5 

and 2.5 indicates there is no correlation between residuals.(Laerd, 2015b) The 

Durbin-Watson statistic for all the multiple regressions are included in Table 

7-2 and has shown that for all the analyses, there was an independence of 

residuals. 
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 Assumption 4: The relationship between the dependent variables and 

each of the independent variables was checked using a scatterplot of the 

studentized residuals against the unstandardized predicted values. The linear 

relationship was further checked by using a Loess line (50%).  

 Assumption 5: Homoscedasticity requires the residuals to be roughly 

equal for all values of the predicted dependent variable. This assumption was 

checked using the graphs produced for testing linearity. 

 Assumption 6: There is multicollinearity when two or more 

independent variables are highly correlated (Pearson Correlation >0.7). This 

was checked using the correlations table produced by SPSS. 

 A final multicollinearity test, the collinearity tolerance, reported in the 

coefficients table was checked. All values were >0.1, demonstrating that we 

did not have a collinearity problem. 

 Assumption 7: To check for outliers we produced a case-wise 

diagnostics table in SPSS. Some analyses produced outliers that were checked 

for incorrect data input. None were removed. 

 Assumption 8: A histogram and P-P plot were produced in every 

analysis to check normal distribution of the residuals. All were approximately 

normally distributed for our purposes. 

4.5.5.2 Data set used for analysis 

Chapter 6 determined the kinematic variables that are different between healthy and 

osteoarthritic groups. These variables were then used as the independent variables in 

the multiple linear regression of chapter 7. The dependent variables being 

investigated have been shown to change with KOA and so associations between 

independent and dependent variables that are influenced by KOA is appropriate. By 

checking the descriptive statistics, we could determine how many missing values 

each variable had. If an independent variable had more than 50 missing values, they 

were removed from the data set. As each multiple linear regression was performed, 

correlations were checked for those variables that had a correlation coefficient >0.7 

were removed from the dataset. The remaining independent variables included in the 

analysis are shown in Box 4-2. 
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Box 4-2. Dependent and independent kinematic variable that were used in the final multiple linear regression analysis. 

To determine associations between PROMs, functional and clinical data. OOF: moving out of flexion. 

Dependent variables investigated 

OKS total 

OKS pain 

OKS function 

KSS total 

KSS knee score 

KSS functional score 

Pain VAS 

AQoL utility score 

AQoL psychosocial score 

AQoL physical score 

5STS 

TUG 

10MWT 

6MWT 

Maximum flexion 

Independent kinematic variables included in analysis 

Positions 

Anterior/posterior position at maxflex 

Medial/lateral position at 120deg (OOF) 

Medial/lateral position at maximum flexion 

Superior/inferior position at 110deg (OOF) 

Superior/inferior position at 130deg  

External/internal angle at 120deg flexion 

Translations 

Superior/inferior translation between 120deg and maxflex 

External/internal rotation between 120deg and maxflex 

Rotations 

Varus/valgus angle at 130deg flexion 
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This chapter has been submitted as a journal article to The Knee Journal. 
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5.1 Abstract 

Title: Age has a minimal effect on knee kinematics: a cross-sectional 3D/2D image 

registration study of kneeling. 

Introduction: Kneeling is an activity of daily living which can become difficult with 

knee pathology and increasing age. This study aimed to capture kneeling kinematics 

in six-degrees of freedom in healthy adults as a function of age. 

Methods: 67 healthy knee participants aged from 20 to 90 years were categorised into 

four 20-year age-groups. Knee motion in 3D was achieved using 3D/2D image-

registration, combining a CT scan and fluoroscopy of kneeling. Kinematic variables 

of position, displacement and rate-of-change in six-degrees-of-freedom were 

compared between age-groups while controlling for activity level (University of 

California Los Angeles activity scale) and the Assessment of Quality of Life physical 

score. 

Results: Older groups were less physically active (p<0.0005). At 110° and 120° 

flexion, the 80+ age-group femurs position was 5.5(2.0) mm more anterior than the 

20-39 age-group and more varus than all the younger groups, 4.4°(1.3°), 4.1°(1.3°), 

and 3.0°(1.1°) respectively. Displacement and rate-of-change (speed/°flexion) 

between 120° and maximum flexion were different between the 80+ age-group and 

the younger groups. The 80+ age-group femurs rotated faster into valgus than the 

youngest group and rotated further than all the younger groups 5.5°(1.5°), 5.5°(1.6°), 

and 4.5°(1.3°) respectively. 

Conclusion: This is the first study to report kneeling kinematics of ageing using 

3D/2D image registration techniques. We found that ageing does not change knee 

kinematics under 80 years, and there are minimal changes between 120° and 

maximum flexion. Thus, if older people are having trouble kneeling, examination 

should not assume ageing is the cause, and other pathologies should be considered. 
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5.2 Introduction 

Kneeling is associated with activities of daily living, culture and expressions of 

reverence, considered essential to living a culturally rich life.(Mulholland and Wyss, 

2001) Kneeling requires a high degree of flexion, with the body supported through a 

loaded knee.(C. R. Galvin et al., 2018b; Losina et al., 2013) Understanding the 

tibiofemoral kinematics of kneeling and how it may change as we get older, will assist 

with clinical evaluation and rehabilitation outcome measures,(DeFrate et al., 2004; 

Goldblatt and Richmond, 2003; Lu et al., 2008) understanding knee injury and 

diseases such as knee osteoarthritis (KOA), assessment of surgical outcomes,(Dennis 

et al., 2005; Lu et al., 2008) knee simulation studies(Komistek et al., 2003) and 

functional designs of total knee replacements (TKR).(Lee, 2014; Leszko et al., 2011; 

Lu et al., 2008; Tanifuji et al., 2011) 

Early studies have investigated tibiofemoral kinematics of dynamically loaded deep-

flexion, with activities including squatting,(Andriacchi et al., 2003; Johal et al., 2005; 

Williams and Logan, 2004) lunging,(Asano et al., 2001; DeFrate et al., 2004; Feng et 

al., 2015; Hamai et al., 2013; Komistek et al., 2003; Qi et al., 2013; Stiehl et al., 

1995a; Udomkiat et al., 2000) and kneeling.(Acker et al., 2011; Hefzy et al., 1997; 

Moro-oka et al., 2008) However, a 2018 systematic review and meta-analysis of 

healthy tibiofemoral kinematics found kneeling is the least investigated deep flexion 

activity.(C. R. Galvin et al., 2018b)  

Studies of kneeling have used a range of methods including bi-planar 

radiographs,(Hefzy et al., 1997) motion capture with skin markers,(Acker et al., 

2011) and a combination of MRI, CT and fluoroscopy.(Moro-oka et al., 2008) Hefzy 

et al. 1997(Hefzy et al., 1997) used a sagittal x-ray in 2D and reported maximum 

flexion (maxflex). Moro-oka et al. 2008,(Moro-oka et al., 2008) reported external 

femoral rotation and posterior femoral translation, and Acker et al. 2011,(Acker et 

al., 2011) reported rotation. To date, no study has reported kneeling kinematic data 

in six-degrees-of-freedom.(C. R. Galvin et al., 2018b) Six-degree-of-freedom knee 

kinematics will illuminate the role of each plane of translation and rotation that 

contributes to full knee flexion. 
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The effects of ageing on tibiofemoral kinematics during kneeling have previously 

only been studied using motion-analysis with skin-mounted markers. These studies 

showed no kinematic differences between young (≤ 30years) and elderly ( ≥60years) 

groups.(Zhou et al., 2012) However, large errors are associated with the methodology 

due to soft tissue and skin movement artefact.(Reinschmidt et al., 1997) With our 

technology, we can examine kneeling with an accuracy of 0.2 mm and 0.3° in the 

frontal plane thereby allowing us to explore differences associated with age more 

accurately than ever before.(Muhit et al., 2013) 

The primary objective of this study was to measure tibiofemoral kinematics during 

kneeling in six-degrees-of-freedom as a function of age. The secondary objective was 

to develop a normative data set for populations aged 20 to 90 years. Based on 

previous studies, we hypothesised that getting older is associated with: 

 Decreased maximum flexion, indicating knee stiffness. 

 Decreased posterior femoral position and translation, indicating 

decreased rollback. 

 A more medially positioned femur on the tibial plateau. 

 Decreased superior femoral position and translation, indicating 

narrowed joint space. 

 Decreased external femoral angles and rotation, indicating limited 

mobility of the femur to rotate during flexion. 

 Increased knee varus. 
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5.3 Methods 

This study is a cross-sectional, observational study which is a subset of the 

randomised controlled trial titled: A prospective imaging study of cruciate-retaining, 

cruciate-substituting, and rotating-platform knee replacement, in osteoarthritis and 

healthy ageing; (PICKLeS) #ISRCTN75076749. 

This study received human research ethics approval from both ACT Health 

(ETH.4.11.071) and University of Canberra. Sixty-seven participants with healthy 

knees, over 20 years-of-age were recruited and gave informed consent to participate. 

Box 5-1 details the inclusion and exclusion criteria. 
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Box 5-1. Healthy participant inclusion and exclusion criteria. 

BMI: body mass index, UCLA: University of California, Los Angeles activity score  

5.3.1 Data Collection 

Participant response, performance, and observer bias were controlled by informing 

participants about data de-identification, standardising kneeling instructions, and the 

objective nature of the image registration process. 

The Kellgren-Lawrence (KL) grade was used to identify osteoarthritic features and 

assign a grade of 0 to 4, where 0 signifies no osteoarthritis, and 4 signifies severe 

osteoarthritis.(Kellgren J. and Lawrence J., 1957) The KL grade was determined from 

supine CT scans. Pairs of researchers independently graded each CT scan with 

discussion resolving differences. Kendall's W was used to determine the level of 

Inclusion criteria 

1. At least one pain free knee 

2. No history of injury or arthritis 

Exclusion criteria 

1. BMI > 38kg/m2 

2. UCLA score of  ≤ 2. Wholly inactive or severely 

restricted to the minimum of activities of daily living 

3. A psychosocial reason not to be able to consent or 

complete the requirements of the study 

4. Metastatic disease 

5. Pathological fracture 

6. Poor understanding and is unable to provide informed 

consent 

7. Pregnancy 

8. Unable to attend due to distance 
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agreement between four researchers on the KL grade. Agreement was excellent; W= 

0.965, p< 0.0005. 

Patient recorded outcome measures were collected from all participants. They 

included the Function Comorbidity Index (FCI),(Groll et al., 2005) the University of 

California Los Angeles activity index (UCLA),(Naal et al., 2009) and the assessment 

of quality of life (AQoL)(Richardson et al., 2013) divided into physical, mental and 

total utility scores. 

5.3.1.1 Measuring Kinematics Using Image Registration 

A 3D image of the knee was acquired using a Toshiba Aquilion spiral CT scanner 

(Toshiba Medical Systems, Japan) which reconstructed each 1 mm slice at 512 x 512 

voxels with spatial dimensions 0.625 x 0.625 x 0.5 mm3 and 16 bits/pixel. The CT 

scan captured an image approximately from 150 mm above to 150 mm below the 

knee joint. Each participant lay supine within the CT scanner, with the test knee 

placed within a calibration box. The calibration box was used to calculate voxel shape 

in spiral CT and correct for distortion in fluoroscopy. 

Kneeling was recorded using a curved panel fluoroscopy system (AXIOM-Artis, 

Siemens) at 30 Hz, with 1024 x 1024-pixel spatial resolution and 12 bits/pixel. 

Parameters for this system included 1200 mm between tube source and image 

intensifier, a screen size of 280 mm, and no filter disc on the image intensifier. We 

positioned the participant within the c-arm of the fluoroscopy machine with their knee 

on a box, with their tibia horizontal and the hip above their knee at approximately 

90° knee flexion. Their foot was free to rotate over the end of the box (Figure 5-1). 

One full cycle of kneeling began upright at 90° flexion, progressed to kneeling as 

deeply as possible and then returned to the start. Each cycle took approximately 10 

seconds, producing about 300 fluoroscopy frames. Verbal instructions controlled 

timing, and each participant had at least one opportunity to practice before image 

acquisition. Lead aprons were worn by the participants during the procedure, 

protecting from ionising radiation. 
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Figure 5-1. Kneeling on the box.  

Foot free was free to rotate. Hand placed on fluoroscopy equipment was for balance not for 

taking weight. The contralateral leg was kept behind to stay out of field-of-view. This photo 

was for illustration purposes, and so no apron was required. 

5.3.2 Data Processing 

5.3.2.1 Registration 

Orthovis© is a single-plane fluoroscopy 3D-2D multi-modal registration method of 

capturing knee kinematics, developed through a collaboration between University of 

New South Wales and Trauma and Orthopaedic Unit at the Canberra 

Hospital.(Pickering et al., 2009a) 

Orthovis© aligned the CT image with the fluoroscopy images. The CT was 

transformed into a 2D-digitally-reconstructed-radiograph and then spatially-matched 

to each fluoroscopy frame using a gradient descent algorithm, and the sum of 

conditional variances to register the edges; producing a dynamic image of the knee 

joint. Knee kinematics were quantified in six-degrees-of-freedom in MATLAB 9.1 

R2016b. Orthogonal axes were derived using the Grood and Suntay (G&S) 

coordinate system, as recommended by the International Society of 

Biomechanics.(Wu and Cavanagh, 1995) G&S identifies two independent orthogonal 
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axes, one for the femur, the other for the tibia. The femoral origin is the most proximal 

point of the intercondylar notch, and the tibial origin is at the centre of the tibial 

eminence. 

The six-degrees-of-freedom measured were three rotations: flexion, internal/external, 

and varus/valgus, and three translations: anterior/posterior, lateral/medial and 

superior/inferior. The directions of the kinematic variables are shown in Figure 5-3 

and are defined as the movement of the femur relative to the tibia. Orthovis has the 

in-plane precision of 0.2 mm translation and 0.3°, while the out-of-plane precision 

was 0.9 mm and 0.5°.(Muhit et al., 2013) 

5.3.2.2 Phase Identification 

The phases of the kneeling cycle were defined by the first order derivative inflexion 

points. These identified the start and finish of a cycle of kneeling (Figure 5-2). 

 

 

Figure 5-2. Phase determination for participant 38. 

Flexion vs fluoroscopy frame was plotted, along with its first derivative. The first derivative plot 

showed inflexion points, where the derivative curve passed through zero. These inflexion points 

were used to determine the start and end of the phases.  
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Anterior/posterior translation 

in the sagittal plane. 

 

Medial/lateral translation in 

the transverse plane viewed 

superiorly. 

Superior/inferior translation in 

the sagittal plane. 

 

  

120° flexion in the sagittal 

plane. 

Internal/external rotation in 

the coronal plane. 

Varus/valgus in the coronal 

plane. 

Figure 5-3. Interpretation of Grood and Suntay reference system for kneeling. 

Six-degree-of-freedom kinematic variables showing the femoral and tibial origins, and positive and 

negative directions, as measured using Orthovis multimodal 3D/2D registration. 

5.3.3 Data Analysis: Statistical Methods 

Participants were categorised into four age-groups (20-39 years, 40-59 years, 60-79 

years, and 80+ years). Continuous data were summarised as mean and standard 

deviation. Differences in group characteristics were analysed using one-way 

ANOVA, a chi-square test for sex and Kruskal-Wallis for KL scores. 

To determine differences in kinematics due to age, one-way MANCOVA analyses 

with UCLA activity scale and the AQoL(physical) score as covariates, were 
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conducted, to identify differences between age-groups based on the combined 

dependent variables for position and displacement. All significant differences were 

followed up with one-way ANCOVAs and a Bonferroni post hoc test; producing 

pairwise comparisons of the adjusted means between the age-groups. A Bonferroni 

correction was made. We assessed all eleven assumptions for the one-way 

MANCOVA (chapter 4.5.3 page 165). 

The rate-of-change of a kinematic variable tells us how fast the femur is moving per-

degree-of-flexion (/°flexion) (Figure 5-5 and Figure 5-6). The rate-of-change (/°flex) 

kinematic variables did not meet MANCOVA assumptions, and so were assessed by 

non-parametric Kruskal-Wallis tests.  

All analyses were completed using IBM SPSS Statistics Version 23 license 2015 (64-

bit edition). Significance was accepted when p <= 0.05. 

The statistical tests included: 

 Fourteen one-way MANCOVAs compared kinematic positions at 90°, 

100°, 110°, 120°, 130°, 140° and maximum flexion (maxflex) both moving 

into and out of flexion. 

 Four one-way MANCOVAs compared displacement (translation and 

rotation), over the full kneeling cycle, over flexion ranges, 90° to 120°, 120° 

to maxflex, maxflex to 120°, and 120° to 90°. 

 Four Kruskal-Wallis tests compared rate-of-change (/°flex), over 

flexion ranges, 90° to 120°, 120° to maxflex, maxflex to 120°, and 120° to 

90°. 

We used a statistical power analysis to calculate sample size, based on data extracted 

from Scarvell et al., who used MRI to compare healthy (age-range: 20-50) and OA 

(65 +/- 9.1 years) knee kinematics during weighted knee flexion (up to 90°).(Scarvell 

et al., 2007) The contralateral leg data from younger and older healthy participants 

determined sample sizes needed to measure a difference between age-groups. 

Scarvell et al. reported lateral and medial femoral condyle anterior/posterior 

translation for a knee flexed to 90º for the two groups. These data determined that 
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four participants in each group were needed to detect differences in anterior/posterior 

translation between healthy knees and older asymptomatic knees and provides a 

power of 95% when using a two-sided 5% significance interval calculation using 

G*Power3.(Faul et al., 2007) 
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5.4 Results 

No differences were found between age-groups for sex, BMI, FCI, or AQoL mental 

and utility scores. Post-hoc analyses found the 80+ age-group had lower UCLA 

activity scores, demonstrating that they were less physically active than the younger 

groups. The AQoL physical score, which measures independent living, pain and the 

senses, was higher for the 20-39 age-group than both the 60-79 and 80+ age-groups 

(Table 5-1).  

Five participants, all in the 60-79 age-group, scored a KL score ≥ 2 and were excluded 

from the analysis.  After their exclusion, there was no difference between the age-

groups for the KL median score. 

Table 5-1. Participant characteristics, mean (SD). 

Age-group (years) 20-39 40 -59 60-79 80 + ρ 

N 17 19 23 8  

Age (years) 28.5 (5.9) 51.6 (4.1) 66.6 (5.6) 84.6 (4.0)  

Sex F:M (F%) 
7:10 (41%) 10:8 (55%) 16:7 (70%) 3:5 (38%) 0.234 

BMI 23.8 (3.3) 25.1 (2.1) 25.4 (4.0) 24.3 (3.0) 0.483 

FCI 
0.5 (0.8) 0.9 (1.3) 1.4 (2.6) 2.0 (1.9) 0.206 

UCLA 9.1 (1.7) 8.6 (1.6) 6.8 (2.7) 5.5 (1.8) 0.000* 

AQoLD Physical score 0.94 (0.07) 0.90 (0.07) 0.87 (0.10) 0.77 (0.16) 0.003* 

AQoLD Mental score 
0.63 (0.16) 0.57 (0.14) 0.58 (0.15) 0.52 (0.14) 0.389 

AQoLD Utility score 
0.94 (0.06) 0.92 (0.07) 0.92 (0.06) 0.87 (0.09) 0.102 

KL score 0 0 1 0 0.063 

*: Statistically significant; KL: Kellgren-Lawrence score; BMI: Body mass index: FCI: Functional Comorbidity 

Index; UCLA: University of California, Los Angeles activity score; AQoL: Assessment of Quality of Life 

score. 

5.4.1 Assumption Testing 

The one-way MANCOVA assumptions were tested before statistical analysis  

(chapter 4.5.3 page 165). Linear relationships between the kinematic variables and 

BMI were evaluated using scatterplots. Regression slopes were homogenous, and the 

homogeneity of covariances were assessed using Box’s M test, p>0.001. Univariate 

and multivariate outliers were assessed by standardised residuals greater than ± 3 and 
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Mahalanobis distance (p>0.001), respectively. Normal distributions of residuals were 

tested by Shapiro-Wilks (p>0.05). 

The Kruskal-Wallis assumptions were tested before the rate-of-change statistical 

analysis. A boxplots visual inspection ensured distribution of rate-of-change 

variables were similar for all groups. Finally, pairwise comparisons were performed 

using Dunn’s(1964) procedure with a Bonferroni correction for multiple comparisons 

for all significant differences (Table 5-4).(“Kruskal-Wallis H test using SPSS 

Statistics. Statistical tutorials and software guides.,” n.d.)  
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5.4.2 Knee Kinematics 

Most kinematic data showed no change, however at 110° and 120° flexion there were 

differences moving into flexion, and between 120° and maximum flexion (maxflex) 

(Table 5-2). The adjusted means (or medians for rate-of-change variables) are in 

Table 5-3. Results of the Bonferroni post hoc tests are in Table 5-4. 

Table 5-2. One-way MANCOVA group comparison of the linear composite of the position and 

kinematic displacement. 

 Into flex Out of flex 

 Wilks’ Λ F df partial ƞ2 p Wilks’ Λ F df partial ƞ2 p 

Position 
          

90° 0.433 0.52 10 0.342 0.842 0.566 0.76 15 0.174 0.716 

100° 0.455 0.859 15 0.216 0.611 0.399 1.611 15 0.264 0.097 

110° 0.354 2.280 15 0.292 0.010* 0.475 1.545 15 0.220 0.111 

120° 0.483 1.900 15 0.216 0.033* 0.707 0.768 15 0.109 0.709 

130° 0.800 0.701 15 0.072 0.780 0.787 0.787 15 0.091 0.690 

140° 0.659 0.734 15 0.131 0.741 0.656 0.734 15 0.128 0.741 

maxflex 0.737 1.101 15 0.097 0.447 0.787 0.770 15 0.077 0.708 

Displacement 
          

90°-120° 0.145 0.651 10 0.620 0.735      

120°-max 0.395 2.512 15 0.266 0.004*      

Max-120°      0.742 0.633 15 0.091 0.833 

120°-90°      0.178 1.938 15 0.437 0.055 

*: Statistically significant; these dependent variables are followed up with one-way ANOVA tests, which are 

then followed up by a Bonferroni test making adjusted pairwise comparisons to determine where the 

differences lie (Table 5-4). 
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5.4.4 Flexion/extension 

There were no measurable differences between the maximum flexion angles achieved 

by the four age-groups (Table 5-3, Figure 5-4). 

 

 
Figure 5-4. Maximum flexion both into and out of flexion.  

Unadjusted means for age groups. There were no differences between the groups. 

5.4.5 Kinematic Position  

The 80+ age-group femurs were more varus than the 20-39 and 40-69 age-groups, at 

110° flexion, [mean(95%CI] 4.9°(0.6°, 9.1°), and 6.4°(2.1°, 10.7°), Figure 5-6B. 

The 80+ age-group femurs were 5.5(0.0, 10.8) mm more anterior than the 20-39 age-

group, at 120° flexion (Figure 5-5A). The 80+ age-group femurs were also more 

varus than the 20-39, the 40-59 and 60-79 age-groups, by 4.0°(0.4°, 7.6°), 4.3°(-9.5, 

-1.2) and 2.7°(-7.5°, -0.9°) respectively (Table 5-4 and Figure 5-6B). 
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5.4.6 Kinematic Displacement 

The 80+ age-group femurs rotated into valgus more than the 20-39, 40-59, and 60-79 

age-groups, between 120° to maxflex, 5.4°(-9.5°,-1.3°), 5.3°(-9.5°,-1.2°), and 

4.2°(1.2°, 95%CI: -7.5° to -0.9°), respectively (Table 5-4 and Figure 5-6B). 

5.4.7 Kinematic Rates-Of-Change  

The Kruskal-Wallace Results. The 80+ age-group femurs rotated faster into valgus 

than the 20-39 age-group, (median: 0.14°/°flex) and (0.04°/°flex), p=0.014, between 

120° to maxflex (Table 5-4 and Figure 5-6B). Median scores for varus/valgus rate-

of-change (°/°flex) were different by age-group H(3)=9.760, p=0.021 (Table 5-3). 
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Figure 5-5. Translation (±1SE) in three planes for the four age-groups.  

Grood and Suntay reference, 1SE, with Loess fit line (50%). A: anterior/posterior, where at 120° the 80+ 

age-group were more anterior than the 20-39 age-group, B: medial/lateral, where there were no 

significant differences, C: superior/inferior, where moving out-of-flexion, the 60-79 age-group slope 

(rate-of-change) was less than 40-59 age-group.  
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Figure 5-6. Rotations (±1SE) in transverse and frontal planes for four age-groups. 

A: external/internal rotation, where at 110° out-of-flexion, the 80+ age-group were more internally rotated 

than the 40-59- age-group. B: varus/valgus, where between 110° and 120° the 80+ age-group was more 

varus than both 20-39 and 40-59- age-groups. Between 120°-maxflex, the 80+ age-group rotated more 

into valgus than other groups and at a faster rate than the 20-39 age-group.  

 



   

 

Table 5-3. Kinematic variables for each age-group. Normative dataset developed with covariates UCLA and AQoL physical score, one-way ANCOVAs.  

 
Into flexion  Out of flexion 

Age groups$ N# 20-39 N# 40-59 N# 60-79 N# 80+ ρ  N# 20-39 N# 40-59 N# 60-79 
N
# 

80+ ρ 

Maximum 

flexion (°) 

16 145.7 

(1.6) 

18 143.7 

(1.4) 

22 142.3 

(1.3) 

9 140.8 

(2.3) 

0.364  15 144.4 

(1.7) 

18 145.2 

(1.5) 

22 141.5 

(1.4) 

8 141.3 

(2.5) 

0.336 

Anterior/posterior (mm)                  

Position (flex)                    

90° 3 9.4 

(2.8) 

7 13.2 

(1.8) 

4 14.1 

(2.5) 

0  0.461  9 9.9  

(1.0) 

8 10.9 

(1.0) 

8 12.2 (1.0) 1 9.7  

(3.0) 
0.459 

100 9 6.4 
(2.7) 

6 8.0 
(4.6) 

7 8.5 
(3.3) 

2 6.1 
(1.7) 

0.369  8 5.9 (2.1) 5 8.0 
(2.6) 

14 8.2 (2.9) 5 7.5 
(3.6) 

0.132 

110 9 2.3 
(2.8) 

7 4.6 
(2.4) 

13 3.8 
(2.9) 

5 4.2 
(3.0) 

0.141  7 1.9 (2.1) 8 1.4 
(4.3) 

19 3.1 (3.1) 7 2.9 
(3.2) 

0.079 

120° 14 -4.5 

(1.0) 

8 -1.4 

(1.2) 

15 -1.3 

(0.9) 

7 1.0 

(1.5) 

.038*  10 -3.9 (1.0) 10 -3.6 

(0.9) 

14 -2.1 (0.8) 7 -0.3  

(1.2) 

0.190 

130° 14 -9.3 

(3.5) 

12 -9.0 

(4.0) 

16 -7.6 

(2.0) 

7 -8.2 

(3.3) 

0.284  12 -8.8 (1.9) 13 -8.6 

(2.9) 

16 -7.8 (2.4) 8 -8.3 

(3.6) 
0.262 

140° 14 -16.8 
(0.9) 

8 -17.2 
(1.0) 

13 -15.6 
(0.8) 

6 -15.2 
(1.3) 

0.592  9 -16.5 
(0.9) 

9 -17.0 
(0.9) 

10 -16.2 
(0.8) 

6 -16.0 
(1.2) 

0.900 

maxflex 16 -21.4 

(1.7) 

15 -19.4 

(1.6) 

18 -18.0 

(1.5) 

8 -16.2 

(2.5) 

0.406  15 -20.9 

(1.7) 

15 -19.6 

(1.6) 

18 -17.6 

(1.5) 

8 -17.3 

(2.5) 

0.582 

Displacement (mm)                   

90°-120° 3 -13.6 

(0.8) 

5 -12.1 

(0.6) 

3 -14.8 

(0.8) 

0  0.067           

120°-maxflex 14 -17.3 

(1.5) 

8 -15.8 

(1.8) 

15 -16.1 

(1.4) 

7 -16.7 

(2.3) 

0.906           

Maxflex-120°           10 16.6 (1.6) 9 14.5 
(1.6) 

14 15.7 (1.3) 7 17.8 
(2.1) 

0.579 

120°-90°           8 13.6 (0.8) 6 13.9 

(1.0) 

7 14.9 (0.9) 1 11.4 

(2.3) 

0.534 

Rate-of-change (mm/°flex) median #                 

90°-120° 15 -0.4 12 -0.4 18 -0.4  6 -0.5  0.679           

120°-maxflex 17 -0.7  16 -0.8  19 -0.8  8 -0.8  0.480           

Maxflex-120°           17 -0.7  16 -0.7  19 -0.7  8 -0.7  0.803 

120°-90°           13 -0.4  13 -0.4 19 -0.4  8 -0.5  0.682 
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Table 5-3. Kinematic variables for each age-group. Normative dataset developed with covariates UCLA and AQoL physical score, one-way ANCOVAs.  

 
Into flexion  Out of flexion 

Age groups$ N# 20-39 N# 40-59 N# 60-79 N# 80+ ρ  N# 20-39 N# 40-59 N# 60-79 
N
# 

80+ ρ 

Medial/lateral (mm)                   

Position (flex)                    

90° 3 -3.1 

(5.6) 

7 -0.6 

(3.6) 

4 -1.2 

(5.0) 

0  0.928  9 -2.9 (2.4) 8 -4.6 

(2.5) 

8 -3.5 (2.5) 1 -1.9 

(7.1) 

0.961 

100° 

 

9 -3.1 

(5.2) 

6 -6.6 

(8.9) 

7 -1.9 

(2.3) 

2 -2.8 

(4.5) 

0.430  8 -3.6 (7.0) 5 -4.4 

(4.3) 

14 -5.0 (6.2) 5 0.8 

(8.9) 
0.181 

110° 9 -1.8 

(5.3) 

7 0.7 

(6.3) 

13 -4.1 

(3.4) 

5 -3.7 

(3.6) 

0.294  7 -3.5 (5.2) 8 -2.2 

(3.0) 

15 -3.5 (3.3) 7 -1.4 

(8.0) 
0.585 

120° 14 -1.4 
(1.8) 

8 -5.8 
(2.2) 

15 -5.7 
(1.6) 

7 2.2 
(2.7) 

.030*  10 -5.6 
1(2.1) 

10 -5.1 
(2.0) 

14 -5.6 (1.7) 7 -0.7 
(2.7) 

0.452 

130° 14  -1.1 

(7.0) 

12 -5.2 

(7.0) 

16 -4.6 

(3.3) 

7 -2.2 

(8.0) 

0.284  12 -2.5 (7.5) 13 -2.5 

(5.2) 

16 -6.9 (6.5) 8 -2.7 

(10.3) 

0.262 

140° 14 -2.4 

(1.7) 

8 -4.0 

(2.1) 

13 -4.6 

(1.6) 

6 -5.2 

(2.7) 

0.801  9 -0.3 (2.3) 9 -2.9 

(2.2) 

10 -7.2 (2.1) 6 -4.3 

(3.1) 
0.208 

maxflex 16 -5.0 
(1.7) 

15 -6.9 
(1.5) 

18 -9.2 
(1.4) 

8 -4.5 
(2.3) 

0.130  15 -4.4 (1.9) 15 -5.5 
(1.8) 

18 -8.6 (1.6) 8 -3.5 
(2.8) 

0.214 

Displacement (mm)                   

90°-120° 3 1.6 
(2.9) 

5 1.1 
(2.1) 

3 -2.9 
(2.8) 

0  0.509           

120°-maxflex 14 -3.5 

(1.5) 

8 -0.1 

(1.8) 

15 2.6 

(1.3) 

7 -5.8 

(2.2) 

0.219           

Maxflex-120°           10 0.9 (1.7) 9 1.1 

(1.8) 

14 1.6 (1.4) 7 1.6 

(2.2) 
0.756 

120°-90°           8 2.1 (2.5) 6 4.0 
(2.9) 

7 1.4 (2.9) 1 -3.2 
(7.0) 

0.786 

Rate-of-change (mm/°flex) median#                 

90°-120° 15 0.0  12 -0.0  18 0.1  6 -0.1  0.449           

120°-maxflex 17 -0.1  16 0.0  19 -0.1  7 -0.1  0.738           

Maxflex-120°           17 0.0  16 0.1 19 -0.1  8 0.0  0.767 

120°-90°           13 -0.0  13 -0.0  19 0.0 8 -0.0  0.854 

Superior/inferior (mm)                  

Position(flex)                    
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Table 5-3. Kinematic variables for each age-group. Normative dataset developed with covariates UCLA and AQoL physical score, one-way ANCOVAs.  

 
Into flexion  Out of flexion 

Age groups$ N# 20-39 N# 40-59 N# 60-79 N# 80+ ρ  N# 20-39 N# 40-59 N# 60-79 
N
# 

80+ ρ 

90° 3 34.5 

(2.2) 

7 35.5 

(1.4) 

4 31.8 

(1.9) 

0  0.343  9 35.4 (1.4) 8 34.3 

(1.5) 

8 33.7 (1.5) 1 28.3 

 (4.2) 

0.450 

100° 9 36.4 

(2.9) 

6 36.9 

(4.1) 

7 35.3 

(5.3) 

2 31.4 

(3.8) 

0.345  8 36.5 (3.2) 5 36.5 

(4.4) 

18 35.7 (5.5) 5 35.8 

(3.3) 

0.856 

110° 9 37.7 

(2.7) 

7 38.2 

(4.4) 

13 37.0 

(4.8) 

5 35.9 

(4.5) 

0.834  7 38.2 (3.3) 8 38.2 

(4.3) 

19 36.6 (5.5) 7 36.8 

(3.5) 
0.803 

120° 14 38.6 
(1.2) 

8 38.8 
(1.4) 

15 37.2 
(1.1) 

7 36.7 
(1.8) 

0.753  10 38.1 (1.5) 10 38.1 
(1.4) 

14 37.4 (1.2) 7 36.5  
(1.8) 

0.917 

130° 14 38.2 

(2.9) 

12 38.8 

(3.6) 

16 37.5 

(3.9) 

7 37.8 

(3.1) 

0.857  12 37.2 (3.6) 13 38.9 

(3.7) 

20 37.1 (5.1) 8 36.9 

(3.7) 

0.659 

140° 14 37.8 

(1.1) 

8 37.7 

(1.3) 

13 36.3 

(1.1) 

6 34.7 

(1.7) 

0.549  9 37.4 (1.3) 9 36.8 

(1.3) 

10 38.1 (1.2) 6 35.7 

(1.7) 
0.670 

maxflex 16 36.0 

(1.1) 

15 37.1 

(1.0) 

18 36.0 

(1.0) 

8 36.4 

(1.6) 

0.831  15 36.2 (1.1) 15 36.5 

(1.0) 

18 36.1 (0.9) 8 36.6  

(1.6) 

0.988 

Displacement (mm)                   

90°-120° 3 2.9 
(0.6) 

5 3.8 
(0.4) 

3 3.9 
(0.6) 

0  0.461           

120°-maxflex 14 -2.2 

(0.4) 

8 -1.6 

(0.5) 

15 -1.2 

(0.4) 

7 -0.2 

(0.6) 

0.104           

Maxflex-120°           10 1.5 (0.5) 9 1.0 

(0.5) 

14 0.9 (0.4) 7 0.5 

(0.6) 
0.756 

120°-90°           8 -3.3 (0.4) 6 -3.7 

(0.5) 

7 -4.1 (0.5) 1 -3.3 

(1.1) 
0.634 

Rate-of-change (mm/°flex) median #                 

90°-120° 15 0.1  12 0.1  18 0.1  6 0.1  0.442           

120°-maxflex 17 -0.1  16 -0.1  19 -0.1  8 -0.0  0.178           

Maxflex-120°           17 -0.1  16 -0.1  19 -0.0  8 -0.0  0.032* 

120°-90°           13 0.1  13 0.1  19 0.1  8 0.1  0.221 

External/internal (°) 
                 

Position (flex)                    

90° 3 -7.7 
(4.0) 

7 -3.8 
(2.6) 

4 -5.2 
(3.6) 

0  0.729  9 -5.0 (2.6) 8 -9.6 
(2.7) 

8 -6.2 (2.6) 1 -0.2 
(7.5) 

0.505 
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Table 5-3. Kinematic variables for each age-group. Normative dataset developed with covariates UCLA and AQoL physical score, one-way ANCOVAs.  

 
Into flexion  Out of flexion 

Age groups$ N# 20-39 N# 40-59 N# 60-79 N# 80+ ρ  N# 20-39 N# 40-59 N# 60-79 
N
# 

80+ ρ 

100° 9 -4.4 

(5.7) 

6 -6.1 

(7.0) 

7 -4.6 

(4.8) 

2 -7.5 

(8.8) 

0.966  8 -5.6 (6.7) 5 -8.8 

(5.4) 

18 -9.5 (4.3) 5 -7.7 

(7.3) 

0.485 

110° 9 -4.8 

(6.0) 

7 -8.2 

(5.3) 

13 -3.3 

(3.4) 

5 -3.0 

(4.8) 

0.225  7 -6.3 (4.4) 8 -12.4 

(4.7) 

19 -10.1 

(5.2) 

7 -8.6 

(6.7) 

0.018* 

120° 14 -11.2 

(2.0) 

8 -8.9 

(2.4) 

15 -5.7 

(1.8) 

7 -4.0 

(3.0) 

0.233  10 -13.9 

(2.4) 

10 -14.9 

(2.2) 

14 -9.9 (1.9) 7 -8.0 

(3.0) 
0.289 

130° 14 -13.0 
(7.7) 

12 -13.5 
(7.0) 

16 -10.7 
(4.9) 

7 -10.6 
(5.5) 

0.624  12 -14.8 
(6.9) 

13 -15.4 
(6.0) 

20 -13.9 
(5.4) 

8 -12.4 
(6.7) 

0.272 

140° 14 -15.4 

(1.7) 

8 -15.7 

(2.0) 

13 -13.8 

(1.6) 

6 -9.4 

(2.7) 

0.320  9 -16.2 

(2.2) 

9 -16.5 

(2.2) 

10 -14.8 

(2.0) 

6 -10.9 

(3.0) 

0.539 

maxflex 16 -16.1 

(1.6) 

15 -14.7 

(1.6) 

18 -12.9 

(1.4) 

8 -11.1 

(2.4) 

0.413  15 -17.5 

(1.7) 

15 -16.0 

(1.6) 

18 -13.4 

(1.5) 

8 -11.4 

(2.5) 
0.244 

Displacement (°)                   

90°-120° 3 -3.4 

(2.2) 

5 -4.3 

(1.6) 

3 -4.2 

(2.2) 

0  0.949           

120°-maxflex 14 -4.7 
(1.6) 

8 -2.6 
(1.9) 

15 -7.0 
(1.4) 

7 -8.3 
(2.3) 

0.254           

Maxflex-120°           10 2.6 (1.7) 9 2.3 

(1.7) 

14 2.9 (1.3) 7 3.0 

(2.0) 

0.993 

120°-90°           8 4.6 (1.0) 6 0.8 

(1.2) 

7 4.4 (1.2) 1 1.2 

(2.9) 
0.090 

Rate-of-change (°/°flex) median#                  

90°-120° 15 -0.0  12 -0.1  18 -0.1  6 -0.1  0.088           

120°-maxflex 17 -0.3  16 -0.2  19 -0.3  8 -0.3  0.620           

Maxflex-120°           17 -0.1  16 -0.2 19 -0.1  8 -0.0 0.890 

120°-90°           13 -0.2  13 -0.0  19 -0.2  8 -0.1  0.137 

Varus/ valgus (°)                   

Position (flex)                    

90° 3 -0.2 

(1.7) 

7 2.7 

(1.1) 

4 1.7 

(1.5) 

0  0.386  9 0.8 (0.6) 8 1.0 

(0.6) 

8 1.5 (0.6) 1 1.7 

(1.7) 

0.877 

100° 9 0.1 

(1.6) 

6 0.1 

(3.0) 

7 0.4 

(1.8) 

2 1.2 

(12.6) 

0.485  8 0.1 (2.2) 5 1.6 

(3.2) 

18 0.8 (2.2) 5 -0.7 

(2.0) 
0.492 
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Table 5-3. Kinematic variables for each age-group. Normative dataset developed with covariates UCLA and AQoL physical score, one-way ANCOVAs.  

 
Into flexion  Out of flexion 

Age groups$ N# 20-39 N# 40-59 N# 60-79 N# 80+ ρ  N# 20-39 N# 40-59 N# 60-79 
N
# 

80+ ρ 

110° 9 -0.1 

(2.5) 

7 -1.9 

(2.1) 

13 0.4 

(1.8) 

5 2.4 

(4.3) 

.002*  7 1.0 (4.0) 8 -0.03 

(1.8) 

19 -0.3 (2.9) 7 -1.3 

(1.2) 

0.838 

120° 14 -1.3 

(0.7) 

8 -1.6 

(0.8) 

15 -0.2 

(0.6) 

7 2.8 

(1.0) 

.010*  10 -0.9 (0.8) 10 -0.2 

(0.8) 

14 -1.1 (0.6) 7 0.1 

(1.0) 

0.609 

130° 14 -0.7 

(4.2) 

12 -1.4 

(2.5) 

16 -1.2 

(2.0) 

7 -1.0 

(1.2) 

0.881  12 -0.1 (2.8) 13 -0.5 

(1.9) 

20 -1.3 (2.4) 8 -2.1 

(1.3) 
0.861 

140° 14 -2.1 
(0.9) 

8 -0.1 
(1.0) 

13 -1.1 
(0.8) 

6 -2.4 
(1.4) 

0.337  9 -1.2 (0.9) 9 -0.9 
(0.9) 

10 -1.6 (0.8) 6 -2.9 
(1.2) 

0.649 

maxflex 16 -1.8 

(0.8) 

15 -1.6 

(0.8) 

18 -1.3 

(0.7) 

8 -3.0 

(1.2) 

0.631  15 -1.9 (0.8) 15 -2.2 

(0.7) 

18 -1.4 (0.7) 8 -2.9 

(1.1) 

0.629 

Displacement (°)                   

90°-120° 3 -0.9 

(1.6) 

5 -3.3 

(1.1) 

3 -0.8 

(1.6) 

0  0.359           

120°-maxflex 14 -0.3 

(0.8) 

8 -0.4 

(0.9) 

15 -1.3 

(0.7) 

7 -5.8 

(1.1) 

.004*           

Maxflex-120°           10 0.5 (1.1) 9 1.8 
(1.0) 

14 0.9 (0.9) 7 3.3 
(1.4) 

0.399 

120°-90°           8 1.1 (0.5) 6 1.7 

(0.5) 

7 1.7 (0.5) 1 4.3 

(1.3) 

0.166 

Rate-of-change (°/°flex) median#                  

90°-120° 15 -0.0  12 -0.1  18 -0.0  6 -0.1  .025*           

120°-maxflex 17 -0.0  16 -0.0  19 -0.1  8 -0.1  .021*           

Maxflex-120°           17 -0.0  16 -0.1  19 -0.1  8 -0.1  0.208 

120°-90°           13 -0.1  13 -0.1  19 -0.0  8 -0.0  0.946 

*: statistically significant results that are followed up by an adjusted pairwise comparison, #: rate-of-change values do not have standard error values, #: number of 

participants with this kinematic data., this changed as participants varied in their start and finish flexion angles, $: estimated marginal means of position(SE), 

displacement(SE), and median rate-of-change.  
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Table 5-4. The mean difference between age-groups for the kinematic variables that were 

shown to be significant including pairwise contrasts. 

Kinematic variable Age Group 1 

(years) 

Age group 2 

(years) 

Mean difference (age gp1 

– age gp2) mean(95%CI) 

*Adjusted 

Significance  

p 

anterior/posterior (mm) 
    

Position (flex)     

120° into flexion 20-39 40-59 -3.1 (-7.3, 1.1) 0.276 

  60-79 -3.2 (-7.2, 0.7) 0.172 

  80+ -5.5 (-11.0, -0.0) 0.048* 

 40-59 60-79 -0.1 (-4.3, 4.1) 1.000 

  80+ -2.4 (-7.9, 3.2) 1.000 

 60-79 80+ -2.3 (-6.8, 2.3) 1.000 

medial/lateral  (mm) 
    

Position (flex)     

120°into flexion 20-39 40-59 4.4 (-3.2, 12.1) 0.691 

  60-79 4.3 (-2.9, 11.6) 0.631 

  80+ -3.6 (-13.6, 6.5) 1.000 

 40-59 60-79 -0.1 (-7.8, 7.6) 1.000 

  80+ -8.0 (-18.2, 2.2) 0.208 

 60-79 80+ -7.9 (-16.2, 0.5) 0.075 

superior/inferior (mm) 
    

Rate-of-change (flexion range) #    

Maxflex-120° 20-39 40-59 # 1.000 

  60-79 # 0.629 

  80+ # 1.000 

 40-59 60-79 # 0.023* 

  80+ # 0.584 

 60-79 80+ # 1.000 

External/internal (°) 
    

Position (flex)     

110° out-of-flexion 20-39 40-59 6.4 (0.1, -0.8)) 0.105 

  60-79 0.4 (1.0, -6.4)) 1.000 

  80+ -2.8 (1.0,- 11.4) 1.000 

 40-59 60-79 -6.0 (0.1 ,-12.5) 0.089 

  80+ -9.1 (0.0, -17.8) 0.034* 

 60-79 80+ -3.2 (1.0, -10.1) 1.000 

varus/valgus (°) 
    

Position (flex)     

110° into flexion 20-39 40-59 1.6 (-1.7, 4.8) 1.000 

  60-79 -1.7  (-4.8, 1.4) 0.801 

  80+ -4.9 (-9.1, -0.6) 0.017* 

 40-59 60-79 -3.2 (-6.4, -0.1) 0.042* 

  80+ -6.4 (-10.7,- 2.1) 0.001* 
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Table 5-4. The mean difference between age-groups for the kinematic variables that were 

shown to be significant including pairwise contrasts. 

Kinematic variable Age Group 1 

(years) 

Age group 2 

(years) 

Mean difference (age gp1 

– age gp2) mean(95%CI) 

*Adjusted 

Significance  

p 

 60-79 80+ -3.2 (-6.8,0.4)) 0.109 

Displacement (flex range)    

120°-maxflex 20-39 40-59 0.0 (-3.2,3.3) 1.000 

  60-79 1.0 (-2.1,4.1) 1.000 

  80+ 5.5 (1.2,9.8) 0.006* 

 40-59 60-79 1.0 (-2.3,4.2) 1.000 

  80+ 5.5 (1.1,9.8) 0.007* 

 60-79 80+ 4.5 (0.9,8.0) 0.007* 

Rate-of-change (flexion range) #    

90°-120° 20-39 40-59 # 0.051 

  60-79 # 1.000 

  80+ # 0.364 

 40-59 60-79 # 0.156 

  80+ # 1.000 

 60-79 80+ # 0.768 

120°-maxflex 20-39 40-59 # 1.000 

  60-79 # 1.000 

  80+ # 0.014* 

 40-59 60-79 # 1.000 

  80+ # 0.067 

 60-79 80+ # 0.206 

Statistically significant, ρ < 0.05, with Bonferroni adjustments made for multiple comparisons;  #Kruskal-

Wallis test where the mean difference is not reported. 
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5.5 Discussion 

This study is the first to measure and compare knee kinematics in six-degrees-of-

freedom, for participants from 20 to 90 years, throughout a dynamic 

flexion/extension cycle of kneeling. We categorised the participants into four age-

groups 20-39, 40-59, 60-79 and 80+ years. All age-groups were similar in BMI, FCI, 

AQoL-8D(mental and utility) scores, and KL scores; but the oldest group was less 

active with lower UCLA and AQoL physical scores. This study quantified 

tibiofemoral knee kinematics and found minimal changes for those under 80 years. 

This study has produced the first normative data set describing healthy kneeling 

kinematics as a function of age. 

Age did not diminish maximum flexion. Thus, we can reject our hypothesis that it 

would be reduced in the older group and confirm the results of earlier studies of 

squatting and kneeling that used motion-analysis with skin-markers.(Fukagawa et al., 

2012; Zhou et al., 2012) Maximum flexion values depend on posterior femoral 

translation and external rotation, allowing deep flexion without impingement of the 

femur on the posterior tibial plateau.(Yildirim et al., 2007) We found that beyond 

120° flexion, posterior-femoral translation, external rotation and maximum flexion 

were all maintained in the oldest groups. The maximum flexion angles reported in 

this study (143.7°(1.4°)) support Acker et al. at 145.7°(1.6°) whose participants were 

46+ years.(Acker et al., 2011) However, our maximum flexion value is less than that 

measured for kneeling by Hefzy et al., at 157.3°(4.9°), possibly due to his participants 

kneeling on two knees and because they were familiar with kneeling routines.(Hefzy 

et al., 1998) Our population was mainly Caucasian Australians with no predominant 

cultural or religious kneeling practices. 

Age did not affect femoral anterior/posterior positions, translations, or rates-of-

change (mm/°flex) until 80+ years. Thus, we reject our hypothesis that the femur is 

more anterior and translates less as we age, except for the 80+ age-group at 120° 

flexion. One study investigating ageing knee kinematics found a more anterior tibia 

in older participants during the stance phase of gait.(Boyer and Andriacchi, 2016) 

However, our results do not support this finding during kneeling. Earlier squatting 



Chapter 5: Age has minimal effect on knee kinematics of kneeling 

201 

and kneeling studies (using motion-analysis), also found no differences in 

anterior/posterior translation between younger (23.6 years or <45 years) and older-

age-groups (62.7 years or >45 years) after 120° flexion.(Fukagawa et al., 2012; Zhou 

et al., 2012)  Strength loss in the quadriceps may explain this difference in the 80+ 

age-group. At 120° flexion, while kneeling, the quadriceps are highly loaded. If the 

quadriceps are weak, the participant may increase hip-flexion and lean their torso 

forward, to assist with managing the increased load. After 120° flexion quadriceps 

are not required to restrain the descent as they can fall with gravity. However, we did 

not include electromyograms in our methodology so cannot confirm this hypothesis. 

Recording muscle activation throughout the kneeling cycle would enhance our 

understanding further. 

The femur was not more medial, nor did it have reduced medial/lateral translation 

during flexion, in the older-age-groups. Likewise, there were no differences in 

superior/inferior positions and translations. Thus, we reject the hypotheses that an 

older knee is in a more medial and less superior position and experiences more medial 

and less superior translation during flexion. This result agrees with Zhou et al. who 

found that there were no medial/lateral differences between their age-groups.(Zhou 

et al., 2012) However, the 60-79 age-group moved faster superiorly than the 40-59 

age-group from maxflex to 120° flexion. This difference may be due to the higher 

maximum flexion angles measured for the older-age-group as shown in the graph. 

In contrast, Zhou et al. found no significant difference in superior/inferior translation 

over this flexion range between their groups and thus no difference in rate-of-

change.(Zhou et al., 2012) There are two potential explanations for this discrepancy. 

First, the Kruskal-Wallis test did not consider covariates, and second, the magnitude 

of the data is small and may be within the margin of error for the measurement. This 

data will require further confirmation. 

No differences in external/internal angles, rotations and rates-of-change were found 

between any of the age-groups. This outcome supports two previous motion-analysis 

studies; Yuhara et al. found no difference during squatting between 67.7(SD:1.4) and 

73.1(3.3)-year-old groups, and Zhou et al. found no differences during kneeling 
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between 23.8(1.6) and 60.4(2.5)-year-old groups.(Yuhara et al., 2014; Zhou et al., 

2012) Moro-oka et al. used CT-fluoroscopy 3D/2D registration with a younger age-

group (mean 29 years).(Moro-oka et al., 2008) Our reported external/internal angle 

at 120° flexion of 11.2°(2.0°) agreed with their 10.8°(1.9°). This agreement remains 

at 140° flexion with 15.4°(1.7°) compared to 16.8°(1.9°) at 135° flexion, thus 

demonstrating good external validity. 

We hypothesised that the older-age-groups would have increased knee varus angles 

and more varus rotation during flexion. This hypothesis was not met, except for the 

80+ age-group at 110°, 120°, and between 120° to maximum flexion. At 110° and 

120° flexion, the oldest group had a larger knee varus angle than all the other age-

groups. This exaggerated varus position and rotation may be associated with the 

anterior position of their femur at this flexion angle; as described by Yildirim et 

al.(Yildirim et al., 2007) By referring to the shape of the tibial plateau and its effect 

upon the motion of the medial and lateral femoral condyles, an explanation of this 

motion can be proposed.(Yildirim et al., 2007) At 100°-110° flexion the more anterior 

lateral femoral condyle could be raised up because of the convex shape of the lateral 

tibial plateau, while the medial femoral condyle is still confined to the cupola and is 

lower on the medial tibial plateau. Thus, a lower medial femoral condyle and a raised 

lateral femoral condyle can result in a femoral varus position. Between 120° and 

maximum flexion, the 80+ femurs rotated into valgus more than other age-groups. 

This increased rotation could be due to the shape of the posterior ‘gutter’ of the lateral 

tibial condyle, down which the lateral femoral condyle could move, as it translates 

posteriorly from a more anterior position.(Yildirim et al., 2007) Future studies that 

included motion of the medial and lateral femoral condyles on the tibial plateau 

would help explain this difference. 

No previous studies have used 3D/2D registration measurement technology to 

investigate kneeling kinematics in ranges over 120° flexion in six-degrees-of-

freedom.(Galvin et al., 2018b) Using motion-analysis with skin-markers, one 

previous study examined kneeling in six-degrees-of-freedom and found no effect due 

to ageing.(Zhou et al., 2012)  Another study that investigated kneeling kinematics 

which used 3D/2D registration technology only reported anterior/posterior 
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translation and internal/external rotation. Overall, our data confirm the findings of a 

meta-analysis that investigated healthy-knee-kinematics in deep flexion. That 

analysis found that despite different measurement technologies and reference 

systems, the medial and lateral femoral condyles moved posteriorly on the tibial 

plateau during deep flexion after 120°.(Galvin et al., 2018b) 

This study has several limitations. First, single-plane imaging has higher out-of-plane 

errors than in-plane errors. Second, G&S mediolateral and superior/inferior 

kinematics are affected when varus/valgus ≠ 0ׄ°. Third, we did not include 

measurements from a force plate nor electromyography.  

We have now developed a description of knee kinematics over a full cycle of kneeling 

in six-degrees-of-freedom across four age-groups and reported the effects of ageing 

on kinematics. Into flexion, the femur moves posteriorly, remains lateral, moves 

away from (superiorly) and then back to (inferiorly) the tibial plateau, while 

externally rotating and moving into valgus. Out-of-flexion kinematics of the four age-

groups was very similar. 

In conclusion, this study has produced a normative kneeling data-set from which 

clinicians may assess kinematic changes and measure the effectiveness of treatments 

in returning knee kinematics to a healthy state. Ageing has been described as a non-

modifiable risk factor for knee osteoarthritis, with increasing risk up to the age of 

80.(Allen and Golightly, 2015; Blagojevic et al., 2010; Li et al., 2015; Losina et al., 

2013) Our results suggest that increasing age, per se, does not measurably alter knee 

kinematics during an activity which is known to be difficult for people with knee 

pathology such as OA. Therefore, loss of the ability to kneel should not be considered 

an inevitable consequence of ageing. 
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6.1 Abstract 

Introduction  

Those with knee osteoarthritis avoid deep flexion tasks including kneeling--finding 

it one of the most challenging activities. However, kneeling is a desired movement, 

as there is a positive correlation between kneeling and function after a total knee 

replacement. This research aims to measure in vivo, the influence of knee-

osteoarthritis on kneeling kinematics in six-degrees-of-freedom (6DOF). 

Methods 

We recruited 44 healthy and 56 knee-osteoarthritis participants broadly matched for 

age (>50 years) and gender. Each participant’s knee CT scan was registered onto their 

‘kneeling knee’ single-plane fluoroscopy, using a bespoke 3D/2D registration 

algorithm—producing knee motion in 3D. The Grood and Suntay reference system 

provided kinematic data in six-degrees-of-freedom. A one-way MANCOVA 

(covariate BMI) compared kinematic variables of position and displacement, with 

significant differences followed up by a one-way ANCOVA with Bonferroni 

correction, and a Bonferroni post hoc test producing pairwise comparisons between 

the groups of the independent variable, α=0.05. 

Results 

There was no difference between age and gender of the groups (ρ>0.05). The knee-

osteoarthritis group were heavier with a higher BMI (ρ<0.005). The statistically 

significant kinematic data are reported as pairwise comparisons (95%CI) between 

healthy and osteoarthritic knees. All values indicate the movement of the femur 

relative to the tibia. Moving into flexion: osteoarthritic knees had -12.8° (-17.0°, -

8.6°) lower maximum flexion, were -4.6° (-7.7°, -1.4°) more externally rotated at 

120° flexion and at maximum flexion were 8.3 (5.0, 11.5) mm more anterior and 4.0 

(1.6, 6.2) mm more medial. Over flexion range 120°-maximum flexion, osteoarthritic 

femurs translated 5.8 (2.8, 8.9) mm less posteriorly and 1.3 (0.6, 2.1) mm more 

superiorly. 
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Conclusion 

Osteoarthritis does change kneeling kinematics. Our results may help in the design 

of conservative management programs and the prediction of knee-osteoarthritis. 
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6.2 Introduction 

Knee osteoarthritis (KOA) can produce pain, swelling, stiffness, and loss of joint 

function,(Lin et al., 2009) potentially reducing productivity, and household 

income.(McNamee and Mendolia, 2014) No cure has yet been found for KOA, but 

exercise and weight loss are effective in some cases.(Lane et al., 2017) The shape of 

the knee inextricably influences knee kinematics(Smoger et al., 2015) and can be 

altered by osteoarthritis.(OARSI, 2014; Smoger et al., 2015) By understanding how 

knee tibiofemoral joint kinematics differ between healthy and osteoarthritis knees 

more effective treatment modalities may be developed, and insights into personalized 

interventions may be found. 

Kneeling is needed for activities of daily living including expressions of spirituality 

and reverence; however it is the least investigated of the deep flexion activities.(C. 

R. Galvin et al., 2018b; Mulholland and Wyss, 2001) To date, studies have 

investigated kneeling only in healthy populations and none have compared healthy 

and osteoarthritic tibiofemoral kinematics.(Acker et al., 2011; Han et al., 2015; Hefzy 

et al., 1997; Moro-oka et al., 2008; Zhou et al., 2012) 

Earlier studies have investigated and compared in vivo normal and KOA kinematics 

of other deep-flexion activities including squatting,(Hamai et al., 2009; Mochizuki et 

al., 2013, 2014b, 2015; Zeighami et al., 2017) lunging,(Dimitriou et al., 2016; 

Kitagawa et al., 2014, 2010; Yue et al., 2011) and quasi-static supine leg-

press.(Scarvell et al., 2007; J. M. Scarvell et al., 2018) These studies used a diverse 

range of methodologies to measure kinematics, ranging from MRI, MRI with 

fluoroscopy, bi-planar X-rays, and CT with single-plane fluoroscopy. Only three of 

these studies went past 100° flexion.(Hamai et al., 2009; Kitagawa et al., 2010; Yue 

et al., 2011) They also used various reference system methods to quantify kinematics 

ranging from ‘unspecified’, to contact points, flexion-facet-centres, and the 

transepicondylar axis; making a comparison of results between the studies difficult. 

Considering the methodologies used, these studies give mixed results. In the sagittal 

plane four studies found that osteoarthritic femurs had less posterior 
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translation,(Hamai et al., 2009; Kitagawa et al., 2010; Scarvell et al., 2007; Yue et 

al., 2011) however, one study found no difference.(Kitagawa et al., 2014) In the 

transverse plane, knee osteoarthritis results ranged from: showing less tibial internal 

rotation,(Kitagawa et al., 2010; Mochizuki et al., 2014b) no difference between the 

two groups,(Yue et al., 2011) and no difference in kinematic pattern but femurs with 

osteoarthritis had an 8° internal rotation bias.(Hamai et al., 2009) Finally, in the 

coronal plane, one study found the osteoarthritic knee was more varus only at lower 

flexion angles in the lunge.(Yue et al., 2011) Zeighami et al. found that the 

osteoarthritic knee did have higher varus angles (p=0.001) and, agreeing with 

Mochizuki et al., found smaller bone-to-bone distance between the femur and tibia. 

(Mochizuki et al., 2015; Zeighami et al., 2017) Thus, our understanding of how knee 

osteoarthritis changes deep-flexion knee kinematics is emerging, but many aspects 

remain unclear. 

The objective of this study was to measure and compare healthy and osteoarthritic 

knee kinematics in six-degrees-of-freedom during kneeling, using 3D-2D image-

registration. We hypothesise that over a full cycle of kneeling, knees with 

osteoarthritis will demonstrate: 

 Reduced maximum flexion (maxflex), 

 More anterior femoral position and changed anterior/posterior 

translation, 

 More femoral medial position and changed medial/lateral translation, 

 More inferior position and changed superior/inferior translation, 

 Less external femoral angle and changed internal/external rotation, 

 Increased knee varus and changed varus/valgus rotation. 
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6.3 Method 

This study is a cross-sectional, observational study which is a subset of the 

randomised controlled trial titled: A prospective imaging study of cruciate-retaining, 

cruciate-substituting, and rotating-platform knee replacement, in osteoarthritis and 

healthy ageing; (PICKLeS) #ISRCTN75076749. Recruitment and testing occurred at 

the Canberra Hospital between February 2012 and October 2017. 

6.3.1  Subject Recruitment 

This study received human research ethics approval from both ACT Health 

(ETH.4.11.071) and University of Canberra. Forty-four healthy and fifty-six 

participants with KOA, all over 50 years were recruited and gave informed consent. 

Box 6-1 details the inclusion and exclusion criteria. 
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Box 6-1. Healthy and KOA participant inclusion and exclusion criteria. 

 

 

 

 Healthy participant inclusion criteria 

 At least one pain free knee 

 No history of injury or arthritis 

 Normally active 

 KOA participant inclusion criteria 

 X-ray confirmation of osteoarthritis 

 On surgical list for total knee replacement 

 Exclusion criteria 

 BMI > 38 

 UCLA score of  ≤ 2. Wholly inactive or severely 

restricted to the minimum of activities of daily living. 

 Knee flexion < 90° (can you position your foot under 

your knee while sitting?) 

 Fixed flexion contracture of  ≥ 10  (Can you fully 

straighten your knee?) 

 A psychosocial reason not to be able to consent or 

complete the requirements of the study. 

 Metastatic disease 

 Pathological fracture 

 Revision knee replacement 

 Poor understanding and is unable to provide informed 

consent 

 Pregnancy 

 Unable to attend due to distance 
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6.3.2  Data Collection 

Participant response, performance, and observer bias were controlled by informing 

participants about data de-identification, standardising kneeling instructions, and the 

objective nature of the image registration process. Researchers were not blinded to 

participant groups at recruitment, imaging, data entry or analysis. 

Patient-reported outcome measures collected included the Oxford Knee Score 

(OKS),(Dawson et al., 1998) the Function Comorbidity Index (FCI),(Groll et al., 

2005), the pain visual analogue scale (painVAS),(Price et al., 1983) the University of 

California Los Angeles activity index (UCLA)(Naal et al., 2009) and the assessment 

of quality of life (AQoL-8) total utility score and physical and mental super-

dimensions.(Richardson et al., 2013)  

To generate a 3D image, a CT scan from 150 mm above to 150 mm below the knee 

joint was taken, with the participant supine (Toshiba Aquilion spiral CT scanner 

(Toshiba Medical Systems, Japan). Each 1 mm slice was 512 x 512 voxels with 

spatial dimensions 0.625 x 0.625 x 0.5 mm3 and 16 bits/pixel. The test knee was 

placed within a specially designed calibration box, which was used to verify voxel 

shape of the spiral CT. 

To generate 2D images a curved panel fluoroscopy system recorded the kneeling 

motion (AXIOM-Artis, Siemens) at 30 Hz, with 1024 x 1024-pixel spatial resolution 

and 12 bits/pixel. There was 1200 mm between tube source and image intensifier, the 

screen size was 280 mm, and no filter disc was on the image intensifier. Participants 

placed their knee on a box, within the c-arm of the fluoroscopy machine. With their 

tibia horizontal and the hip above their knee at 90° flexion, their foot was free to 

rotate beyond the end of the box. One full cycle of kneeling began upright at 90° 

flexion, kneeling as deeply as possible and then returning to upright. Verbal 

instructions assisted with timing, with one kneeling cycle taking 10 seconds and 

producing approximately 300 fluoroscopy frames.  

Severity of KOA was graded using CT images, from 0 to 4 using the Kellgren-

Lawrence (KL) scale; where 0 signifies no osteoarthritis and 4 severe 
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osteoarthritis.(Kellgren J. and Lawrence J., 1957) Pairs of researchers independently 

graded each knee with differences resolved by discussion. Kendall's W was used to 

determine the level of agreement between four researchers. Agreement was excellent; 

W= 0.965, p < 0.0005. 

6.3.3 Data Processing 

Orthovis© is the single-plane fluoroscopy 3D-2D multi-modal registration algorithm 

used to measure knee kinematics.(Pickering et al., 2009a) The CT was transformed 

into a 2D-digitally-reconstructed radiograph and spatially matched to each 

fluoroscopy frame using a gradient descent algorithm, and the sum of conditional 

variances to register the edges; producing a dynamic image of the knee joint. 

Orthogonal axes were derived using the Grood and Suntay coordinate system, as 

recommended by the International Society of Biomechanics.(Grood and Suntay, 

1983; Wu and Cavanagh, 1995) Grood and Suntay specifies the relative position of 

the femur and tibia, by fixing a Cartesian coordinate system to each bone using 

anatomical landmarks and defining a third ‘floating’ axis that moves relative to the 

fixed two bone axes. The relative joint geometry and motion is based on the location 

of the origins in the femur and tibia. The femoral origin is the most proximal point of 

the intercondylar notch, and the tibial origin is at the centre of the tibial eminence. 

Kneeling kinematics were quantified in six-degrees-of-freedom in MATLAB 9.1 

R2016b. 

The six kinematic variables measured were three rotations: flexion, internal/external, 

and varus/valgus, and three translations: anterior/posterior, lateral/medial and 

superior/inferior. Figure 6-2 and Figure 6-3 provides the definition of directions of 

motion, where movement of the femoral origin was relative to the tibial origin, and 

positive directions were flexion, anterior, medial, superior, internal and varus. 

Orthovis had the in-plane precision of 0.2 mm translation and 0.3°, while the out-of-

plane precision was 0.9 mm and 0.5°.(Muhit et al., 2013) 
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Figure 6-1. Phase determination for participant 38. 

Flexion vs fluoroscopy frame (A) was plotted, along with its first derivative (B). A: Blue: moving 

into flexion, Green: moving out of flexion, B: Red line is the flexion graph scaled to Y axis. The 

first derivative plot showed inflexion points, where the derivative curve passed through zero. 

These inflexion points were used to determine the start and end of the phases. 

The phases of the kneeling cycle were defined by the first order derivative inflexion 

points. These identified the start and finish of a cycle of kneeling (Figure 6-1). 

6.3.4  Statistical Methods 

To compare the two groups, those with healthy knees and those with osteoarthritic 

knees, characteristics were described using mean and standard deviation for 

continuous variables, with a t-test to explore differences. A chi-square test was used 

to explore sex differences. A Mann-Whitney U test was used to determine the 

differences in KL scores between groups. The magnitude, and therefore the 

meaningfulness of the differences, were estimated using the partial eta squared 

(partial ƞ2). Partial ƞ2 measures the proportion of the total variance in a dependent 

variable that is associated with different groups.(Richardson, 2011) The ‘rule of 

thumb’ interpretation of effect size magnitudes.(Watson, 2019) describes a small 

partial ƞ2 as 0.01, a medium as 0.06, and a large as 0.14. 

The osteoarthritic and healthy kinematic positions were compared at flexion angles 

90°, 100°, 110°, 120°, 130°, 140° and maximum flexion (maxflex). 
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The kinematic displacements (changes in position) were compared for the flexion 

ranges of 90° to 120°, 120° to 140°, 120° to maxflex, maxflex to 140°, maxflex to 

120°, 140° to 120°, and 120° to 90°. 

The kinematic rate-of-change (/°flex) data were compared over four flexion ranges, 

90° to 120°, 120° to maxflex, maxflex to 120°, and 120° to 90°. The rate-of-change 

is the slope of each kinematic variable vs flexion (Figure 2 and Figure 3). 

To determine differences between the healthy and osteoarthritic groups, we first used 

a one-way MANCOVA with BMI as the covariate. The specific differences between 

the groups were identified using one-way ANCOVAs with a Bonferroni correction, 

followed by Bonferroni post-hoc tests with pairwise comparisons.  

All eleven assumptions underpinning the one-way MANCOVA were satisfied. All 

analyses were completed using IBM SPSS Statistics (IBM Corp. Released 2015. IBM 

SPSS Statistics for Windows, Version 23.0. Armonk, NY: IBM Corp). 

The minimum sample size of four participants in each group was determined using 

G*Power3(Faul et al., 2007) statistical power analysis, which detected a difference 

between healthy and osteoarthritis groups with a power of 95% when using a two 

sided 5% significance interval calculation. This sample size was derived from the 

anterior/posterior translation of both the lateral (healthy: mean 11.8, SD:1.9 and 

osteoarthritic: 20.0, 1.4) mm and medial (healthy: 19.2, 2.7 and osteoarthritic: 24.7, 

1.9) mm femoral condyles for a knee flexed to 90deg.(Scarvell et al., 2007)  
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6.4 Results 

The groups were well matched for age and sex, but the osteoarthritis group was 

heavier, reported more pain, had more comorbidities, were less active, and had a 

lower quality of life (Table 1). The disease severity measured using the Kellgren-

Lawrence scores were significantly worse for people with osteoarthritis (median 0/4 

vs 4/4; p<0.0001) (Table 6-1). 

Table 6-1. Descriptive participant characteristics 

 Healthy (n=44) OA (n=56)  

 Mean(SD), 
 range 

Mean (SD),  
range 

ρ 

Age 66.6 (11.5),  

(50 to 90) 

70.6 (8.3), 

(51 to 88) 

0.055 

Sex F28, M16 F31, M25 0.403 

BMI 25.2 (3.3), 

(17.8 to 33.8) 

30.6 (5.3), 

(20.8 to 45.4) 
<0.0005 

FCI 1.3 (2.1),  

(0 to 10) 

2.7 (1.9), 

 (0 to 7) 
0.001 

UCLA 7.2 (2.4), 

 (0 to 10) 

4.9 (1.6), 

 (2 to 8) 
<0.0005 

painVAS 3.1 (4.6),  

(0 to 14) 

47.3 (25.7),  

(0 to 93) 

<0.0005 

OKS 47.0 (2.0), 

 (37 to 48) 

26.6 (7.4),  

(7 to 41) 
<0.0005 

AQoL8D Utility score 0.91 (0.07), 
(0.73 to 1.00) 

0.74 (0.2), 
(0.22 to 0.98) 

<0.0005 

Kellgren-Lawrence grade 

(0,1,2,3,4) 

0 

(31,13,0,0,0) 

4 

(0,0,0,17, 39) 

<0.0001 

OA: osteoarthritis, SD: standard deviation, range: (lowest to highest), BMI: body mass index, FCI: functional 

comorbidity index, UCLA: University of California activity index, painVAS: pain visual analogue scale. 

There were no differences in age, sex and FCI between the groups. 

 

6.4.1 Knee Kinematics 

There were differences between the linear composites of the healthy and KOA groups 

at flexion angles of 100°, 110°, 120°, 130° and maxflex (Table 6-2). 
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Table 6-2. One-way MANCOVA linear composite group comparisons of healthy and osteoarthritic 

kinematics moving into and out of flexion. 

 Into flex Out of flex 

 Wilks’ 
Λ 

F   df  partial 
ƞ2 

p Wilks’ 
Λ 

F df partial 
ƞ2 

p 

Position 
          

90° 0.752 0.857 5,13 0.248 0.535 0.832 1.415 5,35 0.168 0.243 

100 0.710 3.67 5,45 0.290 0.007* 0.796 3.623 5,71 0.204 0.006* 

110° 0.825 2.927 5,69 0.175 0.019* 0.866 2.380 5,77 0.134 0.046* 

120° 0.843 2.422 5,65 0.157 0.045* 0.799 3.230 5,64 0.201 0.012* 

130° 0.848 2.510 5,70 0.152 0.038* 0.865 1.971 5,63 0.135 0.095 

140° 0.812 1.157 5,25 0.188 0.358 0.766 1.283 5,21 0.234 0.309 

maxflex 0.711 7.395 5,91 0.289 0.000* 0.731 6.464 5,88 0.269 0.000* 

Displacement 
          

90°-120° 0.299 3.281 5,7 0.701 0.076      

120°-140° 0.764 1.110 5,18 0.236 0.390      

140° -max 0.907 0.513 5,25 0.093 0.764      

120° -max 0.658 6.854 5,66 0.342 0.000*      

Max-140° 0.     0.737 1.497 5,21 0.263 0.233 

140°-120°      0.781 0.951 5,17 0.219 0.474 

Max-120      0.511 12.441 5,65 0.489 0.000* 

120°-90°      0.766 1.469 5,24 0.234 0.237 

Rate of change 
          

90°-120° 0.889 2.038 5,82 0.111 0.082      

120°-max 0.772 4.494 5,76 0.228 0.001*      

Max-120°      0.856 2.557 5,76 0.144 0.034* 

120°-90°      0.804 4.205 5,76 0.196 0.002* 

*: Statistically significant; only the variables at these flexion values are followed up by a Bonferroni post hoc 

test which makes adjusted pairwise comparisons to determine where the differences lie. 

 

The adjusted means are in Table 6-3. Results of the pairwise Bonferroni post hoc 

tests are in Table 6-4. Graphs of each kinematic variable versus flexion are included 

in Figure 6-2 and Figure 6-3. 
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Table 6-3. Position (mm or °), displacement (mm or °), and rate-of-change (/°flex) for healthy and 

osteoarthritis knees moving into and out of deep-flexion  

 
Into deep-flexion Out of deep-flexion 

Flexion Healthy OA Healthy OA 

 
N# Madj(SE) N# Madj(SE) N# Madj(SE) N# Madj(SE) 

Max flexion 
44 140.5(1.5) 54 127.8(1.3) 43 140.7(1.5) 54 127.6(1.3) 

anterior/posterior (mm) 
        

Position (flex)         

90° 10 13.9(1.3) 10 11.5(1.3) 18 12.0(0.8) 24 12.2(0.6) 

100°  28 7.7(3.3) 24 8.5(3.4) 37 7.5(2.8) 41 8.0(2.9) 

110°  38 3.7(2.7) 38 3.6(3.9) 41 2.5(3.2) 43 3.7(3.5) 

120° 35 -1.2(0.7) 37 -2.8(0.7) 34 -2.1(0.7) 37 -3.0(0.6) 

130° 57 -8.5(3.1) 20 -9.1(4.1) 53 -8.4(2.5) 17 -8.5(3.0) 

140° 28 -16.0(0.6) 4 -13.9(1.5) 24 -16.6(0.5) 4 -13.6(1.2) 

maxflex 44 -17.1(1.1) 54 -8.8(1.0)* 43 -16.9(1.1) 54 -8.8(1.0)* 

Displacement(mm)         

90°-120° 8 -13.8(0.6) 6 -15.9(0.7) 14 -14.2(0.6) 17 -15.7(0.5) 

120°-140° 21 -14.3(0.5) 4 -15.1(1.2) 21 -14.3(0.5) 3 -15.5(1.3) 

120°-maxflex 35 -14.9(1.0) 38 -9.1(1.0) 34 -15.6(0.9) 38 -8.6(0.9) 

140°-max flex 28 -4.5(0.9) 4 -4.5(2.4) 24 -4.0(1.0) 4 -4.0(2.6) 

Rate-of-change(mm/°flex)         

90°-120° 37 0.5(0.0) 52 -0.5(0.0) 41 -0.5(0.0) 52 -0.5(0.0) 

120°-maxflex 43 -0.8(0.1) 40 -0.7(0.1) 43 -0.8(0.0) 40 -0.8(0.0) 

Medial/lateral (mm) 
        

Position (flex)         

90° 10 -1.3(2.1) 10 -2.3(2.1) 18 -3.0(1.4) 24 -1.3(1.2) 

100° 28 -4.0(5.5) 24 -0.8(1.7) 37 -3.4(6.4) 41 -1.3(4.0) 

110° 38 -2.5(4.8) 38 -1.3(3.9) 41 -2.5(4.7) 43 -1.8(3.7) 

120° 35 -3.2(1.0) 37 -2.0(0.9) 34 -4.3(0.8) 37 -1.8(0.8) 

130° 57 -3.5(6.1) 20 -09(2.9) 53 -3.8(7.1) 17 -2.8(3.9) 

140° 28 -5.1(0.9) 4 -0.9(2.5) 24 -4.3(1.0) 4 -2.3(2.5) 

maxflex 44 -6.6(0.8) 54 -2.7(0.7)* 42 -6.5(0.9) 53 -3.2(0.8)* 

Displacement(mm)         

90°-120° 8 -1.8(1.4) 6 1.3(1.6) 14 -2.3(1.3) 17 0.5(1.1) 

120°-140° 21 -1.1(1.0) 4 2.5(2.4) 21 0.2(1.0) 3 1.3(3.0) 

120°-maxflex 35 -2.2(0.7) 38 -1.0(0.6) 34 -2.2(0.6) 38 -0.5(0.6) 

140°-maxflex  28 -2.4(0.7) 4 -2.1(1.9) 24 -2.4(0.6) 4 -1.1(1.6) 

Rate-of-change (mm/°flex)         

90°-120° 37 -0.0(0.1) 52 -0.2(0.1) 41 0.0(0.0) 52 -0.1(0.1) 

120°-maxflex 43 -0.1(0.01) 40 -0.1(0.1) 43 -0.0(0.1) 40 -0.3(0.1) 

superior/inferior (mm) 
        

Position (flex)         

90° 10 37.5(0.9) 10 31.1(1.3) 18 33.5(1.1) 24 30.4(0.9) 
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Table 6-3. Position (mm or °), displacement (mm or °), and rate-of-change (/°flex) for healthy and 

osteoarthritis knees moving into and out of deep-flexion  

 
Into deep-flexion Out of deep-flexion 

Flexion Healthy OA Healthy OA 

 
N# Madj(SE) N# Madj(SE) N# Madj(SE) N# Madj(SE) 

100° 28 36.3(4.2) 24 32.8(4.7) 37 36.1(4.5) 41 33.4(3.8) 

110° 38 37.7(4.2) 38 34.9(4.8) 41 37.2(4.6) 43 34.7(4.7) 

120° 35 37.4(1.0) 37 36.3(0.9) 38 37.5(0.9) 37 35.8(0.8) 

130° 57 37.9(3.9) 20 36.3(5.6) 53 37.5(4.2) 17 35.6(5.7) 

140° 28 37.0(0.8) 4 39.5(2.0) 24 37.4(0.8) 4 39.9(2.1) 

@maxflex 44 36.5(0.7) 54 36.2(0.7)* 42 36.6(0.8) 53 36.4(0.7) 

Displacement(mm)         

90°-120° 8 3.8(0.4) 6 4.7(0.5) 14 3.9(0.4) 17 5.3(0.4) 

120°-140° 21 -0.6(0.3) 4 -0.2(0.6) 21 -0.7(0.2) 3 0.0(0.7) 

120°-maxflex 35 -0.9(0.3) 38 0.4(0.2) 34 -0.9(0.2) 38 0.5(0.2) 

140°-max flex 28 -0.6(0.2) 4 -1.3(0.6) 24 -0.5(0.2) 4 -1.3(0.6) 

Rate-of-change (mm/°flex)         

90°-120° 37 0.1(0.0) 52 0.2(0.0) 41 0.1(0.0) 52 0.2(0.0) 

120°-maxflex 43 -0.0(0.0) 40 0.0(0.0) 43 -0.0(0.0) 40 0.1(0.0) 

internal/external (°) 
        

Position         

90° 10 -2.5(1.4) 10 -5.7(1.4) 18 -7.1(1.4) 24 -7.9(1.3) 

100° 28 -5.2(5.5) 24 -6.7(4.4) 37 -8.4(5.4) 41 -8.3(5.0) 

110° 38 -5.1(4.9) 38 -8.4(4.9) 41 -9.6(5.5) 43 -9.9(5.4) 

120° 35 -6.6(1.1) 37 -11.2(1.0) 34 -10.5(1.0) 37 -12.9(1.0) 

130° 57 -12.1(6.1) 20 -11.4(4.3) 53 -14.3(6.0) 17 -11.0(5.1) 

140° 28 -13.3(1.0) 4 -15.4(2.7) 24 -12.8(1.0) 4 -15.1(2.6) 

maxflex 44 -12.6(0.9) 56 -11.9(0.8) 42 -13.1(1.0) 53 11.8(0.8) 

Displacement (°)         

90°-120° 8 -4.0(1.1) 6 -3.3(1.2) 14 -2.6(0.9) 17 -4.0(0.9) 

120°-140° 21 -3.9(0.8) 4 -1.7(1.8) 21 -4.1(0.8) 3 -1.0(2.2) 

120°-maxflex 35 -4.1(0.6) 38 -1.3(0.6) 34 -3.5(0.6) 38 -1.2(0.6) 

140°-maxflex  28 -0.1(0.4) 4 -0.7(1.1) 24 -0.1(0.4) 4 -1.2(1.0) 

Rate-of-change (°/°flex)         

90°-120° 37 -0.1(0.0) 52 -0.2(0.0) 41 -0.1(0.0) 52 -0.1(0.0) 

120°-maxflex 43 -0.2(0.1) 40 -0.3(0.1) 43 -0.2(0.1) 40 0.1(0.1) 

varus/valgus(°) 
        

Position         

90°  10 2.8(1.2) 10 3.0(1.2) 18 1.2(1.3) 24 2.8(1.3) 

100° 28 0.6(3.2) 24 3.2(4.0) 37 0.6(2.3) 41 2.1(5.1) 

110° 38 0.3(2.7) 38 1.6(4.5)     

120°  36 0.1(0.7) 37 -0.2(0.7) 34 -0.6(0.6) 37 1.2(0.6) 

130° 57 -1.1(2.7) 20 0.5(2.4) 53 -1.0(2.3) 17 0.4(3.3) 
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Table 6-3. Position (mm or °), displacement (mm or °), and rate-of-change (/°flex) for healthy and 

osteoarthritis knees moving into and out of deep-flexion  

 
Into deep-flexion Out of deep-flexion 

Flexion Healthy OA Healthy OA 

 
N# Madj(SE) N# Madj(SE) N# Madj(SE) N# Madj(SE) 

140°  28 -1.5(0.6) 4 -1.1(1.6) 24 -1.4(0.6) 4 -1.4(1.5)) 

maxflex 44 -1.4(0.5) 54 -0.5(0.5)* 42 -1.5(0.6) 53 -0.5(0.5)* 

Displacement (°)         

90°-120° 8 -2.1(0.7) 6 -2.5(0.8)) 14 -1.6(0.7) 17 -3.4(0.6) 

120°-140° 21 -1.7(0.7) 4 -3.1(1.7) 21 -1.6(0.5) 3 -2.8(1.4) 

120°-maxflex 35 -1.5(0.5) 38 -1.0(0.5) 34 -1.5(0.4) 38 -1.2(0.4) 

140°-maxflex  28 -0.2(0.4) 4 -0.2(1.2) 37 -0.3(0.4) 4 -0.2(0.9) 

Rate-of-change (°/°flex)         

90°-120° 37 -0.1(0.0) 52 -0.1(0.0) 41 -0.1(0.0) 52 -0.1(0.0) 

120°-maxflex 43 -0.1(0.0) 40 -0.1(0.0) 43 -0.0(0.1) 40 -0.2(0.1) 

Madj(SE): adjusted mean for BMI covariate(standard error), maxflax: maximum flexion, #: Different numbers of 

participants achieved various flexion angles, due to participants starting and ending at different flexion angles. 
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Table 6-4. Pairwise contrasts for adjusted means (95% CI) for flexion angles and ranges that 

were shown to be statistically significant in the one-way MANCOVA and ANCOVA. 

 Into deep-flexion  Out of deep-flexion  

Kinematic variable Healthy - Osteoarthritis ρ# Healthy - Osteoarthritis  ρ# 

Maximum flexion 12.8(8.6,17.0) 0.000* 13.1(8.8, 17.4) 0.000* 
anterior/posterior (mm)     

Position (mm)     
100°  -0.3(-2.6, 2.0) 0.797 -0.3(-1.8, 1.2) 0.697 
110°  0.2(-1.7, 2.1) 0.826 -0.8(-2.5, 0.9) 0.336 
120° 1.6(-0.5, 3.7) 0.124 0.9(-1.1, 2.8) 0.606 
130° 0.7(-1.2, 2.7) 0.469 0.2(-1.5, 1.9) 0.799 
max flex -8.3(-11.5, -5.0) 0.000* -9.0(-11.2, -4.8) 0.000* 

Displacement (mm)     
120°-maxflex -5.8(-8.9, -2.8) 0.000*   
Maxflex-120°   7.0(9.7, 4.3) 0.000* 

Rate-of-change (mm/°flex)     

120°-maxflex  -0.1(-0.3, 0.1) 0.478   

Maxflex-120°   0.0(0.1, -0.1) 0.705 
120°-90°   -0.1(0.0, -0.1) 0.010* 

medial/lateral (mm)     
Position (mm)     

100° -4.1(-6.9, -1.3) 0.005 -2.6(-5.4, 0.2) 0.073 
110°  -1.4(-3.8, 1.0) 0.262 -1.1(-3.3, 1.0) 0.301 

120° -1.2(-4.1, 1.6) 0.347 -2.5(-4.9, -0.1) 0.049* 
130° -2.6(-5.8, 0.5) 0.103 -2.0(-6.1, 2.1) 0.333 
max flex -4.0(-6.2, -1.6) 0.001* -3.5(-6.1, -0.9) 0.010* 

Displacement (mm)     
120°-maxflex -1.2(-3.2, 0.9) 0.620   
Maxflex-120°   1.7(3.5, -0.2) 0.082 

Rate-of-change (mm/°flex)     

120°-maxflex  0.0(-0.2, 0.3) 0.787   
Maxflex-120°   -0.3(0.1, -0.6) 0.109 
120°-90°   -0.1(0.0, -0.2) 0.077 

superior/inferior (mm)     

Position (mm)     
100° 3.0(-0.01, 5.9) 0.051 3.6(1.4, 5.8) 0.002* 
110° 2.1(-0.3, 4.6) 0.088 2.8(0.4, 5.2) 0.022* 
120° 1.2(-1.5, 3.9) 0.349 1.6(-1.0, 4.2) 0.212 
130° 1.9(-0.7,4.4) 0146 2.1(-0.9, 5.0) 0.128 
max flex 0.4(-1.8, 2.5) 0.774 0.2(-2.0, 2.4) 0.899 

Displacement (mm)     
120°-maxflex -1.3(-2.1, -0.6)* 0.000*   
Maxflex-120°   1.4(2.0, 0.8)* 0.000* 

Rate-of-change (mm/°flex)     

120°-maxflex  -0.1(-0.1, -0.0)* 0.000*   

Maxflex-120°   -0.1(-0.2, 0.0)* 0.000* 
120°-90°   -0.1(-0.1, 0.0)* 0.000* 

internal/external     
Position (°)     

100°  2.9(-0.4, 6.2) 0.08* 0.0(-2.8, 2.9) 0.976 
110°  3.8(1.1, 6.5) 0.007* 1.3(-1.5, 4.0) 0.365 

120° 4.6(1.4, 7.7)* 0.000* 2.4(-0.6, 5.4) 0.174 
130° -0.7(-4.0, 2.6) 0.662 -2.8(-6.5, 0.8) 0.128 
max  flex -0.7(-3.3, 1.9) 0.369 -1.3(-4.0, 1.4) 0.185 

Displacement (°)     
120°-maxflex -2.8(-4.7, -0.8)* 0.032*   
Maxflex-120°   2.4(4.2, 0.5)* 0.014* 

Rate-of-change (°/°flex)     
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Table 6-4. Pairwise contrasts for adjusted means (95% CI) for flexion angles and ranges that 

were shown to be statistically significant in the one-way MANCOVA and ANCOVA. 

120°-maxflex  0.0(-0.4, 0.4) 0.812   
Maxflex-120°   0.2(0.5, -0.1) 0.104 
120°-90°   0.0(0.1, -0.1) 0.902 

varus/valgus     
Position (°)     

100°  -2.4(-4.8, -0.03) 0.047* -1.4(-3.6, 0.8) 0.211 
110° -1.1(-3.2, 0.9) 0.286 -1.5(-3.3, 0.4) 0.121 
120°  0.3(-1.8, 2.4) 0.770 -1.8(-3.5, -0.0)* 0.068 
130° -1.9(-3.5, -0.4) 0.014* -1.5(-3.1, 0.2) 0.078 

max flex -1.0(-2.5, 0.6) 0.163 -1.0(-2.7, 0.7) 0.213 
Displacement (°)     

120°-maxflex -0.5(-2.0, 0.9) 0.591   
Maxflex-120°   0.3(1.4, -0.8) 0.542 
120°-90°   -1.8(0.2, -3.8)  

Rate-of-change (°/°flex)     

120°-maxflex  0.0(-0.1, 0.1) 0.611   
Maxflex-120°   -0.2(0.0, -0.4) 0.082 
120°-90°   0.0(0.0, -0.1) 0.379 

#: adjusted for BMI; *ρ < 0.05, with Bonferroni adjustments made for multiple comparisons.  

6.4.2 Flexion/extension 

Knees with osteoarthritis did not flex as far. Knee osteoarthritis maximum flexion 

(maxflex) was 12.8° (95% CI 8.6°, 17°) less than healthy maxflex moving into 

flexion and 13.1° (8.8°, 17.4°) moving out of flexion (Figure 6-3A). The effect size 

of these differences was large p<0.001, partial ƞ2=0.289. 

6.4.3  Kinematic Positions  

There were differences between healthy and osteoarthritis knees moving into and out 

of flexion, but only the difference in anterior position had a large effect size. 

6.4.3.1 Moving into Flexion  

At 110° and 120° flexion, osteoarthritic femurs were -3.8° (-6.5°, -1.1°), -4.6° (-7.7°,-

1.4°), more externally rotated than healthy femurs, p=0.007, partial ƞ2=0.097 and 

p<0.0005, partial ƞ2=0.101 respectively, reflecting moderate effect sizes (Figure 6-

3B).  
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At maxflex, osteoarthritic femurs were 8.3 (5.0 to 11.5) mm more anterior, p<0.0005, 

partial ƞ2=0.221 and 4.0 (1.6, 6.2) mm more medial, p=0.001, partial ƞ2=0.110 

(medium effect) (Figure 6-2A & B). 

6.4.3.2 Moving out of Flexion 

At maxflex, osteoarthritic femurs were 9.0 (4.8, 11.2) mm more anterior (p<0.0005), 

partial ƞ2=0.226 (large effect) and 3.5 (0.9, 6.1) mm more medial, p=0.010, partial 

ƞ2=0.064 (medium effect) (Figure 6-2A & B). 

At 100° flexion osteoarthritic femurs were more inferior than healthy femurs, by -3.6 

(-5.8, -1.4) mm, p=0.002, partial ƞ2=0.123 (medium effect) (Figure 6-2C). 

6.4.4 Kinematic displacement  

There were large effect sizes for the differences between osteoarthritis and healthy 

anterior/posterior translation and superior/inferior translation. 

Between 120° to maxflex, the osteoarthritic femur translated 5.8 (2.8, 8.9) mm less 

posteriorly, p<0.0005, partial ƞ2=0.269 (Figure 6-2A) and 1.3 (0.6, 2.1) mm more 

superiorly, p<0.0005, partial ƞ2=0.281 (Figure 6-2C). 

Between maxflex back to 120° flexion, the osteoarthritic femur translated 7.0 (4.3, 

9.7) mm less anteriorly, p<0.0005, partial ƞ2=0.269 (Figure 6-2A) and 1.4 (0.8, 2.0) 

mm, less superiorly, p<0.0005, partial ƞ2=0.281 (Figure 6-2C). 

6.4.5 Kinematic Rates-Of-Change 

Moving into flexion, the osteoarthritis femurs moved faster superiorly with a large 

effect size. Coming out of flexion osteoarthritis femurs moved faster anteriorly and 

inferiorly with medium and large effect sizes. 
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Between 120° to maxflex, osteoarthritic femurs had a 0.1 (0.0, 0.1) mm/°flex larger 

superior translation rate-of-change, p<0.0005, partial ƞ2=0.190. Figure 6-2C shows 

osteoarthritic femurs moving faster superiorly (away from the tibia), and healthy 

femurs moving inferiorly (toward the tibia). 

Between maxflex back to 120°, osteoarthritic femurs had a 0.1 (0.0, 0.2) mm/°flex 

larger inferior translation rate-of-change, p<0.0005, partial ƞ2=0.141. Figure 6-2C 

shows osteoarthritic femurs moving faster inferiorly (toward the tibia). 

Between 120° to 90° flexion, osteoarthritic femurs had a 0.1 (0.1, 0.0) mm/°flex 

larger anterior rate-of-change p=0.010, partial ƞ2=0.067 and a 0.1 (0.0, 0.1) mm/°flex 

larger inferior rate-of-change, p < 0.0005, partial ƞ2=0.141. Figure 6-2A and Figure 

6-2C show that over this range, the osteoarthritic femur moved faster anteriorly and 

inferiorly. 
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Anterior/posterior 

translation view in the 

sagittal plane. 

 

 

Medial/lateral translation 

view in transverse plane 

viewed superiorly. 

 

 

Superior/inferior 

translation view in the 

sagittal plane. 

Figure 6-2. Translation in the three planes.  

Grood and Suntay(Grood and Suntay, 1983) reference system described on kneeling knee, with 1SE bars and 

Loess fit line (50%). A: anterior/posterior translation, B: medial/lateral translation, C: superior/inferior 

translation. The KOA participants appear to be more medial and demonstrate increasing superior separation at 

higher flexion; with the femurs not rolling back off the posterior tibial plateau, but instead appears to be levered 

off it. 

 

  



Chapter 6: Osteoarthritis changes knee kinematics of kneeling 

227 

 

 

120° flexion view in 

the sagittal plane. 

 

 

Internal/external 

rotation view in 

coronal plane. 

 

 

Varus/valgus view in 

the coronal plane. 

Figure 6-3. Rotation in the three planes.  

Grood and Suntay(Grood and Suntay, 1983) reference system described on kneeling knee. A: 

flexion/extension, B: external/internal rotation, C: varus/valgus. All with 1SE bars and Loess fit line 

(50%). 
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6.5 Discussion 

This is the first study to compare knee kinematics in six-degrees-of-freedom, of 

osteoarthritic and healthy participants, during weight-bearing kneeling, throughout a 

dynamic flexion/extension cycle. Strengths of this study were sample size and 

similarity for age and sex between groups. Those in the KOA group were less active, 

had more co-morbidities and pain. The kinematics of KOA were different to healthy 

knees between 100° and maximum flexion. 

We found that knee osteoarthritis maximum flexion was 12.8° less than healthy 

maximum flexion. These data are supported by the literature, however previous 

healthy and knee osteoarthritis differences in maximum flexion were larger. Hamai 

et al., 2009 reported 125° knee osteoarthritis maximum flexion and Moro-Oka et al., 

2008 from the same research group, reported 150° healthy knee maximum flexion, 

for the same kneeling task.(Hamai et al., 2009; Moro-oka et al., 2008) This 25° 

difference (in contrast to our 12.8°) may be due to Moro-Oka et al. 2008, studying 

healthy participants who were non-matched and younger than our healthy 

participants, who were all aged over 50 years. Acker et al., 2011 reported a mean 

maximum flexion angle 141.6°, age > 46 years for healthy Muslim males, while 

Hefzy et al., 1997, reported maximum flexion angles between 150°-160° for (5) 

healthy males, from the Middle-East.(Acker et al., 2011; Hefzy et al., 1997)  This 

higher maximum flexion is possibly due to cultural differences in their activities of 

daily living, which have high flexion demands. The lower maximum flexion seen in 

healthy western knees may be a function of lifestyle. The reduction in maximum 

flexion achieved by osteoarthritic participants may be due to joint stiffness, deformity 

and higher BMI. Joint stiffness and deformity can occur with osteoarthritic 

progression. Stiffness may result from increased production of cartilage-matrix-

degrading enzymes which reduce structural integrity, leading to fissures, 

neovascularisation, and eventually exposing subchondral bone.(Glyn-Jones et al., 

2015; Sharma et al., 2013) Also, higher BMI can lead to a physical limitation of knee 

flexion due to early thigh-calf contact.(Nagura et al., 2002; Zelle et al., 2007) 



Chapter 6: Osteoarthritis changes knee kinematics of kneeling 

229 

At deeper flexion angles, osteoarthritic femurs were in a more anterior position and 

translated less posteriorly as they moved into flexion. This result supports the 

findings of five previous studies which reported that osteoarthritic knees experienced 

less posterior femoral translation than normal/asymptomatic knees.(Hamai et al., 

2009; Kitagawa et al., 2010; Scarvell et al., 2007; Yue et al., 2011; Zeighami et al., 

2017) Reduced posterior femoral translation in KOA may be due to compromised 

PCL and popliteus ligaments. An early in vivo study from the University of 

Cambridge presented in 1967 suggested that in deep-flexion, posterior femoral 

translation resulted from the pull of the posterior fibres of the posterior cruciate 

ligament and the popliteus muscle.(Shute, 1967) In contrast to this, an in vitro study 

using a robotic set-up, found that in deeper flexion, muscle loads played a minimal 

role in tibial translation.(Li et al., 2004) Considering both studies, a systematic review 

which investigated in vivo and in vitro kinematics found in vitro systems did not 

capture deep flexion posterior femoral translation. Our accurate in vivo results agree 

with a 2014 study on high and low flexion TKA knees, which showed that it was not 

the overall anterior/posterior translation of the femur on the tibia that influenced 

maximum flexion angle; but the position of the condyles, with femoral condyles 

being more posterior.(Sharma et al., 2014) 

In our study, femurs of KOA participants were more medial at maximum flexion, but 

there were no differences in medial/lateral translation. This result supports Zeighami 

et al. and Yue et al., who reported that in deep flexion osteoarthritic femurs were 

more medially positioned, with no differences in mediolateral translation.(Yue et al., 

2011; Zeighami et al., 2017) Medial/lateral position and translation are primarily 

constrained by the bony anatomy.(Stowers, 1996) In deep flexion, the femoral 

position is influenced by the shape of the tibial plateau, particularly the intercondylar 

eminence.(Yildirim et al., 2007) In osteoarthritis the eminence narrows, and the tibial 

articular cartilage and subchondral bone are compromised.(Neogi and Zhang, 2013; 

OARSI, 2014) This loss of bony constraint could facilitate a more medially 

positioned femur. 

The increased superior translation of osteoarthritic femurs between 120° and 

maximum flexion is also a feature of low flexion total knee replacement (TKR) 
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kinematics.(Dennis et al., 2004) In low maximum flexion TKR knees, a higher 

incidence of mid-flexion lift-off has been reported.(Dennis et al., 2004) This is 

analogous to the increased superior translation of osteoarthritic femurs we have 

measured. Explanations for TKA lift-off include poor ligament balancing and muscle 

stabilisation.(Sharma et al., 2014) In KOA however, the increased superior 

translation could be a purely mechanical result of the more anteriorly positioned 

femur. As the hips descend to the calf with a downward force on the proximal femur, 

apposition of the distal femur on the posterior edge of the tibial plateau occurs. The 

combination of proximal femur downward force, and the apposition of femur on tibia, 

produces a seesaw (also known as a teeter/totter) action around the resulting fulcrum 

on the posterior tibial plateau. Thus, the more anterior femoral position produces a 

lever action, lifting the distal femur up and increasing superior position and 

translation. This is the first study to have made this observation. 

The osteoarthritic knee was in a more externally rotated position between 110° and 

120° flexion. At 120° flexion, our 6.6° healthy external rotation angle was less than 

the 10.9° reported by Moro-oka et al., 2008. However, at maximum flexion, our 

healthy external rotation angle of 13.3° (5.7°), is similar to their 16° (1.9°). These 

results also agree with Kitagawa et al., 2010 and Mochizuki et al., 2014, who both 

reported more externally rotated femurs moving into flexion, but disagree with Hamai 

et al., 2009  who found that osteoarthritic knees consistently had an overall 8° internal 

femoral rotation bias. Therefore, our external rotation position results predominantly 

agree with previous findings. 

Finding no difference between healthy and osteoarthritis internal/external rotation 

(displacement) over the entire kneeling cycle supports the results reported by Hamai 

et al., 2009  and Yue et al., 2011 who found no difference in rotation between their 

groups, but not Kitagawa et al., 2014 who reported more external tibial rotation 

moving into flexion. These conflicting results are at first difficult to explain. 

However, there are potential reasons for this conflict. Kitagawa et al., 2014 only 

investigated lateral knee osteoarthritis with a severe valgus deformity, while Hamai 

et al., 2009 and Yue et al., 2011 only investigated medial knee osteoarthritis, which 

more closely resembles our knee osteoarthritis cohort. We did not select or classify 
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by compartment, but as our cohort was primarily Caucasian, the majority would have 

medial knee osteoarthritis(Felson et al., 2002; Weidow et al., 2005). 

Surprisingly, in this study, we found no difference in varus/valgus position or rotation 

between healthy and osteoarthritic knees. Of the few studies that have reported varus 

in deep flexion, none has studied kneeling. Interestingly, our report of 1.7° healthy 

knee varus at maximum flexion was similar to the 1.5° reported for Caucasian males 

during lunging.(Leszko et al., 2011) We had expected a more varus position 

throughout kneeling as was reported for squatting, but our results concur with a 

systematic review that showed that the kinematics of kneeling and squatting are not 

the same.(Scarvell et al., 2018; Zeighami et al., 2017) 

This study should be considered in light of its limitations. Our investigated activity 

was kneeling and did not consider squatting, stair-climbing or other important 

activities. We only investigated single-leg kneeling (Figure 1). Other variations 

include double-legged, with feet either underneath or alongside the body. These 

different kneeling variations may well have different loading strategies, and when 

feet are constrained, there would be limited foot rotation. Thus, single-legged 

kneeling kinematics presented in this paper may not exactly represent double-legged 

kneeling. 

We did not discriminate between medial and lateral KOA, and the kinematics could 

be influenced by the degree of arthritic changes by compartment. For those outside 

the African-American and Chinese communities, lateral knee osteoarthritis 

prevalence has been reported as being only 8.8% for men, and 11% for 

women.(Felson et al., 2002; Wang et al., 2018) As 99% of our participants were 

European or Caucasian, we would likely have a high prevalence of medial knee 

osteoarthritis. Therefore, this limitation may only slightly influence our results. We 

did not normalise knee size. As fluoroscopy does not discern soft tissue, the menisci 

and articular cartilage were not considered. Finally, our 3D/2D image-registration 

technique was very accurate for in-plane measurement (flexion/extension, 

anterior/posterior, superior/inferior) but less so for out of plane rotations and 

translations (varus/valgus, internal/external, medial/lateral). 



Ph.D. Thesis; Osteoarthritic and Healthy Knee Kinematics 

232 

This study is the first to compare the kinematics of osteoarthritic and healthy knees 

during kneeling. We have demonstrated that osteoarthritis does change kneeling 

kinematics. Specifically, osteoarthritic knees achieve less flexion, which may be 

related to reduced posterior femoral translation and to the observed ‘lift off’ in 

osteoarthritic knees.  

The kinematic changes that we have identified in this research could inform the 

design of non-surgical management strategies that may assist those living with knee 

osteoarthritis. We showed that knee osteoarthritis changes kinematics. With this new 

information, further studies can be performed to identify if restoration of healthy knee 

kinematics can relieve knee osteoarthritis symptoms. If this is true, then non-surgical 

treatment strategies can be designed around restoring kinematics. We already know 

that strength training is effective in treating certain levels of knee osteoarthritis; but 

we do not understand the mechanisms, and the changes to kinematics, that underpin 

this result. There is also a need to find biomarkers that could discern if a knee is 

healthy or has osteoarthritis. As more work is performed in this area, we may find 

that there is a kinematic signature for different stages of osteoarthritis, which will 

complement the work being done to identify biochemical osteoarthritis biomarkers. 
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7.1 Abstract 

Background  

With more people living with knee osteoarthritis (KOA), there is a desire to determine 

if easily collected outcome-measures can improve the understanding and evaluation 

of treatment. From our previously measured six-degree-of-freedom (6DOF) 

tibiofemoral kinematic changes of KOA, we can now investigate the influence of 

these kinematics on measures used to determine disease severity including patient-

reported-outcome-measures (PROMs,) clinical and functional tests. 

Methods 

Healthy (n=67) and KOA (n=56) participants, aged from 20 to 90 years were 

included. We measured Oxford knee score (OKS), assessment-of-quality-of-life 

(AQoL-8), and the pain-visual-analogue-scale (painVAS), American-knee-society-

score (KSS), and the functional tests: five-times-sit-to-stand, timed-up-and-go, the 

ten-meter-walking-test, and the six-minute-walking-test. Kinematic data was 

measured in vivo using 3D/2D multimodal image-registration during a full cycle of 

kneeling. Linear-regressions were run for the PROMs, KSS, and functional tests to 

determine how much variation can be explained by kinematics. Only kinematics 

previously shown to change with KOA were included as independent variables. 

Results 

Maximum flexion (maxflex) was associated with better outcome scores. Maxflex is 

explained by anterior/posterior translation and external/internal rotation. Increased 

femoral valgus in deep flexion improved both function and pain scores. A smaller 

than expected internal/external rotation contribution can be explained by limitations 

of the Grood and Suntay reference system in deep flexion.  

Discussion 

Maximum flexion, varus/valgus, and internal/external rotation in deep flexion, are 

associated with the outcome measures used to characterise the severity of impairment 
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due to KOA. By determining the relationship between the kinematics and clinical 

measures we can better inform clinical treatment. 
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7.2 Introduction 

The number of knee osteoarthritis (KOA) diagnoses are growing due to increasing 

BMI, sports injuries, and an ageing population.(Silverwood et al., 2015) KOA is a 

chronic disease, which can include the symptoms of joint pain, stiffness, swelling and 

fatigue.(Lin et al., 2009) Unfortunately, one suffering from chronic pain is more 

likely to leave the workforce, a poor result when there is a global need for people to 

continue working.(Agaliotis et al., 2014) The compensating income for the chronic 

pain of KOA has been calculated at US$640/day.(McNamee and Mendolia, 2014) 

With such high societal impact from this long-term condition, there is support for 

using easily collected data, including patient-reported-outcome-measures (PROMs), 

clinical and functional tests, to evaluate outcomes in health and social care 

settings.(C. Hunter et al., 2015) The variation in the PROMs, clinical and functional 

data that is associated with knee kinematics may provide new insight into treatment 

design and efficacy. 

The need for effective non-surgical treatments for KOA is rising, as more people are 

living with the disease for prolonged periods. Some reasons for this include long 

surgical waiting lists, and an increasing number of patients who are unable or 

unwilling to undergo surgery.(Larmer et al., 2014) Non-surgical treatments aim to 

provide pain relief, maintain and recover physical function, improve quality of life, 

and slow down disease progression. Evidence-based guidelines for non-surgical 

treatments are published by the Osteoarthritis Research Society International 

(OARSI)(McAlindon et al., 2014), the European League Against Rheumatism 

(EULAR)(Fernandes et al., 2013), and the American College of Rheumatology 

(ACR).(Hochberg et al., 2012) Across these guidelines, the highest levels-of-

evidence treatments were land-based exercises, strength training, and weight-loss. To 

assist and increase the efficacy of these treatments, kinematics has been used to 

inform the design of new exercise and strength training treatments.(Farrokhi et al., 

2013; Michelle Hall et al., 2018) These organisations also recommend that treatment 

outcomes be evaluated by various PROMs, functional and clinical tests. So, what is 

the relationship between knee kinematics and knee outcome measures? By 
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determining the relationship between the kinematics and clinical measures we can 

better inform clinical treatment. 

The kinematics of KOA have been examined in several activities, including gait, 

squatting, lunging, and kneeling. Kneeling is the least investigated activity, and one 

which many people avoid, as it requires a high degree of flexion and a loaded 

knee.(Galvin et al., 2018b; Mulholland and Wyss, 2001) The tibiofemoral kinematics 

of kneeling are providing new insights into the effect of KOA on tibiofemoral joint 

motion.(Galvin et al., 2018a) This motion is changed by the deterioration of the entire 

knee capsule that occurs with KOA and may provide a useful measure of the efficacy 

of conservative treatments. KOA resulted in differences in the position, displacement 

and speed of motion of the femur relative to the tibia.(Galvin et al., 2018a) These 

differences could provide a method of determining the level of KOA damage, and 

even the efficacy of treatment. However, to accurately measure six-degree-of-

freedom tibiofemoral kinematics requires equipment such as a CT, MRI and 

fluoroscopy; which makes its use in the broader community expensive and limited. 

To determine KOA severity, OARSI,(McAlindon et al., 2014) Outcome Measures in 

Rheumatology Group (OMERACT), and Groups for the Respect of Ethics and 

Excellence in Science (GREES) have recommended measuring pain, disease status, 

and functional impairment, all of which can be sensitive to changes in the knee 

joint.(Tubach et al., 2005) These measures can be made using PROMs, clinical 

scores, and functional testing. The PROMs can include the Oxford Knee Score 

(OKS)(Dawson et al., 1998), the pain visual-analogue-scale (painVAS)(Price et al., 

1983) and the Assessment of Quality of Life (AQoL).(Richardson et al., 2013) The 

American Knee Society Score (KSS) is the clinical score which includes both patient 

and clinician input and is used to gauge the benefit of a total-knee-replacement 

(TKR).(Caplan et al., 1989) Functional tests have been shown to be more sensitive to 

change than the PROMs and so collecting both is important.(Rozzini et al., 1997)  

Previously it was stated that PROMs data and kinematic data were two distinct 

constructs and one could not serve as a proxy for the other.(Holsgaard-Larsen et al., 

2014) Perhaps expecting easily collected data to be a proxy for mechanical 
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information was too ambitious, but it has been shown that pain has a relationship with 

both. The experience of pain is unique to each person and is not just a linear response 

to an injury or disease, as it is influenced by other factors including genetics, 

psychology, and personal history.(Michelle Hall et al., 2018) By using the PROM 

Western-Ontario-and-McMaster-Universities-Osteoarthritis-Index (WOMAC) it has 

been shown that an increase in pain was associated with a decrease in extensor and 

flexor-strength; identifying a relationship between the two measures.(Michelle Hall 

et al., 2018) Another study was able to classify KOA patients into three groups, based 

on their predicted response to hip-strengthening treatment, by using a combination of 

gait data and PROMs.(Kobsar et al., 2015) The OKS is related to knee range-of-

motion (ROM) after a total knee replacement (TKR)(Maempel et al., 2016) as it 

includes questions regarding stair-climbing, kneeling and getting into a car. Thus, 

what were once considered two distinct constructs, have begun to reveal that there 

are important relationships between them. 

The primary objective of this study was to determine how much of the variation of 

the PROMs, clinical data, and functional test results can be explained by the 

kinematic variables measured during kneeling. The kinematic variables included in 

this study were previously identified as being significantly different between healthy 

and KOA groups.(Galvin et al., 2018) 
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7.3 Methods 

This is a cross-sectional study and a subset of the randomised controlled trial titled: 

A prospective imaging study of cruciate-retaining, cruciate-substituting, and rotating-

platform knee replacement, in osteoarthritis and healthy ageing; (PICKLeS) 

#ISRCTN75076749. Recruitment and testing occurred between February 2012 and 

October 2017. 

7.3.1 Subject Recruitment 

This study received ethics approval from both ACT Health and University of 

Canberra Human Research Ethics Committees (ETH.4.11.071). In total, 123 

participants, 67 healthy and 56 with KOA, aged from 20 to 90 years were recruited 

and gave informed consent to participate in this study. One surgeon, PNS, identified 

participants in the KOA group, following consultation, X-rays and listing for TKR 

surgery. 

7.3.2 Data Collection 

Observer, participant and performance bias was controlled by data deidentification, 

standardised instruction protocols, and the objective nature of image registration. 

However, researchers could not be blinded to participant groups at recruitment, 

imaging, data entry or analysis. All participants were assessed for KL grade, 

including those who identified themselves as ‘healthy’. All data was collected on the 

day of testing. 

The PROMs collected were the OKS(Dawson et al., 1998), the painVAS(Price et al., 

1983), and the AQoL-8D utility score.(Richardson et al., 2013) The OKS has twelve 

questions, and has been used to assess TKR outcomes and evaluate conservative 

treatments.(Dawson et al., 1998) It can be broken into its two sub-categories: pain 

and function. The painVAS is recommended for KOA assessment, and is a simple 

means of measuring pain intensity, requiring the patient to provide a number between 

0 and 100, where 0 indicates a pain free knee and 100 is the highest pain score. A 
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higher painVAS can indicate significant disability and measure a clinically important 

difference.(Naylor et al., 2014; Tubach et al., 2005) The AQoL-8D utility score, 

including its physical and psycho-social sub-categories, quantifies overall health by 

considering physical, emotional, and social aspects of health. It includes 34 questions, 

and has been validated for KOA.(Hawthorne and Osborne, 2005) 

The KSS, the clinical measure collected, is recommended for use by the American 

Journal of Bone and Joint Surgery and includes both patient and clinician 

input.(Beard et al., 2010) The KSS can be broken into two sub-categories,  the ‘knee 

score’ which measures knee condition, and the ‘functional score’ which measures 

ability.(Caplan et al., 1989) 

Endurance, speed, balance, lower-limb strength and agility were measured with four 

functional tests (Box 7-1). The six-minute-walking-test (6MWT)  for 

endurance,(Crapo et al., 2002) the five-times-sit-to-stand (5STS) for lower limb 

strength,(Schaubert and Bohannon, 2005) the 10m walking test (10MWT) for gait 

speed,(Marques et al., 2015; Middleton et al., 2015a) and the timed-up-and-go (TUG) 

for balance and lower leg function.(Bischoff et al., 2003) 

7.3.3 Medical Imaging 

The 3D image was taken using a Toshiba Aquilion spiral CT scanner (Toshiba 

Medical Systems, Japan) that reconstructed each 1mm slice at 512 x 512 voxels with 

spatial dimensions 0.625 x 0.625 x 0.5 mm3 and 16 bits/pixel. The participant lay 

supine within the CT scanner, with the test knee placed within a specially designed 

calibration box to deal with distortion. 

Kneeling was recorded using a curved panel fluoroscope (AXIOM-Artis, Siemens) 

at 30 Hz, with 1024 x 1024-pixel spatial resolution and 12 bits/pixel. Parameters for 

this system included 1200 mm between tube source and image intensifier, a screen 

size of 280 mm, and no filter disc on the image intensifier. Participants placed their 

knee onto a box (with the foot free to rotate), within the c-arm of the fluoroscopy 

machine, approximately 240 mm from the image intensifier. One full cycle of 
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kneeling began at 90° flexion, kneeling as deeply as possible and then returning to 

the start. 

7.3.4 Image-Registration 

Our custom 3D-2D image-registration software, Orthovis©  was used to align the CT 

still image with the dynamic fluoroscopy images (Figure 7-1).(Akter et al., 2014) The 

output from the registration process was a dynamic 3D image of the knee-joint 

descending into and ascending out of kneeling, which was then used to quantify 

6DOF tibiofemoral motion as defined by the Grood and Suntay coordinate 

system.(Grood and Suntay, 1983; Wu and Cavanagh, 1995) This first involved 

identifying two independent orthogonal axis sets, one for the femur, and the other for 

the tibia and quantifying relative motion between the origins. The femoral origin was 

set as the most proximal point of the intercondylar notch, and the tibial origin is at 

the centre of the tibial eminence. Orthovis has an in-plane precision of ± 0.2 mm 

translation and ± 0.3°, while the out-of-plane precision is 0.9 mm and 0.5°.(Muhit et 

al., 2013) 

The six-degree-of-flexion (6DOF) kinematic variables measured included three 

rotations: flexion, internal/external, and varus/valgus, and three translations: 

anterior/posterior, medial/lateral and superior/inferior (Figure 7-2). Our previous 

study of kneeling compared these kinematics between healthy and KOA 

participants.(Galvin et al., 2018a) From our comprehensive dataset of 131 kinematic 

data variables, twenty-two variables were shown to be different between healthy and 

KOA groups.(Galvin et al., 2018) We therefore used these as the independent 

variables in this analysis.  
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Figure 7-1. 3D/2D multimodal image-registration.  

A: Kneeling was recorded using a curved plane fluoroscopy system over the entire kneeling cycle. B: The 

2D reconstructed image of the CT is loaded into Orthovis and manually manipulated to match size and 

position C: Orthovis automatically matches the CT to the fluoroscopy. D: The final 3D image of the joint 

can be visualized from any angle, and the 3D motion is quantified using Grood and Suntay reference 

system. 

  

A 
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Figure 7-2. Grood and Suntay applied to kneeling kinematics.(Grood and Suntay, 1983) 

 

  
Figure 7-3. Rotation of tibiofemoral joint in deep flexion. 

Left: Elevated view of tibiofemoral joint in deep knee flexion demonstrating femoral valgus. 

Right: Frontal  view of tibiofemoral joint in deep knee flexion demonstrating that femoral valgus 

results in femoral external rotation 
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7.3.5 Statistical Analyses 

Participant characteristics were described by two groups, healthy and KOA, using 

mean and standard deviation for continuous variables, with a t-test to explore 

differences. A chi-square test was used to explore sex differences. A Mann-Whitney 

U test was used to determine the difference in KL scores between groups. 

Multiple linear step-wise regressions were used to determine how much of the 

variation in the OKS, KSS, and functional tests were explained by the independent 

kinematic variables selected. 

Measurements included kinematic variable positions at the flexion angles: 90°, 100°, 

110°, 120°, 130°, 140° and maxflex, and their displacement and rate-of-change (/° 

flex), over the flexion ranges 90° to 120°, and 120° to maxflex (Figure 7-2). Phase 1 

identified moving into flexion and phase 2 was moving out of flexion. Initially, 

twenty-two independent kinematic variables were included. From this list, those 

variables that included more than 50 null cells, or showed large covariance were 

removed. Dependent variable missing values were managed using means 

substitution.(Kang, 2013) The final list of dependent and independent kinematic 

variables used in the analysis is shown in Box 7-1. 

To check assumptions, initial multiple regressions were run (chapter 4.5.5 page 169). 

The Durbin-Watson statistic assessed independence of observations.(Durbin and 

Watson, 1951) Graphs of predicted values and studentized residuals were examined 

to determine if there was a linear relationship of the dependent variable with each of 

the independent variables and collectively. These graphs were also used to check for 

homogeneity of variances along the line of best fit. Variables were removed if they 

were found to be colinear (Pearson’s coefficient>0.7). The studentized deleted 

residuals greater than ±3 standard deviations, the leverage values greater than 0.2, 

and those values with Cook’s distance above 1, were checked for human and 

technical error. 

The resulting regression equations, from the linear regression, were expressed in the 

following form:  
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Predicted dependent value = B0 + (B1 x iv1) + (B2 x iv2)+….+ 𝜀  

B0 is the constant, Bx is the coefficient of the independent variable iv, and ε is the 

error. The unique contribution percentage was the square of the unique correlation 

reported for each independent variable described in Table 7-3. This calculation 

quantified each independent variable’s contribution to the variation of the dependent 

variable, if it was the only independent variable in the equation. 
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Box 7-1. Dependent and independent kinematic variables that were used in the final multiple 

linear regression analyses. 

To determine associations between PROMs, functional and clinical data. maxflex: maximum 

flexion, p1: moving into flexion, p2: moving out of flexion. 

 

Dependent variables investigated 

Patient recorded outcome measures 

OKS total  Oxford knee score 

OKS-pain 

OKS-function 

Pain VAS  Pain visual analogue scale 

AQoL-8D utility score Associated quality of life 

AQoL-8D psychosocial score 

AQoL-8D physical score 

 

Clinical score 

KSS-total  American knee society score 

KSS-knee score 

KSS-functional score 

 

Functional tests 

5STS   Five times sit to stand 

TUG   Timed up and go 

10MWT  Ten meter walking test 

6MWT  Six minute walking test 

Maximum flexion 

Independent kinematic variables included in analysis 

Position 

Maximum flexion 

AP_maxflexp1:  Anterior/posterior position at maxflex, into flexion 

ML_120°p2:   Medial/lateral position at 120°, out of flexion 

ML_maxflexp1: Medial/lateral position at maximum flexion, into flexion 

SI_110°p2:  Superior/inferior position at 110°, out of flexion  

SI_130°p1:  Superior/inferior position at 130°, into flexion 

IE_120°p1:   Internal/external angle at 120° flexion, into flexion 

VV_130°p1:   Varus/valgus angle at 130° flexion, into flexion 

 

Displacements 

SI_120°tomaxflex:  Superior/inferior translation between 120° and maxflex 

IE_120°tomaxflex:  Internal/external rotation between 120° and maxflex 

 

Rate of change (/° flexion) 

SI roc 120°tomaxflex: Superior/inferior rate-of-change(mm/°flex) between 120° and maxflex 

SI roc maxflex to 120°: Superior/inferior rate-of-change(mm/°flex) between maxflex  and 120° 



Ph.D. Thesis; Osteoarthritic and Healthy Knee Kinematics 

250 

7.4 Results 

The groups were significantly different for all demographics and variables except 

sex. (Table 7-1). Multivariate linear-regression model summary data are included in 

Table 7-2. All statistically significant coefficients for each of the dependent variables 

investigated are included in Table 7-3, along with the standard error and standardized 

coefficient. 

7.4.1 Oxford Knee Score 

𝐎𝐊𝐒 𝐭𝐨𝐭𝐚𝐥 =  −51.443 + 0.654 (𝑚𝑎𝑥 𝑓𝑙𝑒𝑥) −

1.1(𝑣𝑎𝑟𝑢𝑠_v𝑎𝑙𝑔𝑢𝑠130𝑑𝑒𝑔𝑝1) +  𝜀   

Eq 1 

Maxflex and varus/valgus@130°flexion explained 53.3% of the OKS variance 

(Figure 7-4A). Maximum flexion alone contributed 51.4% (r = 0.717). 

Varus/valgus@130° flexion alone contributed 6.7 % of the variance (r=0.258).  

Every increase of 11° of maxflex explained 7 points increase in the OKS, which is 

the minimum clinically important difference (MCID). 

𝐎𝐊𝐒 𝐩𝐚𝐢𝐧 = −27.893 + 0.316 ( 𝑚𝑎𝑥 𝑓𝑙𝑒𝑥) −

0.585 (𝑣𝑎𝑟𝑢𝑠_v𝑎𝑙𝑔𝑢𝑠130𝑑𝑒𝑔𝑝1) +  𝜀  

Eq 2 

Maxflex and varus/valgus@130° flexion explained 53.2% variance of the OKS-pain 

score (Figure 7-4B). Maximum flexion alone contributed 49% (r=0.710). 

Varus/valgus@130° flexion alone contributed 7.8% of the variance (r=0.281).  

𝐎𝐊𝐒 𝐟𝐮𝐧𝐜𝐭𝐢𝐨𝐧 = −23.537 + 0.338 (𝑚𝑎𝑥 𝑓𝑙𝑒𝑥) −

0.513 (𝑣𝑎𝑟𝑢𝑠_v𝑎𝑙𝑔𝑢𝑠130𝑑𝑒𝑔𝑝1) + 𝜀  

Eq3 

Maxflex and varus/valgus@130° flexion  explained 48.6% of the OKS-function score 

variance (Figure 7-4C). Maximum flexion alone contributed 48% (r = 0.693). 

Varus/valgus@130° flexion alone contributed 5.1% of the variance (r=0.225).  
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7.4.2 The American Knee Society Score 

𝐊𝐒𝐒 𝐭𝐨𝐭𝐚𝐥 = −170.116 2.409 (𝑚𝑎𝑥 𝑓𝑙𝑒𝑥) −

5.632(𝑣𝑎𝑟𝑢𝑠_𝑣𝑎𝑙𝑔𝑢𝑠130°𝑝1) + 𝜀  

Eq 4 

Maxflex and varus/valgus@130° flexion explained 52% of the KSS variance (Figure 

7-4D). Maximum flexion alone contributed 46.2% (r = 0.680), and the 

varus/valgus@130° flexion alone contributed 11.6% of the variance (r=0.340). 

No MCID for KSS has been published. 

𝐊𝐒𝐒 𝐤𝐧𝐞𝐞 𝐬𝐜𝐨𝐫𝐞 = −63.691 + 1.119 ( 𝑚𝑎𝑥 𝑓𝑙𝑒𝑥 ) −

3.225 (𝑣𝑎𝑟𝑢𝑠_𝑣𝑎𝑙𝑔𝑢𝑠130°𝑝1) + 0.839 (𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙_𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙100°𝑝1) + 𝜀  

Eq 5 

Maxflex, varus/valgus@130° flexion and internal/external angle@100° flexion 

explained 67.2% of the KSS-knee score variance (Figure 7-4E). Maximum flexion 

alone contributed 44.4% (r = 0.667), varus/valgus@130° flexion alone contributed 

17.6% (r=0.419), and the internal/external angle@100° flexion alone contributed 

6.1% of the variance (r=0.247). 

𝐊𝐒𝐒 𝐟𝐮𝐧𝐜𝐭𝐢𝐨𝐧 𝐬𝐜𝐨𝐫𝐞 = −132.864 + 1.519 ( 𝑚𝑎𝑥 𝑓𝑙𝑒𝑥)  ) −

3.090 (𝑣𝑎𝑟𝑢𝑠_𝑣𝑎𝑙𝑔𝑢𝑠130°𝑝1) +  𝜀    

Eq 6 

Maxflex, and varus/valgus@130° flexion explained 41.9% of the KSS-function score 

variance (Figure 7-4F). Maximum flexion alone contributed 39.4% (r = 0.628), and 

varus/valgus@130° flexion alone contributed 7.5% of the variance (r=0.273). 

7.4.3 Pain Visual Analogue Scale 

𝐩𝐚𝐢𝐧𝐕𝐀𝐒 = 195.426 − 1.325 (𝑚𝑎𝑥 f𝑙𝑒𝑥) +

3.643 (𝑣𝑎𝑟𝑢𝑠_𝑣𝑎𝑙𝑔𝑢𝑠130°𝑝1) − 1.023 (𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙_𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙120°𝑝1) + 𝜀  

Eq. 7 

Maxflex, varus/valgus@130° flexion and internal/external rotation position @120° 

flexion explained 48.6% of the painVAS (Figure 7-5D). Maximum flexion alone 
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contributed 34.5% (r=0.587), varus/valgus@130° flexion alone contributed 12% 

(r=0.347), and the internal/external angle@120° flexion alone contributed 4.9% of 

the variance (r=0.221). 

Every 10° increase of maxflex explained a 13 point decrease of the painVAS, which 

is more than the MCID threshold for a painVAS (30-51mm).(Tubach et al., 2005) 

7.4.4 Associated Quality of Life Utility Score 

𝐀𝐐𝐨𝐋 𝟖𝐃 𝐮𝐭𝐢𝐥𝐢𝐭𝐲 = 0.006 (𝑚𝑎𝑥 𝑓𝑙𝑒𝑥 ) + 𝜀  Eq 8 

Maxflex explained 22.9% of the AQoL-8Dutility score (Figure 7-5A). 

For every extra 10° maxflex, the AQoL-8Dutility score increased by 0.06, which is 

the minimally important difference.(Hawthorne and Osborne, 2005) 

𝐀𝐐𝐨𝐋 𝟖𝐃 𝐩𝐡𝐲𝐬𝐢𝐜𝐚𝐥 = −0.747 + 0.011 (𝑚𝑎𝑥 𝑓𝑙𝑒𝑥) −

0.019(𝑣𝑎𝑟𝑢𝑠_𝑣𝑎𝑙𝑔𝑢𝑠130°𝑝1) + 𝜀   

Eq. 9 

Maxflex and varus/valgus@130° flexion explained 43.5% of the AQoL-8Dphysical 

super-dimension (Figure 7-5B). Maximum flexion alone contributed 42.4% (r = 

0.651), and varus/valgus@130° flexion alone contributed 5.8% of the variance 

(r=0.241). 

𝐀𝐐𝐨𝐋 𝟖𝐃 𝐩𝐬𝐲𝐜𝐡𝐨𝐬𝐨𝐜𝐢𝐚𝐥 = 0.005(𝑚𝑎𝑥 𝑓𝑙𝑒𝑥) + 𝜀   Eq. 10 

Maxflex explained 11.1% of the AQoL-8Dpsycho-social super-dimension (Figure 7-

5C). 

7.4.5 Five Times Sit to Stand 

𝟓𝐒𝐓𝐒 =  9.992 − 2.314 (𝑠𝑢𝑝𝑒𝑟𝑖𝑜𝑟_𝑖𝑛𝑓𝑒𝑟𝑖𝑜𝑟𝑚𝑎𝑥𝑓𝑙𝑒𝑥 𝑡𝑜 120°) −

1.824(𝑠u𝑝𝑒𝑟𝑖𝑜𝑟_𝑖𝑛𝑓𝑒𝑟𝑖𝑜𝑟120° 𝑡𝑜 𝑚𝑎𝑥𝑓𝑙𝑒𝑥) −

0.364(𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙_𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙𝑚𝑎𝑥𝑓𝑙𝑒𝑥 𝑡𝑜 120° ) + 𝜀   

Eq.11 
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Two superior/inferior translations and internal/external rotation explained 20% of the 

5STS time (Figure 7-6B). Superior/inferior translation (maxflex to 120°) alone 

contributed 16.4% (r=0.405), superior/inferior translation (120° to maxflex) alone 

contributed 12.2% (r=0.3449), and. internal/external rotation (maxflex to 120°) alone 

contributed 7.8% of the variance (r=0.279). 

For every millimetre of superior/inferior translation (maxflex to 120°), the 5STS time 

decreased by 2.3 seconds, which is more than the minimal detectable 

change.(Schaubert and Bohannon, 2005) 

7.4.6 Timed Up and GO 

𝐓𝐔𝐆 =  24.570 − 0.133 (𝑚𝑎𝑥 𝑓𝑙𝑒𝑥 ) + 𝜀  Eq. 12 

Maxflex explained 21.1% of the TUG time (Figure 7-6C). 

Every 10° increase in maxflex explained a 1.3 second decrease in the TUG, below 

the MCID threshold of 1.84 sec.(Marques et al., 2015) 

7.4.7 10m Walking Test 

𝟏𝟎𝐦𝐖𝐓 =  18.741 − 0.097 (𝑚𝑎𝑥 𝑓𝑙𝑒𝑥 ) + 𝜀   Eq.13 

Maxflex explained 18.5% of the 10mWT time (Figure 7-6E). 

Every 5° increase in maxflex explained a 0.5 second decrease in the 10mWT time, 

which is the MCID threshold for elderly and geriatric populations (0.5 sec).(Perera 

et al., 2006) 

7.4.8 Six-Minute Walking Test 

𝟔𝐌𝐖𝐓 =  −663.641 +

6.287(𝑚𝑎𝑥 𝑓𝑙𝑒𝑥) + 9.437 (𝑠𝑢𝑝𝑒𝑟𝑖𝑜𝑟_𝑖𝑛𝑓𝑒𝑟𝑖𝑜𝑟110°𝑝2) + 𝜀  

Eq.14 
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Maxflex and superior/inferior position@110° flexion explained 32.5% of the 6MWT 

distance (Figure 7-6D). Maximum flexion alone contributed 21.6% (r = 0.465), and 

superior/inferior position@110° flexion alone contributed 6.9% of the variance 

(r=0.262). 

Every 10° increase of maxflex explained an increased distance of 63m, which is over 

the minimum detectable change for KOA patients (61m), and over the MCID 

threshold for elderly and geriatric populations (50m).(Perera et al., 2006) 

7.4.9 Maximum Flexion 

𝐌𝐚𝐱𝐢𝐦𝐮𝐦 𝐟𝐥𝐞𝐱𝐢𝐨𝐧 =  116.354 −

1.217(𝑎𝑛𝑡𝑒𝑟𝑖𝑜𝑟_𝑝𝑜𝑠𝑡𝑒𝑟𝑖𝑜𝑟𝑚𝑎𝑥𝑓𝑙𝑒𝑥) −

0.524 (𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙_𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙120°𝑡𝑜 𝑚𝑎𝑥𝑓𝑙𝑒𝑥) +  𝜀  

Eq. 15 

Maximum flexion was very highly associated with the anterior/posterior position 

@maxflex, and the internal/external rotation (120° to maxflex) (Figure 7-6A). These 

kinematic variables explained 85.3% of maxflex. Because of their collinearity 

anterior/posterior @maxflex, and internal/external angle (120° to maxflex) were 

removed from the regression models. 

Anterior/posterior position @maxflex explained 65.4% (r=0.809) of the variance of 

maxflex, while internal/external rotation (120° to maxflex) explained only 3% 

(r=0.189). 
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Table 7-1. Participant demographics. 

 Healthy  Knee osteoarthritis ρ 

 N Mean SD  N Mean SD  

Age 67 54.9  19.2  56 70.6 8.3 <0.0005 

Sex 67 F:36,M:31   56 F:31,M:25  0.999 

Kellgren-Lawrence score 

(0,1,2,3,4)  

66 (42,19,4,1,0)   55 (0,0,0,16, 39)  <0.0005 

Body mass index (kg/m2) 67 24.8 3.2  56 30.7 5.2 <0.0005 

FCI 66 1.4 1.8  56 2.7 1.9 <0.0005 

UCLA 67 7.8 2.3  56 4.9 1.6 <0.0005 

Patient reported outcomes 
        

OKS total 67 47.3 1.6  56 26.6 7.4 <0.0005 

OKS-pain 67 19.8 0.6  56 9.8 3.8 <0.0005 

OKS-function 67 27.5 1.4  56 16.8 4.4 <0.0005 

AQoL-8D utility 67 0.92 0.07  56 0.74 0.19 <0.0005 

AQoL8D physical 67 0.87 0.1  56 0.54 0.14 <0.0005 

AQoL-8D psycho-social 67 0.58 1.47  56 0.45 0.19 <0.0005 

painVAS 67 2.9 4.4  56 47.3 25.4 <0.0005 

Clinical score 
        

KSS-total 67 196.6 9.2  56 116 27.1 <0.0005 

KSS-knee score 67 98.66 2.5  55 63.6 15.7 <0.0005 

KSS clinical score 67 98.15 8.5  55 48.8 23.4 <0.0005 

Functional Tests 
        

6MWT 67 623.7 131  56 410 129 <0.0005 

5STS 67 8.1 2.3  56 13.2 5.9 <0.0005 

10MWT 67 4.6 1.1  56 7.0 3.5 <0.0005 

TUG 67 5.2 1.4  56 8.3 4.5 <0.0005 

Max flex 67 143.6 5.9  56 125.6 11.7 <0.0005 

Independent kinematic 

variables # 

        

AP_maxflexp1 (mm) 66 -19.2 6.0  56 -7.8 7.7 <0.0005 

ML_120p2 (mm) 48 -4.6 5.7  38 -2.0 4.0 0.016 

ML_maxflexp1 (mm) 66 -6.7 5.9  56 -2.6 3.6 <0.0005 

SI_110p2 (mm) 41 37.2 4.6  44 34.7 4.7 <0.0005 

SI_120tomaxflex (mm) 51 -1.5 1.5  38 0.2 1.7 <0.0005 

IE_120p1 (°) 51 -8.3 6.4  38 -10.6 5.8 0.004 

IE_120tomaxflex (°) 51 -5.6 5.1  38 -1.5 3.1 <0.0005 

IE_maxflexto120° (°) 48 2.7 4.7  38 0.02 3.3 0.002 

VV_130p1 (°) 57 -1.1 2.7  20 0.5 2.4 0.023 

SI_roc120°tomaxflex ## 66 -0.07 0.06  40 0.06 0.10 <0.0005 

SI_roc maxflexto120°## 67 -0.05 0.12  40 0.1 0.15 <0.0005 
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Table 7-1. Participant demographics. 

N: number of participants, OKS: Oxford knee score, FCI: functional comorbidity index, AQoL-8Dphys: physical 

dimension of the associated quality of life score, AQoL-8Dutility total associated quality of life score, painVAS 

visual analogue score for pain (0-100), KSS: American knee society score, 6MWT: six-minute walking test, 5STS: 

five-times sit to stand, 10MWT: 10m walking test, TUG: timed up and go test, #:see full description of kinematic 

variables in Box 7-1, ##: mm/°flexion. 
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Figure 7-4. Predicted versus actual values, OKS and KSS. 

A: OKS total score, B: OKS-pain score, C: OKS-function score, D: KSS-total score, E: KSS clinical score, F: 

KSS-function score. As can be seen across these graphs the OKS and KSS have a ceiling effect for healthy 

participants. However, for TKR patients this does not occur.  
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Figure 7-5. Predicted versus actual values, AQoL-8D and painVAS.  

A: AQoL-8D utility score, B: AQoL-8D physical super dimension, C: AQoL-8D psycho-social 

super dimension, D: painVAS. 
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Figure 7-6. Predicted versus actual values, 5STS, TUG, 6MWT, 10MWT. 

A: maxflex, B: 5STS five times sit to stand, C:TUG timed up and go D:6MWT six-minute walking 

test, E: 10mWT. Ten-meter walking test. 
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Table 7-2. Model summaries of the multivariate linear regressions for the PROMs, clinical and 

functional tests 

 
Model  ANOVA 

Dependent variables 
R2 Adjusted 

R2  
Durbin-
Watson 

 Df F ρ 

OKS 0.550 0.533 1.442  2,53 32.384 <0.0005 

OKS-pain 0.549 0.532 1.480  2,53 32.281 <0.0005 

OKS-function 0.505 0.486 1.461  2,53 27.014 <0.0005 

KSS 0.538 0.520 1.362  2,53 30.842 <0.0005 

KSS clinical 0.690 0.672 1.564  3,52 38.529 <0.0005 

KSS-functional 0.440 0.419 1.384  2,53 20.847 <0.0005 

painVAS 0.514 0.486 1.698  3,52 18.316 <0.0005 

AQoL-8D utility 0.243 0.229 2.303  1,54 17.372 <0.0005 

AQoL8D physical 0.456 0.435 1.687  2,53 22.204 <0.0005 

AQoL8D psychosocial 0.127 0.111 2.205  1,54 7.845 0.07 

5STS 0.244 0.200 1.846  3,52 5.581 0.002 

TUG 0.225 0.211 2.125  1,54 15.712 <0.0005 

10MWT 0.200 0.185 1.860  1,54 13.478 0.001 

6MWT 0.350 0.325 1.825  2,53 14.263 <0.0005 

Maximum flexion 0.863 0.853 1.766  2,28 88.079 <0.0005 

OKS: Oxford knee score, AQoL-8D utility total associated quality of life score, painVAS: visual analogue 

score for pain (0-100), KSS: American knee society score, 6MWT: six-minute walking test, 5STS: five-times 

sit to stand, 10MWT: 10m walking test, TUG: timed up and go test, func: :function, Durbin-Watson measure 

of a lack of independence (best between 1.5-2.5). 
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Table 7-3. Coefficient data results from multivariate linear regression at specified flexion angles 

or ranges. 

 Unstandardized 

coefficients 

Standardiz

ed 

coefficient 

 Correlation 

 B Std err β ρ Shared Unique 

OKS 
      

constant -51.443 11.459  <0.0005   

Maximum flexion 0.654 0.084 0.721 <0.0005 0.730 0.717 

Varus/valgus@130° -1.100 0.393 -0.259 0.007 -0.359 -0.258 

OKS-pain 
      

constant -27.893 5.593  <0.0005   

Maximum flexion 0.316 0.041 0.713 <0.0005 0.727 0.710 

Varus/valgus@130° p1 -0.585 0.264 -0.283 0.004 -0.386 -0.281 

OKS-function 
      

Constant -23.537 6.434  0.001   

Maximum flexion 0.338 0.047 0.696 <0.0005 0.702 0.693 

Varus/valgus@130°p1 -0.513 0.221 -0.226 0.024 -0.304 -0.225 

KSS-total 
      

Constant -170.116 45.102  <0.0005   

Maximum flexion 2.409 0.331 0.683 <0.0005 0.707 0.680 

Varus/valgus@130° -5.632 1.547 -0.342 0.001 -0.447 -0.340 

KSS-knee score 
      

Constant -63.691 17.939  0.001   

Maximum flexion 1.119 0.128 0.688 <0.0005 0.772 0.677 

Varus/valgus@130° -3.225 0.594 -0.424 <0.0005 -0.601 -0.419 

Internal/external@100°p1 0.839 0.262 0.252 0.002 0.406 0.247 

KSS-function score 
      

Constant -132.864 33.861  <0.0005   

Maximum flexion 1.519 0.248 0.632 <0.0005 0.643 0.628 

Varus/valgus@130° -3.090 1.161 -0.275 0.01 -0.343 -0.273 

painVAS 
      

Constant 195.426 30.630  <0.0005   

Maximum flexion -1.325 0.218 -0.597 <0.0005 -0.644 -0.587 

Varus/valgus@130° 3.643 1.014 0.351 0.001 0.446 0.347 

Internal/external@120°p1 -1.023 0.448 -0.225 0.026 -0.302 -0.221 

AQoL-8D utility 
      

Maximum flexion 0.006 0.002 0.493 <0.0005 0.493  

AQoL-8D physical dimension 
      

Constant -0.747 0.228  0.002   

Maximum flexion 0.011 0.002 0.654 <0.0005 0.662 0.651 

Varus/valgus@130° -0.019 0.008 -0.242 0.021 -0.310 -0.241 
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Table 7-3. Coefficient data results from multivariate linear regression at specified flexion angles 

or ranges. 

 Unstandardized 

coefficients 

Standardiz

ed 

coefficient 

 Correlation 

 B Std err β ρ Shared Unique 

AQoL-8D Psycho-social dimension 
      

Maximum flexion 0.005 0.002 0.356 0.007 0.356 0.356 

5STS 
      

Superior/inferiormxflxto120 -2.314 0.689 -0.723 0.001 -0.422 -0.405 

Superior/inferior120tomxflx -1.824 0.631 -0.657 0.006 -0.372 -0.349 

Internal/external maxflexto120° -0.364 0.157 -0.319 0.025 -0.305 -0.279 

TUG 
      

Constant 24.570 4.556  <0.0005   

Maximum flexion -0.133 0.034 -0.475 <0.0005 -0.475 -0.475 

10MWT 
      

Constant 18.741 3.582  <0.0005   

Maximum flexion -0.097 0.026 -0.447 0.001 -0.447 -0.447 

6MWT 
      

Constant -663.641 223.600  0.004   

Maximum flexion 6.287 1.496 0.476 <0.0005 0.500 0.465 

Superior/inferior@110degp2 9.437 3.994 0.267 0.022 0.309 0.262 

Maximum flexion 
      

Constant 116.354 1.224  <0.0005   

Anterior/Posterior @max flex  -1.217 0.076 -0.849 <0.0005 -0.909 -0.809 

Internal/external 120° to maxflex -0.524 0.141 -0.198 0.012 -0.455 -0.189 

Max flexion: maximum flexion angle, p1: moving into flexion, p2: moving out of flexion 
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7.5 Discussion 

This study has reported the relationship between the tibiofemoral kinematics of 

kneeling, and functional outcome measures commonly used to assess disease severity 

in KOA. The most influential kinematic variable was maximum knee flexion 

(maxflex). Other important kinematic variables included varus/valgus and 

internal/external rotation angles in deep flexion. Importantly, pain scores were 

associated with maxflex and deep-flexion varus/valgus and internal/external rotation 

angles. 

Higher maximum flexion was associated with better outcome scores. This is 

unsurprising and consistent with the way clinicians assess knees for severity of 

disease in KOA. What was surprising was that maxflex in kneeling was not only 

associated with scores which include high flexion (OKS and KSS), but it was also 

associated with measures where high flexion was not required (the timed walk tests). 

The association between knee ROM and functional outcomes has been assessed 

previously--TKR patients who described improved function also had improved 

ROM, and those who reported decreased function had less ROM.(Collins et al., 2014; 

Maempel et al., 2016) For pre-TKR KOA patients, greater active flexion range 

measured in supine was associated with improved functional walking test 

times.(Wylde et al., 2014) Furthermore, in a study of gait characteristics, knee flexion 

range was found to be reduced in KOA compared to healthy in both stance and 

swing.(McCarthy et al., 2013) However, Hoogeboom et al. did not find any 

associations between knee flexion and walking tests in 110 people awaiting TKA 

using non-parametric regression models.(Hoogeboom et al., 2013) Therefore, 

although other studies have not examined maxflex during kneeling, there seems to be 

agreement that reduced flexion range is associated with functional impairment of the 

knee. 

Our data suggests a relationship between increased valgus position of the femur at 

130°flexion and an increase in: OKS-utility, OKS-function, OKS-pain, KSS-total, 

KSS-knee, KSS-function scores and the painVAS score. In deep kneeling, a valgus 

femur in the Grood and Suntay axis system, appears to represent a more posteriorly 
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positioned lateral condyle with respect to the tibial plateau (Figure 7-3). Less femoral 

external rotation at 130° was seen in people with better OKS. Moro-oka et al. 

described the kinematics of normal deep kneeling and reported that the normal tibia 

internally rotates i.e. external femoral rotation, as the knee flexes. Our data supports 

this finding, but we have further observed that a relatively less externally rotated 

femur in deep flexion is associated with better outcomes. Therefore, the association 

between the outcome scores and increased valgus at 130°s of flexion is consistent 

with our understanding of normal kinematics. 

Internal/external rotation during kneeling contributed approximately 5% of the 

variance in the KSS and painVAS. This effect was significant but, given that 

internal/external rotation is so important to maxflex,(Moro-oka et al., 2008) it was 

surprising that the influence was so small. However, as above, in deep knee flexion 

internal/external rotation and varus/valgus are reinterpreted (Figure 3). Therefore, it 

is probable that the values for internal/external rotation quantified by the Grood and 

Suntay axis reference system, are reflecting varus/valgus rotation. Therefore, the 

relatively small effect of rotation may be that of varus/valgus. 

The sit to stand task was not associated with maxflex as we had anticipated but was 

primarily associated with the superior/inferior distance into and out of deep flexion 

(Figure 2). During deep flexion, a normal femur will posteriorly translate, with its 

lateral femoral condyle moving beyond the posterior margin of the tibial plateau. This 

translation occurs together with posterior translation of the lateral meniscus.(Scholes 

et al., 2015) Therefore, the distance between the origins will decrease when the lateral 

condyle moves beyond the posterior edge of  the tibial plateau in deep knee flexion. 

Our data suggests that participants who took longer to complete their sit to stand test 

demonstrated a greater superior/inferior distance in deep flexion. We surmise that the 

participants who were functionally more able in this task may have had access to 

more lateral compartment posterior translation during flexion. This is further 

corroborated by the highly significant association between maxflex and posterior 

translation was (p<0.0005; Table3). 
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Higher pain scores were associated with maxflex, a more varus knee angle and a more 

externally rotated position in deep flexion. Pain measurements were included in all 

the PROMs and the KSS, but the most direct measurement was the painVAS. It has 

been used in both healthy and chronic pain populations, and is not subject to the bias 

of verbal descriptors in the other measures.(Price et al., 1983) Pain has been 

previously associated with a more anterior femur, and a more varus angle in deep 

flexion KOA.(J. M. Scarvell et al., 2018) A more anterior femur is suggestive of less 

rotation and, as shown in Figure 7-3, a more varus knee in these models could also 

indicate more femoral external rotation. Therefore, our data is consistent with 

previous reports. All the pain dimensions included in the models demonstrated the 

same effect. However, one recent study which compared the 6DOF knee kinematics 

of gait of two groups, those with and without pain, reported a different result. They 

found those with pain had more posterior femoral translation during stance phase of 

gait along with a reduced range of knee flexion.(Li et al., 2017) The difference in 

anterior/posterior position can be explained by the different loads on the knee joint 

while in stance phase of gait compared to kneeling. 

The findings of this study should be interpreted in the light of its limitations. Age, 

comorbidities, body mass index (BMI), and sex have not been considered in these 

models. Although previous research has found that they are major predictors of 

PROMs, (Park et al., 2016) we were not interested in producing predictive models. 

We wanted to determine the relationships between commonly used outcome 

measures and 6DOF knee kinematics. There might be stronger relationships between 

kinematic variables measured during activities other than kneeling, and future 

research may investigate the kinematics of step-ups and gait using 3D/2D image 

processing. However, it is interesting that most of the findings were found in extreme 

ranges of deep flexion. Finally, our dataset is not balanced as it includes healthy knees 

and those with end-stage KOA. Further research would benefit from including 

participants between these groups to improve the data distribution. 
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7.5.1 Conclusions 

The kinematics of deep kneeling are significantly associated with outcome measures 

used to characterize the severity of impairments related to KOA. Most of the relevant 

associations were found in the kinematics in the deep flexion range ≥ 120°. Greater 

maxflex was highly associated with better outcome scores. 
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8.1 Abstract 

Objective 

We have previously shown that knee osteoarthritis (KOA) changes six-degree-of-

freedom (6DOF) kneeling kinematics, and we now propose that conversely, kneeling 

kinematics can be used to identify KOA severity. We aim to develop a predictive data 

model that determines KOA severity, using the kinematics of kneeling.  

Methods 

Healthy (n=74) and KOA (n=83) participants were recruited. The Kellgren-Lawrence 

grade that quantifies KOA severity was determined for each participant using CT. 

Kneeling kinematics were collected by first recording both the kneeling motion 

within a fluoroscope and a static CT image of the knee joint. The fluoroscope and the 

CT data were spatially aligned and ‘registered’, frame by frame using Orthovis©, to 

record 6DOF knee kinematics. Orthovis© is 3D/2D multi-modal image registration 

technology that accurately and non-invasively measures 6DOF knee kinematics. The 

motion was quantified using the Grood and Suntay reference system.  

A predictive model of KOA severity using kneeling kinematics was developed using 

data mining and machine learning following the Cross-Industry Standard Practice for 

Data Mining (CRISP-DM) protocol. Data preparation and aggregation required the 

production of new variables that described the position, displacement and rate-of-

change of the kinematics relative to flexion. The model was built using 60% of the 

data, tested using 20% of the data, and finally validated using 20% of the data. 

Results 

The final analysis showed a stable model with an overall accuracy of 98.89% 

(training), 100% (testing) and 100% (validation). 
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Conclusions 

We present a predictive classification and regression (C&RT) decision tree model 

which demonstrates that kneeling kinematics can predict KOA severity as defined by 

KL grade. Our predictive model identifies KL grade of 0 to 4 where 0 is a healthy 

knee, and 4 is end-stage osteoarthritis, and importantly, can distinguish between KL0 

and KL1. This is the first time that both asymptomatic and symptomatic kneeling 

knee kinematic data has been analysed in this way and suggests that maximum 

flexion is a significant predictor for KOA severity. 
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8.2 Introduction 

Globally, knee osteoarthritis (KOA) affects more than 10% of men and 18% of 

women over the age of 60 years. The pain and mechanical failure of KOA can be 

personally debilitating, increasing the socioeconomic burden on the community, and 

costing up to 2.5% of gross-domestic-product.(Hiligsmann et al., 2013) To date no 

cure for KOA has been found—there are exciting leads including stem-cell therapy 

and disease-modifying treatments, but breakthroughs are yet to be made.(Lane et al., 

2017) However, non-surgical management adopted during early KOA might provide 

many years of pain-free activity and improved quality of life. Thus, identifying KOA 

severity and particularly early KOA is crucial to providing joint-preserving 

interventions.(Iolascon et al., 2017; Roos and Arden, 2016) 

Knee osteoarthritis epidemiology is “complex and multifactorial” and includes 

biomechanical as well as biological and genetic factors.(Glyn-Jones et al., 2015) 

KOA disease severity is classified by the widely used Kellgren-Lawrence 

classification system (KL grade). The KL system uses radiographs to assign a grade 

from 0 to 4, where 0 signifies no KOA, and 4 signifies severe KOA.(Luyten et al., 

2018) Because of the relationships we have previously identified between the knee 

kinematics of kneeling, KOA and common treatment outcome measures, we propose 

that knee kinematics may predict KOA severity (KL grade).  

Machine learning and data modelling are considered a ‘natural extension’ of 

traditional statistical approaches, and have been developed to identify patterns in 

multiple variable data sets and provide strong predictive models.(Navarro et al., 2018; 

Phinyomark et al., 2018) Mezghani et al. developed a predictive model of KL grade, 

with participants who were first clinically diagnosed with KOA. However, they did 

not include asymptomatic participants in this model. They used a motion capture 

KneeKG device to determine the angular kinematics of gait, as opposed to image 

registration technology which yield data in six-degrees-of-freedom (6DOF). In this 

research we include both asymptomatic and symptomatic participants who are 

graded, not by clinical assessment, but purely by joint degeneration as identified from 

CT. We will use 6DOF kinematic data of a full kneeling cycle that incorporates deep 
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flexion, measured using accurate medical imaging and 3D/2D multimodal image 

registration techniques. 

With the recording of dynamic kneeling and the measurement of 6DOF knee 

kinematics, we have constructed a large dataset and will use machine learning to 

define the patterns and make predictions for the future. 

Therefore, the objective of this study was to develop a predictive model of KOA 

severity that includes both asymptomatic and symptomatic joint degeneration, visible 

on imaging. 
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8.3 Methods 

This study used data mining and machine learning to develop a predictive model 

targeting KOA severity as measured by the KL grade system. The kinematic data 

used to develop the model were collected during the randomised controlled trial 

titled: A prospective imaging study of cruciate-retaining, cruciate-substituting, and 

rotating-platform total knee replacement (TKR), in osteoarthritis and healthy ageing; 

(PICKLeS) #ISRCTN75076749. Recruitment and testing occurred at the Canberra 

Hospital between February 2012 and October 2017. 

8.3.1 Subject Recruitment 

Healthy (n=74) and KOA (n=83) participants aged between 20 and 90 years were 

recruited and gave informed consent. Box 1 details the participant inclusion and 

exclusion criteria. Both ACT Health and the University of Canberra provided human 

research ethics approval for this research (ETH.4.11.071). 

8.3.2 Data Collection 

8.3.2.1 Demographics 

Age, height, weight, body-mass-index (BMI), Functional Comorbidity Index (FCI) 

and the University of California, Los Angeles activity scale (UCLA) were collected 

to describe the participants (Table 8-2). Figure 8-1 includes the distribution across 

the KL grades. 

8.3.2.2 Bias 

Both performance and observer bias were controlled by using standardised 

instructions for kneeling, and by the objective nature of the image-registration 

technology. Researchers were not blinded to participant groups at any stage of the 

study. The participants were a sample of convenience. Those participants with KOA 

were scheduled for TKR surgery, and the healthy participants responded to 

advertising, word-of-mouth, and by invitation. 
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Box 8-1. Healthy and KOA inclusion and exclusion criteria. 

8.3.2.3 Kellgren-Lawrence Grade 

Using the Kellgren-Lawrence grade system, KOA severity was assessed for all 

participants, with a grade of 0 to 4, where 0 signifies no osteoarthritis and 4 severe 

osteoarthritis.(Kellgren J. and Lawrence J., 1957) Pairs of researchers independently 

graded each supine CT scan with discussion resolving differences. Kendall's W was used 

to determine the level of agreement between four researchers. Agreement was excellent; 

W= 0.965, p< 0.0005.  

8.3.2.4 3D/2D Image Registration to Quantify 6DOF Knee Kinematics 

Both a static 3D CT scan and 2D fluoroscopy (30 frames/sec) of the knee during kneeling 

were recorded. The participants were instructed to kneel on a box within the fluoroscopy 

field of view and complete one cycle of kneeling. One kneeling cycle produced up to 300 

fluoroscopy frames per participant (Chapter 4.4). The CT scan was transformed into a 2D 

digitally reconstructed radiograph and spatially matched to each fluoroscopy frame using 

our bespoke 3D-2D multi-modal image registration software algorithm called 

Orthovis©.(Pickering et al., 2009a)  

Healthy participant inclusion criteria 

At least one pain free knee 

No history of injury or arthritis 

Normally active 

 

OA participant inclusion criteria 

X-ray confirmation of osteoarthritis 

On surgical list for total knee replacement 

 

Exclusion criteria- all participants 

BMI > 38 

UCLA score of  ≤ 2. Wholly inactive or severely restricted to the minimum of activities of 

daily living. 

Knee flexion < 90° (can you position your foot under your knee while sitting) 

Fixed flexion contracture of  ≥ 10  (Can you fully straighten your knee?) 

A psychosocial reason not to be able to consent or complete the requirements of the study 

Metastatic disease 

Pathological fracture 

Revision knee replacement 

Poor understanding and is unable to provide informed consent 

Pregnancy 

Unable to attend due to distance 

X-ray KL score ≥ 2 
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The 3D motion of the joint was quantified using the Grood and Suntay coordinate 

system.(Grood and Suntay, 1983) The six kinematic variables measured for every 

fluoroscopy frame were three rotations and three translations. The three rotations were 

flexion, internal/external (IE) and varus/valgus (VV). The three translations were 

anterior/posterior (AP), medial/lateral (ML) and superior/inferior (SI). Thus, each 

participant had kinematic data determined from each frame of their fluoroscopy taken 

during kneeling. The knee kinematics were quantified using MATLAB 9.1 R2016b. 

8.3.3 Data Modelling 

All modelling has been performed using SPSS Modeler 16.0 (IBM Corp). 

The modelling protocol described follows the Cross Industry Standard Practice for 

Data Mining (CRISP-DM)(Chapman et al., 2004) and reporting followed Luo et 

al.(Luo et al., 2016) This industry practice describes the process needed for data 

model development by considering four major areas: data understanding, preparation, 

model building, assessment and evaluation.  

8.3.3.1 Understanding the Data 

8.3.3.1.1 Collection of Initial Data 

The data set was drawn from the kneeling movement and quantified by 3D/2D image 

registration techniques using Orthovis©.(Pickering et al., 2009a) However, the data 

is not balanced across KL grades, as can be seen in Figure 8-1. More participants 

have a KL grade of 0 or 4, while the least number of participants are KL grade 2. This 

imbalance is due to the data set coming from two separate groups, those with 

asymptomatic knees (74) and those with end-stage KOA (83). 

8.3.3.1.2 Describing the Data 

One full cycle of kneeling included two phases: phase 1 (increasing flexion) and 

phase 2 (decreasing flexion). There was independence between the target (KL grade) 

of the model and the variables used in its development; providing external 

validity.(Luo et al., 2016) The initial dataset included ten variables: ID, KL grade, 
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fluoroscopy frame (1 to 300), phase (1 or 2) and the six kinematic variables. The six 

kinematic variables included three translations anterior/posterior (AP), medial/lateral 

(ML), superior/inferior (SI), and three rotations, flexion, internal/external (IE), 

varus/valgus (VV). With the fluoroscopy recording at 30 frames/sec, approximately 

10 seconds of kneeling produced up to 300 frames recording the motion for each 

participant. The final dataset included 10 columns with 39,602 cases. 

8.3.3.1.3 Data Quality and Insights 

At this initial stage, the primary data set is 100% complete. The least interesting 

column in the data is the frame number. The time between each frame is 1/30th sec, 

but we are not investigating the speed of motion. The interesting relationship is 

between flexion and the other five kinematic variables. 

8.3.3.1.4 Exploring the Data 

Our previous studies found that a sub-set of kinematic variables change with KOA 

(chapter 6). It was also found that flexion angles at the beginning and end of the 

kneeling motion for each participant were slightly different despite the consistent 

instructions provided. 

8.3.4 Data Preparation 

New variables relative to flexion, were constructed. For both phases, and the position, 

displacement and rate-of-change of each kinematic variable were calculated at certain 

flexion angles, and over various flexion ranges (Box 8-2). 
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Box 8-2. Kinematic variable construction using flexion positions and ranges.  

Phase 1, p1: moving down into the kneeling position, phase 2, p2: moving up out of kneeling 

position. AP: anterior/posterior, ML: medial/lateral, IE: internal/external, VV: varus/valgus, 

minflx: minimum flexion, mxflx: maximum flexion, roc: the rate of change. 

Kinematic data construction using flexion positions and ranges. 

 
AP, ML, SI, IE, VV positions were calculated at the flexion angles for both phases of the kneeling 

cycle: 

Minimum flexion (minflex) 

90° 

100° 

110° 

120° 

130° 

140° 

Maximum flexion (maxflex) 

 

Example of abbreviations used in model:  

AP 90° p1: the anterior/posterior position at 90° flexion, moving into flexion. 

ML 90° p2: the medial/lateral position at 90° flexion, moving out of flexion. 

 

AP, ML, SI, IE, VV  displacements were calculated over the flexion ranges (phase 1, phase 2): 

90°-120°, 120°-90° 

100°-120°, 120°-100° 

120°-130°, 130°-120° 

120°-140°, 140°-120° 

120°-maxflex, maxflex-120° 

 

Example of abbreviation used in model:  

SI 90° to 120°: the superior/inferior translation moving into flexion from 90° to 120° flexion. 

IE 120° to 90°: the internal/external rotation moving out of flexion from 120° to 90° flexion. 

 

AP, ML, SI, IE, VV  rate of change (roc/° flex) were calculated over the flexion ranges (phase 1, phase 

2): 

minflex-120°, 120°-minflex 

120°-maxflex, maxflex-120° 

 

Example of abbreviation used in model:  

VV roc mxflx to 120°: varus/valgus rate of change (/° flex) moving out of flexion from mxflx to 

120°. 

AP roc 120° to mxflx: anterior/posterior rate of change (/° flex) moving into flexion from120° to 

mxflx. 

 

The flexion angles that were checked for no data, i.e. null values in dataset (participant did not achieve 

them and so there was no kinematic data at this flexion angle): 

90°  

100°  

110°  

120°  

130°  

140° 

 

Example of abbreviations used in model:  

Achieved 90° flexion: true if participant did move to 90° 
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The variation in motion of the participants resulted in some of the new variables 

having no result and being ‘null’. The importance of ‘null’ variables was determined, 

as they are part of the participant's motion story. Thus, we created another set of 

variables to indicate if a participant had a missing value (null) at a flexion angle (Box 

8-2). The data-set was then aggregated, creating one line for each participant. The 

final table after aggregation included 157 cases (one for each participant) and 158 

variables. 

8.3.4.1 Data Cleaning, Balancing and Selection 

There were few outliers. However, we tested both the option of coercing the outliers 

or leaving them untouched in the model. The outliers were retained as coercion made 

no difference to the model. 

The KL grade distribution is shown in Figure 8-1. All KL grades are represented, but 

the majority are in two groups, KL=0 and KL=4. The decision to balance the data 

was evaluated by running two models, one with and the other without balanced data. 

The balanced model was more stable and will be used. Importantly, balanced data 

trained the model but was not used for the assessment or validation. 

A correlation matrix identified important predictor variables that were highly 

correlated, using Pearson’s r value. The kinematics that had the highest predictive 

importance in each model were checked for covariance (r > 0.8), to ensure a stable 

model. 

8.3.5 Modelling 

8.3.5.1 Selecting a Model 

To produce a model that finds patterns that can predict a kinematic signature for knee 

osteoarthritis needed a deep understanding of the data set. Data modelling is different 

to classical statistics as it does not require a substantial investment in up-front 

assumptions testing. However, much effort is still needed to determine where the 
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value in the data set lies. The strength of the model is checked when the model is 

tested and validated. If the accuracy of these steps varies, then the model is unstable. 

Different models were run and compared. They included Logistic regression, 

Bayesian Network, Discriminant, KNN (k-nearest neighbours), SVM (support vector 

machine), Neural Net and the different decision tree options of the CHAID (chi-

square automatic interaction detector), C5.0 and the C&RT (classification and 

regression). A misclassification matrix of costs was also included in the decision tree 

model (Table 8-1). The costliest error is to classify a KL grade 4 as 0 or vice versa. 

Those participants with end-stage KOA, have many more ‘null’ cells because of pain 

limiting their range-of-motion. If these participants were included in the main model, 

many variables would be excluded because of the high number of nulls. It was 

decided to stream the data into different ‘sub-models’ to ensure that those with 

healthier knees and larger flexion ranges, had more variables available in the model. 

The different streams prevented the large number of nulls of one subset in the data 

from reducing the variables available for other sub-groups. Early modelling provided 

the information needed to split the data. 

8.3.5.2 Model Assessment 

The model was developed using 60% of the data, then 20% was used to test it, and 

the remaining 20% was used for validation. These percentages were determined to 

produce a stable model, and one that was not overfitted to the data. Similar values of 

accuracy in the three groups determined a stable model. 

Table 8-1. KL grade misclassification costs 

KL Grade Predicted 
Actual 0 1 2 3 4 

0 0 1 2 4 8 

1 1 0 1 2 4 

2 2 1 0 1 2 

3 4 2 1 0 1 

4 8 4 2 1 0 
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8.4 Results 

There were participants in all the KL grades, with most in KL=0 and KL=4. As the 

KL grade increased, both weight and comorbidities (FCI) increased, while activity 

(UCLA) decreased. Table 8-2 shows participant characteristics. 

Table 8-2. Participant characteristics. Mean (SD) 

 KL Grade 

 0 1 2 3 4 

Age 53.8 (19.4) 65.3 (14.4) 66.6 (7.3) 70.5 (7.5) 69.0 (9.9) 

Height 171.2 (10.5) 166.3 (7.3) 168.1 (10.5) 168.9 (10.1) 169.0 (10.0) 

Weight 75.6 (14.6) 65.3 (10.8) 74.0 (11.3) 86.3 (20.6) 87.7 (16.9) 

BMI 25.8 (4.4) 23.6 (3.6) 26.2 (3.4) 29.7 (5.6) 30.6 (5.2) 

FCI 1.0 (1.7) 1.5 (1.9) 2.1 (1.6) 2.9 (1.9) 2.7 (1.9) 

UCLA 7.96 (2.0) 7.5 (2.1) 7.4 (1.7) 5.2 (2.0) 4.9 (1.6) 

KL: Kellgren-Lawrence Grade, SD: standard deviation, BMI: body mass index, FCI: functional comorbidity 

index, UCLA: University of California activity scale. 

8.4.1 The Models 

The C&RT decision tree model achieved the highest overall accuracy, with stability 

across training, testing and validating partitions. The performance of the predictive 

model overall accuracy for training was 98.89%, testing was 100%, and validation 

100% (Figure 8-1). 

The final model consisted of six sub-models as shown in Figure 8-2. For those 

participants with maximum flexion less than 137°, two models were built. Sub-model 

1 was for those participants whose maximum flexion angle was less than 130°, while 

sub-model 2 was for those whose maximum flexion was between 130° and 137°. 

Sub-models’ 1 and 2 predicted the majority of the higher KL grades and higher KOA 

severity. For those with maximum flexion greater than 137° four models were built. 

Sub-model 3 was for those participants with the greatest flexion range, whose 

minimum flexion was less than 90° and thus predicted those with lower KL grades 

(minimal OA changes). Sub-models’ 4, 5 and 6 were for those who did not achieve 

90° flexion at the beginning of the kneel.  
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Table 8-3. The availability of variables within each model* 

 Number of variables 

 

 Number of variables screened out 

Sub-mode number Total  Available Selected 
for 

modelling 

In the 
final 

model 

 Coefficient 
below 

threshold 

Single 
category 

too large 

Too many 
missing 

values 

1 158 101 91 7  3 4 50 

2 158 118 114 5  2 8 30 

3 158 126 109 3  21 11 none 

4 158 116 109 11  15 7 20 

5 158 120 111 6  13 5 20 

6 158 116 109 5  15 7 20 

*This table describes the difference between the total and available number of variables used for each model 

Sub-model 4 was for those that did achieve AP 140° < 15.5mm, Sub-model 5 was for 

those that achieved AP 140° ≥ 15.5mm and Sub-model 6 was for participants whose 

maximum flexion was between 137° and less than 140°. Table 8-3 shows the use of 

variables in each sub-model. 

8.4.2 Predictor Importance 

The most important predictor of the model is the variable at the top of the decision 

tree. Importance decreases down the branch until the least important variable is on 

the leaf (Figure 8-2). Thus, maximum flexion at 137° and the distinction between 

those who did or did not achieve 90° or 130° were the most ‘important’ predictors in 

this model.  
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 KL Grade Count 

 Actual Predicted  

 

0  56 

1  30 

2  8 

3  17 

4  46 

   

 

0 0 55 

0 1 1 

1 1 30 

2 2 8 

3 3 17 

4 4 46 

Figure 8-1. Distribution of KL grade within the participant cohort.  

The KL grade above is the actual KL grade, and below is the predicted KL grade from our model. 

Th table alongside the figures provides the actual number of participants at each grade and what 

the model predicted. 
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Data 

file

Mxflx >137.0°   137.0° 

Achieved 130° flexion Achieved 90° flexion

F T T F

SUB-

MODEL 

3

SUB-

MODEL 

1

SUB-

MODEL 

2

AP 140° p1

(mm)

  -15.5< -15.5 null

SUB-

MODEL 

6

SUB-

MODEL 

4

SUB-

MODEL 

5

 
Figure 8-2. The overall predictive model of KL grade.  

This comprises of six sub-models expanded in Figure 8-3, Figure 8-4, Figure 8-5, and Figure 8-

6. AP: anterior/posterior, p1: phase 1 moving into flexion, mxflx: maximum flexion. 
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AP roc mxflx to 120°  

(mm/°flexion)

  -0.7

VV 90° p1

  0.1° > 0.1°

Mxflx p1

ML 90° to 

120° 

(mm)

  111.0° > 111.0°   -5.2 > -5.2

KL 3 KL 4 KL 1 KL 4

> -0.7

AP 120° to 90° 

(mm)

      > 17.6

IE 100° p1

  -4.7° > -4.7°

KL 4

KL 4

Minflx p2

  95.2° > 95.2°

KL 3 KL 4

SUB-

MODEL 1

 

Figure 8-3. Sub-model 1 of the overall predictive model for KL grade.  

All kinematic variables are defined by a flexion angle or range. AP: anterior/posterior, ML: 

medial/lateral, IE: internal/external, VV: varus/valgus, p1: phase 1 moving into flexion, p2: phase 

2 moving out of flexion, minflx: minimum flexion, mxflx: maximum flexion, roc: the rate of change. 
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  -13.7

AP 130° to 120°

(mm)

     > 6.1

AP 90° p1

(mm)

> 8.5

KL 2

KL 4

> -13.7

KL 0

     

VV roc minflx to 

120° 

(°/°flexion)

  -0.1 > -0.1

ML 110° p1

(mm)

  -4.6 > -4.6

KL 4

KL 4 KL 3

AP 90° to 120°

(mm)

SUB-

MODEL 2

 

ML 90° p1

(mm)

  -16.0 > -16.0

KL 1 KL 0

      

ML 120° to 130°

(mm)

> 3.4     

AP 140° p2

(mm)

KL 0

> 14.9

KL 2

SUB-

MODEL 3

 

Figure 8-4. Sub-models’ 2 and 3 of the overall predictive model for KL grade. 

All kinematic variables are defined by a flexion angle or range. AP: anterior/posterior, ML: 

medial/lateral, VV: varus/valgus, p1: phase 1 moving into flexion, p2: phase 2 moving out of 

flexion, minflx: minimum flexion, roc: rate of change. 
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AP 90° p2

(mm)
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Figure 8-5. Sub-model 4 of the overall predictive model for KL grade. 

All kinematic variables are defined by a flexion angle or range. AP: anterior/posterior, ML: 

medial/lateral, SI: superior/inferior, IE: internal/external, VV: varus/valgus, p1: phase 1 moving 

into flexion, p2: phase 2 moving out of flexion, mxflx: maximum flexion. 
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  -14.3
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Figure 8-6. Sub-models’ 5 and 6 of the overall predictive model for KL grade.  

All kinematic variables are defined by a flexion angle or range. AP: anterior/posterior, ML: 

medial/lateral, SI: superior/inferior, IE: internal/external, VV: varus/valgus, p1: phase 1 moving 

into flexion, p2: phase 2 moving out of flexion, minflx: minimum flexion, mxflx: maximum flexion, 

roc: rate of change. 
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8.5 Discussion 

This study has developed a prediction model that matches KL grade with kneeling 

kinematic variables. The power of this model is that it not only distinguishes between 

healthy and osteoarthritic knees but quantifies the grade of disease at the joint. The 

predictive kinematic data used in the model were measured using Orthovis© 3D/2D 

image registration during a full cycle kneeling activity. All our kinematic variables 

have a physical meaning and as such our C&RT decision tree model is fully 

interpretable. This study has demonstrated for the first time that kinematic variables, 

measured during kneeling can be used to predict the severity of knee osteoarthritis as 

defined by the KL grade. 

Previous predictive models have used kinematic and biological data to predict the 

presence of KOA(Lazzarini et al., 2017), but our study is the first to predict KL grade 

from 0 to 4 for a cohort that includes both asymptomatic and symptomatic 

participants. Mezghani et al. found that the angular kinematics of gait were able to 

determine KL severity grade from 1 to 4, within a symptomatic KOA 

cohort.(Mezghani et al., 2017) They found that the valgus/varus angle measured at 

initial contact, loading phase, and stance phase was the most powerful kinematic 

parameter to determine KL grade. Despite our studies looking at different 

movements, we also found that varus/valgus was important in sub-model 1 (at 90°), 

in sub-model 2 (rate-of-change from 90° to 120°) and sub-model 4 (at 110°). 

Interestingly, these are the branches that discriminated between KL=3 and KL=4 (the 

most severe osteoarthritic knees).  

In contrast to Mezghani et al., we investigated kneeling using 3D/2D image 

registration, developing a 6DOF kinematic data set, and included both asymptomatic 

and KOA participants. We found that the most important predictor was the maximum 

flexion angle achieved moving into deep flexion. Our model was strong enough to 

differentiate between KL=0 and KL=1, which is the difference between a healthy 

knee and the beginning of osteoarthritis. 
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The model developed in this study was strong (>98% accuracy) and able to predict 

the KL grade with greater accuracy than even those which only aimed to dichotomise 

between KOA and healthy knees. One study which used gait ground-reaction-forces 

to develop a random forests model, differentiated between OA and non-OA with an 

accuracy of 77.78%.(Kotti et al., 2017) Another study used four biomarkers: HbA1c 

concentration, imaging (presence of OA on MRI), the sound of the knee, and 

surprisingly, the number of apples/pears eaten per week, in overweight and obese 

women (Lazzarini et al., 2017) Their machine learning model was ‘good’ as assessed 

using receiver operating curve (ROC) area-under-curve (AUC)=0.823.(Lazzarini et 

al., 2017) A combination of clinical, genetic and biochemical risk factors were used 

to discriminate between KL grades incidence ≥2 using a regression model.(Lazzarini 

et al., 2017) Their model performance was assessed as ‘fair’ with AUC=0.790.  

The difference between the strength of our model and that of previous models could 

be due to several factors. First, our modelling strategy was validated. For validation, 

20% of our data was isolated from the model building and testing process. That data 

was then run through the model with 100% accuracy. Second, the model is also highly 

stable, as measured by the similarity of the accuracy measures of the training (98.8%), 

testing (100%) and validation (100%). Third, our modelling process followed the 

CRISP-DM protocol and considered the recommendations made by Luo et al. 2016 

on the implementation of machine learning and data modelling in biomedical 

research.(Luo et al., 2016) Fourth, we constructed new variables from the raw data, 

including those that counted missing data, and considered many prospective models, 

before finally deciding on the CR&T decision tree; a powerful model which considers 

‘purity and balance’ in every step. Finally, we built sub-models to ensure the largest 

number of the variables were available for the modelling process. Possibly, the most 

important differences between our model and previous work could be that the 

kinematic data used in this study was accurate, measured, processed and analysed 

within one research centre, and measured in deep flexion. 

The CR&T decision tree model indicated that maximum flexion is the most important 

of all the predictive variables. Kneeling is very challenging and relies on the degree 

of flexion achieved. Therefore, it is not surprising that maximum flexion is important 
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in the model. In chapter 7, we found that maximum flexion was the kinematic variable 

most associated with patient-reported outcomes, pain and functional test 

performance. A reduction in maximum flexion (during kneeling) is associated with 

reduced quality of life, poorer functional test performance, increasing pain and 

reduced Oxford Knee Score and American Knee Society Score patient outcome 

measures (Chapter 7). However, as knee flexion is the result of the coordination of 

rotation and translation in all three planes of motion, maximum knee flexion 

represents the extent to which knee kinematics are optimised, and this is reflected in 

this model. 

The results of this study should be considered in light of its limitations. First, although 

all the KL grades were populated, there were fewer participants in the KL=1 and 

KL=2 grades. Future research would benefit from the inclusion of a more diverse 

population. Despite this limitation, we found that the prediction of KL=1 and KL=2 

were accurate. Also, KL grade is designed to be determined using an X-ray, but we 

used CT scans. This model is not designed to be used as a diagnostic tool but aims to 

demonstrate that there is a kinematic signature for KL severity. 

This study has shown that knee kinematics can predict KOA severity in agreement 

with the KL grade. We have proposed a strong prediction model, with an overall 

accuracy of 99%. This model only used the kinematics of kneeling and did not rely 

on biological biomarkers. This study is the first-time kinematic data in 6DOF has 

been used in this way and suggests that maximum knee flexion during kneeling is an 

important predictor for KOA severity. 
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Each study in this thesis has been written for journal submission, and consequently, 

each chapter includes a discussion of the detailed findings and their place in current 

research. This discussion does not attempt to repeat that work but aims to synthesise 

the work of this thesis, following the threads of thought, ideas and findings that arose 

from each chapter. 

This thesis has investigated 6DOF kinematics at the knee joint for both healthy and 

osteoarthritic knees during a full flexion/extension cycle of kneeling. Kneeling is a 

daily activity for many people around the world, and because it is loaded deep flexion, 

it is challenging for those with KOA or a TKR.(Fransen et al., 2001; MacKay et al., 

2014) Kneeling is also the second most important activity for those with a 

TKR.(Kanekasu et al., 2004; Weiss et al., 2002) Kneeling is also associated in many 

cultures with spirituality and reverence. Throughout the Middle East and Asia, deep 

flexion activities including kneeling are widely practised in mosques, temples, in 

restaurants and the home. On a daily basis, devout Muslims from the age of seven are 

expected to pray five times a day--with the knee moving into deep flexion, up to 

seventy times.(Hefzy et al., 2006) Visitors to Buddhist temples pick up their cushion 

and kneel before the Buddha. Many Christians also use kneeling as a position of 

prayer. Thus, kneeling is essential to living a culturally rich life. 

The systematic review and meta-analysis of the kinematics of healthy knees during 

weight bearing deep flexion found that in deep flexion (≥120°), both the medial and 

lateral femoral condyles translated posteriorly, along with internal tibial rotation 

(chapter 3). In chapter 5 we compared the kneeling kinematics of healthy participants 

up to the age of 90 years and found that ageing made little difference. We then 

compared the kneeling kinematics of participants with healthy and osteoarthritic 

knees, finding that as the knee moves deeper into flexion, the osteoarthritic changes 

to kinematics are revealed (chapter 6). We investigated the associations between 

kneeling kinematics and the standard outcome measures which are used to assess 

disease status and treatment effectiveness in chapter 7. Interestingly, we found 

relationships even with those outcome measures that don’t directly involve deep 

flexion including the AQoL-8D psychosocial score (11.1%). In our final study 

(chapter 8) we have used machine learning and data modelling to identify patterns 
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within kneeling kinematics that can predict not only if a knee has osteoarthritis, but 

also the level of severity of the disease. 

Our systematic review and meta-analysis analysis included both in vivo and in vitro 

squatting, lunging and kneeling studies that measured deep flexion knee kinematics. 

Of the twelve studies included, most researched squat or lunge activities, while only 

three studies investigated kneeling. One of the kneeling studies was in vitro, and none 

detailed knee kinematics in 6DOF. A comparison of the studies was difficult, because 

of the heterogeneity of the technologies and reference systems used. However, some 

consistent deep flexion knee kinematics were found—posterior translation of the 

femur and internal tibial rotation while moving into deep flexion. The least studied 

motion was kneeling, which achieved the highest in vivo maximum flexion of the 

three activities. Our second systematic review on the kinematics of knee osteoarthritis 

(not part of this thesis but included in Appendix 1) found that over 90° flexion, KOA 

knees were more varus than healthy knees. It also found that at lower flexion angles, 

6DOF knee kinematics were more sensitive to variations in the reference systems 

used, the study methodology, and the activities investigated than to osteoarthritic 

changes.(J. M. Scarvell et al., 2018) 

Both systematic reviews on healthy and osteoarthritis knees expose the difficulty of 

comparing studies that used different methods of recording and measuring kinematic 

data including motion capture, fluoroscopy with either CT or MRI, bi-planar X-ray, 

and dual-plane fluoroscopy. Motion-capture using skin-markers can introduce errors 

of greater than 21% due to skin and soft tissue artefact.(Reinschmidt et al., 1997) 

MRI produces only still shots, and both bi-planar X-ray and dual-plane fluoroscopy 

have a limited field of view. Hence, a limited number of activities can be 

recorded.(Johal et al., 2005; Pickering et al., 2009b) Our systematic reviews found 

that many questions have yet to be answered for kneeling kinematics. Up to this time 

no study had recorded kinematics of kneeling in 6DOF for either healthy or 

osteoarthritic knees, and no study had the power to determine differences in all planes 

of motion.  
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Our first major question had two components: what are healthy 6DOF kneeling 

kinematics, and does healthy ageing change 6DOF kneeling kinematics? (Chapter 5). 

We found that while moving into flexion, the healthy femur translates posteriorly 

from an anterior position. Early in the kneeling cycle, we found that the femur 

translates superiorly and then when in deeper flexion (≥120°), changes direction and 

moves inferiorly. Finally, while moving into flexion, the femur externally rotates 

along with increasing valgus. Thus, we have found that kneeling for our healthy 

participants, has a consistent pattern of knee kinematics in all planes of motion. The 

posterior translation of the femur agrees with the findings of the deep flexion studies 

included in our meta-analysis (chapter 3). These studies, of squatting and lunging, 

showed posterior translation of both the medial and lateral femoral condyles.(Hamai 

et al., 2013; Leszko et al., 2011; Tanifuji et al., 2013, 2011) One study on squatting, 

found that between 120° and 140° flexion the lateral femoral condyle did move 

inferiorly (1.9 ± 0.8) mm, however, the medial femoral condyle continued to move 

superiorly (1.7 ± 0.5) mm.(Johal et al., 2005). This difference to kneeling kinematics 

may be due to the position of the femur being on the posterior tibial plateau in 

squatting (where the shape of the plateau would encourage this motion), while at this 

point in kneeling both the femoral condyles have translated further posteriorly over 

the edge of the tibial plateau. The in vivo kneeling study included in our systematic 

review also showed internal tibial rotation while moving into flexion which agrees 

with our reported external femoral rotation.(Moro-oka et al., 2008) 

The effects of ageing on kneeling kinematics have previously only been studied using 

motion analysis, and they found no kinematic differences between young (< 30 years) 

and ‘elderly’ (> 60 years) participants.(Zhou et al., 2012) However, they did not 

measure kinematics in 6DOF, and they used motion analysis methods with a high 

degree of error due to skin marker artefact.(Reinschmidt et al., 1997) We wanted to 

investigate our hypothesis that ageing would change kneeling kinematics by using 

our more accurate image registration technology, by comparing 6DOF knee 

kinematics and by including more participants over a broader age range. We divided 

our healthy participants into four groups from the ages of 20 to 90 years and 

surprisingly, found little difference between their kneeling kinematics, thus 

supporting earlier findings.(Zhou et al., 2012) Age did not change maximum flexion, 
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and when moving into flexion, up to the age of 80 years, there were minimal 

kinematic differences. However, after the age of 80 years, the femur was more 

posterior at 120° flexion and more varus at 110° flexion. This study is the first to 

investigate the deep flexion kinematics of those over the age of 80 years; thus no 

comparisons with previous research can be made. These differences, when taken into 

context, were minimal, and thus our results have shown that ageing per se does not 

significantly change kneeling kinematics. This finding agrees with four squatting 

studies (using motion capture) that also found no change to maximum flexion and 

internal/external rotation between younger and older groups.(Fukagawa et al., 2012; 

Qi et al., 2013; Wei et al., 2014; Yuhara et al., 2014) Importantly, our study in chapter 

5 has presented, for the first time, a description of healthy 6DOF kneeling kinematics 

across four age ranges between the ages of 20 and 90 years. 

After determining that ageing only produces minimal changes to kneeling kinematics, 

the next question was “does knee osteoarthritis change healthy kneeling kinematics?” 

Our systematic review on the kinematics of osteoarthritis had found little evidence of 

any kinematic differences at lower flexion angles (Appendix 1).(J. M. Scarvell et al., 

2018) However, it did find evidence of increased varus and less internal rotation over 

90° flexion in KOA. Thus, we hypothesised that osteoarthritis would change deep 

flexion kneeling kinematics; due to the relationship between knee anatomy and knee 

kinematics, as described in chapter 2.1. In this study, all participants (healthy 

participants and those with osteoarthritis) were over 50 years of age. Both age and 

gender were similar for the two groups, but BMI was higher for the group with 

osteoarthritis. Thus, we used BMI as a covariate in the statistical analysis. 

As hypothesised, KOA kneeling kinematics were different to healthy kinematics in 

all planes of motion. KOA reduced maximum flexion, and in deep flexion, the 

osteoarthritic femurs were in a more anterior, medial, and superior position. Our 

reduced KOA maximum flexion angle during kneeling (127.8°±1.3°) agreed with 

that reported by Hamai et al. (125°). The findings of five previous studies support the 

more anterior position.(Hamai et al., 2009; Kitagawa et al., 2010; Scarvell et al., 

2007; Yue et al., 2011; Zeighami et al., 2017) Two studies support the more medial 

position in deep flexion.(Yue et al., 2011; Zeighami et al., 2017) The increased 
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superior position of the KOA knee may be due to the more anteriorly positioned 

femur levering off the edge of the posterior tibial plateau to enable deep flexion; this 

appears to be the first time this phenomena has been reported. The osteoarthritic 

femur was in a more externally rotated position between 100° and 120° flexion. This 

external femoral rotation partly agrees with Hamai et al. (2009) who found that 

osteoarthritic femurs consistently were more externally rotated moving into flexion. 

The osteoarthritic femur was more varus only at 100° and 130° flexion. Of the few 

studies that have reported varus in deep flexion, none have studied kneeling. We had 

expected a more varus position for knees with osteoarthritis throughout kneeling as 

was reported for squatting, but our results concur with our systematic review that 

showed that the kinematics of kneeling and squatting, in this case, are not the same.(J. 

M. Scarvell et al., 2018; Zeighami et al., 2017) 

Once we had characterised the changes KOA makes to knee kinematics in Chapter 6, 

we wanted to investigate the relationships between 6DOF knee kinematics and the 

clinical characteristics of KOA. Thus, the next question to address was “what is the 

relationship between 6DOF kneeling kinematics, and the outcome measures 

commonly used to assess KOA treatment efficacy and disease status?” Recently, the 

OKS was shown to be very useful in evaluating the efficacy of non-surgical treatment 

for KOA.(Harris et al., 2013) However, the strength of the link between outcome 

measures and 6DOF knee kinematics had not been investigated. The outcome 

measures that we studied included a PROM (OKS) and clinical score (KSS) that were 

specifically designed for knee assessment, along with more general outcome 

measures that included a pain score (painVAS), a quality of life assessment tool 

(AQoL-8D), and four functional tests that measured speed (10MWT), endurance 

(6MWT), power (5STS), and agility (TUG). The linear regressions tested the 

relationship between knee kinematics and each outcome measure and quantified their 

relationship with the most influential kinematic variables, along with the amount of 

variation explained by those variables. 

We did expect to find relationships between knee kinematics and the OKS and KSS 

because they were designed for assessing knee pain and function before and after a 

TKR.(Caplan et al., 1989; Dawson et al., 1998) Also, pain has been associated with 
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lower extension and flexion strength, and so a relationship between the painVAS and 

knee kinematics was expected.(M. Hall et al., 2018) However, we were surprised that 

kneeling kinematics and the functional tests that did not involve kneeling were 

associated such as the AQoL-8D psychosocial score where maximum flexion 

explained 11.1% of the variation. We found maximum flexion was the most 

influential kinematic variable in all but one (5TST) of the outcome measures, and a 

higher maximum flexion angle was always associated with better outcome scores. 

The next most influential kinematic variables were varus/valgus and internal/external 

rotation angles while in deep flexion (≥120°), but their overall effect on all outcome 

measures was far smaller than that of maximum flexion. A 10° increase in maximum 

flexion made a Clinically Important Difference (MCID) to the OKS, the painVAS, 

and the 10MWT. Thus, we have now found relationships between kneeling 

kinematics and outcome measures used routinely for disease status and treatment 

efficacy. This result is contrary to previously held views that PROMs and kinematic 

data were two distinct ‘unrelated’ constructs and opens the field for further 

exploration into potential uses for clinical data.(Holsgaard-Larsen et al., 2014) 

Chapter 8 takes a reverse perspective to chapter 6, and so, instead of exploring if 

KOA changes kinematics, we explored if kinematics can determine KOA. These 

earlier results led us to our two final questions addressed in chapter 8, “can 6DOF 

kneeling kinematics predict if a knee is healthy or has osteoarthritis?” and the more 

difficult question, “can kneeling kinematics predict the severity of knee osteoarthritis, 

in particular, KL0 and KL1?” Up to this point in our research, we have found that 

there is a consistent pattern in healthy knee kinematics, which is not affected by 

ageing but is changed by knee osteoarthritis. We have also determined the strength 

of the relationships between outcome measures and kneeling kinematics, which show 

that kneeling kinematics can explain variation in those outcome measures. Thus, we 

hypothesised that not only would kneeling kinematics distinguish between healthy 

and osteoarthritic knees but that there would be a ‘kinematic signature’ for each grade 

of osteoarthritis severity that would make the prediction of osteoarthritis severity 

possible. 
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With the many algorithms available for data modelling, the one that produced the 

most accurate predictive model with our dataset was the C&RT decision tree mode; 

which is both accurate and stable. Our data was partitioned into training (60%), 

testing (20%) and validation (20%), with accuracy in each group of 98.9%, 100% and 

100%. This high accuracy may be due to the quality of the kinematic data, 

consistency in technology and reference systems, and because the data was collected, 

processed and analysed in the one location within one project. It is understood that 

such a robust data set is unusual in knee kinematics. Thus, we have shown that there 

is a kneeling knee kinematic ‘signature’ for each KL grade and have produced a 

predictive data model that not only separates healthy from osteoarthritic knees but 

can determine the level of osteoarthritis severity as determined by KL grade.  

Using the KL grade system to quantify KOA severity had advantages including being 

noninvasive, convenient, cheap and reproducible; as demonstrated by our high level 

of agreement between two pairs of researchers (W= 0.965, p< 0.0005). However, the 

KL grade is not without limitations including the importance given to the appearance 

of osteophytes, with KL1 and KL2 being determined purely on the appearance of 

osteophytes and not joint spacing.(Spector and Cooper, 1993) Despite its limitations, 

we found a strong relationship between the KL grades and kneeling kinematic signatures. 

Other questions that have not been addressed in this thesis include: 1) what are the 

differences in knee kinematics between different versions of kneeling? 2) How does 

ligament deficiency affect knee kinematics? 3) What is the role of muscle control in 

determining healthy and osteoarthritic knee kinematics? 4) Will restoring healthy 

knee kinematics through exercise therapy lead to improved non-surgical outcomes? 

We have only investigated the knee kinematics of one variation of single leg with 

‘foot free to rotate’ kneeling. However, there are many variations of kneeling 

including double leg kneeling with feet fixed underneath the body, and doubled leg 

kneeling with feet alongside the body. These activities may well have different knee 

kinematics due to less loading on each knee, and the limited lower leg rotation due to 

the fixed foot position. Thus, when considering the form of kneeling that many people 

around the world perform every day which includes kneeling on both knees, we do 

not yet know how different the kinematics would be compared to the single legged 
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kneeling in this research. Question 2 which addresses the implications of the loss of 

the anterior cruciate ligament has been investigated in animal research, which found 

changes to gait and joint degeneration in dogs.(Mahmoudian et al., 2018) Thus, 

ligament loss in humans may also change gait and cause ‘joint degeneration’ and is 

worthy of investigation. Finally, an EMG study would provide answers to the role of 

certain muscle groups in contributing to tibiofemoral kinematics, and the role of 

activation patterns as related to the changes in KOA kinematics. Recently published 

research found that co-activation of the hamstring and quadriceps muscles during a 

step-up activity, reduced ACL elongation and may assist with injury 

prevention.(Serpell et al., 2015) 

Limitations 

The results described in this thesis should be considered in light of its limitations. 

The patellofemoral joint was beyond the scope of this PhD study as it does not 

interact with the articulating surface of the tibiofemoral joint. The patella does exert 

a force that slides down from the femoral trochlear to the intercondylar fossa, moving 

into deep flexion. However, in this thesis we understood that the resultant motion 

measured at the tibiofemoral joint was the result of the sum of all the forces acting 

on the joint, including that of the patella. Understanding the impact of changes at the 

patellofemoral joint would be interesting future research.  

The Orthovis© technology used to process and measure knee kinematics, despite its 

high in-plane accuracy (0.2 mm and 0.3°) has higher out-of-plane errors (0.9 mm and 

0.5°). This accuracy was similar to that reported for a bi-planar X-ray technique 

which measured the 3D joint kinematic accuracy between fused and adjacent 

segments of the cervical vertebrae (0.4 mm and 1.1°).(Anderst et al., 2011) Thus, bi-

planar technology has lower translation errors when compared to the Orthovis© out-

of-plane error, but also has drawbacks which include: the higher rotation error, the 

double dose of radiation, the need to access two fluoroscopy units which are set up 

for this purpose, and finally the limited field of view.  

The Grood and Suntay reference system used to quantify our kinematics in 6DOF has 

some limitations including the effect on mediolateral and superior/inferior 
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measurements when varus/valgus ≠ 0°, as this alters the orthogonality of their 

coordinate system. However, Grood and Suntay stated that this limitation has 

presented “no difficulty…since it is readily visualised and understood.”(Grood and 

Suntay, 1983) Also, Grood and Suntay did not attempt to describe knee kinematics 

in deep flexion (≥120°), and thus we may have some loss of clarity between 

internal/external and varus/valgus rotation at higher flexion angles. Our choice of 

reference system was vital to ensure an accurate comparison of knee motion across 

studies, as the same motion can have different kinematic values resulting from 

different reference systems.(Lenz, 2008; Tanifuji et al., 2013) Early 3D studies 

measured knee motion using Euler angles or the helical (screw) axis.(Grood and 

Suntay, 1983) Drawbacks to the Euler systems included the dependence on the angle 

sequence, as the angles are not independent.(Grood and Suntay, 1983) The helical 

(screw) axis was an attempt to describe knee motion independent of the orthogonal 

axes but is challenging to understand clinically.(Walker et al., 2011) Also, few early 

investigators considered measuring translation at the joint.(Grood and Suntay, 1983) 

Taking these drawbacks into account, Grood and Suntay attached the 

flexion/extension axis to the femur, the internal/external (IE) axis to the tibia, and 

used a third floating axis determined by the FE and IE axes. The measurement of 

rotations and translations are around and along these axes.(Grood and Suntay, 1983; 

Lenz, 2008) Importantly, Grood and Suntay with its body-fixed coordinate system is 

independent of angle sequence and can be understood clinically, as the three 

orthogonal axes approximate motion in the lateral/medial, superior/inferior and 

anterior/posterior directions.(Lenz, 2008) Following the recommendations of Lenz et 

al. in 2008 and the recommendation of the International Society of Biomechanics 

recommendation,(Wu and Cavanagh, 1995), despite its difficulties in deep flexion, 

the Grood and Suntay (GS) reference system was chosen for this research. 

The healthy participants in these studies were not screened by X-ray, and we did find 

five asymptomatic participants with degenerative changes on their CT scans, at KL 

grade of 2. People with asymptomatic changes on X-ray or CT are not unusual, and 

it has been estimated that of those with radiographic KOA, only 15% - 81% 

experienced pain.(Bedson and Croft, 2008) However, these participants were 

excluded from the analysis on ageing and the comparison between healthy and KOA 



Discussion 

303 

kinematics, because the structural changes identified on their CT might have affected 

their knee kinematics, due to the changes in the architecture of the joint. 

We did not determine if our KOA participants had medial, lateral or bicompartmental 

osteoarthritis and this may have influenced their kinematics. There is evidence that 

medial, lateral or bicompartmental osteoarthritis knee kinematics is different.(Saari 

et al., 2005; Weidow et al., 2005) However, the prevalence of lateral KOA is much 

less than medial KOA and has been reported as 8.8%(men) and 11%(women), outside 

of the African American and Chinese communities.(Felson et al., 2002; Wang et al., 

2018) Thus, as 99% of our study participants were Caucasian it is likely that we 

would have a low prevalence of isolated lateral KOA. Therefore, this limitation may 

have only slightly influenced our results. 

Future directions 

As knee kinematics are produced by the resultant force which is the sum of all forces 

acting at the joint, further investigation into the relationship between knee kinematics 

and knee shape may help explain why radiographic findings are “discordant with the 

presence of other structural changes and related symptoms.”(Roos and Arden, 2016) 

our data 

In the future, we could further interrogate our data set to look for the influence of 

ligament integrity on kneeling kinematics. We could also identify those participants 

with medial or lateral KOA, to investigate the influence of these on kneeling 

kinematics. Knowing this extra information about each participant may increase the 

sensitivity of our analysis. It would also be interesting to investigate the relationship 

between pain, knee kinematics and muscle activation which may help with future 

non-surgical treatment design. 

There is also potential with such a large data-set of preoperative KOA that when 

matched to each participant’s post-operative data it may be possible to develop a 

predictive model of 6DOF knee kinematics after total knee replacement surgery, and 

ultimately assist with determining who may or may not benefit from the surgery. 
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In this thesis, we presented a rigid body, dynamic kinematic analysis of the human 

knee during a full cycle of kneeling. We demonstrated a pattern of healthy kneeling 

kinematics in 6DOF that is mostly unaffected by ageing. We found that knee 

osteoarthritis produces a measurable change in kneeling kinematics and those 

changes are associated with clinical outcome measures including the pain visual 

analogue scale. Finally, we found that patterns in our data make it possible to predict 

not only if a knee has osteoarthritis but the severity of the disease. 

Our limitations in measuring 6DOF kneeling kinematics included the higher out-of-

plane errors in Orthovis©, the difficulty in interpreting Grood and Suntay in deep 

flexion, the lack of screening for degenerative changes in our healthy cohort, and 

finally, the lack of screening for medial, lateral or bi-compartmental osteoarthritis. 

Future research into the relationship between knee shape and knee kinematics may 

help to explain the discrepancies between radiographic changes and symptoms, and 

inform future knee prosthesis design. Our data set could be explored further to 

determine each participant’s ligament status and find out if their KOA is medial, 

lateral or bicompartmental. This extra information would increase the sensitivity of 

our analysis. Finally, investigating the relationship between pain, knee kinematics 

and muscle activation may help with future non-surgical treatment design. 

Australian National Osteoarthritis Strategy 2018 

In Canberra, on 27th November 2018, a National Osteoarthritis Strategy (NOS) was 

presented to many pre-eminent investigators and clinicians of osteoarthritis in 

Australia.(Hunter, 2018a) The NOS has challenged the Australian Government to use 

this strategy to reduce the AUD$23 billion spent every year on both direct and 

indirect costs of osteoarthritis.(Hunter, 2018b) By implementing new research, and 

consulting broadly with stakeholders both in Australia and overseas, the NOS 

championed three themes: prevention, living well with osteoarthritis, and advanced 

care. The findings within this thesis may have potential applications to living well 

with osteoarthritis and advanced care. 
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Living well with osteoarthritis. 

An objective stated in the NOS is to develop diagnostic tools for primary care 

settings. Our associations between PROMs, KSS, and functional tests may lead to the 

development of simple diagnostic tools in the future that can be used in primary care 

settings. Another major goal of the NOS was to ensure “50% of Australians receive 

a recommendation…to undertake evidence-based lifestyle and self-management 

strategies to reduce pain and disability”. Our new understanding of changes in 6DOF 

kinematics in early stage KOA will inform the design of future interventions which 

aim to restore healthy knee kinematics, thus delaying KOA progression and 

preserving the knee joint function..(Roos and Arden, 2016) Finally, identifying the 

severity of KOA early in the disease cycle may help with targeted conservative non-

surgical treatments. Our strong prediction model demonstrates that the stratification 

of treatment options is possible. Early treatment is going to be the future intervention 

opportunity for OA knees.(Chu et al., 2012) 

Advanced care 

Within the theme of Advanced Care, there is an objective that aims to ‘develop an 

optimal decision aid tool’ for those with severe osteoarthritis. Our research has 

provided pre-operative kneeling kinematics, and future studies will compare this with 

post-operative data to investigate the possibility of identifying who will, and who will 

not benefit from a TKR. Recently it was shown that by using exercise and education 

as treatment, two out of three KOA patients delayed their TKR surgery by at least 

two years.(Skou et al., 2018) This surgical delay is a remarkable result considering 

that along with diet advice and education   , the exercise component was only for 

three months and consisted of two 1-hour group neuromuscular training sessions with 

a physiotherapist. These results were compared with a group that had a TKR, which 

did prove superior to the non-surgical intervention. However, with our more in-depth 

understanding of kneeling kinematics and the changes that occur in the later stages 

of osteoarthritis, more targeted interventions will be designed in the future thereby 

reducing this efficacy gap. Finally, the increase in kinematic knowledge about 

healthy kneeling will be used to inform the design and evaluation of more functional 

total knee replacements prostheses. 
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This thesis has shown that kneeling demonstrates specific kinematic characteristics 

in people with knee osteoarthritis. There are minimal changes in kinematics due to 

age, but knee osteoarthritis produces a specific kinematic profile. Because the knee 

is moved into deep flexion under load, kneeling kinematics are sensitive enough to 

discern the earliest kinematics changes due to osteoarthritis. The thesis has also added 

to our understanding of the relationship between kinematics and the clinical picture; 

showing the impact of osteoarthritis and movement on the functional capacity of 

people and ultimately their quality of life 

 



 

 

11. References.  



Ph.D. Thesis; Osteoarthritic and Healthy Knee Kinematics 

310 

Abbasi-Bafghi, H., Fallah-Yakhdani, H.R., Meijer, O.G., de Vet, H.C.W., Bruijn, S.M., Yang, L.-Y., 

Knol, D.L., Van Royen, B.J., van Dieën, J.H., 2012. The effects of knee arthroplasty on walking 

speed: a meta-analysis. BMC Musculoskelet. Disord. 13, 1–10. https://doi.org/10.1186/1471-2474-

13-66 

Acker, S.M., Cockburn, R.A., Krevolin, J., Li, R.M., Tarabichi, S., Wyss, U.P., 2011. Knee Kinematics of 

High-Flexion Activities of Daily Living Performed by Male Muslims in the Middle East. J. 

Arthroplasty 26, 319–327. https://doi.org/10.1016/j.arth.2010.08.003 

Ackerman, I.N., Busija, L., Tacey, M.A., Bohensky, M. a, Ademi, Z., Brand, C. a, Liew, D., 2014. 

Performance of the assessment of quality of life measure in people with hip and knee joint disease 

and implications for research and clinical use. Arthritis Care Res. (Hoboken). 66, 481–488. 

https://doi.org/10.1002/acr.22129 

Ackerman, I.N., Pratt, C., Gorelik, A., Liew, D., 2018. Projected Burden of Osteoarthritis and 

Rheumatoid Arthritis in Australia: A Population-Level Analysis. Arthritis Care Res. 70, 877–883. 

https://doi.org/10.1002/acr.23414 

Agaliotis, M., Mackey, M.G., Jan, S., Fransen, M., 2014. Burden of reduced work productivity among 

people with chronic knee pain: a systematic review. Occup. Environ. Med. 71, 651–659. 

https://doi.org/10.1136/oemed-2013-101997 

Agency, A.R.P. and N.S., 2005. Exposure of Hmans to Ionizing Radiation for Research Purposes, 

Australian Radiation Protection and Nuclear Safety. Canberra. https://doi.org/10.1007/s13398-014-

0173-7.2 

Agency for Healthcare Research and Quality. Healthcare Cost and Utilization Project (HCUP): 

Nationwide Inpatient Sample (NIS). 1997–2009., n.d. 

AIHW, 2017. Who gets osteoarthritis? [WWW Document]. Aust. Inst. Heal. Welf. 2013. URL 

http://www.aihw.gov.au/osteoarthritis/who-gets-osteoarthritis/ 

AIHW, 2015. Musculoskeletal fact sheet: osteoarthritis. Canberra AIHW 2–3. 

Ajuied, A., Wong, F., Smith, C., Norris, M., Earnshaw, P., Back, D., Davies, A., 2014. Anterior cruciate 

ligament injury and radiologic progression of knee osteoarthritis: a systematic review and meta-

analysis. Am. J. Sports Med. 42, 2242–2252. https://doi.org/10.1177/0363546513508376 

Akter, M., 2015. Multimodal Medical Image Registration Algorithms for the Kinematic Analysis of Knee 

Joints. University of New South Wales. 

Akter, M., Lambert, A.J., Pickering, M.R., Scarvell, J.M., Smith, P.N., 2014. Robust initialisation for 

single-plane 3D CT to 2D fluoroscopy image registration. Comput. Methods Biomech. Biomed. 

Eng. Imaging Vis. 1–25. https://doi.org/10.1080/21681163.2014.897649 

Akter, M., Lambert, A.J., Pickering, M.R., Scarvell, J.M., Smith, P.N., 2012. A 2D-3D Image 

Registration Algorithm Using Log-Polar Transforms for Knee Kinematic Analysis. 2012 Int. Conf. 

Digit. Image Comput. Tech. Appl. 1. https://doi.org/10.1109/DICTA.2012.6411731 

Allen, K.K.D., Golightly, Y.M., 2015. Epidemiology of osteoarthritis: state of the evidence. Curr. Opin. 

Rheumatol. 27, 276–283. https://doi.org/10.1097/BOR.0000000000000161 

Amadi, H.O., Gupte, C.M., Lie, D.T.T., McDermott, I.D., Amis, A.A., Bull, A.M.J., 2008. A 

biomechanical study of the meniscofemoral ligaments and their contribution to contact pressure 

reduction in the knee. Knee Surgery, Sport. Traumatol. Arthrosc. 16, 1004–1008. 

https://doi.org/10.1007/s00167-008-0592-0 

Anderst, W.J., Baillargeon, E., Donaldson, W.F., Lee, J.Y., Kang, J.D., 2011. Validation of a 

Noninvasive Technique to Precisely Measure Measure In Vivo Three-Dimensional Cervical Spine 

Movement. Spine (Phila. Pa. 1976). 36, 393–400. https://doi.org/10.1097/BRS.0b013e31820b7e2f 



References 

311 

Andriacchi, T.P., Dyrby, C.O., Johnson, T.S., 2003. The use of functional analysis in evaluating knee 

kinematics. Clin. Orthop. Relat. Res. 44–53. https://doi.org/10.1097/01.blo.0000062383.79828.f5 

Arthritis and Osteoporosis Victoria, 2013. A Problem Worth Solving. 

Asano, T., Akagi, M., Tanaka, K., Tamura, J., Nakamura, T., 2001. In vivo Three-Dimensional Knee 

Kinematics Using a Biplanar Image-Matching Tchnique. Clin. Orthop. Relat. Res. 388, 157–166. 

Asif, S., Choon, D.S.K., 2005. Midterm results of cemented Press Fit Condylar Sigma total knee 

arthroplasty system. J. Orthop. Surg. (Hong Kong) 13, 280–284. 

https://doi.org/10.1177/230949900501300311 

Assessing Risk of Bias in Included Studies | Cochrane Bias [WWW Document], n.d. URL 

http://methods.cochrane.org/bias/assessing-risk-bias-included-studies (accessed 8.29.17). 

Australian Radiation Protection and Nuclear Safety Agency, 2005. Code of Practice Exposure of Humans 

to ionizing Radiation for Research Purposes. Canberra. 

Baker, R., 2007. The history of gait analysis before the advent of modern computers. Gait Posture 26, 

331–342. https://doi.org/10.1016/j.gaitpost.2006.10.014 

Banks, S.A., Hodge, W.A., 1996. Accurate Measurement of Three-Dimensional Knee Replacement 

Kinematics Using Single-Plane Fluoroscopy. IEEE Trans. Biomed. Eng. 43, 638–649. 

https://doi.org/10.1109/10.495283 

Barbour, K.E., Hootman, J.M., Helmick, C.G., Murphy, L.B., Theis, K.A., Schwartz, T.A., Kalsbeek, 

W.D., Renner, J.B., Jordan, J.M., 2014. Meeting physical activity guidelines and the risk of incident 

knee osteoarthritis: a population-based prospective cohort study. Arthritis Care Res. (Hoboken). 66, 

139–146. https://doi.org/10.1002/acr.22120 

Beard, D.J., Harris, K., Dawson, J., Doll, H., Murray, D.W., Carr, A.J., Price, A.J., 2015. Meaningful 

changes for the Oxford hip and knee scores after joint replacement surgery. J. Clin. Epidemiol. 68, 

73–79. https://doi.org/10.1016/j.jclinepi.2014.08.009 

Beard, D.J., Knezevic, K., Al-Ali, S., Dawson, J., Price, A.J., 2010. The use of outcome measures relating 

to the knee. Orthop. Trauma 24, 309–316. https://doi.org/10.1016/j.mporth.2010.04.001 

Bedson, J., Croft, P.R., 2008. The discordance between clinical and radiographic knee osteoarthritis: A 

systematic search and summary of the literature. BMC Musculoskelet. Disord. 9, 1–11. 

https://doi.org/10.1186/1471-2474-9-116 

Beer, F., Johnston, E., 1990. Vector Mechanics For Engineers: Dynamics. 

Bischoff, H.A., Stähelin, H.B., Monsch, A.U., Iversen, M.D., Weyh, A., von Dechend, M., Akos, R., 

Conzelmann, M., Dick, W., Theiler, R., 2003. Identifying a cut-off point for normal mobility: A 

comparison of the timed “up and go” test in community-dwelling and institutionalised elderly 

women. Age Ageing 32, 315–320. https://doi.org/10.1093/ageing/32.3.315 

Blagojevic, M., Jinks, C., Jeffery, A., Jordan, K.P., 2010. Risk factors for onset of osteoarthritis of the 

knee in older adults: a systematic review and meta-analysis. Osteoarthr. Cartil. 18, 24–33. 

https://doi.org/10.1016/j.joca.2009.08.010 

Bohannon, R.W., 2006a. Reference values for the five-repetition sit-to-stand test: a descriptive meta-

analysis of data from elders. Percept. Mot. Skills 103, 215–222. 

https://doi.org/10.2466/PMS.103.5.215-222 

Bohannon, R.W., 2006b. Reference values for the timed up and go test: a descriptive meta-analysis. J. 

Geriatr. Phys. Ther. 29, 64–68. https://doi.org/10.1519/00139143-200608000-00004 

Bohannon, R.W., 1997. Comfortable and maximum walking speed of adults aged 20-79 years: Reference 

values and determinants. Age Ageing 26, 15–19. https://doi.org/10.1093/ageing/26.1.15 



Ph.D. Thesis; Osteoarthritic and Healthy Knee Kinematics 

312 

Bohannon, R.W., Andrews,  a W., Thomas, M.W., 1996. Walking speed: reference values and correlates 

for older adults. J. Orthop. Sports Phys. Ther. 24, 86–90. https://doi.org/10.2519/jospt.1996.24.2.86 

Borgohain, B., Saikia, B., Sarma, A., 2015. Proximal tibiofibular joint: Rendezvous with a forgotten 

articulation. Indian J. Orthop. 49, 489–495. https://doi.org/10.4103/0019-5413.164041 

Boutron, I., Poiraudeau, S., Ravaud, J., Baron, G., Revel, M., Nizard, R., Dougados, M., 2003. Disability 

in adults with hip and knee arthroplasty: a French national community based survey. Ann. Rheum. 

Dis. 62, 748–754. https://doi.org/10.1136/ard.62.8.748 

Boyer, K.A., Andriacchi, T.P., 2016. The Nature of Age-Related Differences in Knee Function during 

Walking: Implication for the Development of Knee Osteoarthritis. PLoS One 11, 1–12. 

https://doi.org/10.1371/journal.pone.0167352 

Braune, W., Fischer, O., 1891. Die bewegungen des Kneigelenkes nach einer neuen Methode am 

lebendon menschen Gemessen. Des XVII, Bandes der Abhand lungen der Mathematisch. 

Physicchen Cl. der Konigl 11, 1. 

Bremner-Smith, A.T., Ewings, P., Weale, A.E., 2004. Knee scores in a “normal” elderly population. Knee 

11, 279–282. https://doi.org/10.1016/j.knee.2003.06.001 

Buatois, S., Miljkovic, D., Manckoundia, P., Gueguen, R., Miget, P., Vançon, G., Perrin, P., Benetos, A., 

2008. Five times sit to stand test is a predictor of recurrent falls in healthy community-living 

subjects aged 65 and older. J. Am. Geriatr. Soc. 56, 1575–1577. https://doi.org/10.1111/j.1532-

5415.2008.01777.x 

Bugnion, E., 1892. Le mechanisme du genou. Extrait du recueil inaugural de l`Univeriste de Lausanne. 1. 

Bushberg, J.T., Seibert, J.A., Leidholdt, Jr., E.M., Boone, J.M., 2012. Fluoroscopy, The Essential Physics 

of Medical Imaging. Lippincott Williams & Wilkins, Philadelphia, USA. 

Caplan, N., Kader, D.F., Insall, J.N., Dorr, L.D., Scott, R.D., Scott, W.N., 1989. Rationale of the knee 

society clinical rating system. Fourth Open Sci. Meet. Knee Soc. https://doi.org/10.1007/978-1-

4471-5451-8_48 

Chapman, P., Clinton, J., Kerber, R., Khabaza, T., Reinartz, T., Shearer, C., Wirth, R., 2004. CRISP-DM 

1.0, CRISP-DM Consortium. https://doi.org/10.1109/ICETET.2008.239 

Chen, K., Yin, L., Cheng, L., Li, C., Chen, C., Yang, L., 2013. In Vivo Motion of Femoral Condyles 

during Weight-Bearing Flexion after Anterior Cruciate Ligament Rupture Using Biplane 

Radiography. J. Sport. Sci. Med. 12, 579–587. 

Chu, C.R., Williams, A.A., Coyle, C.H., Bowers, M.E., 2012. Early diagnosis to enable early treatment of 

pre-osteoarthritis. 

Clegg, A., Rogers, L., Young, J., 2015. Diagnostic test accuracy of simple instruments for identifying 

frailty in community-dwelling older people: a systematic review. Age Ageing 44, 1–5. 

https://doi.org/10.1093/ageing/afu157 

Collins, J.E., Rome, B.N., Daigle, M.E., Lerner, V., Katz, J.N., Losina, E., 2014. A comparison of 

patient-reported and measured range of motion in a cohort of total knee arthroplasty patients. J. 

Arthroplasty 29, 1378–1382. https://doi.org/10.1016/j.arth.2014.02.023 

Crapo, R.O., Casaburi, R., Coates, A.L., Enright, P.L., MacIntyre, N.R., McKay, R.T., Johnson, D., 

Wanger, J.S., Zeballos, R.J., Bittner, V., Mottram, C., 2002. ATS statement: Guidelines for the six-

minute walk test. Am. J. Respir. Crit. Care Med. 166, 111–117. 

https://doi.org/10.1164/rccm.166/1/111 

Dam, R.M. Van, Spiegelman, D., Heymsfield, S.B., Willett, W.C., Hu, F.B., Sun, Q., 2010. Comparison 

of dual-energy x-ray absorptiometric and anthropometric measures of adiposity in relation to 

adiposity-related biologic factors 1qi sun. Am. J. Epidemiol. 172, 1442–1454. 



References 

313 

https://doi.org/10.1093/aje/kwq306 

Davies, A.P., 2002. Rating systems for total knee replacement. Knee 9, 261–266. 

https://doi.org/10.1016/S0968-0160(02)00095-9 

Dawson, J., Fitzpatrick, R., Murray, D., Carr, A., 1998. Questionnaire on the Perceptions of Patients 

about Total Knee Replacement. J Bone Jt. Surg 80-B, 63–69. 

https://doi.org/http://dx.doi.org/10.1302/0301-620X.80B1.7859 

Defrate, L.E., Papannagari, R., Gill, T.J., Moses, J.M., Pathare, N.P., Li, G., 2006. The 6 Degrees of 

Freedom Kinematics of the Knee After Anterior Cruciate Ligament Deficiency: An In Vivo 

Imaging Analysis. Am. J. Sports Med. 34, 1240–1246. https://doi.org/10.1177/0363546506287299 

DeFrate, L.E., Sun, H., Gill, T.J., Rubash, H.E., Li, G., 2004. In vivo tibiofemoral contact analysis using 

3D MRI-based knee models. J Biomech. 37, 1499–1504. 

https://doi.org/10.1016/j.jbiomech.2004.01.012 

Dennis, D.A., Komistek, R.D., Mahfouz, M.R., Walker, S.A., Tucker, A., 2004. A Multicenter Analysis 

of Axial Femorotibial Rotation after Total Knee Arthroplasty. Clin. Orthop. Relat. Res. 180–189. 

https://doi.org/10.1097/01.blo.0000148777.98244.84 

Dennis, D.A., Komistek, R.D., Stiehl, J.B., Walker, S.A., Dennis, K.N., 1998. Range of Motion After 

Total Knee Arthroplasty: The Effect of Implant Design and Weight-Bearing Conditions. J. 

Arthroplasty 13, 748–752. https://doi.org/10.1016/S0883-5403(98)90025-0 

Dennis, D.A., Mahfouz, M.R., Komistek, R.D., Hoff, W., 2005. In vivo determination of normal and 

anterior cruciate ligament-deficient knee kinematics. J. Biomech. 38, 241–53. 

https://doi.org/10.1016/j.jbiomech.2004.02.042 

Dieppe, P., 1995. Recommended methodology for assessing the progression of osteoarthritis of the hip 

and knee joints. Osteoarthr. Cartil. 3, 73–77. 

Dimitriou, D., Tsai, T.-Y., Park, K.K., Hosseini, A., Kwon, Y.-M., Rubash, H.E., Li, G., 2016. Weight-

bearing condyle motion of the knee before and after cruciate-retaining TKA: In-vivo surgical 

transepicondylar axis and geometric center axis analyses. J. Biomech. 49, 1891–1898. 

https://doi.org/10.1016/j.jbiomech.2016.04.033 

Downs, S.H., Black, N., 1998. The feasibility of creating a checklist for the assessment of the 

methodological quality both of randomised and non-randomised studies of health care 

interventions. J. Epidemiol. Community Health 52, 377–384. https://doi.org/10.1136/jech.52.6.377 

Driban, J., Eaton, C., Lo, G., 2014. Association of knee injuries with accelerated knee osteoarthritis 

progression: data from the Osteoarthritis Initiative. Arthritis Care Res. 66, 1673–1679. 

https://doi.org/10.1002/acr.22359 

Dunbar, M.J., Robertsson, O., Ryd, L., Lidgren, L., 2001. Appropriate questionnaires for knee 

arthroplasty. Results of a survey of 3600 patients from The Swedish Knee Arthroplasty Registry. J. 

Bone Joint Surg. Br. 83, 339–344. 

Durbin, J., Watson, G.S., 1951. Testing for serial correlation in least squares regression. II. Biometrika 

38, 159–177. 

Dyrby, C.O., Toney, M.K., Andriacchi, T.P., 1997. Relation Between Knee Flexion and Tibial-Femoral 

Rotation During Activities Involving Deep Flexion, in: Gait and Posture. p. 179. 

Ellenbecker, T.S., 2000. Knee Ligament Rehabilitation, 1st ed. Churchill Livingston, Philadelphia, USA. 

Fang, W.-H., Huang, G.-S., Chang, H.-F., Chen, C.-Y., Kang, C.-Y., Wang, C.-C., Lin, C., Yang, J.-H., 

Su, W., Kao, S., Su, S.-L., 2015. Gender differences between WOMAC index scores, health-related 

quality of life and physical performance in an elderly Taiwanese population with knee 

osteoarthritis. BMJ Open 5, 1–8. https://doi.org/10.1136/bmjopen-2015-008542 



Ph.D. Thesis; Osteoarthritic and Healthy Knee Kinematics 

314 

Farrokhi, S., Voycheck, C. a, Tashman, S., Fitzgerald, G.K., 2013. A biomechanical perspective on 

physical therapy management of knee osteoarthritis. J. Orthop. Sports Phys. Ther. 43, 600–19. 

https://doi.org/10.2519/jospt.2013.4121 

Faul, F., Erdfelder, E., Lang, A.-G., Buchner, A., 2007. GPower3: A flexible statistical power analysis 

program for the social, behavioral, and biomedical sciencees. Behav. Res. Methods 39, 175–191. 

https://doi.org/10.3758/BF03193146 

Felson, D.T., 2013. Osteoarthritis as a disease of mechanics, Osteoarthritis and Cartilage. 

https://doi.org/10.1016/j.joca.2012.09.012 

Felson, D.T., Nevitt, M.C., Zhang, Y., Aliabadi, P., Baumer, B., Gale, D., Li, W., Yu, W., Xu, L., 2002. 

High Prevalence of Lateral Knee Osteoarthritis in Beijing Chinese Compared With Framingham 

Caucasian Subjects. Arthritis Rheum. 46, 1217–1222. https://doi.org/10.1002/art.10293 

Feng, Y., Tsai, T.-Y., Li, J.-S., Wang, S., Hu, H., Zhang, C., Rubash, H.E., Li, G., 2015. Motion of the 

Femoral Condyles in Flexion and Extension During a Continuous Lunge. J. Orthop. Res. 33, 591–

597. https://doi.org/10.1002/jor.22826 

Fernandes, L., Hagen, K.B., Bijlsma, J.W.J., Andreassen, O., Christensen, P., Conaghan, P.G., Doherty, 

M., Geenen, R., Hammond, A., Kjeken, I., Lohmander, L.S., Lund, H., Mallen, C.D., Nava, T., 

Oliver, S., Pavelka, K., Pitsillidou, I., da Silva, J.A.J., de la Torre, J., Zanoli, G., Vlieland, 

T.P.M.V., 2013. EULAR recommendations for the non-pharmacological core management of hip 

and knee osteoarthritis. Ann. Rheum. Dis. 72, 1125–1135. https://doi.org/10.1136/annrheumdis-

2012-202745 

Fransen, M., Crosbie, J., Edmonds, J., 2001. Physical therapy is effective for patients with osteoarthritis 

of the knee: a randomized controlled clinical trial. J Rheumatol 28, 156–164. 

https://doi.org/10.1016/j.jare.2011.02.001 

Fransen, M., McConnell, S., Harmer, A.R., Van der Esch, M., Simic, M., Bennell, K.L., 2015. Exercise 

for osteoarthritis of the knee: a Cochrane systematic review. Br. J. Sports Med. 49, 1554–7. 

https://doi.org/10.1136/bjsports-2015-095424 

Fransen, M., Simic, M., Harmer, A.R., 2014. Determinants of MSK health and disability: Lifestyle 

determinants of symptomatic osteoarthritis. Best Pract. Res. Clin. Rheumatol. 28, 435–460. 

https://doi.org/10.1016/j.berh.2014.07.002 

Freeman, M.A.R., Pinskerova, V., 2005. The movement of the normal tibio-femoral joint. J. Biomech. 38, 

197–208. https://doi.org/doi:10.1016/j.jbiomech.2004.02.006 

Fregly, B.J., Rahman, H.A., Banks, S.A., 2005. Theoretical Accuracy of Model-Based Shape Matching 

for Measuring Natural Knee Kinematics with Single-Plane Fluoroscopy. J. Biomech. Eng. 127, 

692–699. https://doi.org/10.1115/1.1933949 

Fritz, S., Lusardi, M., 2009. Walking speed: the sixth vital sign. J. Geriatr. Phys. Ther. 32, 1–5. 

https://doi.org/10.1519/00139143-200932020-00002 

Fukagawa, S., Leardini, A., Callewaert, B., Wong, P.D., Labey, L., Desloovere, K., Matsuda, S., 

Bellemans, J., 2012. Age-related changes in kinematics of the knee joint during deep squat. Knee 

19, 208–212. https://doi.org/10.1016/j.knee.2011.02.009 

Fukagawa, S., Matsuda, S., Tashiro, Y., Hashizume, M., Iwamoto, Y., 2010. Posterior Displacement of 

the Tibia Increases in Deep Flexion of the Knee. Clin. Orthop. Relat. Res. 468, 1107–14. 

https://doi.org/10.1007/s11999-009-1118-x 

Galvin, C., Perriman, D., Newman, P., Pickering, M.R., Smith, P.N., Scarvell, J.M., 2018. Healthy vs 

osteoarthritic knee kinematics. 

Galvin, C.R., Perriman, D.M., Lynch, J.T., Newman, P., Pickering, M.R., Smith, P.N., Scarvell, J.M., 

2018a. Osteoarthritis Changes Knee Kinematics: A Cross-Sectional 3D/2D Image-Registration 



References 

315 

Study of Kneeling. 

Galvin, C.R., Perriman, D.M., Newman, P.M., Lynch, J.T., Smith, P.N., Scarvell, J.M., 2018b. Squatting, 

lunging, and kneeling provide similar kinematic profiles in healthy knees--a systematic review and 

meta-analysis of the literature on deep knee flexion kinematics. Knee 25, 514–530. 

https://doi.org/10.1016/j.knee.2018.04.015 

Garratt, A.M., Brealey, S., Gillespie, W.J., 2004. Patient-assessed health instruments for the knee: A 

structured review. Rheumatology 43, 1414–1423. https://doi.org/10.1093/rheumatology/keh362 

Gheorghiu, A., Datta, A., Wade, C., Nadlinger, D., O’brien, D., Geurtsen, E., Kassa, E., Sweeney, F., 

Rowlands, H., Walmsley, I., Choi, I., Joo, J., Smith, J., Becker, J., Walk, N., De Beaudrap, N., 

Leek, P., Wallden, P., Inglesant, P., Deshmukh, R., Srivastava, R., Benjamin, S., Zhang, W., 

Hensinger, W., Yuan, X., 2018. National Joint Replacement Registry Annual Report 2018. 

Giesinger, J.M., Hamilton, D.F., Jost, B., Behrend, H., Giesinger, K., 2015. WOMAC, EQ-5D and Knee 

Society Score Thresholds for Treatment Success After Total Knee Arthroplasty. J. Arthroplasty 30, 

2154–2158. https://doi.org/10.1016/j.arth.2015.06.012 

Gignac, M.A.M., Davis, A.M., Hawker, G., Wright, J.G., Mahomed, N., Fortin, P.R., Badley, E.M., 2006. 

“What do you expect? You’re just getting older”: A comparison of perceived osteoarthritis-related 

and aging-related health experiences in middle- and older-age adults. Arthritis Care Res. 55, 905–

912. https://doi.org/10.1002/art.22338 

Glyn-Jones, S., Palmer, A.J.R., Agricola, R., Price, A.J., Vincent, T.L., Weinans, H., Carr, A.J., 2015. 

Osteoarthritis. Lancet 386, 376–87. https://doi.org/10.1016/S0140-6736(14)60802-3 

Goldblatt, J., Richmond, J., 2003. Anatomy and Biomechanics of the Knee. Oper. Tech. Sports Med. 11, 

172–186. https://doi.org/http://dx.doi.org/10.1053/otsm.2003.35911 

Gray, H., Carter, H.V., 1919. Anatomy of the Human Body, The American Journal of the Medical 

Sciences. 

Gray, H., Carter, H.V., 1858. Anatomy--descriptive and surgical. John W. Parder and Son, London. 

Groll, D.L., To, T., Bombardier, C., Wright, J.G., 2005. The development of a comorbidity index with 

physical function as the outcome. J. Clin. Epidemiol. 58, 595–602. 

https://doi.org/10.1016/j.jclinepi.2004.10.018 

Grood, E.S., Suntay, W.J., 1983. A Joint Coordinate System for the Clinical Description of Three-

Dimensional Motions: Application to the Knee. J. Biomech. Eng. 105, 136–144. 

https://doi.org/10.1115/1.3138397 

Guralnik, J.M., Ferrucci, L., Pieper, C.F., Leveille, S.G., Markides, K.S., Ostir, G. V, Studenski, S., 

Berkman, L.F., Wallace, R.B., 2000. Lower Extremity Function and Subsequent Disability: 

Consistency Across Studies, Predictive Models, and Value of Gait Speed Alone Compared With the 

Short Physical Performance Battery. J. Gerontol. Med. Sci. Public Domain 55, 221–231. 

https://doi.org/10.1093/gerona/55.4.M221 

Haines, K., 2013. Predicting Physical Function and Health Related Quality of Life Following Intensive 

Care. Int. J. Phys. Med. Rehabil. 02, 1–6. https://doi.org/10.4172/2329-9096.1000180 

Hall, Michelle, Bennell, K.L., Beavers, D.P., Wrigley, T. V., DeVita, P., Messier, S.P., 2018. Does 

frontal knee kinematics predict treatment outcomes? Exploratory analyses from the Intensive Diet 

and Exercise for Arthritis (IDEA) trial. Gait Posture 63, 139–144. 

https://doi.org/10.1016/j.gaitpost.2018.04.045 

Hall, M., Hinman, R.S., Wrigley, T. V., Kasza, J., Lim, B.W., Bennell, K.L., 2018. Knee extensor 

strength gains mediate symptom improvement in knee osteoarthritis: secondary analysis of a 

randomised controlled trial. Osteoarthr. Cartil. 26, 495–500. 

https://doi.org/10.1016/j.joca.2018.01.018 



Ph.D. Thesis; Osteoarthritic and Healthy Knee Kinematics 

316 

Hall, S.J., 2006. Basic Biomechanics. McGraw-Hill, New York. 

Hamai, S., Moro-oka, T.-A., Miura, H., Shimoto, T., Higaki, H., Fregly, B.J., Iwamoto, Y., Banks, S.A., 

2009. Knee kinematics in medial osteoarthritis during in vivo weight-bearing activities. J. Orthop. 

Res. 27, 1555–1561. https://doi.org/10.1002/jor.20928 

Hamai, S., Moro-Oka, T., Dunbar, N.J., Miura, H., Iwamoto, Y., Banks, S.A., 2013. In Vivo Healthy 

Knee Kinematics during Dynamic Full Flexion. Biomed Res. Int. 2013, 1–4. 

https://doi.org/10.1155/2013/717546 

Han, S., Cheng, G., Xu, P., 2015. Three-dimensional lower extremity kinematics of Chinese during 

activities of daily living. J. Back Musculoskelet. Rehabil. 28, 327–334. 

https://doi.org/10.3233/BMR-140523 

Han, S., Ge, S., Liu, H., 2014. Gender Differences in Lower Extremity Kinematics During High Range of 

Motion Activities. J. Med. Imaging Heal. Informatics 4, 272–276. 

https://doi.org/10.1166/jmihi.2014.1236 

Harkey, M.S., Luc, B. a., Golightly, Y.M., Thomas, A.C., Driban, J.B., Hackney, A.C., Pietrosimone, B., 

2015. Osteoarthritis-related biomarkers following anterior cruciate ligament injury and 

reconstruction: a systematic review. Osteoarthr. Cartil. 23, 1–12. 

https://doi.org/10.1016/j.joca.2014.09.004 

Harris, K.K., Dawson, J., Jones, L.D., Beard, D.J., Price, A.J., 2013. Extending the use of PROMs in the 

NHS--using the Oxford Knee Score in patients undergoing non-operative management for knee 

osteoarthritis: a validation study. BMJ Open 3, 1–10. https://doi.org/10.1136/bmjopen-2013-003365 

Hart, J.M., Ko, J.-W.K., Konold, T., Pietrosimone, B., 2010. Sagittal plane knee joint moments following 

anterior cruciate ligament injury and reconstruction: a systematic review. Clin. Biomech. (Bristol, 

Avon) 25, 277–283. https://doi.org/10.1016/j.clinbiomech.2009.12.004 

Hatze, H., 1974. Letter: The meaning of the term “biomechanics.” J. Biomech. 7, 1. 

Hawker, G.A., 2012. The Challenge of Pain for Patients with OA. HSS J. 8, 42–44. 

https://doi.org/10.1007/s11420-011-9254-8 

Hawthorne, G., Osborne, R., 2005. Population norms and meaningful differences for the Assessment of 

Quality of Life (AQoL) measure. Aust. N. Z. J. Public Health 29, 136–142. 

https://doi.org/10.1111/j.1467-842X.2005.tb00063.x 

Hecht, E., Zajac, A., 1980. Aberrations, Optics. Addison-Wesley Publishing Company. 

Hefzy, M.S., Aeschliman, K.L., Dennis, M.J., 2006. Contact locations of the knee joint in deep knee 

flexion, in: Journal of Biomechanics. p. S74. https://doi.org/10.1016/S0021-9290(06)83183-0 

Hefzy, M.S., Kelly, B.P., Cooke, T.D. V., 1998. Kinematics of the knee joint in deep flexion: a 

radiographic assessment. Med. Eng. Phys. 20, 302–307. https://doi.org/10.1016/S1350-

4533(98)00024-1 

Hefzy, M.S., Kelly, B.P., Cooke, T.D. V, Al-Baddah, A.M., Harrison, L., 1997. Knee Kinematics In-Vivo 

of Kneeling in Deep Flexion Examined by Bi-Planar Radiographs. Biomed. Sci. Instrum. 33, 453–

458. 

Hemmerich, A., Brown, H., Smith, S., Marthandam, S.S.K., Wyss, U.P., 2006. Hip, Knee, and Ankle 

Kinematics of High Range of Motion Activities of Daily Living. J. Orthop. reserach 24, 770–781. 

https://doi.org/10.1002/jor.20114 

Herman, T., Giladi, N., Hausdorff, J.M., 2011. Properties of the “Timed Up and Go” test: More than 

meets the eye. Gerontology 57, 1–8. https://doi.org/10.1159/000314963 

Hiligsmann, M., Cooper, C., Arden, N., Boers, M., Branco, J.C., Luisa Brandi, M., Bruyère, O., 



References 

317 

Guillemin, F., Hochberg, M.C., Hunter, D.J., Kanis, J.A., Kvien, T.K., Laslop, A., Pelletier, J.P., 

Pinto, D., Reiter-Niesert, S., Rizzoli, R., Rovati, L.C., Severens, J.L.H., Silverman, S., Tsouderos, 

Y., Tugwell, P., Reginster, J.Y., 2013. Health economics in the field of osteoarthritis: An Expert’s 

consensus paper from the European Society for Clinical and Economic Aspects of Osteoporosis and 

Osteoarthritis (ESCEO). Semin. Arthritis Rheum. https://doi.org/10.1016/j.semarthrit.2013.07.003 

Hochberg, M.C., Altman, R.D., April, K.T., Benkhalti, M., Guyatt, G., McGowan, J., Towheed, T., 

Welch, V., Wells, G., Tugwell, P., 2012. American College of Rheumatology 2012 

Recommendations for the Use of Nonpharmacologic and Pharmacologic Therapies in Osteoarthritis 

of the Hand, Hip, and Knee. Arthritis Care Res. 64, 465–474. https://doi.org/10.1002/acr.21596 

Hofer, J.K., Gejo, R., McGarry, M.H., Lee, T.Q., 2011. Effects on tibiofemoral biomechanics from 

kneeling. Clin. Biomech. (Bristol, Avon) 26, 605–11. 

https://doi.org/10.1016/j.clinbiomech.2011.01.016 

Hofheinz, M., Schusterschitz, C., 2010. Dual task interference in estimating the risk of falls and 

measuring change: a comparative, psychometric study of four measurements. Clin. Rehabil. 24, 

831–842. https://doi.org/10.1177/0269215510367993 

Höher, J., Münster, A., Klein, J., Eypasch, E., Tiling, T., 1995. Validation and application of a subjective 

knee questionnaire. Knee Surgery, Sport. Traumatol. Arthrosc. 3, 26–33. 

https://doi.org/10.1007/BF01553522 

Holsgaard-Larsen, A., Jensen, C., Aagaard, P., 2014. Subjective vs objective predictors of functional knee 

joint performance in anterior cruciate ligament-reconstructed patients-Do we need both? Knee 21, 

1139–1144. https://doi.org/10.1016/j.knee.2014.09.004 

Hoogeboom, T.J., van Meeteren, N.L.U., Kim, R.H., Stevens-Lapsley, J.E., 2013. Linear and Curvilinear 

Relationship between Knee Range of Motion and Physical Functioning in People with Knee 

Osteoarthritis: A Cross-Sectional Study. PLoS One 8, 1–6. 

https://doi.org/10.1371/journal.pone.0076173 

Hopkins, W.G., 2002. A scale of magnitude for effect sizes. A new view Stat. 1. 

Huddleston, J.I., Scarborough, D.M., Goldvasser, D., Freiberg, A.A., Malchau, H., 2009. 2009 Marshall 

Urist Young Investigator Award: How often Do patients with High-Flex Total Knee Arthroplasty 

Use High Flexion? Clin. Orthop. Relat. Res. 467, 1898–1906. https://doi.org/10.1007/s11999-009-

0874-y 

Huedo-Medina, T.B., Sanchez-Meca, J., Botella, J., Marin-Martinez, F., 2006. Assessing Heterogeneity 

in Meta-Analysis : Q Statistic or I 2 Index ? Psychol. Methods 11, 193–206. 

https://doi.org/10.1037/1082-989X.11.2.193 

Hung, C.T., Mow, V.C., 2012. Biomechanics of Articular Cartilage, in: Nordin, M., Frankel, V. (Eds.), 

Basic Biomechanics of the Musculoskeletal System. Lippincott Williams & Wilkins, Baltimore, pp. 

180–205. 

Hunter, C., Fitzpatrick, R., Jenkinson, C., Darlington, A.E., Coulter, A., Forder, J.E., Peters, M., 2015. 

Perspectives from health , social care and policy stakeholders on the value of a single self-report 

outcome measure across long-term conditions : a qualitative study. BMJ Open 1–13. 

https://doi.org/10.1136/bmjopen-2014-006986 

Hunter, D., 2018a. National Osteoarthritis Strategy. 

Hunter, D., 2018b. National Osteoarthritis Strategy Media Release. 

Hunter, David J, 2011. Lower extremity osteoarthritis management needs a paradigm shift. Br. J. Sports 

Med. 45, 283–288. https://doi.org/10.1136/bjsm.2010.081117 

Hunter, David J., 2011. Osteoarthritis. Best Pract. Res. Clin. Rheumatol. 25, 801–814. 

https://doi.org/10.1016/j.berh.2011.11.008 



Ph.D. Thesis; Osteoarthritic and Healthy Knee Kinematics 

318 

Hunter, D.J., Altman, R.D., Cicuttini, F., Crema, M.D., Duryea, J., Eckstein, F., Guermazi, A., Kijowski, 

R., Link, T.M., Martel-Pelletier, J., Miller, C.G., Mosher, T.J., Ochoa-Albíztegui, R.E., Pelletier, 

J.P., Peterfy, C., Raynauld, J.P., Roemer, F.W., Totterman, S.M., Gold, G.E., 2015. OARSI Clinical 

Trials Recommendations: Knee imaging in clinical trials inosteoarthritis. Osteoarthr. Cartil. 23, 

698–715. https://doi.org/10.1016/j.joca.2015.03.012 

Impellizzeri, F.M., Mannion, A.F., Leunig, M., Bizzini, M., Naal, F.D., 2011. Comparison of the 

Reliability, Responsiveness, and Construct Validity of 4 Different Questionnaires for Evaluating 

Outcomes after Total Knee Arthroplasty. J. Arthroplasty 26, 861–869. 

https://doi.org/10.1016/j.arth.2010.07.027 

Iolascon, G., Gimigliano, F., Moretti, A., de Sire, A., Migliore, A., Brandi, M.L., Piscitelli, P., 2017. 

Early osteoarthritis: How to define, diagnose, and manage. A systematic review. Eur. Geriatr. Med. 

8, 383–396. https://doi.org/10.1016/j.eurger.2017.07.008 

Isles, R.C., Low Choy, N.L., Steer, M., Nitz, J.C., 2004. Normal values of balance tests in women aged 

20-80. J. Am. Geriatr. Soc. 52, 1367–1372. https://doi.org/10.1111/j.1532-5415.2004.52370.x 

Iwaki, H., Pinskerova, V., Freeman, M. a, 2000a. Tibiofemoral movement 1: the shapes and relative 

movements of the femur and tibia in the unloaded cadaver knee. J. Bone Joint Surg. Br. 82, 1189–

1195. https://doi.org/10.1302/0301-620x.82b8.10717 

Iwaki, H., Pinskerova, V., Freeman, M.A.R., 2000b. Tibiofemoral movement 1 : the shapes and the 

unloaded cadaver knee. J. Bone Jt. Surg. 82, 1189–1195. 

Jackson, A., Carnel, C., Ditunno, J., Read, M.S., Boninger, M., Schmeler, M., Williams, S., Donovan, W., 

2008. Outcome Measures for Gait and Ambulation in the Spinal Cord Injury Population. J. Spinal 

Cord Med. 31, 487–499. https://doi.org/10.1080/10790268.2008.11753644 

Jenny, J.Y., Diesinger, Y., 2012. The Oxford Knee Score: Compared performance before and after knee 

replacement. Orthop. Traumatol. Surg. Res. 98, 409–412. https://doi.org/10.1016/j.otsr.2012.03.004 

Johal, P., Williams, A., Wragg, P., Hunt, D., Gedroyc, W., 2005. Tibio-femoral movement in the living 

knee. A study of weight bearing and non-weight bearing knee kinematics using ‘interventional’ 

MRI. J. Biomech. 38, 269–276. https://doi.org/10.1016/j.jbiomech.2004.02.008 

Johnson, V.L., Hunter, D.J., 2014. The epidemiology of osteoarthritis. Best Pract. Res. Clin. Rheumatol. 

28, 5–15. https://doi.org/10.1016/j.berh.2014.01.004 

Joint, N., Registry, R., 2016. Annual report 2016. 

Jones, Robert (Inspector of Military Orthopaedics, A.M.S., 1916. Disabilities of the knee-joint. Thr Br. 

Med. J. 1. https://doi.org/10.1017/CBO9781107415324.004 

Kanekasu, K., Banks, S.A., Honjo, S., Nakata, O., Kato, H., 2004. Fluoroscopic Analysis of Knee 

Arthroplasty Kinematics During Deep Flexion Kneeling. J. Arthroplasty 19, 998–1003. 

https://doi.org/10.1016/j.arth.2004.03.012 

Kang, H., 2013. The prevention and handling of the missing data. Korean J Anesth. 64, 402–406. 

https://doi.org/10.4097/kjae.2013.64.5.402 

Kapandji, I.A., 2010. Physiology of the Joints Volume 2. Lower Limb, 6th ed. Livingston, Churchill. 

Kasahara, S., Yoshida, M., Saito, H., Takahashi, M., Yuhara, C., 2014. The Characteristic of the Squat in 

the Elderly II: Comparison of the Leg Joint Movements Between Males in Their 60s and 70s. 

Rigakuryoho Kagaku 29, 911–915. 

Katz, J.N., 2015. Parachutes and Preferences — A Trial of Knee Replacement. N. Engl. J. Med. 373, 

1668–1669. https://doi.org/10.1056/NEJMe1510312 

Kellgren J., Lawrence J., 1957. Radiological assessment of osteoarthritis. Ann. Rheum. Dis 16, 494. 



References 

319 

Kennedy, D.M., Stratford, P.W., Wessel, J., Gollish, J.D., Penney, D., 2005. Assessing stability and 

change of four performance measures: a longitudinal study evaluating outcome following total hip 

and knee arthroplasty. BMC Musculoskelet Disord 6, 1–12. https://doi.org/10.1186/1471-2474-6-3 

Kitagawa, A., Ishida, K., Chin, T., Tsumura, N., Iguchi, T., 2014. Partial restoration of knee kinematics in 

severe valgus deformity using the medial-pivot total knee arthroplasty. Knee Surg. Sports 

Traumatol. Arthrosc. 22, 1599–1606. https://doi.org/10.1007/s00167-012-2315-9 

Kitagawa, A., Tsumura, N., Chin, T., Gamada, K., Banks, S.A., Kurosaka, M., 2010. In Vivo Comparison 

of Knee Kinematics Before and After High-Flexion Posterior Cruciate-Retaining Total Knee 

Arthroplasty. J. Arthroplasty 25, 964–969. https://doi.org/10.1016/j.arth.2009.07.008 

Ko, V., Naylor, J.M., Harris, I.A., Crosbie, J., Yeo, A.E., 2013. The six-minute walk test is an excellent 

predictor of functional ambulation after total knee arthroplasty. BMC Musculoskelet. Disord. 14, 1–

9. https://doi.org/10.1186/1471-2474-14-145 

Ko, Y., Lo, N.N., Yeo, S.J., Yang, K.Y., Yeo, W., Chong, H.C., Thumboo, J., 2013. Comparison of the 

responsiveness of the SF-36, the Oxford Knee Score, and the Knee Society Clinical Rating System 

in patients undergoing total knee replacement. Qual. Life Res. 22, 2455–2459. 

https://doi.org/10.1007/s11136-013-0376-y 

Kobsar, D., Osis, S.T., Hettinga, B.A., Ferber, R., 2015. Gait biomechanics and patient-reported function 

as predictors of response to a hip strengthening exercise intervention in patients with knee 

osteoarthritis. PLoS One 10, 1–19. https://doi.org/10.1371/journal.pone.0139923 

Kohn, M.D., Sassoon, A.A., Fernando, N.D., 2016. Classifications in Brief: Kellgren-Lawrence 

Classification of Osteoarthritis. Clin. Orthop. Relat. Res. 474, 1886–1893. 

https://doi.org/10.1007/s11999-016-4732-4 

Kojima, G., Kendrick, D., Skelton, D.A., Morris, R.W., Gawler, S., Iliffe, S., 2015. Frailty predicts short-

term incidence of future falls among British community-dwelling older people: a prospective cohort 

study nested within a randomised controlled trial. BMC Geriatr. 15, 1–7. 

https://doi.org/10.1186/s12877-015-0152-7 

Komistek, R.D., Dennis, D.A., Mahfouz, M., 2003. In vivo fluoroscopic analysis of the normal human 

knee. Clin. Orthop. Relat. Res. 410, 69–81. https://doi.org/10.1097/01.blo.0000062384.79828.3b 

Kotti, M., Duffell, L.D., Faisal, A.A., McGregor, A.H., 2017. Detecting knee osteoarthritis and its 

discriminating parameters using random forests. Med. Eng. Phys. 43, 19–29. 

https://doi.org/10.1016/j.medengphy.2017.02.004 

Kruskal-Wallis H test using SPSS Statistics. Statisticl tutorials and software guides. [WWW Document], 

n.d. URL https://statistics.laerd.com/ 

Laerd, 2017. One-way MANCOVA using SPSS Statistics. [WWW Document]. Laerd Stat. URL 

http://statistics.leard.com 

Laerd, 2015a. Kruskal-Wallis H test using SPSS statistics [WWW Document]. Stat. tutorials Softw. Guid. 

URL https://statistics.laerd.com 

Laerd, 2015b. Multiple regression using SPSS Statistics. [WWW Document]. Stat. tutorials Softw. Guid. 

URL https://statistics.laerd.com/ 

Lane, N.E., Shidara, K., Wise, B.L., 2017. Osteoarthritis year in review 2016 : clinical. Osteoarthr. Cartil. 

25, 209–215. https://doi.org/10.1016/j.joca.2016.09.025 

Larmer, P.J., Reay, N.D., Aubert, E.R., Kersten, P., 2014. Systematic review of guidelines for the 

physical management of osteoarthritis. Arch. Phys. Med. Rehabil. 95, 375–389. 

https://doi.org/10.1016/j.apmr.2013.10.011 

Lazzarini, N., Runhaar, J., Bay-Jensen, A.C., Thudium, C.S., Bierma-Zeinstra, S.M.A., Henrotin, Y., 



Ph.D. Thesis; Osteoarthritic and Healthy Knee Kinematics 

320 

Bacardit, J., 2017. A machine learning approach for the identification of new biomarkers for knee 

osteoarthritis development in overweight and obese women. Osteoarthr. Cartil. 25, 2014–2021. 

https://doi.org/10.1016/j.joca.2017.09.001 

Lee, T.Q., 2014. Biomechanics of Hyperflexion and Kneeling before and after Total Knee A rthroplasty. 

Clin. Orthop. Surg. 6, 117–126. https://doi.org/10.4055/cios.2014.6.2.117 

Lemay, J.-F., Nadeau, S., 2010. Standing balance assessment in ASIA D paraplegic and tetraplegic 

participants: concurrent validity of the Berg Balance Scale. Spinal Cord 48, 245–250. 

https://doi.org/10.1038/sc.2009.119 

Lenz, N.M., 2008. The Effects of Femoral Fixed Body Coordinate System Definition on Knee Kinematic 

Description. J. Biomech. Eng. 130, 1–7. https://doi.org/10.1115/1.2898713 

Leszko, F., Hovinga, K.R., Lerner, A.L., Komistek, R.D., Mahfouz, M.R., 2011. In Vivo Normal Knee 

Kinematics: Is Ethnicity or Gender an Influencing Factor? Clin. Orthop. Relat. Res. 469, 95–106. 

https://doi.org/10.1007/s11999-010-1517-z 

Leung, Y.Y., Allen Jr., J.C., Noviani, M., Ang, L.W., Wang, R., Yuan, J.M., Koh, W.P., 2015. 

Association between body mass index and risk of total knee replacement, the Singapore Chinese 

Health Study. Osteoarthr. Cartil. 23, 41–47. https://doi.org/10.1016/j.joca.2014.10.011 

Levens, A.S., Inman, V.T., Blosser, J.A., 1948. Transverse Rotation of the Segments of the Lower 

Extremity in Locomotion. J Bone Jt. Surg Am 30, 859–872. 

Li, C., Liu, T., Sun, W., Wu, L., Zou, Z.-Y.Z.-Y., 2015. Prevalence and risk factors of arthritis in a 

middle-aged and older Chinese population: the China Health and Retirement Longitudinal Study. 

Rheumatology 54, 697–706. https://doi.org/10.1093/rheumatology/keu391 

Li, G., Zayontz, S., DeFrate, L.E., Most, E., Suggs, J.F., Rubash, H.E., 2004. Kinematics of the knee at 

high flexion angles: an in vitro investigation. J. Orthop. Res. 22, 90–95. 

https://doi.org/10.1016/S0736-0266(03)00118-9 

Li, J.S., Tsai, T.Y., Felson, D.T., Li, G., Lewis, C.L., 2017. Six degree-of-freedom knee joint kinematics 

in obese individuals with knee pain during gait. PLoS One 12, 1–11. 

https://doi.org/10.1371/journal.pone.0174663 

Lim, C.R., Harris, K., Dawson, J., Beard, D.J., Fitzpatrick, R., Price, A.J., 2015. Floor and ceiling effects 

in the OHS: an analysis of the NHS PROMs data set. BMJ Open 5, 1–8. 

https://doi.org/10.1136/bmjopen-2015-007765 

Lin, C., March, L., Crosbie, J., Crawford, R., Graves, S., Naylor, J., Harmer, A., Jan, S., Bennell, K., 

Harris, I., Parker, D., Moffet, H., Fransen, M., 2009. Maximum recovery after knee replacement--

the MARKER study rationale and protocol. BMC Musculoskelet. Disord. 10, 1–8. 

https://doi.org/10.1186/1471-2474-10-69 

Lin, F.J., Samp, J., Munoz, A., Wong, P.S., Pickard, A.S., 2014. Evaluating change using patient-reported 

outcome measures in knee replacement: The complementary nature of the EQ-5D index and VAS 

scores. Eur. J. Heal. Econ. 15, 489–496. https://doi.org/10.1007/s10198-013-0489-9 

Ling, Z., Guo, H., Boersma, S., 1997. Analytical study on the kinematic and dynamic behaviors of a knee 

joint. Med. Eng. Phys. 19, 29–36. https://doi.org/10.1016/S1350-4533(96)00031-8 

Lingard, E.A., Katz, J.N., Wright, R.J., Wright, E. a, Sledge, C.B., Kinemax Outcomes Group, C.B., 

2001. Validity and responsiveness of the Knee Society Clinical Rating System in comparison with 

the SF-36 and WOMAC. J. Bone Joint Surg. Am. 83-A, 1856–1864. 

https://doi.org/10.1001/jama.1994.03510410061034 

Linsell, L., Dawson, J., Zondervan, K., Rose, P., Carr, A., Randell, T., Fitzpatrick, R., 2006. Pain and 

overall health status in older people with hip and knee replacement: a population perspective. J. 

Public Health (Bangkok). 28, 267–273. https://doi.org/10.1093/pubmed/fdl020 



References 

321 

Liow, R.Y., Walker, K., Wajid, M. a, Bedi, G., Lennox, C.M., 2000. The reliability of the American Knee 

Society Score. Acta Orthop. Scand. 71, 603–608. https://doi.org/10.1080/000164700317362244 

Logerstedt, D.S., Zeni, J., Snyder-Mackler, L., 2014. Sex differences in patients with different stages of 

knee osteoarthritis. Arch. Phys. Med. Rehabil. 95, 2376–81. 

https://doi.org/10.1016/j.apmr.2014.07.414 

Lohmander, L.S., Ostenberg, A., Englund, M., Roos, H., 2004. High prevalence of knee osteoarthritis, 

pain, and functional limitations in female soccer players twelve years after anterior cruciate 

ligament injury. Arthritis Rheum 50, 3145–3152. https://doi.org/10.1002/art.20589 

Losina, E., Weinstein, A.M., Reichmann, W.M., Burbine, S. a., Solomon, D.H., Daigle, M.E., Rome, 

B.N., Chen, S.P., Hunter, D.J., Suter, L.G., Jordan, J.M., Katz, J.N., 2013. Lifetime risk and age at 

diagnosis of symptomatic knee osteoarthritis in the US. Arthritis Care Res. 65, 703–711. 

https://doi.org/10.1002/acr.21898 

Lu, T.-W., Tsai, T.-Y., Kuo, M.-Y., Hsu, H.-C., Chen, H.-L., 2008. In vivo three-dimensional kinematics 

of the normal knee during active extension under unloaded and loaded conditions using single-

plane fluoroscopy. Med. Eng. Phys. 30, 1004–1012. 

https://doi.org/10.1016/j.medengphy.2008.03.001 

Luo, W., Phung, D., Tran, T., Gupta, S., Rana, S., Karmakar, C., Shilton, A., Yearwood, J., Dimitrova, 

N., Ho, T.B., Venkatesh, S., Berk, M., 2016. Guidelines for developing and reporting machine 

learning predictive models in biomedical research: A multidisciplinary view. J. Med. Internet Res. 

18, 1–10. https://doi.org/10.2196/jmir.5870 

Luyten, F.P., Bierma-Zeinstra, S., Dell’Accio, F., Kraus, V.B., Nakata, K., Sekiya, I., Arden, N.K., 

Lohmander, L.S., 2018. Toward classification criteria for early osteoarthritis of the knee. Semin. 

Arthritis Rheum. 47, 457–463. https://doi.org/10.1016/j.semarthrit.2017.08.006 

MacKay, C., Jaglal, S.B., Sale, J., Badley, E.M., Davis,  a. M., 2014. A qualitative study of the 

consequences of knee symptoms: “It’s like you’re an athlete and you go to a couch potato.” BMJ 

Open 4, 1–10. https://doi.org/10.1136/bmjopen-2014-006006 

Maempel, J.F., Clement, N.D., Brenkel, I.J., Walmsley, P.J., 2016. Range of movement correlates with 

the Oxford knee score after total knee replacement: A prediction model and validation. Knee 23, 

511–516. https://doi.org/10.1016/j.knee.2016.01.009 

Mahmoudian, A., Van Assche, D., Herzog, W., Luyten, F.P., 2018. Towards secondary prevention of 

early knee osteoarthritis. RMD Open 4, 1–12. https://doi.org/10.1136/rmdopen-2017-000468 

Marcum, Z.A., Perera, S., Donohue, J.M., Boudreau, R.M., Newman, A.B., Ruby, C.M., Kwoh, C.K., 

Simonsick, E.M., Bauer, D.C., Satterfield, S., Hanlon, J.T., 2011. Analgesic Use for Knee and Hip 

Osteoarthritis in Community-Dwelling Elders. Pain Med. 12, 1628–1636. 

https://doi.org/10.1111/j.1526-4637.2011.01249.x 

Marieb, E.N., Hoehn, K., 2010. Human Anatomy & Physiology, Physiology. Pearson Education, San 

Francisco, CA, CA. https://doi.org/10.1038/nnano.2011.234 

Marques, A., Cruz, J., Quina, S., Regencio, M., Jacome, C., 2015. Reliability, Agreement and Minimal 

Detectable Change of the Timed Up & Go and the 10-Meter Walk Tests in Older Patients with 

COPD. COPD 1–9. https://doi.org/10.3109/15412555.2015.1079816 

Martelli, S., Pinskerova, V., 2002. The shapes of the tibial and femoral articular surfaces in relation to 

tibiofemoral movement. J. Bone Joint Surg. Br. 84, 607–613. 

Martin, K.R., Kuh, D., Harris, T.B., Guralnik, J.M., Coggon, D., Wills, A.K., 2013. Body mass index, 

occupational activity, and leisure-time physical activity: an exploration of risk factors and modifiers 

for knee osteoarthritis in the 1946 British birth cohort. BMC Musculoskelet. Disord. 14, 1–11. 

https://doi.org/10.1186/1471-2474-14-219 



Ph.D. Thesis; Osteoarthritic and Healthy Knee Kinematics 

322 

Martinbianco, A.L., Calabrese, F.R., Iha, L.A.N., Petrilli, M., Neto, O.L., Filho, M.C., 2012. Reliability 

of the “ American Knee Society Score ” (AKSS). Acta Ortop. Bras. 20, 34–38. 

https://doi.org/10.1590/S1413-78522012000100007 

McAlindon, T.E., Bannuru, R.R., Sullivan, M.C., Arden, N.K., Berenbaum, F., Bierma-Zeinstra, S.M., 

Hawker, G.A., Henrotin, Y., Hunter, D.J., Kawaguchi, H., Kwoh, K., Lohmander, S., Rannou, F., 

Roos, E.M., Underwood, M., 2014. OARSI guidelines for the non-surgical management of knee 

osteoarthritis. Osteoarthr. Cartil. 22, 363–388. https://doi.org/10.1016/j.joca.2014.01.003 

McCarthy, I., Hodgins, D., Mor, A., Elbaz, A., Segal, G., 2013. Analysis of knee flexion characteristics 

and how they alter with the onset of knee osteoarthritis : a case control study. BMC Musculoskelet. 

Disord. 14, 1–7. https://doi.org/10.1186/1471-2474-14-169 

McGinnis, P., 2013. Biomechanics of Sport and Exercise, Thrid. ed. Human Kinetics. 

McKenzie, S., 2010. Osteoarthritis: Management options in general practice. Aust. Fam. Physician 39, 

622–5. 

McNamee, P., Mendolia, S., 2014. The effect of chronic pain on life satisfaction: evidence from 

Australian data. Soc. Sci. Med. 121, 1–30. https://doi.org/10.1016/j.socscimed.2014.09.019 

Medalla, G.A., Moonot, P., Peel, T., Kalairajah, Y., Field, R.E., 2009. Cost-Benefit Comparison of the 

Oxford Knee Score and the American Knee Society Score in Measuring Outcome of Total Knee 

Arthroplasty. J. Arthroplasty 24, 652–656. https://doi.org/10.1016/j.arth.2008.03.020 

Mezghani, N., Ouakrim, Y., Fuentes, A., Mitiche, A., Hagemeister, N., Vendittoli, P.A., de Guise, J.A., 

2017. Mechanical biomarkers of medial compartment knee osteoarthritis diagnosis and severity 

grading: Discovery phase. J. Biomech. 52, 106–112. 

https://doi.org/10.1016/j.jbiomech.2016.12.022 

Middleton, A., Fritz, S.L., Lusardi, M., 2015a. Walking speed: The functional vital sign. J. Aging Phys. 

Act. 23, 314–322. https://doi.org/10.1123/japa.2013-0236 

Middleton, A., Fritz, S.L., Lusardi, M., 2015b. Walking Speed : The Functional Vital Sign Predictive 

Capabilities of Walking Speed Responsiveness of Walking Speed. J. Aging Phys. Act. 314–322. 

https://doi.org/10.1123/japa.2013-0236 

Mochizuki, T., Sato, T., Blaha, J.D., Tanifuji, O., Kobayashi, K., Yamagiwa, H., Watanabe, S., Koga, Y., 

Omori, G., Endo, N., 2014a. The clinical epicondylar axis is not the functional flexion axis of the 

human knee. J. Orthop. Sci. 19, 451–456. https://doi.org/10.1007/s00776-014-0536-0 

Mochizuki, T., Sato, T., Blaha, J.D., Tanifuji, O., Kobayashi, K., Yamagiwa, H., Watanabe, S., Matsueda, 

M., Koga, Y., Omori, G., Endo, N., 2014b. Kinematics of the knee after unicompartmental 

arthroplasty is not the same as normal and is similar to the kinematics of the knee with 

osteoarthritis. Knee Surg Sport. Traumatol Arthrosc 22, 1911–1917. 

https://doi.org/10.1007/s00167-013-2767-6 

Mochizuki, T., Sato, T., Tanifuji, O., Kobayashi, K., Koga, Y., Yamagiwa, H., Omori, G., Endo, N., 

2013. In vivo pre- and postoperative three-dimensional knee kinematics in unicompartmental knee 

arthroplasty. J. Orthop. Sci. 18, 54–60. https://doi.org/10.1007/s00776-012-0322-9 

Mochizuki, T., Sato, T., Tanifuji, O., Kobayashi, K., Yamagiwa, H., Watanabe, S., Koga, Y., Omori, G., 

Endo, N., 2015. Unicompartmental knee arthroplasty cannot restore the functional flexion axis of a 

living knee to normal. Knee Surg Sport. Traumatol Arthrosc 23, 3736–3742. 

https://doi.org/10.1007/s00167-014-3296-7 

Mork, P.J., Holtermann, A., Nilsen, T.I.L., 2012. Effect of body mass index and physical exercise on risk 

of knee and hip osteoarthritis: longitudinal data from the Norwegian HUNT Study. J. Epidemiol. 

Community Health 66, 678–83. https://doi.org/10.1136/jech-2011-200834 

Moro-oka, T., Hamai, S., Miura, H., Shimoto, T., Higaki, H., Fregly, B.J., Iwamoto, Y., Banks, S.A., 



References 

323 

2008. Dynamic Activity Dependence of In Vivo Normal Knee Kinematics. J. Orthop. Res. 26, 428–

34. https://doi.org/10.1002/jor.20488 

Morrison, J.B., 1970. The Mechanics of the Knee Joint in Relation to Normal Walking. J. Biomech. 3, 

51–61. 

Moschi, A., Zingoni, G., 1977. Biomechanics Of The Knee. Pavia. 

Most, E., Axe, J., Rubash, H., Li, G., 2004. Sensitivity of the knee joint kinematics calculation to 

selection of flexion axes. J. Biomech. 37, 1743–1748. 

https://doi.org/10.1016/j.jbiomech.2004.01.025 

Mu, S., Moro-oka, T., Johal, P., Hamai, S., Freeman, M.A.R., Banks, S.A., 2011. Comparison of static 

and dynamic knee kinematics during squatting. Clin. Biomech. (Bristol, Avon) 26, 106–108. 

https://doi.org/10.1016/j.clinbiomech.2010.08.006 

Muhit, A.A., 2011. Application of Image Registration in Video Coding & Medical Image Analysis. 

Australian Defence Force Academy, The University of NSW. 

Muhit, A.A., Pickering, M.R., Scarvell, J.M., Ward, T., Smith, P.N., 2013. Image-assisted non-invasive 

and dynamic biomechanical analysis of human joints. Phys. Med. Biol. 58, 4679–4702. 

https://doi.org/10.1088/0031-9155/58/13/4679 

Mulholland, S., Wyss, U., 2001. Activities of daily living in non-Western cultures: range of motion 

requirements for hip and knee joint implants. Int. J. Rehabil. Res. 24, 191–198. 

https://doi.org/10.1097/00004356-200109000-00004 

Murphy, L., Schwartz, T.A., Helmick, C.G., Renner, J.B., Tudor, G., Koch, G., Dragomir, A., Kalsbeek, 

W.D., Luta, G., Jordan, J.M., 2008. Lifetime Risk of Symptomatic Knee Osteoarthritis. Arthritis 

Rheum. 59, 1207–1213. https://doi.org/10.1002/art.24021 

Murphy, M., 2013. Knee Range of Motion after Total Knee Arthroplasty: Evaluation of Advances to 

Improve Flexion and the Role of Flexion and Extension in Functional Outcome. University of 

Queensland. 

Murray, D.W., Fitzpatrick, R., Rogers, K., Pandit, H., Beard, D.J., Carr,  a J., Dawson, J., 2007. The use 

of the Oxford hip and knee scores. J. Bone Jt. Surg. 89, 1010–1014. https://doi.org/10.1302/0301-

620X.89B8.19424 

Musumeci, G., Aiello, F., Szychlinska, M., Di Rosa, M., Castrogiovanni, P., Mobasheri, A., 2015. 

Osteoarthritis in the XXIst Century: Risk Factors and Behaviours that Influence Disease Onset and 

Progression. Int. J. Mol. Sci. 16, 6093–6112. https://doi.org/10.3390/ijms16036093 

Muthuri, S.G., McWilliams, D.F., Doherty, M., Zhang, W., 2011. History of knee injuries and knee 

osteoarthritis: a meta-analysis of observational studies. Osteoarthritis Cartilage 19, 1286–1293. 

https://doi.org/10.1016/j.joca.2011.07.015 

Naal, F.D., Impellizzeri, F.M., Leunig, M., 2009. Which is the Best Activity Rating Scale for Patients 

Undergoing Total Joint Arthroplasty ? Clin. Orthop. Relat. Res. 467, 958–965. 

https://doi.org/10.1007/s11999-008-0358-5 

Nagura, T., Dyrby, C.O., Alexander, E.J., Andriacchi, T.P., 2002. Mechanical loads at the knee joint 

during deep flexion. J. Orthop. Res. 20, 881–886. https://doi.org/10.1016/S0736-0266(01)00178-4 

Navarro, S.M., Wang, E.Y., Haeberle, H.S., Mont, M.A., Krebs, V.E., Patterson, B.M., Ramkumar, P.N., 

2018. Machine Learning and Primary Total Knee Arthroplasty : Patient Forecasting for a Patient-

Speci fi c Payment Model. J. Arthroplasty 1–7. https://doi.org/10.1016/j.arth.2018.08.028 

Naylor, J.M., Hayen, A., Davidson, E., Hackett, D., Harris, I.A., Kamalasena, G., Mittal, R., 2014. 

Minimal detectable change for mobility and patient-reported tools in people with osteoarthritis 

awaiting arthroplasty. BMC Musculoskelet. Disord. 15, 1–9. https://doi.org/10.1186/1471-2474-15-



Ph.D. Thesis; Osteoarthritic and Healthy Knee Kinematics 

324 

235 

Neogi, T., Zhang, Y., 2013. Epidemiology of Osteoarthritis. Rheum. Dis. Clin. North Am. 39, 355–369. 

https://doi.org/10.1016/j.rdc.2012.10.004 

Nguyen, U., Zhang, Y., Zhu, Y., Niu, J., Bin, Z., Aliabadi, P., Felson, D.T., 2011. Increasing Prevalence 

of Knee Pain and Symptomatic Knee Osteoarthritis. Ann. Intern. Med. 155, 725–732. 

https://doi.org/10.1059/0003-4819-155-11-201112060-00004.Increasing 

Nisell, R., 1985. Mechanics of the Knee. Acta Orthop. Scand. 56, 1–42. 

https://doi.org/10.3109/17453678509154159 

Nordenvall, R., Bahmanyar, S., Adami, J., 2014. Cruciate Ligament Reconstruction and Risk of Knee 

Osteoarthritis: The Association between Cruciate Ligament Injury and Post-Traumatic 

Osteoarthritis. A Population Based Nationwide Study in Sweden, 1987–2009. PLoS One 9, 1. 

OARSI, 2014. What is osteoarthritis? | Osteoarthritis Research Society International (OARSI) [WWW 

Document]. Osteoarthr. Res. Soc. Int. URL https://www.oarsi.org/what-osteoarthritis (accessed 

6.20.17). 

Oliveria, S.A., Felson, D.T., Reed, J.I., Cirillo, P.A., Walker, A.M., 1995. Incidence of symptomatic 

hand, hip, and knee osteoarthritis among patients in a health maintenance organization. Arthritis 

Rheum. 38, 1134–1141. https://doi.org/10.1002/art.1780380817 

Osteoarthritis Snapshot [WWW Document], 2018. URL https://www.aihw.gov.au/reports/chronic-

musculoskeletal-conditions/osteoarthritis/contents/impact-of-osteoarthritis 

Perera, S.S., Mody, S., Woodman, R., SA Studenski, S., 2006. Meaningful change and responsiveness in 

common physical performance measures in older adults. J. Am. Geriatr. Soc. 54, 743–749. 

https://doi.org/10.1111/j.1532-5415.2006.00701.x 

Phinyomark, A., Petri, G., Ibáñez-Marcelo, E., Osis, S.T., Ferber, R., 2018. Analysis of Big Data in Gait 

Biomechanics: Current Trends and Future Directions. J. Med. Biol. Eng. 38, 244–260. 

https://doi.org/10.1007/s40846-017-0297-2 

Pickering, M.R., Muhit, A.A., Scarvell, J.M., Smith, P.N., 2009a. A new multi-modal similarity measure 

for fast gradient-based 2D-3D image registration. IEEE Eng. Med. Biol. Soc. Eng. Futur. Biomed. 

5821–5824. https://doi.org/10.1109/IEMBS.2009.5335172 

Pickering, M.R., Scarvell, J.M., Smith, P.N., 2009b. An Improved CT to Fluoroscopy Registration 

Algorithm for the Kinematic Analysis of Knee Joints. IEEEConference 16th Int. Conf. Digit. Signal 

Process. 1 & 2, 1–6. https://doi.org/10.1109/ICDSP.2009.5201122 

Pinskerova, V., Maquet, P., Freeman, M. a, 2000. Writings on the knee between 1836 and 1917. J. Bone 

Joint Surg. Br. 82, 1100–2. 

Pinskerova, V., Samuelson, K.M., Stammers, J., Maruthainar, K., Sosna, A., Freeman, M.A.R., 2009. The 

knee in full flexion: An Anatomical Study. J. Bone Jt. Surg. - Br. Vol. 91, 830–834. 

https://doi.org/10.1302/0301-620X.91B6.22319 

Podsiadlo, D., Richardson, S., 1991. The timed “Up & Go”: a test of basic functional mobility for frail 

elderly persons. J. Am. Geriatr. Soc. 39, 142–148. 

Pondal, M., 2008. Normative data and determinants for the timed “up and go” test in a population-based 

sample of elderly individuals without gait disturbances. J. Geriatr. Phys. Ther. 31, 57–63. 

https://doi.org/10.1519/00139143-200831020-00004 

Power, J.D., Badley, E.M., French, M.R., Wall, A.J., Hawker, G.A., 2008. Fatigue in osteoarthritis: a 

qualitative study. BMC Musculoskelet. Disord. 9, 1–8. https://doi.org/10.1186/1471-2474-9-63 

Price, D.D., McGrath, P.A., Rafii, A., Buckingham, B., 1983. The validation of visual analogue scales as 



References 

325 

ratio scale meaures for chronic and experimental pain. Pain 17, 45–56. 

Qi, W., Hosseini, A., Tsai, T.-Y., Li, J.-S., Rubash, H.E., Li, G., 2013. In Vivo Kinematics of the Knee 

during Weight Bearing High Flexion. J. Biomech. 46, 1576–82. 

https://doi.org/10.1016/j.jbiomech.2013.03.014 

Reddy, K.I.A., Johnston, L.R., Wang, W., Abboud, R.J., 2011. Does the Oxford Knee Score 

Complement, Concur, or Contradict the American Knee Society Score? J. Arthroplasty 26, 714–

720. https://doi.org/10.1016/j.arth.2010.05.032 

Rehabilitation Institute of Chicago, 2010. Rehabmeasures [WWW Document]. 

Reinschmidt, C., Van Den Bogert, A.J., Nigg, B.M., Lundberg, A., Murphy, N., 1997. Effect of skin 

movement on the analysis of skeletal knee joint motion during running. J. Biomech. 30, 729–732. 

https://doi.org/10.1016/S0021-9290(97)00001-8 

Richardson, J., Iezzi, A., Chen, G., Khan, M., Maxwell, A., 2013. Population Norms and Australian 

Profile using the Assessment of Quality of Life (AQoL) 8D Utility Instrument, Centre for Health 

Economics, Monash University. 

Richardson, Jeff, Iezzi, A., Khan, M. a, Maxwell, A., 2014. Validity and reliability of the Assessment of 

Quality of Life (AQoL)-8D multi-attribute utility instrument. Patient 7, 85–96. 

https://doi.org/10.1007/s40271-013-0036-x 

Richardson, J., Iezzi, A., Khan, M.A., Chen, G., Maxwell, A., Hons, B., 2016. Measuring the Sensitivity 

and Construct Validity of 6 Utility Instruments in 7 Disease Areas. Med. Decis. Mak. 147–159. 

https://doi.org/10.1177/0272989X15613522 

Richardson, J., Khan, M.A. a., Iezzi, A., Maxwell, A., 2014. Comparing and Explaining Differences in 

the Magnitude, Content, and Sensitivity of Utilities Predicted by the EQ-5D, SF-6D, HUI 3, 15D, 

QWB, and AQoL-8D Multiattribute Utility Instruments. Med. Decis. Making 35, 276–291. 

https://doi.org/10.1177/0272989X14543107 

Richardson, J.T.E., 2011. Eta squared and partial eta squared as measures of effect size in educational 

research. Educ. Res. Rev. 6, 135–147. https://doi.org/10.1016/j.edurev.2010.12.001 

Richardson, R., 2009. The Making of Mr Gray’s Anatomy. Oxford University Press, Oxford, UK. 

Rikli, R.E., Jones, C.J., 2013. Development and validation of criterion-referenced clinically relevant 

fitness standards for maintaining physical independence in later years. Gerontologist 53, 255–267. 

https://doi.org/10.1093/geront/gns071 

Rockwood, K., Awalt, E., Carver, D., MacKnight, C., 2000. Feasibility and measurement properties of 

the functional reach and the timed up and go tests in the Canadian study of health and aging. J. 

Gerontol. A. Biol. Sci. Med. Sci. 55A, 70–73. https://doi.org/10.1093/gerona/55.2.M70 

Roland, M., Hull, M.L., Howell, S.M., 2010. Virtual axis finder: a new method to determine the two 

kinematic axes of rotation for the tibio-femoral joint. J. Biomech. Eng. 132, 1–9. 

https://doi.org/10.1115/1.4000163 

Roos, E.M., Arden, N.K., 2016. Strategies for the prevention of knee osteoarthritis. Nat. Rev. Rheumatol. 

12, 92–101. https://doi.org/10.1038/nrrheum.2015.135 

Rowe, P.J., Myles, C.M., Walker, C., Nutton, R., 2000. Knee joint kinematics in gait and other functional 

activities measured using flexible electrogoniometry: How much knee motion is sufficient for 

normal daily life? Gait Posture 12, 143–155. https://doi.org/10.1016/S0966-6362(00)00060-6 

Rozzini, R., Frisoni, G.B., Ferrucci, L., Barbisoni, P., Bertozzi, B., Trabucchi, M., 1997. The effect of 

chronic diseases on physical function. Comparison between activities of daily living scales and the 

Physical Performance Test. Age Ageing 26, 281–287. 



Ph.D. Thesis; Osteoarthritic and Healthy Knee Kinematics 

326 

Saadat, S., Pickering, M.R., Perriman, D., Scarvell, J.M., Smith, P.N., 2017. Fast and Robust Multi-

Modal Image Registration for 3D Knee Kinematics, in: 2017 International Conference on Digital 

Image Computing: Techniques and Applications (DICTA). pp. 1–5. 

https://doi.org/10.1109/DICTA.2017.8227434 

Saari, T., Carlsson, L., Karlsson, J., Kärrholm, J., 2005. Knee kinematics in medial arthrosis. Dynamic 

radiostereometry during active extension and weight-bearing. J. Biomech. 38, 285–292. 

https://doi.org/10.1016/j.jbiomech.2004.02.009 

Sanchez-Adams, J., Leddy, H.A., McNulty, A.L., O’Conor, C.J., Guilak, F., 2014. The Mechanobiology 

of Articular Cartilage: Bearing the Burden of Osteoarthritis. Curr. Rheumatol. Rep. 16, 1–9. 

https://doi.org/10.1007/s11926-014-0451-6 

Scarvell, J.M., Galvin, C.R., Perriman, D.M., Lynch, J.T., van Deursen, R.W.M., 2018. Kinematics of 

knees with osteoarthritis show reduced lateral femoral roll-back and maintain an adducted position. 

A systematic review of research using medical imaging. J. Biomech. 75, 108–122. 

https://doi.org/10.1016/j.jbiomech.2018.05.007 

Scarvell, J.M., Pickering, M.R., Smith, P.N., 2010. New registration algorithm for determining 3D knee 

kinematics using CT and single-plane fluoroscopy with improved out-of-plane translation accuracy. 

J. Orthop. Res. 28, 1–7. https://doi.org/10.1002/jor.21003 

Scarvell, J.M., Smith, P.N., Refshauge, K.M., Galloway, H., Woods, K., 2005. Comparison of kinematics 

in the healthy and ACL injured knee using MRI. J. Biomech. 38, 255–262. 

https://doi.org/10.1016/j.jbiomech.2004.02.012 

Scarvell, J.M., Smith, P.N., Refshauge, K.M., Galloway, H.R., 2007. Magnetic resonance imaging 

analysis of kinematics in osteoarthritic knees. J. Arthroplasty 22, 383–393. 

https://doi.org/10.1016/j.arth.2006.06.006 

Scarvell, J.M., Smith, P.N., Refshauge, K.M., Galloway, H.R., Woods, K.R., 2004. Evaluation of a 

method to map tibiofemoral contact points in the normal knee using MRI. J. Orthop. Res. 22, 788–

793. https://doi.org/10.1016/j.orthres.2003.10.011 

Scarvell, J.M.J.M., Galvin, C.R.C.R., Perriman, D.M.D.M., Lynch, J.T.J.T., van Deursen, 

R.W.M.R.W.M., 2018. Kinematics of knees with osteoarthritis show reduced lateral femoral roll-

back and maintain an adducted position. A systematic review of research using medical imaging. J. 

Biomech. 75, 108–122. https://doi.org/10.1016/j.jbiomech.2018.05.007 

Schaubert, K., Bohannon, R., 2005. Reliability of the sit-to-stand test over dispersed test sessions. 

Isokinet. Exerc. Sci. 13, 119–122. https://doi.org/10.3233/IES-2005-0188 

Scholes, C., Houghton, E.R., Lee, M., Lustig, S., 2015. Meniscal translation during knee flexion : what do 

we really know ? Knee Surg Sport. Traumatol Arthrosc 32–40. https://doi.org/10.1007/s00167-013-

2482-3 

Schultz, D.A., 2000. Anatomy, Knee Ligament Rehabilitation. Churchill Livingston, Philadelphia, USA. 

Sedgwick, P., 2015. Bias in observational study designs: cross sectional studies. BMJ 1286, 1–2. 

https://doi.org/10.1136/bmj.h1286 

Serpell, B.G., Scarvell, J.M., Pickering, M.R., Ball, N.B., Newman, P.M., Perriman, D.M., 

Warmenhoven, J., Smith, P.N., 2015. Medial and lateral hamstrings and quadriceps co-activation 

affects knee joint kinematics and ACL elongation: a pilot study. BMC Musculoskelet. Disord. 16, 

1–11. https://doi.org/10.1186/s12891-015-0804-y 

Sharma, A., Dennis, D.A., Zingde, S.M., Mahfouz, M.R., Komistek, R.D., 2014. Femoral condylar 

contact points start and remain posterior in high flexing patients. J. Arthroplasty 29, 945–949. 

https://doi.org/10.1016/j.arth.2013.09.037 

Sharma, A.R., Jagga, S., Lee, S.S., Nam, J.S., 2013. Interplay between cartilage and subchondral bone 



References 

327 

contributing to pathogenesis of osteoarthritis. Int. J. Mol. Sci. 14, 19805–19830. 

https://doi.org/10.3390/ijms141019805 

Sharma, L., 2016. Osteoarthritis Year in Review: Clinical. Osteoarthr. Cartil. 24, 36–48. 

https://doi.org/10.1016/j.joca.2015.07.026 

Shute, C.C.D., 1967. Complex Movements At The Knee, Proceedings of the Institution of Mechanical 

Engineers conference proceedings. Cambridge. 

Silverwood, V., Blagojevic-Bucknall, M., Jinks, C., Jordan, J.L., Protheroe, J., Jordan, K.P., 2015. 

Current evidence on risk factors for knee osteoarthritis in older adults: a systematic review and 

meta-analysis. Osteoarthr. Cartil. 23, 507–515. https://doi.org/10.1016/j.joca.2014.11.019 

Skou, S.T., Roos, E.M., Laursen, M.B., Rathleff, M.S., Arendt-Nielsen, L., Rasmussen, S., Simonsen, O., 

2018. Total knee replacement and non-surgical treatment of knee osteoarthritis: 2-year outcome 

from two parallel randomized controlled trials. Osteoarthr. Cartil. 26, 1170–1180. 

https://doi.org/10.1016/j.joca.2018.04.014 

Skou, S.T., Simonsen, M.E., Odgaard, A., Roos, E.M., 2014. Predictors of long-term effect from 

education and exercise in patients with knee and hip pain Outcome measures. Dan. Med. J. 61, 1–5. 

Smith, P.N., Refshauge, K.M., Scarvell, J.M., 2003. Development of the concepts of knee kinematics. 

Arch. Phys. Med. Rehabil. 84, 1895–1902. https://doi.org/10.1016/S0003-9993(03)00281-8 

Smith, T., Purdy, R., Lister, S., Salter, C., Fleetcroft, R., Conaghan, P., 2014. Living with osteoarthritis: a 

systematic review and meta-ethnography. Scand. J. Rheumatol. 43, 441–452. 

https://doi.org/10.3109/03009742.2014.894569 

Smoger, L.M., Fitzpatrick, C.K., Clary, C.W., Cyr, A.J., Maletsky, L.P., Rullkoetter, P.J., Laz, P.J., 2015. 

Statistical modeling to characterize relationships between knee anatomy and kinematics. J. Orthop. 

Res. 33, 1620–1630. https://doi.org/10.1002/jor.22948 

Spector, T.D., Cooper, C., 1993. Radiographic assessment of osteoarthritis in population studies: whither 

Kellgren and Lawrence? Osteoarthr. Cartil. 1, 203–206. https://doi.org/10.1016/S1063-

4584(05)80325-5 

Stefanik, J.J., Neogi, T., Niu, J., Roemer, F.W., Segal, N.A., Lewis, C.E., Nevitt, M., Guermazi, A., 

Felson, D.T., 2014. The diagnostic performance of anterior knee pain and activity-related pain in 

identifying knees with structural damage in the patellofemoral joint: the Multicenter Osteoarthritis 

Study. J. Rheumatol. 41, 1695–1702. https://doi.org/10.3899/jrheum.131555 

Steffen, T.M., Hacker, T.A., Mollinger, L., 2002. Age- and Gender-Related Test Performance in 

Community-Dwelling Elderly People: Six-Minute Walk Test, Berg Balance Scale, Timed Up & Go 

Test, and Gait Speeds. Phys. Ther. 82, 128–137. 

https://doi.org/10.1001/jama.1968.03140030033008 

Stiehl, J.B., Komistek, R.D., Dennis, D.A., Paxson, R.D., Hoff, W.A., 1995a. Fluoroscopic analysis of 

kinematics after posterior-cruciate-retaining knee arthroplasty. J Bone Jt. Surg 77, 884–889. 

Stiehl, J.B., Komistek, R.D., Dennis, D.A., Paxson, R.D., Hoff, W.A., 1995b. Fluoroscopic Analysis of 

Kinematics after Posterior-cruciate Retaining Knee Arthroplasty. J. Bone Jt. Surg. - Br. Vol. 77-B, 

884–889. 

Stowers, S., 1996. Biomechanical Terminology Applied to the Knee Joint. Sports Med. Arthrosc. 4, 308–

312. 

Strasser, H., 1917. Lehrbuch der Muskel-and Gelenkmechanik, III Band, Spezieller Teil Die untere 

Extremitat, II Fuss und Unterschenkel 1. 

Susko, A., Fitzgerald, K., 2013. The pain-relieving qualities of exercise in knee osteoarthritis. Open 

Access Rheumatol. Res. Rev. 5, 81–91. https://doi.org/10.2147/OARRR.S53974 



Ph.D. Thesis; Osteoarthritic and Healthy Knee Kinematics 

328 

Tanifuji, O., Sato, T., Kobayashi, K., Mochizuki, T., Koga, Y., Yamagiwa, H., Omori, G., Endo, N., 

2013. Three-dimensional in vivo motion analysis of normal knees employing transepicondylar axis 

as an evaluation parameter. Knee Surg. Sports Traumatol. Arthrosc. 21, 2301–8. 

https://doi.org/10.1007/s00167-012-2010-x 

Tanifuji, O., Sato, T., Kobayashi, K., Mochizuki, T., Koga, Y., Yamagiwa, H., Omori, G., Endo, N., 

2011. Three-dimensional in vivo motion analysis of normal knees using single-plane fluoroscopy. J. 

Orthop. Sci. 16, 710–718. https://doi.org/10.1007/s00776-011-0149-9 

Team, R.D.C., 2008. R: A language and Environment for Statistical Computing. 

The Nordic Cochrane Centre, 2014. Review Manager (RevMan). 

Tsai, C.L., Liu, T.K., 1992. Osteoarthritis in women: its relationship to estrogen and current trends. Life 

Sci. 50, 1737–1744. https://doi.org/10.1016/0024-3205(92)90056-U 

Tubach, F., Ravaud, P., Baron, G., Falissard, B., Logeart, I., Bellamy, N., Bombardier, C., Felson, D., 

Hochberg, M., van der Heijde, D., Dougados, M., 2005. Evaluation of clinically relevant changes in 

patient reported outcomes in knee and hip osteoarthritis: the minimal clinically important 

improvement. Ann. Rheum. Dis. 64, 29–33. https://doi.org/10.1136/ard.2004.022905 

Tyson, S., Connell, L., 2009. The psychometric properties and clinical utility of measures of walking and 

mobility in neurological conditions: a systematic review. Clin. Rehabil. 23, 1018–1033. 

https://doi.org/10.1177/0269215509339004 

Udomkiat, P., Meng, B.-J.J., Dorr, L.D., Wan, Z.N., 2000. Functional Comparison of Posterior Cruciate 

Retention and Substitution Knee Replacement. Clin. Orthop. Relat. Res. 378, 192–201. 

Uygur, E., Kilic, B., Demiroglu, M., Ozkan, K., Cift, H.T., 2015. Subchondral Bone and Its Role in 

Osteoarthritis. Open J. Orthop. 5, 355–360. 

Valderrabano, V., Hintermann, B., Horisberger, M., Fung, T.S., 2006. Ligamentous posttraumatic ankle 

osteoarthritis. Am. J. Sports Med. 34, 612–620. https://doi.org/10.1177/0363546505281813 

van Dijk, G.M., Veenhof, C., Lankhorst, G.J., Dekker, J., 2009. Limitations in activities in patients with 

osteoarthritis of the hip or knee: the relationship with body functions, comorbidity and cognitive 

functioning. Disabil. Rehabil. 31, 1685–1691. https://doi.org/10.1080/09638280902736809 

Varadarajan, K.M., Gill, T.J., Freiberg, A.A., Rubash, H.E., Li, G., 2009a. Gender differences in trochlear 

groove orientation and rotational kinematics of human knees. J. Orthop. Res. 27, 871–878. 

https://doi.org/10.1002/jor.20844 

Varadarajan, K.M., Rubash, E.H., Johnson, T., Li, G., 2009b. Can in vitro systems capture the 

characteristic differences between the flexion–extension kinematics of the healthy and TKA knee? 

Med. Eng. Phys. 31, 899–906. https://doi.org/10.1016/j.medengphy.2009.06.005 

Victor, J., 2010. Biomechanics of the knee and alignment. Knee A Compr. Rev. 37–68. 

Victor, J., Labey, L., Wong, P., Innocenti, B., Bellemans, J., 2010. The influence of muscle load on 

tibiofemoral knee kinematics. J. Orthop. Res. 28, 419–428. https://doi.org/10.1002/jor.21019 

Walker, P.S., Heller, Y., Yildirim, G., Immerman, I., 2011. Reference axes for comparing the motion of 

knee replacements with the anatomic knee. Knee 18, 312–316. 

https://doi.org/10.1016/j.knee.2010.07.005 

Walker, P.S., Kurosawa, H., Rovick, J.S., Zimmerman, R.A., 1985. External knee joint design based on 

normal motion. J. Rehabil. Res. Dev. 22, 9–22. https://doi.org/10.1682/JRRD.1985.01.0009 

Wang, B., Liu, Q., Wise, B.L., Ke, Y., Xing, D., Xu, Y., Zhang, Y., Lin, J., 2018. Valgus malalignment 

and prevalence of lateral compartmental radiographic knee osteoarthritis ( OA ): The Wuchuan OA 

study. Int. J. Rheum. Dis. 21, 1385–1390. https://doi.org/10.1111/1756-185X.13079 



References 

329 

Wang, Y., Simpson, J.A., Wluka, A.E., Teichtahl, A.J., English, D.R., Giles, G.G., Graves, S., Cicuttini, 

F.M., 2011. Is physical activity a risk factor for primary knee or hip replacement due to 

osteoarthritis? A prospective cohort study. J. Rheumatol. 38, 350–7. 

https://doi.org/10.3899/jrheum.091138 

Watson, P., 2019. Rules of thumb on magnitudes of effect sizes [WWW Document]. Univ. Cambridge 

MRC Cogn. Brain Sci. Unit. URL http://imaging.mrc-cbu.cam.ac.uk/statswiki/FAQ/effectSize 

Weber, W., Weber, F., 1836. Mechanik der menschlichen, Gehwerkzeuge: Mechanics of the Human 

Walking Apparatus. Section 4: On the Knee. 75. 

Wei, S., Zhou, H., Wang, D., Li, X., Wang, C., 2014. Kinematics of lower extremity for the young and 

elderly Chinese population during squatting. 2014 7th Int. Conf. Biomed. Eng. Informatics 1. 

https://doi.org/10.1109/BMEI.2014.7002840 

Weidow, J., Mars, I., Karrholm, J., 2005. Medial and lateral osteoarthritis of the knee is related to 

variations of hip and pelvic anatomy. Osteoarthr. Cartil. 13, 471–477. 

https://doi.org/10.1016/j.joca.2005.01.009 

Weiss, J.M., Noble, P.C., Conditt, M.A., Kohl, H.W., Roberts, S., Cook, K.F., Gordon, M.J., Mathis, 

K.B., 2002. What functional activities are important to patients with knee replacements? Clin. 

Orthop. Relat. Res. 172–188. https://doi.org/10.1097/01.blo.0000036536.46246.d9 

WHO, 2011. World Report on Disability. Geneva. 

Wilhelm Weber Biography inventions, n.d. , Society For Recognition of Famous People. 

Williams, A., Logan, M., 2004. Understanding tibio-femoral motion. Knee 11, 81–88. 

https://doi.org/10.1016/j.knee.2003.12.004 

Wismanns, J., Veldpaus, F., Janssen, J., 1980. A Three-Dimensional Mathematical Model of the Knee-

Joint. J. Biomech. 1. 

Wu, G., Cavanagh, P.R., 1995. ISB Recommendations in the Reporting for Standardization of Kinematic 

Data. J Biomech. 28, 1257–1261. https://doi.org/10.1016/0021-9290(95)00017-C 

Wünschel, M., Wulker, N., Muller, O., 2013. Gender differences in tibio-femoral kinematics and 

quadriceps muscle force during weight-bearing knee flexion in vitro. Knee Surg Sport. Traumatol 

Arthrosc 21, 2557–2563. https://doi.org/10.1007/s00167-012-2082-7 

Wylde, V., Lenguerrand, E., Brunton, L., Dieppe, P., Gooberman-hill, R., 2014. Does measuring the 

range of motion of the hip and knee add to the assessment of disability in people undergoing joint 

replacement ? Orthop. Traumatol. Surg. Res. 100, 187–190. 

https://doi.org/10.1016/j.otsr.2013.09.016 

Yildirim, G., Walker, P.S., Sussman-Fort, J., Aggarwal, G., White, B., Klein, G.R., 2007. The contact 

locations in the knee during high flexion. Knee 14, 379–384. 

https://doi.org/doi:10.1016/j.knee.2007.06.007 

Yin, L., Chen, K., Guo, L., Cheng, L., Wang, F., Yang, L., 2015. Identifying the functional flexion-

extension axis of the knee: An in-vivo kinematics study. PLoS One 10, 1–11. 

https://doi.org/10.1371/journal.pone.0128877 

Yue, B., Varadarajan, K.M., Moynihan, A.L., Liu, F., Rubash, H.E., Li, G., 2011. Kinematics of Medial 

Osteoarthritic Knees before and after Posterior Cruciate Ligament Retaining Total Knee 

Arthroplasty. J. Orthop. Res. 29, 40–46. https://doi.org/10.1002/jor.21203 

Yuhara, C., Kasahara, S., Saito, H., Takahashi, M., Yoshida, M., 2014. The Characteristics of the Squat 

Motion in the Elderly. Rigakuryoho Kagaku 29, 765–769. 

Zeighami, A., Dumas, R., Kanhonou, M., Hagemeister, N., Lavoie, F., de Guise, J.A., Aissaoui, R., 2017. 



Ph.D. Thesis; Osteoarthritic and Healthy Knee Kinematics 

330 

Tibio-femoral joint contact in healthy and osteoarthritic knees during quasi-static squat: A bi-planar 

X-ray analysis. J. Biomech. 53, 178–184. https://doi.org/10.1016/j.jbiomech.2017.01.015 

Zelle, J., Barink, M., Loeffen, R., De Waal Malefijt, M., Verdonschot, N., 2007. Thigh-calf contact force 

measurements in deep knee flexion. Clin. Biomech. 22, 821–826. 

https://doi.org/10.1016/j.clinbiomech.2007.03.009 

Zhou, H., Wang, D., Liu, T., Zeng, X., Wang, C., 2012. Kinematics of hip, knee, ankle of the young and 

elderly Chinese people during kneeling activity. J. Zhejiang Univ. Sci. B 13, 831–838. 

https://doi.org/10.1631/jzus.B1100355 

Zhou, Z.-Y., Liu, Y.-K., Chen, H.-L., Liu, F., 2014. Body Mass Index and Knee Osteoarthritis Risk: A 

Dose-Response Meta-Analysis. Obesity 22, 2180–2185. https://doi.org/10.1002/oby.20835 

Zlotnicki, J.P., Naendrup, J.H., Ferrer, G.A., Debski, R.E., 2016. Basic biomechanic principles of knee 

instability. Curr. Rev. Musculoskelet. Med. 9, 114–122. https://doi.org/10.1007/s12178-016-9329-8 

Zuppinger, H., 1904. Die aktive Flexion im unbelasteten Kniegelenk, Anatomy and Embryology. 

https://doi.org/10.1007/BF02301490 



 

 

12. Appendices 



Ph.D. Thesis; Osteoarthritic and Healthy Knee Kinematics 

332 

Appendix 1. Systematic Review of Knee Osteoarthritis 

Kinematics. 
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a b s t r a c t   
 

Background: While several studies describe kinematics of healthy and osteoarthritic knees using the 

accurate imaging and computer modelling now possible, no systematic review exists to synthesise these 

data. 

Method: A systematic review extracted quantitative observational, quasi-experimental and experimental 

studies from PubMed, Scopus, Medline and Web of Science that examined motion of the bony or articular 

surfaces of the tibiofemoral joint during any functional activity. Studies using surface markers, animals, 

and in vitro studies were excluded. 

Results: 352 studies were screened to include 23 studies. Dynamic kinematics were recorded for gait, step-

up, kneeling, squat and lunge and quasi-static squat, knee flexion in side-lying or supine leg- press. 

Kinematics were described using a diverse range of measures including six degrees of freedom 

kinematics, contact patterns or the projection of the femoral condylar axis above the tibia.  Meta-  analysis 

of data was not possible since no three papers recorded the same activity with the same mea- sures. Visual 

evaluation of data revealed that knees with osteoarthritis maintained a more adducted posi- tion and 

showed less posterior translation of the lateral femoral condylar axis than healthy knees. Variability in 

activities and in recording measures produced greater variation in kinematics, than did knee 

osteoarthritis. 

Conclusion: Differences in kinematics between osteoarthritic and healthy knees were observed, however, 

these differences were more subtle than expected. The synthesis and progress of this research could be 

facilitated by a consensus on reference systems for axes and kinematic reporting. 

© 2018 Elsevier Ltd. All rights reserved. 

 
 

 
1. Introduction 

 
Osteoarthritis of the knee affects 18.2% of people in the UK over 

45 years, which was 4.11 million people in  2017  (Arthritis  Research 

UK, 2017). In Australia, total knee replacement is  the most common 

surgical procedure requiring hospital admission (Australian 

Institute of Health and Welfare, 2015). With 

 
⇑ Corresponding author at: 12 D 35, Faculty of Health, University of Canberra, 

Bruce, ACT 2601, Australia. 

E-mail addresses: jennie.scarvell@canberra.edu.au (J.M. Scarvell), Catherine. 

galvin@canberra.edu.au (C.R. Galvin), diana.perriman@act.gov.au (D.M. Perriman), 

joe.lynch@act.gov.au (J.T. Lynch), vandeursenr@cardiff.ac.uk (R.W.M. van Deursen). 

osteoarthritis imposing such a heavy burden of disease, there is 

intense interest in evidence-based solutions. 

Much of the current understanding of knee kinematics in 

osteoarthritis is due to research using motion and kinetic analysis. 

Disease progression has influenced temporospatial characteristics of 

gait (Kaufman et al., 2001; Zeni and Higginson, 2009); and increased 

adductor moment (Hurwitz et  al.,  1999;  Andriacchi  and 

Mundermann, 2006), varus thrust (Sharma et al., 2001) and muscle 

co-contraction have been validated as predictors of pro- gression 

(Lewek et al., 2004; Hodges et al., 2016). These insights have 

informed current non-surgical management approaches  (Simic et  

al., 2011;  Fregly, 2012; Farrokhi et  al.,  2013).  However,  a recent 

systematic review did not find evidence of increased knee 
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Appendix 3. Telephone Contact Form 

 

Pickles study telephone Form 

Normal  volunteer? □   Knee Replacement candidate? □  

Name        DOB 

Address 

 

Email:  

History of osteoarthritis or injury to either knee?  Specify 

Exclusion Criteria 

Participant has (Tick yes, Cross no) 

q lateral compartment osteoarthritis only  

q BMI > 38  (weight................ Height......................BMI = .......................................  

  

 

 
  

 
  

 
 

 

q UCLA score of  ≤ 2 (see next page) 

q knee flexion < 90º (can you bend your knee far enough to position your foot under your 

knee in sitting?). 

q fixed flexion contracture of ≥ 10º (Can you straighten your knee fully?) 

q a psychosocial reason not be able to consent or complete the requirements of the study 

q metastatic disease  

q pathological fracture 

q revision knee replacement  

q poor understanding and is unable to provide informed consent 

q participant may be pregnant 

 

 If there are any ticks do not enrol this participant. 
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Appendix 4. Participant Information Sheet 

 

   
 

Pickles – Control Group, version 3, 3-2-2015 

  Page 1 of 3 

  

 
PARTICIPANT INFORMATION SHEET  

CLINICAL RESEARCH/RESEARCH PROJECT  
 

Study Title PICKLeS Study - A Prospective Imaging study of Cruciate 

retaining, substituting and rotating platform Knee replacement and 

osteoarthritis and healthy aging 

 

Sponsor: Biomet Pty Ltd 

Principal Investigators: Prof Paul Smith, A/Prof Jennie Scarvell and A/Prof Mark 
Pickering 

Research Site: Canberra Hospital and John James Memorial Hospital 

 

Before you decide whether or not you wish to participate in this study, it is important 
for you to understand why the research is being done and what it will involve. Please 
take the time to read the following information carefully and discuss it with others if 
you wish. 

1. What is the purpose of this study? 

The purpose of this study is to compare three different types of prosthesis used in 
knee replacement with normal knees.  
 
2. Why have I been invited to participate in this study? 

You are eligible to participate in this study because you have at least one normal knee 
with no history of injury or arthritis and are normally active. 

 

3. What if I don’t want to take part in this study or if I want to withdraw later? 

Participation in this study is voluntary. It is completely up to you whether or not you 
participate. If you decide not to participate, it will not affect any treatment you receive 
now or in the future. Whatever your decision, it will not affect your relationship with the 
staff caring for you.  

If you wish to withdraw from the study once it has started, you can do so at any time 
without having to give a reason. 

4. What does this study involve? 

The main study will be conducted over approximately 26 months but we will only be 
asking you to come into Canberra hospital on two occasions for:  

· Imaging in the x-ray department where you will be asked to perform a series of 
activities while we do a video x-ray (also known as fluoroscopy). These activities 
include a stepping up onto a step and bending your knee as far as you can. You 
will have assistance from hand rails at all times during the activities. On your first 
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Pickles – Control Group, version 3, 3-2-2015 

  Page 2 of 3 

  

visit only we will also do a standard CT scan of your knee while you are lying 
down. CT is computerised tomography. It creates a 3-dimensional picture of the 
knee while you lie on a table like having an x-ray. 
 

· By working with a team at UNSW at ADFA, we have a method of capturing knee 
motion that is as accurate as any in the world. It uses the CT and fluoroscopy to 
build a 3D model of movement.  
 

· A knee examination for range of movement, strength and ligament stability. 
 

· Some walking tests, and  
 

· Some questionnaires which can be mailed to you before the examination if you 
wish. The questionnaires are about pain, stiffness and activities, and your quality of 
life.  

 
 

5. How is this study being paid for? 

The study is being sponsored by Biomet Pty Ltd and a grant from the Canberra 
Hospital private practice fund. Participation in this study will not cost you anything. 
Participants will not be paid for their involvement. 

6. Are there risks to me in taking part in this study? 

This research study involves exposure to a small amount of radiation. As part of 
everyday living, everyone is exposed to naturally occurring background radiation and 
receives a dose of about 2mSv each year.  

The effective dose from this study is less than 8mSv. The dose is comparable to that 
received from many diagnostic medical x-ray procedures. At this dose no harmful 
effects of radiation have been demonstrated as the effect is too small to measure.  

However, these tests may not directly benefit you. 

7. What if something goes wrong? 

If you suffer any injuries or complications you should contact your doctor. If you are 
eligible for Medicare, you can receive any medical treatment required to treat the 
injury or complication, free of charge, as a public patient in any Australian public 
hospital. 

8. Who is organising and funding the research? 

This study is being conducted by the study team headed by Professor Paul Smith, A 
Prof Jennie Scarvell, A Prof Mark Pickering, Prof G Buirski and Dr Diana Perriman. 
Catherine McMaster is the PhD candidate working on this study. The study is being 
funded by Biomet Pty Ltd and the Canberra Hospital Private practice Trust Fund. 

No investigator or member of research staff will receive a personal financial benefit 
from your involvement in this study. The study doctors declare no personal conflict of 
interest relevant to the undertaking of this study. 
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9. How will my confidentiality be protected? 

Any identifiable information that is collected about you in connection with this study 
will remain confidential and will be disclosed only with your permission, or except as 
required by law. Only the researchers named above will have access to your details 
and results that will be held securely at the Trauma and Orthopaedic Research Unit at 
Canberra Hospital in locked cabinets and password protected electronic files 

10. What happens with the results? 

Results will be compiled by the study team and reported in the scientific press in peer 
reviewed journals and at national and international scientific meetings.  

In any publication, information will be provided in such a way that you cannot be 
identified. Results will be provided to you, if you wish. 

11. What happens to my treatment when the study is finished? 

There will be no impact upon your treatment which will continue to be ‘usual care 
throughout the course of the study. 

 Decisions about your continuing care will be made in consultation between you and 
your treating doctor. 

12. What should I do if I want to discuss this study further before I decide? 

When you have read this information, the researcher Catherine McMaster will 
discuss it with you and answer any queries you may have. You are also able to take 
this information away with you and discuss with your family, friends, treating doctor or 
any other person you choose. If you would like to know more at any stage, please do 
not hesitate to contact Catherine on: 

Phone:         Email:  

13. Who should I contact if I have concerns about the conduct of this study? 

This study has been approved by the ACT Health Human Research Ethics Committee 
(or sub-committee). If you have any concerns or complaints about the conduct of this 
study, and do not feel comfortable discussing this with study staff, you may contact 
the Committee secretariat who is nominated to receive complaints about research 
projects. You should contact the secretariat on  or acthealth-
hrec@act.gov.au  

Thank you for taking the time to consider this study. 
If you wish to take part, please sign the attached consent form. 
This information sheet is for you to keep.  
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Appendix 5. Participant Consent Form 

 
Version4	 2-3-15	

Consent Form to Participate in a Research Project 
 
The Pickles Study - A Prospective Imaging study of Cruciate Retaining, Cruciate Substituting and 

Rotating Platform Knee Replacement and osteoarthritis and healthy aging. 

Before reading and signing this consent form please read the patient information pamphlet. 

 

I,      

(name of participant) 

 

of      
(street) (suburb/town) (state & postcode) 

 
I have read the Patient Information Pamphlet and I understand that: 

 

1. This study has been approved by ACT Health Human Research Ethics Committee. 
 

2. The aim of the project is to compare the motion and function of three different types of total knee 
replacements, with healthy motion, and healthy aging. 

 

3. The procedure will involve one (healthy knee group) or three (Knee replacement group) visits at which 
there will be:  

· Physical examination of my knee 

· Questionnaires to complete 

· Images including a CT lying still, and a fluoroscopy while doing some activities 
 

Participants having a total knee replacement will be randomized to receive either: a posterior stabilized, a 
posterior cruciate retaining or a rotating platform total knee replacement.  

 
4. Risks of participating in this study include exposure to a small amount of ionizing radiation used in 

medical imaging, described in the Patient Information Sheet, and the standard risks of having a total 

knee replacement, which I have discussed with my surgeon as part of my surgical consent.  
 

5. The results obtained from the study are unlikely to benefit to my medical management, but may assist 
patients in the future. 

 

6. I may refuse to participate or request to withdraw from this project at any time and for any reason of 
my own, without affecting my medical care 

 
7. If my images need further clinical analysis outside of this study, I give the relevant research staff 

permission to send them to my GP or contact me with the information.  
 

8. Should I have any problems or queries about the way in which the study is conducted, and I do not feel 

comfortable contacting the research staff I may contact the ACT Health Ethics Committee on 6174 7968, 
or in person at Level 6, Building 10, Canberra Hospital, Garran. 

 
9. Participation in this project will not result in any extra medical or hospital costs to me. 

 

10. I understand that when this research is published my identity will not be revealed.  
 

11. In giving my consent, I acknowledge that the relevant research staff involved in the study may examine 
my medical records in so far as they relate to this project. 

 

I also state that I have/have not participated in any other research project in the past 3 months.  If I have, the 
details are as follows:      

 

Participant:    Investigator’s Signature:     

(Name)  
 

(Signature) 

  /   /    

(Date)  
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Appendix 6. Participant Registration 

 

 
PICKLeS 

Person ID: _ _ _ / _ _ _  

 

Subject initials:  __ __ __ 

Knee   L q ,   

           R q 

Group: OA (TKA) q 

            Control     q 

Date:____/ ____/ ____  

           (dd/mm/year) 
 

Page 1 of 14 Version 3 25-6-14 

Participant Registration 

 

  
First name 

 
Family name 

 
Date of Birth 

 
Sex 

 
 

Address 

 
Phone home 

 
Ph mobile 

 
Ph work 

 
Name of Next of Kin 

 
Ph Next of kin 

 
Email 1 

 
Email 2 

 
Comments 

 
Consent 

 
Matched to Pt ID# 

 
GP Name and address (phone if known) 
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Appendix 7. The UCLA Activity Scale 

 

 
PICKLeS 

Person ID: _ _ _ / _ _ _  

 

Subject initials:  __ __ __ 

Knee   L q ,   

           R q 

Group: OA (TKA) q 

            Control     q 

Date:____/ ____/ ____  

           (dd/mm/year) 
 

Page 5 of 14 Version 3 25-6-14 

 

UCLA Activity Scale  

What is your current activity level?  (completed by participant) 

 

q 1. Wholly inactive, dependent on others and cannot leave residence 

q 2. Mostly inactive or restricted to minimum activities of daily living 

q 3. Sometimes participates in mild activities, such as walking, limited 

housework, and limited shopping 

q 4. Regularly participates in mild activities 

q 5. Sometimes participates in moderate activities such as swimming, or 

could do unlimited housework or shopping 

q 6. Regularly participates in moderate activities 

q 7. Regularly participates in active events such as bicycling 

q 8. Regularly participates in active events such as golf or bowling 

q 9. Sometimes participates in impact sports such as jogging, tennis, skiing, 

acrobatics, ballet, heavy labour or backpacking 

q 10. Regularly participates in impact sports 
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 Appendix 8. Oxford Knee Score (OKS) 
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The OKS is a short, easy, cheap, and popular PROM; originally designed to assess 

function and pain specifically for those with KOA, before and after a TKR. Recently 

the UK National Health Service wanted to broaden the use of OKS data, as it has also 

been shown to be very useful, compared to other outcome measurement systems, in 

evaluating the benefits of non-surgical treatments for KOA.(Harris et al., 2013) 

OKS Reliability 

A high level of reproducibility was demonstrated by Dawson et al. (1998), with a 

test-retest sample correlation of r = 0.92 (p < 0.0001).(Dawson et al., 1998) A more 

recent study by the original authors of the OKS calculated the intra-rater ICC to be 

0.93 (95% CI 0.91 to 0.95).(Harris et al., 2013) 

OKS Sensitivity 

Effect size (ES) was used to compare the responsiveness of the OKS with the Western 

Ontario and McMaster Universities Osteoarthritis Index (WOMAC), the Knee 

Outcome Survey Activities of Daily Living (KOS-ADLS) and the 12-item Short-

Form Health Survey (SF-12).(Impellizzeri et al., 2011) All of these PROMs had a 

responsiveness of 0.9. They also found the OKS function scale had the highest 

responsiveness to change.(Impellizzeri et al., 2011) The possibility of the OKS being 

sensitive enough to identify patients who would most benefit from a clinical review 

was investigated in the UK—aiming to reduce the number of face to face clinical 

reviews and the cost of follow-up care. After comparing OKS scores to a weak KSS, 

they concluded that OKS scores above 36 would not need clinical review at two years 

post-surgery—the OKS had at least 90% sensitivity in determining poor KSS 

scores.(Medalla et al., 2009) 

OKS Validity 

The OKS has moderate construct validity when compared to the KSS, the SF-36, and 

the Stanford Health Assessment questionnaire. It was designed in conjunction with 

patients and has moderate content validity.(Garratt et al., 2004) 

OKS Clinical Indicators 
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Recently, work on the OKS has been published defining results that are clinically 

meaningful--not just statistically significant.(Beard et al., 2015) It determined values 

for the minimal detectable change (4 points), the minimally important change for an 

individual (7 points), the minimally important change within a single group (9 

points), and the minimally important difference between groups (5 points).(Beard et 

al., 2015) 

OKS meaning could be lost at the extremities of the scale if more than 15% of patients 

scored the lowest value (floor effect) or the highest value (ceiling effect), making it 

impossible to identify a meaningful difference between patients at these 

extremes.(Lim et al., 2015) The OKS does not show a significant floor or ceiling 

effect amongst KOA and post-operative TKR patients—thus remaining a valid 

PROM for these populations. Dunbar et al. (2001) compared the floor and ceiling 

effects of the OKS, in a KOA and post-operative population and found that within 

the OKS, 6.76% recorded the highest value while 0.11% recorded the lowest.(Dunbar 

et al., 2001) For those with KOA pre-surgery, the OKS floor effect was absent (0%) 

and the ceiling effect was weak (7%).(Jenny and Diesinger, 2012) In a healthy 

population, however, there is a ceiling effect on OKS scores, as 100 ‘normal’ elderly 

people without a medical condition, achieved a median normalised score of 

97/100.(Bremner-Smith et al., 2004) This healthy population ceiling effect is 

understandable considering the OKS was designed for a KOA population. Despite 

this, over the age ranges from 50 to 99 years the OKS was able to distinguish 

differences within the ‘normal’ aged population.(Bremner-Smith et al., 2004) 

OKS Limitations 

There are significant negative correlations between the OKS and increasing age and 

the presence of coexistent ‘major’ medical conditions.(Bremner-Smith et al., 2004) 

Therefore we cannot be sure that changes in the OKS are only sensitive to knee-

related disease. 
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Appendix 9. Functional Comorbidity Index (FCI) 

 

 
PICKLeS 

Person ID: _ _ _ / _ _ _  

 

Subject initials:  __ __ __ 

Knee   L q ,   

           R q 

Group: OA (TKA) q 

            Control     q 

Date:____/ ____/ ____  

           (dd/mm/year) 
 

Page 4 of 14 Version 3 25-6-14 

The Functional Comorbidity Index        (completed by staff) 

1.  q  Arthritis (rheumatoid and osteoarthritis) 

2.  q  Osteoporosis 

3.  q   Asthma 

4.  q   Chronic obstructive pulmonary disease (COPD), acquired 

respiratory distress syndrome (ARDS), or emphysema 

5.  q  Angina 

6.  q  Congestive heart failure (or heart disease) 

7.  q  Heart attack (myocardial infarct) 

8.  q  Neurological disease (such as multiple sclerosis or Parkinson’s) 

9.  q  Stroke or TIA (transient ischemic attack) 

10.  q  Peripheral vascular disease 

11.  q  Diabetes types I and II 

12.  q  Upper gastrointestinal disease (ulcer, hernia, reflux). 

13.  q  Depression 

14.  q  Anxiety or panic disorders 

15.  q  Visual impairment (such as cataracts, glaucoma, macular 

degeneration) 

16.  q  Hearing Impairment (very hard of hearing, even with hearing aids) 

17.  q  Degenerative disc disease (back disease, spinal stenosis, or 
severe chronic back pain) 

18.  q  Obesity and/or body mass index > 30 (weight in kg/height in 

meters2) 

                                                 Height ____________    (cm) 

                                                 Weight ____________    (kg) 

                                                 BMI = _____________ 

 

 



Ph.D. Thesis; Osteoarthritic and Healthy Knee Kinematics 

346 

FCI Validity 

The FCI has been validated with the physical component score of the SF-36, for those 

patients who are 12 months post ICU treatment, have lung injury, acute respiratory 

distress syndrome and sleep apnoea. A high correlation (ρ=0.6, p=0.001) was found 

between the FCI and the physical component score of the SF-36 for those 12 months 

post ICU discharge. There was also a moderate correlation (ρ=0.43, p=0.02) between 

the AQoL score and FCI at 12 months post ICU discharge.(Haines, 2013) There were 

no validation data available for KOA patients. 

FCI Clinical Indicators 

The primary purpose of the FCI design was to enable an adjustment to be made for 

comorbidities, not to identify any causation with physical function status. 

FCI Limitations 

Not all possible comorbidities are included, as is the case with all comorbidity 

indices, but it does include those diagnoses most commonly found in the two large, 

multisite databases that were used to design the index.(Groll et al., 2005) During the 

original design, a weighted version of the index was tested. However, the difference 

between that index and the one that gives one point for each ‘yes’ was not 

significant.(Groll et al., 2005) 
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Appendix 10. Pain Visual Analogue Scale (painVAS) 

 

Figure 12-1. The pain visual analogue scale 

painVAS Reliability 

A high level of test-retest reliability was measured (r = 0.97) for those with chronic 

pain. Test-retest reliability is slightly less post TKR (0.92) and for healthy individuals 

(0.86).(Höher et al., 1995) 

painVAS Sensitivity  

Sensitivity has not yet been quantified. However, the painVAS has shown that it can 

determine improvements in pain after an arthroscopic partial resection or open ACL 

reconstruction at follow-up when compared with pre-operative scores.(Garratt et al., 

2004) 

painVAS Validity 

There was a correlation (r=0.7) between the painVAS responses of patients with low 

back pain and their physicians’ ratings. The painVAS was shown to have content 

validity by patient questionnaires and a survey of experienced knee surgeons.(Garratt 

et al., 2004) The painVAS was also compared to other similar measurement scales 

(Cincinnati, Larson, Lysholm) and was shown to have good content validity.(Garratt 

et al., 2004) 
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painVAS Clinical Indicators 

In 2014, Naylor et al. indicated that significant disability is associated with a 50+ 

painVAS.(Naylor et al., 2014) The minimal detectable change (MDC) that describes 

the smallest change that is not noise, for the VAS is 28.(Tubach et al., 2005) The 

minimum clinically important difference (MCID), in this case improvement, overall 

was shown to be 20. However, taking the baseline into account, a low VAS (30-51) 

has a MCID of -11, 95%CI (-12.7 to -8.7), an intermediate VAS (51 to 66) has an 

MCID of -27, 95%CI (-29.7 to-24.6) and a high VAS (>66) has an MCID of -36, 

95%CI(-38 to -35).(Tubach et al., 2005)  
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Appendix 11. Assessment of Quality of Life (AQoL-

8D) 

 
Centre for Health Economics, Monash University 1  

 

 

 
 

AQOL-8D (Data Collection Copy) 

Tick the box that best describes your situation as it has 
been over the past week 

 
 

Q1 Thinking about how much energy you have to do 
the things you want to do: 

I am 

 always full of energy 

 usually full of energy 

 occasionally energetic 

 usually tired and lacking energy 

 always tired and lacking energy 

 
Q2 How often do you feel socially excluded or left out? 

 never 

 rarely 

 sometimes 

 often 

 always 

 
Q3 Thinking about how easy or difficult it is for you to 

get around by yourself outside your house (e.g., 
shopping, visiting): 

 getting around is enjoyable and easy 

 I have no difficulty getting around outside my house 

 a little difficulty 

 moderate difficulty 

 a lot of difficulty 

 I cannot get around unless somebody is there to help 
me 

 
Q 4 Thinking about your health and your role in your 

community (that is to say neighbourhood, sporting, 
work, church or cultural groups): 

 my role in the community is unaffected by my health 

 there are some parts of my community role I cannot 
carry out 

 there are many parts of my community role I cannot 
carry out 

 I cannot carry out any part of my community role 

 
Q5 How often do you feel sad 

 never 

 rarely 

 some of the time 

 usually 

 nearly all the time 

Q6 Thinking about how often you experience serious 
pain: 

I experience 

 very rarely 

 less than once a week 

 three to four times a week 

 most of the time 

 
Q7 How much confidence do you have in yourself? 

 Complete confidence 

 A lot 

 A moderate amount 

 A little 

 None at all 

 
Q8 When you think about whether you are calm and 

tranquil or agitated: 
I am 

 always calm and tranquil 

 usually calm and tranquil 

 sometimes calm and tranquil, sometimes agitated 

 usually agitated 

 always agitated 

 
Q9 Thinking about your health and your relationship 

with your family: 

 my role in the family is unaffected by my health 

 there are some parts of my family role I cannot carry 
out 

 there are many parts of my family role I cannot carry 
out 

 I cannot carry out any part of my family role 

 
Q10 Your close relationships (family and friends) are: 

 very satisfying 

 satisfying 

 neither satisfying nor dissatisfying 

 dissatisfying 

 unpleasant 

 very unpleasant 

 
Q11 When you communicate with others, e.g. by talking, 

listening, writing or signing: 

 I have no trouble speaking to them or understanding 
what they are saying 

 I have some difficulty being understood by people 
who do not know me. I have no trouble 
understanding what others are saying to me 

 I am understood only by people who know me well. I 
have great trouble understanding what others are 
saying to me. 

 I cannot adequately communicate with others 
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Tick the box that best describes your situation as it 
has been over the past week 

 

Q12 How often do you have trouble sleeping? 

 never 

 almost never 

 sometimes 

 often 

 all the time 

 
Q13 How often do you feel worthless? 

 never 

 almost never 

 sometimes 

 usually 

 always 

 
Q14 How often do you feel angry? 

 never 

 almost never 

 sometimes 

 often 

 all the time 

 
Q15 Thinking about your mobility, including using 

any aids or equipment such as wheelchairs, 
frames, sticks: 

 I am very mobile 

 I have no difficulty with mobility 

 I have some difficulty with mobility (for example, 
going uphill) 

 I have difficulty with mobility. I can go short 
distances only. 

 I have a lot of difficulty with mobility. I need 
someone to help me. 

 I am bedridden 

 
Q16 Do you ever feel like hurting yourself? 

 never 

 rarely 

 sometimes 

 often 

 all the time 

 
Q17 How enthusiastic do you feel? 

 extremely 

 very 

 somewhat 

 not much 

 not at all 

Q18 And still thinking about the last seven days, how 
often did you feel worried? 

 never 

 occasionally 

 sometimes 

 often 

 all the time 

 
Q19 Thinking about washing yourself, toileting, dressing, 

eating or looking after your appearance: 

 these tasks are very easy for me 

 I have no real difficulty in carrying out these tasks 

 I find some of these tasks difficult, but I manage to do 
them on my own 

 many of these tasks are difficult, and I need help to do 
them 

 I cannot do these tasks by myself at all 

 

Q20 How often do you feel happy 

 all the time 

 mostly 

 sometimes 

 almost never 

 never 

 
Q21 How much do you feel you can cope with life’s 

problems? 

 completely 

 mostly 

 partly 

 very little 

 not at all 

 

Q22 How much pain or discomfort do you experience: 

 none at all 

 I have moderate pain 

 I suffer from severe pain 

 I suffer unbearable pain 

 
Q23 How much do you enjoy your close relationships (family and 

friends)? 

 immensely 

 a lot 

 a little 

 not much 

 I hate it 
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Tick the box that best describes your situation as it has 
been over the past week 

 

Q24 How often does pain interfere with your usual 
activities? 

 never 

 rarely 

 sometimes 

 often 

 always 

 
Q25 How often do you feel pleasure? 

 always 

 usually 

 sometimes 

 almost never 

 never 

 
Q26 How much of a burden do you feel you are to other 

people? 

 Not at all 

 A little 

 A moderate amount 

 A lot 

 totally 

 
Q27 How content are you with your life? 

 extremely 

 mainly 

 moderately 

 slightly 

 not at all 

 
Q28 Thinking about your vision (using your glasses or 

contact lenses if needed): 

 I have excellent sight 

 I see normally 

 I have some difficulty focusing on things, or I do not 
see them sharply. E.g. small print, a newspaper or 
seeing objects in the distance. 

 I have a lot of difficulty seeing things. My vision is 
blurred. I can see just enough to get by with. 

 I only see general shapes. I need a guide to move 
around. 

 I am completely blind 

 
Q29 How often do you feel in control of your life? 

 always 

 mostly 

 sometimes 

 only occasionally 

 never 

Q30 How much help do you need with jobs around the 
house (e.g. preparing food, cleaning the house or 
gardening): 

 I can do all these tasks very quickly and efficiently 
without any help 

 I can do these tasks relatively easily without help 

 I can do these tasks only very slowly without help 

 I cannot do most of these tasks unless I have help 

 I can do none of these tasks by myself 

Q31 How often do you feel socially isolated? 

 never 

 rarely 

 sometimes 

 often 

 always 

 
Q32 Thinking about your hearing (using your hearing 

aid if needed): 

 I have excellent hearing 

 I hear normally 

 I have some difficulty hearing or I do not hear clearly. 
I have trouble hearing softly-spoken people or when 
there is background noise. 

 I have difficulty hearing things clearly. Often I do not 
understand what is said. I usually do not take part in 
conversations because I cannot hear what is said. 

 I hear very little indeed. I cannot fully understand 
loud voices speaking directly to me. 

 I am completely deaf 

 
Q33 How often do you feel depressed? 

 never 

 almost never 

 sometimes 

 often 

 very often 

 all the time 

Q34 Your close and intimate relationships (including any 
sexual relationships) make you: 

 very happy 

 generally happy 

 neither happy nor unhappy 

 generally unhappy 

 very unhappy 

Q35 How often did you feel in despair over the last 
seven days? 

 never 

 occasionally 

 sometimes 

 often 

 all the time 
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AQoL-8D Reliability 

Richardson et al. (2014) checked AQoL-8D test-retest reliability where participants 

completed the survey twice, two weeks apart.(Jeff Richardson et al., 2014) 

Individually, the ICC calculated was 0.89, close to the 0.9 satisfactory threshold. For 

the group data, the ICC calculated for all dimensions was higher than 0.7, indicating 

adequate reliability for the group.(Jeff Richardson et al., 2014) 

AQoL-8D Sensitivity  

Sensitivity measures the extent to which predicted utilities differ according to a 

change in a person’s quality of life. The sensitivity of an instrument reflects the 

correspondence between its domains and the ‘real’ attributes of a health state. This 

measurement is affected by whether items are appropriately worded to identify 

changes in attributes. A pairwise comparison was performed against other multi-

attribute quality of life instruments including the Euroqol (EQ-5D), SF-6D, Health 

Utilities Index (HUI 3), and the 15D.(J. Richardson et al., 2014) The AQoL-8D is 

more sensitive (correlation >0.1) than EQ-5D, HUI 3, 15D and QWB in the domains 

vitality, role emotion, social, mental health, and satisfaction with life. It was more 

sensitive than the HUI-3 and QWB in the general health domain.(J. Richardson et al., 

2014) 

AQoL-8D Validity 

The AQoL-8D’s validity provides evidence that the instrument measures the 

theoretical construct that it purports to measure, which for a multi-attribute utility 

instrument, is the strength of people’s preferences for different health states.(Jeff 

Richardson et al., 2014) 

The predictive validity measured the ability of the AQoL-8D to predict changes 

identified by other instruments. Using pairwise regression, the AQoL-8D had less 

deviation from perfect prediction compared to the SF-6D, the HUI 3, and the 15 D. 

Compared with the EQ-5D and the QWB, the AQoL-8D had 1% more deviation from 
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perfect prediction. Thus the AQoL-8D had predictive validity at least as good as the 

other multi-attribute instruments.(Jeff Richardson et al., 2014) 

 

Figure 12-2. AQOL-8D structure(Jeff Richardson et al., 2014) 

The content validity determined how directly AQoL-8D items described the major 

dimensions of health-related quality of life, as established by the significance of the 

correlation between the AQoL-8D and the SF-36. The values of the Pearson’s 

correlation between the AQoL-8D and the dimensions of the SF-36 were; physical 

component summary (0.5), mental component summary (0.69), satisfaction with life 

(0.7), and personal wellbeing index (0.69).(Jeff Richardson et al., 2014) 
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The convergent validity was measured by both Pearson Correlation and intra-class 

correlation (ICC), between five multi-attribute utility instruments, EQ-5D, HUI 3, 

SF-6D, 15D, QWB and the AQoL-8D. The AQoL-8D achieved equal highest 

Pearson’s correlation alongside SF-6D (Australian; 0.79, U.S.; 0.8), and the highest 

ICC (Australian; 0.69, U.S.; 0.69).(Jeff Richardson et al., 2014) 

AQoL-8D Clinical Indicators 

Minimally important differences (MID) that estimate a ‘somewhat better/somewhat 

worse’ health transition, the value over which small changes can be determined, was 

calculated for the original AQoL. The mean of the MID of the AQoL utility score is 

O.06 (95% CI 0.03-0.08). It was the mean of the MID of four studies that included: 

elderly patients discharged from an aged-care facility, patients discharged from the 

hospital emergency department, high-cost hospital users and older patients with 

chronic health conditions.(Hawthorne and Osborne, 2005) There is evidence of the 

ceiling effect for the healthy population, with 4.9% of the public scoring an AQoL-

8D utility score of 1.00.(Richardson et al., 2016) However, this is below 15%, which 

is the threshold against which meaning is lost at the extremities.(Lim et al., 2015) 

Figure 12-3 shows the normative data for a sample of the Australian Population as 

reported by Richardson et al., 2013. 

AQoL-8D Limitations 

The AQoL-8D had the highest average correlation in the psychosocial variables, but 

the lowest in the physical component score of the SF-36. 

Figure 12-3. AQoL-8D Population normative data mean(SE) 

  

 

 

 
 

  

 
 

     

     

     

     

     

     

Constructed from data completed both online and by hard-copy posted to randomly selected members of the 

public.(Richardson et al., 2013) 
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Appendix 12. American Knee Society Score (KSS) 

 

 
PICKLeS 

Person ID: _ _ _ / _ _ _  

 

Subject initials:  __ __ __ 

Knee   L q ,   

           R q 

qPre        

q12/12   q24/12 

Date:____/ ____/ ____  

           (dd/mm/year) 
 

Page 8 of 14 Version 3 25-6-14 

 

Knee Society Score     (completed by staff) 
 
Pain: (check one) 

q None 

q Mild or Occasional 

q Stairs only 

q Walking & Stairs 

q Moderate Occasional 

q Moderate Continuous 

q Severe 

 

Range of Motion: (passive) 

Flexion  ___________ ° 

Extension ___________ ° 

Total Range of motion ______ 

 

Antero-posterior Stability: 

 (maximum movement in any position) 

q < 5mm 

q 5-10 mm 

q 10 mm 

 

Medio-lateral Stability: 

 (maximum movement in any position) 

q < 6° 

q 6-9° 

q 10-14° 

q 14° 

 

Flexion Contracture: (passive) 

q 0-4° 

q 5-10° 

q 11-15° 

q 16-20° 

q 20° 

 

Extension Lag: (active) 

q 0° 

q < 10° 

q 11-20° 

q 20° 

Alignment: 

q 5-10° valgus (normal) 

q 4 or 11° valgus 

q 3 or 12° valgus 

q 2 or 13° valgus 

q 1 or 14° valgus 

q 0 or 15° valgus 

q varus or > 15° 

 

Walking Ability: (check one) 

q Unlimited 

q 10 blocks (> 1 km) 

q 5-10 blocks (500-1000 m) 

q < 5 blocks (100-500 m) 

q House-bound (< 100 m) 

q Unable to walk 

 

Ability to Climb Stairs: (check one) 

q Normal Up & Down 

q Normal up; Down w/ Rail 

q Up & Down w/ Rail 

q Up w/ Rail; Unable Down 

q Unable 

 

Walking Support: (check one) 

q None 

q Cane (Long Walks) 

q Two Canes 

q Crutches or Walker 

 

Insall JN, Dorr LD, Scott RD, Scott WN. Rationale of the Knee Society clinical rating system. Clin Orthop Relat 

Res. 1989 Nov;(248):13-4. 

http://www.orthopaedicscore.com/scorepages/knee_society_score.html
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KSS Reliability 

There is a high level of reproducibility for both intra-examiner and inter-examiner 

scores using the intra-class correlation coefficient (ICC) for both the clinical (0.80 

and 0.87) and functional scores (0.81 and 0.89).(Martinbianco et al., 2012) Using 

Cronbach’s Alpha it was also demonstrated that internal consistency was high for 

both intra- and inter-examiner clinical (0.89 and 0.93) and functional (0.89 and 0.94) 

score correlations.(Martinbianco et al., 2012) 

KSS Sensitivity 

Changes in the clinical and function scores of the KSS, WOMAC and the SF-36 at a 

12-month review were correlated with perceived improvement in the quality of life 

and the perceived change in health status and satisfaction.(Lingard et al., 2001) The 

correlation between these measures and the KSS were moderate; with a correlation 

of the KSS knee score being r = 0.23 to 0.30, and the KSS pain score being r = 0.23 

to 0.32.(Lingard et al., 2001) The correlation of the changes in both the WOMAC 

and SF-36 scores were significantly stronger, leading to the conclusion that WOMAC 

and SF-36 are more sensitive to these changes that are important to patients.(Lingard 

et al., 2001) Influence of a contralateral knee disorder including osteoarthritis was 

also tested. Those with a contralateral knee disorder, on average had similar 

preoperative pain scores but a reduced function score; an average of five, six, or seven 

points lower than the group without a contralateral knee disorder.(Lingard et al., 

2001) 

KSS Validity 

Construct validity of both KSS pain and function scores was demonstrated by the 

modest correlations measured when compared to the WOMAC and SF-36 scores of 

similar domains.(Lingard et al., 2001) Martinbianco et al. 2012, assessed construct 

validity determining Pearson’s linear correlation coefficient for both the KSS clinical 

pain and functional score with the corresponding sections of the WOMAC and SF-

36 questionnaires.(Martinbianco et al., 2012) Across the pain scores, there was a 

strong correlation between the clinical KSS and the WOMAC (0.69), and a moderate 
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correlation between clinical KSS and the SF-36 (0.50). Across the functional scores, 

there was a moderate correlation between the KSS and the WOMAC (0.36) and a 

strong correlation between the KSS and the SF-36(0.56). The validity of the clinical 

KSS scores for ROM, alignment and stability, could not be checked as a validated 

measure against which they could be tested does not exist.(Martinbianco et al., 2012) 

Content validity for the KSS has not been assessed. 

KSS Clinical Indicators 

There is both a floor and ceiling effect for KSS pain; with a floor effect preoperatively 

(36.6%) and a ceiling effect at six months (57.1%,) and after two years (72.2%).(Y. 

Ko et al., 2013) The clinical knee ROM and stability had neither floor nor ceiling 

effect. The KSS function score experienced a ceiling effect after two years (17%).(Y. 

Ko et al., 2013) 

In 2015 Johannes Giesinger and an international team from Austria, Edinburgh and 

Switzerland investigated clinical thresholds; in particular, a cut-off score over which 

patients considered their treatment a success.(Giesinger et al., 2015) This success 

measure includes the level of patient satisfaction, their level of willingness to 

undertake another TKR, pain relief and improved functional capacity. However, this 

cut-off score for success is not a comprehensive treatment evaluation, as many factors 

not directly associated with the TKR can influence patient satisfaction. Using ROC 

curves they determined that the cut-off value for the KSS knee score with the most 

sensitivity and specificity at both two and twelve-month follow-ups would be 75.5 

and 85.5, and the KSS function score cut-offs would be 42.5 and 72.5.(Giesinger et 

al., 2015) 

Finally, in order to categorise the KSS scores Asif et al. 2005, referred to a grading 

system that could be used, where scores of below 60 were rated as poor, 60-69 fair, 

70-79 good and 80 to 100 excellent.(Asif and Choon, 2005) Unfortunately, the origin 

of this grading system was not provided, so despite the usefulness of this guide and 

its inclusion on the orthpaedicscores.com website, no evidence was found that would 

validate this grading system.  
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KSS Limitations 

Despite the extensive use of the KSS scoring system, the WOMAC and SF-36 

showed higher responsiveness to change and they limit observer bias by being less 

labour intensive for researchers.(Lingard et al., 2001) 
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Appendix 13. Functional Test Scoring Sheet 

 

 
PICKLeS 

Person ID: _ _ _ / _ _ _  

 

Subject initials:  __ __ __ 

Knee   L q ,   

           R q 

qPre        

q12/12   q24/12 

Date:____/ ____/ ____  

           (dd/mm/year) 
 

Page 9 of 14 Version 3 25-6-14 

Function Tests 

Timed Get up and Go 

1.    _______________ seconds 

2.    _______________ seconds 

3.    _______________ seconds 

 

6 min walk  

Laps:  __________________   Remainder __________m 

 X 25 m ____________  Plus remainder _______m 

10 metre walk 

1.    _______________ seconds 

2.    _______________ seconds 

3.    _______________ seconds 

 

Chair rise x5 

Time _________________ seconds.  

 

 
Time _________________ seconds.  
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Appendix 14. Six-Minute Walking Test 

The 6MWT is an easy to run, reliable assessment of functional exercise capacity and 

endurance.(Crapo et al., 2002) It is useful, being similar to normal daily activities, 

including walking around the supermarket, and walking to the car in the 

carpark.(Rikli and Jones, 2013; Steffen et al., 2002) Originally developed as a 12-

minute test for healthy people, it was adapted to enable its use in less healthy 

populations. 

6MWT Reliability 

Test/retest reliability was shown to be excellent, ICC = 0.94 (95% CI, 0.88,0.98) for 

KOA patients.(Kennedy et al., 2005) 

6MWT Sensitivity 

No sensitivity information for the 6MWT for knee osteoarthritis patients could be 

found. 

6MWT Validity 

Construct validity for patients with chronic heart failure was determined by 

correlations between peak oxygen consumption and the total distance walked in 6 

minutes. No validity tests for patients with KOA could be found. 

6MWT Clinical Indicators 

In one study, the standard error of measurement for KOA patients was 26.3 m (95% 

CI, 21.1, 34.8) where n=150, and mean age is 63.7 years (SD, 10.7).(Kennedy et al., 

2005) In another the standard error of measurement SEM (95% CI) for osteoarthritis 

patients (n=72) was 28.5 m (24.5 to 34.1).(V. Ko et al., 2013) 

Minimum detectable change for KOA patients was 61.34 m where n=150 and mean 

age=63.7 years (SD, 10.7).(Kennedy et al., 2005) No MCID values have been 
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reported for KOA patients, but 50 m was reported for older adults and those who have 

survived a stroke.(Perera et al., 2006) 

6MWT normative data is shown in Table 12-1 for healthy adults as reported by Rikli 

et al. 2013; and converted from yards into metres.(Rikli and Jones, 2013) Data from 

110 participants with KOA measured a mean 6MWT of 432 m (124) (mean age 65 

(9) years, 54% female).(Hoogeboom et al., 2013) No floor or ceiling values have 

been reported for the 6MWT. 

Table 12-1. 6MWT normative data, mean (SD) 

Age groups (years) n Women Men 

60-64 144 529 (74) 558 (81) 

65-69 369 503 (93) 546 (84) 

70-74 538 493 (80) 519 (91) 

75-79 515 460 (91) 457 (130) 

80-84 306 443 (76) 462 (91) 

85-89 180 417 (90) 405 (115) 

90-94 88 372 (114) 369 (120) 

Normative data for participants who were moderate functioning, as determined by age-adjusted scores on 

composite physical function scale.(Rikli and Jones, 2013) Moderate functioning described those with the 

ability to perform at least seven activities without assistance, thus meeting commonly recognised 

requirements for physical independence—able to take care of personal needs, do light housework, walk 

three to four blocks, negotiate steps, shopping etc.(Rikli and Jones, 2013) 

6MWT Limitations 

It is important to note that age, height, weight, and sex can independently affect the 

6MWT. 
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Appendix 15. Five Times Sit to Stand (5STS) 

Frequently used for both clinical practice and research, the 6MWT has been applied 

to many populations; those with KOA, children, Alzheimer’s disease, Fibromyalgia, 

geriatrics, heart failure, multiple sclerosis, Parkinson’s disease, pulmonary disease, 

stroke, spinal cord injury.(Rehabilitation Institute of Chicago, 2010) It has been used 

to test the changes to exercise tolerance after an intervention, for example, pre- and 

post-operatively. Hospitalization and mortality can also be predicted by the 

6MWT.(Steffen et al., 2002) 

5STS Reliability 

Reliability of the 5STS was tested three times over a period of 6 weeks which 

determined an ICC of 0.82 (95% CI, 0.68-0.92), which is within the range of similar 

studies.(Schaubert and Bohannon, 2005) 

5STS Sensitivity 

Comparing genders with KOA, Fang et al. 2015 found more females had 5STS’s 15 

seconds longer than males, but the difference was not significant.(Fang et al., 2015) 

5STS Validity 

Construct validity of the 5STS was supported by its adequate correlation with the 

physical function subscale of the SF-36 (Pearson correlation r= -0.474).(Bohannon, 

2006a) 

Predictive validity was determined to be r=0.44, by comparing 50 people with end-

stage KOA with 17 healthy people, where the mean age was 64.1(8.4) 

years.(Bohannon, 2006a) 
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5STS Clinical Indicators 

The technical error of measurement for a normal elderly population, between two 

sessions was 1.9 sec and 2.2 sec. Thus MDC may only be assumed if there is more 

than a 2.2 sec difference between sessions.(Schaubert and Bohannon, 2005) 

A cut-off time of 13.6 sec identifies increased disability and morbidity, while 15 sec 

identifies recurrent fallers.(Guralnik et al., 2000) A meta-analysis suggested that the 

cut-off values outside the 95% CI would determine a “worse than average 

performance,” which was 11.4 sec for 60 to 69-year-olds, 12.6 sec for 70 to 79-years 

and 14.8 sec for those over 80 years.(Bohannon, 2006a) Normative data for normal 

elderly participants over 60 years is included in Table 12-2. 

Table 12-2. 5STST normative data*, mean and 95% CI 

Age groups (years) n 5STS mean 95% CI 

60-69 4184 11.4 11.4-11.4 

70-79 8450 12.6 12.6-12.6 

80-89 344 12.7 10.7-14.8 

*; For normal elderly participants over 60 years, from a meta-analysis of 13 papers.(Bohannon, 

2006b) 

5STS Limitations 

A meta-analysis of 14 studies revealed that average 5STS performance declines with 

age. 
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Appendix 16. 10m Walking Test (10MW) 

The 10MWT assesses functional mobility. It measures short-duration, maximum gait 

speed and identifies any deficits in gait speed and balance.(Marques et al., 2015; 

Middleton et al., 2015a) The 10MWT can determine the ability to perform many daily 

tasks safely—for example, gait speed needs to exceed 1.32 m/s to cross a street safely. 

10MWT Reliability 

High reliability has been reported for healthy, Alzheimer and Chronic Obstructive 

Pulmonary Disease (COPD) populations. Healthy populations have intra-rater, and 

inter-rater values of ICC=0.90-0.96, and test-retest r=0.89. Alzheimer populations 

have test-retest ICC=0.97. COPD patients have intra-rater ICC=0.93 and inter-rater 

ICC=0.92. No reliability specifically for the KOA population was found.(Bohannon, 

1997; Steffen et al., 2002) 

10MWT Sensitivity 

The 10MWT is sensitive enough to identify functional effects of different treatments 

and to measure possible changes over the period of the study.(Fritz and Lusardi, 

2009; Marques et al., 2015) For both geriatric and stroke patients small meaningful 

change is 0.05 m/s.(Perera et al., 2006) 

10MWT Validity 

The predictive validity has been calculated for stroke patients and had excellent 

correlation with dependence in instrumental activities of daily living (r = 

0.76).(Tyson and Connell, 2009) 

Content validity was measured for spinal cord injury patients by using expert 

evaluations (n=54). They were asked to determine whether or not the 10MWT is 

‘valid or useful’ (60%), ‘useful but needing validation’ (38%), and ‘not useful for 

research’ (2%).(Jackson et al., 2008) 
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Excellent construct validity, r= - 0.75, has been measured in ‘elderly patients’ by 

correlations between gait speed and the timed-up-and-go test. (Steffen et al., 2002) 

10MWT Clinical Interpretation 

For those with spinal cord injury, the 10MWT did not have a ceiling effect.(Lemay 

and Nadeau, 2010) No ceiling effect data was found for KOA patients. 

For those in residential care units, the MDC was determined to be 0.31 m/s (n=31, 

age 74-100 years, 74% used assistive device).(Middleton et al., 2015b) No MDC of 

maximum walking speed was found for KOA patients. For the geriatric population, 

the MCID was reported to be 0.05 m/s.(Perera et al., 2006) The normative data set 

for healthy participants from 20 to 79 is included in Table 12-3. 

Table 12-3. Healthy 10MWT maximum gait speed m/s, normative data*, mean (SD) 

Age groups (years) Men Women 

20-29 2.53 (0.29) 2.48(0.25) 

30-39 2.45(0.32) 2.34(0.34) 

40-49 2.46(0.36) 2.12(0.28) 

50-59 2.07(0.45) 2.01(0.26) 

60-69 1.93(0.36) 1.77(0.25) 

70-79 2.08(0.36) 1.75(0.28) 

*: For healthy participants (n = 230), with no neuromuscular, musculoskeletal, or cardiovascular 

pathology that would affect their ability to walk at least 30m without assistance.(Bohannon, 

1997) 

10MWT Limitations 

There is a correlation between age, gender, height and gait speed, but not 

weight.(Bohannon et al., 1996) Older adults walking speeds were 71% to 95% less 

than the younger adults.(Steffen et al., 2002) 
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Appendix 17. Timed Up and Go (TUG) 

TUG Reliability 

Reliability of the TUG was assessed by Hofheinz et al., 2010.(Hofheinz and 

Schusterschitz, 2010) They found the TUG had excellent test-retest reliability (r T1-

T2=0.98 and r T1-T3=0.98), within a community-dwelling group of adults between 

60-87 years. 

TUG Validity 

The validity of the TUG is supported by its high correlation with the Berg balance 

scale (r=0.81), gait speed (r=-0.61) and the Barthel Index of Activities of Daily 

Living (r=0.78).(Podsiadlo and Richardson, 1991) 

TUG Clinical Indications 

Normative data has been provided by Isles et al. in 2004(Isles et al., 2004) for women 

with no apparent disability in each decade of life, from 20-79 years. They concluded 

that the TUG could be used to identify women who may benefit from interventions 

that would reduce their falls risk and slow down deterioration.(Isles et al., 2004) 

There does not seem to be normative data for men in the earlier decades of life, but 

Fang et al. (2015)(Fang et al., 2015) showed there was no difference between the 

results of men and women with and without knee OA-enabling us to cautiously use 

this data for all genders in the younger cohorts. The Isles et al 2004(Isles et al., 2004) 

data for the 60+ group was included in the Bohannon et al.(2006) meta-

analysis.(Bohannon, 2006a) Bohannon et al. (2006) included the data of normal 

elders from 21 studies.(Bohannon, 2006a) However, these normative values would 

need to be used with caution as the studies measured both comfortable and maximum 

gait speeds. This slower speed may increase the upper limit and possibly increase the 

number of missed poor performances. Table 12-4 includes normative data from both 

Isles et al. (2004)(Isles et al., 2004) and Bohannon et al. (2006).(Bohannon, 2006b) 
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The MDC was 2.68 seconds for an exact score and 1.84 seconds for a mean score 

resulting from two trials.(Marques et al., 2015) As the mean has a lower MDC score 

and is <30% of the total TUG value, it is considered the most acceptable 

value.(Marques et al., 2015) 

Table 12-4. Timed up and go (TUG) normative data 

Age groups  

(years) 
n 

*TUG (sec)  

Isles et al. 2004 

mean ± Standard 

error 

TUG (sec) 

Bohannon et al. 2006 

mean (95% CI) 

    

    

    

    

     

    

    

* For women with no apparent disability.(Isles et al., 

2004) 
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Appendix 18. Imaging Details 

 

 
PICKLeS 

Person ID: _ _ _ / _ _ _  

 

Subject initials:  __ __ __ 

Knee   L q ,    

           R q 

 Date:____/ ____/ ____  

           (dd/mm/year) 
 

Page 11 of 14 Version 3 25-6-14 

PICKLeS Protocol 

Medical imaging and Fluoroscopy 

Patient Number....................Date.........................................  

 

 

 

 

 

 

 

 

 

Activity 2 

Deep knee flexion 

Knee on a padded box. From high kneeling to  

Sitting back as far as possible into full flexion 

(using handle for balance and assistance) 

 

Parameters 

Focus length: tube source to II 1200mm 

Screen size 280mm 

1 Degree tilt up. (should be 0 degrees) 

No filter disc on the II 

 

Focus length for calibration: distance red spot marking tube to calibration grid. 

Terminal 

flexion 

390mm 

500mm 250mm 

250mm 

 
PICKLeS 

Person ID: _ _ _ / _ _ _  

 

Subject initials:  __ __ __ 

Knee   L q ,    

           R q 

 Date:____/ ____/ ____  

           (dd/mm/year) 
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PICKLeS Protocol 

Medical imaging and Fluoroscopy 

Patient Number....................Date.........................................  

 

 

 

 

 

 

 

 

 

Activity 2 

Deep knee flexion 

Knee on a padded box. From high kneeling to  

Sitting back as far as possible into full flexion 

(using handle for balance and assistance) 

 

Parameters 

Focus length: tube source to II 1200mm 

Screen size 280mm 

1 Degree tilt up. (should be 0 degrees) 

No filter disc on the II 

 

Focus length for calibration: distance red spot marking tube to calibration grid. 

Terminal 

flexion 

390mm 

500mm 250mm 

250mm 

 
PICKLeS 

Person ID: _ _ _ / _ _ _  

 

Subject initials:  __ __ __ 

Knee   L q ,    

           R q 

 Date:____/ ____/ ____  

           (dd/mm/year) 
 

Page 10 of 14 Version 3 25-6-14 

Medical Imaging Details     
 
CT imaging  

 

CT notes: ________________________________ 
 

q Knee inside calibration grid 

 

 
 

Fluoroscopy Screening 

 
Fluoroscopy notes: ________________________________  

 

q Full knee flexion 

 
q Calibration grid imaged 

 

 
Distances: 

Tube (red dot) to Image intensifier screen:  _________mm 

 
Tube (red dot) to calibration grid: _________mm 

 

 

 
Notes:  

 

___________________________________________________________________

___________________________________________________________________

__________________________________________________ _________________ 
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Appendix 19. Adverse Events Form 

 

 
PICKLeS 

Person ID: _ _ _ / _ _ _  

 

Subject initials:  __ __ __ 

Knee   L q ,    

           R q 

 Date:____/ ____/ ____  

           (dd/mm/year) 
 

Page 12 of 14 Version 3 25-6-14 

 
Adverse Event Form 

 

Date of onset of event: ____/ ____/ ____  Adverse Event Number: ______ 

(dd/mm/yyyy) Please number event for this participant 

 

Please complete one adverse event per participant complication. Do not enter more than one 

adverse event on each form.  

Definition: Any undesirable clinical occurrence in a subject whether it is considered to be 

device related or not, that includes a clinical sign, symptom or codition and or an observation 
of an unintended technical performance or performance outcomes of the device. (ACTH 
2006,p26) 

Event: 

___________________________________________________________________

___________________________________________________________________

___________________________________________________________________  

Severity of the event: q Mild   q Moderate  q Severe 

Was the event serious? q No  q Yes. Please complete Serious AE form 

The definition of a serious event is “Any untoward medical occurrence that at any dose 

· Results in death 

· Is life-threatening 

· Requires inpatient hospitalisation or prolongation of existing hospitalisation,  

· Results in persistent or significant disability / incapacity, Or  

· Is a congenital anomaly / birth defect.” 

Did the event involve the surgical site?  

q No  q Yes. Describe __________________________________________ 
 

Was the event related to the intervention (knee replacement)?  

q No  q Yes. Describe _______________________________________________ 

 
What treatment was given? q None     q Medication    q Procedure 

Describe the treatment ___________________________________________ 

 
Was the participant withdrawn from the trial?  q Yes   q No 

 

Was the study unblinded for this participant?  q Yes   q No 
 

Was readmission to hospital (in or outpatient) required? q Yes   q No 

Date of readmission:___/ ___/ ___  

Treatment ___________________________________________________________ 
Associated outcome:  q Resolved      q Ongoing/unresolved  

q Withdrawn from Study  q Death   

 
Investigator signature:  
Date: ___/ ___/ ___ 
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Appendix 20. R Code Phase Determination 

# Read in the data 

setwd("C:/Users/s432401/Dropbox/PhD/excel_R_spss files/R") 

datAll=read.csv("datCombined/datCombined 2017_05_30CSV.csv", header=T) 

 

# Only keep registered data 

ww=which(datAll$ortho=="Reg"); datAll=datAll[ww,]; rm(ww) 

 

# Get a sorted list of Patient IDs. The Patient IDs are stored as a factor; we 

# get the sorted levels of the factor into the vector "subject". 

subjects=sort(levels(datAll$ID)) 

 

# MAIN LOOP 

# The charts are all going into one PDF file which we open here: 

pdf("flexionFramePhases.pdf", width=11) 

# We loop through all the patients in "subjects" 

for (subj in subjects) { 

  dat=datAll[datAll$ID==subj,] # just get the data for the current patient "subj" into "dat" 

  dat=dat[complete.cases(cbind(dat$flexion,dat$frame)),] # Get rid of data rows with missing flexion 

or frame data 

  if (dim(dat)[1] < 1) {next} # exit the main loop if there is no data (< 1 row) for this subject 

   

  ss1=smooth.spline(dat$frame,dat$flexion) # Fit a smooth spline to flexion~frame 

  ss1d=predict(ss1, deriv=1) # Get its first derivative as a set of x-y coords 

  ss1dl=lowess(ss1d, f=.094) # Fit a lowess line of best fit to the 1st 

  # derivative. f=.094 has been found by trial and error. 

  inflPoints=numeric(length(ss1dl$y)) # inflPoints is a vector of 0s, one for each row of ss1dl 

  # This for loop detects when ss1dl crosses zero, i.e. an inflection point, 

  # and stores the frame number in inflPoints 

  for (i in 1:(length(ss1dl$y)-1))  

  { 

    if ( ss1dl$y[i]==0 || ss1dl$y[i] <= 0 && ss1dl$y[i+1] >= 0 ||ss1dl$y[i] >= 0 && ss1dl$y[i+1] <= 0) 

{ 

      if(ss1dl$y[i]==0) {inflPoints[i]=i} else { 

        inflPoints[i]=(i+1) 

      } 

    } 

  } 

   

  # Delete members of the inflPoints vector that don't contain inflection points 

  ww=which(inflPoints==0); inflPoints=inflPoints[-ww] 

  # Add 1 to the beginning of inflPoints and the number of frames to the end of inflPoints. 

  # This helps detect the phases when there is no inflection point near the 

  # beginning of phase 1 or the end of phase 2 

  inflPoints=c(1,inflPoints) 

  inflPoints=c(inflPoints,length(ss1dl$y)) 

   

  # Now we construct a matrix m which contains the beginning and end point for 

  # the phases. It has 2 columns and 3 rows.  There are two cases. Case 1 is 

  # where there are more than 3 inflection points. For this case we use the 

  # kmeans algorithm to find 3 clusters of inflection points.  We then use 

  # boxplot.stats() to find the upper and lower whiskers of the frame numbers for 

  # these clusters. These determine the boundaries of the phases. Case 2 is 

  # where there are exactly 3 inflection points. These points are the 

  # boundaries of the two phases. 

  m=matrix(0,ncol=2,nrow=3) 

  if(length(inflPoints) > 3) { # Case 1 
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    k=kmeans(dist(inflPoints), nstart=1000, 3)$cluster 

    print(k) 

    m[1,]=boxplot.stats(inflPoints[k==1])$stats[c(1,5)] 

    m[2,]=boxplot.stats(inflPoints[k==2])$stats[c(1,5)] 

    m[3,]=boxplot.stats(inflPoints[k==3])$stats[c(1,5)] 

  } else 

    if (length(inflPoints)==3) { # Case 2 

      m[1,2]=inflPoints[1] 

      m[2,1]=inflPoints[2]-1 

      m[2,2]=inflPoints[2] 

      m[3,1]=inflPoints[3] 

    } else { # Case 3 - less than three inflection points 

      next; # Jump out of the main loop (this is a kludge) 

    } 

   

   

  oo=order(m[,1]); m=m[oo,] # Sort the rows of the matrix m 

  phase1idx=m[1,2]:m[2,1] # Get the row numbers of the phases into phase1idx and phase2idx 

  phase2idx=m[2,2]:m[3,1] 

  phase1=dat[phase1idx,] # Get the data for the phases into phase1 and phase2 

  phase2=dat[phase2idx,] 

   

  # Set up a vector of plot colours: 2 (red) for outside the phases, and blue and green for the phases   

  colours=rep(2,length(ss1$x)) 

  colours[phase1idx]=4 

  colours[phase2idx]=3 

   

  #Plots 

  par(mfrow=c(1,2)) # Set up plot device for 1 row 2 columns of plots 

  # Plot ss1 

  plot(ss1, xlab="Frame", ylab="Flexion", sub="Blue: Phase 1; Green: Phase 2", col=colours, 

main=subj) 

  # Plot ss1d 

  plot(ss1d, xlab="Frame", ylab="1st Derivative of Flexion", main=subj) 

  # Scale flexion to fit on the ss1d plot, and plot as a set of red points 

  flexionScaled=dat$flexion*max(ss1d$y)/max(dat$flexion) 

  points(flexionScaled, col="red", pch=20, cex=.2) 

  # Add a line for ss1dl, the lowess smoothed derivative of ss1 

  lines(ss1dl, col="orange") 

  # Add vertical purple lines for inflection points and a horizontal gray line at 0 on the y axis 

  abline(v=inflPoints, col="purple") 

  abline(h=0, col="gray") 

   

} # End of main loop 

 

# Close the PDF file 

dev.off() 
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