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Abstract 

Total knee replacement is effective at reducing pain resulting from end stage knee osteoarthritis 
but patient clinical outcome remains poor. This study develops methodologies for the 
assessment and classification of knee function to further the understanding of the mechanical 
effects of osteoarthritis, identify targets for treatment and objectively evaluate patient functional 
recovery. This study additionally develops methodologies to investigate how internal knee 
structures function during dynamic in-vivo activities using novel approaches to MRI. 
 

The uncertainties in the assessment of patients’ knee function were first investigated. Stair gait 
analysis was investigated to complement traditional level gait analysis. Measurements with the 
force plate interacting with step one displayed lowest inter-subject variability and were carried 
forwards to patient assessments. The level and stair gait of three age groups of healthy 
volunteers was investigated to select a healthy control group. A trend of peak sagittal moments 
at the hip, knee and ankle all decreasing with aging and frontal plane joint moments at the hip 
and ankle increase with aging was found. Age related changes were non-linear becoming more 
prominent towards old age. Young and middle aged healthy volunteers were combined to form 
a larger, homogenous cohort for patient comparisons. Inter-subject variability is neither helped 
nor hindered by the inclusion stair gait analysis when compared to level gait ensuring no 
adverse affects in distinguishing functional changes from naturally occurring individual variation. 
Patient completion of stair gait was unfortunately very poor however and the practicalities of 
stair gait in the patient population were found to be preventative. The accuracy of using principal 
component analysis over traditional parameterisation to classify osteoarthritic or healthy knee 
function was found to improve classification accuracy when using the Cardiff Dempster Shafer 
Theory Classifier. Knee measures were found to have poor classification accuracy with hip and 
ankle adaptations best discriminating healthy and patient gait. The adaptations to lower limb 
biomechanics observed in older healthy adults appear to become magnified with osteoarthritis. 
 

The classification methodology developed throughout the study resulted in an in and out of 
sample classification accuracy of 97.9% in determining osteoarthritic or healthy knee function. 
The hip, knee, ankle and ground reaction force biomechanical data of 12 patients before total 
knee replacement and one year post surgery were assessed using principal component 
analysis and the Cardiff Demspter Shafer Classifier. 42% of patients experience no functional 
benefit and 25% of patients recovered lower limb function characteristic of young and middle 
aged healthy volunteers. Classification of total knee replacement outcome was found to 
correlate with clinical outcome measures but implant type, BMI, weight loss and presence of 
comorbidities were poor indicators of patient outcome. Patient age and pre surgery function 
were found to correlate to the function observed post surgery, indicating that the earlier timing of 
intervention (and visualisation of this using the classification methodology) may improve 
functional and clinical outcome of patients with end stage knee arthritis. 
 
 

Novel, high resolution MR imaging and analysis techniques to quantify 3D, patient specific, in-
vivo menisco-tibial kinematics and meniscus shape change were created. Repeatability was 
high with largest errors due to MRI image quality. Posterior translations of both menisci were 
found with increasing knee flexion angle and large meniscus translations, as much as 3.4mm in 
the anterior-posterior direction and 4mm in the medial-lateral direction were observed with 
changing transverse plane knee joint rotations. Load bearing introduced substantial additional 
posterior motion of both menisci, up to 4.6mm (medial meniscus) and 5.2mm (lateral meniscus) 
in the flexed knee. Large variability was observed between subjects suggesting patient specific 
response to load bearing is an important consideration in the treatment and rehabilitation of soft 
tissue injuries and prevention of early onset arthritis. Flexion of the knee was found to introduce 
compression in the menisci while loading contributed greatest posterior translation of both 
menisci. The posterior horns of both menisci were also found to rotate towards the centre of the 
tibial plateau during flexion and maintaining this during treatment of soft tissue injuries may aid 
the prevention of secondary pathologies. 
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Osteoarthritis (OA) is a progressive, degenerative disease in which the articular 

cartilage (AC) protecting the bone surface wears and thins. AC protects the underlying 

bone during normal knee articulation and once worn results in pain, inflammation, 

swelling and stiffening of the joint. This not only impairs functional ability and ability to 

perform daily activities but is also often extremely debilitating, affecting sleep and 

morale.  

 

Arthritis is the most common chronic condition in the UK followed by heart conditions 

[1], affecting 8.5 million people [2]. Similarly, arthritis is the most common condition in 

the UK which limits ability to perform daily activities [3]. OA affects twice as many 

women as men [4] and is estimated to cost the economy £5.7 billion a year [5]. These 

trends are also observed across Europe with as many as 100 million people suffering 

with arthritis [6]. The knee is highly susceptible to pathology and degeneration owing to 

its lack of inherent bony stability and reliance on soft tissue structures for support. 

 

 

Figure 1.1: X-Ray of a knee with severe, Kellgren-Lawrence Grade 4, OA. Highlighted 

are osteophytes formation (1) and narrowing of the joint space (2) used to clinically 

diagnose the presence of OA. Edited from [7]. 

1 

2 
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OA is usually diagnosed based on symptoms reported by patients and the physical 

signs found upon examination of the joint. X-rays are commonly used to confirm OA 

and may show changes such as the thickening of the underlying bone, wear and 

changes to the geometry of the articulating surfaces, osteophytes (bony spurs) forming 

at the periphery of the joint and narrowing of the joint space as shown in Fig1.1 [8]. 

They may also show calcium deposits which can cause pain within the joint [9]. Motion 

of the joint is likely to be restricted and muscle atrophy usually follows, leading to 

further instability and further loss of functional ability. 

  

Clinical examinations are not always a good indicator of how much pain or disability a 

patient is likely to experience. Some people experience a lot of pain and severely 

impaired functional ability from apparently minor joint pathology following clinical 

examination, while others have little pain and minimal interference with daily life from 

apparently more severe pathology. Similarly, some people will experience a slow and 

subtle degeneration of the joint while others experience much more rapid deterioration. 

The clinical treatment and diagnosis of OA therefore presents significant challenges 

and highlights the need for a better understanding of both healthy and pathological joint 

function to improve knowledge of the pathogenesis of OA. Furthermore, while a 

number of risk factors for OA are suggested such as previous joint pathology, obesity 

and genetics [9], it is not well understood what causes OA, who is most at risk and 

what early preventative treatments delay the onset of OA most effectively. While the 

clinical signs of severe OA are easily identifiable, it is much more difficult to objectively 

monitor subtle changes in joint function such as those following clinical intervention, 

further reinforcing the need for improved quantification and assessment of joint 

function. 

 

Treatment of OA may include exercises to strengthen the muscles surrounding the 

affected joint, weight loss, complementary therapies and pain relief. Total knee 

replacement (TKR) is widely accepted as an effective means of reducing pain and 

increasing the function of severe, end stage OA. During a TKR the entire worn joint 

surface is replaced with prosthetic articulating surfaces. 56,652 TKR’s were performed 

in the UK between 2004 and 2005 [10] demonstrating the popularity of TKR as a 

treatment for severe OA. With an aging population the number of TKR’s performed is 

set to increase along with an increasing demand from patients to perform more 

demanding activities and recovering greater functional ability post-TKR. 

 

In summary, OA severely affects quality of life and ability to perform activities of daily 

living in a large proportion of the population and the prevalence is expected to increase 
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in future years. TKR is an effective treatment for severe OA, yet the mechanical causes 

of OA and the level of function returned post operatively following TKR is currently 

difficult to predict leading to a need for better understanding of knee joint function both 

pre and post operatively. As a result, the biomechanical investigations in this study 

have implications to the understanding of OA, to treatment planning, rehabilitation and 

implant design. 

 

1.1: Anatomy of the knee 

 

The knee is the lower limb’s second mechanical link after the ankle and preceding the 

hip. The knee consists of two joints. The first articulation is between the tibia and the 

femur bones, shown in Fig.1.2, at the tibio-femoral joint. The fibula bone is located 

adjacent to the tibia and this plays no role in knee joint motion, instead contributing to 

ankle joint motion [11]. The second joint in the knee is the articulation between the 

patella and femur, or patello-femoral joint. The main role of the patello-femoral joint is 

to increase the lever arm of the quadriceps (thigh) muscle and hence decrease contact 

forces within the knee during movement. 

 

Figure 1.2: Bony anatomy of the lower limbs. Edited from Gray’s Anatomy[11]  
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Figure 1.3: Rotations of the knee in the three clinical planes. Edited from Basic 

Biomechanics of the Musculoskeletal system [12]. 

The bony anatomy of the knee makes for an inherently unstable, yet highly mobile joint 

with 6 degrees of freedom (6DOF). Fig.1.3. shows the rotations occurring in the tibio-

femoral joint (TFJ) and the terminology used to describe these. The greatest range of 

motion (ROM) observed in the TFJ occurs in the sagittal plane [12] with smaller 

motions in the frontal and transverse planes. The large sagittal motion facilitates large 

body movements such as enabling the forward progression of the body’s centre of 

mass (COM) walking, while the smaller motions of the other two planes aid stability 

during these large body movements [13]. The knee exhibits Sagittal ROM from 0-140º 

from full extension to full flexion [12]. Negative values of flexion are expected to be very 

small as this represents hyperextension of the TFJ and the ROM of hyperextension is 

around 5º [13]. Measurements will vary from person to person yet these ROM values 

described are not expected to deviate from that stated above by more than around 

10% for the majority of the healthy population [12]. With regards to internal and 

external rotation of the TFJ, the ROM is expected to be much smaller than that in the 

sagittal plane. Maximum external rotation of the TFJ is not expected to exceed 45º and 

the maximum internal rotation is approximately 30º [12]. These maximum ROM values 

are only obtained when the knee is flexed to around 90º. When in the neutral position, 

with the TFJ in near full extension, internal and external rotation is almost eliminated as 

Transverse plane 

Frontal plane 

Sagittal Plane 
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the condyles on the tibia and femur interlock with each other [12, 13]. The amount of 

abduction or adduction of the TFJ is also dependant on the amount of knee flexion due 

to the structure of the bones making up the joint and was not found to exceed more 

than 8º adduction during gait for healthy volunteers, with the maximum value occurring 

at around 30º knee flexion [13]. 

 

Given the large ROM of the knee and 6DOF, the soft tissues play a significant role in 

controlling knee articulations. Four ligaments, shown in Fig.1.4, are primarily collagen 

fibres arranged parallel to their length and help to control the stability of the knee. The 

anterior cruciate ligament (ACL) and posterior cruciate ligament (PCL) provide stability 

in the anterior-posterior direction while the medial collateral ligament (MCL) and lateral 

collateral ligament (LCL) control frontal plane stability of the knee. These two cruciate 

and two collateral ligaments provide passive restraint to displacement of the tibia 

relative to the femur. The ACL will experience strain with anterior displacement of the 

tibia and with internal tibial rotations. The passive restraint provided by the ACL also 

aids control of femoral roll back during flexion. The PCL provides tibio-femoral restraint 

opposing the ACL to control posterior displacements of the tibia relative to the femur.  

ACL and MCL injuries account for 90% of ligament injuries [14] and usually occur 

during twisting and squatting motions, most commonly during sporting activities. 

 

Figure 1.4: Soft tissue anatomy of the knee. Reproduced from Gray’s Anatomy [11] 
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The articulating surfaces of the TFJ are not inherently congruent. This allows for a 

large range of motion in the knee and 6DOF without impinging the soft tissues but it 

also means that the knee lacks the inherent bony stability of a joint such as the hip. 

There is therefore the potential for small contact areas and thus high contact stresses 

occurring at tibio-femoral contact in the AC. Two fibrocartilagenous structures called 

menisci sit in between the tibia and femur and are important for load transmission, 

shock absorption, proprioception, joint stability and increasing joint lubrication [15], 

shown in Fig.1.5. 

 

Figure 1.5: Drawing of the medial and lateral menisci on the tibial plateau. Adapted 

from Anatomy of the Knee, in The Lower Extremity and Spine in Sports Medicine [16]. 

 

Figure 1.6: Schematic demonstrating the increase in peak contact stresses within the 

knee upon removal of the menisci. Reproduced from Biomechanics of the Menisci [17]. 

Medial Meniscus Lateral Meniscus 



Chapter 1: Introduction and Literature Review 

 

7 
 

 

It is reported that the menisci carry up to 45% of the axial loads through the knee with 

contact stresses in the knee increasing up to 235% upon removal of the meniscus as 

illustrated in Fig.1.6 [16]. The menisci are therefore vital to overall function, stability and 

wear of the underlying articular cartilage. 

 

Damage or pathology to the menisci compromises these important functions leading to 

restricted joint motion, pain, instability and a high likelihood further degenerative 

changes in the joint [18]. The menisci have the ability to move over the tibial plateau to 

maintain as congruent a joint contact as possible [19], yet become susceptible to 

pathology themselves if impinged within the joint. Alterations to joint kinematics may 

therefore predispose menisci to tears [20] and meniscal tears are strongly linked to 

progression of OA [18] particularly in younger patients. It is believed that the menisci 

transmit axial loads to hoop stresses and therefore if the integrity of the collagen fibre 

arrangements within the meniscus are compromised, such as when a tear is present, 

then there is a significant risk of increased stress in the articular cartilage and 

subchondral bone and hence further degeneration of the joint [16]. Despite the 

importance of the meniscus being widely appreciated to knee function in the literature, 

in-vivo studies are limited to evaluating single 2D Magnetic Resonance (MR) images 

[19] and low resolution MR imaging [21]. The action of ligaments, of knee kinematics 

and of meniscus translation is not in a single plane and as such these previously 

adopted methods limit our biomechanical understanding of the soft tissues of the knee 

and hence limit understanding of OA initiation and progression. Furthermore meniscus 

tears are reported to commonly occur during twisting or squatting movements [22] in a 

similar injury mechanism to that of ACL/ MCL ruptures described above, yet no 

previous in-vivo studies have been conducted considering joint loading and transverse 

knee rotations.  

 

In summary, healthy knee function is a balance between large mobility and high 

stability and can become unbalanced when one or more components of the knee joint 

experience pathology. Control and stability of the knee is not dependent solely on bone 

interactions and bone kinematics but is additionally dependant on the function of soft 

tissues. These soft tissues work together to minimise localised contact stresses within 

the various tissues of the knee yet if one or more become damaged through acute or 

chronic pathology then the likelihood of secondary pathology and further degeneration 

is high. It is not clear however how dynamic, in-vivo activities of daily living correlate to 

soft tissue biomechanics and pathology. It would therefore be beneficial to improving 

the understanding of OA pathogenesis, OA prevention and direction of earlier clinical 
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intervention if macro- scale observations in human movement analysis can be related 

to the smaller scale soft tissue biomechanics likely to influence joint pain, pathology 

and ultimately quality of life for those with OA.  

 

1.2: Assessing knee joint function 

 

The clinical challenges of assessing knee OA, namely understanding the mechanical 

factors of the pathogenesis, monitoring gradual changes in joint function following 

clinical intervention and predicting future pain and level of future functional ability, 

demonstrate a need to accurately assess knee joint biomechanics for those with 

healthy, osteoarthritic and TKR joints in addition to the traditional clinical investigations. 

It is worth noting that ‘joint function’ in this study refers to biomechanical joint 

performance as opposed to the more clinical description referring to patient satisfaction 

in performing certain activities. 

 

1.2.1: Patient questionnaires 

 

Patient questionnaires such as Knee Outcome Survey [23] and the Oxford Knee Score 

[24] are traditional clinical research methods of quantifying knee joint function. Patients 

tick one of several statements that best describe a variety of aspects of joint function 

such as ability to perform daily activities and pain and then the responses are assigned 

values which can then be combined to give an overall score of knee function. While 

successfully describing ability or pain when performing certain activities, these 

questionnaires rely on subjective patient opinion and are not sensitive enough to 

highlight small changes in function. Furthermore, these questionnaires give an 

indication of the feelings and abilities of a patient but do not contain enough information 

to suggest why a specific patient may be experiencing reduced joint function and 

difficulties with performing daily activities.  

 

1.2.2: Objective assessment of knee function: CT, MRI, RSA and fluoroscopy 

 

Alternatives methods for objectively quantifying joint function which overcome 

difficulties with using patient questionnaires include Computed Tomography (CT), 

Magnetic Resonance Imaging (MRI), Roentgen stereophotogrammetric analysis (RSA) 

and fluoroscopy.  

 

RSA uses fluoroscopy (dynamic X-ray imaging) to track the position of tantalum 

markers in bone and has been widely used to investigate joint kinematics [25-28]. A 
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significant advantage of the technique is the ability to measure motion of bone directly, 

although a dedicated surgical procedure is required to implant the tantalum markers. 

This unfortunately limits the number of participants who may be assessed. RSA has 

been shown to have sub degree accuracy in determining rotational errors [28] and the 

small reported errors have even lead researchers to investigate the micro-motion of 

prostheses using RSA [29]. Markers may alternatively be attached directly to bone 

using external fracture fixation devices [30] or using intra-cortical pins [31-33]. 

Percutaneous devices with external markers have been shown to be influenced by the 

relative motion of soft tissue and bone during gait [34] and running [35] reducing the 

accuracy of these kinematic measurements. The clear disadvantage for large volume 

research is the invasive nature of these methods, both in terms of the radiation and the 

need to surgically insert markers or pins. The study of Cappozzo [30] used patients 

recovering from leg fractures to attach markers to external fracture fixation devices and 

this is clearly not viable in the normal healthy population, OA or TKR populations. 

Implanting markers into the prosthesis is another approach to RSA which is more 

viable in the TKR population. This overcomes some of the issues with invasive surgery 

although investigations are limited to patients with specific implants only [36]. Studying 

in-vitro kinematics using this method is an alternative approach although it can be 

questioned how accurately the in-vivo muscle and soft tissue action are replicated [36]. 

 

 

Figure 1.7: Outline of a TKR implant clearly visible on X-ray (left) and TKR CAD model 

registered to that outline (right) Images collected during study at Cardiff University. 
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Fluoroscopy may be used without the addition of markers to investigate joint function, 

as would be the case with RSA. Sequential low dose X-rays image bone motion during 

dynamic activities. Although fluoroscopy generally only images in one plane, the 3D 

position and pose of the object can be reconstructed when matched to an accurate 

geometric model of that object. 3D bone models are created from CT or MR scan data 

and then registered in 3D on to the 2D X-Ray images to hence describe the 3D 

kinematics of a joint. A similar process of registering CAD models of TKR implants to 

fluoroscopy images may be used to reconstruct TKR 6DOF from 2D X-rays as shown 

in Fig.1.7. Fluoroscopy has been used to investigate kinematic joint motion for 15 years 

[36] and its applications have been wide and varied including assessing TKR 

kinematics [36, 37], uni-condylar knee replacement kinematics [38], for validating new 

designs and improving clinical outcomes of existing treatments, modelling knee 

kinematics for Finite Element Analysis (FEA) [39, 40], investigating kinematic changes 

in ACL deficient knees [41], assessing meniscal kinematics [39], determining knee 

contact points during weight bearing [42], patellar tracking to aid clinical understanding 

of patella-femoral pain syndrome [43] and investigating foot biomechanics [44]. The 

main appeal of fluoroscopy to analyse joint function is that it allows direct 

measurements to be taken while being non-invasive and relatively low risk to the 

patient. Single plane fluoroscopy is commonly available to research groups and allows 

greater freedom of motion for activities such as gait, step ups and leg extensions than 

CT and MR imaging. Determining joint kinematics using fluoroscopy image registration 

techniques is reported to be highly accurate,  to within one degree of rotation and 

0.5mm of sagittal plane translation [36]. However, there are several potential sources 

of error. Inaccuracies may be derived from MR imaging, segmentation of MR images 

for the creation of computational bone models, errors in reliably defining joint co-

ordinate systems on computational bone models, inherent fluoroscopy errors and 

errors in matching the bone model to the fluoroscopic images that are not 

comprehensively accounted for in previous studies. Furthermore, [36] report out of 

plane translations and rotations to be consistently less accurate than in plane motions 

by around ten times. Out of plane accuracy is reduced in single plane fluoroscopy 

because translations and rotations out of the plane result in comparatively small 

changes in size and geometry of the object imaged. Additionally, the relatively small 

field of view does not permit multiple joints to be investigated simultaneously. 

 

CT and MRI are common clinical imaging modalities allowing for visualization of the 

internal soft tissue and bone structures. The ability to investigate soft tissue 

biomechanics in relation to joint kinetics and kinematics is required to better 

understand OA onset and progression.  CT and MRI potentially allow for this without 
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disturbing the internal structures as is required for in-vitro investigations for example. 

Alterations in knee joint contact pressures and locations may be critical in the 

mechanisms of knee pain and osteoarthritis [45] and structural changes can be 

visualized such as fibrillation of articular cartilage in areas of joint degeneration [46]. An 

example MRI scanner is shown in Fig.1.8. 

 

 

Figure 1.8: General Electric 3.0 Tesla closed bore MRI scanner. Reproduced from 

Waisman Laboratory Facilities [47].  

 

Compared to MRI, CT scans do not delineate the interface between soft tissues such 

as cartilage or cartilage-meniscus boundaries well when the entire intact joint is 

scanned and when these surfaces are pressed together under load. Imaging 

participants with metal implants, as would be present in the TKR population, is 

challenging however due to metal artefact present on the MR images [36]. Although 

imaging techniques can overcome metal artefact to a certain extent, the confined 

space within both CT and MRI usually prevents physiologically relevant motions to be 

captured. Bone segments could be reconstructed in 3D and then the pose and 

orientation of adjacent segments calculated from a series of statically arranged knee 

positions. Open MR allows a participant to stand during imaging and hence induce load 

in the knee and has been used in the literature previously to describe knee kinematics 

[19]. The compromise for increased ability to replicate in-vivo activities with open MR is 

a severe reduction in signal to noise ratio. The outcome is a reduction in image 

resolution and usually 2D acquisitions and 2D analysis [19] rather than in 3D. This 

simplified approach is required to balance acquiring the desired data but doing so 

within a feasible scan time without introducing motion artefact as the participant tires 
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and starts to move. Information about soft tissue and bone interaction in the intact in-

vivo knee joint could shed light on the pathogenesis of OA [46]. No study in the 

literature combines high resolution 3D imaging of the internal structures of the knee 

with loading of the lower limbs and quantification of 3D bone and soft tissue 

biomechanics in-vivo. 

 

1.2.3: Objective assessment of knee function: Motion Analysis 

 

Opto-electronic stereophotogrammetry, or Motion Analysis (MOCAP), is the most 

common method of investigating human kinematics and kinetics [40] and is a technique 

used extensively in the existing Cardiff University protocol to measure normal or 

pathological function of a joint [48-52].  

 

The participant wears a series of retro-reflective markers placed over anatomical 

landmarks identified by palpation, shown in Fig.1.9. Tracking markers may be placed 

on segments and later related to the underlying anatomy and anatomical landmarks. 

The Qualisys Oqus optoelectronic system at Cardiff University uses passive markers, 

meaning that the markers do not actively transmit any kind of signal but instead reflect 

infra red (IR) light from IR emitters within each camera. IR sensors, also within the 

cameras, allow each marker’s position in three dimensional space to be calculated 

provided that two or more cameras can see the marker. 

 

 

Figure 1.9: Healthy volunteer participating in MOCAP data collection 
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MOCAP allows for the measurements of three dimensional joint kinematics with very 

little restriction to subject movement. Tracking kinematics within large volumes is a 

further practical advantage. When compared to more clinically available kinematic 

analyses such as high speed video recordings, motion analysis significantly reduces 

subjective user errors. One should also not overlook that motion analysis allows for the 

six degrees of freedom (6DOF) to be calculated in-vivo, and more crucially, non-

invasively on several joints simultaneously, permitting a more holistic approach to 

understanding and modifying knee joint biomechanics. 

 

A good appreciation of joint kinematics is granted by the technique and the instrument 

errors are also good, although the technique is not without inaccuracies. The most 

fundamental assumption is that the skin mounted marker movement directly 

corresponds to bone and joint movement. In reality the skin and subcutaneous soft 

tissues will move relative to bone leading to errors known as soft tissue artefact (STA). 

High inertial forces for example, such as those during heel strike, contribute to the 

movement of markers and soft tissues relative to bone. Human error in identifying the 

correct anatomical location for skin mounted markers additionally creates errors in the 

creation of joint axes and in the tracking of joint motion. STA errors and variability 

between trials in the identification of bony landmarks for example have been found to 

produce root mean square (RMS) errors of as much as 117% for internal and external 

rotation of the knee and 192% for adduction and abduction of the knee [53]. A similar 

study comparing the Cardiff marker based motion analysis protocol to fluoroscopic 

analysis of knee kinematics found statistically significant differences between the two 

methods in all motions except for flexion and extension [52]. 

 

Despite the reported errors in using motion analysis to calculate joint kinematics it 

remains the clear choice for cost effective, non-invasive, in-vivo kinematic and kinetic 

data to be collected from multiple joints simultaneously within large measurement 

volumes with a large number of healthy and patient volunteers. With this in mind, knee 

trials at Cardiff University use motion analysis techniques to assess a range of 

pathologies pre- and post-treatment with the aim of furthering the understanding of 

kinematic and kinetic effects of OA and evaluating patient recovery following TKR 

surgery. 

 

Level gait analysis using motion analysis techniques is well documented as a powerful 

tool for investigating the pathogenesis and rehabilitation of lower limb disorders such 

as OA. Consistent temporal, kinematic and kinetic features and trends within healthy 

gait can be used to assess patient data. Pain, decreased muscle mass, changes in 
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proprioception and the associated compensations may alter gait biomechanics [54, 55]. 

Motion analysis has been used widely throughout the literature, for example 

characterising gait changes due to OA [51, 56-60], age [61-63], obesity [64], 

physiotherapy treatments [65], gender [66] and TKR [67, 68]. 

 

Figure 1.10: Knee adduction moment is the force acting about the knee centre in the 

frontal plane, calculated from the ground reaction force vector and its distance to the 

knee centre. Reproduced from Lower Extremity Review [69]. 

 

The knee adduction moment is one of the most commonly reported gait variables 

associated with biomechanical changes due to OA. It is expected that OA subjects 

walk with a higher adduction moment than healthy controls [56, 58] and as such a high 

adduction moment has become associated with a higher severity of OA. The adduction 

moment is the force acting about the knee in the frontal plane, calculated from the 

ground reaction force vector and its distance to the knee centre, shown in Fig.1.10. The 

adduction moment is often used as an indirect measure of medial compartment loading 

where OA is often more prevalent. High adduction moments have additionally been 

related to loosening of TKR implants [67]. Deluzio [57] found significant differences 

between OA and healthy volunteer gait in the magnitude of the knee adduction moment 

in addition to the range of flexion and magnitude of the flexion moment in early stance.  
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Other studies did not provide statistically significant evidence of OA patients exerting 

greater medially directed loads (knee adduction moments) on their knees however [59]. 

This may be in part due to the OA volunteers in this study having OA in all 

compartments of the knee rather than the medial compartment only and may also be 

due to variation in methodologies such as the model used to calculate the adduction 

moment from marker and force plate data [58].  

 

OA participants did however reduce knee extension moments and knee compressive 

forces by reducing gait velocity [59]. OA and TKR patients typically do not recover the 

expected range of motion (ROM) during gait and instead walk with a stiff leg strategy, 

most likely to introduce additional stability while also reducing pain [70]. It appears that 

these patients do not use all of their available motion when carrying out daily functional 

activities. It also appears that OA and TKR patients find it relatively easy to 

compensate for pain or instability during level walking yet it is very difficult to 

understand why these functional difficulties exist from the level gait motion analysis 

data. Consequently, assessment of knee function would benefit from more challenging 

activities that are more relevant to a wider range of daily tasks. Furthermore, despite 

the prevalence of the knee adduction moment as an indicator of OA progression in the 

literature, the discrepancies and uncertainties highlight the need for an improved 

understanding of the relationship between biomechanical factors and OA. There is a 

need for a holistic approach to understanding the relationship between mechanical 

factors during daily life and knee OA severity which could lead to biomechanical targets 

for improved treatment options and rehabilitation. 

 

1.3: Objective interpretation and classification of biomechanical data: Principal 

Component Analysis and the Cardiff Dempster-Shafer Theory Classifier 

 

Regardless of the measurement approach used to investigate joint function, there is 

large inter-subject variability and complex inter-dependencies in the vast amount of 

data which can be collected to describe knee biomechanics. This remains challenging 

to accurate and relevant clinical patient diagnosis [71].  

 

Analyses of kinematic and kinetic waveforms are traditionally based upon specific 

waveform parameters such as peaks and troughs, or based upon expert interpretation 

of the entire waveform [72]. An example waveform showing the knee flexion angle 

during level gait is shown in Fig.1.11. Parameters such as peak flexion during stance or 

the total ROM may be extracted from Fig.1.11 for example which can then be used to 

compare knee function across the four waveforms (four time points in a patient’s 
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recovery following TKR). Extraction of discrete values from waveforms in this manner is 

known as parameterisation and is the most common approach used in the literature to 

compare gait biomechanics between two groups (e.g. [59, 73, 74]) due to the ease of 

extracting and interpreting data. The discrete values extracted from an entire waveform 

spanning the duration of the activity under test can then be used for statistical 

comparison to the same variables found for a healthy control group and hence to 

identify changes in knee biomechanics as a result of OA or TKR. The selection of 

discrete parameters from waveforms during gait and other activities of daily living is 

relatively subjective however, especially when considering large inter-subject variability 

in human movement and large possible deviations from a general pattern across the 

entire duration of an activity due to a range of possible pathologies. Selection of 

parameters in this manner also neglects the temporal information in gait waveforms.   

 

 

Figure 1.11: Example gait waveform showing knee flexion for one patient (solid) at 4 

time points relative to healthy gait (dashed). Physical interpretation of two Principal 

Components found using Principal Component Analysis are highlighted by the shaded 

grey areas in relation to the original gait waveform. Figure prepared using data from the 

current study. 

 

In an attempt to use biomechanical data with greater clinical meaning and retain 

potentially important temporal information, Principal Component Analysis (PCA) may 

be used. Few examples of PCA applied to biomechanical data exist in the literature but 

the technique has previously been used to compare the effect of physiotherapy 

treatments [65], compare knee JRF’s and flexion angles of OA and healthy subjects 

[57, 72] and investigate age related stair gait adaptations in the knee  [75]. The 

practical application to gait data is in identifying areas of highest variance and 

K
n

e
e

 F
le

x
io

n
/ 

D
e

g
re

e
s

 



Chapter 1: Introduction and Literature Review 

 

17 
 

interpreting a physical meaning in relation to the original gait waveform and thus 

highlighting areas of interest for each measured gait variable. An example of PCA 

applied to the knee flexion waveform during gait is shown in Fig1.11. The second 

practical application for describing changes in human gait is to also in assign a discrete 

value to the information contained within the PC section (a PC score) with a greater 

appreciation of the temporal data than simple parameterisation. 

 

PCA is the procedure describing the principal direction that data within a data set 

varies and can hence be used to identify areas of highest variance between multiple 

gait waveforms. Essentially, PCA describes the structure of the data and a PC is the 

direction where the data is most spread out (highest variance). PCA transforms the 

data set into a set of uncorrelated variables (components) whilst retaining the variation 

present in the original data set. PCA therefore reduces the dimensionality of a large, 

highly variable data set while retaining potentially valuable temporal information [49, 

51, 57, 65, 75-77]. Principal components are found by calculating the eigenvectors and 

eigenvalues of the data covariance matrix which is the process of determining the 

direction where the data varies most (eigenvector) and the spread, or variance, of the 

data along that directional line (eigenvalue).  

 

PCA produces the same number of PC’s as there are original variables [48] and the 

PC’s produced can be ranked in terms of their associated eigenvalue (to hence rank 

PC’s in terms of the amount of variance each describes about the data set). PCA of a 

gait waveform time normalised 0-100% of gait cycle would therefore result in 100 PC’s 

being produced. The gait information for each of the n participants performing gait and 

p variables (each 1% of a gait waveform) is combined in to a data matrix for data 

reduction by PCA [78]. Data reduction is achieved by explaining the data contained 

within the n persons and p variables in an n x p matrix and optimally identifying 

components explaining the greatest amount of variance within the group and within the 

variables [78]. Each variable within the dataset is standardised to have zero mean and 

unit standard deviation. 

 

The selection of PCs to be retained (and thus to explain the optimal group variance 

using a small number of discrete variables) can be performed using Kaiser’s rule which 

examines the eigenvalues of each PC. Kaiser’s rule retains only PCs with an 

eigenvalue (variance) greater than 1 since this indicates the PC contains more 

information than the original variable (which has unit variance) [78]. PCs with an 

eigenvalue less than 1 are therefore not worth retaining.  
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The next process to select PC’s to be retained for further analysis is to assign 

meaningful labels or physical interpretations of each PC. This has previously been 

achieved by investigating the matrix of component loadings (or factor loadings) which is 

the weighted relationship between the PCs and the original variables and can be 

thought of as similar to the correlation coefficients of multivariate (multiple variable) 

space. A threshold of factor loadings of -0.71 to 0.71 has previously been based upon 

the recommendations of Comrey [79]. The practical application of this step is as a final 

“sieving” process ensuring there is no redundancy in selecting PC’s and that a PC does 

not describe group variance already described by a previously retained PC. If a PC 

does not have variables within the -0.71 to 0.71 threshold then this indicates that the 

variance explained by this PC is already explained by previously retained PCs. Since 

each variable represents 1% of the gait cycle, variables within the -0.71 to 0.71 

threshold identify the section of the original waveform where the individual PC has 

physical meaning. In this way, examining the factor loadings essentially determine 

which portions of the gait cycle each PC has physical meaning. 

 

Finally, PCA can also be used to assign a Principal Component score (Linear 

combinations of the original variables) to each waveform within the section identified by 

PCA which can then be used for further statistical comparisons. 

 

Motion Analysis potentially produces a wealth of data and it is unlikely that a single 

variable can describe the complex interlinking existing between gait variables and 

between different subjects’ gait patterns. Traditional statistical analyses such as t-tests 

and ANOVAs can highlight statistically significant differences between two groups but it 

is extremely difficult to know which of the statistically significantly different variables are 

most important to the pathogenesis of OA or to targeted rehabilitation to restore 

function for example. There may be both collaborating and conflicting information as to 

a TKR patient having apparently normal knee function and also variables indicating 

poor knee function for example. Interpreting this large quantity of data remains largely 

subjective and highly time consuming. In order to reduce the need for expert 

interpretation of waveforms and to highlight the data most relevant to forming clinical 

decisions, classification techniques such as that using the Dempster-Shafer Theory 

(DST) classification have been developed [48-51].  
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Figure 1.12: Cardiff DST simplex plot showing 4 motion analysis gait assessments (1-

4) classified by combining a variety of input data to output a single point for each visit 

based upon a level of belief of that the data indicate normal (NL) gait, OA (OA) gait with 

a level of uncertainty (Θ) accounted for in the classification. Figure prepared using data 

from the current study. 

 

The Cardiff DST classification technique has been shown to classify subjects in to 

either a healthy or OA group with 97.62% (in-sample) and 97.62% (out of sample) 

accuracy [49]. Data used in the classification are transformed  to a series of belief 

vales, which in the case of knee function investigations, is: 1) A level of belief that the 

data indicates OA function, 2) A level of belief that the data indicates normal (NL) knee 

function and 3) A level of uncertainty in assigning the data to each of the first two 

groups [49]. The technique is generic in classifying data in to any two groups, based 

upon the belief of a data set belonging to group 1, group 2 and an associated level of 

uncertainty in the classification, so the technique has potential applications beyond 

biomechanics research.  

 

Classification of a subject’s biomechanical function in relation to a healthy and OA 

training set is visualized on a Simplex plot, as shown in Fig.1.12, with the co-ordinate 

point on the plot derived from the 3 belief values. An increased belief that the data input 

to the classifier indicates normal (NL) gait moves the simplex point closer to the NL 

(left) vertex. Similarly an increased level of belief that gait data indicates OA (OA) 

function moves the simplex point towards the OA (right) vertex of the plot. Finally, the 

{NL} 
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belief value assigned to the uncertainty of the classification dictates the position of the 

simplex point from the bottom vertex of the triangle. An increased level of belief in the 

classification pushes the simplex point towards the bottom of the simplex plot. The 

simplex plot allows direct comparison between subjects and within subjects at multiple 

time points along their treatment journey by examining how the point changes position 

in the simplex plot. In the example in Fig.1.12 it can be seen that the patient’s gait 

analysis suggest their function is characteristic of someone with OA as point 1 sits 

close to the OA vertex. Over time the patient’s function improves slightly as the points 

move gradually away from the OA vertex and towards the NL vertex. No simplex point 

crosses the middle decision boundary though, so even though this patient’s function 

has improved slightly towards that of a healthy volunteer it remains indicative of the 

function of someone with OA. It is highly unlikely that a single measured variable can 

describe challenges facing patients with knee OA or TKR across the population but an 

approach which is just as simple to interpret whilst still combining information from 

several variables is highly desirable for informing and assessing clinical decision 

making.  

 

A further benefit is in the classifier’s ability to objectively, statistically rank measured 

variables in terms of their contribution to classifying subjects as having either healthy or 

OA knee function. There is therefore the potential to input a large amount of data, 

covering a range of biomechanical measures from numerous different measurement 

sources, into the Cardiff DST classifier and determine a small number of variables that 

can most effectively distinguish between different levels of knee function. The Cardiff 

DST classification method has previously been used to classify OA or healthy knee 

joint function using GRF data and knee kinematic data, cadence, stance duration and 

simple patient measurements such as BMI and thigh girth [47-50]. The technique has 

not previously considered joint moments or contributions from the hip or ankle likely to 

be important to describing biomechanical changes occurring in the knee in OA and 

TKR patients. Inclusion of these additional variables might help to better understand 

the challenges faced by patients with knee pathologies, highlight targets for treatments 

to improve lower limb function and also aid classification accuracy of the outcome of 

TKR. 
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1.4: Aims and structure of the study 

 

Osteoarthritis (OA) is a progressive, degenerative disease in which the articular 

cartilage protecting the bone surface wears and thins. Patients with OA experience 

pain, inflammation, swelling and stiffening of the joint which not only impairs functional 

ability but is also often extremely debilitating, affecting sleep and morale. Arthritis is the 

most common chronic condition in the UK followed by heart conditions [1], and the 

knee is highly susceptible to pathology and degeneration owing to its lack of inherent 

bony stability and reliance on soft tissue structures for support. Total knee replacement 

(TKR) is widely accepted as an effective means of reducing pain and increasing the 

function of severe, end stage OA [10] but patient satisfaction and clinical outcome of 

TKR remain poor [80, 81]. Clinical examinations are not always a good indicator of how 

much pain or disability a patient is likely to experience and the mechanical causes of 

OA and the level of function returned post operatively following TKR is currently difficult 

to predict. This study aimed to develop methodologies for the assessment and 

classification of knee joint function to further the understanding of kinematic and kinetic 

effects of OA, identify biomechanical targets for treatment and objectively evaluate 

patient functional recovery after TKR.  

 

In addition, the control and stability of the knee is not dependent solely on bone 

interactions but also on the function of soft tissues. If one or more structures become 

damaged through acute or chronic pathology then the likelihood of secondary 

pathology and further degeneration is high. It is therefore likely that early intervention of 

knee joint pathologies may maintain function and delay early stage OA. The 

relationships between dynamic, in-vivo activities and soft tissue biomechanics and 

pathology is poor however, owing to a lack of methodologies for assessing soft tissue 

biomechanics in physiologically relevant conditions and with sufficient accuracy. This 

study therefore additionally aimed to develop methodologies to investigate how internal 

knee structures function during dynamic in-vivo activities using novel approaches to 

medical imaging. 

 

Numerous areas of OA research, both at Cardiff University and in the wider medical 

community, depend upon accurate and relevant descriptions of knee joint motion and 

knee joint loading. The overall aims of this study were to improve data collection and 

data interpretation techniques for description of the characteristics of normal or 

pathological joint function for assessment of OA severity and TKR outcome. 
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The aims of this thesis are presented in two sections: 1) Using existing Motion Analysis 

approaches, investigate the most relevant and reliable data collection, data processing 

and data interpretation techniques for novel clinical decision making for understanding 

biomechanical adaptations of the knee due aging, OA and TKR and 2) Develop 

methodologies to investigate how internal knee structures function during dynamic in-

vivo activities using novel approaches to medical imaging. 

 

The overall objectives of the study are presented in five Chapters as follows: 

 

Chapter 1 introduces the existing approaches in the literature to quantifying and 

interpreting the functional, biomechanical behaviour of the knee with aging, OA and 

TKR, providing the rationale for the work presented in this study. 

 

Chapter 2 provides a detailed description of the study participants and Motion Analysis 

methods used to collect and analyse lower limb biomechanics in subsequent Chapters. 

 

Chapter 3 investigates uncertainties in selecting the most appropriate methodology for 

the assessment of OA and TKR patients with respect to the test activities, the control 

group with which to compare patient data and the relevance of different biomechanical 

variables in assessing knee joint function. Measurement of stair gait was optimised by 

comparing the effect of selecting different stair gait cycles on the resulting hip, knee 

and ankle kinematics and kinetics within healthy volunteers. The relative merits of stair 

gait analysis compared to more traditional level gait analysis were investigated by 

examining the sensitivity of each activity to identification of gait adaptations which 

occur as a result of aging in the healthy population and also by examining the 

difference in biomechanical demands of the two activities. Ankle and hip joint 

kinematics and kinetics were investigated in addition to those of the knee, to examine if 

the additional data helps to explain biomechanical compensation strategies which may 

occur due to aging. Finally, investigation of age related adaptations across three age 

groups of healthy volunteers determines if gait changes naturally over time or more 

suddenly at a specific time point to select an appropriate control cohort with which to 

compare patient data in Chapter 4. 

 

Chapter 4 presents an investigation of differences between healthy, OA and TKR knee 

joint function using motion analysis, PCA and DST-Classification. PCA  was used to 

extract the most important temporal information for describing gait differences between 

healthy volunteers and patients with end stage knee OA by performing PCA on the 

GRFs, hip, knee and ankle joint moments and joint rotations of healthy volunteers and 
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pre TKR patients and the outputs were compared to traditional parameterisation. The 

accuracy of using each data extraction technique in the accurate classification of OA or 

healthy knee function was investigated using the DST classifier. PCA and DST 

classification techniques were used to objectively characterise knee biomechanics in 

terms of healthy and OA function and identify variables from Motion Analysis that are 

most influential in this classification. The DST classifier was used to rank hip, knee, 

ankle and GRF input variables in terms of accuracy in classifying OA or healthy (NL) 

knee function and thus to determine which measurements most accurately describe the 

modifications to gait due to severe, end stage knee OA for the subsequent 

classification of TKR functional outcome. Finally, the entire data collection and 

classification techniques developed throughout the study were used to classify TKR 

outcome at one year post surgery. The objective classification of functional outcome 

was used to assess possible variations existing between patients and suggested 

common factors between particularly good or poor TKR functional outcome. 

 

Chapter 5 presents novel medical imaging techniques developed to quantify 3D, in-

vivo, loaded, soft tissue biomechanics to further the understanding of the underlying 

mechanisms of knee functional outcome. Novel MRI techniques were developed to 

image the soft tissues of the knee, in-vivo and in sufficient detail to characterise the 

biomechanical behaviour of the menisci of the knee. A novel methodology for 

recreating physiologically relevant knee joint loading and joint kinematics during in-vivo 

imaging of the soft tissues was developed and methods to accurately quantifying 3D 

meniscus kinematics and meniscus shape change are created. The methodologies 

developed are then used to quantify 3D in-vivo menisco-tibial kinematics and shape 

change during passive knee flexion, axial loading and with transverse plane knee joint 

motion. 

 

Chapter 6 provides a summary of the conclusions of the study and identifies directions 

for future work.  
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Chapter 2 
Motion Analysis Methods 

 

 

Chapter 1 has identified the need for a more holistic approach to understanding the 

relationship between mechanical factors and functional knee performance during daily 

life for those with OA and TKR. Motion Analysis (MOCAP) with simultaneous ground 

reaction force measurements was additionally identified as a suitable measurement 

tool for 3D analysis of multiple joints, for large numbers of participants without 

restriction to a wide variety of activities of daily living. MOCAP techniques can be used 

to distinguish biomechanical differences existing between healthy, OA and TKR knee 

function and hence suggest mechanical influences of OA and TKR outcome. 

 

All MOCAP investigations within Chapters 3 and 4 of this study used the same 

volunteer and patient cohorts, experimental apparatus, data collection protocols and 

data processing protocols described here. Any modifications to these methods are 

described in subsequent chapters.  

 

2.1: Study participants 

 

2.1.1: Healthy participants 

 

Recruitment of healthy volunteers was approved by the Research Ethics Committee for 

Wales and Cardiff and Vale University Health Board. Healthy participants were 

recruited through advertising within Cardiff University and the wider South Wales 

community. All interested volunteers were provided with an information sheet 

(Appendix A), and a copy of the consent form (Appendix B). Volunteers were then 

contacted for screening and not included in the study if they met any of the following 

criteria: 

 

- Self reported difficulty walking or performing daily activities. 

- Current hip, knee, ankle, foot or back pain. 

- Self reported OA in the hip, knee, ankle, foot or back. 

- Previous or current musculoskeletal conditions which required clinical intervention 

such as ligament rupture, fractures occurring within the last five years, surgeries 

including arthroscopy, high tibial osteotomy and joint replacement. 



Chapter 2: Motion Analysis Methods 

 

25 
 

- Any other musculoskeletal, neurological or visual condition which may affect gait. 

 

Thirty seven healthy adults (14 male, 23 female) with an average age of 49 years 

(SD=16 years) free of history of injury or other pathology of the hip, knee, ankle and 

back were recruited for the study. All healthy volunteer data presented was collected 

and analysed in the duration of the current study. Mean height, mass and BMI were 

1.68m (SD=0.083m), 70.6kg (SD=12.9kg) and 24.8 (SD=3.6) respectively. Three 

groups of healthy volunteers within this group are considered in this study in order to 

investigate gait changes with aging in Chapter 3. The first is a ‘young’ healthy volunteer 

cohort aged between 18 and 34 years old (HVY), the second is a ‘middle aged’ healthy 

volunteer cohort aged between 35 and 54 years old (HVM) and the final healthy 

volunteer cohort represents the older population of 55 years and older (HVO). The 

individual cohort number, gender, mean and standard deviation height, weight and BMI 

for each age group of healthy control subjects is shown below in Table 2.1: 

 

Table 2.1: Subject metrics for three groups of healthy volunteers. 

Group Number Male Female 
Age/ years 

(SD) 

Height/ m 

(SD) 

Mass/ kg 

(SD) 

BMI 

(SD) 

HVY 14 5 9 
23.79 

(2.55) 

1.71 

(0.06) 

67.14 

(7.99) 

22.96 

(2.42) 

HVM 13 4 9 
45.46 

(5.56) 

1.69 

(0.09) 

73.58 

(13.68) 

25.75 

(3.66) 

HVO 10 5 5 
61.80 

(6.37) 

1.68 

(0.10) 

73.1 

(16.73) 

26.37 

(3.98) 

 

There is evidence of height and weight affecting level and stair gait biomechanics. 

Obese, healthy older adults have been found to alter the mechanical work produced at 

the joints of the lower limb and alter spatio-temporal parameters such as step length in 

what is thought to be a mechanism for reducing joint contact forces when compared to 

older, healthy volunteers who were not obese [64]. Additionally, taller subjects might be 

expected to walk with an increased stride length or use a smaller range of motion to 

negotiate steps of a fixed height when compared to shorter volunteers. There were no 

statistically significant differences in height or weight being present between any of the 

age groups. All kinetic data was normalised to body weight to further reduce any 

potential differences in gait arising from the HVY group having statistically lower BMI 

than the HVM (ρ=0.031) and HVO (ρ=0.019) cohorts. 
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Females are reported to have a higher incidence of knee OA than males [4] although 

there is evidence to suggest that gait differences between genders are not significant 

[66]. As a result, males and females will be considered together within each cohort 

group. Similarly, the left and right legs of all volunteers were screened as ‘healthy’ 

according to the above criteria so are considered together in further analysis giving a 

total of 74 healthy legs in the control cohort. 

 

The definition of a control group of healthy volunteers with which to compare OA or 

TKR gait is subject to less agreement in the literature. It is therefore of great interest 

and relevance to explore this further in future chapters. Most studies aim to age match 

healthy control participants and OA or TKR patients [56, 57, 59, 68, 82, 83]. This is 

entirely logical since aging is associated with factors such as muscle atrophy and loss 

of proprioception [70] and gait adaptations between young and elderly volunteers are 

well documented [61, 63, 84, 85]. Matching patient and healthy cohorts for age alone 

and suggesting this constitutes an appropriate comparison can be misleading however.  

Some studies use the same inclusion and exclusion criteria for healthy volunteers 

regardless of age [68, 82, 83, 86]. Criteria include no recent lower limb injuries or 

disabilities or visibly asymmetric gait. The problem with this definition is that elderly 

healthy volunteers are more likely to exhibit greater inter-subject variability in gait and 

other kinematic and kinetic patterns during daily activities. The large possible variation 

in gait with aging between, for example a 60 year old participating in regular sport and 

exercise and that of a 60 year old living a far more sedentary lifestyle is not accounted 

for. The changes associated with aging such as muscle atrophy and reduced 

proprioception are likely to be more limited in a more active elderly group than a less 

active elderly group for example. As such, a healthy elderly yet sedentary cohort may 

overestimate the success of TKR outcome when compared to the same TKR patient’s 

outcome assessed against a more active healthy elderly cohort. Even research groups 

such as Deluzio’s [57] with access to a large database of healthy and OA gait 

measurements neglect to define the older healthy group in any way other than 

“asymptomatic volunteers, free from pain without history of recent lower limb disease or 

surgery”. Only the study of [87] defines the OA/ TKR control group noting that healthy 

volunteers were recruited from the local tennis, running and bridge clubs. All healthy 

volunteers used in the current study in the HVO group were recruited through local 

badminton and Nordic walking clubs. 

 

Aside from age matching OA or TKR patients with healthy volunteers, factors such as 

body mass have been shown to influence gait patterns  [64]. TKR and OA patient 

groups throughout the literature have an “overweight”  BMI  [56, 57, 68, 82, 83, 86, 88, 
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89] yet very few studies match control and patient cohorts for BMI  [56, 59, 68, 82, 83, 

88]. The study of Deluzio [57] is a rare example of an age and BMI matched healthy 

control group. The recruitment of a large number of healthy volunteers age and BMI 

matched to OA or TKR patients is extremely challenging however and the numerous 

inter-dependant factors affecting gait can not all be matched between healthy and 

patient groups. In fact, the OA and TKR patient groups themselves are likely to contain 

significant inter-subject variation. 

 

The approach taken in this study to defining healthy control cohorts for patient analyses 

was to better understand and define the variation within different age groups of healthy 

volunteers and within the OA and patient cohorts. If the changes which occur with 

aging for example can be understood then we can be more confident in interpreting 

patient gait against control groups of different ages of healthy volunteers. Furthermore, 

it could be argued that TKR patients are not expected to ever reach the functional 

ability of even a sedentary elderly person. If this age matched healthy volunteer group 

is to be an unrealistic goal to compare a TKR patient to then perhaps a healthy 

younger volunteer cohort is equally appropriate. It may therefore be more appropriate 

to asses TKR patients against a scale of biomechanical outcome variables from that of 

a healthy, young and active cohort to a cohort of patients with end stage OA. In this 

way comparisons of TKR outcome between patients and between multiple visits over 

time of the same patient can be achieved by analysing where a TKR patient sits on that 

scale. If we know and thoroughly understand what has gone in to making the scale of 

possible outcome measures the TKR patient is assessed against then we can be 

confident in interpreting it. Furthermore, a younger control group may eliminate ceiling 

effects when assessing and classifying OA or TKR gait which may be present in a less 

active, elderly control group. These issues are not defined or agreed upon in the 

literature and are investigated further in Chapter 3. 

 

2.1.2: OA and TKR patients 

 

Recruitment of patients was approved by the Research Ethics Committee for Wales 

and Cardiff and Vale University Health Board. Patients were recruited from Cardiff and 

Vale Orthopaedic Centre, Llandough, Cardiff and University Hospital of Wales, Cardiff.  

All interested patients were provided with an information sheet (Appendix C), and a 

copy of the consent form (Appendix D). Patients were then contacted for screening and 

not included in the study if they had TKR for reasons other than to treat end stage OA, 

had visual or neurological conditions which may affect gait or could not walk unaided 
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(for example requiring the use of a stick, since this makes force data unusable). No 

patient had to be excluded according to these criteria.  

 

Twenty five patients (11 male, 14 female) with an average age of 69.0  (SD=7.3) were 

recruited from the TKR waiting list of the Cardiff and Vale Orthopaedic Centre, 

Llandough, Cardiff and University Hospital of Wales, Cardiff. All patient data presented 

was collected and analysed in the duration of the current study. Mean height, mass and 

BMI were 1.68m (SD=0.11m), 93.25kg (SD=21.30kg) and 32.81 (SD=7.00) 

respectively. This pre TKR cohort represents a severe, end stage OA group (OA). 

Following TKR, all patients were invited for assessments at 12 months post surgery.  

Of the original 25 end stage OA patients, 12 patients were followed one year post TKR 

(TKR). Mean follow up time was 13.0 months (SD=3.6 months). 13 patients were 

unable to attend return assessments for the following reasons: 

 

3 patients withdrew due to heart complications following TKR 

1 patient withdrew due to infection following TKR 

1 patient withdrew due to unspecified ongoing health concerns 

1 patient withdrew as they elected to have a THR during the study rather than TKR 

2 patients had TKR delayed and were not one year post TKR at the time of writing 

1 patient had TKR delayed and remains on the TKR waiting list 

3 patients did not attend and were uncontactable thereafter 

1 patient withdrew due to personal reasons, caring for an ill spouse 

 

The individual cohort number, gender, mean and standard deviation height, mass and 

BMI for each patient group are shown below in Table 2.2: 

 

Table 2.2: Subject metrics for patient groups. 

 

The literature is varied with regard to inclusion or exclusion of participants with other 

existing TKR’s or Total Hip Replacements (THR’s). For example some studies exclude 

bi-lateral TKR completely [87, 90, 91], some include bi-lateral TKR patients only [92, 

Group Number Male Female 
Age/ years 

(SD) 

Height/ m 

(SD) 

Mass/ kg 

(SD) 

BMI 

(SD) 

OA 25 11 14 69.0 (7.3) 
1.68 

(0.11) 

93.25 

(21.30) 

32.81 

(7.00) 

TKR 12 5 7 69.1 (6.7) 
1.65 

(0.11) 

94.58 

(24.64) 

34.04 

(7.86) 



Chapter 2: Motion Analysis Methods 

 

29 
 

93] while other studies include both uni-lateral and bi-lateral TKR [94, 95]. Patients 

were included in this study if they had contralateral OA/ TKR/ THR or TKR revision. 

While it can be strongly argued that inclusion of these additional conditions makes 

interpretation of gait data more challenging, it should also be noted that these patients 

are representative of the TKR population where previous soft tissue pathology and 

ongoing lower limb joint problems in both the affected leg and contra-lateral limb are 

highly likely. The goal of this study is to develop and improve data collection and 

assessment methods and to investigate the functional outcome of TKR patients using 

novel classification techniques. The patient cohort was therefore designed to reflect the 

typical TKR population and to be appropriate for the study. Furthermore, age, height, 

mass and BMI of the various patient groups in Table 2.2 are consistent with the patient 

cohorts investigated in the literature [56, 57, 68, 82, 83, 86, 88, 89]. If the goal were to 

solely assess an individual TKR implant design then all other variables and factors 

would be maintained as consistent as practically feasible. Nevertheless the full medical 

history of each patient was recorded for possible sub division in to groups at a later 

date. All kinetic data was normalised to body mass to reduce any potential differences 

in gait arising from differences in body mass between cohorts. 

 

2.2: Equipment 

 

2.2.1: Motion Analysis 

Figure 2.1: Motion analysis equipment and patient walkway in the Cardiff Motion 

Analysis Laboratory. Highlighted are force plates used to collect ground reaction force 

data. Note: Shown are older Pro-Reflex cameras, not Oqus cameras used in the study.  
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Motion analysis data was collected using 9 Qualisys Oqus cameras (8 Oqus 300+ and 

1 Oqus 110) (Qualisys, Sweden) capturing at 60Hz. Each camera emits infra red light 

from an array of LED’s, the infra red light is then reflected from retro-reflective markers 

placed at specific landmarks on the volunteer and light re-entering the camera is then 

detected by sensors within the camera. This allows for an individual camera to image 

the markers in 2D within its field of view. When two or more cameras can see a marker 

in their 2D view the 3D co-ordinates can be reconstructed. All motion analysis data was 

collected at the Cardiff University Motion Analysis Laboratory, shown in Fig. 2.1. An 8m 

walkway is marked out within the centre of the laboratory and force plates are covered 

prior to the participant’s arrival to avoid “targeting,” whereby the volunteers may either 

deliberately or subconsciously modify gait to strike the force plates. 

 

The camera type and layout used in this study differs from previous motion capture of 

gait in Cardiff University, such as that of Whatling [52]. The “View Cones” feature of 

Qualisys Track Manager (QTM) motion capture software (Qualisys, Sweden) was used 

to optimise camera positioning for more reliable tracking of markers. The ‘view cones’ 

feature allows for the 3D representation of the field of view of each camera as shown 

below in Fig.2.2, and hence visualisation of the 2D field of view (FOV) of each camera 

and the amount of overlap between neighbouring cameras. 

 

 

Figure 2.2: ‘View cones’ feature of Qualisys Track Manager (Qualisys, Sweden) used 

to optimise camera positions for motion capture. 

 

Cameras were moved as far towards the edge of the laboratory as possible and wall 

mounted allowing them to be positioned higher than previously used to improve the 

size of the 2D FOV in the area of the laboratory where motion is recorded. This 
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increased the measurement volume significantly, to approximately 4m in the direction 

of gait, 2m wide and 3m high. This is more than enough to record a complete level gait 

cycle and is particularly important for optimal capture of stair gait within the entire 

staircase. The improvements in camera positioning and set up over that previous to 

this study are hugely important for Chapter 3 whereby stair gait is recorded and the 

potential for marker occlusion and poor data collection increases due to larger 

movements, the larger volume and height to capture stair gait and the disrupted 

camera line of sight due to the stair case and rails. The improved MOCAP set up is 

also extremely important for Chapter 4 where gait was classified using the Cardiff DST 

classifier, previously introduced in Section 1.3. The classification method requires full 

data sets for all variables, for all participants and cannot currently classify knee function 

with missing data sets.  

 

It could be argued that varying camera heights leads to better calibration in Section 

2.3.1, as the cameras deviate from a single plane to a greater extent, however camera 

position is a balance of a good calibration and the practicalities of reliably and 

consistently tracking markers during dynamic trials.  

 

The aperture on each camera was opened almost fully and the focus set by switching 

to video mode on each camera and adjusting until the borders of the markers were of 

optimal contrast to the background image. Fine tuning of the camera settings was 

performed in QTM (Qualisys, Sweden). The exposure and flash time of the camera 

change the amount of light entering the image (in a similar way to adjusting the 

aperture on the camera) and were balanced with the Marker Threshold determining 

what level of signal intensity is considered a marker. These software settings were 

balanced so that markers were recorded as large enough in an individual camera’s 2D 

view (>200 sub-pixels), but not with excessive light entering the sensor which leads to 

unwanted reflections or other noise.  

 

Two Sony HDR-CX130/160 video cameras (Sony, Japan) were synchronised with the 

motion analysis, through Qualisys Track Manager (Qualisys, Sweden). These were 

positioned in the sagittal and frontal planes of the volunteer motion and used for data 

verification. 

 

2.2.2: Force plates 

 

Two 600mm x 400mm Bertec force plates (Bertec Corporation, Ohio, USA) capture 3D 

ground reaction force (GRF) data at a sample rate of 1080Hz. The layout of the force 
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plates within the laboratory is shown in Fig. 2.1, as the grey rectangular sections in the 

middle of the patient walkway. The raw output voltages from the 4 strain gauge based 

load cells within each force plate are amplified by a gain of 5 to record GRF’s optimally 

within the +/- 10V operating range of the A/D board. Amplifiers were switched on at 

least 30 minutes prior to data collection as per the manufacturer’s recommendations. 

The location of the force plates within the global co-ordinate system of the laboratory 

was defined during the camera and laboratory calibration, described in Section 2.3.1 

 

2.2.3: Stairs 

 

Participants negotiated the custom 4 step staircase, shown in Fig. 2.3 during stair gait 

trials (rise 0.16m, going 0.28m, pitch 30°), previously manufactured by Whatling [52]. 

The stair case was designed to interact with the force plates that are permanently 

mounted in the floor of the laboratory. The staircase was constructed so that one step 

may contact a single force plate in any given measurement. A small wood panel is 

placed between the force plate and step which is then counterbalanced so that the 

entire mass of the step and subject is contacting the force plate at the small panel of 

wood only, as shown in Fig 2.4. Any of the first three steps may be positioned to 

interact with the floor mounted force plates. 

 

The step does not contact the floor directly and therefore GRF’s measured by the force 

plate represent those acting on the step. The interaction between the steps and force 

plates has been previously shown to introduce minimal additional force plate errors.  

0.6% additional error was found in vertical force measurements and 0.7mm additional 

error was observed in centre of pressure calculations [96]. There are several 

alternative approaches to stair construction and measuring force data during stair gait 

in the literature and these are discussed in Chapter 3. 

 

A hand rail may be placed on either side of the staircase for participant safety although 

force data may not be used if the handrail is required by the participant since not all of 

the forces acting will be transmitted through the force plate. 
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Figure 2.3: Staircase used for motion analysis data collection. 

 

Figure 2.4: Illustration of how stair steps (1) interact with floor mounted force plates (2). 

A small wood panel (3) is placed between the force plate and step which is then 

counterbalanced (4) so that the entire mass of the step and subject is contacting the 

force plate at the small panel of wood only. Please note that the step is pushed 

completely over the wood panel during use. 

 

1 

2 

3 
4 



Chapter 2: Motion Analysis Methods 

 

34 
 

2.3: Motion Analysis data collection 

  

2.3.1: Motion analysis system calibration 

 

Prior to the arrival of the participant and data collection, the laboratory was calibrated 

using the wand method. This establishes the unknown extrinsic variables for each 

camera relative to a global co-ordinate system and in turn the reconstruction of 3D 

marker motion from 2D measurements.  

 

Internal camera variables such as the distortion of the camera lens, focal length and 

location of the camera’s focal point relative to the infra red detectors are calibrated 

during linearization, whereby a flat plate with a grid of markers of known positions is 

moved in a camera’s field of view. The internal camera parameters are then optimised 

to provide the best fit of marker locations to all of the images collected during 

linearization [97]. Linearization is not required at the start of each measurement 

session unless the lens has been changed or marker positions become poorly 

reconstructed over time, and is instead loaded from a file of saved parameters stored 

within the Qualisys Oqus cameras (Qualisys, Sweden).  

 

External camera unknowns such as the location and orientation of the camera 

(measured to its focal point) in a global co-ordinate system (GCS) and the creation of 

the laboratory GCS are calibrated using the wand method. An L-shaped frame is 

placed in the centre of the walkway with the short arm pointing in the negative direction 

of gait as shown below in Fig. 2.5.  

 

The centroid of the marker at the corner of the L-frame is used to define the global 

origin (0, 0, 0) in the global reference frame (x, y, z). The long arm of the L-frame 

defines the x-axis of the GCS, while the z axis is defined as coming up out of the floor, 

perpendicular to the L-frame. The short arm of the L-frame therefore represents the y-

axis of the GCS. A wand, shown in Fig.2.6, with two markers placed a known distance 

apart, is then waved within the desired measurement volume. The wand is waved in 

each direction of the GCS in a single 45s calibration measurement, ensuring that no 

camera is occluded for a significant period of time. A series of 2D marker positions are 

captured for each camera and the camera position and orientation is then optimised for 

all cameras simultaneously in order to track the 3D marker. The external camera 

unknowns (camera position and orientation relative to a GCS) are therefore 

established. The wand calibration is required at the start of each measurement 

session.  
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Figure 2.5: Calibration frame used to establish the laboratory global co-ordinate 

system. Highlighted are the x and y GCS axes. The z GCS axis is vertically up and out 

of the floor. FP1 and FP2 are the two force plates embedded in the walkway. 

 

Figure 2.6: Calibration wand (left) and calibration of the measurement volume using 

the wand method (right). 
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It is important that the wand calibration is performed in the volume that a marker is 

expected to be located during dynamic data collection. This is often difficult to judge 

however, and it was previously difficult to ensure that sections within a large volume 

were not missed. The previous method of checking the calibrated volume was to view 

the wand marker trajectories as continuous lines in the 3D view. The overall volume is 

easy to visualise but it is not clear if the calibration has been performed adequately 

within the external boundary of the marker trajectories viewed in this way, as can be 

seen from the top of Fig.2.7. The volume to the top of Fig.2.7 appears to have fully 

covered the desired measurement volume. By using the ‘volume visualisation’ in QTM 

(Qualisys, Sweden) this uncertainty can be overcome. QTM uses the calibration file 

created to display a 3D representation of the area in which the most accurate 3D 

marker reconstructions can be expected. It can be seen to the bottom of Fig.2.7 that 

there are a number of holes in the calibration volume where inaccurate 3D marker data 

may be obtained which was not apparent from the previous visualisation method. 

 

Following calibration of the unknown internal and external camera parameters, the 

location of a marker in 3D can be tracked using the 2D marker measurements of two or 

more cameras. The final step in the calibration of the motion capture system is to 

define the position of the force plates relative to the GCS. This stage is important to 

ensure that force vectors recorded by each force plate are reconstructed in the correct 

location relative to the markers’ data. Errors in defining the force plate location will lead 

to inaccuracies in the calculation of moments acting around the joints under 

investigation. The floor covering is removed and custom calibration frames are inserted 

around the top plate of the force platform. These calibration frames are shown below in 

Fig.2.8. Each marker is located directly above the force plate corner in the x and y 

directions and the offset from the corner in the z direction are accounted for the QTM 

software (Qualisys, Sweden), as is the height offset from the marker centre to the 

corner. This therefore measures location of each FP corner in the camera GCS and 

calculates the transformation matrix required to ensure FP parameters are expressed 

in the GCS. The location of the FPs could be defined directly in relation to the L-Frame 

used during system calibration but small errors in the repeatability of placing the L-

Frame would result in larger errors of estimating the location of the FP corners and 

hence large errors in estimating moments acting around the joints of the lower limbs.  
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Figure 2.7: Old calibration visualisation (top) and new calibration visualisation 

(bottom). Highlighted, are areas not adequately covered during wand calibration. 

 

Figure 2.8: Frame used to identify force plate corners during laboratory calibration. 
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2.3.2: Participant data collection 

 

All data collection was performed at the Cardiff University Motion Analysis Laboratory. 

Participants were asked to wear a t-shirt, loose fitting shorts and all footwear was 

removed to standardise gait data. Every participant signed informed consent (Appendix 

B for healthy volunteers and Appendix D). The suitability of a volunteer for inclusion in 

this study and pre-existing conditions for OA and TKR patients was further screened 

against the criteria in Section 2.1 during the completion of the Volunteer Details Sheet 

in Appendix E. Details of all previous musculoskeletal and neurological conditions were 

recorded prior to testing. Further information relevant to the study was recorded such 

as height, weight and leg dimensions as detailed in Appendix E. Oxford Knee Score 

(Appendix F) and Knee Outcome Survey (Appendix G) questionnaires are also 

completed. 

 

The marker set used for this study was based upon the CAST protocol [98] as shown in 

Fig.2.9 and may also be referred to as “modified Helen Hayes” marker set [99], the 

“Salford IK” marker set or the “6DOF” marker set. 

 

Figure 2.9: CAST protocol  marker set used during data collection. 
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A series of 22 retro-reflective markers, with a diameter of 20mm, were placed on the 

skin of the volunteer at specific anatomical locations found by manual palpation and 

attached using double sided tape. A remaining 16 retro-reflective markers were 

positioned on the participant on four rigid bases which placed bilaterally at the thigh 

and shank. Each of the four marker clusters was attached using self-adhesive Coban 

tape (3M Ltd.) and their position marked on the skin to check for motion during the 

dynamic trials.  

 

A static calibration was recorded by measuring the position of each of the markers 

while the volunteer was in quiet standing for one second with the arms folded. It was 

checked that markers were not occluded and also for symmetry as a final check of 

marker placement by the two assessors performing data collection. The static 

calibration file is used in the creation of the biomechanical model in Visual 3D (V3D) 

(C-Motion Inc., Maryland, USA), used to determine joint kinematics and kinetics, 

described below in Section 2.4. The medial and lateral maleoli, medial and lateral 

epicondylar gap markers along with the markers on the upper border of the greater 

trochanters are anatomical markers. Anatomical markers may then be removed since 

their only function is to establish the biomechanical model in V3D (C-Motion Inc., 

Maryland, USA) and are not used to track the motion of a body segment. These 

markers were most often left on in case a tracking marker may falling off and a second 

static calibration be required. 

 

The marker set has advantages over other possible configurations in that it allows for 

the modelling of the bones of the lower limb from marker co-ordinate data as directly as 

feasibly possible. The knee joint centres (KJC) and ankle joint centres (AJC) are 

defined in relation to markers placed on anatomical landmarks either side of the joint 

line. Other approaches such as the Helen Hayes/ Plug in Gait [100], rely upon a lateral 

joint marker only and manual measures with callipers of the joint width to calculate a 

joint centre. Besides the manual measurement errors, this also assumes the joint 

centre lies directly horizontally across from the lateral marker which is subject to the 

way the participant stands and their vertical leg alignment and cannot account for 

variations in standing alignment. Furthermore, markers used for defining anatomical 

landmarks are also used to track segment motion in the Helen Hayes/ Plug in Gait style 

approaches which are not ideal due to their position close to the joint under 

investigation and often in areas of large soft tissue artefact. The hip joint centre (HJC) 

is the obvious exception to directly identifying joint centres using skin mounted markers 

using the CAST protocol but this is true for all skin mounted marker set configurations. 

As the HJC can not be directly identified with any skin mounted marker set it must 
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instead be found using a regression equation from other anatomical landmarks where 

markers may be placed. The modelling of this study uses the Bell algorithm [101, 102] 

in Visual 3D (C-Motion Inc., Maryland, USA) to estimate the HJC from the inter-anterior 

superior iliac spine distance (inter-ASIS distance) by placing markers on the left and 

right ASIS at the anterior pelvis. 

  

The second practical advantage of this marker set is that all areas of skin required for 

the placement of markers on anatomical landmarks and tracking markers are easily 

accessible with normal shorts and T-shirt. This aims to help participant feel as relaxed 

and natural as possible during the assessment. The only exception to this is the 

trochanter marker which must be placed on shorts. It is only required for a single one 

second static capture at the start of the trial and is irrelevant thereafter. Great care was 

taken to ensure the trochanter marker was correctly identified and that the shorts did 

not move between marker placement and the one second static capture. The 

trochanter marker is subject to large STA and must be visible to the cameras at all 

times in the Helen Hayes/ Plug in Gait marker sets which results in questionable 

measurement accuracy and patients performing MOCAP with shorts pulled up to 

expose the lateral hip, often making them feel uncomfortable during MOCAP 

assessments. The location of this anatomical marker (not required during dynamic 

tests in the marker set of the current study) is shown in Fig.2.10. 

 

 

Figure 2.10: Healthy participant performing level gait motion analysis. Highlighted is 

the trochanter marker which is not required during dynamic activities in the marker set 
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used in the current study but must be placed on skin and visible at all times with the 

Helen Hayes/ Plug in Gait marker sets. 

 

Participants were given time to familiarise themselves with the laboratory and markers 

and measurements were not taken until the volunteer was comfortable. Each volunteer 

was asked to walk along the length of the marked walkway in Fig.2.10 at their 

comfortable, natural walking speed. They were instructed to walk within the outer 

marks of the walkway and informed that one direction of walking was measured only 

(i.e. on return to the start position they could walk at any speed and along any path). 

The gait velocity during the measurement was checked against that of the volunteer 

walking back to the start position for consistency. A small number of participants 

initially walked faster while walking in the measurement direction than walking back to 

the start position. The way in which participants walk back when no measurement was 

recorded was used to indicate a true, natural, gait velocity (i.e. that despite being told to 

relax during the measurement they did not truly do so, but did completely relax when 

no measurement occurs). Data collection where gait velocity was inconsistent between 

the measurement direction and return to start position were not included in further 

analysis. The volunteer was not aware of the force platforms in the floor so as not to 

target them either intentionally or sub-consciously. They were asked to adjust their 

starting position between measurements in order to ensure full contact of the foot and a 

force plate. Participants were not aware of the reason for their change in starting 

location. The floor marking of Fig.2.10 is intended as an additional disguise to the force 

plate locations. 

 

The stairs described in Section 2.2.3 were then set up in the centre of the laboratory 

following 6 clean strikes of the force plate with each foot. Since it is not currently known 

if the stair gait cycle used influences the waveform pattern and magnitude of kinematic 

and kinetic biomechanical measures, four stair gait cycles were selected for analysis:  

 

SGC 1 (ascent) - Foot strike on step 1 to the next foot strike of the same leg on step 3.  

SGC2 (ascent) - Foot strike on step 2 to the next foot strike of the same leg on step 4.  

SGC3 (descent) - Toe off from step 3 to the next toe off of the same leg on step 1   

SGC4 (descent) - Toe off from step 4 to the next toe off of the same leg on step 2. 
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Figure 2.11: Four stair gait cycles (SGC’s) used during the study. The top image for 

each SGC represents the point at which the cycle starts and the bottom image for 

each SGC represents the end point for each SGC. The red leg is the leg under test.  

 

 

The stairs were therefore set up with the step 1 interacting with the force plate for 

SGC’s 1 and 3 and set up to interact with step 2 for SGC’s 2 and 4. A handrail was 

provided for safety but no subject used it at any stage of stair climbing or descending. 

Stairs were negotiated in a reciprocal manner (so that one foot only was in contact with 

each step). Any healthy volunteer, OA patient or TKR patient unable to climb or 

descend stair in a reciprocal manner or without using the handrail was excluded from 

the study. The instructions provided were to start stationary in the neutral position from 

the base of the staircase (ascent) or edge of the top step (descent) and walk at a self-

selected speed, finishing stationary in the neutral position upon completion of stair 

negotiation. This procedure ensured that the first step was always onto the staircase 

and the final step was always off the staircase with no level walking at any stage of a 

stair gait trial. These instructions aim to standardise the test since the goal of the study 

is to investigate stairs as a reliable measure of knee function. Any measurement where 

the participant turned or walked at the start or end of the trial was not included in 

further analysis. Each SGC was performed 3 times for each leg, resulting in a total of 

24 trials.  
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2.4: Data Processing 

 

Marker co-ordinate data from the motion analysis session was processed to calculate 

meaningful description of joint function, namely joint kinematics and kinetics.  

 

2.4.1: Qualisys Track Manager (Qualisys, Sweden) 

 

The marker co-ordinate data was identified and labelled for further post-processing 

using Qualisys Track Manager (QTM) (Qualisys, Sweden). During the labelling, each 

marker was checked for measurement accuracy. If a marker was found to move to a 

new unexpected position not in keeping with the motion of the surrounding markers 

then the erroneous section was split and then removed. The gap fill tool of QTM was 

used to automatically fill sections of marker trajectories of 10 frames or less. Where a 

marker may have been missing for 11-15 frames, manual filling of the gap in the 

marker trajectory using the ‘gap fill trajectory with preview’  tool was used and the 

trajectory filled if appropriate upon inspection. Marker quality was checked during data 

collection to ensure that no markers drop out and correct number of trials were 

recorded. 

 

Figure 2.11: Unlabelled markers (left) and markers labelled using the AIM model in 

QTM (right). The yellow links between markers are visual aids to more quickly identify if 

any markers are missing during data collection and serve no other modelling function. 

 

Automatic Identification of Markers (AIM) was used in QTM (Qualisys, Sweden) to 

improve the efficiency of labelling markers. AIM identifies the correct label for a marker 

based upon the marker’s position and the positions of the markers surrounding it. To 

create an AIM mode, a volunteer wears the full marker set and moves within the 
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measurement volume several times in all directions, both during level gait and stair 

gait. These files were manually tracked and used to define the AIM model in terms of 

defining the relative motion expected between the various markers. In future 

measurements, if AIM could not find a solution or only partially solve the labelling of 

markers then these measurements were also manually labelled and added to the AIM 

model. By continuing this process with every participant, a library of movements and 

the corresponding positions of markers relative to each other were created. New 

volunteers’ markers can therefore then be automatically identified by the positional 

relationship of each marker to the next in reference to the complete marker set in the 

library model. Each file was also cropped to the section of interest only (the gait cycle 

under analysis), reducing file size and aiding AIM in finding a match for the model to 

the file in question. AIM does not correct errors in tracking markers, however, so the 

quality checks described above were still carried out. 

 

2.4.2: Visual 3D (C-Motion Inc., Maryland, USA) 

 

Visual 3D (C-Motion Inc., Maryland, USA) was used to relate the co-ordinate positions 

of skin mounted markers into clinically meaningful descriptions of joint biomechanics. 

The process undertaken was to create a biomechanical model from markers used 

during the static trial, apply the biomechanical model to a range of dynamic trials, use 

the position of tracking markers and GRF measurements during the dynamic trials to 

calculate the desired joint biomechanics, display the results and then finally export the 

results for further statistical analysis.  

 

Joint biomechanics were calculated using a series of anatomical markers and tracking 

markers. As the names suggest, the anatomical markers are those placed precisely at 

bony landmarks found by manual palpation and used to define the segment anatomical 

co-ordinate system (ACS) while the tracking markers allow for the position and 

orientation of a segment Local Co-ordinate System (LCS) to be determined during the 

dynamic measurement. LCSs measured and tracked during dynamic trials are then 

related to the underlying ACS using transformation matrices within the V3D software 

(C-Motion Inc., Maryland, USA) and the movement of one segment relative to another 

is calculated. For example, the thigh segment is defined by a marker on the upper 

border of the greater trochanter at the distal end and by the markers on the medial and 

lateral epicondylar gaps of the knee at the proximal end. The tracking markers in this 

example of the thigh are the technical markers in the diamond shape on the lateral 

thigh. Co-ordinate systems are created on each body segment and the way in way the 

co-ordinate system of one segment is located and orientated in relation to the co-
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ordinate system of another segment describes the relative motion between the two. A 

joint is formed where two segments meets. The resulting biomechanical model is 

shown in Fig.2.13. The reason for distinguishing between anatomical and tracking 

markers is that body segments sharing markers would lose the 6 degrees of freedom 

when using tracking markers only. For example, the markers placed at the medial and 

lateral epicondylar gaps of the knee are used to define both the proximal shank and the 

distal thigh in the neutral position. If the epicondylar markers were used as tracking 

markers in addition to anatomical markers then the knee joint (motion of the shank 

segment relative to the thigh segment) would become a hinge, not permitting frontal or 

transverse motion and also not permitting translations between the segments.  

 

Figure 2.13: Biomechanical model created in Visual 3D (C-Motion Inc., USA) 

 

The static calibration biomechanical model was assigned to the dynamic motion 

capture trials and the 3D marker coordinate data was filtered using a digital low-pass 

Butterworth fourth-order filter with a 6Hz cut-off frequency. Next, ‘events’ of interest 

were labelled for each dynamic measurement. These were defined by the GRF vector 

when the foot is in contact with a force plate and by the contact between the foot and 
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the ground where motion occurs away from a force plate. During level gait, the first 

event was heel strike (HS) which is defined was the first frame when a GRF was 

generated by the foot contacting a force plate. The second was toe off (TO) which was 

defined as the last frame when a GRF is generated by the foot contacting a force plate. 

During level gait HS on the force plate was always the first event, followed by TO on 

the force plate and then HS on the floor. During stair gait measurements the following 

events were assigned to each file: 

 

 SGC1 (ascent with force plate under step 1): HS on step 1, TO on step 1, HS 

 on step 3.  

 SGC2 (ascent with force plate under step 2) - HS on step 2, TO on step 2, HS 

 on step 4.  

 SGC3 (descent with force plate under step 1) - TO on step 3, HS on step 1, TO 

 on step 1.   

 SGC4 (descent with force plate under step 2) - TO on step 4, HS on step 2, TO 

 on step 2. 

 

The pose and orientation of each body segment was calculated from 3 non-collinear 

tracking markers on that segment. A minimum of 3 non-collinear tracking markers is 

required to create orthogonal axis by the vector method, essential to measuring the 

6DOF of the segment. Joint rotations are described by a Cardan-Euler sequence (X-Y-

Z) and all joint motion is described as the distal body segment moving relative to the 

proximal body segment. External joint moments were computed using the inverse 

dynamic analysis (IDA) approach of V3D (C-Motion Inc., Maryland, USA) and all kinetic 

data was normalised to body weight (BW) in Newtons. All kinematic data was time 

normalised to 100% of the entire gait cycle (HS to HS) and kinetic data was time 

normalised to 100% of stance (HS to TO) during a gait cycle. 

 

The library function of V3D (C-Motion Inc., Maryland, USA) was used create .cmo.cmx 

files from the original.cmo data to reduce file sizes and allow for all patient and healthy 

volunteer data to be imported into one V3D workspace and run one export pipeline to 

export all data in one process. The kinetic and kinematic output data was exported via 

a .txt file (one for each variable) from V3D and saved in Microsoft Excel. 

Parameterisation or Principal Component Analysis was then performed on the raw data 

to extract discrete variables for further statistical comparisons. 



Chapter 3: Refining and Optimising Motion Analysis Methods  

 

47 
 

 

Chapter 3: 
Optimising and Refining Motion 
Analysis Methods with Healthy 

Volunteers for Future Patient Knee 
Function Assessment 

 

 

3.1: Introduction  

 

The overall aim of this study was to assess the functional performance of the knee pre- 

and post-TKR in order to further the understanding of kinematic and kinetic effects of 

OA and evaluate patient recovery following TKR. This chapter presents an 

investigation of uncertainties which remain in selecting the most appropriate 

methodology for the assessment of OA and TKR patients when using motion analysis 

for patient investigations in Chapter 4. 

 

Stair gait is more biomechanically demanding than level gait and was introduced to 

clinical knee trials at Cardiff University to address the large variability in level gait 

motion data and to aid classification of biomechanical function by the Cardiff Classifier. 

Methodologies for assessing stair gait vary greatly in the literature and there remained 

uncertainty as to the exact stair gait methods which should be implemented in patient 

knee function assessments. Furthermore, the level of additional value of stair gait 

analysis over level gait analysis alone needed to be established. 

 

When refining a protocol to assess level and stair gait, healthy kinematic and kinetic 

profiles for the joints of the lower limb must first be investigated before patient joint 

function may be accurately and reliably evaluated. However, the practicalities of 

assessing a large number of healthy volunteers who are age and weight matched to 

OA and TKR patients is extremely challenging as described in Chapter 2. Furthermore 

the definition of “healthy” is variable within the literature, also as described in Chapter 

2, and as such the final methodology used to assess TKR and OA patient knee 

function must define an appropriate “healthy” control group and investigate potential 

limitations with the control group selected. 
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3.1.1: Stair gait analysis for the assessment of patient knee function 

 

Level gait analysis is well documented as a powerful tool for investigating the 

pathogenesis and rehabilitation of lower limb disorders such as Osteoarthritis (OA). 

Stair locomotion is recognised as an important clinical functional task [23] [24] and is 

often a key factor in determining the hospital discharge of patients following treatment. 

The ability to negotiate stairs is frequently required during everyday life and is 

particularly challenging in the older population [84, 103-107] yet it has received 

comparatively little attention in the literature. Stair gait offers a potentially improved 

means of assessing joint function for understanding pathogenesis of diseases such as 

osteoarthritis, monitoring functional recovery following surgical intervention, informing 

implant design and directing rehabilitation when compared to level gait analysis alone. 

Previous biomechanical investigations of stair gait include reporting healthy gait [108], 

studying the effect of aging [75], comparing the demands of stair gait to level gait [109], 

comparing implant designs [110], assessing surgical interventions [111] and comparing 

different data collection methods [99].  

 

Stair gait requires the body mass to be raised and lowered in a controlled manner while 

simultaneously maintaining balance and ensuring adequate clearance between the foot 

and step to prevent trips and falls. This is not only biomechanically demanding but also 

challenging to co-ordinate gait progression efficiently. It has previously been shown 

that stair gait demands a greater ROM and higher joint moments [112] with lower inter-

subject variability being observed [108] when compared to level gait for healthy 

volunteers. Low ‘normal’, healthy inter-subject variability is desirable during 

assessment of patient groups’ joint function since deviation in the gait waveforms from 

‘normal’ becomes more noticeable. It has been proposed in the literature that the 

differences between patient groups during level gait analysis are too small to effectively 

and reliably compare joint function [113] and stair gait should provide greater 

differentiation between normal and pathological joint function when compared to level 

gait analysis alone [52]. 

  

It is also significant that the greatest knee flexion moments during stair walking 

occurred at approximately 50° knee flexion rather than near full extension as with 

walking [112], therefore the joint contact forces are like to be of different direction and 

magnitude. The altered biomechanics between level and stair gait, first described by 

Andriacchi [112], may provide additional useful information as to the biomechanical 

challenges facing patients with OA and TKR. Common level gait compensatory 

mechanisms may be prevented from being employed, particularly the tendency for OA 
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and TKR patients to adopt a ‘stiff leg’ level gait pattern, and hence provide a better 

understanding of why patients may persist with functional challenges after OA and TKR 

compared to level gait analysis alone.  

 

It is often suggested that the failure to control level gait walking velocity between 

different participant groups is a key reason for the lack of agreement of the relative 

contributions hip, knee and ankle joint rotation and moments to healthy level gait and 

make group comparisons [61]. Stair gait has been shown to eliminate gait velocity 

differences between healthy volunteer and TKR patients that were previously observed 

during level walking [75] [111] so it is proposed that stair gait should allow for more 

uniform comparisons between different participant groups. In addition, step length is 

constrained since this is determined by the stair dimensions which should reduce 

undesirable inter- and intra subject variability when compared to level gait analysis. 

 

As a more biomechanically demanding task than level gait, with uncertainties typically 

influential to gait measurements reduced, it could be proposed that stair gait offers an 

improved method of assessing joint function. Other studies in the literature contradict 

this however,  reporting large inter-subject variability during stair walking particularly in 

descent and when using steeper stairs [111] and describe stair gait as not well suited 

to comparisons by parameterisation, at least for GRF’s [114]. The increased 

biomechanical demands of stair negotiation, described above, may additionally 

introduce more variability despite the constraints imposed by the fixed stair dimensions. 

It could be expected that more variability is introduced in stair gait, even for healthy 

volunteers, as it is a less frequently performed activity than level gait and so the 

neuromuscular system is less conditioned to performing that activity. A further study 

found no difference in knee kinematics between OA patients and healthy controls 

although did observe a reduced knee extensor moment in the OA group [73]. 

Accelerometer and GRF measurements of healthy and OA patients walking on stairs 

also found no group differences [115]. This is in stark contrast the evidence in the 

literature suggesting stair gait to have improved sensitivity in detecting biomechanical 

changes due to OA and TKR. 

 

The need for more demanding joint function assessments and for assessments to 

better reflect the challenges experienced by those with OA and TKR in their daily lives 

may benefit from the inclusion of stair gait analysis. Whilst there are many potential 

advantages of stair gait over level gait analysis described in the literature, uncertainty 

remains as to the additional value of stair gait for patient knee function assessments. 

The interpretation of patient gait data relies upon the ability to distinguish differences 
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between patient cohorts control groups, but it is not clear which functional tests are 

most sensitive to changes in an individual’s joint function and which tests should be 

included during joint function assessments. There is a need to determine the relative 

merits of level gait and stair gait and investigate if the additional time required from the 

patient during an assessment session by including the potentially fatiguing stair gait is 

warranted by more accurate understanding of an individual’s knee function. 

 

3.1.2: Uncertainties in stair gait analysis methodologies 

 

The discrepancies as to the level of benefit of stair gait in a functional knee assessment 

session described above are most likely due to different study methodologies such as 

stair dimensions used, gait cycle selected and participant instructions given. Several 

experimental methodologies exist in the literature for assessing stair gait and a lack of 

standardisation in experimental methods between studies limits the interpretation of its 

role in the assessment of joint function for a range of cohorts and between studies. 

 

The location of GRF measurements [116], number of steps used, riser height, tread 

size and inclination [114] vary significantly. The study of Bertucco and Cesari [117] for 

example uses 14 steps whereas studies such as McClelland [118] use just 2 steps. 

Those employing larger number of steps tend to be for analysis of a single, specific 

group of variables such as variability or GRF’s [117], while those with smaller number 

of steps are used to investigate a more complete range of lower limb biomechanics for 

the purpose of understanding the requirements of the task in more detail [52, 112, 113, 

118]. One further notable disparity lies in the selection of stair gait cycles (SGC’s) as 

biomechanical data can be analysed from different portions of the staircase.  

 

Cluff and Roberts [119] suggest a minimum of 5 step staircase is required to make 

comparisons between participant groups due to establishing steady state stair walking 

within the staircase. Gait velocity was not found to reach steady state until the final 

SGC within a five step staircase in descent [119] but staircases with a large number of 

steps potentially introduce fatigue, particularly in older participants, and may therefore 

be too demanding for patients with lower limb pathology. Furthermore stair cases with 

a large number of steps may be impractical for many research groups due to ceiling 

height restrictions and any fatigue introduced provides potential for undesirable 

variability in repeated stair trials. The ability to establish “steady state” stair walking, 

which in the study of [119] refers to consistent gait velocity, is desirable to reduce 

confounding variables in the interpretation of gait data. What the study does not make 

reference to is if joint kinematics and kinetics also reach a “steady state”. It is very likely 
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that even the most active, young, healthy volunteers experience a degree of fatigue 

during stair gait and modify lower limb biomechanics during long stair ascents and 

descents, despite maintaining a constant walking velocity. As such designing stair tests 

to achieve a “steady state walk” does not necessarily represent the best functional test 

for comparing healthy and patient groups. What is desirable in this instance is 

consistency in control group biomechanics and significant differences to patient groups 

with which deficiencies in patient biomechanics may be identified.  Whatling and Holt 

[116] recently concluded that two different SGC’s within a 4 step staircase had only a 

minor influence on knee kinetics and kinematics with differences in the frontal and 

sagittal planes for knee joint moments only, suggesting that a large number of steps 

and steady state stair gait velocity may not be necessary for assessing knee function.  

Significant differences in knee flexion, flexion moment and adduction moment between 

gait cycles transitioning from level ground to the staircase and gait cycles within the 

staircase have been reported in the literature however [112]. No description is given in 

this study as to the instructions given to the volunteers so it is possible that the 

discrepancy between these two studies was due to the methodology. For example, it is 

common for volunteers to be permitted to walk for several strides before the first step 

and after the final step of the staircase before coming to a halt [118].  It is likely that 

allowing the volunteer to continue level walking after stair gait permits extra variability 

through individual variation in transition strategies to be introduced. This is reinforced 

by the finding that joint kinetics at the hip, knee and ankle were different when starting 

stationary at the start of the staircase to those when initiating stair climbing from level 

walking [120]. Furthermore, SGCs transitioning from level ground to the staircase 

involve both limbs being brought to the same height when contacting level ground, 

effectively halving the swing phase of the SGC when compared to SGCs within the 

staircase.  

 

There appears to be good evidence in the literature that the choice of SGC selected for 

analysis may influence the reliability of the interpretation of knee joint function from 

stair gait data. Although the study of Whatling and Holt [116] indicates that the SGC for 

analysis may be arbitrarily chosen within a four step staircase, this study did not 

consider the neighbouring joints of the knee despite the ankle [107] [121] and hip [112] 

[39] previously being shown to be  critical to the control and progression of body mass 

on stairs. In fact few studies (e.g. [109] [112] [122])  consider multiple joints of the lower 

limb. It is unclear if hip and ankle biomechanics remain unaffected by SGC selection or 

if different gait strategies occur which is important for understanding stair gait 

compensatory mechanisms which may occur with knee OA and TKR patients and if 

one SGC may in fact be more appropriate for patient assessments. This may be 
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particularly important in better understanding why the patients have difficulties with 

performing daily activities and suggesting functional aspects of the neighbouring joints 

to be targeted by further treatment and rehabilitation. Furthermore, no comment was 

made as to inter-subject variability [116] which is an additional important consideration 

in selecting a SGC for analysis of patient knee joint function. 

 

The previous clinical knee trials at Cardiff University included level walking and 4 

different cycles of stair gait, each requiring three repeat measurements for each leg, 

totalling 24 stair measurements. The assessment session was time consuming and 

tiring for patients so there is an additional practical need to improve the efficiency of the 

assessments with regards to selecting stair gait cycles for analysis which are most 

reliable for assessing knee function. 

 

The conflicting information in the literature and uncertainty of the influence of SGC 

selection on lower limb biomechanics during stair negotiation leads to the questions; “Is 

gait modified between different SGC’s?”, “which SGC is should be selected for patients 

analysis relative to a healthy control cohort?” and “which measured variables allow for 

consistent movement and loading patterns to be established on a four step staircase to 

allow for participant biomechanics to be separated from naturally occurring inter subject 

variability?”. 

 

3.1.3: Healthy stair and level gait biomechanics and the changes associated with aging 

 

It is necessary to investigate healthy biomechanics to establish a control group with 

which OA and TKR stair and level gait can be assessed. Given the large variation in 

previous stair gait methodologies in the literature and often conflicting study findings, 

patient comparisons to healthy control data in the literature does not appear to be 

appropriate. It is most appropriate to define a healthy control group most relevant to the 

patient investigations in Chapter 4 and use consistent stair and level gait methods 

when comparing the two groups. Furthermore stair gait studies typically contain small 

numbers of healthy subjects even when larger numbers of patient data are presented 

[111]. Cohort numbers are typically no more the 10 as [84, 103, 111, 112, 114] and as 

low as 3 [108]. Healthy knee biomechanics is therefore not well understood, especially 

during stair gait when considering the differences in methodologies described above. 

Hip and ankle biomechanics forming possible compensatory mechanisms for reduced 

knee function is even more poorly understood so there is a general requirement for 

improved knowledge of healthy lower limb stair gait biomechanics.  
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It is often suggested that the differences observed in comparisons of OA and TKR gait 

with that of healthy age matched volunteers can be attributed to factors such as muscle 

atrophy, changes in joint structure and loss of proprioception [70] as well as joint 

pathology itself. The first three of these changes are associated with aging and it is not 

clear to what extent functional changes associated with aging are a normal aging 

process or to what extent these may be a cause or even consequence of OA. An 

improved understanding of the biomechanical changes occurring during aging in 

‘normal’, healthy volunteers is therefore of great importance, not only in understanding 

the disease process and better defining expectations of function following TKR, but 

also in selecting an appropriate healthy control group for the patient investigations of 

Chapter 4.  

 

In terms of biomechanical function, aging is associated with a loss of ability to progress 

the body mass forwards using the ankle and knee, instead relying on the hip to 

compensate. In studies of level gait it has been shown that older healthy adults 

generate forward motion to the greatest extent from the hips [61] [63]. This is supported 

by the findings of Ewan et al. [85] where greater hip abduction during level walking was 

observed for 50 year olds compared to younger healthy volunteers. It has been shown 

that ankle power loss is the primary cause of gait changes in the healthy older 

population and that hip extensor power is the main compensator [61] during level gait. 

 

Several studies have investigated stair gait of young healthy volunteers [112, 120, 122-

125] but limited work has been carried out into the biomechanical adaptations that may 

occur with aging during functionally demanding tasks such as stair negotiation. Older 

adults have been shown to “sway” more, with a reduced ability to produce forward 

motion with the knee and ankle [84], much in the same way as the adaptations present 

from level gait data in older healthy adults. The inability of older volunteers to control 

this sway may make the elderly more predisposed to falls [84]. This ’sway’ also 

suggests compensations in the frontal plane to achieve the required foot step 

clearance where sagittal plane knee motion may be reduced with aging. Altered ankle 

biomechanics has been demonstrated, with younger healthy volunteers using less 

dorsi-flexion in descent and a greater range of plantar-flexion in ascent [85] indicating 

younger healthy volunteers have a greater ability to control the changes to the rise and 

fall of the body mass on stairs with the ankle rather than relying on frontal plane motion 

of the hip and pelvis to achieve the required foot-step clearance. This relates well to the 

observation above during level gait, that ankle power loss is the primary cause of gait 

changes in the healthy older population [61]. Furthermore, nine stair gait variables were 

found to be statistically significantly different between young and older age groups 
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during stair gait using principal component analysis, namely in the anterior-posterior 

(AP) GRF and medial-lateral (ML) GRF, knee adduction moment and knee flexion 

moment [75]. This continues the trend of older healthy volunteers adapting frontal 

plane biomechanics to compensate for apparent loss of sagittal plane functional ability. 

The authors suggested that joint load is redistributed to the neighbouring joints around 

the knee although hip and ankle biomechanics were not investigated which again 

highlights the advantage of considering the hip and ankle simultaneously with the knee. 

Similarly, the forward tilt of the pelvis is thought to aid the extra production of hip 

extensor power as it is primarily generated by the concentric contraction of the 

iliopsoas [61].  

 

The observed reduction in sagittal plane knee function (reduced knee flexion and knee 

flexion moment) may in part be due to increased quads and hamstring co-activation in 

older healthy adults [126]. EMG measurements additionally suggest that older adults 

are working to a greater percentage of their maximal capacity during stair gait [121, 

126, 127]. Stair gait is therefore a more strenuous activity in the older population 

potentially leading to greater instability and altered joint kinematics and joint moments, 

whereas these may be more subtly compensated for during level gait. There is 

evidence to suggest older adults walk slower (20%) than younger adults [126] but 

interestingly, gait velocity did not discriminate between groups of different ages of 

healthy volunteers [75]. Both young and older healthy adults have been shown to 

decrease knee instability by walking slower [86] so the reduced gait velocity on stairs is 

likely to be an attempt by certain patient groups to more safely negotiate the series of 

steps where muscle strength or proprioception may be reduced with aging. Gait 

stability is characterised by variability in stride to stride gait patterns even when 

pathology isn’t present. Increased variability represents inconsistent gait patterns and 

hence reduced postural control during walking [62] therefore it can be suggested that 

aging will introduce greater variation in gait variables and become more apparent with 

the extra biomechanical demands of stair gait. It is not clear why stair gait instability 

occurs with aging even when structural joint pathology and neurological pathology are 

not present. Level gait analysis studies propose, quite logically, that impaired range of 

motion, muscle performance, and deficits in cognitive or neurological ability may 

contribute to gait instability increasing with aging [62]. Fear of falling may introduce 

additional apparent loss of stair climbing ability.  

 

Decreased biomechanical performance of the lower limbs with aging during level gait 

(and to a lesser extent stair gait) has been shown in the literature, as one would 

expect, and evidence of the adaptations arising with aging are described above. What 
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is not clear is if biomechanical changes with age occur progressively over time or if 

degeneration occurs at a certain time point.  All of the aforementioned studies consider 

‘young’ and ‘old’ cohorts with only one study in the literature considering three age 

groups of healthy volunteers performing stair climbing. [114] compared the effect of 

aging and stair inclination on GRF measures but is limited by only considering a small 

number of healthy volunteers and reporting few lower limb biomechanical variables 

despite the ankle [107, 121] and hip [112, 122] both being shown to be critical to the 

control and progression of body mass on stairs, in addition to the function of the knee 

[39, 112]. Understanding the biomechanical effects of aging over more than two age 

groups has great relevance to the planning of treatment, informing age specific 

rehabilitation to those suffering pathology of the lower limbs and could also identify 

increased risks of joint degeneration through altered loading patterns with age. It is also 

possible that a larger age range of healthy volunteers may be considered 

biomechanically equal for the purpose of creating a large homogenous control group 

with which patient data may be compared, potentially overcoming the practical 

challenges of collecting large amount of age matched healthy data. 

 

Gait variables reported also vary in the literature, with frontal and transverse joint 

kinematics and moments rarely reported despite the importance of the adduction 

moment well documented. Even within analysis of level gait, which is far more 

prominent in the literature than stair gait, few studies consider a full range of variables. 

[61] for example is limited to sagittal plane analysis. With the small amount of 

comprehensive data on lower limb mechanics and variation of previous study 

methodologies in mind, there exists the need for a more complete healthy stair gait 

biomechanical analysis to be presented. Further investigation to identify common 

patterns of lower limb mechanics in healthy subjects must be identified and separated 

from individual variation and potential measurement errors before patient knee function 

may be assessed.  
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3.1.4: Chapter aims 

 

The overall aim of this Thesis is to assess the functional performance of the knee pre- 

and post-TKR in order to further the understanding of kinematic and kinetic effects of 

OA and evaluate patient recovery following TKR. 

 

This study uses a previously validated staircase design [96] and motion analysis with 

simultaneous force plate measurements to investigate three main themes found to 

have been important from the literature with healthy volunteers before patient lower 

limb biomechanics may be assessed in chapter 4. These are shown below with the 

aims and hypothesis within each theme.  

 

1)  Establishing a stair gait analysis methodology by comparing two stair gait cycles in 

ascent and two stair gait cycles in descent to determine if the overall duration of 

measurement sessions may be reduced by omitting certain stair gait cycles. 

 - Are stair gait biomechanics modified between SGCs? 

 - Can individual gait patterns be separated from naturally occurring inter-subject 

 variability? 

 - Which SGCs should be included in future healthy volunteer and patient 

 investigations? 

   

It is hypothesized that no differences exist in hip, knee and ankle kinematics due to 

step dimension constraints although joint moments will vary between different stair gait 

cycles due to changing gait velocity when measured within a 4 step staircase. Stair gait 

cycles towards gait termination will yield most consistent kinematic and kinetic 

variables to be taken forwards to patient assessments. 

 

2) Compare stair gait biomechanics and level gait biomechanics to determine if the 

chosen SGC’s offer advantages for future patient assessments when compared to level 

gait analysis alone? 

 - Can the overall duration of measurement sessions may be reduced by 

 omitting stair gait altogether or does stair gait provide valuable information for 

 patient assessments? 

 - Does stair gait introduce unwanted inter-subject variability in relation to that 

 occurring during level gait? 

  

The interpretation of patient gait data relies upon the ability to distinguish differences 

between cohorts or between assessments from different time points when compared to 
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healthy control groups and it is hypothesized that stair gait will be more sensitive to 

changes in an individual’s joint function due to the increased biomechanical demands 

when compared to level gait. The constrained nature of stair gait will maintain low inter-

subject variability despite the additional biomechanical demands of the task. 

 

3) Investigate the influence of aging on stair and level gait biomechanics to define an 

appropriate “healthy” control group and investigate potential limitations with the control 

group selected. 

 - Are stair and level gait biomechanics modified with aging? 

- Do lower limb biomechanics change gradually with aging or change at a 

certain time point? 

 - Which ages of healthy volunteers should be included in the patient control 

 group? 

 - Can the challenges in recruiting a large number of elderly “healthy” volunteers 

 be overcome? 

  

It is hypothesized that the gait adaptations due to aging previously reported in the 

literature during level gait will be present during stair gait. Aging will therefore be 

characterised by decreased sagittal moments, compensated for by an increase in 

adduction moments and joint moments particularly at the hip. These differences will be 

small between young and middle aged healthy volunteers and become more apparent 

in an older cohort as age related changes such as muscle atrophy and proprioception 

become more prominent. 
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 3.2: Methods 

 

3.2.1: Participants 

 

Thirty seven healthy adults (14 male, 23 female) with an average age of 49 (SD=16) 

free of history of pain or pathology to the lower limbs were recruited for all three study 

aims and are detailed in Chapter 2. All 37 healthy volunteers were used in the 

comparison of SGC’s. 

 

Three sub-groups of healthy volunteers within the group of 37, as detailed in Chapter 2, 

were considered in aims 2) and 3) of this study (the analysis of age related changes to 

lower limb biomechanics and the investigation of the relative merits of level and stair 

gait for future patient assessment). The three sub groups were a ‘young’ cohort aged 

between 18 and 34 years old (HVY), a ‘middle aged’ cohort aged between 35 and 54 

years old (HVM) and the final cohort represented the older population of 55 years and 

older (HVO). 

 

3.2.2: Equipment and procedures 

 

The Qualisys three dimensional motion analysis system with simultaneous Bertec force 

plate measurements was used to collect data for all three distinct aims of this study and 

is described in Chapter 2.  

 

The selection of level gait cycles and definition of each stair gait cycle are also detailed 

in Chapter 2. Study aim 1, the comparisons of different SGCs, considered all four 

SGC’s and the outcome of this comparison defined the two SGs to be carried through 

for study aims 2 and 3 (age investigations and stair vs. level walking analysis). 

 

3.2.3: Statistical methods for study aim 1:  SGC comparisons 

 

Mean three-dimensional hip, knee and ankle kinematics and joint moment waveforms 

were calculated for the six trials of each SGC for each participant. Transverse joint 

rotations and moments along with frontal joint rotations were not considered for 

analysis due to the large reported errors when measuring using skin marker based 

motion analysis [53]. Discrete parameters including range of motion (ROM) and peak 

joint moments were calculated from each waveform for statistical analysis. Gait cycle 

time and percentage stance/ swing were additionally calculated. All results referred to 

in the text and tables are presented as mean and standard deviation (mean +/- SD). 
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Non- parametric tests were used as some of the data was not normally distributed. A 

Wilcoxon signed-rank test was used to compare lower limb biomechanics between 

SGC1 and SGC2 in ascent and between SGC3 and SGC4 in descent (SPSS 18.0.3) to 

identify whether the SGC selected for analysis affects the resulting lower limb 

biomechanics. The level of significance was set at ρ= 0.05.  

 

The coefficient of variation (COV) was used to investigate variability between subjects 

for each of the test variables based upon the recommendation of [128]. The standard 

deviation divided by the mean is expressed as a percentage. The lower the % COV, 

the lower the variability in the way each individual performed the activity.  

 

3.2.4: Statistical methods for study aims 2 and 3: Adaptations to lower limb 

biomechanics with aging and stair vs. walk comparisons 

 

Mean three-dimensional hip, knee and ankle kinematics and joint moment waveforms 

were calculated for the 6 trials of each SGC (to be decided by study aim 1) and 12 level 

gait trials for each participant. Ranges of motion and peak joint moments from each 

trial were calculated. Transverse joint rotations and moments along with frontal joint 

rotations were not considered for analysis due to the large reported errors when 

measuring using skin marker based motion analysis [53]. All results referred to in the 

text and tables are presented as mean and standard deviation (mean +/- SD). 

 

A One Way ANOVA with Bonferroni correction for multiple comparisons was performed 

to determine if differences in lower limb biomechanics occur due to age, comparing all 

age groups for gait and stairs measures separately (SPSS 18.0.3). The level of 

significance was set at ρ= 0.05.  

 

The coefficient of variation (CV) was used to investigate variability between subjects for 

each of the test parameters based upon the recommendation of [128] and expressed 

as a percentage. The COV for level gait and stair gait was compared for significance. 
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3.3: Results 

 

3.3.1: Refining knee function assessments: Which SGC’s should be selected for 

analysis?  

 

Table 3.1: Data for the comparison of lower limb biomechanics during two different 

stair gait cycles in ascent (n=37).   

 
n=37 

 
SGC1 SGC2 

Joint Parameter 
Plane/ 

Variable 
Mean SD 

C.O.V 
(%) 

Mean SD 
C.O.V 

(%) 

H
ip

 

R
O

M
/ 

d
e
g
re

e
s
 

Sagittal 55.40 4.19 7.57 56.02 5.17 9.23 

P
e
a
k
 M

o
m

e
n
t/
 

N
m

/K
g

 

Flexion 0.27 0.14 51.14 0.29 0.22 76.41 

Extension 0.74 0.28 37.26 0.76 0.31 40.92 

Adduction 0.86 0.23 27.12 0.86 0.26 30.22 

K
n
e

e
 

R
O

M
/ 

d
e
g
re

e
s
 

Sagittal * 82.73 6.26 7.56 84.65 6.67 7.88 

P
e
a
k
 M

o
m

e
n
t/
 

N
m

/K
g

 

Flexion 0.49 0.24 48.28 0.48 0.22 45.71 

Extension * 0.96 0.25 26.08 0.85 0.30 35.02 

Adduction * 0.37 0.16 44.51 0.35 0.19 53.80 

A
n
k
le

 

R
O

M
/ 

d
e
g
re

e
s
 

Sagittal 33.07 7.46 22.56 33.84 7.92 23.40 

P
e
a
k
 M

o
m

e
n
t/
 

N
m

/K
g

 

Plantar-
Flexion * 

1.45 0.19 13.40 1.39 0.20 14.09 

Abduction 0.32 0.17 54.41 0.30 0.21 70.71 

T
e
m

p
o
ra

l 

Cycle Time/ s 1.50 0.23 15.33 1.52 0.12 7.71 

% Stance 65.00 11.86 18.25 62.10 10.85 17.48 

% Swing 35.00 3.85 11.00 37.90 4.57 12.05 

 

[Where * indicates statistically significant differences (ρ<0.05) between SGC1 and 

SGC2].  
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Table 3.2: Data for the comparison of lower limb biomechanics during two different 

stair gait cycles in descent (n=37).  

n=37 SGC3 SGC4 

Joint Parameter 
Plane/ 

Variable 
Mean 
(SD) 

SD 
C.O.V 

(%) 
Mean SD 

C.O.V 
(%) 

H
ip

 

R
O

M
/ 

d
e
g
re

e
s
 

Sagittal 30.12 4.48 14.86 28.94 5.94 20.54 
P

e
a
k
 M

o
m

e
n
t/
 

N
m

/K
g

 

Flexion * 0.42 0.31 75.19 0.64 0.42 66.17 

Extension 0.46 0.29 64.06 0.45 0.30 66.06 

Adduction* 1.04 0.27 26.34 0.95 0.28 28.95 

K
n
e

e
 

R
O

M
/ 

d
e
g
re

e
s
 

Sagittal 82.13 5.36 6.53 81.77 5.34 6.54 

P
e
a
k
 M

o
m

e
n
t/
 

N
m

/K
g

 

Flexion 1.02 0.28 27.33 1.05 0.32 30.65 

Extension* 0.29 0.19 65.48 0.45 0.27 59.74 

Adduction* 0.51 0.20 38.40 0.45 0.19 42.28 

A
n
k
le

 

R
O

M
/ 

d
e
g
re

e
s
 

Sagittal 53.02 8.53 16.08 52.75 8.88 16.83 

P
e
a
k
 M

o
m

e
n
t/
 

N
m

/K
g

 

Plantar-
Flexion 

1.22 0.30 24.82 1.19 0.36 30.55 

Abduction 0.39 0.27 69.02 0.38 0.27 70.74 

T
e
m

p
o
ra

l 

Cycle Time/ s 1.33 0.12 9.02 1.40 0.13 9.00 

% Stance 60.52 10.74 17.74 59.67 11.62 19.47 

% Swing 39.48 6.72 17.02 40.33 6.34 15.73 

 

[Where * indicates statistically significant differences (ρ<0.05) between SGC3 and 

SGC4]. 
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The range of motion and peak kinetic values measured for the hip, knee and ankle 

during two different cycles of stair ascent are displayed in Table 3.1. Statistically 

significant differences between the two stair gait cycles were determined and the 

waveforms of these variables are displayed in Fig.3.1. Similarly, the discrete variables 

representing the range of motion and peak kinetic values of the hip, knee and ankle 

during two different cycles of stair descent are displayed in Table 3.2. Waveforms of 

variables found to be statistically different between the two gait cycles of stair descent 

are displayed in Fig.3.2. 

 

Table 3.1 shows statistically significant differences (ρ<0.05) between SGC1 and SGC2 

for knee sagittal ROM (increased 2.3% for SGC2), peak ankle plantar-flexion moment 

(increased 4.3% for SGC1), peak knee extension moment (increased 12.9% for SGC1) 

and peak knee adduction moment (increased 5.7% for SGC1). The remaining variables 

had only minor differences in values between SGC1 and SGC2 and were not 

statistically significant.  

 

SGC1 produced the least inter-subject variability in movement patterns with lower COV 

in all parameters with the exception of peak knee flexion moment (SGC 2 COV was 

only 2.5% lower than SGC 1 COV), when compared to SGC2. These results 

demonstrate lower inter-subject variability in movement patterns with measurements 

taken on SGC1 when compared to SGC2.  

 

Table 3.2 shows statistically significant differences between SGC3 and SGC4 for peak 

hip flexion moments (increased for 52.4% SGC4), peak hip adduction moment 

(increased 9.5% for SGC3), peak knee extension moment (increased 55.2% for SGC4) 

and peak knee adduction moment (increased 13.3% for SGC3).   

 

From Table 3.2 it can be seen that nine out of the eleven variables selected for 

analysis in descent had a lower COV for SGC3 in descent when compared to SGC4. 

The exceptions are peak hip flexion moment (SGC 4 COV was 9.0% lower than SGC 3 

COV) and peak knee extension moment (SGC 4 COV was only 5.7% lower than SGC 

3 COV). These results demonstrate lowest inter-subject variability in movement 

patterns with measurements taken on SGC3 when compared to SGC4.  
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Figure 3.1: Mean kinematic and kinetic waveforms of variables (indicated by a star) found to 

be statistically significantly different between two cycles of stair ascent. The solid line 

represents SGC1 and the dashed line represents SGC2. Knee sagittal ROM was found to 

increase significantly (ρ<0.05) for SGC2 when compared to SGC1. No other kinematic 

parameter was statistically significantly different with changing SGC selection. During SGC 1 

peak ankle plantar-flexion moment, peak knee extension moment and peak knee adduction 

moment were significantly greater (ρ<0.05) during SGC1 than during SGC2.  
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Figure 3.2: Mean kinetic waveforms of variables (indicated by a star) found to be statistically 

significantly different between two cycles of stair descent. The solid line represents SGC3 and 

the dashed line represents SGC4. No statistically significant differences between SGC3 and 

SGC4 hip knee or ankle kinematics were found. Peak hip flexion moment increased 

significantly for SGC 2 (ρ<0.05), peak hip adduction moments and peak knee adduction 

moments were significantly greater for SGC3 than SGC4 (ρ<0.05). Peak knee extension 

moment increased significantly (ρ<0.05) for SGC4 when compared to SGC3.  

 

% Stair Gait 

Cycle 

% Stance % Stance 

% Stance 

H
ip

 A
d

d
u

c
ti
o
n

 M
o
m

e
n
t/
  

N
m

/k
g
 

H
ip

 F
le

x
io

n
 M

o
m

e
n
t 
/ 
 N

m
/k

g
  

K
n

e
e

 A
d

d
u

c
ti
o
n

 M
o
m

e
n
t/
  
N

m
/k

g
 

K
n

e
e

 F
le

x
io

n
 M

o
m

e
n
t/
  
N

m
/k

g
 



Chapter 3: Refining and Optimising Motion Analysis Methods  

 

65 
 

Table 3.3: Hip, knee and ankle biomechanics of three age groups of healthy volunteers 

during level gait, stair ascent and stair descent. 

    
Level gait Stair Ascent Stair Descent 

Joint Parameter Plane Cohort Mean SD 
C.O.V 

(%) 
Mean SD 

C.O.V 

(%) 
Mean SD 

C.O.V 

(%) 

H
ip

 

R
O

M
/ 

d
e

g
re

e
s
 

Sagittal 

Young 37.97 2.98 7.84 56.65 a 3.90 6.89 28.93 a b 4.56 15.77 

Middle 37.41 4.13 11.04 53.73 a c 3.79 7.06 30.98 a 4.53 14.62 

Old 38.73 5.27 13.60 56.05 c 4.40 7.84 30.46 b 4.03 13.21 

P
e
a
k
 M

o
m

e
n
t/
 N

m
/K

g
 

Extension 

Young 1.09 0.43 38.91 0.73 0.27 36.70 0.43 a b 0.21 49.66 

Middle 0.99 0.32 32.39 0.74 0.25 34.42 0.63 a c 0.32 50.94 

Old 0.97 0.29 29.44 0.77 0.32 41.29 0.26 b c 0.19 72.14 

Flexion 

Young 0.68 a b 0.19 28.21 0.24 0.09 36.90 0.35 b 0.18 52.75 

Middle 0.85 a c 0.44 51.78 0.31 0.19 61.41 0.41 c 0.38 92.91 

Old 0.52 b c 0.14 26.31 0.26 0.10 37.19 0.52 b c 0.32 62.47 

Adduction 

Young 1.03 b 0.16 15.45 0.87 0.16 18.39 1.04 0.26 25.34 

Middle 0.95 c 0.22 23.35 0.88 0.17 19.25 1.10 0.16 14.58 

Old 1.09 b c 0.17 15.52 0.83 0.36 42.93 0.97 0.38 38.91 

K
n
e
e

 

R
O

M
/ 

d
e

g
re

e
s
 

Sagittal 

Young 61.98 5.22 8.42 85.03 a b 5.39 6.33 83.04 a 4.78 5.76 

Middle 61.81 4.00 6.47 81.67 a 5.57 6.82 81.29 a 5.25 6.46 

Old 61.63 6.95 11.29 81.23 b 7.33 9.02 82.09 6.06 7.39 

P
e
a
k
 M

o
m

e
n
t/
 N

m
/K

g
 

Extension 

Young 0.47 a 0.24 50.91 0.99 0.22 21.91 0.27 0.11 39.21 

Middle 0.56 a c 0.21 36.99 0.99 0.21 21.08 0.32 0.27 85.32 

Old 0.49 c 0.28 57.72 0.87 0.31 36.07 0.26 0.11 42.75 

Flexion 

Young 0.56 a b 0.19 34.07 0.56 a b 0.21 37.93 1.11 b 0.23 20.62 

Middle 0.53 a 0.22 41.72 0.46 a 0.23 49.63 1.01 0.29 28.50 

Old 0.46 b 0.12 26.50 0.45 b 0.26 58.65 0.94 b 0.30 32.19 

Adduction 

Young 0.41 b 0.12 28.11 0.35 0.13 37.42 0.54 b 0.19 34.96 

Middle 0.48 c 0.13 26.42 0.41 c 0.17 39.97 0.55 c 0.16 28.44 

Old 0.38 b c 0.11 28.34 0.33 c 0.19 56.75 0.41 b c 0.22 53.15 

A
n
k
le

 

R
O

M
/ 

d
e

g
re

e
s
 

Sagittal 

Young 28.61 b 6.90 24.10 33.87 b 8.50 25.10 51.14 10.82 21.15 

Middle 29.96 c 6.46 21.56 32.95 7.28 22.10 52.98 5.18 9.77 

Old 24.57 b c 4.13 16.81 32.23 b 6.23 19.31 55.42 8.39 15.14 

P
e
a
k
 M

o
m

e
n
t/
 N

m
/K

g
 

Plantar-

Flexion 

Young 1.65 a b 0.17 10.44 1.50 b 0.18 11.77 1.31 b 0.19 14.21 

Middle 1.56 a c 0.28 17.84 1.50 c 0.19 12.80 1.25 c 0.34 27.04 

Old 1.48 b c 0.15 9.92 1.32 b c 0.16 11.95 1.09 b c 0.33 30.73 

Abduction 

Young 0.23 b 0.11 49.95 0.30 0.13 42.78 0.38 b 0.20 54.50 

Middle 0.26 c 0.26 99.63 0.30 0.16 53.15 0.33 c 0.20 59.91 

Old 0.36 b c 0.11 31.43 0.36 0.23 61.88 0.50 b c 0.38 76.84 

 

[Where “a” indicates statistically significant differences (ρ<0.05) between young and 

middle aged cohorts, “b” indicates statistically significant differences (ρ<0.05) between 

young and old aged cohorts and “c” indicates statistically significant differences 

(ρ<0.05) between middle aged and old aged cohorts].  
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3.3.2: Refining knee function assessments: Effect of aging on level gait biomechanics 

 

Statistically significant (ρ<0.05) sagittal ROM differences between the three age groups 

during level gait in Table 3.3 were only found at the ankle. Ankle ROM decreased with 

aging, by 16.4% from HVY to HVM and decreasing 21.9% from HVM to HVO. Hip and 

knee sagittal ROM show high consistency from Young, to Middle, to Old age during 

level walking. 

 

Statistically significant (ρ<0.05) differences in peak joint moments were found between 

the three age groups of healthy volunteers during level gait for: 

- Hip flexion (increase 25.0% from HVY to HVM, decrease 23.5% from HVY to HVO, 

decrease 38.8% from HVM to HVO) 

- Hip adduction (increase 5.8% from HVY to HVO, increase 14.7% from HVM to HVO),  

- Knee extension (increase 19.1% from HVY to HVM, decrease 12.5% from HVM to 

HVO) 

- Knee flexion (decrease 5.4% from HVY to HVM, decrease 17.9% from HVY to HVO),  

- Knee adduction (decrease 7.3% from HVY to HVM, decrease 20.8% from HVM to 

HVO) 

- Ankle plantar-flexion (decrease 5.5% from HVY to HVM, decrease 10.3% from HVY 

to HVO, decrease 5.1% from HVM to HVO) 

- Ankle abduction (increase 56.5% from HVY to HVO, increase 38.5% from HVM to 

HVO).  

- Peak hip extension moment, was the only kinetic parameter of level gait not found to 

be modified with aging. 

 

There does not appear to be any particular trend in the COV between the three age 

groups of healthy volunteers during level gait. The HVO group had the most consistent 

gait patterns in terms of the number of variables where HVO has the lowest COV of the 

three group (6, followed by HVM with 3 and HVY with 2). Despite this the HVO group 

had the highest COV in the remaining 4 out of 5 biomechanical variables analysed. 

Only HVM have more variables where they exhibit the highest COV of the three age 

groups (5), with the HVY having just 2.  

 

Mean gait velocity, measured by total gait cycle time, decreased slightly with age 

during level walking (1.025s HVY, 1.036s HYM, 1.040s HVO). 
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3.3.3: Refining knee function assessments: Effect of aging on stair gait biomechanics 

 

Statistically significant (ρ<0.05) sagittal ROM differences between the three age groups 

during stair gait in Table 3.3 are found for both ascent and descent in the hip, knee and 

ankle. Only ankle plantar-flexion ROM in stair descent was not found to differ 

significantly (ρ<0.05) with age. These reductions in the ROM used during stair 

negotiation appear small however, for active healthy volunteers from 18-72 years of 

age.  

 

Statistically significant (ρ<0.05) sagittal ROM differences during stair ascent were: 

- Hip sagittal ROM (decrease 5.2% from HVY to HVM and decrease 4.3% from HVM to 

HVO). 

- Knee flexion ROM (decreases 4.0% from HVY to HVM and decreases 4.5% from 

HVM to HVO).  

- Ankle plantar-flexion ROM (decreases 4.8% from HVY to HVO). 

 

Statistically significant (ρ<0.05) sagittal ROM differences during stair decent were: 

- Hip sagittal ROM (increase 7.1% from HVY to HVM and increase 5.3% from HVM to 

HVO).  

- Knee flexion ROM (decreases 2.1% from HVY to HVM) 

- Ankle plantar-flexion ROM in stair descent was not found to differ significantly (ρ<0.05) 

with age.  

 

The percentage reduction of peak sagittal joint moments with aging is of a larger 

magnitude than the percentage reductions of sagittal ROM with aging. Statistically 

significant (ρ<0.05) differences in peak joint moments during stair ascent were found 

between the three age groups of healthy volunteers for: 

- Knee flexion (decrease 17.9% from HVY to HVM, decrease 19.6% from HVY to 

HVO). 

- Knee adduction (decrease 19.4%% from HVM to HVO) 

- Ankle plantar-flexion (decrease 12.0% from both HVY to HVM and from HVM to HVO).  

 

Sagittal peak joint hip moments appear to increase while peak sagittal knee moments 

reduce with age during stair descent suggesting the hip compensating for reduced 

knee function with age. Statistically significant (ρ<0.05) differences in peak joint 

moments between the three groups of healthy volunteers during stair descent were 

found for: 
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- Peak hip extension (increased 46.5% from HVY to HVM, increased 39.5% from HVY 

to HVM and increased 38.7% from HVM to HVO) 

- Hip flexion (increased 48.6% from HVY to HVO and increased 26.9% from HVM to 

HVO) 

- Knee flexion (decreased 15.3% from HVY to HVO) 

- Knee adduction (decreased 24.1% from HVY to HVO and decreased 12.8% from 

HVM to HVO) 

- Ankle plantar flexion (decreased 16.8% from HVY to HVO and decreased 12.8% from 

HVM to HVO) 

- Ankle adduction (increased 31.6% from HVY to HVO and increased 51.5% from HVM 

to HVO).  

 

COV is greatest during stair ascent and descent for HVO, with HVY and HVM having 

similar COV for 15 of the 22 variables selected for analysis. In the case of these 

exceptions COV is similar between all age groups besides peak hip flexion moment in 

ascent and descent and peak knee flexion moment in descent (greatest for HVM with 

COV for HVY and HVO similar). This suggests an increased inter-subject variability 

with aging and is in contrast to the COV for the 11 parameters selected for level gait 

analysis where no trend in COV is identified with aging and no one group displayed 

particularly consistent or inconsistent level gait. 

 

Mean stair gait cycle velocity (measured by gait cycle time) was least in HVM during 

both ascent and descent (1.59s ascent, 1.48s descent) followed by HVY (1.51s ascent, 

1.37s descent) and HVO (1.45s ascent, 1.34s descent). 

 

3.3.4: Refining knee function assessments: Does stair gait offer advantages for future 

patient assessments over level gait analysis alone? 

 

Table 3.3 shows that greatest motion in the sagittal plane during stair ascent was 

observed at the knee (~80°), followed by the hip (~55°), with the least motion occurring 

at the ankle (~30°). The greatest magnitude of sagittal joint motion in stair descent was 

again observed in the knee (~80°), followed by the ankle (~50°), with the least sagittal 

ROM in the hip (~30°). Knee ROM did not differ between stair ascent and descent 

while ankle ROM increased by 60% for stair descent and hip ROM is reduced by 54% 

during stair descent.  

 

During level walking knee flexion ROM was significantly less than during stair ascent or 

descent (~60°). Hip and ankle sagittal ROM were approximately 38° and 28° 
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respectively during level walking which allows for a large amount of functional ROM left 

in reserve to compensate for knee pathology in OA patients. The stair ascent 

measurements demonstrate that the hip had at least 25° of functional ROM in reserve 

and the stair descent measurements show the ankle had at least 20° functional ROM in 

reserve. 

 

Peak moments in the sagittal plane were 19% greater in the ankle, 55% greater for hip 

(extension) and 108% greater for knee (flexion) during stair descent when compared to 

stair ascent. Stair descent reduced the peak hip flexion moment by 60% and peak knee 

extension moment by three times when compared to stair ascent. Frontal moments 

increased by 20% in the ankle and hip, and increased by 37% in the knee for stair 

descent when compared to stair ascent. Hip and ankle sagittal plane peak joint 

moments were significantly higher during level walking, compared to stair ascent or 

descent. Knee sagittal plane peak moments during level gait fell between the 

magnitudes of those occurring during stair ascent and descent. The magnitude of the 

peak knee adduction moment and peak ankle adduction moment during level walking, 

in Table 3.2, was similar to that of stair ascent but less than stair descent. The 

magnitude of the peak hip adduction moment during level walking, was similar in 

magnitude to that of stair descent but less than stair ascent. 

 

Sections 3.3.2 and 3.3.3 show level gait to be less suited to identifying COV changes 

with age. The level gait data collected with three different age groups of healthy 

volunteers showed no trend or pattern between COV in biomechanical measures and 

aging. This is in contrast to the stair gait data which identified increased COV with 

aging on stairs suggesting older healthy volunteers negotiate stairs with less consistent 

movement and loading patterns than younger healthy volunteers. Level gait analysis of 

the three age groups of healthy volunteers found only ankle ROM to be modified with 

age whereas stairs gait analysis found ROM differences with age for the hip, knee and 

ankle. Stair gait appears to have increased sensitivity in detecting age related 

biomechanical changes in healthy volunteers than level gait. 
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3.4: Discussion and conclusions 

 

3.4.1: Refining knee function assessments: Which SGC’s should be selected for 

analysis? 

 

This section of the study aims to identify SGC’s for future patient knee function 

assessments by comparing two different stair gait cycles in ascent and two in descent 

within the four step staircase. The motivation was to determine if the overall duration of 

measurement sessions may be reduced by omitting certain stair gait cycles whilst 

retaining the most valuable stair gait data, with the ultimate aim of understanding more 

about stair type activities and the benefits of using stair gait in the assessment of lower 

limb function.  

 

The results of this study showed only one statistically significant difference (ρ<0.05) in 

hip, knee and ankle kinematics for the four SGC’s analysed. This occurred for knee 

flexion ROM between the two SGC’s in ascent. This difference was less than 2° and 

only a 2.3% increase for SGC2 so was within the expected errors of skin marker based 

motion analysis [30, 53]. This is consistent with the study hypothesis and with the 

findings of Whatling [116] to add weight to the argument that stair dimension 

constraints ensure SGC selection is not an important consideration when analysing hip, 

knee and ankle joint rotations within a four step staircase. 

 

Hip, knee and ankle joint moments did vary significantly between SGC’s for both 

ascent and descent, consistent with the study hypothesis. SGC’s within the staircase 

close to gait initiation (SGC1 and SGC4) demanded a greater magnitude of peak 

sagittal plane moments than those close to gait termination while the magnitude of 

peak frontal plane moments increased towards gait termination in descent and towards 

gait initiation in ascent. SGC1 required greater peak knee extension moments during 

weight acceptance and greater peak ankle plantar-flexion moments which suggests 

greater contraction of the posterior muscles of the shank and anterior thigh during early 

stance in the initiation phase of stair ascent. This is most likely due to acceleration of 

the body mass on to the stairs against gravity during the “pull up” phase during SGC1, 

more than during the continuation towards termination of gait in SGC2. This extra 

sagittal control to initially “pull up” results in similar gait velocity as SGC2. With no 

difference in gait velocity between the two SGC’s it would appear that “steady state” 

stair climbing is not solely indicated by gait velocity as suggested by Cluff [119], but 

should additionally consider magnitude of joint moments. It is worth noting that the hip 

appeared to be unaffected by SGC selection, both in terms of kinematics and kinetics, 
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in stair ascent with the knee and ankle compensating for the initial additional 

acceleration of the body mass required towards stair gait initiation. 

 

A higher magnitude of peak hip flexion moment was required descending from step 4 

to step 2 (SGC4) than that descending from step 3 to step 1 (SGC 3), suggesting 

additional hip flexor activity to control the initial lowering of body mass while gait 

velocity was increased compared to SGC3. This increase in peak hip flexion moment 

nearer stair gait initiation was large, 52.4% increase from SGC3 to SGC4 and extended 

far beyond measurement uncertainties. Similarly, the increase in peak knee extension 

moment was 55.2% from SGC3 to SGC4 which strongly suggests very different 

biomechanical requirements between the two SGC’s in descent. The much larger 

sagittal plane moments towards the top of the staircase in descent suggest an initial 

lack of control even for healthy volunteers whereby one is at peak acceleration during 

stair descent and almost “falls” in to the first gait cycle before becoming more controlled 

towards the bottom of the staircase. Interestingly, peak hip and knee adduction 

moments increased for SGC3 at the bottom of the staircase, not during SGC4 where 

sagittal plane moments were highest. It is likely the initial lack of control during the 

large accelerations of SGC4 may not entirely be controlled by the muscles acting in the 

sagittal hip and knee and manifest as increased medio-lateral sway towards SGC3, 

increasing adduction moments in a similar way to the stair gait adaptations previously 

described as a result of aging [57]. Also interesting is that ankle ROM and sagittal and 

frontal moments did not vary with SGC selection, so it would appear that the hip and 

knee compensate for the different biomechanical requirements of the two SGC’s in 

descent. Kowalk [124] concluded that force measurements taken on step one and step 

two had only a negligible effect on knee moment data, finding statistically significant 

differences for knee abduction impulse only. Increased knee flexion moments were 

reported [124] which is consistent with the current study although this difference was 

not statistically significant. However, the study of [124] used a three step staircase so 

the demands of each gait cycles are additionally likely to have been different to those 

of the current study where cycles involved no transition to level walking.  

 

While differences in biomechanical requirements of the two SGC’s in ascent and two 

SGC’s in descent have been identified, the differences in COV SGC’s appear more 

important to the selection of SGC’s for patient assessments. SGC1 is the cycle closest 

to gait initiation and produced the most consistent hip, knee and ankle motion and 

loading patterns during stair negotiation.  A similar pattern of decreased inter-subject 

variability was observed in the cycles closest to gait termination (SGC3) in descent. 

This finding may initially appear to contradict previous studies which note significant 
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differences in lower limb biomechanics and increased inter-subject variability during 

cycles transitioning to the floor [112, 129]. Andriacchi [112] described significant 

differences in knee flexion, flexion moment and adduction moment between gait cycles 

transitioning from level ground to the staircase and gait cycles within the staircase. In 

the study of Andriacchi [112] SGC’s transitioning from stairs to level ground produced 

knee flexion moments that were approximately half that of those cycles on stairs. Both 

limbs are brought to the same level as contact with level ground is included in the gait 

cycles which effectively halves the swing phase and reduces the control required by 

the leg in single support. Measurements of the current study were always within the 

stairs, however, and did not introduce the magnitude of differences in biomechanics 

and inter-subject variability that are reported when SGC’s include foot strikes on level 

ground. Allowing the volunteers to continue level walking before and after stair gait 

would permit extra inter-subject variability through individual variation in transition 

strategies. This is reinforced by evidence which shows altered joint kinetics at the hip, 

knee and ankle when starting stationary at the start of the staircase and when initiating  

stair climbing from level walking [120]. 

 

Cluff [119] suggests a minimum of 5 steps are required to make comparisons between 

patient and healthy groups due to establishing steady state stair walking and Yu [129] 

concluded that the reproducibility of lower limb kinematics and moments may be 

improved by using more than four steps. However, in some studies there must be a 

compromise between the number of steps on a staircase, reducing the effort for 

patients and laboratory space. The results presented here actually indicate that greater 

variation in movement patterns is introduced during the course of stair negotiation in 

ascent and the most consistent movement and loading patterns occur at stair gait 

initiation (SGC1). In descent lower limb biomechanics become more consistent towards 

termination. 

 

It is worth noting that the variables displaying the highest inter-subject variability were 

hip sagittal plane moments, followed by knee sagittal plane moments and finally ankle 

adduction moments. This trend occured in all four SGC’s. It appears that the strategies 

employed by the healthy volunteers to negotiate stairs were most variable at the hip 

and knee and that the hip and knee have a greater capacity to modify gait 

biomechanics when compared to the ankle. It is possible therefore that the hip might be 

the biggest compensator for the expected reduction in knee function for OA and TKR 

patients. The variables with the least inter-subject variability were hip and knee sagittal 

ROM in all four SGC’s. This is entirely expected since kinematics are constrained by 

step dimensions and the magnitudes of each ROM was large relative to the expected 
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small variability, resulting in a low COV. Peak ankle plantar-flexion moments were 

consistent between healthy volunteers in the two cycles of stair ascent, while ankle 

sagittal ROM was consistent between healthy volunteers in the two cycles of stair 

descent. This indicates that the ankle performs more consistently than the hip and knee 

between different healthy volunteers, especially in ascent and especially considering 

the large COV for hip and knee sagittal joint moments. This suggests that the ankle 

does not have the ability to compensate for changes in hip or knee through variable 

biomechanical strategies during stair gait.  

 

It is important to appreciate the limitations and errors associated with skin marker 

based motion analysis and these are well documented [53, 130, 131]. Additionally, it is 

important to appreciate that discrete values extracted from gait waveforms may not 

accurately represent differences occurring throughout the entire gait cycle. This clearly 

excludes valuable temporal information and alternative comparisons could compare 

ROM within waveform sections identified by Principal Component Analysis by [52]. 

Inspection of Figs.3.1 and 3.2 shows gait waveforms differ between SGC’s at the 

points selected for analysis with good agreement between the two waveforms at other 

points not selected for analysis. The results are therefore considered to be useful for 

interpreting biomechanical differences between different SGC’s and for the selection of 

an appropriate methodology (i.e. SGC selection) for future patient group comparisons. 

For future patient investigations alternative comparisons methods must be sought 

before reliable and accurate suggestions can be made to the improvement of these 

patients’ diagnosis, treatment and rehabilitation. 

 

In summary, complete analysis of three-dimensional hip, knee and ankle kinematics 

and joint moments occurring during two different cycles of stair ascent and two cycles 

of stair descent within a staircase was performed for the first time in the literature. The 

selection of gait cycles used for the assessment of stair ascent has been shown to 

influence the resulting peak knee and ankle moments while knee and hip joint 

moments are sensitive to SGC selection in descent. Hip, knee and ankle sagittal 

kinematics are insensitive to SGC selection for a 4 step stair case in all SGC’s of 

ascent and descent analysed. Measurements beginning with force plate strikes on step 

1 in ascent (SGC1) and ending with force plate strike on step 1 in descent (SGC3) 

introduce less inter-subject variability than SGC’s with the force plate located on step 2 

and are therefore recommended for future group comparisons. This ensures 

biomechanical, functional changes following joint pathology more are more easily 

distinguishable from individual variation. 
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3.4.2: Refining knee function assessments: Effect of aging on level gait biomechanics 

 

This section of the study investigated age related changes in lower limb biomechanics 

during level gait and established a control group with which patient data in Chapter 4 

may be compared. The motivation for this work was to investigate if there is any way 

that the practical challenge of recruiting a large number of OA and TKR age matched 

healthy volunteers may be overcome and if there are any potential limitations in doing 

so. It was also not known when age related changes occur and if this is a linear 

degeneration or occurs at a specific time point which is valuable for understanding the 

pathogenesis of OA and informing timing of interventions. 

 

The results of Table 3.3 show that the only statistically significant kinematic difference 

(ρ<0.05) between “Young”, “Middle” and “Old” healthy volunteers was found at the 

ankle. Ankle ROM decreased with aging. Hip and knee sagittal ROM showed high 

consistency from Young, to Middle, to Old age during level walking. It has previously 

been shown that ankle power loss is the primary cause of gait changes in the healthy 

older population [61] during level gait and the findings of the current study were in 

agreement, at least in terms of ROM changes as a result of aging. Reduced use of the 

ankle during level gait, represented by a reduced ROM, may be a mechanism to 

decrease joint reaction forces in the knee. Control at the ankle involving contraction of 

the gastrocnemius will cause flexion at the knee due to the location of the attachment 

points of the medial and lateral heads of the gastrocnemius behind the knee joint. In 

order for the knee not to flex under activity of the gastrocnemius, the muscles of the 

quadriceps must counter this and contract to extend the knee leading to increased 

knee joint contact forces.  

 

Table 3.3 shows much greater modifications to lower limb kinetics due to age during 

level gait when compared to kinematics differences occurring during level gait. Several 

kinetic level gait adaptations were found to occur due to aging. Older healthy 

volunteers walked with statistically significantly (ρ<0.05) reduced hip extension 

moment, increased hip adduction moment, decreased knee extension moment, 

decreased knee flexion moment, decreased knee adduction moment, decreased ankle 

peak plantar-flexion moment, increased peak ankle abduction moment. There was a 

general trend of peak sagittal moments at the hip, knee and ankle all decreasing with 

aging while frontal plane joint moments at the hip and especially the ankle increased 

with aging. This is explored further in Section 3.4.3 where a similar trend was observed 

during stair gait. 
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All of the aforementioned adaptations to loading and movement strategies were small 

in magnitude when comparing HVY and HVM and become more noticeable in the HVO 

group. This suggests that these observed changes with age are not gradual but appear 

more suddenly with old age. The earlier timing of treatment interventions may increase 

functional outcome and ensure more successful rehabilitation for those with lower limb 

disorders and disease. Better functional outcome may be possible following pathology 

when interventions follow a preventative model before the onset of old age rather than 

attempt to treat pathologies in later life when ‘normal’ lower limb function naturally 

declines.  

 

Age related changes to lower limb biomechanics during level gait are also a significant 

finding in that the small differences between HVY and HVM mean that these two age 

groups had enough similarity in lower limb biomechanics to be combined into one 

larger control group. The goal when assessing OA and TKR patient biomechanics is to 

asses knee function pre and post treatment and relative to other OA and TKR patients 

against a scale of “good” to “poor” function. There are differences between HVO and 

HVY/ HVM and which this study has clearly demonstrated. It is proposed that the HVY 

and HVM healthy volunteers can form an appropriate control group for patient 

investigation since the control scale of “good” to “poor” function is largely irrelevant. 

The important aspect of the control group is to investigate if patients’ knee function 

improves or decreases following TKR and how this function compares to other patients’ 

function according to this control group scale. Age matching is important in terms of 

defining the patients’ expectations following TKR but not necessarily in the assessment 

of function between “good” and “poor”. The Old healthy volunteer data collected in this 

study is valuable to highlight where OA and TKR knee function will always be naturally 

limited in relation to HVY and HVM, namely in a reduced ability to produce sagittal 

plane moments which is compensated for by increased peak adduction moments. In 

this way HVY and HVM data may be used to form a large group of healthy controls for 

the purpose of patient assessment and classification and the HVO data be used to 

understand the limitations in doing so, so as not to underestimate patient joint function.  

 

In summary, significant age related changes were found between three age groups of 

healthy volunteers during level gait as expected from the literature. What is novel is 

that age related changes appear non-linear with degeneration becoming more 

prominent towards old age. It is proposed that HVY and HVM form the patient control 

group in order to overcome the practical challenge of recruiting a large number of OA/ 

TKR age matched healthy volunteers.  HVO data collected here defines the limitations 

in doing so, namely HVO having a reduced ability to produce sagittal plane moments, 
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compensated for by increased hip and ankle frontal plane moments when compared to 

HVY and HVM. 

 

3.4.3: Refining knee function assessments: Effect of aging on stair gait biomechanics 

 

This section of the study investigates age related changes in lower limb biomechanics 

during stair gait. The aims and motivations for this work are the same as Section 3.4.2 

but for stair gait rather than level gait, namely establishing and understanding a control 

group with which patient data in Chapter 4 may be compared and investigating if stair 

gait offers any benefits for the assessment of these patients. 

 

The gait differences observed during level gait were additionally observed during stair 

ascent and descent suggesting that significant adaptations occur with aging, namely 

reduced capacity to produce moments in the sagittal plane, and hence forwards 

motion, which are compensated for increased moments in the frontal plane to achieve 

the required foot-ground clearance lost with reduced sagittal function. Statistically 

significant (ρ<0.05) sagittal ROM differences between the three age groups during stair 

gait in Table 3.3 were found for both ascent and descent in the hip, knee and ankle.  

 

Younger healthy volunteers had a greater ability to control the inertial effects due to the 

rise and fall of the body mass on stairs with the ankle rather than relying on frontal 

plane motion of the hip and pelvis to achieve the required clearance. This is indicated 

by the use of less dorsiflexion in stair descent, and a greater range of plantar-flexion in 

ascent, also reported by Ewen [85].  Furthermore, younger, healthy volunteers may be 

able to maintain a more upright posture through improved ankle function and may be 

more confident at controlling a more inherently unstable gait strategy. This may also 

explain why the hip extensor moment disappears in older adults when compared to 

middle and young healthy volunteers. It has previously been shown that ankle power 

loss is the primary cause of gait changes in the healthy older population and that hip 

extensor power is the main compensator [61] during level gait and the findings of the 

current study are in agreement, showing decreased peak ankle plantar-flexion 

moments. 

 

Furthermore, these results are consistent with studies of level gait where it has been 

shown that older healthy adults generate forward motion to the greatest extent from the 

hips [61] [63]. Lee [84] found that older adults sway more during stair negotiation and 

the inability of the older volunteers to control sway may make the elderly more 

predisposed to falls. The exception to the trend of increased frontal plane moments 
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compensating for reducing sagittal plane function is a reduction of the knee adduction 

moment observed with aging. It is possible that the older healthy volunteers may have 

early degenerative changes and aim to offload the medial compartment although given 

the high activity level of the HVO group used in the current study this seems unlikely. 

The most likely explanation for the differences observed during level and stair gait 

appears to be that older healthy adults modify trunk position to introduce ‘sway’ as a 

consequence of producing increased forward propulsion from the adductors at the hips. 

These biomechanical changes with aging are clear in the healthy population so it could 

be expected that differences are magnified with pathology. 

 

A reduced ability, ranging from 12% (peak ankle plantar flexion moment) to 49% (peak 

hip flexion moment), to produce sagittal plane moments only partially explains 

functional difficulties of older adults on stairs. Larsen [126] noted increased quads and 

hamstring co-activation in older healthy adults and the EMG measurements of the 

study additionally suggest that older adults are working to a greater percentage of their 

maximal capacity. Even when differences in magnitude of peak joint moments may not 

differ between young and old healthy adults, older adults therefore have additional gait 

instability by working to a much greater percentage of their maximal capacity. The extra 

demands of stair gait in the older populations combined with additional instability may 

lead to greater alterations to joint kinematics and joint moments. This is reinforced by 

the findings of the current study where the HVO cohort had increased inter-subject 

variability during stair tests when compared to HVY and HVM.  

 

As with level gait, all of the aforementioned adaptations to loading and movement 

strategies are small in magnitude when comparing HVY and HVM and become more 

noticeable in the HVO group. This is further evidence, using a further functional task, to 

support age related diminishing hip, knee and ankle function being non-linear and 

becoming more prominent towards old age.  

 

In summary, significant age related changes were found between three age groups of 

healthy volunteers during stair gait as expected from the literature and as found in the 

current study during level gait. Age related changes during stair gait are consistent with 

level gait age related changes in that degeneration becomes more prominent towards 

old age.  This adds extra weight to the proposition of using HVY and HVM to form the 

patient control group in Chapter 4 in order to overcome the practical challenges of 

recruiting a large number of OA/ TKR age matched healthy volunteers. The same 

limitation in comparing HVY and HVM to patient data found from level gait analysis is 

also present during stair gait data, namely HVO having a reduced ability to produce 
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sagittal plane moments, compensated for by increased hip and ankle frontal plane 

moments when compared to HVY and HVM. 

 

3.4.4: Refining knee function assessments: Does stair gait offer advantages for future 

patient assessments over level gait analysis alone? 

 

This section of the study aims to determine if stair gait analysis has additional value as 

a knee function assessment tool over level gait analysis alone, for the patient 

investigations in Chapter 4. The motivation is to ensure the most informative and 

functionally relevant tests are included in patient assessments and any relative benefits 

found for stair gait analysis for assessment of lower limb function must outweigh 

increased patient fatigue, session time and large additional amounts of data collected. 

 

While age related changes were present in all trials, additional kinematic and kinetic 

differences were present during stair gait that were not apparent during level walking.  

The additional biomechanical demands of stair gait compared to level gait also appear 

to aid interpretation of changes in lower limb biomechanics observed to occur with 

aging and may benefit future patient assessments. 

 

It has previously been proposed that the differences between patient groups during 

level gait analysis are too small to effectively and reliably compare joint function [113]. 

[113] for example found that differences between five different total knee replacement 

designs were more apparent during stair climbing than level gait. The results presented 

here indicate that stair gait has extra sensitivity in demonstrating reduction in knee 

sagittal ROM and increased hip sagittal ROM with aging when compared to level gait 

analysis. Level gait analysis revealed only a decreased ankle ROM with aging whereas 

reduced ROM in the hip, knee and ankle were found during stair gait with aging. This is 

somewhat surprising since the fixed dimensions and constrained nature of stair gait 

would be expected to constrain joint kinematics to a greater extent than level walking 

and leave less opportunity for variation in biomechanics with aging.  

 

Examining the relative contributions of each of the joints of the lower limb may help 

explain why stair gait has extra sensitivity in demonstrating reduction in sagittal ROM of 

the hip, knee and ankle with age when compared to level gait. During level walking 

knee flexion ROM is significantly less than during stair ascent or descent (~60°, 

compared to ~80° during stair gait). Furthermore hip and ankle sagittal ROM is 

approximately 30° during level walking which should allow for a large amount of 

functional ROM left in reserve to compensate for poorer overall knee function. 
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Comparing level gait with stair ascent measurements demonstrates that the hip has at 

least 25° of functional ROM in reserve and the stair descent measurements show the 

ankle has at least 20° functional ROM in reserve during level walking to compensate 

for the reduction in knee function with aging observed in Sections 3.4.2 and 3.4.3. It 

appears that compensations for reduced knee function will be easier and more uniform 

during level walking than stair gait due to the “reserve” ROM and peak sagittal 

moments which can be employed if required. Furthermore older healthy volunteers 

have been shown to have reduced ankle function and instead rely on compensations at 

the hip during level walking [61]. If knee function were reduced and ankle functional 

naturally declines with age then a greater range of motion is required at the hip to 

compensate during stair ascent but the hip is already working towards its upper limits 

of function. In addition, the ankle appears a more dominant contributor to the control of 

descending the body mass during stair descent so it is likely that it is the ankle which 

would have to compensate for a reduction in knee function during stair descent. 

Similarly, as ankle function naturally declines with age, older healthy subjects with are 

therefore likely to have a reduced compensatory ability for reductions in knee function 

due to additional decreases in ankle function with age. Compensations for decreased 

knee ROM and knee sagittal peak moments appear easier to compensate for during 

level walking so it is in fact the difficulty in compensating during stair gait which results 

in more variable biomechanical strategies between older healthy volunteers and 

younger healthy volunteers for whom increased hip, knee and ankle function ensure 

stair gait can be perform in a consistent manner. Stair gait therefore provides additional 

sensitivity in detecting sagittal joint moment reductions with age as compensating for 

decreased function in one or more joints of the lower limb becomes more challenging. 

It is likely that the difficulty in compensating for decreased knee function during stair 

gait may aid the interpretation of biomechanical deficiencies experienced by OA and 

TKR when compared to level gait. 

 

A further explanation of the increased difficulty of healthy adults to negotiate stairs with 

aging may be in the location of peak joint moments in the gait cycle. The knee is 

inherently more unstable when flexed due to the increased reliance on soft tissue 

restraints rather than tibio-femoral joint conformity and bony restraints. Peak sagittal 

knee moments occur when the knee is in significant flexion during stair gait, particularly 

in descent. This is likely to introduce functional difficulty for those with muscle atrophy 

or joint laxity as is expected to occur with aging, OA and TKR. This is compounded by 

peak frontal plane joint moments occurring at similar unstable points of high knee 

flexion during stair gait and further highlights the importance of considering challenging 

activities of daily living in knee function assessments, in addition to level gait analysis. 
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Stair gait has previously been shown to reduce inter-subject variability [108, 118] when 

compared to level gait for healthy volunteers. Other studies report large inter-subject 

variability during stair walking particularly as the biomechanical demands increase such 

as in descent and when using steeper stairs [111]. The results suggest there to be little 

advantage in using stair gait to reduce inter-subject variability but equally stair 

measurements do not appear to have introduced significant undesirable large variation 

in individual biomechanical strategies which would make future patient assessments 

unreliable. Given the high level of consistency in level gait parameters between 

participants of the HVO cohort during level walking  the results of the current study 

suggest that the gait adaptations previously described due to aging are more uniform 

than the consistency of ‘normal’ gait patterns in younger healthy adults during level 

walking. If adaptations due to impaired lower limb function are consistent between 

participants for level walking then interpreting individual biomechanical deficiencies to 

be targeted with further treatment and rehabilitation may become extremely 

challenging. Stair gait reveals much greater inter-subject variability for “older” healthy 

volunteers than “younger” healthy volunteers and as such stair gait appears to offer 

improved insight as to individual compensatory mechanics which might be employed. 

 

In summary, comparison of three-dimensional hip, knee and ankle kinematics and joint 

moments of three groups of healthy volunteers of different ages during level gait, stair 

ascent and stair descent was performed for the first time in the literature to determine 

the relative merits of stair and level gait for the assessment of lower limb biomechanical 

adaptations with aging. The intention is that these finding inform patient assessments 

in Chapter 4. Stair gait analysis does have additional value as an assessment tool with 

extra sensitivity in demonstrating reduction in knee sagittal ROM with aging. Inter-

subject variability is neither helped nor hindered by the inclusion stair gait analysis 

when compared to level gait so ensures no adverse affects in distinguishing functional 

changes from naturally occurring individual variation but equally offers no advantage 

over level gait either. The extra parameters and data from stairs tests including hip, 

knee and ankle kinetics and kinematics appear to have additional value in 

understanding an individual’s lower limb functional deficiencies and their adaptations 

over level gait analysis of the knee only. Compensations existing due to aging are more 

uniform during level gait and may mask individual functional challenges. This is of great 

relevance to better understanding aspects of an individual patients function to be 

targeted by treatment and rehabilitation in Chapter 4. Stair gait analysis of the hip knee 

and ankle is recommended if possible for future patient group comparisons. 
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Chapter 4 
PCA and Functional Classification of 

OA and TKR Lower Limb Function 
 

 

4.1: Introduction 

 

Chapter 1 has introduced Osteoarthritis (OA) as a painful and debilitating condition, 

severely affecting ability to perform daily tasks across a large proportion of the 

population [2]. A number of risk factors for OA were highlighted such as previous joint 

pathology, obesity and genetics [9], but it was noted that the causes or contributing 

factors to the pathogenesis of OA were poorly understood, particularly with respect to 

identifying mechanical factors relating to OA and thus targets for interventions or 

biomechanical markers of treatment success. A high knee adduction moment has 

become associated with a higher severity of OA. It is therefore expected that OA 

subjects walk with a higher adduction moment than healthy controls [56-58] but other 

studies did not provide statistically significant evidence of OA patients exerting greater 

medially directed loads (knee adduction moments) [59]. Furthermore, despite Total 

Knee Replacement (TKR) being the most common treatment for severe end stage OA, 

the assessment of functional outcome is challenging and patient satisfaction reported 

post operatively is poor [80, 81]. This is especially important to remedy given the 

increasing number younger patients requiring TKR and increasing demands of knee 

function post TKR.  

 

Motion Analysis with simultaneous Ground Reaction Force (GRF) measurements was 

identified in Chapter 1 as an appropriate measurement technique to provide a more 

holistic approach to understanding the relationship between mechanical factors and 

functional knee performance during daily life for those with OA and TKR. The methods 

and participants used throughout the current study were described in Chapter 2 and 

Chapter 3 investigated uncertainties which remain in selecting the most appropriate 

methodology for the assessment of OA and TKR patient knee function with respect to 

the test activity, control group and relevance of different biomechanical variables in 

assessing function.  

 

Stair gait analysis was investigated in Chapter 3 based upon the evidence of it being a 

more functionally demanding task than the traditional level gait analysis [112] with 
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some studies in the literature reporting lower inter-subject variability in stair gait 

measures [108] and hence providing better differentiation between healthy and 

pathological gait. Chapter 3 identified a methodology to assess stair gait during two 

Stair Gait Cycles (SGC’s) and the findings of the current study reflected the wider 

literature whereby the increased functional demands (which should introduce 

variability) appeared to counter the increased constraints of stair gait due to fixed stair 

dimensions (which should reduce inter-subject variability). The benefits of stair gait as 

an assessment activity in reducing inter-subject variability were therefore unclear. The 

altered joint demands, namely increased Range of Motion (ROM) and altered joint 

contact forces found during stair gait for the hip knee and ankle compared to those 

found during level gait are desirable in an assessment test but the current study found 

additional sensitivity in detecting adaptations with aging using stair gait for knee ROM 

only. The counter argument to these findings is that level gait was found to be very 

good in detecting statistically significant differences with aging. Chapter 3 has shown 

the biomechanics of the knee to be altered with aging with simultaneous adaptations in 

the ankle and hip. The knee and ankle were found to have a reduced ability to produce 

sagittal joint moments which are compensated for by increased sagittal plane hip joint 

moments and increased frontal plane moments in the hip and ankle. 

 

The second important point addressed by Chapter 3 was identifying a control group for 

the current Chapter’s assessment of OA and TKR gait, required to define a level of 

functional expectation following TKR. Gait changes between young healthy volunteers 

(HVY) and middle aged healthy volunteers (HVM) were found to be small with larger 

gait changes occurring in old age (HVO). Variation exits in the literature as to the 

definition of “healthy” gait, especially in the age matched OA and TKR cohort as 

discussed in Chapter 2. As a result, recruiting a large number of age matched, elderly 

“healthy” volunteers is extremely challenging. The age related changes to lower limb 

biomechanics during level and stair gait in Chapter 3 showed HVY and HVM groups 

may be combined in to one larger control group, with larger gait differences occurring in 

to old age. The goal when assessing OA and TKR patient biomechanics is to asses 

knee function pre and post treatment against a scale of “good” to “poor” function and 

relative to other OA and TKR patients. This is provided by a comparison of the HVY 

and HVM control group (good function) to OA patient gait (poor function). Since HVO 

gait has also been investigated in Chapter 3 the limitations of using a combined HVY 

and HVM control group for assessing OA and TKR patients have been quantified. 
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The final important outcome of Chapter 3 was that considering the extra parameters 

and data from hip and ankle kinetics and kinematics appeared to have additional value 

in understanding an individual’s lower limb functional deficiencies and their adaptations 

when compared to gait analysis of the knee alone. Assessment of patient knee function 

should therefore consider hip and ankle biomechanics to better understand 

compensatory mechanisms which may occur due to knee OA and TKR. 

 

Chapter 3 has explored many of the possible methodology variations likely to influence 

the accuracy and relevance of assessing changes in knee function due to OA and in 

assessing functional recovery of patients following TKR. Two important questions 

remain however: “How can potentially important temporal information contained within 

gait waveforms be retained and does the methodology for extracting waveform features 

influence classification of knee function?” and “How can lower limb function of OA and 

TKR patients be objectively and accurately classified in a time efficient and easily 

interpretable manner, especially when considering the wealth of biomechanical data 

measured and complex inter-dependencies existing between variables?”  

 

Principal Component Analysis was introduced in Chapter 1 as a potentially useful data 

reduction method which considers all of the temporal information contained in gait 

waveforms and is investigated in the current Chapter. Also introduced in Chapter 1 was 

the Cardiff Dempster Shafer Theory (DST) classification methodology which classifies 

a wealth of data in to one of two groups based upon a level of belief the data belongs 

to group one, a level of belief the data belongs to group two and an associated level of 

uncertainty in the classification. The Cardiff DST classifier also ranks variables in terms 

of their contribution to distinguishing differences between two groups, thus objectively 

describing the relative importance of each variable to characterising each group of 

input data. The application of the Cardiff DST classifier to classify and understand the 

characteristics of OA gait and classify the outcome of TKR is also investigated in this 

Chapter. 

 

 

4.1.1: Chapter Aims 

 

Chapter 4 aims to finalise a methodology for the functional assessment of the knee and 

apply this methodology to evaluate the kinematic and kinetic changes with knee OA 

and TKR, relative to healthy volunteers. 
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This Chapter uses Motion Analysis with simultaneous force plate measurements to 

characterise the lower limb joint function of healthy, Osteoarthritic and TKR gait in the 

following steps and hypotheses:  

 

1) Establish a method for extracting the most important temporal information for 

describing gait differences between healthy volunteers and patients with end stage 

knee OA by performing PCA on the GRF’s, hip, knee and ankle joint moments and joint 

rotations of healthy volunteers and pre TKR patients to investigate: 

 

 - Which gait waveform sections display highest variance between OA and 

 healthy subjects found using PCA? 

 - Which PC sections should be retained for use in the classification of TKR 

 function relative to healthy (NL) or osteoarthritis (OA) knee function? 

 - How are hip, knee, ankle and GRF biomechanics modified in patients with 

 severe end stage knee OA, relative to healthy control subjects? 

 - How do waveform sections identified using PCA compare to those assessed 

 by traditional parameterisation approaches? Does PCA adequately describe 

 gait differences observed from waveform analysis or does PCA identify 

 additional gait features traditionally overlooked in the literature? 

 

It is hypothesized that PCA will aid the objective identification of gait waveform sections 

important for characterising differences in hip, knee, ankle and GRF biomechanics by 

additionally considering the temporal information contained within gait data when 

compared to parameterisation. PCA will therefore subsequently aid the accuracy of the 

objective classification of healthy and OA knee function using the Cardiff DST classifier 

below. It is hypothesized that the gait adaptations found for elderly healthy volunteers 

in Chapter 3 become magnified with OA, namely, reduced sagittal knee and ankle joint 

moments and increased hip and knee frontal plane moments. The ROM of the hip knee 

and ankle are also expected to decrease with knee OA during gait due to knee joint 

pain and stiffness. 

 

2) Develop the Cardiff DST Classification technique to rank hip, knee, ankle and GRF 

input variables in terms of accuracy in classifying OA or healthy (NL) knee function and 

thus determine which measurements most accurately describe the modifications to gait 

due to severe, end stage knee OA for the subsequent classification of TKR functional 

outcome in Aim 3. The Cardiff DST Classification methodology is performed on the 
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GRF’s, hip, knee and ankle joint moments and joint rotations of healthy volunteers and 

pre TKR patients to investigate:  

 

 - Can OA and NL gait accurately be classified in terms of hip, knee ankle and 

 GRF measures? What are the top ranking variables found using the Cardiff 

 DST classifier which most accurately characterise differences between OA and 

 NL groups?  

 - Can the highest ranking variables be used to propose a clinical test of knee 

 function and how accurately can these selected variables classify OA or NL 

 knee function? 

 - Which PCA variables most accurately describe the adaptations in patients with 

 knee OA relative to healthy volunteers in the various stages of the gait cycle 

 (e.g. loading response, mid stance, terminal stance, swing)? 

 - From the points above, what might therefore be targeted during treatment and 

 rehabilitation to improve function for patients with knee OA? 

 - Do PC scores from PCA improve the classification of knee function relative to 

 classification using parameterisation variables? Is the additional processing 

 time and complexity of PCA merited? 

 - Does the inclusion of hip and ankle measures improve the accuracy of knee 

 function classification over knee variables alone? Is the additional measurement 

 and data processing time required beneficial to classifying OA or NL knee 

 function?   

 - Considering all of the above, which variables should be selected to most 

 accurately and efficiently classify TKR outcome? 

  

It is hypothesized that OA and NL knee function can be accurately classified using the 

Cardiff DST classifier and hip, knee, ankle and GRF input variables. It is hypothesized 

that PCA will improve classification accuracy compared to parameterisation due to 

additionally considering and accounting for temporal information within gait waveforms. 

It is expected that knee measures should be able to accurately classify knee OA or 

healthy knee function but that additional hip and ankle data will aid classification 

accuracy and aid the identification of compensatory mechanisms, consistent with the 

findings of Chapter 3. It is hypothesized that a selection of clinically measurable 

variables found to be most accurate in classifying knee function can be combined to 

form an accurate clinical assessment of knee functional outcome, albeit with lower 

overall classification accuracy that those using a greater number of input variables. 

Furthermore, it is hypothesized that reduced sagittal ankle and knee joint moments 



Chapter 4: Functional Classification of OA and TKR Lower Limb Function 

 

86 
 

combined with increased hip and knee frontal plane joint moments will be the highest 

ranking and therefore most accurate descriptors of the adaptations to lower limb 

function with OA. 

 

3) Classify TKR outcome relative to pre TKR patients (OA) and healthy volunteers (NL) 

using the Cardiff DST classifier and input variables identified in Aim 2. The function of 

patients pre TKR is classified using the Cardiff DST classifier and their functional 

recovery at one year post TKR investigated to determine: 

 

 - Can the functional recovery of TKR patients be objectively and accurately 

 classified in a time efficient and easily interpretable manner, especially when 

 considering the wealth of biomechanical data measured and complex inter-

 dependencies existing between variables? 

 - Does the functional classification of TKR outcome found using the Cardiff DST 

 classifier correlate with clinical outcome? 

- Does TKR restore lower limb function, similar to that of healthy volunteers, in 

 patients with end stage knee OA or does function remain similar to that existing 

 pre TKR? 

- Does the classification methodology allow for groups of patients with 

particularly good or poor function outcome following TKR to be identified?  

- Are there indicators of particularly good or poor function which may be 

indentified to improve treatment and functional outcome of patients with end 

stage, knee OA?  

 

It is hypothesized that the Cardiff DST classifier will provide an objective and easily 

interpretable means of identifying the level of benefit of TKR achieved by knee OA 

patients. It is hypothesized that this methodology will allow for the comparison of 

functional outcome existing between patients and that groups of different functional 

recovery will become apparent. Despite an expected variation in functional outcome 

following TKR, only a small proportion of TKR patients are expected to recover knee 

function approaching that of healthy knee function. 
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4.2:  Methods 

 

4.2.1: Participants. 

 

Twenty five healthy volunteers, free of history of pain or pathology to the lower limbs, 

were recruited from the HVY and HVM groups (described in Chapter 2) and were 

combined to form a healthy control cohort (NL) following the age related changes 

investigated in Chapter 3. This group represents a functionally homogenous control 

cohort with which OA and patient knee function can be compared and the effect of this 

relative to the selection of an elderly control group had been discussed in Chapter 1 

and assessed in Chapter 3. A requirement of the classification methodology described 

in Section 4.2.5 is the need for complete data sets for all variables used in the 

classification of joint function. 2 healthy volunteers from the combined HVY and HVM 

groups were excluded due to missing hip data from poor data capture. Twenty three 

healthy volunteers therefore form the final healthy control group, the details of which 

are shown in Table 4.1.  

 

Twenty five patients were recruited from the TKR waiting list of the Cardiff and Vale 

Orthopaedic Centre, Llandough, Cardiff and University Hospital of Wales, Cardiff to 

represent a group of participants with severe, end stage knee OA (OA). Following TKR, 

all patients were invited for assessments at approximately one year post surgery. Mean 

follow up time was 13.0 months (SD=3.6 months). Of the original 25 end stage knee 

OA patients, 12 patients were reassessed one year post TKR (TKR). The reasons that 

a follow up assessment could not be achieved in the remaining 13 patients were 

discussed in Chapter 2. 5 patients had a cruciate retaining TKR, 5 had a posterior 

stabilised TKR and the clinical notes were unavailable for remaining 2 patients. 

 

The individual cohort number, gender, mean and standard deviation height, mass and 

BMI for each group are shown in Table 4.1.  
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Table 4.1: Subject metrics for healthy volunteer and patient groups used for the 

classification of knee function. 

 

 

 

4.2.2: Equipment and procedures. 

 

The Qualisys three dimensional Motion Analysis system with simultaneous Bertec force 

plate measurements was used to collect data for all three aims of this study and is 

described in Chapter 2. The definition of gait cycles and normalisation of data is also 

described in Chapter 2. 

 

The PCA and DST classification methodology used in the current Chapter cannot 

currently account for missing data. This requirement presents significant difficulties in 

using stair gait data to classify knee function. All healthy volunteers were able to 

perform stair ascent and descent in a step over step manner without using the handrail. 

Only 4 out of 25 OA patients could ascend stairs and 3 out of 25 descend stairs in a 

manner similar to healthy volunteers. Stair gait presented significant challenges to TKR 

patients too with only 5 able to climb and 3 descend stairs in a “normal” way as was 

measured for the healthy volunteers. In stair ascent, 15 OA and 3 TKR patients heavily 

used the handrail and this number increased during stair descent to 18 and 5 

respectively. Even with heavy use of the handrail, only an additional 7 OA patients and 

3 TKR patients could ascend stairs in a step over step manner and 3 OA and 4 TKR 

descend stairs in a step over step manner. The most common compensation was to 

raise the leg in swing to the same step on the staircase as the leg in stance in a “step 

to step” manner (11 OA ascent, 12 OA descent, 1 TKR descent). 3 OA patients could 

only descend stairs “step to step” but with a sideways approach. A further 3 OA and 3 

TKR patients were unable to perform even a single step up or down. As a result of 

these practical difficulties, joint moments and ground reaction forces could only be 

Group Number Male Female 
Age/ years 

(SD) 

Height/ m 

(SD) 

Mass/ kg 

(SD) 

BMI 

(SD) 

NL 23 7 16 33.5 (11.9) 
1.69 

(0.07) 

69.41 

(12.12) 

24.22 

(3.49 

OA 25 11 14 69.0 (7.3) 
1.68 

(0.11) 

93.25 

(21.30) 

32.81 

(7.00) 

TKR 12 5 7 69.1 (6.7) 
1.65 

(0.11) 

94.58 

(24.64) 

34.04 

(7.86) 
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used for the small number of patients who could negotiate stairs without the hand rail 

and the activity recorded in the majority of patients (step to step or a single step up/ 

down) varies significantly from that measured in healthy volunteers. The biomechanical 

comparisons for the OA and TKR patient groups to healthy volunteers is therefore 

inappropriate and level gait analysis was used to classify knee function pre and post 

TKR. 

 

The current study investigated stair gait in Chapter 3 on the evidence in the literature of 

stair gait showing additional sensitivity in detecting differences in TKR design [113] for 

example, as previously discussed. There is also good evidence in the literature of 

studies indicating stair gait is feasible in the assessment of TKR patients with 25 out of 

25, [113] 20 out of 20 [132] and 16 out of  16 [133] TKR patients recruited able to 

perform stair gait tests. Stair gait was not assessed pre TKR however, as is the aim of 

the current study, so it is possible that similar functional limitations existed pre surgery 

in the patients used in previous studies of TKR stair gait in the literature.  The patient 

inclusion criteria of these studies also bias the study findings towards patients with 

higher levels of knee function, requiring  high knee function questionnaire scores, high 

ranges of passive knee flexion  or ability to climb stairs as pre defined patient 

requirements [113, 132-134]. Personal communication with Professor Tom Andriacchi 

revealed that the completion rate of TKR patients in performing stair gait is actually 

very poor in the wider Stanford and Chicago TKR populations. Stair gait studies in the 

literature are therefore unrepresentative of the TKR population of the current study 

which does not contain such strict exclusion criteria and aims to investigate a 

representative range of knee function in patients with knee OA and TKR. Poor 

completion of stair gait in OA and TKR patients in the current study is therefore not 

dissimilar to challenges existing in the wider patient and biomechanics research 

communities. Furthermore, Chapter 3 indicated that stair gait provided different loading 

and kinematic requirements to the joints of the lower limb which is desirable in 

assessing joint function but had very little benefit to reducing inter-subject variability 

and hence ability to detect changes due to pathology compared to level gait analysis. 

Stair gait was found to have increased sensitivity only in detecting knee kinematic 

changes between healthy adults of different ages. Chapter 3 indicated that although a 

biomechanically less demanding task than stair gait, level gait was highly useful for 

detecting biomechanical adaptations due to aging. Future work should investigate the 

possibility of including alternative functionally relevant and demanding tasks but that 

may be more achievable by the majority of knee OA and TKR patients. A single step up 

and down might be appropriate similar to the study of TKR function in [135] but there 
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remains evidence of poor TKR patient completion with 4 out of 21 patients unable to  

perform a single step up post TKR [68]. 

 

4.2.3: Parameterisation of healthy volunteer, OA patient and TKR patient gait 

 

The variables used in the assessment of level and stair gait for investigating 

biomechanical adaptations with aging in Chapter 3 were additionally used in the 

parameterisation of healthy OA and TKR level gait data in the current Chapter. Mean 

three-dimensional hip, knee and ankle kinematics and joint moment waveforms in 

addition to GRF waveforms were calculated from 6 walking trials. The ranges of motion 

for resulting mean sagittal hip, knee and ankle kinematic waveforms were calculated 

along with peak sagittal and frontal, hip, knee and ankle joint moments. Peak GRF’s 

from the mean of 6 walking trials were also calculated. These variables represent the 

traditional approach to quantifying functional changes with the extraction of discrete 

values from temporal gait waveforms using ranges of motion and peak kinetics. The 

observations of gait changes with OA and TKR relative to healthy control subjects 

found from parameterisation is compared to those found using Principal Component 

Analysis and the accuracy of classifying knee functional performance using both sets of 

input variables assessed using the Cardiff DST classifier.  

 

4.2.4: PCA of healthy volunteer, OA patient and TKR patient gait 

 

PCA was performed in order to objectively identify waveform sections of highest 

variance within the OA patient and healthy volunteers groups.  PCA was used to assign 

PC scores for each gait variable measured from waveform sections identified as having 

highest variance between OA and NL subjects, which can be used in the subsequent 

classification of knee joint function. The purpose is to investigate if PCA, which 

considers the temporal information contained within gait waveforms, provides more 

accurate classification of knee function when using the Cardiff DST Classifier than 

discrete variables extracted from the same waveforms using parameterisation. 

 

The first step was to create mean gait waveforms from 6 walking trials for each of the 

12 variables measured during gait analysis for each OA patient and each healthy 

volunteer. The 12 variables are the mean hip, knee and ankle sagittal kinematic 

waveforms and frontal and sagittal joint moment waveforms in addition to 3D GRF 

waveforms. This is the same initial method as used for extracting discrete parameters 

from waveforms using parameterisation.  
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The second step is to reduce the size of the data set. The gait information for each of 

the n subjects (48 OA and NL) and p variables is combined in to a data matrix for data 

reduction by PCA [78]. Data reduction is achieved by explaining the data contained 

within the n persons and p variables in an n x p matrix and optimally identifying 

components explaining the greatest amount of variance within the group and within the 

variables [78]. The number of variables, p, is not the 12 gait waveforms collected 

during gait analysis but is instead each value within a time normalised waveform. To 

take the example of the knee flexion angle, each variable of the data matrix used for 

PCA represents the knee flexion angle at every 1% of the gait cycle. PCA is an 

orthogonal transformation which converts the p variables into p new uncorrelated 

variables called Principal Components (PCs). Since each waveform is time normalised 

to 0-100% of the gait cycle (kinematics) or 0-100% of the stance phase (kinetics), this 

therefore means that for all data used in the current study creates 100 PC’s. The PC’s 

are arranged in order of decreasing eigenvalues (decreasing group variance that each 

explains). This process is repeated for each of the 12 gait waveforms.  Custom Matlab 

software (Mathworks, Mathworks Inc.,USA) previously written by Jones [48] and 

adapted by Whatling [52] calculates Eigenvalues, Factor Loadings and PC Values for 

the input variables measured during gait described above. The author is not aware of 

any study in the literature performing simultaneous PCA on the kinematics and joint 

moments of the hip knee and ankle for knee OA patients and healthy volunteers. 

 

PCA produces the same number of PC’s as there are original variables [48] (i.e. 100 

since gait variables are time normalised 0-100% of gait cycle or stance) and each PC 

explains a different amount of variance in the sample population (OA patients and 

healthy volunteers). The aim of using PCA with gait data is that a large amount of 

temporal information may be represented by a small number of PCs and hence a small 

number of PC values are retained for further statistical group comparisons. The 

selection of PCs to be retained (and thus to explain the optimal group variance using a 

small number of discrete variables) was performed using Kaiser’s rule and by 

examining the component loadings of each PC. Kaiser’s rule retains only PCs with an 

eigenvalue (variance) greater than 1 since this indicates the PC contains more 

information than the original variable (which has unit variance) [78]. PCs with an 

eigenvalue less than 1 are therefore not worth retaining. The most common approach 

used in the literature is to then retain PC’s whose eigenvalues sum to account for a 

pre-defined level of variance, such as 85% [65]  or 90% [57, 75]. The PC scores then 

are generally examined in a step-wise linear discriminant model which aims to select 
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PC’s which provide optimal separation between the two groups PCA was originally 

performed on (e.g. [57, 72, 75]). Grouping of particularly high or low PC scores has 

also previously been used to group together subjects with particular waveform 

characteristics [65].  

 

Each PC retained can have a physical meaning in relation to the original gait 

waveform. The factor loadings (weighted relationship between PC and original 

variables) were examined to interpret each PC. This essentially determined which 

portions of the gait cycle each PC represented and was used to compare to waveform 

features assessed using parameterisation. PCs with factor loadings within the 

threshold of -0.71 to 0.71 were retained based upon the recommendations of Comrey 

[79] as a final “sieving” process ensuring there is no redundancy in selecting PC’s and 

that a PC does not describe group variance already described by a previously retained 

PC. If a PC does not have variables within the -0.71 to 0.71 threshold then this 

indicates that the variance explained by this PC is already explained by previously 

retained PCs. Since each variable represents 1% of the gait cycle, variables within the 

-0.71 to 0.71 threshold identify the section of the original waveform where the individual 

PC has physical meaning.  

 

The same gait variables were used and the same normalisation procedure was 

performed with TKR gait data. The mean and standard deviation of the OA and NL 

group from PCA described above was then used to calculate PC values for TKR gait 

data using the PCs identified for the OA and NL group. This therefore provided a series 

of PC scores for TKR patients representing the temporal information contained within 

the original gait waveforms, in waveform sections identified as describing optimal 

variance in the combined OA and NL group. The PC scores for TKR patients can be 

compared to PC scores for OA and NL subjects and is done so using the Cardiff DST 

Classifier described below. 

 

4.2.5: Dempster Shafer Theory (DST) classification of knee joint function. 

 

A large number of biomechanical variables may be measured during gait and 

waveforms describing the kinetic and kinematic biomechanical behaviour of the joints 

of the lower limbs include a wealth of temporal information. The parameterisation and 

PCA methods used to extract discrete variables from temporal gait waveform data has 

been described in Sections 4.2.3 and 4.2.4 respectively. PCA considers the entire 

waveforms of hip, knee and ankle sagittal kinematic, sagittal and frontal joint moments 
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and GRF’s and reduces the data sets based upon areas of highest variance. 

Parameterisation of gait waveforms is popular in the literature due its simplicity and 

ease of visualisation. The relative accuracy of describing gait adaptations with OA and 

TKR using either data extraction approach is very hard to define however. Traditional 

approaches in the literature compares values from different groups of subjects and 

identify statistically significant differences. It isn’t known however how each of the 

observed modifications to gait with OA relate to best describing functional ability and, 

which variables best discriminate OA or NL function.  

 

The Cardiff DST classifier is a generic tool to classify data in to one of two groups and 

was previously developed in [48] and modified in [52]. The methodology can be used to 

rank knee measures in terms of their accuracy for classifying NL or OA gait and to 

define an overall classification accuracy of using those variables to classify function. 

Ranking of biomechanical measures for ability to most accurately discriminated 

between OA or NL gait allows identification of the most accurate markers of successful 

functional outcome and identification of rehabilitation targets for TKR patients. 

Comparisons between the overall accuracy of classifying OA or NL knee functional 

outcomes from different combinations of input measures allows for the relative benefits 

of different gait variables in accurately and relevantly classifying outcome to be 

compared. Furthermore the ability to classify knee joint function is important to 

providing a classification of patient function following TKR. The DST based 

classification methodology is explained in detail in [49, 51, 60] and outlined below.  

 

The first stage of the Cardiff DST classification technique is to standardise each input 

variable, v, for each subject, in to a confidence value, cf(v). The confidence value 

describes the level of confidence (or not) that a measurement is characteristic of the 

OA group or of the NL group. Confidence values are described on a scale of 0-1, 

where cf(v)=0 implies certainty the measure belongs to the NL group and cf(v)=1 

implies certainty the measure belongs to the OA group. The confidence value is not 

linear but a sigmoid function. As the gradient of the sigmoid function representing cf(v) 

increases there is an increased level of belief the measure belong to the OA group. 

Conversely, as the gradient of the sigmoid function representing cf(v) decreases there 

is an increased level of belief the measure belong to the NL group. 

 

The second step is to convert the confidence value in to belief values representing the 

characteristic Body of Evidence (BOE). There are 2 groups that a measurement may 

belong to; it will either be indicative OA or be indicative of NL function. There will also 
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be an associated level of uncertainty in assigning the measure to either one of the two 

groups. There are therefore three belief values and the sum of all 3 belief values is 1: 

 

1) m({OA}), the level of belief that the gait measurement indicates OA function 

2) m({NL}), the level of belief that the gait measurement indicates NL function 

3) m({Θ}), the level of belief the gait measurement is either OA or NL function, denoted 

the uncertainty belief value. 

 

Since more than one variable is recorded during Motion Analysis with simultaneous 

force plate measurements, there will be multiple BOE’s, all with either positive or 

negative support that the measure belongs to the OA or NL groups. The individual 

BOE’s are combined to give a combined Body of Evidence (BOEc) that gives the 

overall classification of joint function considering all of the measured variables. The 

combined Body of Evidence (BOEc), is then used to visually represent the classification 

of a subject’s knee function using a simplex plot, as shown in Fig.4.1. 

 

 

 

 

Figure 4.1: Visualisation of the final 

classification of knee function using the 

DST classifier on a simplex plot. The 

position of the simplex point (black dot) 

on a simplex plot is determined by the 

distances hm(m{NL}), hm(m{OA}) and 

hm(m{Θ}), where h is the height of the 

triangle.  

Figure 4.2: Simplex plot decision 

regions; 1) Dominant NL classification, 

2) Dominant OA classification, 3) Non-

dominant NL classification and 4) Non-

dominant OA classification. The dotted 

vertical lines represents the decision 

boundary between the OA and NL 

classifications.

. 
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Classification of a subject’s knee function is determined by the position of the simplex 

point on the simplex plot. As the distance hm(m{NL}), shown in Fig4.1, decreases there 

is an increased belief that the subject has NL function. Similarly a decreased 

hm(m{OA}) distance in Fig.4.1 indicates and increased level of belief the subjects knee 

function is that of a OA patient. The classification also accounts for an associated level 

of uncertainty in the classification represented by the distance hm(m{Θ}) in Fig4.1. As 

the distance hm(m{Θ}) increases there is increased uncertainty in the classification, so 

it is desirable for simplex points to be low on the simplex plot. 

 

The following rule is used to determine which group, either OA or NL, a subject’s 

simplex point representing their knee function belongs to: 

1)  If mc({NL}) > mc({OA}) then the simplex point is to the left of the decision boundary 

and the subject’s function is considered NL. 

2) If mc({OA}) > mc({NL}) then the simplex point is to the right of the decision boundary 

and the subject’s function is considered OA. 

 

The classification is further sub-divided in to four regions of the simplex plot to account 

for the uncertainty in the classification, shown in Fig.4.2. Simplex points lie in the 4 

regions according to the following rules: 

Region 1) m{NL} is the dominant belief, therefore m{NL} > m({OA}}+m{{Θ}) 

Region 2) m{OA} is the dominant belief, therefore m{OA} > m({NL}}+m{{Θ}) 

Region 3) m{NL} > m{OA} but m{NL} is no longer the dominant belief. In this instance 

m{NL} < m({OA}}+m{{Θ}) 

Region 4) m{OA} > m{NL} but m{OA} is no longer the dominant belief. In this instance 

m{OA} < m({NL}}+m{{Θ}) 

 

The dominant regions 1 and 2 represent a strong classification in a subject’s joint 

function. The non-dominant regions, 3 and 4, represent an increased level of 

uncertainty in the classification where there is evidence of the subject having both OA 

and NL function. 

 

The importance of each input variable in determining a subject’s classification is 

investigated using the Leave One Out Cross Validation (LOOCV) accuracy and 

Objective Function (OB). Using the LOOCV approach, a variable is removed from the 

complete set of input variables used in the classification and used as validation data 

while the remaining variables are used to train the classifier. This is repeated the same 

number of times as there are number of input variables. Input variables were ranked 
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primarily according to their LOOCV accuracy. Where 2 or more variables may have the 

same LOOCV accuracy OB [48] was used as the secondary ranking variable. OB is 

defined as the Eucledian distance of the mean co-ordinates of the two groups of 

subjects to their correct vertex in the simplex plot [48]. This therefore is a measure of 

certainty that a variable assigns subjects correctly to the group they belong to. 

Variables ranked as having high classification accuracy therefore have a high LOOCV 

accuracy and a high OB. 

 

Comparison of the classification accuracy of five sets of input variables was performed 

according to the Chapter Aims.  

 

1) Consider all PCA and parameterisation variables to define baseline classification 

accuracy for further input variable selection comparisons. 

2) Consider all PCA variables but exclude parameterisation for comparison to 1) and 

determine the importance of combining PCA and parameterisation variables to the 

accurate classification of OA or NL knee function. 

3) Consider all parameterisation variables but exclude PCA variables for comparison to 

2) and determine if simple feature extraction from gait waveforms can adequately 

classify OA or NL lower limb function compared to input variables extracted using PCA. 

4)  Classify NL and OA gait in terms of knee variables and GRF’s only to determine if 

the extra processing and data collection time required to analyse the hip and ankle is 

warranted in comparison to the classification accuracy found in 1), 2) and 3). 

5) Select gait variables from the top 10 ranked as most influential to the original 

classification of NL or OA gait in 1), which might then be measured clinically and 

examine the classification accuracy compared to the other classifications using a 

greater number of input variables. 

 

Comparison of the classification accuracy of each of the five sets of input variables was 

achieved using the In and Out of sample classification accuracy using the methodology 

of [51]. The number of misclassified subjects additionally describes accuracy of each 

classification. Finally, examining the mean uncertainty belief values (mc(Ɵ)AVE) 

contained within the BOEC for all subjects, describes the average height of all simplex 

points, for all subjects on the simplex plot. A low mc(Ɵ)AVE  represents simplex points 

located low on the simplex plot and a low average uncertainty in the classification. The 

optimal set of input variables determined from the above investigations is then used to 

classify TKR knee function based on the biomechanical characteristics identified for NL 

volunteers and OA patients throughout the methodology above.  



Chapter 4: Functional Classification of OA and TKR Lower Limb Function 

 

97 
 

4.3: Results and Discussion 

 

4.3.1: PCA of healthy and osteoarthritic gait. 

  

4.3.1.1: PCA of ankle plantar flexion angle during OA and NL gait 

 

The mean ankle plantar-flexion angle for the OA and NL groups throughout gait (from 

HS to HS) is shown in Fig.4.2. 

 

Figure 4.3: Ankle plantar-flexion angle for healthy (blue) volunteers and pre-TKR (red) 

patients during gait. 

 

One hundred PCs were produced for the ankle plantar-flexion waveform. The PCs and 

their eigenvalues are shown in Fig.4.3. 

 

Figure 4.4: Eigenvalues for the 100PC’s of ankle plantar-flexion angle for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait. 
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The first PC’s explain the greatest variance in the OA and NL data set. After the first 

few PC’s, the magnitude of the PC eigenvalues approaches zero. Using Kaiser’s rule, 6 

PCs were retained. The eigenvalues of these 6 PCs are shown in Table 4.2. 

 

Table 4.2: Eigenvalues of PC’s retained using Kaiser’s rule 

 

PC1 53.9832 

PC2 19.1953 

PC3 10.1736 

PC4 7.90203 

PC5 5.3077 

PC6 1.58055 

  

 

The component loadings of these 6 PC’s were then interpreted by identifying the 

portions of the gait cycle with values less than -0.71 and greater than 0.71. The 

component loadings of the first 2 PC’s are shown in Figs. 4.5 and 4.6. 

 

 

 

 

Figure 4.5: Factor Loading for PC1 for ankle plantar-flexion angle for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait (3-48% & 77-92% of the gait cycle). 
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Figure 4.6: Factor Loading for PC2 for ankle plantar-flexion angle for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait (54-71% of the gait cycle).  

 

The remaining PC’s have no sections of the factor loading waveform of the required 

threshold value. Total variance accounted for in the 2 PC’s retained is 73.2%. These 

PC’s and their physical interpretation on the original gait waveform are shown in 

Fig.4.7. 

 

 

Figure 4.7: Ankle plantar-flexion angle for healthy (blue) volunteers and pre-TKR (red) 

patients during gait with physical interpretation of PC’s retained highlighted.  

 

The first PC, shown in Fig.4.7 by the highlighted areas occurs at 3-48% & 77-92% of 

the gait cycle.  PC1 therefore represents the loading response of the ankle through to 

terminal stance and mid swing towards terminal swing. PC2, again shown in Fig.4.7 by 
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the highlighted area, occurs at 54-71% of the gait cycle. PC2 therefore represents pre-

swing and initial swing. PC scores for these two PC’s of the ankle plantar-flexion angle 

during gait are then calculated and used in the Classification of OA and NL gait in 

Section 4.3.2. 

 

4.3.1.2: PCA of ankle plantar-flexion moment during OA and NL gait. 

 

The mean ankle plantar-flexion moment for the OA and NL groups throughout stance 

during gait (from HS to TO) is shown in Fig.4.8. 

 

 

Figure 4.8: Ankle plantar-flexion moment for healthy (blue) volunteers and pre-TKR 

(red) patients during stance. 

 

 

One hundred PCs were produced for the ankle plantar-flexion moment waveform. The 

PCs and their eigenvalues are shown in Fig.4.9. 
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Figure 4.9: Eigenvalues for the 100PC’s of ankle plantar-flexion moment for healthy 

(NL) volunteers and pre-TKR (OA) patients during gait. 

 

The first PC’s explain the greatest variance in the OA and NL data set. After the first 

few PC’s, the magnitude of the PC eigenvalues approaches zero. Using Kaiser’s rule, 5 

PCs were retained. The eigenvalues of these 5 PCs are shown in Table 4.3. 

 

Table 4.3: Eigenvalues of PC’s retained using Kaiser’s rule 

PC1 55.7786 

PC2 26.0878 

PC3 9.17443 

PC4 4.88011 

PC5 2.22741 

 

 

 The component loadings of these 5 PC’s were then interpreted by identifying the 

portions of the gait cycle with values less than -0.71 and greater than 0.71. The 

component loadings of the first 2 PC’s are shown in Figs. 4.10 and 4.11. 
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Figure 4.10: Factor Loading for PC1 for ankle plantar-flexion moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during stance (17-81% of the stance phase). 

 

 

Figure 4.11: Factor Loading for PC2 for ankle plantar-flexion moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait (2-11% & 88-94% of the stance 

phase).  

 

The remaining PC’s have no sections of the factor loading waveform of the required 

threshold value. Total variance accounted for in the 2 PC’s retained is 81.9%. These 

PC’s and their physical interpretation on the original gait waveform are shown in 

Fig.4.12. 
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Figure 4.12: Ankle plantar-flexion moment for healthy (blue) volunteers and pre-TKR 

(red) patients during stance with physical interpretation of PC’s retained highlighted. 

 

The first PC, shown in Fig.4.12 by the highlighted area occurs at 17-81% of the stance 

phase (HS to TO).  PC1 therefore represents mid stance to terminal stance. PC2, 

again in Fig.12 shown by the highlighted areas, occurs at 2-11% & 88-94% of the 

stance phase. PC2 therefore represents loading response and pre swing. PC scores 

for these two PC’s of the ankle plantar-flexion moment during gait are then calculated 

and used in the Classification of OA and NL gait in Section 4.3.2. 
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4.3.1.3: PCA of ankle abduction moment during OA and NL gait. 

 

The mean ankle abduction moment for the OA and NL groups throughout stance (from 

HS to TO) is shown in Fig.4.13.  

 

Figure 4.13: Ankle abduction moment for healthy (blue) volunteers and pre-TKR (red) 

patients during stance. 

 

One hundred PCs were produced for the ankle abduction moment waveform. The PCs 

and their eigenvalues are shown in Fig.4.14. 

 

 

Figure 4.14: Eigenvalues for the 100PC’s of ankle abduction moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait. 
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The first PC’s explain the greatest variance in the OA and NL data set. After the first 

few PC’s, the magnitude of the PC eigenvalues approaches zero. Using Kaiser’s rule, 4 

PCs were retained. The eigenvalues of these 4 PCs are shown in Table 4.4. 

 

Table 4.4: Eigenvalues of PC’s retained using Kaiser’s rule 

PC1 80.11133 

PC2 10.15601 

PC3 5.210941 

PC4 2.358257 

  

 

The component loadings of these 4 PC’s were then interpreted by identifying the 

portions of the gait cycle with values less than -0.71 and greater than 0.71. The 

component loading of the first PC is shown in Fig.4.15. 

 

 

 

Figure 4.15: Factor Loading for PC1 for ankle abduction moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait (4-98% of the stance phase). 

 

 

The remaining PC’s have no sections of the factor loading waveform of the required 

threshold value. Total variance accounted for 1 PC retained is 80.1%. This PC’s and its 

physical interpretation on the original gait waveform is shown in Fig.4.16. 
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Figure 4.16: Ankle abduction moment for healthy (blue) volunteers and pre-TKR (red) 

patients during gait with the PC retained highlighted. 

 

The PC retained, shown in Fig.4.16 by the highlighted area and occurs at 4-98% of the 

stance phase.  PC1 therefore represents almost all of the stance phase, except for a 

very small section of the initial loading response and except for the very end of pre 

swing. PC scores PC1 of the ankle abduction moment during gait are then calculated 

and used in the Classification of OA and NL gait in Section 4.3.2. 

 

4.3.1.4: PCA of hip flexion during OA and NL gait. 

 

The mean hip flexion angle for the OA and NL groups throughout gait (from HS to HS) 

is shown in Fig.4.17. 
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Figure 4.17: Hip flexion angle for healthy (blue) volunteers and pre-TKR (red) patients 

during gait. 

 

One hundred PCs were produced for the hip flexion waveform. The PCs and their 

eigenvalues are shown in Fig.4.18. 

 

 

Figure 4.18: Eigenvalues for the 100PC’s of hip flexion angle for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait. 
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The first PC’s explain the greatest variance in the OA and NL data set. After the first 

few PC’s, the magnitude of the PC eigenvalues approaches zero. Using Kaiser’s rule, 5 

PCs were retained. The eigenvalues of these 5 PCs are shown in Table 4.5. 

 

Table 4.5: Eigenvalues of PC’s retained using Kaiser’s rule 

PC1 72.8829 

PC2 15.5722 

PC3 6.97268 

PC4 2.77296 

PC5 1.01508 

 

 

The component loadings of these 5 PC’s were then interpreted by identifying the 

portions of the gait cycle with values less than -0.71 and greater than 0.71. The 

component loadings of the first 2 PC’s are shown in Figs. 4.19 and 4.20. 

 

  

 

Figure 4.19: Factor Loading for PC1 for hip flexion angle for healthy (NL) volunteers 

and pre-TKR (OA) patients during gait (1-70% & 85-100% of the gait cycle). 
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Figure 4.20: Factor Loading for PC2 for hip flexion angle for healthy (NL) volunteers 

and pre-TKR (OA) patients during gait (77-82% of the gait cycle). 

 

The remaining PC’s have no sections of the factor loading waveform of the required 

threshold value. Total variance accounted for in the 2 PC’s retained is 88.5%. These 

PC’s and their physical interpretation on the original gait waveform are shown in 

Fig.4.21. 

 

 

Figure 4.21: Hip flexion angle for healthy (blue) volunteers and pre-TKR (red) patients 

during gait with physical interpretation of PC’s retained highlighted.  

 

The first PC, shown in Fig.4.21 by the highlighted areas occurs at 1-70% & 85-100% of 

the gait cycle.  PC1 therefore represents initial contact through to the start of swing and 

terminal swing. PC2, again in Fig.4.21 by the highlighted area, occurs at 77-82% of the 
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gait cycle. PC2 therefore represents mid swing. PC scores for these two PC’s of the hip 

flexion angle during gait are then calculated and used in the Classification of OA and 

NL gait in Section 4.3.2. 

 

4.3.1.5: PCA of hip extension moment during OA and NL gait. 

 

The mean hip extension moment for the OA and NL groups throughout stance (from 

HS to TO) is shown in Fig.4.22 

 

Figure 4.22: Hip extension moment for healthy (blue) volunteers and pre-TKR (red) 

patients during gait. 

 

One hundred PCs were produced for the hip extension moment waveform. The PCs 

and their eigenvalues are shown in Fig.4.23. 
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Figure 4.23: Eigenvalues for the 100PC’s of hip extension moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait. 

The first PC’s explain the greatest variance in the OA and NL data set. After the first 

few PC’s, the magnitude of the PC eigenvalues approaches zero. Using Kaiser’s rule, 6 

PCs were retained. The eigenvalues of these 6 PCs are shown in Table 4.6. 

 

Table 4.6: Eigenvalues of PC’s retained using Kaiser’s rule 

PC1 66.9824 

PC2 21.3037 

PC3 4.63872 

PC4 2.22936 

PC5 1.27312 

PC6 1.06308 

  

The component loadings of these 6 PC’s were then interpreted by identifying the 

portions of the gait cycle with values less than -0.71 and greater than 0.71. The 

component loadings of the first 2 PC’s are shown in Figs. 4.24 and 4.25 

 

  

Figure 4.24: Factor Loading for PC1 for hip extension moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait (23-92% & 94-96%of the stance 

phase). 
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Figure 4.25: Factor Loading for PC2 for hip extension moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait (7-20% of the stance phase). 

 

The remaining PC’s have no sections of the factor loading waveform of the required 

threshold value. Total variance accounted for in the 2 PC’s retained is 88.3%. These 

PC’s and their location on the original gait waveform are shown in Fig.4.26. 

 

  

Figure 4.26: Hip extension moment for healthy (blue) volunteers and pre-TKR (red) 

patients during gait with physical interpretation of PC’s retained highlighted.  

 

The first PC, shown in Fig.4.26 by the highlighted areas occurs at 23-92% & 94-96% of 

the stance phase.  PC1 therefore represents the middle of mid-stance through towards 

the end of pre swing and also a small section of pre swing. PC2, again shown in 

Fig.4.26 by the highlighted area, occurs at 7-20% of the stance phase. PC2 therefore 
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represents the loading response of the hip. PC scores for these two PC’s of the hip 

extension moment during gait are then calculated and used in the Classification of OA 

and NL gait in Section 4.3.2. 

 

4.3.1.6: PCA of hip adduction moment during OA and NL gait. 

 

The mean hip adduction moment for the OA and NL groups throughout stance (from 

HS to TO) is shown in Fig.4.27. 

 

 

Figure 4.27: Hip adduction moment for healthy (blue) volunteers and pre-TKR (red) 

patients during gait. 

 

 

One hundred PCs were produced for the hip adduction moment waveform. The PCs 

and their eigenvalues are shown in Fig.4.28 
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Figure 4.28: Eigenvalues for the 100PC’s of hip adduction moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait. 

 

 

The first PC’s explain the greatest variance in the OA and NL data set. After the first 

few PC’s, the magnitude of the PC eigenvalues approaches zero. Using Kaiser’s rule, 7 

PCs were retained. The eigenvalues of these 7 PCs are shown in Table 4.7. 

 

Table 4.7: Eigenvalues of PC’s retained using Kaiser’s rule 

PC1 56.2158 

PC2 25.8366 

PC3 6.89372 

PC4 3.83258 

PC5 2.41864 

PC6 1.35078 

PC7 1.05119 

  

The component loadings of these 7 PC’s were then interpreted by identifying the 

portions of the gait cycle with values less than -0.71 and greater than 0.71. The 

component loadings of the first 3 PC’s are shown in Figs. 4.29, 4.30 and 4.31 
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Figure 4.29: Factor Loading for PC1 for hip adduction moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait (20-39% & 59-94%of the stance 

phase). 

 

  

Figure 4.30: Factor Loading for PC2 for hip adduction moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait (42-57% of the stance phase). 
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Figure 4.31: Factor Loading for PC3 for hip adduction moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait (96-100% of the stance phase). 

 

The remaining PC’s have no sections of the factor loading waveform of the required 

threshold value. Total variance accounted for in the 3 PC’s retained is 88.9%. PC 

scores for these two PC’s of the hip adduction moment during gait are then calculated 

and used in the Classification of OA and NL gait in Section 4.3.2. 

 

  

Figure 4.32: Hip adduction moment for healthy (blue) volunteers and pre-TKR (red) 

patients during gait with physical interpretation of PC’s retained highlighted.  

 

The first PC, shown in Fig.4.32 by the highlighted areas occurs at 20-39% & 59-94%of 
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57% of the stance phase. PC2 therefore represents the mid stance to terminal swing 

transition as the body’s COM rises mid stance. PC3, shown in Fig.4.32 by the 

highlighted area, occurs at 96-100% of the stance phase. PC3 therefore represents the 

final stages of pre swing. PC scores for these three PC’s of the hip adduction moment 

during gait are then calculated and used in the Classification of OA and NL gait in 

Section 4.3.2.  

 

4.3.1.7: PCA of knee flexion angle during OA and NL gait. 

The mean knee flexion angle for the OA and NL groups throughout gait (from HS to 

HS) is shown in Fig.4.33. 

 

 

 

Figure 4.33: Knee flexion angle for healthy (blue) volunteers and pre-TKR (red) 

patients during gait. 

 

One hundred PCs were produced for the knee flexion waveform. The PCs and their 

eigenvalues are shown in Fig.4.34. 
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Figure 4.34: Eigenvalues for the 100PC’s of knee flexion angle for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait. 

 

 

The first PC’s explain the greatest variance in the OA and NL data set. After the first 

few PC’s, the magnitude of the PC eigenvalues approaches zero. Using Kaiser’s rule, 5 

PCs were retained. The eigenvalues of these 5 PCs are shown in Table 4.8. 

 

 

Table 4.8: Eigenvalues of PC’s retained using Kaiser’s rule 

PC1 60.3649 

PC2 22.7366 

PC3 10.921 

PC4 3.29629 

PC5 1.5949 

 

 

The component loadings of these 5 PC’s were then interpreted by identifying the 

portions of the gait cycle with values less than -0.71 and greater than 0.71. The 

component loadings of the first 3 PC’s are shown in Figs. 4.35, 4.36 and 4.37. 
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Figure 4.35: Factor Loading for PC1 for knee flexion angle for healthy (NL) volunteers 

and pre-TKR (OA) patients during gait (1-57% & 92-100%of the gait cycle). 

 

  

 

Figure 4.36: Factor Loading for PC2 for knee flexion angle for healthy (NL) volunteers 

and pre-TKR (OA) patients during gait (61-80% of the gait cycle). 
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Figure 4.37: Factor Loading for PC3 for knee flexion angle for healthy (NL) volunteers 

and pre-TKR (OA) patients during gait (83-89% of the gait cycle). 

 

The remaining PC’s have no sections of the factor loading waveform of the required 

threshold value. Total variance accounted for in the 3 PC’s retained is 94.0%. These 

PC’s and their physical interpretation on the original gait waveform are shown in 

Fig.4.38. 

 

  

Figure 4.38: Knee flexion angle for healthy (NL) volunteers and pre-TKR (OA) patients 

during gait with physical interpretation of PC’s retained highlighted.  

 

The first PC, shown in Fig.4.38 by the highlighted areas occurs at 1-57% & 92-100% of 

the gait cycle.  PC1 therefore represents the entire stance phase and terminal swing. 

PC2, again shown in Fig.4.38 by the highlighted area, occurs at 61-80% of the gait 
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cycle. PC2 therefore represents initial swing. PC3, shown in Fig.4.38 by the highlighted 

area, occurs at 83-89% of the gait cycle. PC3 therefore represents the initial portion of 

terminal swing. PC scores for these three PC’s of knee flexion angle during gait are 

then calculated and used in the Classification of OA and NL gait in Section 4.3.2. 

 

4.3.1.8: PCA of knee extension moment during OA and NL gait. 

 

The mean knee extension moment for the OA and NL groups throughout stance (from 

HS to TO) is shown in Fig.4.39 

 

 

Figure 4.39: Knee extension moment for healthy (blue) volunteers and pre-TKR (red) 

patients during gait. 

 

One hundred PCs were produced for the knee extension moment waveform. The PCs 

and their eigenvalues are shown in Fig.4.40. 
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Figure 4.40: Eigenvalues for the 100PC’s of knee extension moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait. 

 

The first PC’s explain the greatest variance in the OA and NL data set. After the first 

few PC’s, the magnitude of the PC eigenvalues approaches zero. Using Kaiser’s rule, 5 

PCs were retained. The eigenvalues of these 5 PCs are shown in Table 4.9 

 

Table 4.9: Eigenvalues of PC’s retained using Kaiser’s rule 

PC1 59.4829 

PC2 23.6703 

PC3 11.3942 

PC4 1.94156 

PC5 1.24083 

  

 

The component loadings of these 5 PC’s were then interpreted by identifying the 

portions of the gait cycle with values less than -0.71 and greater than 0.71. The 

component loadings of the first 3 PC’s are shown in Figs. 4.41, 4.42 and 4.43. 
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Figure 4.41: Factor Loading for PC1 for knee extension moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait (27-88% of the stance phase). 

 

 

Figure 4.42: Factor Loading for PC2 for knee extension moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait (6-7% & 10-25% of the stance 

phase). 
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Figure 4.43: Factor Loading for PC3 for knee extension moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait (91-100% of the stance phase). 

 

The remaining PC’s have no sections of the factor loading waveform of the required 

threshold value. Total variance accounted for in the 3 PC’s retained is 94.5%. These 

PC’s and their physical interpretation on the original gait waveform are shown in 

Fig.4.44. 

 

  

Figure 4.44: Knee extension moment for healthy (blue) volunteers and pre-TKR (red) 

patients during gait with physical interpretation of PC’s retained highlighted.  

 

The first PC, shown in Fig.4.44 by the highlighted areas occurs at 27-88% of the stance 
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shown in Fig.4.44 by the highlighted area, occurs at 6-7% & 10-25% of the stance 

phase. PC2 therefore represents a very small section of the loading response and then 

a larger section of the kinetic waveform from loading response to the middle of mid 

stance. The final PC, shown in Fig.4.44 by the highlighted areas occurs at 91-100% of 

the stance phase.  PC3 therefore represents the very end of pre swing. PC scores for 

these three PC’s of the knee extension moment during gait are then calculated and 

used in the Classification of OA and NL gait in Section 4.3.2. 

 

4.3.1.9: PCA of knee adduction moment during OA and NL gait. 

The mean knee adduction moment for the OA and NL groups throughout gait (from HS 

to TO) is shown in Fig.4.45. 

 

 

Figure 4.45: Knee adduction moment for healthy (blue) volunteers and pre-TKR (red) 

patients during gait. 

 

 

One hundred PCs were produced for the knee adduction moment waveform. The PCs 

and their eigenvalues are shown in Fig.4.46. 
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Figure 4.46: Eigenvalues for the 100PC’s of knee adduction moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait. 

 

The first PC’s explain the greatest variance in the OA and NL data set. After the first 

few PC’s, the magnitude of the PC eigenvalues approaches zero. Using Kaiser’s rule, 6 

PCs were retained. The eigenvalues of these 6 PCs are shown in Table 4.10. 

 

Table 4.10: Eigenvalues of PC’s retained using Kaiser’s rule 

PC1 69.7388 

PC2 13.7289 

PC3 6.13312 

PC4 5.73711 

PC5 1.63324 

PC6 1.03437 

  

 

The component loadings of these 6 PC’s were then interpreted by identifying the 

portions of the gait cycle with values less than -0.71 and greater than 0.71. The 

component loadings of the first 3 PC’s are shown in Figs. 4.47, 4.48 and 4.49. 

-10

0

10

20

30

40

50

60

70

80

1 5 9

1
3

1
7

2
1

2
5

2
9

3
3

3
7

4
1

4
5

4
9

5
3

5
7

6
1

6
5

6
9

7
3

7
7

8
1

8
5

8
9

9
3

9
7

C
o
m

p
o
n
e

n
t 

lo
a

d
in

g
 

PC number 



Chapter 4: Functional Classification of OA and TKR Lower Limb Function 

 

127 
 

 

 

Figure 4.47: Factor Loading for PC1 for knee adduction moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait (8-86% of the stance phase). 

 

  

Figure 4.48: Factor Loading for PC2 for knee adduction moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait (90-94% of the stance phase). 
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Figure 4.49: Factor Loading for PC3 for knee adduction moment for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait (3-4% of the stance phase). 

 

The remaining PC’s have no sections of the factor loading waveform of the required 

threshold value. Total variance accounted for in the 3 PC’s retained is 89.6%. These 

PC’s and their physical interpretation on the original gait waveform are shown in 

Fig.4.50. 

 

  

Figure 4.50: Knee adduction moment for healthy (blue) volunteers and pre-TKR (red) 

patients during gait with physical interpretation of PC’s retained highlighted.  

 

The first PC, shown in Fig.4.50 by the highlighted areas occurs at 8-86%of the stance 

phase.  PC1 therefore represents almost all of the stance phase from the loading 

response to pre swing. PC2, again shown in Fig.4.50 by the highlighted area, occurs at 
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90-94% of the stance phase. PC2 therefore represents pre-swing. The final PC, shown 

in Fig.4.50 by the highlighted areas occurs at 3-4% of the stance phase.  PC3 therefore 

represents a very small section of the initial loading response. PC scores for these two 

PC’s of knee adduction moment during gait are then calculated and used in the 

Classification of OA and NL gait in Section 4.3.2. 

 

4.3.1.10: PCA of medial-lateral ground reaction force during OA and NL gait. 

 

The mean medial-lateral ground reaction force (GRF) for the OA and NL groups 

throughout gait (from HS to TO) is shown in Fig.4.51. 

 

 

 

Figure 4.51: Medial-lateral ground reaction force for healthy (blue) volunteers and pre-

TKR (red) patients during gait. 

 

 

One hundred PCs were produced for the medial-lateral GRF waveform. The PCs and 

their eigenvalues are shown in Fig.4.52. 
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Figure 4.52: Eigenvalues for the 100PC’s of medial-lateral ground reaction force for 

healthy (NL) volunteers and pre-TKR (OA) patients during gait. 

 

The first PC’s explain the greatest variance in the OA and NL data set. After the first 

few PC’s, the magnitude of the PC eigenvalues approaches zero. Using Kaiser’s rule, 7 

PCs were retained. The eigenvalues of these 7 PCs are shown in Table 4.11. 

 

Table 4.11: Eigenvalues of PC’s retained using Kaiser’s rule 

PC1 70.904 

PC2 12.7973 

PC3 4.43965 

PC4 3.29354 

PC5 2.58225 

PC6 2.13095 

PC7 1.35315 

 

 

The component loadings of these 7 PC’s were then interpreted by identifying the 

portions of the gait cycle with values less than -0.71 and greater than 0.71. The 

component loading of the first PC is shown in Fig.4.53.  
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Figure 4.53: Factor Loading for PC1 for medial-lateral ground reaction force for healthy 

(NL) volunteers and pre-TKR (OA) patients during gait (5-97% of the stance phase).  

 

The remaining PC’s have no sections of the factor loading waveform of the required 

threshold value. Total variance accounted for in the 1 PC retained is 70.9%. These 

PC’s and their physical interpretation on the original gait waveform are shown in 

Fig.4.54. 

 

  

Figure 4.54: Medial-lateral ground reaction force for healthy (blue) volunteers and pre-

TKR (red) patients during gait with physical interpretation of PC’s retained highlighted.
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The first and only PC retained is shown in Fig.4.54 by the highlighted area and occurs 

at 5-97% of the stance phase.  PC1 represents almost the entire stance phase. PC 

scores for this PC of the medial-lateral GRF during gait are then calculated and used in 

the Classification of OA and NL gait in Section 4.3.2. 

 

4.3.1.11: PCA of anterior-posterior ground reaction force during OA and NL gait. 

 

The mean anterior-posterior GRF for the OA and NL groups throughout gait (from HS 

to TO) is shown in Fig.4.55. 

 

 

Figure 4.55: Anterior-posterior ground reaction force for healthy (blue) volunteers and 

pre-TKR (red) patients during gait. 

 

One hundred PCs were produced for the anterior-posterior GRF waveform. The PCs 

and their eigenvalues are shown in Fig.4.56. 
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Figure 4.56: Eigenvalues for the 100PC’s of anterior-posterior ground reaction force for 

healthy (NL) volunteers and pre-TKR (OA) patients during gait. 

 

The first PC’s explain the greatest variance in the OA and NL data set. After the first 

few PC’s, the magnitude of the PC eigenvalues approaches zero. Using Kaiser’s rule, 6 

PCs were retained. The eigenvalues of these 6 PCs are shown in Table 4.12. 

 

Table 4.12: Eigenvalues of PC’s retained using Kaiser’s rule 

PC1 62.5182 

PC2 20.8931 

PC3 6.291 

PC4 3.96139 

PC5 1.97078 

PC6 1.72406 

 

 

The component loadings of these 6 PC’s were then interpreted by identifying the 

portions of the gait cycle with values less than -0.71 and greater than 0.71. The 

component loadings of the first 2 PC’s ARE shown in Figs.4.57 and 4.58. 
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Figure 4.57: Factor Loading for PC1 for anterior-posterior ground reaction force for 

healthy (NL) volunteers and pre-TKR (OA) patients during gait (3-39% and 69-96% of 

the stance phase). 

 

  

 

Figure 4.58: Factor Loading for PC2 for anterior-posterior ground reaction force for 

healthy (NL) volunteers and pre-TKR (OA) patients during gait (47-66% of the stance 

phase). 

 

The remaining PC’s have no sections of the factor loading waveform of the required 

threshold value. Total variance accounted for in the 2 PC’s retained is 83.4%. PC 

scores for these two PC’s of the anterior-posterior GRF during gait are then calculated 

and used in the Classification of OA and NL gait in Section 4.3.2. 
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Figure 4.59: Anterior-posterior ground reaction force for healthy (blue) volunteers and 

pre-TKR (red) patients during gait with physical interpretation of PC’s retained 

highlighted.  

 

The first PC, shown in Fig.4.59 by the highlighted areas occurs at 3-39% and 69-96% 

of the stance phase.  PC1 represents the loading response and mid stance in the first 

section of the PC and mid way through terminal stance to the end of pre swing in the 

second section. PC2, again shown in Fig.4.59 by the highlighted area, occurs at 47-

66% of the stance phase. PC2 therefore represents the first portion of terminal stance. 

PC scores for these two PC’s of the anterior-posterior GRF during gait are then 

calculated and used in the Classification of OA and NL gait in Section 4.3.2. 
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4.3.1.12: PCA of vertical ground reaction force during OA and NL gait. 

 

The mean vertical GRF for the OA and NL groups throughout stance (from HS to TO) 

is shown in Fig.4.60. 

 

 

Figure 4.60: Vertical ground reaction force for healthy (blue) volunteers and pre-TKR 

(red) patients during gait. 

 

One hundred PCs were produced for the vertical GRF waveform. The PCs and their 

eigenvalues are shown in Fig.4.61. 

 

 

 

Figure 4.61: Eigenvalues for the 100PC’s of vertical ground reaction force for healthy 

(NL) volunteers and pre-TKR (OA) patients during gait. 
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The first PC’s explain the greatest variance in the OA and NL data set. After the first 

few PC’s, the magnitude of the PC eigenvalues approaches zero. Using Kaiser’s rule, 6 

PCs were retained. The eigenvalues of these 6 PCs are shown in Table 4.13. 

 

Table 4.13: Eigenvalues of PC’s retained using Kaiser’s rule 

PC1 68.5912 

PC2 11.2863 

PC3 8.44148 

PC4 4.53533 

PC5 2.91132 

PC6 1.62825 

 

 

The component loadings of these 6 PC’s were then interpreted by identifying the 

portions of the gait cycle with values less than -0.71 and greater than 0.71. The 

component loadings of the first 3 PC’s are shown in Figs. 4.62, 4.63 and 4.64. 

 

  

 

Figure 4.62: Factor Loading for PC1 for vertical ground reaction force for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait (1-29%, 37-60% and 69-95% of the 

stance phase). 
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Figure 4.63: Factor Loading for PC2 for vertical ground reaction force for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait (62-67% of the stance phase). 

 

  

Figure 4.64: Factor Loading for PC3 for vertical ground reaction force for healthy (NL) 

volunteers and pre-TKR (OA) patients during gait (31-35% of the stance phase). 

 

The remaining PC’s have no sections of the factor loading waveform of the required 

threshold value. Total variance accounted for in the 3 PC’s retained is 88.3%. These 

PC’s and their physical interpretation on the original gait waveform are shown in 

Fig.4.65. 
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Figure 4.65: Vertical ground reaction force for healthy (blue) volunteers and pre-TKR 

(red) patients during gait with physical interpretation of PC’s retained highlighted.  

 

The first PC, shown in Fig.4.65 by the highlighted areas occurs at 1-29%, 37-60% and 

69-95% of the stance phase.  PC1 therefore represent major phases during stance; the 

loading response in to mid stance, mid stance where the COM rises and the end 

portion of terminal stance in to pre swing. PC2, again shown in Fig.4.65 by the 

highlighted area, occurs at 62-67% of the stance phase. PC2 therefore represents a 

small section in the middle of terminal stance. Finally, PC3 occurs at 31-35% of the 

stance phase and is show by the highlighted area of Fig.4.65. PC3 therefore 

represents a small section of mid stance. PC scores for these three PCs of the vertical 

GRF during gait were then calculated and used in the Classification of OA and NL gait 

in Section 4.3.2. 

 

A summary of all PCs retained is shown in Table 4.14. 
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Table 4.14: Summary of PC’s retained for classification of lower limb joint function. 

Gait 
Variable 

Number 
of PC’s 
retained 

Variance 
explained 

(%) 

PC 
number 

Eigenvalue Interpretation Name 

Ankle 
plantar-
flexion 
angle 

2 73.17 
PC1 53.98 

3-48% & 77-92% 
of GC 

AA-X PC1 

PC2 19.19 54-71% of GC AA-X PC2 

Ankle 
plantar 
flexion 

moment 

2 81.87 

PC1 55.78 17-81% of SP AM-X PC1 

PC2 26.09 
2-11% & 88-94% 

of SP 
AM-X PC2 

Ankle 
abduction 
moment 

1 80.11 PC1 80.11 4-98% of SP AM-Y PC1 

Hip flexion 
angle 

2 88.45 
PC1 72.88 

1-70% & 85-100% 
of GC 

HA-X PC1 

PC2 15.57 77-82% of GC HA-X PC2 

Hip 
extension 
moment 

2 88.28 
PC1 66.98 

23-92% & 94-96% 
of SP 

HM-X PC1 

PC2 21.30 7-20% of the SP HM-X PC2 

Hip 
adduction 
moment 

3 88.95 

PC1 56.22 
20-39% & 59-94% 

of SP 
HM-Y PC1 

PC2 25.84 42-57% of SP HM-Y PC2 

PC3 6.89 96-100% of SP HM-Y PC3 

Knee 
flexion 
angle 

3 94.02 

PC1 60.36 
1-57% & 92-
100%of GC 

KA-X PC1 

PC2 22.74 61-80% of GC KA-X PC2 

PC3 10.92 83-89% of GC KA-X PC3 

Knee 
extension 
moment 

3 94.54 

PC1 59.48 27-88% of SP KM-X PC1 

PC2 23.67 
6-7% & 10-25% of 

SP 
KM-X PC2 

PC3 11.39 91-100% of SP KM-X PC3 

Knee 
adduction 
moment 

3 89.60 

PC1 69.74 8-86% of SP KM-Y PC1 

PC2 13.73 90-94% of SP KM-Y PC2 

PC3 6.13 3-4% of SP KM-Y PC3 

Medial-
lateral GRF 

1 70.90 PC1 70.90 5-97% of SP GRF-X PC1 

Anterior-
posterior 

GRF 
2 83.41 

PC1 62.52 
3-39% and 69-

96% of SP 
GRF-Y PC1 

PC2 20.89 47-66% of SP GRF-Y PC2 

Vertical 
GRF 

3 88.32 

PC1 68.59 
1-29%, 37-60% 
and 69-95% SP 

GRF-Z PC1 

PC2 11.29 62-67% of SP GRF-Z PC2 

PC3 8.44 31-35% of SP GRF-Z PC3 
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4.3.1.13: Discussion of PCA and parameterisation of gait adaptations due to severe, 

end stage knee OA 

 

A large number of variables may be measured during gait and waveforms describing 

the kinetic and kinematic biomechanical behaviour of the joints of the lower limbs 

include a wealth of temporal information. PCA considers the entire waveforms of hip, 

knee and ankle sagittal kinematic, sagittal and frontal joint moments and GRF’s and 

reduces the data sets based upon areas of highest variance. Parameterisation of gait 

waveforms is popular in the literature due its simplicity and ease of visualisation but 

temporal information is lost and extracting consistent variables for a range of subjects, 

especially when considering pathological gait can be challenging [136]. 

 

PCA was used for the first time in the literature to simultaneously describe areas of 

highest variance in hip, knee, ankle biomechanics and GRF’s between pre TKR 

patients with severe, end stage OA, and healthy volunteers. PCA aids the interpretation 

of gait waveforms by identifying waveform features and subsequently assigning PC 

scores for further statistical comparison. This is highly desirable in the interpretation of 

gait data since PCA highlights sections of the gait cycle responsible for functional 

variation within two cohorts. Waveform sections identified by PCA were found to cover 

the main features identified by parameterisation but identify additional waveform 

sections not considered by traditional waveform analysis. The differences between 

interpretation of gait waveforms using PCA and traditional parameterisation are 

discussed below.  

 

 4.3.1.13.1: Discussion of PCA and parameterisation of modifications to ankle 

 biomechanics with knee OA 

 

Knee OA patients exhibited increased plantar flexion throughout the loading response, 

represented by PC1, with less plantar flexion at TO during pre swing and early swing, 

represented by PC2. PCA does not appear to neglect any important information from 

the waveforms. From a waveform analysis approach the magnitude of ankle plantar 

flexion at TO appears to be the largest difference between OA and NL mean waveform 

profiles and is described by the ROM value (in addition to PC1). The changes to ankle 

plantar flexion with knee OA during described by PCA the loading response is not 

accounted for by simple parameterisation.  
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NL subjects were found to have increased ankle plantar flexion moments compared to 

OA patients. PC 1 covers this portion of the waveform but interestingly PCA identifies a 

further two sections during the initial loading response and at pre swing which one 

would overlook (much like with the plantar flexion angle when the “push off” function of 

the ankle is reported  by parameterisation but not the loading response). NL subjects 

therefore used greater sagittal ROM and produced greater sagittal joint moments 

around the ankle to push off during double leg stance into the swing phase. This 

adaptation appears to be a continuation of the gait changes found to occur during 

aging in Chapter 3 where there were statistically significantly decreased peak ankle 

plantar flexion moments with aging. 

 

The ankle abduction moment was initially lower for OA patients during the loading 

response before becoming higher than NL at mid stance. Following mid stance, the 

ankle abduction moment peaked at a similar magnitude for both OA patients and NL 

volunteers at the end of terminal stance. Reporting peak abduction moment during 

parameterisation would neglect the differences in the loading response and one PC 

was retained to describe the cohort differences. Only one PC was retained due to the 

consistent variance between NL and OA waveforms which is undesirable if wishing to 

use PCA to identify waveform sections to focus on subsequent waveform analyses. 

PC1 represented 94% of the ankle abduction moment waveform and does not 

therefore highlight a particular section to focus on in future comparisons but it does 

highlight  that  almost the entire ankle abduction waveform is subject to high variance 

and is an important for consideration when comparing OA and NL subjects. This is in 

contrast to reporting a peak ankle abduction moment only.  

 

 4.3.1.13.2: Discussion of PCA and parameterisation of modifications to hip 

 biomechanics with knee OA 

 

The range of hip flexion and peak hip extension at pre swing was reduced for knee OA 

patients compared to healthy volunteers. This is represented by PC1 and does not 

appear to neglect any information which would be extracted using parameterisation. 

While reporting hip ROM would account for this observation too, PC2 represents a very 

small section which would be overlooked when using a waveform analysis approach. 

OA patients also walked with lower hip extension moment at HS during the initial 

loading response then produced lower hip flexion moments from the start of mid stance 

to the end of the stance phase. PC1 covers 71% of the stance phase reflecting the 

observed differences from mid stance onwards while PC2 largely covers the observed 
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differences at loading response but possibly neglects the waveform differences from 0-

7% of the stance phase. This shares some similarities with analysis of ankle 

biomechanics by parameterisation and PCA whereby PCA identifies variance in the 

loading response which would be overlooked by parameterisation approaches.  

 

The mean hip adduction moment waveform shows very distinct differences in 

waveform profile between OA and NL groups. OA patients reduce the hip adduction 

moment during loading response reaching the first peak later during stance than NL 

volunteers. A similar pattern is observed towards terminal stance with the second peak 

earlier in OA than NL effectively increasing the duration of the “unloading” phase of the 

hip in the frontal plane. OA patients also maintain a higher hip adduction moment 

during mid stance. These trends would not be accounted for by reporting peak joint 

moments but are well accounted for by PCA. PC1 essentially covers the first and 

second waveform peaks with PC2 describing the high hip adduction moment 

maintained by OA patients at mid stance. PC3 occurs at pre swing and would be 

overlooked by parameterisation. 

 

 4.3.1.13.3: Discussion of PCA and parameterisation of modifications to knee 

 biomechanics with knee OA 

 

Knee OA patients lack the distinct first peak in the knee flexion angle waveform during 

mid stance which is present for NL volunteers whereby the knee flexes to absorb the 

initial impact following HS in stance. OA patients also flex the knee less during swing, 

possibly due to poor hamstring strength or stiffness which might go to explain why hip 

and knee frontal plane joint moments increase as the COM would shift towards the 

weight bearing side to provide the required foot-ground clearance. Reporting ROM 

would account for the difference occurring in swing but neglect the loaded behaviour of 

the knee during stance. PC1 does account for these differences between OA and NL 

gait however. PC1 also accounts for the lack of knee extension in OA patients at the 

end of the gait cycle which may be due to poor extensor muscle strength or possibly 

poor PCL function reducing control of knee extension. PC2 accounts for the differences 

in swing between OA and NL. PC3 is not an area that parameterisation would 

investigate and is most likely high variance resulting from individuals exhibiting 

variation in peak knee flexion preceding this PC section (covered by PC2) and 

individual variation in knee extension towards the next HS after PC3 (covered by PC1).  
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At HS NL volunteers also walk with a higher knee extensor moment, perhaps reflecting 

the higher initial loading response of NL volunteers. This is represented by PC2 but 

would be ignored by parameterisation. During the loading response NL volunteers have 

a higher flexion moment suggesting greater extensor muscle strength. Reporting peak 

flexion moment using parameterisation would reflect this difference as does PC2. Both 

mean OA and NL waveforms are bi-phasic and NL subjects appear to have a higher 

knee extension moment in terminal stance, covered by PC1 and reflected by reporting 

peak knee extension moment. Parameterisation would ignore the increased knee 

flexion moment at pre swing represented by PC3.  

 

The knee adduction moment is the main biomechanical measure reported to identify 

functional changes to gait due to knee OA (e.g. [54, 56). Mean knee adduction moment 

was increased compared to NL volunteers and remains higher throughout mid stance 

for the OA patients.  PC1 represents the constant increased knee adduction moment of 

OA patients but cannot distinguish the mid stance reduction of knee adduction moment 

present in healthy volunteers. PC’s 2 and 3 at HS and towards TO would not be 

examined by parameterisation. The large increase in magnitude of knee adduction for 

OA patients means that large variance occurs across much of the waveform rather 

than at specific points.  

  

 4.3.1.13.4: Discussion of PCA and parameterisation of modifications Ground 

 Reaction Forces with knee OA 

 

PCA of the medial-lateral (M-L) GRF shares similarities with the knee adduction 

moment in that increased loading is maintained at mid stance with OA patients and a 

single PC covers a large proportion of the gait waveform. Reporting peak M-L GRF 

would not account for the increased mid stance loading in the medial direction or 

reduced medial GRF in OA patients during the loading response. PC1 demonstrates a 

high variance in the M-L GRF across the entire stance phase. The increased M-L GRF 

in the medial direction during OA gait explains the higher magnitudes of the adduction 

moment in the hip and knee. The magnitude of the vertical GRF is lower for OA 

patients than healthy volunteers so it appears the direction of the GRF vector increases 

the moment arm of these adduction moments rather than the magnitude of the force 

vector. Treatment or rehabilitation which can therefore produce greater vertical 

alignment of the hip, knee and ankle in the frontal plane such as improving hip 

abductor strength and control may help relieve some of the medial directed forces 

occurring in the knee. This may help restore functional ability or even delay OA 
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progression by reducing medial compartment loading where knee OA is often more 

prevalent. PC1 of the vertical GRF accounts for the reduced GRF in OA volunteers 

during weight acceptance and towards toe off which would be described by 

parameterisation. PCA additionally accounts for the prolonged high magnitude of the 

vertical GRF during mid stance (PC2) where OA patients do not raise their COM as NL 

volunteers would to increase foot-ground clearance and produce the most efficient gait 

pattern. The longer loading response of OA patients and steady vertical positioning of 

the COM is likely due to pain and stiffness when loading the affected leg and a 

response to avoid directional changes of the body’s COM, also challenging for a painful 

joint. Ironically, in an attempt to modify the loading of the affected leg to reduce pain 

and functional demands of the OA affected knee, the OA patients actually increase the 

impulse of the vertical GRF and knee adduction moment during mid stance which may 

introduce further joint degeneration through mechanical overloading. Reduced peak 

GRF for OA patients might be due to the slower gait velocity but it is interesting that 

even with slower, more considered gait, OA patients still have higher hip and knee 

adduction moments. Since these trends were observed due to aging in Chapter 3 it is 

plausible that preventative strengthening exercise, particularly around the hip 

abductors, may delay the progression of joint degeneration before reaching a severe 

end stage condition. 

 

The anterior-posterior (A-P) GRF supports the avoidance of peak loads during the 

loading response with a lower posteriorly directed GRF for OA patients accounted for 

by both parameterisation and PCA (PC1). This showed reduced deceleration in the 

force plate during loading response and a similar trend was observed towards TO with 

a reduced acceleration away from the force plate in OA patients. Again, this is 

accounted for by both parameterisation and PCA (PC1). PC2 highlights variance at mid 

stance between OA and NL which is not visible by examining waveforms of mean OA 

and mean NL gait waveforms and not accounted for by parameterisation. There 

therefore appears to have been higher inter-subject variability in how OA and NL 

subject transition from anteriorly decelerating into the floor and posteriorly pushing off 

and away from the floor during stance, not apparent when comparing the mean A-P 

GRF waveform profiles of both subject groups. 
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 4.3.1.13.5: Summary discussion of gait adaptations with knee OA investigated 

 using PCA  and  parameterisation approaches 

 

OA patients walk with reduced sagittal ROM in the hip, knee and ankle possibly due to 

stiffness, pain or reduced flexor and extensor muscle strength. OA patients do not flex 

the knee and hip so much during weight acceptance but instead walk with a stiff 

extended leg strategy. OA patients also do not extend the knee and hip to the same 

magnitude as NL in anticipation of HS, reducing the shock absorbing capacity of the 

joints of the lower limb. Similarly, sagittal joint moments in the hip, knee and ankle 

decrease during the loading response following HS and during terminal stance towards 

TO. The magnitude of the hip adduction moment does not increase with OA, but the 

peak moment is maintained for a longer duration during mid stance. Mean knee 

adduction moment does increase in magnitude in OA patients relative to NL volunteers. 

The increased mean adduction moments in the hip and knee with knee OA, especially 

during mid stance, appears to correspond to a more medially directed GRF rather than 

increased magnitude of vertical GRF’s. M-L GRF is increased in OA patients, 

particularly at mid stance, but OA patients reduce peak vertical GRF’s and peak A-P 

GRF’s at loading response and terminal stance. Despite reducing initial magnitude of 

GRF’s and sagittal joint moments during loading response, presumably reducing joint 

reaction forces (JRF’s), a high and prolonged knee adduction moment is observed 

throughout mid stance. It appears OA patients walk slower, with a stiff leg strategy and 

with reduced COM variation in the vertical direction aiming to reduce muscle and 

ground reaction forces which may introduce pain or instability but in doing so introduce 

high medial compartment loading in the knee, especially during mid stance, which is 

likely a contributing factor to the progression of knee OA. It appears that the gait 

characteristics of aging adults of Chapter 3 become magnified with OA, namely a 

reduced ability to produce sagittal joint moments and maintain “normal” ROM which is 

compensated for by increased frontal plane joint moments.  This might suggest that 

loss of knee function and increased knee OA progression is inevitable with aging (as is 

logical due structural musculoskeletal changes) but it does also suggest that modifying 

lower limb biomechanics with targeted interventions before severe end stage OA may 

help maintain a high level of functional ability during aging and delay the onset of OA. 

Improving the strength and control of the hip abductors may help direct GRF’s more 

laterally, delaying the need for invasive interventions such as TKR for patients with end 

stage OA or could act as a preventative strategy for aging adults. Hip abductor 

strengthening exercises appear to be of little use however without maintaining “normal” 

ROM in the knee flexion angle, especially during swing. If knee ROM during swing 
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becomes impaired then there must be an increased hip adduction angle to provide the 

required foot-ground clearance. Maintaining a healthy level of knee flexion ROM during 

the swing therefore appears to be vital to facilitating more laterally directed GRF’s and 

reducing abnormally high hip and knee adduction moments in OA patients. Improving 

hip and knee strength and control in the sagittal plane in older healthy volunteers and 

patients with early signs of OA may also help maintain an efficient gait pattern, 

characteristic of NL volunteers whereby the COM rises and falls during mid stance. The 

risk of OA progression and the downward spiral of gait modifications and further 

impairment to the neighbouring joints of the lower limb typically seen after knee OA 

might therefore be reduced.  
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4.3.2: Classification of healthy (NL) and Osteoarthritic (OA) lower limb 

biomechanics during gait and selection of variables for classification of TKR 

outcome. 

 

The classification accuracy of characterising NL and OA lower limb function during gait 

from 5 sets of input variables was investigated, as described in the Chapter Aims. The 

Cardiff DST Classification technique was used rank input variable and determine which 

measurements best describe the modifications to gait due to severe end stage knee 

OA. The classification accuracy of OA and NL gait is compared across the five sets of 

input variables to determine which can be used to most accurately classify TKR 

outcome. The five sets of input variables for classification of NL or OA gait were as 

follows: 

 

1) PCA and parameterisation variables for the hip, knee, ankle and GRF’s. 

2) PCA variables only for the hip, knee, ankle and GRF’s. 

3) Parameterisation variables only for the hip, knee, ankle and GRF’s. 

4) PCA and parameterisation variables for the knee and GRF’s only. 

5) Gait variables from the top 10 ranked as most influential to the original classification 

of NL or OA gait in point 1), which are feasible to be measured clinically. 

 

All of the input variables and their associated values used in the classification of NL 

and OA volunteers are detailed in Appendix H. 
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4.3.2.1: All PCA and parameterisation variables. 

 

Calculated in sample classification accuracy was 97.9% and out of sample accuracy 

also 97.9%. The simplex plot for this classification is shown in Fig.4.66. There is cluster 

of NL subjects very close to the NL vertex and a cluster of OA subjects at the OA 

vertex, which along with the high classification accuracy, suggests there are distinct 

gait adaptations in patients with end stage OA compared to NL amongst the PCA and 

parameterisation variables used in this classification. There is much less spread in NL 

subjects towards the OA vertex than there is OA subjects towards the NL vertex 

suggesting NL gait is more homogenous and greater inter-subject variability exists in 

hip, knee, ankle biomechanics and GRF data between patients with severe, end stage 

knee OA. One OA subject is misclassified (Subject 44), lying in the dominant NL region 

of the simplex plot. All simplex points are low on the plot, in the dominant regions which 

shows low uncertainty in classifying the 48 subjects as either NL or OA and hence a 

strong classification. The mean uncertainty belief value (mc(Ɵ)AVE) is. 

 

Figure 4.66: Simplex plot showing co-ordinate position of BOEc for healthy volunteers 

(blue circle) and pre-TKR patients with end stage OA (red cross), classified using PCA 

and parameterisation of the hip, knee ankle and GRF’s as input variables. 

 

The ranking of variables and their leave one out cross validation (LOOCV) accuracy is 

shown below in Table 4.15.  

{OA} {NL} 

{Θ} 
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Table 4.15: Ranking of variables used in the classification of NL or OA lower limb 

function using PCA and parameterisation variables of the hip, knee, ankle and GRF’s. 

Rank Variable OB LOOCV Variable Accuracy 

1 GRF-Z Max 0.9914 97.9 

2 HM-Y PC2 0.8248 97.9 

3 GRF-Z PC1 0.8130 97.9 

4 GRF-Y Max 0.9945 95.8 

5 AM-X Max 0.9780 91.7 

6 GRF-Y PC1 0.8275 91.7 

7 GRF-Y Min 0.9961 89.6 

8 KM-Y Max 0.9891 89.6 

9 KM-Y PC2 0.8596 89.6 

10 KA-X PC2 0.8544 89.6 

11 HM-X Max 0.9834 87.5 

12 HA-X ROM 0.8456 87.5 

13 KA-X ROM 0.8324 87.5 

14 AA-X PC2 0.8620 83.3 

15 KM-X PC2 0.8584 83.3 

16 AA-X ROM 0.8458 83.3 

17 KM-X Min 0.9917 79.2 

18 HM-X Min 0.9879 79.2 

19 AM-X PC2 0.8810 79.2 

20 AA-X PC1 0.9013 77.1 

21 HA-X PC2 0.8902 77.1 

22 AM-X PC1 0.8789 75.0 

23 KM-X PC3 0.9093 72.9 

24 KM-Y PC1 0.8853 72.9 

25 HM-X PC1 0.8538 72.9 

26 KM-Y PC3 0.9548 68.8 

27 KM-X Max 0.9948 66.7 

28 KA-X PC3 0.9419 64.6 

29 HM-X PC2 0.9191 64.6 

30 AM-Y PC1 0.9822 62.5 

31 AM-Y Max 0.9998 60.4 

32 GRF-Z PC2 0.9833 58.3 

33 HM-Y PC3 0.9713 58.3 

34 HM-Y PC1 0.9533 58.3 

35 HA-X PC1 0.8878 58.3 

36 HM-Y Max 0.9988 56.3 

37 GRF-X PC1 0.9288 56.3 

38 GRF-X Max 0.9999 54.2 

39 GRF-Z PC3 0.9811 54.2 

40 GRF-Y PC2 0.9942 33.3 

41 KA-X PC1 0.9912 31.3 

42 KM-X PC1 0.9917 22.9 
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 4.3.2.2: PCA variables only. 

 

Calculated in sample classification accuracy was 97.9% and out of sample accuracy 

also 97.9%. This is the same accuracy as classifying lower limb function using PCA 

and parameterisation input variables. The simplex plot of this classification is shown in 

Fig.4.67. Healthy subjects show greater spread towards the OA side than in Fig.4.66 of 

Section 4.3.2.1, with similar spread to that of the OA subjects. Uncertainty in the 

classification rises slightly compared to Fig.4.66 of Section 4.3.2.1 as simplex points lie 

higher in Fig.4.67 and mc(Ɵ)AVE rises from section 4.3.2.1 to. The classification remains 

strong with all subjects sitting in the dominant regions of the classifier and clusters at 

either side of the classifier remain. One OA subject is again misclassified and this is the 

same OA subject as before (subject 44).  

 

 

 

Figure 4.67: Simplex plot showing co-ordinate position of BOEc for healthy volunteers 

(blue circle) and pre-TKR patients with end stage OA (red cross), classified using PCA  

hip, knee, ankle and GRF input variables. 

 

The ranking of variables and their leave one out cross validation (LOOCV) accuracy is 

unchanged from Table 4.16 in Section 4.3.3.1. The ranking of PCA variables and their 

LOOCV accuracy is shown below in Table 4.16. 

  

{OA} {NL} 

{Θ} 
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Table 4.16: Ranking of input variables used in the classification of NL or OA lower limb 

function using PCA of hip, knee, ankle and GRF input variables. 

 

Rank Variable OB LOOCV Variable Accuracy 

1 HM-Y PC2 0.8248 97.9 

2 GRF-Z PC1 0.8130 97.9 

3 GRF-Y PC1 0.8275 91.7 

4 KM-Y PC2 0.8596 89.6 

5 KA-X PC2 0.8544 89.6 

6 AA-X PC2 0.8620 83.3 

7 KM-X PC2 0.8584 83.3 

8 AM-X PC2 0.8810 79.2 

9 AA-X PC1 0.9013 77.1 

10 HA-X PC2 0.8902 77.1 

11 AM-X PC1 0.8789 75.0 

12 KM-X PC3 0.9093 72.9 

13 KM-Y PC1 0.8853 72.9 

14 HM-X PC1 0.8538 72.9 

15 KM-Y PC3 0.9548 68.8 

16 KA-X PC3 0.9419 64.6 

17 HM-X PC2 0.9191 64.6 

18 AM-Y PC1 0.9822 62.5 

19 GRF-Z PC2 0.9833 58.3 

20 HM-Y PC3 0.9713 58.3 

21 HM-Y PC1 0.9533 58.3 

22 HA-X PC1 0.8878 58.3 

23 GRF-X PC1 0.9288 56.3 

24 GRF-Z PC3 0.9811 54.2 

25 GRF-Y PC2 0.9942 33.3 

26 KA-X PC1 0.9912 31.3 

27 KM-X PC1 0.9917 22.9 
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 4.3.2.3: Parameterisation variables only 

 

Calculated in sample classification accuracy was 91.7% and out of sample accuracy 

also 91.7%, lower than that of classification using PCA and parameterisation and PCA 

only in Sections 4.3.2.1 and 4.3.2.2. The simplex plot of this classification is shown in 

Fig.4.68. The spread of OA subjects on to the NL side of the simplex plot without PCA 

variables increases with four OA subjects now misclassified (subjects 28, 30, 44, 45). 

Another large change without the inclusion of PCA variables in classifying OA and NL 

subjects is that uncertainty in the classification increases with all points rising in the 

simplex plot. mc(Ɵ)AVE is 0.533531. The majority of the subjects now lie in the non-

dominant OA and NL regions which is an undesirably high uncertainty in the 

classification. 

 

 

 

Figure 4.68: Simplex plot showing co-ordinate position of BOEc for healthy volunteers 

(blue circle) and pre-TKR patients with end stage knee OA (red cross), classified using 

parameterisation hip, knee, ankle and GRF input variables. 

 

The ranking of variables and their LOOCV accuracy is shown below in Table 4.17. 

 

  

{OA} {NL} 

{Θ} 
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Table 4.17: Ranking of input variables used in the classification of NL or OA lower limb 

function using parameterisation variables of the hip, knee, ankle and GRF’s. 

 

Rank Variable OB 
LOOCV Variable 

Accuracy 

1 GRF-Z Max 0.9914 97.9 

2 GRF-Y Max 0.9945 95.8 

3 AM-X Max 0.9780 91.7 

4 GRF-Y Min 0.9961 89.6 

5 KM-Y Max 0.9891 89.6 

6 HM-XMax 0.9834 87.5 

7 HA-X ROM 0.8456 87.5 

8 KA-X ROM 0.8324 87.5 

9 AA-X ROM 0.8458 83.3 

10 KM-X Min 0.9917 79.2 

11 HM-X Min 0.9879 79.2 

12 KM-X Max 0.9948 66.7 

13 AM-Y Max 0.9998 60.4 

14 HM-Y Max 0.9988 56.3 

15 GRF-X Max 0.9999 54.2 

 

 

 4.3.2.4:  Knee and GRF variables (PCA and parameterisation only) 

 

Calculated in sample classification accuracy was 97.9% and out of sample accuracy 

also 97.9%. This is the same classification accuracy as PCA and parameterisation and 

PCA only when additionally including hip and ankle biomechanical data. The simplex 

plot of this classification is shown in Fig.4.69. The same one OA subject is 

misclassified (subject 44). Despite the same classification accuracy as when including 

hip and ankle data, simplex points lie higher on the simplex plot as the uncertainty in 

the classification increases. mc(Ɵ)AVE rises from 0.054109 in Section 4.3.2.1 and from 

0.090543 in Section 4.3.2.2 to 0.223065 in the current classification. The result is that 1 

of the healthy volunteers now lies in the non-dominant NL region of the simplex plot 

and 1 OA patient moves in to the non-dominant OA region of the simplex plot. When 

compared to using hip, knee, ankle and GRF data to classify NL or OA gait in sections 

4.3.2.1 and 4.3.2.2, it appears hip and ankle data lowers uncertainty in the 

classification of healthy and knee OA subjects.  
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Figure 4.69: Simplex plot showing co-ordinate position of BOEc for healthy volunteers 

(blue circle) and pre-TKR patients with end stage knee OA (red cross), classified using 

all PCA and parameterisation of the Knee and GRF’s only as input variables. 

 

The ranking of variables and their LOOCV accuracy is shown below in Table 4.18. 

 

Table 4.18: Ranking of input variables used in the classification of NL or OA lower limb 

function using knee and GRF input variables. 

Rank Variable OB 
LOOCV Variable 

Accuracy 

1 GRF-Z Max 0.9914 97.9 

2 GRF-Z PC1 0.8130 97.9 

3 GRF-Y Min 0.9945 95.8 

4 GRF-Y PC1 0.8275 91.7 

5 GRF-Y Max 0.9961 89.6 

6 KM-Y Min 0.9891 89.6 

7 KM-Y PC2 0.8596 89.6 

8 KA-X PC2 0.8544 89.6 

9 KA-X ROM 0.8324 87.5 

10 KM-X PC2 0.8584 83.3 

11 KM-X Min 0.9917 79.2 

12 KM-X PC3 0.9093 72.9 

13 KM-Y PC1 0.8853 72.9 

{OA} {NL} 

{Θ} 
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14 KM-Y PC3 0.9548 68.8 

15 KM-X Max 0.9948 66.7 

16 KA-X PC3 0.9419 64.6 

17 GRF-Z PC2 0.9833 58.3 

18 GRF-X PC1 0.9288 56.3 

19 GRF-X Max 0.9999 54.2 

20 GRF-Z PC3 0.9811 54.2 

21 GRF-Y PC2 0.9942 33.3 

22 KA-X PC1 0.9912 31.3 

23 KM-X PC1 0.9917 22.9 

 

 

4.3.2.5: Top ranked gait variables which could be used in a clinical assessment 

 

The fifth classification investigates if clinically measurable gait variables selected from 

the top 10 ranked as most influential to the original classification of NL or OA gait in 

Section 4.3.2.1 could form a simple clinical biomechanical assessment which may be 

implemented to assess functional impairment due to OA and assess outcome of TKR. 

The assessment proposed is to classify function using GRF and knee adduction 

moment data which could be measured clinically using a small force plate and video 

camera set up to record in the frontal plane. This simple analysis allows for 

measurement of 7 of the top 10 ranked variables in Section 4.3.2.1, all with a high 

LOOCV accuracy ranging between 89.6% and 97.9%. 

 

Calculated in sample classification accuracy was 95.4% and out of sample accuracy 

93.4%. The simplex plot of this classification is shown in Fig.4.70. One OA subject is 

misclassified (subject 44) and healthy subjects now show much more spread in their 

simplex  point position with two NL subjects moving in to the non-dominant OA region 

and being misclassified (subjects 8 and 2). This suggests that the proposed GRF and 

knee adduction analysis potentially underestimates overall knee and lower limb 

function. The uncertainty in the classification, represented by the vertical position of the 

simplex points in Fig.4.70 is also undesirably high with 4 NL subjects moving in to the 

non-dominant NL region and 10 OA patients moving to the non-dominant OA region of 

the simplex plot. Interestingly, the uncertainty in the classification is actually lower than 

the classification of OA and NL function using parameters extracted from hip, knee, 

ankle and GRF data with an mc(Ɵ)AVE  of 0.416005. This suggests that the way in 

which gait data is interpreted is actually more important than the amount of data or 

number of joints assessed.  
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Figure 4.70: Simplex plot showing co-ordinate position of BOEc for healthy volunteers 

(blue circle) and pre-TKR patients with end stage OA (red cross), classified using PCA 

and parameterisation of GRF and knee adduction moment data. 

 

 

The ranking of variables and their leave one out cross validation (LOOCV) accuracy is 

shown below in Table 4.19. 

 

 

Table 4.19: Ranking of input variables used in the classification of NL or OA lower limb 

function in Fig.4.70. 

Rank Variable OB 
LOOCV Variable 

Accuracy 

1 GRF-Z Max 0.9914 97.9 

2 GRF-Z PC1 0.8130 97.9 

3 GRF-Y Max 0.9945 95.8 

4 GRF-Y PC1 0.8275 91.7 

5 GRF-Y Min 0.9961 89.6 

6 KM-Y-Max 0.9891 89.6 

7 KM-Y PC2 0.8596 89.6 

8 KM-Y PC1 0.8853 72.9 

9 KM-Y PC3 0.9548 68.8 

{OA} {NL} 

{Θ} 
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10 GRF-Z PC2 0.9833 58.3 

11 GRF-X PC1 0.9288 56.3 

12 GRF-X Max 0.9999 54.2 

13 GRF-Z PC3 0.9811 54.2 

14 GRF-Y PC2 0.9942 33.3 

 

  

 

4.3.2.7: Discussion of the relative importance of gait variables to discriminating 

between OA and NL gait and identifying measurements for classifying knee functional 

outcome in TKR patients. 

 

Biomechanical features of OA patient gait which could be targeted for most effectively 

restoring functional ability or intervening with preventative treatment strategies have 

previously been suggested in Section 4.3.1. It isn’t known however how each of the 

observed modifications to gait with OA relate to best describing functional ability and, 

which variables best discriminate OA or NL function. Such knowledge improves 

targeting of biomechanical markers of treatment success. By ranking variables in terms 

of their accuracy for classifying NL or OA gait using the Cardiff DST classifier, a series 

of input variables for the accurate objective classification of TKR outcome are 

proposed. This objective classification of gait performance could additionally also be 

used in future to identify patients who may particularly respond to certain interventions 

at certain time points in the pathology timeline for example. The ranking and 

classification accuracy of using different of biomechanical variables in discriminated OA 

or NL gait and comparisons of OA and NL classification with a combination of PCA and 

parameterisation variables is discussed below. 

  

 4.3.2.7.1: Discussion of ranking the relative importance of PCA variables to 

 classification of OA or NL gait. 

 

Section 4.3.1 has shown PCA to be an important technique for reducing temporal gait 

information in to a series of PC scores representing areas of the waveform which would 

normally be identified using traditional waveform analysis and parameterisation. PCA 

additionally identified areas of high variance in the NL and OA group which 

parameterisation would ignore. All 27 PCA hip, knee, ankle and GRF variables were 

used to classify OA or NL function in Section 4.3.2.2 and investigate each PC’s ability 

to distinguish knee OA or NL gait characteristics using the Cardiff DST classifier. 
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PCA of all gait variables shows that the first few PC’s explain most of the group 

variance with eigenvalues decreasing with increasing PC number. Of the 12 measured 

biomechanical variables of gait and 27 resulting PC’s, the PC’s explaining the greatest 

group variance are: AM-Y PC1(4-98% of the stance phase, ankle abduction moment, 

80.11% variance), HA-X PC1 (1-70% & 85-100% of the gait cycle, hip flexion angle, 

72.88% variance) and KM-Y PC1 (8-86% of the stance phase, knee adduction 

moment, 69.74% variance). PC’s explaining lowest group variance are KM-Y PC3 (3-

4% of the stance phase, knee adduction moment, 6.13% variance), HM-Y PC3 (96-

100% of the stance phase, hip adduction moment, 6.89% variance) and KA-X PC3 (83-

89% of the gait cycle, knee flexion angle, 10.92% variance).  

 

Interestingly there was no correlation between the variance explained by a PC and that 

variable’s LOOCV accuracy when classifying differences in OA and NL gait using the 

Cardiff DST classifier. Linear correlation between PC eigenvalues and PC LOOCV 

accuracy using the Cardiff DST classifier, investigated using the Pearson’s Correlation 

co-efficient, was -0.10693. The first PC of a gait variable will always explain the 

greatest variance in the OA and NL groups and PC1’s for each variable were found to 

always identify waveform portions which would be examined using traditional waveform 

analysis in Section 4.3.1. It could therefore be suggested that the first PC’s should 

distinguish well between knee OA and NL gait. Additionally, two of the PC’s with 

highest variance cover waveform portions containing hip flexion angle and peak knee 

adduction moment, both shown to be statistically significantly different during aging in 

Chapter 3 and in the literature for OA patients. The high group variance does not 

necessarily occur between OA and NL groups however. PCA is performed on a data 

set containing both OA and NL data combined. The areas of highest variance identified 

by PCA can therefore be areas where a homogenous NL group vary to that of a 

homogenous OA group but also areas where there is general high inter-subject 

variability and less homogenous gait within all of the OA and NL subjects and a 

particular PC score is not especially indicative of belonging to either group. 

Furthermore, the lack of correlation between variance explained by a PC and 

classification accuracy is not unexpected since an individual gait variable might explain 

very little about OA or NL gait in the context of all gait variables although might contain 

PC’s explaining large variance within that individual variable. The opposite is also very 

possible. The outputs from PCA are therefore very difficult to examine for relevance 

and accuracy of understanding patient knee function without a methodology of 

investigating their relative importance such as by using the Cardiff DST Classifier. 
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Examining the ranking of PCA variables’ accuracy in classifying function using the 

Cardiff DST classification method shows PC’s which best discriminate between knee 

OA or NL groups found were; HM-Y PC2 (mid stance hip adduction moment), GRF-Z 

PC1 (first and second peaks of the vertical GRF), GRF-Y PC1 (covering peak posterior 

and peak anterior GRF), KM-Y PC2 (pre swing, knee adduction moment) and KA-X 

PC2 (peak knee flexion during swing). It is very interesting that of the 9 knee PC’s of a 

total of 27 PC’s retained across all joint and GRF’s during PCA, only the PC covering 

peak knee flexion moment during the loading response, PC describing pre swing knee 

adduction moment and peak knee flexion angle during swing are in the top 10/ 27 

ranked PC’s. This suggests that hip, ankle and GRF measures might actually describe 

gait changes occurring due to knee OA better than knee measures themselves. This 

also highlights the need for holistic functional assessments such as those used in the 

current study. The relative ability of knee and non-knee variables to classify differences 

between patients with knee OA and healthy volunteers is discussed further in Section 

4.3.2.7.2. 

 

The top 10 hip, knee and ankle kinematic and kinetic PCA variables and GRF PCA 

variables able to discriminate between gait of patients with knee OA and of healthy 

volunteers can be grouped according to phases of the gait cycle and planes of motion 

they represent: 

 

The loading response is important for describing how subjects initially accept weight on 

to the leg of interest. Patients with knee OA were found to have poor shock absorbing 

ability due to walking with a “stiff leg” gait strategy in Section 4.3.1, possibly due to 

knee pain and stiffness, and consequently reduced the magnitude of the GRF’s to 

decrease initial joint loading during early stance. Of the entire gait changes observed 

from PC sections and waveform analysis in Section 4.3.1., the most accurate 

measures for describing gait changes with knee OA during the loading response are 

the first peaks of the vertical GRF (GRF-Z PC1, ranked 2nd), peak posterior GRF (GRF-

Y PC1, ranked 3rd), knee flexion moment (KM-X PC2, ranked 7th) and the ankle plantar 

flexion moment (AM-X PC2, ranked 8th). It is significant that all of these variables occur 

in the sagittal plane suggesting ability to initially load the lower limbs during gait in a 

way characteristic of NL gait relies upon knee and ankle extensor muscle strength to 

maintain and absorb gait velocity (and hence healthy gait and GRF characteristics). It 

is also significant that the knee flexion angle during the loading response (KA-X PC1) 

was particularly poor at classifying NL or OA function, ranked last of all PCA variables. 

This first peak of knee flexion is apparent for NL volunteers and the loss of this peak is 
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clear with knee OA when considering the mean waveform profile found in the current 

study, but it appears that high inter-subject variability in knee flexion during stance 

prevents it discriminating accurately between OA and NL gait.  

 

During mid stance only one PC, hip adduction moment (HM-Y PC2, ranked 1st), is 

within the top 10 most accurate PCA variables distinguishing knee OA and NL gait. Mid 

stance is an important phase of gait to ensure that forward momentum progresses and 

the body COM is moved anteriorly over the foot ready for the swing phase and next 

HS. The hip adduction moment during mid stance is also the main frontal plane PC 

ranked in the 10 for classifying OA or NL gait. It is very interesting that GRF-X PC1, 

which covers almost the entire M-L GRF, is within the 5 worst variables for 

distinguishing OA or NL gait, ranked 23rd. This is surprising given the hypothesis of a 

more medially directed GRF vector being important to the prevention and pathogenesis 

of OA in Section 4.3.1. In addition it is very interesting that the PC representing peak 

knee adduction moment (KM-Y PC1) is ranked only 13th out of the 27 PCA variables for 

classifying gait characteristics of knee OA patients or healthy volunteers despite the 

mean knee adduction moment increasing with knee OA in Section 4.4.1.and despite its 

importance reported in the literature [56, 58]. However since the magnitude of hip 

adduction moment during mid stance (HM-Y PC2) is the top ranked variable it appears 

that the frontal plane alignment and loading changes occurring with knee OA are 

indeed important but that peak knee adduction moment and M-L GRF are not the best 

measures of these changes. Measuring changes to hip joint moments in the frontal 

plane is therefore the most accurate measure of frontal plane changes in knee OA 

patients and additionally identifies the hip as the best target for modifying front plane 

lower limb kinetics rather than the ankle or knee. This adds weight to the hypothesis in 

Section 4.3.1 that exercises designed to strengthen and improve control of the hip 

abductors may be most effective in delaying knee OA progression and loss of overall 

lower limb functional performance. 

 

TO and the end of the stance phase is crucial for providing the final momentum to 

progressing the body mass forwards. PC’s most accurate for classifying gait changes 

with OA during TO were the second peak of the vertical GRF (GRF-Z PC1, ranked 

2nd), peak anterior GRF (GRF-Y PC1, ranked 3rd) and interestingly a very small 

section of the knee adduction moment in pre swing  (KM-Y PC2, ranked 4th). The GRF 

measures show a reduced resultant “push off “ by knee OA patients and it appears that 

the ankle is most important joint enabling this “push off”. The PC representing peak 

ankle plantar flexion moment (AM-X PC1) is ranked 11th showing that a reduced peak 
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plantar flexion ankle moment is an accurate measure of overall reduced lower limb 

function at TO. This is consistent with the literature and with observation in Chapter 3 

of decreased ankle performance with aging. This also goes to support the hypothesis 

of Chapter 3 that exercise such as calf raises aimed at strengthening the muscles of 

the posterior lower leg may reduce age related gait changes and perhaps even delay 

the onset of OA, preventing further gait compensations. The mean knee extension 

moment waveforms presented in the current study identify a reduced ability to “push 

off” at the end of stance with the knee. The PC describing the knee extension moment 

at TO (KM-X PC1) is ranked second least accurate at classifying OA or NL gait. This 

suggests that great variation exists in NL volunteers and OA patients in how the knee is 

used to provide forward momentum of the body mass during TO and that the inter-

subject variability result in the measure having a very poor discriminating ability. 

 

During the swing phase of gait, four PC’s are found within the overall top 10 ranked as 

most accurate for classifying OA and NL gait by the Cardiff DST classifier. These are 

the peak knee flexion during swing (KA-X PC2, ranked 5th), hip flexion angle (HA-X 

PC2, ranked 10th) and almost the entire ankle plantar flexion angle waveform (AA-X 

PC2 ranked 6th and AA-X PC1 ranked 9th). This suggests that reduced knee and ankle 

ROM are the main difficulties experienced by knee OA patients during swing. A 

reduced ability to provide the required foot-ground clearance during swing due to ankle 

and knee stiffness also likely accounts for the increased hip adduction moments 

observed in knee OA patients. Clinicians pay particular attention to knee ROM 

following TKR and the evidence presented here suggests this is essential to enable full 

knee and ankle ROM following any interventions such as TKR, if NL gait mechanics 

and frontal plane kinetics are to be maintained, especially those during the swing 

phase. 

 

The overall calculated in sample classification accuracy of using PCA variables to 

classify OA or NL lower limb function was 97.9% and out of sample accuracy also 

97.9%. The uncertainty belief value for this classification was also low (mc(Ɵ)AVE  = 

0.090543). Despite the strong classification, one OA subject was misclassified lying in 

the dominant NL region of the simplex plot indicating a high level of belief that this 

patient has gait characteristic of healthy volunteers. This OA patient is young at 58 

years old and reviewing the video of this patient’s gait did not reveal any obvious gait 

adaptations visible by eye which may explain the apparent high level of knee function 

found using the Cardiff DST classification. This OA patient was additionally one of the 

few able to comfortably ascend and descend stairs without using the hand rail and in a 
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“step over step” approach consistent with healthy volunteers. Gait variables measured 

using MOCAP and force plates used in the classification, shown in Appendix H, also 

support gait more characteristic of healthy volunteers than a patient with knee OA. The 

patient also reported a “good” level of pain and function with a score of 34/48 on the 

Oxford Knee Score questionnaire so it would appear that this patient does indeed have 

lower limb function approaching that of a healthy volunteer and the classification of 

lower limb function as “NL” is correct, despite them being a pre TKR patient and 

belonging to the “OA” group. Clinical records show this patient to have undertaken TKR 

so it appears this particular patient had TKR to remedy knee pain resulting from OA 

only and this pain did not result in any functional impairment. It could be argued that 

perhaps this relatively young, highly functional patient should delay TKR given the 

short life and revision rates of implants. Conversely, if the patient is unable to manage 

pain due to knee OA then it is clinically viable to undergo TKR. The patient might 

actually make greater functional use of an implant post TKR than someone with very 

poor function pre-TKR. Patient selection for TKR will always be a balance of delaying 

joint replacement due to the relatively short implant life while not delaying surgery too 

long to a point where the surrounding soft tissues and muscle strength deteriorate to 

such an extent that TKR will be of little functional benefit or surrounding tissues 

become so inflamed that replacing the articulating surface will provide little pain relief. 

Patient quality of life and pain must also be factored in to the timing of intervention and 

this highlights the daily challenges faced by surgeons and also surgical decision 

making factors not accounted for by the variables used to classify knee function in the 

current study. Nevertheless the functional classification using the Cardiff DST classifier 

for this patient as having good, normal lower limb function is consistent with their own 

reported scores and MOCAP input data suggesting TKR was for reasons other than 

functional impairment. This patient was unfortunately not one year post TKR for a 

follow up MOCAP assessment at the time of writing but the relationship between pre 

TKR function and post-TKR functional outcome will be explored further in Section 

4.3.3. 

  

 4.3.2.7.2: Discussion of the relative importance of variable selection to 

 classification accuracy of gait of knee OA patients and healthy volunteers. 

 

Parameterisation is the most popular method of gait waveform analysis in the literature 

but neglects temporal information contained within the waveforms. The relative 

accuracy of classifying knee OA patients and healthy volunteer gait in terms of PCA 

and parameterisation input variables were assessed using the Cardiff DST classifier.  
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Classification of OA and NL gait using PCA input variables has already been discussed 

above in Section 4.4.1. In and out of sample classification accuracy was 97.9%, the 

level of uncertainly was very low (0.054109) and only one OA patient was misclassified 

out of 48 OA and NL subjects analysed. Assessing gait data using parameterisation 

approaches is highly desirable since the time and complexity of extracting information 

for statistical group comparisons is greatly improved over using PCA approaches. The 

classification of OA and NL subjects using parameterisation input variables only shows 

the lowest classification accuracy of the 5 sets of input variables tested with an in 

sample classification accuracy of 91.7% and out of sample accuracy also 91.7%. Four 

OA subjects were misclassified and the mean uncertainty belief value, mc(Ɵ)AVE , rose 

to 0.533531. The sum of the three belief values used to locate the position of a simplex 

point on each simplex plot is 1. A mean uncertainty belief value of 0.533531therefore 

suggests that, on average, more than half of the classification belief associated with 

parameterisation data is uncertainty, leaving a total belief value sum of 0.466469 to be 

shared by the level of belief a subject has OA function or belief the subject has NL 

function. It is therefore not possible to classify OA and NL lower limb function using  the 

variables extracted using parameterisation in this study and the level of belief of that 

subject belonging to either group ever be greater than the associated uncertainty belief. 

Combining all variables found by parameterisation and by PCA together in Section 

4.3.2.1 did not improve the in or out of sample classification accuracy or change the 

location of the misclassified OA patient, but it did slightly reduce mc(Ɵ)AVE. 

Classification of OA or NL function using parameterisation of gait data is highly 

uncertain and inaccurate and combining parameterisation with PCA has little additional 

benefit over PCA alone. A clear level of benefit to the use of PCA in classifying OA or 

NL lower limb function has been demonstrated. 

 

The next set of variables used to classify knee OA or NL lower limb function were knee 

and GRF input variables only. The purpose of this was to assess if measurements 

taken from the knee and GRF’s only can adequately classify function, thus reducing the 

amount of data analysis required. Calculated in sample classification accuracy was the 

same as that including hip and ankle data (97.9% in and out of sample accuracy) and 

the same one OA subject is misclassified but simplex points lie higher on the simplex 

plot as the mean uncertainty in the classification increases from 0.054109 to 0.223065. 

The result is that 1 of the healthy volunteers now lies in the non-dominant NL region of 

the simplex plot and 1 OA patient moves in to the non-dominant OA region of the 

simplex plot. When compared to using hip, knee, ankle and GRF data to classify NL or 
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OA gait in sections 4.3.2.1 and 4.3.2.2, it appears hip and ankle data lowers 

uncertainty in the classification of healthy and knee OA subjects and are therefore 

important measures in the classification of TKR function. This is consistent with the 

findings of Section 4.3.2.7.1 whereby PCA measure of the hip and ankle were found to 

have a higher LOOCV accuracy than PCA knee measures in classifying patients with 

knee OA patients and healthy volunteers. The gait adaptations in the hip and ankle due 

to knee OA therefore appear to characterise pathology in the knee as well or better 

than knee measures themselves.  

 

Finally the classification accuracy of a clinically viable assessment was investigated. 

The variables selected for this assessment were GRF’s and the knee adduction 

moment. The rationale was that this data which could be measured clinically using a 

small force plate and video camera set up to record in the frontal plane and that these 

measures accounted for 7 of the top 10 ranked variables in Section 4.3.2.1, all of which 

have a LOOCV accuracy of 89.6-97.9% in classifying OA or NL function. Classification 

in sample classification accuracy was 95.4% and out of sample accuracy was 93.4%. 

The uncertainty in the classification was undesirably high with 4 NL subjects moving in 

to the non-dominant NL region and 10 OA patients moving to the non-dominant OA 

region of the simplex plot. It therefore appears to be extremely difficult to characterise 

functional changes due to knee OA from a few variables however well selected. 

Interestingly, the accuracy is higher and the uncertainty lower than the classification of 

OA and NL function using parameterisation of hip, knee, ankle and GRF data with an 

mc(Ɵ)AVE  of 0.416005 (compared to mc(Ɵ)AVE  = 0.533531 when classifying OA and 

NL gait using parameterisation of the hip, knee, ankle and GRF’s). This shows that 

retaining temporal information within a few carefully selected gait waveforms results in 

greater classification accuracy than measuring a large range of variables but poorly 

extracting relevant data (i.e. using parameterisation approaches within a larger data 

set).  This suggests that the way in which gait data is interpreted can actually be more 

important than the amount of data or number of joints assessed and provides evidence 

for exploring different combinations of a small number of variables in future work for the 

accurate classification of OA or NL knee function. 
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4.3.3: Cardiff DST Classification of TKR patient gait, pre and post surgery. 

 

 4.3.3.1: Results of classification of TKR patient gait, pre and post surgery. 

 

Of the 5 sets of training variables classifying OA and NL gait investigated in Section 

4.3.2, the variable set from using PCA input variables of hip, knee, ankle and GRF data 

was selected to assess functional outcome following TKR. In Table 4.20 it can be seen 

that this set of input variables (ID2) has the second lowest uncertainty belief values and 

highest classification accuracy, both in terms of in and out of sample accuracy and 

number of misclassified subjects. Classification uncertainty decreases slightly with the 

inclusion of parameterisation alongside PCA in variable set 1 but removing the 

parameterisation input variables in variable set 2 decreases the total number of 

variables considered in the classification by 15. All of the input variables and their 

associated values used in the classification of TKR outcome for patients both pre TKR 

(OA) and post TKR (TKR) are shown in Appendix I. 

 

 

Table 4.20: Summary of classification accuracy and classification uncertainty in using 

five sets of biomechanical input variable to classify OA or NL knee function. 

Variable 
set ID 

Variables used to classify 
OA or NL function 

In sample 
classification 
accuracy/ % 

Out of sample 
classification 
accuracy/ % 

Number of 
misclassified 

subjects 

Uncertainty 
belief value 

1 
PCA and parameterisation: 
Hip, knee, ankle and GRF’s 

97.9 97.9 1 OA 0.054109 

2 
PCA: 
Hip, knee, ankle and GRF’s 

97.9 97.9 1 OA 0.090543 

3 
Parameterisation: 
Hip, knee, ankle and GRF’s 

91.7 91.7 4 OA 0.533531 

4 
PCA and parameterisation: 
Knee and GRF’s 

97.9 97.9 1 OA 0.223065 

5 
PCA and parameterisation: 
GRF and knee adduction 
moment 

95.4 93.4 2 NL, 1 OA 0.416005 

  

 

The simplex plot showing the BOEc for patients pre and post TKR classified using input 

variable set 2 is shown in Fig.4.71. 
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Figure 4.71: Simplex plot showing co-ordinate position of BOEc for 12 pre TKR 

patients (black) and their corresponding one year post TKR assessment (pink) 

classified using PCA input variables of the hip, knee, ankle and GRF’s. Numbers 

correspond to the patient ID. 

 

 

For clarity the right and left sides of the simplex plot in Fig.4.71 are shown individually 

and enlarged in Figs.4.72 and 4.73 respectively. 

{OA} {NL} 

{Θ} 
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Figure 4.72: Highlighted OA vertex of the simplex plot showing co-ordinate position of 

BOEc for pre TKR patients (black) and the same patients one year post TKR (pink), 

classified using PCA of hip, knee, ankle and GRF data. Numbers correspond to the 

patient ID.  

{OA} 

{Θ} 
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Figure 4.73: Highlighted NL vertex of the simplex plot showing co-ordinate position of 

BOEc for pre TKR patients (black) and the same patients one year post TKR (pink), 

classified using PCA of hip, knee and ankle data. Numbers correspond to the patient 

ID. 

{NL} 

{Θ} 
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For additional clarity, the BOEc of the patients’ lower limb function pre and post TKR 

are shown in Table 4.21. 

 

Table 4.21: BOEc values for pre and post TKR patients.  The belief value most 

influential to the classification is highlighted. 

 

Patient 
ID 

mc({OA}) mc({NL}) mc(Ɵ) 

P
re

-T
K

R
 

1 0.915095 0.017354 0.067551 

2 0.933288 0.005877 0.060834 

3 0.656322 0.205609 0.138069 

4 0.760809 0.106547 0.132643 

5 0.774793 0.105893 0.119313 

6 0.896189 0.039565 0.064246 

7 0.871678 0.061526 0.066797 

8 0.769093 0.140793 0.090113 

9 0.937788 0.019089 0.043123 

10 0.904169 0.035636 0.060195 

11 0.867332 0.0326 0.100069 

12 0.753861 0.086076 0.160062 

P
o

s
t-

T
K

R
 

1 0.39044 0.449024 0.160536 

2 0.81682 0.040773 0.142407 

3 0.176949 0.638173 0.184878 

4 0.386698 0.462463 0.150839 

5 0.495441 0.387048 0.117512 

6 0.825498 0.088536 0.085966 

7 0.852233 0.061274 0.086494 

8 0.202631 0.666171 0.131198 

9 0.890095 0.032257 0.077648 

10 0.915513 0.023562 0.060926 

11 0.425472 0.406714 0.167814 

12 0.262261 0.593734 0.144006 

 

 

Classification of functional outcome by the Cardiff DST Classification method was then 

compared to clinical outcome recorded using patient reported questionnaire scores. 

Oxford Knee Score (OKS) and Knee Outcome Survey (KOS) questionnaires were 

available for 10 of the 12 patients both pre and post TKR and are shown in Table 4.22. 
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Table 4.22: Oxford Knee Score (OKS) and Knee Outcome Survey (KOS) questionnaire 

scores for patients pre and post TKR (scores expressed as a percentage of the 

maximum score available). 

 
Patient ID KOS/ % OKS/ % 

P
re

-T
K

R
 

2 36.5 29.1 

3 52.5 56.3 

4 61.2 56.3 

5 53.8 58.3 

6 31.8 22.9 

7 57.7 56.3 

8 20.0 16.7 

10 28.2 20.8 

11 28.2 31.2 

12 49.4 50.0 

P
o

st
-T

K
R

 

2 56.5 37.5 

3 76.3 83.3 

4 69.4 77.1 

5 88.8 93.8 

6 60.0 60.7 

7 74.1 87.5 

8 82.4 79.1 

10 58.8 45.8 

11 60.0 58.3 

12 75.3 93.8 

  

 

Linear correlation between mc({OA}), mc({NL}), OKS and KOS was investigated using 

the Pearson’s Correlation co-efficient and is shown in Table 4.23. Good correlation 

between objective classification of lower limb biomechanics by the Cardiff DST 

classification methodology and clinical outcome measured by patient reported 

questionnaire scores is shown.  

 

Table 4.23: Correlation between objective classification of lower limb biomechanics 

using the Cardiff DST Classifier and clinical outcome measured from patient reported 

questionnaire scores. 

Variables 
Pearson's Correlation 

Coefficient 

mc({OA}) & KOS -0.67008 

mc({OA}) &OKS -0.70702 

mc({NL}) & KOS 0.667385 

mc({NL}) & OKS 0.704983 
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4.3.3.2: Discussion: Can the functional recovery of TKR patients be objectively and 

accurately classified? 

 

The work of Jones [48-51] and Whatling [52] have shown the Cardiff DST Classifier to 

be a promising, accurate and novel methodology for combining a wealth of both 

conflicting and corroborating data belonging to two groups and classifying an individual 

data set based upon a level of belief it belongs to group one, a level of belief it belong 

to group two and an associated level of uncertainty in the classification. The Cardiff 

DST classifier has been used to classify knee function  [48-52] and more recently 

shoulder function [137] and the work of the current study has classified OA, healthy 

and TKR knee function using hip, knee and ankle kinematics and joint moments along 

with GRF measurements for the first time.   

 

The work of the current study has investigated the influence of test activity, control 

cohort, variable type (including neighbouring joints of the knee) and influence of the 

methodology for objectively extracting discrete data from temporal waveforms in order 

to develop a new and novel knee function classifier. Investigation of these uncertainties 

in determining a final methodology for achieving objective classification of knee 

function has resulted in an in and out of sample classification accuracy of 97.9% in 

determining OA or NL knee function. During this classification only one OA subject was 

misclassified lying in the dominant NL region of the simplex plot indicating a high level 

of belief that this patient has gait characteristic of healthy volunteers. Further analysis 

of MOCAP data, video taken at the time of assessment and patient reported 

questionnaires indicated that the classification of lower limb function as “NL” is indeed 

correct, despite them being a pre TKR patient and belonging to the “OA” group. It was 

concluded that this particular patient had TKR to remedy knee pain resulting from OA 

only rather than for functional impairment. This is consistent with the literature which 

notes TKR is predominantly a treatment for pain associated with end stage knee OA 

[138]. Furthermore the belief value associated with uncertainty in the classification was 

low for all subjects indicating a strong ability to classify the knee function of healthy 

volunteers and patients with end stage OA both accurately and confidently.  

 

The results of this Chapter additionally show strong correlation between clinical 

outcome for patients, both pre and post TKR, and belief values of individuals either 

having OA or NL function resulting from the Cardiff DST classification. Clinical outcome 

was measured using the OKS and KOS questionnaires and is consistent with other 

approaches in the literature to determine overall clinical outcome [72, 83]. It could be 
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argued that if clinical questionnaires correlate so well to the objective functional 

classification of knee function presented in the current study then the gait analysis, 

PCA and Cardiff DST classification become redundant. It must be appreciated however 

that patient reported questionnaires such as the OKS and KOS account for other 

factors in determining overall clinical knee outcome such as pain, symptoms, patient 

satisfaction, ability to perform activities of daily living, and impact on recreation and 

social activities but lack the sensitivity to determine the functional components of either 

good or poor overall outcome of treatments such as TKR. These questionnaires 

therefore lack the sensitivity to suggest biomechanical targets for improved treatment 

and rehabilitation of knee OA for example. Many factors such as those already 

described are components of good overall clinical success but the assessment of the 

functional component has remained challenging in the literature. What does seem 

apparent is that the functional component of the overall TKR outcome found in the 

current study correlates very well with the overall clinical results and function therefore 

appears to be a highly important factor in achieving patient satisfaction and quality of 

life in treatments of end stage OA. This hypothesis appears to be consistent with the 

literature which notes the importance of functional outcome in overall TKR outcome 

[83, 139, 140], especially with implant failure rate decreasing [141] but patient 

dissatisfaction remaining high [8]. The classifier developed in the current study was 

intended as a functional classification tool and does not currently account for the level 

of pain a patient might be experiencing or other factors required to construct an 

overarching clinical decision making tool. The classifier could be developed in future to 

include objective measures of pain, patient mental health, expectation and other factors 

of clinical success to determine where biomechanical measures rank in overall clinical 

outcome and test the hypothesis that the functional outcome of TKR is highly important 

to overall clinical outcome and patient satisfaction. The classification methodology is 

therefore anticipated to be highly useful in improving patient screening for TKR, clinical 

outcome and patient quality of life in future work.  

 

In summary, the findings of this study indicate that classification of knee function, and 

hence functional outcome of TKR patients discussed below, using the Cardiff DST 

classifier developed in the current study is objective, accurate and offers advantages 

compared to those previously in the literature for describing knee function that is both 

functionally relevant and clinically relevant. 
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4.3.3.3: Discussion: Does TKR restore lower limb function, similar to that of healthy 

volunteers, in patients with end stage knee OA or does function remain similar to that 

existing pre TKR? 

 

The hip, knee, ankle and GRF biomechanical data of 12 patients before TKR and one 

year post TKR were assessed using PCA and the Cardiff DST classifier. The Cardiff 

DST Classifier allows for the easy and quick interpretation of a wealth of biomechanical 

data, in addition to providing accurate and relevant descriptions of knee function as 

discussed above.  The functional outcome is displayed in a simplex plot showing one 

co-ordinate point for each assessment constructed from a level of belief the gait data 

suggest OA function, a level of belief the data is indicative of NL function and an 

associated level of uncertainty. 

 

The results of TKR functional outcome in Figs.4.71 and 4.72 indicate that all pre-TKR 

patients lie in the dominant OA region of the simplex plot. This is as expected since 

these patients have end stage OA and are expected to display hip, knee and ankle 

function characteristic of OA gait. This is reinforced by Table 4.21, which shows that 

the highest belief value from the classification of pre TKR gait is the belief that the 

subject has OA knee function for all subjects. 

 

The Cardiff DST Classification methodology and visualisation of the wealth of 

biomechanical data as a point on a simplex plot allows for the functional outcome these 

patients to be grouped following TKR. Figs.4.71, 4.72 and 4.73 and Table 4.21 indicate 

that there are three clusters of functional recovery following TKR:  

 

1) Patients whose simplex point does not move out of the dominant OA region. This 

indicates that lower limb biomechanics of these patients does not improve following 

TKR and remains indicative of OA function, shown in Fig.4.74. For these five patients 

mc({OA}) > mc({NL}) + mc({Θ}) both pre and post TKR, shown in Table 4.21.  

 

2 Patients whose simplex point moves from dominant OA region to the dominant NL 

region of the simplex plot, indicating TKR has restored lower limb biomechanics 

towards that expected of healthy volunteers, shown in Fig.4.75. For these three 

patients mc({NL}) > mc({OA}) + mc({Θ}) post TKR, shown in Table 4.21.  

 

3) Patients whose simplex point moves from dominant OA region to the non-dominant 

OA or non-dominant NL region of the simplex plot indicating TKR has improved lower 



Chapter 4: Functional Classification of OA and TKR Lower Limb Function 

 

175 
 

limb biomechanics towards that expected of healthy volunteers but to the degree where 

these patients could be classified as having NL function, shown in Fig.4.76. From Table 

4.21 it can be seen mc({NL}) ~ mc({OA}) post TKR for these four patients. 

 

 

 

 

 

Figure 4.74: Simplex plot showing co-ordinate position of BOEc for 5 pre-TKR patients 

(black) and lower limb function showing no improvements post-TKR (pink) towards 

“healthy” gait. Symbols correspond to an individual patient ID. 

  

{OA} {NL} 

{Θ} 
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Figure 4.75: Simplex plot showing co-ordinate position of BOEc for 3 pre-TKR patients 

(black) and their lower limb function being restored to that characteristic of healthy gait 

post-TKR (pink). Symbols correspond to an individual patient ID. 

 

Figure 4.76: Simplex plot showing co-ordinate position of BOEc for 4 pre-TKR patients 

(black) and lower limb function improving post-TKR (pink) but not to the extent for their 

gait to be classified as “healthy”. Symbols correspond to an individual patient ID. 

{OA} {NL} 

{Θ} 

{OA} {NL} 

{Θ} 
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The subdivision of the post TKR results in to three clusters of functional outcome 

suggests that 42% of patients (5 in 12) with severe knee OA experience no functional 

benefit whatsoever with TKR as their simplex point remains in the dominant OA region 

of the simplex plot. The simplex point for these 5 patients remains close to the OA 

vertex indicating a high level of belief their knee function is indicative of OA.  The 

results also suggest functional, biomechanical benefits can be achieved by 58% of 

patients (7 of 12) with knee OA as a result of TKR, as mc({NL}) increases following 

TKR. 4 of the 12 patients displaying functional improvements lie in the non dominant 

OA or non dominant NL regions of the simplex plot indicating an uncertain classification 

of the patients belonging to either group. This is expected when functional gains are 

made, but not significantly enough to be classified as NL gait, since there will be both 

evidence of the patient having made functional improvements (causing the simplex 

point to move towards the NL vertex) but some residual OA function characteristics. 

Perhaps most interestingly, 25% of patients (3 of 12) investigated in the current study 

recovered lower limb function characteristic of healthy volunteers as the simplex point 

moves in to the dominant NL region of the simplex plot. This indicates that TKR can 

restore a high level of lower limb function in a small proportion of patients with knee 

OA. 

 

Two very important points must be appreciated in interpreting these outcomes. First, 

the 12 patients whose function was assesses at one year post TKR represent a sub 

section of the 25 end stage OA patients initially recruited from the TKR waiting list. An 

additional 4 patients were unable to achieve functional benefits with TKR at one year 

post surgery due to other health complications as a result of the surgery (3 heart 

related, 1 infection). If these 4 patients are additionally included in assessment of the 

clinical outcome of TKR then the original 58% of patients (7 in 12) achieving a 

functional benefit due to TKR becomes much smaller at 43% (7 in 16). Similarly the 

proportion of patients with knee OA who can achieve function characteristic of healthy 

volunteers one year post TKR decreases to 19% (3 in 16). The other non-returners 

withdrew from the study for reasons unrelated to TKR (2 did not attend, 1 opted to not 

have TKR, 1 withdrew for personal reasons and 3 had unknown complications pre TKR 

delaying the surgery). The results of classification of TKR functional outcome of this 

study might therefore actually overestimate the level of functional benefit a patient 

might achieve in the wider OA population. Secondly, healthy volunteers were young 

and middle aged which could be an unreasonably high level of lower limb function to 

aspire to. Chapter 3 has shown lower limb function to decrease with aging and that 

these characteristics are magnified with OA in the earlier sections in Chapter 4. It is 
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somewhat surprising then that 3 of 12 patients were able to achieve gait characteristics 

of these younger, healthy volunteers and actually suggests that perhaps sedentary 

elderly control participants are a poor comparisons for success of TKR and an elderly 

control cohort may contain ceiling effects for a small number of patients able to achieve 

higher levels of lower limb function with TKR.  

 

The literature is very mixed with regards to the functional outcome of patients with TKR 

and reviews of the literature note that the highly diverse methodologies and 

inconsistent reporting of results likely contribute to the uncertainties [70]. The study of 

[111] additionally notes issues in defining an accepted level of variability from healthy 

gait for patient data to be defined as healthy or pathological when using 

parameterisation approaches. This is a large barrier in the literature to the 

interpretation of gait data and is overcome in the current study with the objective 

ranking of measured variables and combined body of evidence used to classify knee 

function in the presence of a wealth of data.  

 

There is some evidence of higher levels of function restored post TKR so the finding 

that a small proportion of patients in the current study can achieve is not inconsistent 

with previous findings.  The study of [140] reports patient satisfaction as high as 89% 

despite reporting surgical complications in 47 out of 98 patients and 6 out of 98 having 

TKR revisions within 3 years. The main finding was that patients with better states of 

social and emotional well being were likely to be more satisfied so it is possible the 

patients were particularly positive in their outlook. More likely however, an answer of 

“yes” to the question “did the TKR improve your quality of life” does not necessarily 

represent adequate functional improvements or adequate clinical outcome, just some 

degree of improvement. Nevertheless, the study of [142] found that younger TKR 

patients with mobile bearing TKR’s could achieve levels of knee kinematics identical to 

healthy young controls. Older patients did have statistically significant differences in 

knee moments and kinematics compared to healthy controls however [142] so it is 

possible that age or time of intervention contribute to restoring knee function in patients 

with knee OA. Further evidence of TKR restoring healthy knee function was found in 

older patients with PCL resecting TKR’s in terms of knee flexion angle, knee flexion 

moments and quads EMG signals [133] so it would appear high level of function is 

possible in a range of implant designs and patient ages post TKR. Furthermore it was 

proposed that varus realignment during TKR accounted for OA patients restoring the 

peak knee adduction moment towards that of healthy controls during level and stair gait 

[83].  It must be noted however that these studies required stair climbing ability in the 
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screening of TKR patients for further analysis and that these patients are not 

necessarily representative of the general TKR population. Nevertheless the literature 

indicates a high level of knee function is possible with TKR. 

 

The wider literature supports the results of the current study of TKR providing limited 

functional improvements in the majority of patients. Functional abnormalities have been 

shown to exist in TKR patients during both level and stair gait even in asymptomatic 

patients with excellent clinical results  [139] [113]. Similar findings were observed for 

peak GRF’s whereby good clinical outcome still yielded very abnormal GRF’s [111] 

with a decreased loading response and reduced GRF’s towards TO. Peak sagittal 

external knee moments [67, 70, 113, 132, 142-144], peak knee adduction moments 

[70, 83, 110], knee ROM during swing [70, 83, 113, 133] and knee flexion ROM during 

stance [70, 110, 133, 142] were all found to be additional important statistically 

significant differences between TKR patients and healthy controls. Muscle activity 

measured using EMG was also found to be statistically significantly different compared 

to healthy volunteers [132]. These abnormalities in TKR patients have been observed 

at 6 months [143], 12 months [144] and 46 months [133]  post TKR so appear un 

related to incomplete recovery from the surgery and represent a poor level of maximal 

function attained by the majority of patients post TKR. 

 

4.3.3.4: Discussion: Does the classification of TKR knee function using the PCA and 

DST based methodology developed in this study allow for predictors of good or poor 

functional outcome following TKR to be identified? 

 

Section 4.3.3.3 has shown all 12 patients assessed with severe, end stage OA to have 

been classified in the dominant OA region of the Cardiff DST Classifier. All patients 

therefore display gait characteristic indicative of a subject with knee OA as expected. 

The co-ordinate position of the simplex point for each subject resulting from the Cardiff 

DST classification of knee function post TKR clearly demonstrates a range of functional 

outcome observed as a result of severe, end stage OA patients undergoing TKR. TKR 

patients were clustered these in to 3 groups of functional recovery post TKR in Section 

4.3.3.3; patients whose function is consistent with healthy volunteers, those patients 

who experience no functional improvement with TKR and patients who gain improved 

lower limb function with TKR but not to the degree to be classified in the dominant NL 

region of the simplex plot. There therefore appears to be variation within either the 

patient or their treatment which might indicate particularly good or poor functional 
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outcome of TKR and identification of these factors would greatly help improve 

functional outcome of future patients with knee OA.  

 

There is evidence in the literature that TKR design influences the functional outcome of 

patients with TKR. The study of  [111] found statistically significant differences in the 

loading response of vertical GRF between TKR designs which either resect the 

posterior cruciate ligament (PCL) or  retain the PCL. The PCL has been found to 

transmit approximately one third of the total shear force transmitted through the knee 

[145] so it likely that removing the PCL reduces the capacity of patients to initially load 

the knee during the loading response of gait in an attempt to reduce shear forces in the 

knee. The loading response may also be compromised in PCL deficient patients since 

the PCL is responsible for controlling the anterior displacement of the femur relative the 

tibia. During terminal swing, the knee was found to extend in Chapters 3 and 4 in 

healthy volunteers in anticipation of heel strike. OA patients did not exhibit this knee 

extension in terminal swing and was proposed in the earlier sections of Chapter 4 to 

contribute towards the decreased loading ability shown by these patients. TKR aims to 

restore the mobility of the joint and allow patients to retain kinematics as close to 

healthy subjects as possible, but must balance stability and wear of the implant for 

optimal TKR function. Patient anatomy and the degree of joint degeneration will 

influence TKR implant selection. The patients of the current study have either posterior 

cruciate ligament retaining (CR) TKR or posterior stabilised (PS) TKR during which the 

PCL is resected. In the absence of the PCL a PS TKR aims to replicate the function of 

the PCL, providing A-P stability and femoral roll back to aid control in the sagittal plane. 

PS TKR’s have additional congruency and stability between the articulating  surfaces in 

order to prove the constraint and roll back of the natural knee, but in doing so reduce 

mobility compared to CR TKR’s. Although no patients in the current study had TKR 

which retained both the ACL and PCL there is evidence that retaining as much of a 

patient’s original anatomy leads to greater functional outcome. When comparing 5 

different TKR designs, it was found that retaining both cruciates led to sagittal knee 

moment patterns closest to healthy volunteers [113] likely benefitting overall functional 

performance through improved ability to both absorb load during the loading response 

and provide forward momentum during terminal stance using the knee. In addition, 

TKR designs which aim to provide early femoral roll back restored external knee 

moments toward patterns of healthy volunteers to a greater degree than TKR design 

with less femoral roll back [144]. Patello femoral design of TKR was also found to 

influence functional outcome [134]. In summary, the literature appears suggest 

maintaining or recreating the original patient anatomy and knee kinematics as 
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accurately as possible leads to greater functional outcome. Patients with CR TKR’s 

would therefore be expected to have better recovery of knee function that patients with 

PS TKR at one year post surgery. 

 

The results of the current study provide no evidence that implant design is a predictor 

particularly good or poor functional outcome. Table 4.24 shows the implant type each 

patient was given along with the BOEC determining their functional classification using 

the Cardiff DST classifier. Also highlighted is which of the three clusters of functional 

outcome each subject belongs to; Good recovery, Poor recovery or Mixed recovery. 

 

 

Table 4.24: Implant type and BOEC for patients one year post TKR. Patients either had 

cruciate retaining (CR) or posterior stabilised (PS) TKR and were found to have either 

good, poor or mixed functional outcome using the DST classifier. Highlighted is the 

belief value most influential to the classification. 

 

Subject 
Classifier 

ID 
mc({OA}) 
post TKR 

Mc({NL}) 
post TKR 

mc(Ɵ) 
post TKR 

Implant 
type 

Recovery 
group 

Post-
TKR 1 

13 0.3904 0.4490 0.1605 CR Mixed 

Post-
TKR 2 

14 0.8168 0.0408 0.1424 Unknown Poor 

Post-
TKR 3 

15 0.1769 0.6382 0.1849 PS Good 

Post-
TKR 4 

16 0.3867 0.4625 0.1508 CR Mixed 

Post-
TKR 5 

17 0.4954 0.3870 0.1175 CR Mixed 

Post-
TKR 6 

18 0.8255 0.0885 0.0860 CR Poor 

Post-
TKR 7 

19 0.8522 0.0613 0.0865 PS Poor 

Post-
TKR 8 

20 0.2026 0.6662 0.1312 PS Good 

Post-
TKR 9 

21 0.8901 0.0323 0.0776 PS Poor 

Post-
TKR 10 

22 0.9155 0.0236 0.0609 PS Poor 

Post-
TKR 11 

23 0.4255 0.4067 0.1678 CR Mixed 

Post-
TKR 12 

24 0.2623 0.5937 0.1440 Unknown Good 
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It can be seen from Table 4.24 that patients with the best functional outcome had PS 

TKR’s. This might initially suggest PS designs to improve functional outcome in 

patients with end stage knee OA but 3 out of the 4 patients with the worst functional 

outcome also has PS TKR’s. Furthermore, those patients who had functional 

improvements with TKR but not to the extent they could be classed as having dominant 

NL function (mixed recovery) all have CS TKR’s. Implant type does not therefore 

appear to be a large factor in patient function post surgery and that both PS and CR 

designs can provide both good and poor functional outcome. This is consistent with a 

follow up of 143 PS and CR knees at 2 and 3 years post surgery which found 

significant differences in clinical outcome between the two groups [146]. Although 

functional advantages have been demonstrated in the literature with regards to 

individual parameters such as external knee sagittal moment between different 

designs, overall functional outcome appears to be influenced to a greater extent by 

other factors. 

 

BMI and age have both previously been suggested as factors in the functional success 

of TKR. Overweight subjects have been shown to have reduced ankle function and 

introduce compensatory mechanisms at the hip [83] and younger TKR patients have 

previously been shown to achieve levels of knee kinematics the same as healthy young 

controls [142]. Older patients using the same TKR design were found to have 

statistically significant  differences in knee external moments and knee kinematics 

compared to healthy, young controls [142]. The age and BMI of each patient at the time 

of TKR, change in BMI post TKR and BOEC determining their functional classification 

using the Cardiff DST classifier is shown in Table 4.26. Also highlighted is which of the 

three clusters of functional outcome each subject belongs to; Good recovery, Poor 

recovery or Mixed recovery and the BOE most influential to the classification. 
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Table 4.25: Age and BMI of each patient at the time of TKR and BOEC for patients one 

year post TKR. Recovery group each patient was classified in to is also shown. The 

belief value most influential to the classification is highlighted in grey. 

Subject 
Classifier 

ID 
Number 

Age 
at 

TKR 

Pre 
TKR 
BMI 

BMI 
change 

post 
TKR/ % 

mc({OA}) 
post TKR 

mc({NL}) 
post TKR 

mc(Ɵ) 
post TKR 

Recovery 
group 

Post-
TKR 1 

13 56 42.97 8.08 0.3904 0.4490 0.1605 Mixed 

Post-
TKR 2 

14 69 30.45 0.23 0.8168 0.0408 0.1424 Poor 

Post-
TKR 3 

15 58 35.20 -7.59 0.1769 0.6382 0.1849 Good 

Post-
TKR 4 

16 70 32.65 -3.09 0.3867 0.4625 0.1508 Mixed 

Post-
TKR 5 

17 68 37.11 -0.59 0.4954 0.3870 0.1175 Mixed 

Post-
TKR 6 

18 69 21.55 -1.39 0.8255 0.0885 0.0860 Poor 

Post-
TKR 7 

19 73 45.91 0.41 0.8522 0.0613 0.0865 Poor 

Post-
TKR 8 

20 68 26.14 5.42 0.2026 0.6662 0.1312 Good 

Post-
TKR 9 

21 81 37.78 6.48 0.8901 0.0323 0.0776 Poor 

Post-
TKR 10 

22 75 29.14 2.99 0.9155 0.0236 0.0609 Poor 

Post-
TKR 11 

23 61 37.55 0.59 0.4255 0.4067 0.1678 Mixed 

Post-
TKR 12 

24 71 29.59 -0.03 0.2623 0.5937 0.1440 Good 

 

Linear correlation investigated using the Pearson’s Correlation co-efficient between 

age and mc({OA})  post TKR, and also between age and  mc({OA}) post TKR were 

0.64 and -0.59 respectively. Age therefore appears to correlate well with outcome of 

TKR. Neither BMI at the time of TKR, nor weight loss or gain at one year post TKR 

measured by the percentage change in BMI correlated to functional outcome. The 

(in)ability of a patient to lose weight following TKR had no bearing on their functional 

outcome. Linear correlation investigated using the Pearson’s Correlation co-efficient 

between BMI and mc({OA})  post TKR, and also between BMI and  mc({OA}) post TKR 

were 0.02 and -0.0.04 respectively. Linear correlation investigated using the Pearson’s 

Correlation co-efficient between BMI change and mc({OA})  post TKR, and also 

between BMI change  and  mc({OA}) post TKR were 0.23 and -0.21 respectively. 

 

The current study had few exclusion criteria with regards to the selection of OA and 

TKR patients. The aim, as discussed in Chapters 1 and 2, was to investigate as 

representative a TKR population as possible. The result of this is that patients might 

present with comorbidities, likely to influence their functional outcome following TKR. 
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Patients with an existing TKR, THR or KL grade 4 OA in the contra lateral knee could 

be expected to experience less functional benefit of TKR than those with one affected 

knee only.  The 12 OA patients who went on to have TKR in the current study all had 

comorbidities and there does not appear to be a pattern in these which relates to their 

functional outcome. Of the patients with good outcome in Table 4.24, patient “Post-

TKR 3” had an existing contra lateral THR and patient “Post-TKR 12” has 

asymptomatic severe, end stage OA in the contra lateral knee. These additional 

pathologies were no different to patients with mixed or poor outcome and represent the 

fact it is very unlikely that the knee could experience severe degeneration without 

affecting or being affected by other joints. The presence of additionally affected joint to 

the knee treated is therefore not a factor in good or poor TKR functional outcome. 

 

The finding that the presence of comorbidities does not predict success of TKR is 

somewhat surprising. Presence alone describes very little about an individual’s function 

and functional abnormalities however. The original classification of 25 patients with OA 

and 23 healthy volunteers in Fig.4.66, Section 4.3.2.1 showed that there was a wide 

range of knee function existing between OA patients pre TKR. The spread of simplex 

points was far greater than that of healthy volunteers suggesting high variability in 

lower limb function existing between patients pre TKR. This pre-TKR lower limb 

function variability accounts for the degree of functional impairment each of the various 

patients actually experience due to the other joint pathologies far better than presence 

alone. Examining the classifications of the three clusters of functional outcome in 

Figs.4.74, 4.75 and 4.76 show that patients with the greatest lower limb function pre 

TKR had the greatest functional outcome post TKR. This is also shown clearly by the 

BOEC responsible for the classification shown in Table 4.24 above. Patients with the 

best outcome (identified “Good” in Table 4.24) had the highest mc({NL}) (ranging from 

0.09-0.21) and the lowest mc({OA}) (ranging from 0.66 to 0.77) of the group pre TKR. 

Patients with the worst outcome (identified “Poor” in Table 4.24) had the lowest 

mc({NL}) (ranging from 0.00 to 0.06) and the highest mc({OA}) (ranging from 0.87 to 

0.94) of the group pre TKR. Patients with mixed recovery had belief values of NL and 

OA function fitting directly in between the good and poor outcome patients pre-TKR. 

Pre TKR, the mixed recovery patients’ mc({NL}) ranged from 0.02 to 0.11 and  

mc({OA}) ranged from 0.77 to 0.92. Linear correlation investigated using the Pearson’s 

Correlation co-efficient between pre TKR mc({OA}) and post TKR mc({OA})  and also 

between pre TKR mc({NL}) and post TKR mc({NL}) were 0.80 and 0.73 respectively, 

indicating good correlation between a patients starting function and their functional 
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outcome post TKR. Patient function pre TKR is therefore the greatest predictor of 

success post TKR. 

 

4.3.3.5: Recommendations from the classification of TKR functional outcome 

 

In summary, the findings of the current study were that implant type, BMI and presence 

of comorbidities were poor indicators of TKR outcome but that a patient’s age and 

function pre TKR correlated to the function observed post TKR. Biomechanical 

variability due to BMI, implant type and presence of comorbidities did not predict TKR 

outcome alone but were accounted for together (pre TKR) in the overall classification of 

lower limb function used in the current study. For example, the classifier in the current 

study used measures of hip, knee and ankle biomechanics so the reduced ankle 

function and increased hip function found in  overweight subjects [64] were measured 

and contributed to the BOEC determining overall lower limb function in the pre TKR 

simplex plot point of the classification. The factors contributing towards the BOEC pre 

TKR were hard to isolate due to the high variability existing between patients and range 

of functional adaptations possible. This is consistent with the findings in Section 4.3.2 

where classification of OA or NL function was highly inaccurate from a small number of 

biomechanical measures. The knee adduction moment, for example, did not accurately 

classify OA or NL subjects and it was concluded that an individual factor cannot 

accurately classify knee function.   

 

The ability of the DST classification methodology to combine a wealth of both 

conflicting and corroborating evidence to classify patient lower limb function pre TKR, 

taking in to account biomechanical adaptations from a range of possible causes, and 

identify patients who will respond best to TKR is highly useful for improving the 

functional outcome of TKR. As such, selecting the timing of intervention based upon a 

patients pre TKR lower limb function may aid the functional capabilities of patients with 

TKR. Since classification of TKR outcome was also found to correlate with clinical 

outcome measures in Table 4.23, the earlier intervention in patients with severe end 

stage knee OA, at a time when their function is impaired compared to healthy controls 

but is good relative to other OA patients, provided better overall clinical outcome.  

 

The novel, DST based classification technique developed in the current study allows 

the function of patients to be monitored over multiple time points and has the potential 

to select optimal time of TKR and hence provide optimal clinical outcome. Patient 

selection for TKR will always be influenced by the need to delay joint replacement due 
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to relatively short implant life, but where a patient is of an age where TKR is routinely 

conducted (for example 65+), the findings of the current study suggests that TKR 

should be performed before function deteriorates to such an extent that TKR will be of 

little functional benefit and hence have little chance of a positive clinical outcome. 

 

Delaying TKR beyond a time point where functional and clinical outcome may be 

achieved will likely affect the neighbouring joints and may increase the likelihood of 

THR or TKR in the contra lateral knee for example, introducing a continuing downward 

spiral of increasingly reduced lower limb function and hence reduced clinical outcome 

for these treatments. Earlier intervention may also preserve implant life whereby the 

device is subjected to more “normal” loading and reduced shear forces compared to an 

implant in a patient with highly modified gait patterns. The longer term follow up of 

patient functional and clinical outcome is required to assess these hypotheses. The 

intention of the current study is to develop novel methodologies for the measurement, 

processing, analysis and interpretation of knee function data and the small sample size 

(12 patients) does not represent a robust clinical study. The sample size is not 

dissimilar to studies in the literature examining opportunities for improving OA and TKR 

knee function   [135, 138, 147], but the observations found in the current study should 

be investigated further in larger number of OA and TKR patients in the future. The 

evidence of intervening early in the cycle of functional degeneration in the lower limbs 

could be expanded in future to investigate pathologies occurring before end stage knee 

OA. The development of a methodology for investigating soft tissue contributions to 

knee function is discussed in Chapter 5.  

 

The findings of the current study have identified that the global lower limb function 

classified pre TKR improves functional and clinical outcome post TKR but the causes 

of the initial OA remain unclear. A number of biomechanical adaptations observed in 

knee OA patients have been suggested but the way in which these altered loading and 

movement patterns correlate to biological changes in the articular cartilage and sub 

chondral bone, such as structural changes in the tissue or mechanisms for pain and 

inflammation, would be highly beneficial in future work to understand if the 

compensatory biomechanical mechanisms are a cause or consequence of OA. 

 

The fidelity of the functional classification of the current study is also limited to gait. A 

high level of pre TKR lower limb function (relative to other pre TKR patients) during gait 

has been shown to correlate to good functional outcome and to good clinical outcome. 

It is very likely though that patient may experience difficulties in other aspects of daily 
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life and other functional activities despite good gait performance and good clinical 

outcome. The level of patient satisfaction and aspiration of surgeons and TKR design 

towards the concept of “the forgotten knee” may therefore be improved by additionally 

considering important activities such as sit to stand or step up and down previously 

found to be important measures [87]. Stair gait has been shown in the current study to 

be unachievable by the majority of patients so functional challenges persist and 

assessment activities in future work should investigate more functionally demanding 

activities in addition to gait. Considering additional measures in future work such as 

centre of pressure changes, joint powers, muscle strength and muscle activity (using 

electromyography) or additional components of function such as proprioception and 

gait stability and variability may help explain the functional deficiencies exiting in TKR 

and OA patients in future work. 
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Chapter 5 
Development of a Novel Methods to 

Investigate Soft Tissue 
Biomechanics From 3D High 

Resolution MRI, In-Vivo and Under 
Load. 

 

5.1: Introduction 

 

The Thesis has thus far investigated optimising Motion Analysis data collection, 

processing and quantification for the classification of knee function with aging, 

osteoarthritis (OA) and Total Knee Replacement (TKR). Chapter 4 has identified the 

timing of TKR to be the main factor in determining good clinical and functional outcome 

and suggested that intervention, even before the onset of end stage OA may delay the 

need for TKR and further increase functional performance of the knee in patients with 

OA. Understanding the changes to lower limb biomechanics and the pathogenesis of 

OA, from healthy knee function shown by (1) to end stage OA shown by (3) on Fig.5.1, 

remains poorly understood in the literature however.  

 

Figure 5.1: Hypothetical change in biomechanical knee joint function with time. 

Chapter 3 has shown knee function to naturally decline with aging (1), and Chapter 4 

has shown knee function to alter significantly with end stage OA and shown mixed 

outcome following TKR (3). The pathogenesis of OA from onset (2) to end stage OA (3) 

is poorly understood in the literature as is the optimal timing of early interventions. 
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Detrimental changes within the knee are likely to be influenced by interactions between 

soft tissue structures and changes in localised stresses within the knee, not apparent 

from MOCAP data, particularly in the meniscus, a tissue associated with a high 

prevalence of knee OA following pathology. Developing methods to investigate knee 

soft tissue behaviour aims to provide additional biomechanical data in understanding 

the pathogenesis of OA, not yet explored in the current study and poorly understood in 

the literature.   

 

5.1.1: Background 

 

The meniscus has been shown throughout the literature to be functionally important in 

the knee, providing load transmission, shock absorption, proprioception, joint stability 

and aid joint lubrication [17]. In-vitro studies have shown the menisci translate relative 

to the tibia, hypothesized to improve tibio-femoral joint (TFJ) congruency, decrease 

contact stresses in articular cartilage (AC) while also protecting themselves from 

secondary pathology [148]. Meniscal tears are widely recognised as a risk factor for OA 

and commonly occur during twisting or squatting movements [22]. It has been 

suggested that alterations to joint kinematics may predispose menisci to tears [20] and 

meniscal tears are strongly linked clinically to progression of OA [18].  

 

The functional importance of the menisci is clear and the consequences of meniscus 

pathology to overall knee function and progression of OA are clinically established. The 

treatment of meniscal pathology is challenging however, with very poor healing due to 

the poor blood supply. Meniscal vascularity is confined to peripheral region from blood 

vessels and the connection to the joint capsule [15]. The inner 65-75% is avascular and 

cells continue to survive by synovial fluid diffusion or mechanical pumping [15]. Most 

commonly following pathology, the torn section of meniscus is removed during a partial 

meniscectomy. There were an estimated 59,595 meniscectomies in the UK in 2008 

and approximately 1.7 million meniscectomies worldwide, with an incidence of around 

61 per 100,000 population [20]. Patients generally experience short term increased 

mobility of the joint and reduction in pain following partial meniscectomy but the 

likelihood of early onset OA increases. The mechanisms with which tears originally 

occur and prevention of meniscal injury are poorly understood and there is great scope 

to improve assessment of meniscus biomechanics for the direction of treatment and 

rehabilitation in patients exhibiting early signs of OA.  

 

One of the largest barriers to investigating biomechanics of the soft tissues of the knee 

such as menisci is the availability of techniques able to describe their behaviour, in-
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vivo, under physiologically relevant conditions and in sufficient detail. The difference 

between joint contact or no contact in the investigation of OA may be less than a 

millimetre [40] for example. Motion Analysis is a valuable tool for understanding the 

global biomechanics of the knee but soft tissue artefact and errors in the identification 

of bony landmarks [30] lead to the need for more accurate methods, such as MRI, for 

determining joint kinematics on smaller scales and in finer detail. Similarly, Finite 

Element Analysis (FEA) has the potential for accurate estimation of joint contact 

problems and to model soft tissue influences on joint kinematics, both of which are 

known to influence the onset of osteoarthritis [149, 150]. However, in order to create 

and validate FEA models, accurate, reliable in-vivo kinematic and kinetic inputs are 

required. For example, it is reported that kinematic accuracy of around 1mm introduces 

around 3% uncertainty in estimating ligament strains and as much as 25% uncertainty 

in cartilage strains [41]. It is likely similarly small errors in describing meniscus 

biomechanics in-vivo will affect FEA predictions of meniscus stress and strain to a 

similar degree. 

 

5.1.2: Previous methodologies for evaluating meniscus biomechanics 

 

Section 5.1.1 has identified the high incidence of meniscal injury, poor natural healing 

response and high likelihood of early onset OA as a consequence. Understanding soft 

tissue injuries and treatments shares many similarities with investigating treatment 

outcome of TKR in Chapter 4, namely a lack of objective, biomechanical information to 

assess biomechanical function and outcome. Meniscus repair success is traditionally 

recorded through arthroscopic examination although it is often clinically difficult to 

justify [151]. MRI has been used to assess healing but it is difficult to separate the 

signals of healed tissue and abnormal signals from areas of poor healing  [152]. The 

marker for success of soft tissue treatment is therefore incidence of re-repair or patient 

satisfaction with symptoms following treatment [151], much in the same way TKR 

outcome is traditionally assessed. Understanding of OA pathogenesis may be 

improved by quantifying the biomechanical function of soft tissues such as menisci. 

The literature investigating meniscus biomechanics is limited however, particularly with 

respect to in-vivo, accurate, 3D, physiologically relevant methodologies. Meniscus 

translations and shape change in-vivo, under load and with knee rotations are poorly 

understood despite the importance of meniscus motion relative to the tibial plateau and 

shape change between the tibio-femoral joint often cited as important mechanisms for 

improving joint congruency and decreasing contact stresses in articular cartilage [15, 

17, 153]. 
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 5.1.2.1: In-vitro investigations 

 

Review papers of meniscal translations (e.g. [1, 6, 14] ) most often cite the work of 

Thompson [154] whereby cadaveric specimens were rotated through a full range of 

flexion and meniscus translation was observed using MRI. Both menisci translated 

posteriorly with flexion with the lateral meniscus found to be more mobile than the 

medial (5.1mm and 11.2mm respectively) [154].  Review papers such as Caldwell [153] 

attribute the difference to increased capsular and ligament attachments of the medial 

meniscus. The relative motion of each meniscus in this manner (medial less mobile 

than the lateral) and relative magnitudes have become accepted knowledge. The 

methodology and relevance to in-vivo knee function can be questioned, however.  The 

limitations of in-vitro work include no blood supply or flow of fluid to the menisci, tissues 

dissected for access (e.g. [155]), material properties differing from in-vivo tissue and 

disrupted interactions of soft tissues without the presence of muscle activity. The 

translation of the menisci does not appear to be purely passive with the lateral 

meniscus extended by the popletius muscle for example [15]. The kinematics of the 

knee during testing are also likely to influence meniscus translations and it is possible 

that the horns of each meniscus and the meniscus bodies could be more mobile than 

first appears with different knee kinematics imposed on the test. In addition, in-vitro 

studies in the literature treat each menisci as a rigid body during translations, when it is 

actually deformable fibrocartilage [155]. 

 

While in-vitro imaging and mechanical testing may be limited in investigating meniscal 

translations, it does have the advantage of performing very controlled, very repeatable 

loading of the meniscus in compression or shear for example. As a result, the 

behaviour of the meniscus under compressive forces is almost exclusively derived from 

in-vitro cadaveric or animal studies. In-vitro studies have used 6DOF materials testing 

machines [148, 156, 157], uni-axial load cells [158, 159], custom MR compatible axial 

loading devices driven by pneumatics [46, 160, 161] and uni-axial compression screws 

[162] to apply load to meniscus samples . 

 

Mechanical testing of meniscus samples taken at different orientations, such as those 

shown in Fig.5.2, has shown menisci to be strong circumferentially with weaker radially 

orientated fibres [158]. Circumferential specimens failed at higher stress and lower 

strain than radial specimens and had a higher elastic modulus [158]. The orientation 

and properties in the two directions are believed to convert compressive loads in the 

menisci to hoop stresses. Material properties of bovine meniscus tissue were found to 

vary according to location [163] and significantly different hoop strains were found to 
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exist in different human cadaveric meniscus regions which can then be further modified 

with tears [156]. In addition to investigating the compressive behaviour of the 

meniscus, in-vitro resection of the ACL has been shown to significantly increase the 

resultant force in the medial meniscus with anterior tibial load applied suggesting the 

medial meniscus plays a significant role in resisting anterior tibial motion in the ACL 

deficient knee [148]. Similarly, cadaveric studies have shown meniscectomy to 

significantly increase contact pressure in subchondral bone [157] and result in 

dehydration and permanent deformation of articular cartilage following loading [160]. 

 

 

Figure 5.2: Showing location and orientation of test specimens used to determine the 

relative mechanical properties of radially and circumferentially orientated fibres in the 

meniscus. Reproduced from [158]. 

 

In-vitro meniscus studies also have the advantages of no limitation on scan times and 

increased scan detail when using MRI. Porcine menisci have been previously scanned 

using MRI up to resolutions as high as 43µm and the internal structure and fibre 

orientation recorded although these scans lasted from 10 hours to 33 hours and used 

very small but high strength 9.4T MRI scanners. Imaging in this level of detail was able 

to confirm the varying fibre orientation for correlation to observations from mechanical 

testing of differently arranged fibres [164]. Such high field strength scanners are not 

commonly available for human use and the scan time far exceeds the practicalities of 

in-vivo human imaging, even when not considering loading.  
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 5.1.2.2: In-vivo investigations 

 

Advances with MRI have led to the investigation of in-vivo meniscus translational 

behaviour in order to better understand the risk factors for meniscal tears, the disease 

process towards OA following tears and the implications of natural meniscus 

biomechanics to treatment options such as meniscus allograft. In-vivo studies of 

meniscus biomechanics are limited however. Typically MRI is 2D, low resolution (either 

to reduce scan time or as a limitation of the available MR scanner) or do not 

considering joint loading. Furthermore, the author is not aware of any previous study 

which investigates the effects of transverse TFJ rotations on meniscus kinematics, 

especially not when considering the loaded, in-vivo knee and describing 3D meniscus 

kinematics from high resolution imaging, despite the high clinical incidence of meniscal 

tears during loading, twisting and squatting [22].   

 

The most common approach to measuring meniscus translations in previous studies is 

to measure 2D distances between meniscus landmarks and tibial landmarks from a 

single MR slice [19, 165, 166] as illustrated by Fig. 5.3. This approach quantifies in-vivo 

meniscus translations but cannot account for meniscus kinematics in planes, or in 

meniscus regions, other than that viewed on the 2D MR slice. Knee kinematics, the 

direction of action of ligaments, muscles of other soft tissues and the direction of 

resultant contact forces in the knee do not act in a single plane however and this 

approach provides only a brief snapshot of meniscus translations. 

 

 Figure 5.3: Measurements taken to define menisco-tibial translations: Perpendicular 

distance between outer inferior edge of the meniscus and the outermost edge of tibial 

articular cartilage in the sagittal plane (Left); Height of the outer edge of the meniscus 

(Centre); Perpendicular distance between outer inferior edge of the meniscus and the 

outermost edge of the tibial plateau in the frontal plane (Right). Reproduced from Vedi 

[19]. 
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The studies of [165] and [19] measuring 2D meniscus translations from single MR 

slices is also subject to poor scan quality and hence questionable accuracy of 

measurements as illustrated by Fig. 5.4. The black triangular cross sections of the 

menisci are visible on MRI in Fig. 5.4., but the contrast is poor in relation to the 

surrounding tissues and resolution is low. It is also noticeable that decreasing field 

strength of the scanner has a significant effect on the signal to noise ratio going from 

left to right on Fig. 5.4.  

 

 

 Figure 5.4: Example MR Image quality from 0.5T open MRI [19] (Left) and 0.18T 

open MRI [165]  (Right). 

 

The low scan quality and low field strength MR scanners are a compromise for the 

ability to weight bear within the open bore scanner and record physiologically relevant 

knee poses and loading conditions as shown to the left of Fig.5.5. Weight bearing 

within an open bore MRI, as shown to the left of Fig.5.5, is difficult and it is hard to 

maintain a stationary position for long. Scan time must therefore be very short, leading 

to acquisition of a few 2D slices required to record the 2D measurements identified in 

Fig.5.3. 

 

The work of Stehling [167] aimed to overcome the shortcomings in image quality by 

using a higher field strength closed bore MRI scanner. The disadvantage to this 

approach is the confined participant volume and necessity for the participant to lie 

rather than stand. A MRI compatible mass-pulley system introduced axial load within 

the high field strength closed bore MRI scanner despite the inability to stand, shown to 

the right of Fig.5.5. Despite the increased image quality in terms of signal to noise ratio 

provided by the higher field strength closed bore scanner, the 50% body weight mass 
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used was presumably difficult for participant to resist for long periods of time since the 

2D/ single MR slice methods were retained. 

 

 

Figure 5.5: Schematic diagrams showing two approaches to introducing load bearing 

to the lower limbs during MRI: Squatting or standing within a low field strength open 

bore MRI scanner [19] (left); MRI compatible mass-pulley system to introduce axial 

load with the patient lying supine within a high field strength closed bore MRI scanner  

[167] (right). 

 

 

 

Figure 5.6: Showing an MR compatible mass-pulley loading device used to apply 

sagittal torques around the knee in 0.2T open bore MRI [168]. 

 

In an attempt to improve the accuracy of reconstructing accurate meniscus translations 

from MRI, 3D methods were developed in conjunction with low field strength open bore 

MRI and a custom mass pulley loading device shown in Fig.5.6. In order to keep scan 

http://www.sciencedirect.com/science/article/pii/S0736026603002109#gr1
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times within acceptable limits (4min 26s) and to aid participants in remaining stationary 

during the imaging to avoid motion artefact, image resolution was unfortunately low 

(0.86mm in plane resolution 1.9mm slice thickness) [29]. Nevertheless the study 

represents an improvement compared to the methodologies described so far by 

segmenting the tibio-femoral joint and the posterior edge of the posterior horns of both 

menisci to reconstruct 3D models of each structure. Motion of each meniscus was 

described as the centroid of the posterior edge of each posterior horn in a 3D tibial 

anatomical co-ordinate system [29]. Unfortunately this methodology does not account 

for translations in the anterior horn or meniscus centres but was able to demonstrate 

increased posterior translation of the femur and posterior meniscus horns relative to 

the tibia in ACL deficient knees compared to healthy volunteers [29]. Similar 

methodologies were adopted to investigate meniscus and tibio-femoral kinematics in 

ACL deficient knees, defining 3D tibial anatomical co-ordinate systems in closed bore 

MRI using the loading device, shown to the right of Fig.5.5. In plane image resolution 

improved to 3mm, but the long scan duration (10 minutes) necessary to provide this 

image resolution meant only 125N axial load was applied [21]. Amy Lerner in New York 

measured menisco-tibial translations in 3D, sharing the approach of von Eisenhart-

Rothe [168] in segmenting the tibio-femoral joint and creating a 3D tibial anatomical co-

ordinate system but instead segmenting the complete menisci, she described meniscal 

translations as the centroid location of each 3D meniscus model in the 3D tibial 

anatomical co-ordinate system. This study represents the most accurate 3D 

representation of meniscus biomechanics in the literature and scan quality within the 

closed bore scanner was excellent with in plane image resolution around 0.3mm [169]. 

There was no provision for loading the joint during imaging due to the long 15 minute 

scan time however. The author is not aware of any study in the literature which 

investigates meniscus kinematics considering loading of the lower limbs in-vivo and 

describing 3D meniscus kinematics from high resolution imaging. Loading requires 

short scan durations for the participant to avoid motion artefact and if high in plane 

image resolution and contrast between structures is to be maintained only a small 

number of slices can be acquired leading to simplified 2D measures during image 

analysis.  Similarly excellent knee MR images can be obtained to reconstruct 3D bone 

and meniscus models and describe 3D relative motion but the scan time of current 

imaging methodologies is too long for participant to resist the applied load without 

introducing motion artefact to the images. 

 

The lack of 3D, high resolution imaging and image processing in the loaded, in-vivo 

knee has also led to very little information in the literature about 3D meniscus shape 

change and compression in-vivo. The ability of in-vitro studies to apply very high, 
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controlled and repeatable loading to the knee has led to a wealth of information about 

cadaveric meniscus shape change behaviour in the literature but it is not clear how this 

relates to in-vivo meniscus biomechanics. Evaluation of single 2D MR images has 

shown peripheral extrusion of both menisci [166] and increase in height of both menisci 

with loading [19]. These findings contradict the accepted knowledge of menisci 

converting compressive stress to hoop stresses and maintaining a large contact area in 

the tibio-femoral joint. The menisci would not be effective in these biomechanical 

functions if allowed to extrude towards the periphery of the joint and increased 

meniscus height with compression of the knee appear to contradict cadaveric studies. 

It was suggested ligament tension with load may cause proximal meniscus strain [19] 

and a measured increase in height.  It is more likely however that the simplified 2D 

methods could be capturing different sections of the menisci between different 2D MR 

slices between loaded and unloaded conditions which naturally vary in height and are 

not a result of compression at all. The author is not aware of any studies quantifying 

meniscus shape change in-vivo in 3D. This is most likely due the highly irregular 

geometry and large strain of the menisci in addition to a lack of imagining and post-

processing methodologies to capture compression mechanics. It is not always possible 

to register two  3D meniscus surface models together in software such as Geomagics 

(Materialise, USA) and display strain fields of how a meniscus deforms and changes 

geometry from one condition to another, for example as one might with traditional 

engineering components of more regular geometry. The conflict between accepted, in-

vitro derived meniscus compression mechanics and data obtained using simplified 2D 

in-vivo investigations highlights a clear need for the development of methodologies to 

explore in-vivo meniscus loading. In addition, the authors are not aware of any previous 

study which investigates the effects of transverse TFJ rotations on meniscus 

kinematics, especially not when considering the loaded, in-vivo knee and describing 3D 

meniscus kinematics from high resolution imaging. 
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5.1.3: Chapter Aims. 

 

Chapter 4 has identified the timing of TKR to be an important factor in determining 

good clinical and functional outcome. Intervention of OA before the onset of end stage 

joint degeneration may delay the need for TKR and maintain functional performance of 

the knee in patients with OA. The pathogenesis of OA is poorly understood in the 

literature and joint degeneration is likely to be influenced by interactions between soft 

tissue structures and changes in localised stresses within the knee, not apparent from 

MOCAP data. The hypothesis of the Chapter is that development of a methodology to 

quantify 3D, in-vivo, and physiologically relevant soft tissue biomechanics will improve 

the understanding the contributions of the soft tissues to knee joint biomechanics. The 

current Chapter aims to develop methods to investigate knee soft tissue behaviour 

using the following steps: 

 

1) Develop novel medical imaging techniques to image the soft tissues of the knee, in-

vivo and in sufficient detail to characterise the biomechanical behaviour of the menisci 

of the knee. 

2) Establish a novel method for recreating physiologically relevant knee joint loading 

and joint kinematics during in-vivo imaging of the soft tissues. 

3) Develop a method for accurately quantifying 3D meniscus kinematics. 

4) Develop a method for accurately quantifying meniscus shape change. 

5) Quantify 3D in-vivo menisco-tibial kinematics and shape change during passive 

knee flexion. 

6) Quantify meniscus translations and shape change with axial load. 

7) Investigate meniscal translations with transverse plane knee joint motion. 
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5.2: Methods 

 

5.2.1: Participants 

 

Three healthy volunteers from the previously described Young Healthy Volunteer group 

(HVY) were imaged using MRI in this preliminary study aimed at developing novel MRI 

methods for investigating soft tissue biomechanics. MRI was approved by the 

Research Ethics Committee for Wales and Cardiff and Vale University Health Board 

and all volunteers were provided with an information sheet (Appendix J), and informed 

consent was obtained (Appendix K). Cardiff University Brain Research Imaging Centre 

(CUBRIC) initial and secondary screening forms were also completed for patient safety 

prior to imaging (Appendix L and Appendix M) and to comply with local ethical 

requirements. The participants have no known lower limb pathology and were 

screened as described in Chapter 2. MR images were examined with the help of the 

Radiographer, Peter Hobden, for any previously undetected pathology which may 

affect soft tissue biomechanics. No abnormalities were found. The cohort number, 

gender, height, weight and BMI for the healthy participants are shown below in Table 

5.1. 

Table 5.1: Subject metrics for healthy volunteers undergoing MRI 

Number 

(M/ F) 
Mean Age (SD) 

Mean Height/ m 

(SD) 

Mean Body 

Mass/ kg (SD) 

Mean Body Mass 

Index (SD) 

3 (0/3) 22.3 (2.0) 1.56 (0.03) 52 (9.6) 21.3 (3.2) 

 

 

The HVY group was selected as a group of adult volunteers with reduced risk of early 

joint degeneration or other currently undetected pathology when compared to “Middle” 

or “Old” age healthy volunteers which may influence results and be detrimental to knee 

function. It is very possible for example that middle or old age volunteers may 

potentially have asymptomatic early OA or meniscal tears. Furthermore, patients likely 

to be undergoing early intervention for knee joint pathology following trauma such as 

meniscal tears will be in the HVY and HVM age ranges. HVY therefore represent an 

appropriate cohort of healthy volunteers for MRI with which patient data may be 

compared in future studies. 

 

5.2.2: Data Collection: MR Imaging 

 

All MR imaging was performed using the Signa HD-xt 3.0T MRI scanner (GE Medical 

Systems, USA.)  at Cardiff University Brain Research Imaging Centre (CUBRIC), with 
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Peter Hoden, radiographer at CUBRIC. Imaging uses a “Flexi-Coil” to improve the 

signal to noise ratio of the imaging when compared to using the body coil alone. It does 

not restrict knee motion in the same way a conventional knee array would. This did not 

produce noticeably worse image quality compared to using the rigid knee array but had 

the advantage of a greater possibility for different knee poses to be imaged as is one of 

the objectives of the study. 

 

A scout scan lasting approximately 10-15 seconds initially imaged the knee in order to 

check for correct location in the scanner, towards the centre of the field where image 

distortion is reduced and then align the imaging volume with the knee orientation. 

Positioning of the imaged volume was determined by centring the imaging volume on 

to the approximate knee joint centre in order to capture the entire tibio femoral 

articulating surfaces and menisci without cropping the peripheries of the joint or 

experiencing distortion or wrapping of the images. The participant was informed of the 

purpose of each sequence and instructed to not move following the first, short 10 

second scout sequence, maintaining correct alignment and position for the following 

scans. High density foam was used to support the lower limbs and strapping was 

applied around the knee and MR bed to maintained participant positioning and reduced 

motion which would potentially introduce artefacts to the images.  

 

A range of MR sequences were investigated in order to obtain the best quality images 

for segmentation of the menisci and bones for 3D surface modelling. A Fast Imaging 

Employing Steady State Acquisition (FIESTA-C) sequence acquired optimal knee MR 

images. This sequence is also referred to as “True FISP” or “CISS” depending on the 

scanner manufacturer. The novel FIESTA-C sequence was chosen above the scan 

sequences commonly used in the Literature in Section 5.1 due to the short time in 

which high resolution, high contrast and low noise images can be acquired. FIESTA-C 

imaging is T2-weighted so that fluid filled structures appear as high signal areas (white) 

on an image. Typically T2 weighted sequences, although providing the desired high 

contrast and visualisation of structures within the knee (bone/ ligaments/ menisci/ 

articular cartilage), have a poor signal-to-noise per unit time of MR imaging. In 

essence, a T2 weighted scan can provide the required image quality for segmentation 

of the structures of the knee but the length of the scan required is too long to be 

practical, especially if a volunteer must remain stationary while the knee is loaded to 

avoid image artefact. The restrictions of scan time are the reason previous studies, 

described in Section 5.1, investigating the loaded behaviour of the in-vivo knee are T1 

weighted. Time is also an important factor given the £500/ hour scan cost. The way in 

which the FIESTA-C sequence provides high resolution, high contrast and low noise 
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images in very short scan times, comparable to T1 weighted sequences, is mainly due 

to the very short repetition time (TR): Defined as the duration of time between 

successive pulse sequences applied to the same slice. In the protocol used in this 

study TR is 4.8ms compared to 2000ms which is typical for T2 weighted sequences. 

Furthermore, FIESTA based 3D MR acquisitions have recently been validated against 

traditional T1 weighted MR imaging in the detection of meniscus abnormalities  [170]. 

Example T1 and T2 weight MR images are shown below in Fig.5.7., to illustrate to 

difference in contrast between neighbouring structures and the advantages of T2 

weighted sequences for segmentation and 3D modelling if achieved within practically 

short overall scan times. Protocol summary for the 3D FIESTA-C imaging is: TR/TE = 

4.8ms/ 2.4ms; 1.6mm section thickness; 256×256 matrix; 2 excitations; flip angle= 25°; 

approximately 5-6 minutes acquisition time. 

 

 

Figure 5.7: Example MRI images of a grade 3 cartilage change of the lateral femoral 

condyle (indicated by the white arrow). Left, is T1 weighted MR image (fat-suppressed, 

3D SPGR (TR/TE 40 ms/6 ms; flip angle 40°)) and right, a  T2 weighted MR image of 

the same knee (FIESTA (TR/TE 6ms/2.2ms; flip angle 30°)). Reproduced from Li [170].  

 

The MR imaging resolution (Voxel size) is shown in Table 5.2. The highest resolution is 

in the primary acquisition plane, the sagittal plane. The volunteer should move less 

than one imaging Voxel over the entire scan to avoid image artefact. Unloaded imaging 

was performed at higher resolution were movement could be more controlled and 

loaded imaging at a lower resolution were small motion was inevitable. It is not possible 

for a loaded knee to move within 0.3mm over the 5-6 minute scan time for example and 

lower resolutions with a greater tolerance to motion became necessary. This is still of 

higher resolution than those used previously during loading in the literature discussed 

in Section 5.1. The poses the knee was imaged in are also summarised in Table 5.2. 

The selected knee poses allow for the investigation of the study aims, namely define 

the effect of loading, flexion and transverse tibial rotations on meniscus biomechanics.  
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Table 5.2: Summary of MR imaging performed 

Scan 
200N 

Loading 
Resolution 

Full Extension 

No 0.371x0.371x0.500 
20 Flexion 

45 Flexion 

130 Flexion 

Full Extension 

Yes 0.625x0.625x0.800 

30 Flexion 

30 Flexion, Int. Tibial 
Rotation 

30 Flexion Ext Tibial 
Rotation 

 

 

Figure 5.8: Illustrating restricted maximum knee flexion possible when using the knee array 
during imaging 

Figure 5.9: Maximum knee flexion (supine, flexi-coil) 

Figure 5.10: Maximum knee flexion (prone, flexi-coil) 
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5.2.3: Data Collection: Loading protocol. 

 

A custom MR compatible knee loading device was used to apply approximately 200N 

axially along the lower limbs. The loading device was designed and constructed with 

the help of undergraduate student projects [171, 172], and modifies the principles of 

the device used by Scarvell [173, 174] to apply axial load to the lower limbs within 

closed bore MRI. 

 

 

Figure 5.11: Loading device positioned in mock GE Signa HdX 3.0T scanner at 

CUBRIC, Cardiff University 

 

The loading device aims to represent the stance phase of gait, whereby one leg is in 

single leg support throughout a range of flexion from 0° to 30°. The magnitude of the 

applied load is approximately one third body weight, so is in reality closer to double leg 

stance. Nevertheless, the method allows for the knee to be imaged with kinematics 

comparable to initial weight acceptance, found to be challenging for OA and TKR 

patients in Chapter 4, with load greater than that applied during MR imaging in the 

literature. One foot is connected to the foot plate (1, Fig. 5.11) and the device functions 

in a similar way to a leg press in a gym. A mass pulley system runs underneath the 

base (2, Fig. 5.11) causes the foot plate to move towards the head end of the scanner, 

1 

2 

3 

4 

5 

6 
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along a Nylon 6-6 lined wooden rail (3, Fig. 5.11) and plastic cartridge bearings when 

the load (sandbags) is applied in a carrier box (4, Fig. 5.11) hidden from participant 

view under the scanner bed. The foot plate also pivots on a plastic cartridge bearing at 

(5, Fig.5.11) to allow for internal and external tibial rotation. The participant uses the 

supplied handles (6, Fig. 5.11) to help prevent movement of the body out of the 

scanner under load.  

 

During scans with external load applied to the lower limbs, the knee was first positioned 

according to the same protocol as unloaded scans described in Section 5.2.2. 200N 

load was applied following the scout scans. This ensures that the participant is resisting 

the applied load for the minimum amount of time required to acquire the MR images. 

During loaded imaging, the foam support was used as in Section 5.2.2, but the 

strapping securing the knee in position was removed. Personal communication with Dr. 

Amy Lerner revealed poor intra-subject repeatability in describing meniscus motion 

during loaded imaging and hypothesized removing the knee strapping may aid 

collection of more physiologically relevant and repeatable data. Strapping of the knee 

to the MRI scanner bed during loading might force the knee in to unnatural positions 

accounting for the high intra-subject variability and an unstrapped knee could settle in 

to a more natural and repeatable pose. The challenge to removing the strapping 

support is that no motion artefact should be introduced. Motion capture of the knee 

within a mock 3T scanner at CUBRIC revealed participant motion is <1mm up to 6 

minutes, which is within the scan duration and MRI Voxel size, thus eliminating motion 

artefact when using a 200N load. When comparing 150N and 250N loads in a similar 

design, no statistically significant differences were found in the location of knee contact 

points between the 2 loads [173]. There therefore appears to be little benefit to adding 

comparatively small additional load to the 200N used here in this study and participants 

of this study were unable to hold 300N or more for the scan duration without 

introducing undesirable motion. 200N is approximately one third body weight of the 

healthy volunteers used in this study and is consistent with existing studies in the 

literature [173, 174].  
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5.2.4: Data Processing: Creating 3D models from MR Image data 

  

An overview of the image processing procedure is shown in Fig. 5.12. 

 

Figure 5.12: Overview of the MR imaging protocol. Starting top left; The knee is MR 

scanned (including load applied to the knee) within a closed bore MR scanner; MR 

Images are segmented; 3D meniscus and tibia bone surface models are created and 

anatomical co-ordinate systems established in the tibia; Tibias of two different scans 

are registered together; The change in position of each menisci relative to the tibial co-

ordinate system recorded. 

 

 

3D surface models of each meniscus, tibia and femur were created by segmenting 

each structure from MR scan data using ScanIP (Simpleware Ltd, UK). DICOM MR 

Images were imported in to ScanIP (Simpleware Ltd, UK) and adjusted for optimal 

contrast between structures to aid delineation of each structure. Each tissue of the 

knee joint is identified in a 2D slice and a mask is created for each.  Masks are created 

in all 2D slices throughout the knee and then stacked to create 3D model. The 2D 

viewing plane can be constructed in any direction since a 3D MRI acquisition was used, 

allowing for multiple planes of segmentation and increased accuracy in the creation of 

3D surface models. The process is semi-automated using the threshold function to 

assign Voxels within a given region to a mask according to a manually determined 

range of greyscale values. The image data was not filtered at any stage to ensure that 
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segmentation takes place with raw Voxel data, retaining as much information as 

possible when assigning individual Voxels to individual masks. Smoothing occurs only 

at the creation of 3D surface models from each mask once segmentation is complete. 

The 3D models are smoothed using a recursive Gaussian filter. Sigma values were 3 

times the Voxel size in each direction for bone and 1 times the Voxel size in each 

direction for menisci. The result is less smoothing in the meniscus models but 

increasing the filtering any further causes erosion of the menisci due to their thin and 

irregular shape. This erosion is highly undesirable since the original geometry changes, 

affecting meniscus location and shape change results. 3D surface models created in 

ScanIP (Simpleware Ltd, UK) are then exported as Stereolithography (.stl) files for 

manipulation in Computer Aided Design (CAD) software.  

 

 

5.2.5: Data Processing: Defining the tibial local co-ordinate system 

 

The 3D meniscus and bone surface models from the unloaded scans of the knee in the 

extended, neutral position for each participant were imported in to Rhino CAD software 

(McNeel and Associates, USA). A tibial Anatomical Co-ordinate System (ACS) was 

created by identifying anatomical landmarks on 3D bone models reconstructed from 

additional 3D MR imaging of the ankle, based upon the work of [175].   

 

Figure 5.13: 3D bone models of the extended, unloaded knee and additional imaging 

of the tibia and ankle (left), are registered together (centre) and anatomical landmarks 

for defining the tibial anatomical co-ordinate systems are identified (right). 
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The medio-lateral (X) axis was defined by the vector formed between the centre points 

of cylinders fitted to the posterior femoral condyles. The midpoint of the two posterior 

femoral condyle cylinders centres defines the origin of the tibial ACS. The third 

anatomical landmark required to establish the tibial ACS is the centre of a cylinder 

fitted to the malleoli of the ankle. The cross product of the X axis and vector between 

the malleoli centre and ACS origin defines the anterior-posterior (Y) axis. The proximal-

distal axis (Z) of the tibial ACS is defined by the cross product of the X and Y axis. A 

summary of the tibial ACS is shown below in Fig.5.14.  

Figure 5.14: Showing the definition of the tibia anatomical co-ordinate system (based 

upon [175]) 

 

5.2.6: Data Processing: Calculating meniscus translations. 

 

Meniscal translation is investigated qualitatively by comparing the 3D positions of each 

meniscus centroid relative to the tibia ACS and in relation to a control condition (the 

unloaded, extended knee). Rhino CAD software (McNeel and Associates, USA) was 

used to create NURBS surface meshes of each meniscus with 20,000 or fewer 

elements in order to subsequently use the analytical tools within the software to 

calculate a volume centroid for each meniscus. The location of the volume centroid is 

given as the 3D co-ordinate position in the tibial ACS. For ease of comparisons 

between different scans, the subject specific tibia and meniscus models in the 

unloaded, extended (neutral) knee where taken to be reference positions. Subsequent 

3D subject specific meniscus and tibia models from scans performed with the knee in 
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other combinations of load, flexion and transverse plane rotations were manually 

registered to the neutral position knee as shown by Fig.5.15. 

 

 

Figure 5.15: Showing the process whereby the MR-derived tibia (and meniscus) 

models of a test scan are manually registered to the tibia (and menisci) of the neutral 

position knee. Once both tibias are registered together the only variation is in the 

location of the menisci. 

 

Meniscus translations are additionally qualitatively described by visualisation of the 

relative position of the two sets of subject specific meniscus models and the tibial 

plateau viewed in the transverse plane shown in Fig5.16. 

 

 

 

Figure 5.16: Showing qualitative visualisation and changing centroid location of the 

meniscus (black to red) relative to the tibial plateau (blue) derived from 3D subject 

specific modelling and viewed in the transverse. 
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5.2.7: Data Processing: Calculating meniscus shape change. 

 

Quantifying shape change of the menisci under compressive loading is extremely 

challenging due to the highly irregular geometry and expected large strain in the 

menisci if the menisci are to translate and provide congruency between articular 

surfaces of different geometries within the TFJ. A large change in inter-horn distance 

was observed throughout flexion [165] for example, so it is not possible to register 2 3D 

meniscus surface models together in software such as Geomagic (Materialise, USA) 

and display strain fields as one might with traditional engineering components of similar 

geometries. Analysis of change in meniscal space from loaded, high resolution, in-vivo 

MRI is achieved by examining the volume distribution of the meniscus throughout its 

height (z tibial ACS direction). The tibial anatomical co-ordinate system was 

established following the protocol in Section 5.2.7 and the tibial ACS translated and 

rotated to align with the viewing plane in Rhino CAD software (McNeel and Associates, 

USA). The volume of each meniscus is first recorded in Rhino software (McNeel and 

Associates, USA). The menisci do not align with a single plane so the tibia 3D surface 

model with which the menisci are congruent was used as a cutting plane. The tibia is 

translated in the proximal (z) direction in several steps and at each step the Boolean 

difference between the tibia and meniscus models is performed. The tibia is retained 

and the section of menisci where the meniscus and tibia overlap removed. The 

meniscus volume is then recalculated. This process was repeated in 0.5mm 

increments and describes the amount of meniscus material contained at a given depth 

of the meniscus. The procedure continues until no meniscal volumes remains.  

 

5.2.8:  Determining repeatability 

 

Protocol repeatability defines a level of variability/ uncertainty when describing 

meniscus biomechanics. In order to test the repeatability of the meniscus translation 

methodology, one operator segments one randomly selected MR scan 5 times; 3D 

meniscus and tibia models are created and the 3D centroid co-ordinate position of 

each meniscus in the tibial co-ordinate system determined.  

 

The effects of MR imaging errors are quantified by examining the volume of each 

meniscus in each of the scans in the various knee poses. It is expected that meniscus 

volume will remain constant when loaded, unloaded and positioned in various degrees 

of flexion and transverse plane rotations and any differences in 3D meniscus model 

volume must be attributed to MR imaging errors. 
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5.3: Results. 

 

5.3.1: Repeatability of the method 

 

An example of the resulting MR Image quality can be seen in Fig.5.17. The imaging 

sequence used provides clear visualisation of the menisci, shown by the black 

triangular cross section identified by the white arrows (1) and also of the tibia (2) on 

Fig.5.17. Table 5.3 shows the repeatability of meniscus centroid position calculation 

during 5 repeat tests of 1 scan and Table 5.4-5.6 shows the consistency of the 

segmented meniscus volume across different scans for HVY1-3 respectively. 

Figure 5.17: Representative (cropped) MR image of the knee (Left) and resulting 3D 

meniscus models within Scap IP (Simpleware Ltd., UK) (Right). 

 

Table 5.3: Repeatability of meniscus centroid position calculation during 5 repeat tests 

of 1 scan by 1 operator for HVY3 in the neutral position. 

n=5 Medial Meniscus Centroid/ mm Lateral Meniscus Centroid/ mm 

Direction A-P D-P M-L A-P D-P M-L 

Range 0.397 0.722 1.226 0.408 0.819 1.233 

Standard 

Deviation 
0.167 0.281 0.476 0.170 0.306 0.483 

1 

2 
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Table 5.4: Comparison of segmented medial and lateral meniscus apparent volumes 

across different MR Imaging for HVY1.  

Scan 
Lateral Meniscus 

Volume/ mm3 
Medial Meniscus 

Volume/ mm3 

Extended unloaded 594.5 829.6 

Extended loaded 731.6 1014.4 

25 ° flexion, unloaded 1039.5 922.9 

50 ° flexion, unloaded 999.6 957.1 

50 ° flexion, loaded 1133.5 1093.6 

Flexed, loaded, foot in 1149.9 1021.1 

Flexed, loaded, foot out 595.0 829.0 

MEAN 891.9 952.5 

SD 245.2 99.8 

COV 27.5 10.5 

 

Table 5.5: Comparison of segmented medial and lateral meniscus apparent volumes 

across different MR Imaging for HVY2.  

Scan 
Lateral Meniscus 

Volume/ mm3 
Medial Meniscus 

Volume/ mm3 

Extended unloaded 1055.8 1565.3 

Extended loaded 951.3 1429.2 

25 ° flexion, unloaded 619.0 1216.0 

50 ° flexion, unloaded 717.6 1183.5 

50 ° flexion, loaded 1534.3 1241.5 

Flexed, loaded, foot in 1273.2 1297.3 

Flexed, loaded, foot out 999.2 1318.5 

MEAN 1021.5 1321.6 

SD 312.9 134.3 

COV 30.6 10.2 

 

Table 5.6: Comparison of segmented medial and lateral meniscus apparent volumes 

across different MR Imaging for HVY3. 

Scan 
Lateral Meniscus 

Volume/ mm3 
Medial Meniscus 

Volume/ mm3 

Extended unloaded 1062.8 1958.6 

Extended loaded 778.4 1237.3 

25 ° flexion, unloaded 2107.0 2813.0 

50 ° flexion, unloaded 2331.0 3377.0 

50 ° flexion, loaded 497.3 1056.9 

Flexed, loaded, foot in 758.0 1269.0 

Flexed, loaded, foot out 534.0 1467.0 

MEAN 1152.7 1882.7 

SD 754.5 890.0 

COV 65.5 47.3 
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5.3.2: Effect of passive knee flexion on meniscus translations 

 

Posterior translation of the medial and lateral menisci centroids when the knee is 

passively flexed by approximately 25° and approximately 50° are shown in Table 5.7. 

Positive values represent posterior translations and negative values represent anterior 

translations of the meniscus centroids. All translations are expressed relative to 

meniscus centroid positions in the unloaded extended knee. 

 

Table 5.7: Posterior translation of the medial and lateral menisci centroids when the 

knee is passively flexed by approximately 25° and approximately 50° (relative to 

meniscus centroid positions in the unloaded extended knee). 

 Posteriorly directed meniscus 
centroid translation with 25° 
passive knee flexion/ mm 

Posteriorly directed meniscus 
centroid translation with 50° 
passive knee flexion/ mm 

Participant 
ID 

Medial 
meniscus 

Lateral 
Meniscus 

Medial 
meniscus 

Lateral 
Meniscus 

HVY1 1.09 -1.15 -1.90 2.81 

HVY2 7.25 0.40 3.82 4.48 

HVY3 3.25 1.00 3.35 4.48 

Mean 3.86 0.08 1.76 3.92 

SD 3.13 1.11 3.18 0.97 

 

Medial translation of the medial and lateral menisci centroids when the knee is 

passively flexed by approximately 25° and approximately 50° are shown in Table 5.8. 

Positive values represent medial translations and negative values represent lateral 

translations of the meniscus centroids. All translations are expressed relative to 

meniscus centroid positions in the unloaded extended knee. 

 

Table 5.8: Medial translation of the medial and lateral menisci centroids when the knee 

is passively flexed by approximately 25° and approximately 50° (relative to meniscus 

centroid positions in the unloaded extended knee). 

 Medially directed meniscus 
centroid translation with 25° 
passive knee flexion/ mm 

Medially directed meniscus 
centroid translation with 50° 
passive knee flexion/ mm 

Participant 
ID 

Medial 
meniscus 

Lateral 
Meniscus 

Medial 
meniscus 

Lateral 
Meniscus 

HVY1 1.74 0.29 -0.68 0.59 

HVY2 -1.01 2.15 0.52 0.59 

HVY3 0.42 -3.17 1.35 -3.57 

Mean 0.38 -1.68 0.05 -0.80 

SD 1.38 1.78 1.13 2.40 
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Qualitative visualisation of the posterior and medial translations of the menisci with 

passive flexion for HVY1-3 is shown in Figs.5.18-20 respectively. In each Figure, the 

top is the posterior edge and the right of each Figure is the medial edge. 

 

 

Figure 5.18: Showing qualitative visualisation of meniscus translation (black to red) 

relative to the tibial plateau (blue) for HVY1 during 25° (left) and 50° (right) passive 

flexion 

 

 

Figure 5.19: Showing qualitative visualisation of meniscus translation (black to red) 

relative to the tibial plateau (blue) for HVY2 during 25° (left) and 50° (right) passive 

flexion 

 

Figure 5.20: Showing qualitative visualisation of meniscus translation (black to red) 

relative to the tibial plateau (blue) for HVY3 during 25° (left) and 50° (right) passive 

flexion 
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Meniscus translation with full passive flexion (approximately 140°) was also 

investigated for HVY3. Qualitative visualisation of the posterior and medial translations 

of the menisci with full passive flexion for HVY3 is shown in Figs.5.21 and shown in the 

context of the 25 and 50 degree passive flexion scans in Fig.5.22.  In Fig5.21, the top 

is the posterior edge of the knee and the right is the medial edge. Directions are 

indicated on Fig.5.22. Both are relative to the extended, unloaded knee. 

 

Figure 5.21: Qualitative visualisation of meniscus translation (black to red) relative to 

the tibial plateau (blue) for HVY3 during 140° of passive knee flexion.  

 

 

Figure 5.22: Qualitative visualisation of anterior-posterior and medio-lateral meniscus 

centroid translation with approximately 25° (left), 50° (middle) and 140° (right) passive 

knee flexion for HVY3. White arrows indicate centroid translations relative to the 

unloaded, extended knee.   
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5.3.3: Effect of Loading on Meniscus Translations 

 

Posterior translation of the medial and lateral menisci centroids when the knee is 

loaded by 200N in extension and with approximately 25° flexion are shown in Table 

5.9. Positive values represent posterior translations and negative values represent 

anterior translations of the meniscus centroids. All translations are expressed relative 

to meniscus centroid positions in the unloaded extended knee. 

 

Table 5.9: Posterior translation of the medial and lateral menisci centroids when the 

knee is loaded by 200N in extension and with 25° flexion (relative to meniscus centroid 

positions in the unloaded extended knee). 

 Posteriorly directed meniscus 
centroid translation with 200N 

loading in the extended knee/ mm 

Posteriorly directed meniscus 
centroid translation with 200N 
loading in the flexed knee/ mm 

Participant 
ID 

Medial 
meniscus 

Lateral 
Meniscus 

Medial 
meniscus 

Lateral 
Meniscus 

HVY1 -2.70 -1.10 0.64 5.18 

HVY2 1.32 0.15 -0.12 4.39 

HVY3 1.50 2.20 4.60 0.00 

Mean 0.04 0.42 1.71 3.19 

SD 2.37 1.67 2.53 2.79 

 

Medial translation of the medial and lateral menisci centroids when the knee is loaded 

by 200N in extension and with approximately 25° flexion are shown in Table 5.10. 

Positive values represent medial translations and negative values represent lateral 

translations of the meniscus centroids. All translations are expressed relative to 

meniscus centroid positions in the unloaded extended knee. 

 

Table 5.10: Medial translation of the medial and lateral menisci centroids when the 

knee is loaded by 200N in extension and with 25° flexion (relative to meniscus centroid 

positions in the unloaded extended knee). 

 Medially directed meniscus 
centroid translation with 200N 

loading in the extended knee/ mm 

Medially directed meniscus 
centroid translation with 200N 
loading in the flexed knee/ mm 

Participant 
ID 

Medial 
meniscus 

Lateral 
Meniscus 

Medial 
meniscus 

Lateral 
Meniscus 

HVY1 2.34 0.10 -2.13 0.63 

HVY2 1.28 -1.68 1.10 -3.08 

HVY3 -1.20 5.00 1.90 -3.00 

Mean -0.75 1.14 0.29 -1.82 

SD 1.85 3.46 2.13 2.12 

 

  



Chapter 5: Novel MRI Methodology to Investigate Soft Tissue Biomechanics 

 

216 
 

Qualitative visualisation of the posterior and medial translations of the menisci with 

axial load for HVY1-3 is shown in Figs.5.23-25 respectively. In each Figure, the top is 

the posterior edge and the right of each Figure is the medial edge. 

 

 

Figure 5.23: Showing qualitative visualisation of meniscus translation (black to red) 

relative to the tibial plateau (blue) for HVY1 during axial load in extension  (left) and 

during axial load with approximately 50° knee flexion (right) 

 

Figure 5.24: Showing qualitative visualisation of meniscus translation (black to red) 

relative to the tibial plateau (blue) for HVY2 during axial load in extension  (left) and 

during axial load with approximately 50° knee flexion (right)  

 

Figure 5.25: Showing qualitative visualisation of meniscus translation (black to red) 

relative to the tibial plateau (blue) for HVY3 during axial load in extension  (left) and 

during axial load with approximately 50° knee flexion (right)   
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5.3.4: Effect of Transverse Knee Rotations on Meniscus Translations 

 

Posterior translation of the medial and lateral menisci centroids when the knee is 

loaded (200N), flexed and the tibia internally and externally rotated relative to the femur 

are shown in Table 5.11. Positive values represent posterior translations and negative 

values represent anterior translations of the meniscus centroids. All translations are 

expressed relative to meniscus centroid positions in the unloaded extended knee. 

 

Table 5.11: Posterior translation of the medial and lateral menisci centroids when the 

knee is loaded by 200N in 25° flexion and the tibia internally and externally rotated 

relative to the femur (relative to meniscus centroid positions in the unloaded extended 

knee). 

 Posteriorly directed meniscus 
centroid translation with 200N 
loading, flexion & internal tibial 

rotation/ mm 

Posteriorly directed meniscus 
centroid translation with 200N 
load, flexion & external tibial 

rotation/ mm 

Participant 
ID 

Medial 
meniscus 

Lateral 
Meniscus 

Medial 
meniscus 

Lateral 
Meniscus 

HVY1 0.81 -0.06 1.67 4.17 

HVY2 3.06 5.42 4.56 1.38 

HVY3 0.01 4.88 -1.75 0.63 

Mean 1.29 3.41 1.49 2.06 

SD 1.58 3.02 3.16 1.87 

 

Medial translation of the medial and lateral menisci centroids when the knee is loaded 

(200N), flexed and the tibia internally and externally rotated relative to the femur are 

shown in Table 5.12. Positive values represent medial translations and negative values 

represent lateral translations of the meniscus centroids. All translations are expressed 

relative to meniscus centroid positions in the unloaded extended knee 

 

Table 5.12: Medial translation of the medial and lateral menisci centroids when the 

knee is loaded by 200N in 25° flexion and the tibia internally and externally rotated 

relative to the femur (relative to meniscus centroid positions in the unloaded extended 

knee). 

 Medially directed meniscus 
centroid translation with 200N 
loading, flexion & internal tibial 

rotation/ mm 

Medially directed meniscus 
centroid translation with 200N 
load, flexion & external tibial 

rotation/ mm 

Participant 
ID 

Medial 
meniscus 

Lateral 
Meniscus 

Medial 
meniscus 

Lateral 
Meniscus 

HVY1 -3.56 0.33 -1.16 -0.02 

HVY2 3.00 -3.51 1.43 -2.79 

HVY3 -1.79 3.33 -2.95 4.94 

Mean -0.78 0.05 -0.89 0.71 

SD 3.39 3.43 2.21 3.92 
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Qualitative visualisation of the posterior and medial translations of the menisci with 

internal and external tibial rotation for HVY1-3 is shown in Figs.5.26-28 respectively. In 

each Figure, the top is the posterior edge and the right of each Figure is the medial 

edge. 

 

 

Figure 5.26: Showing qualitative visualisation of meniscus translation (black to red) 

relative to the tibial plateau (blue) for HVY1 during internal tibial rotation  (left) and 

during external tibial rotation (right) 

  

Figure 5.27: Showing qualitative visualisation of meniscus translation (black to red) 

relative to the tibial plateau (blue) for HVY2 during internal tibial rotation  (left) and 

during external tibial rotation (right) 

 

Figure 5.28: Showing qualitative visualisation of meniscus translation (black to red) 

relative to the tibial plateau (blue) for HVY3 during internal tibial rotation  (left) and 

during external tibial rotation (right)  
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5.3.5: Meniscus shape change with loading and flexion 

 

 

Figure 5.29: Showing: a) Lateral meniscus volume distribution with loading and flexion, 

b) Medial meniscus volume distribution with loading and flexion, c) Lateral meniscus 

volume distribution with passive flexion and d) Medial meniscus volume distribution 

with passive flexion for HVY1.  
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Figure 5.30: Showing: a) Lateral meniscus volume distribution with loading and flexion, 

b) Medial meniscus volume distribution with loading and flexion, c) Lateral meniscus 

volume distribution with passive flexion and d) Medial meniscus volume distribution 

with passive flexion for HVY2. 
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Figure 5.31: Showing: a) Lateral meniscus volume distribution with loading and loaded 

flexion, b) Medial meniscus volume distribution with loading and loaded flexion for 

HVY3. No data was recorded for HVY3 during passive flexion due to difficulties with 

meshing the scan data. 
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5.4: Discussion and Future Work. 

 

5.4.1: Assessment of the novel MR imaging protocol repeatability and uncertainties for 

describing meniscus biomechanics.   

 

The repeatability of determining the centroid location using the methodology developed 

appears to be very high. Table 5.3 shows the standard deviation of determining the 

centroid location from one scan performed 5 times to be less than the imaging 

resolution in all planes.  The image selected was from the higher resolution set with a 

resolution of 0.3711x0.3711x0.5mm. The standard deviation of determining the 

centroid position is therefore within one pixel in each direction of the acquired 3D 

volume. This is somewhat surprising given the manual elements contained within the 

protocol of segmentation and the co-ordinate system set up. Segmentation is achieved 

by selecting the pixels which represent bone or meniscus tissue on a 2D representation 

of the 3D acquired volume so pixel number and pixel size are important factors in the 

accuracy of 3D bone and meniscus models from MRI. It has been proposed quite 

logically that smaller pixels and higher resolution will increase accuracy [176] [175], as 

would the ability to select a contour using fractions of pixels so it is highly likely that the 

high resolution imaging used in this study aided the protocol repeatability. The human 

error in incorrectly assigning a given pixel to a model during segmentation creates a 

lower percentage error in the final 3D model in high resolution imaging with small pixels 

than would occur for low resolution imaging and large pixels. Establishing axes on the 

tibia to define the tibial ACS which meniscus translations are resolved in involves 

manually registering 3D models of the ankle and tibia to more proximal tibial 3D models 

and fitting cylinders to the femoral condyles and malleoli of the ankle. The purpose of 

this is to establish joint centres and other specific anatomically relevant points and 

requires manual judgement. Despite this, the results of Table 5.3 suggest the protocol 

as a whole to be a highly repeatable process. 

 

The results of Tables 5.4-5.6 suggest variations between MR scans to be much less 

repeatable however and MR image quality between scans therefore appears to be the 

largest factor in determining accurate 3D meniscal geometry and kinematics. The 

results of Tables 5.4-5.6 show much larger variation in segmented meniscus volume 

between different scans than was found determining the meniscus centroid location 

from a single scan multiple times in Table 5.3. The lateral and medial meniscus volume 

COV was around 30% and 10% respectively for HVY1 and HVY2. Much larger COV in 

meniscus volume was observed for HVY3 at 65.46% and 47.27% for the lateral and 

medial meniscus respectively. The COV of the lateral meniscus volume between scans 
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was higher than that in the medial meniscus for all 3 healthy volunteers. The medial 

meniscus was on average 35% larger in volume than the lateral and it is therefore 

possible that imaging and segmentation errors represent a larger proportion of the 

smaller, lateral meniscus. The assumption in describing MR scan and segmentation 

repeatability by examining meniscus volume across different scans is that meniscus 

volume should not vary between scans. The menisci contain both fluid and solid 

phases and there is evidence a small amount of synovial fluid may flow out of the 

meniscus with load [160] but the menisci are much less permeable than articular 

cartilage [177]  and there is no pattern between load and volume variation between the 

scans in Tables 5.4-5.6. For example, Table 5.4 shows the smallest volume for HVY1 

to be found both during the imaging of the knee in unloaded full extension and during 

loading with the knee flexed and external tibial rotation. If synovial fluid flow were to 

account for volume changes between scans then the loaded imaging would be 

expected to result in meniscus models of lower volume than unloaded scans which did 

not happen for any of the healthy volunteers.  

 

 

 

Figure 5.32: Filtered MR Image of high signal (white) areas appearing on some scans 

for HVY2, introducing errors during the segmentation of menisci. The meniscus in this 

view should be represented as a low signal (black) triangular cross section. 

 

Examining the 3D meniscus model geometries, for example in Section 5.3.2, shows the 

variation between scans and resulting 3D meniscus models to be accounted for in the 

horns of both menisci. There are several factors which influence the accuracy of 

models created from MR scans and one large problem is due to occlusions or poor 

contrast between bone, menisci and surrounding material from other soft tissues [176]. 

MRI boundaries are due to different physical properties and the result is graded 

properties, for example at ligament insertions, on MRI images. The meniscus was 
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generally easy to segment since the tissue has very low signal on the T2 weighted 

imaging sequence used, and therefore appears very dark relative to quite a high signal 

(white/ grey) background. One abnormality not expected was high signal (white) areas 

around the meniscus particularly present in one healthy volunteer (HVY2), consistent 

with a high fluid region, which made identifying the meniscus cross section extremely 

difficult. Fig.5.32 highlights an example image where a high signal area on and around 

the black meniscus cross section creates difficulties in identifying the meniscus 

boundary. This might account for the differences in determining the centroid locations 

and describing meniscus translations in relation to the other two healthy volunteers. 

This is discussed further in Section 5.4.2. Normally high signal within a meniscus is 

indicative of a tear where unusually high levels of synovial fluid are permitted to enter 

the menisci but it was the opinion of the radiographer that the extent to which the high 

signal area covered in the meniscus was either an artefact of the imaging in this 

instance or an actual, physically present large amount of synovial fluid absorbed by the 

meniscus during loading.  

 

 

Figure 5.33: Representative MR Image illustrating how the end of the meniscal horns 

gradually transition to ligaments, viewed in the transverse plane. 

 

 

The main area of difficulty during segmentation of the menisci is where the horns of the 

menisci attach to ligaments due to the graded properties and thus graded signals 

appearing on MRI. This in turn introduces human error and uncertainty in selecting that 

border and is difficult to judge progressing through slices of the sagittal knee.  The way 



Chapter 5: Novel MRI Methodology to Investigate Soft Tissue Biomechanics 

 

225 
 

in which the effects of graded tissue boundaries were minimized during the 

methodology was to use a MR sequence acquiring a 3D volume rather than series of 

2D images to allow the images to be reconstructed in infinite different planes within 

ScanIP (Simpleware Ltd., UK). The approach taken was to view the MR images in the 

transverse plane to help determine where the meniscus/ ligament boundary occurs. An 

example of this is shown in Fig.5.33.  Despite the clear visualisation of horn ends in the 

transverse view on an MR scan, large differences are observed in the length of the 

horns between scans, most likely accounting for the poor repeatability in segmented 

meniscus volume of Tables 5.4-5.6. It would be possible to standardise horn length 

between scans but this would involve either segmenting additional tissue appearing as 

ligament to lengthen certain horns or resecting horns on some scans for consistent 

meniscus dimensions between images. A better approach would be to perform repeat 

imaging of the knee in the same knee pose and with the same loading and observe the 

consistency of modelling the menisci. This would help determine if the meniscus/ 

ligament boundary can be repeatably imaged or if variation in the visualisation of this 

boundary is an inevitable consequence of MRI due to the gradually changing tissue 

properties. Repeat imaging was not performed due to the high additional cost but 

should be explored in future work.  

 

MRI itself is additionally known to have geometric distortion [178] and spatial distortions 

dependant on scan sequence, scanner and object imaged [175]. Distortion also 

increases with higher magnetic fields [179]. Scans with obvious distortion such as wrap 

around of the image were discarded and the imaging repeated but it is not clear if 

subtle geometric distortions occur with the FIESTA-C sequence used in this study. It 

was the opinion of the director of imaging at CUBRIC and the radiographer imaging on 

the study that since the knee was always positioned at the centre of the field distortion 

is highly unlikely. Nevertheless this should be accounted for in future work, by imaging 

phantoms of known geometry.  

 

Furthermore, segmentation is a lengthy process and while it is not a source of error 

directly, it remains a significant problem. It takes approximately one hour to segment 

and model each meniscus and 2-3 hours to segment and model each tibia. Little 

information exists in the literature but these long durations of segmentation are 

consistent with a relatively experienced operator taking 1.5 hours to segment atria of 

the heart from MR images with a 0.6mm slice thickness, which is a much smaller 

structure with fewer slices. Segmentation of the femur and tibia is noted in the literature 

to take around four hours with a further four hours to segment cartilage [40], again 

consistent with the current study. Both MRI [40, 52] and CT [43, 180] have been used 
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to create 3D bone models in fluoroscopic image registration studies and CT has been 

shown to be superior with respect to contrast between bone and surrounding structures 

[175]. CT is also commonly used as the gold standard in computational bone model 

creation, for example in the assessment of the EOS scanner, a novel lose dose X-ray 

musculoskeletal modelling system [181]. While CT provides accurate bone silhouettes 

and would greatly decrease the time taken to model bone, it does not include 

information about cartilage or soft tissue attachments [40].  The further advantage of 

using MRI is the elimination of ionising radiation when compared to CT and so MRI, 

despite its limitations concerning segmentation time should remain the preferred 

imaging modality for creating 3D computation bone models when investigating soft 

tissue contributions to knee function and the pathogenesis of OA. 

 

A further limitation of this study is that inter-operator variation has not been accounted 

for. User variation in determining the exact contours of bone and other tissues has 

been accounted for to only a limited extent in previous studies with most opting to use 

a single “experienced” operator and maintain consistent errors throughout. The study of 

[182] compared segmented MR images from two independent operators of the atria in 

the heart, one familiar with the anatomy to be segmented and one less familiar, and 

found sub millimetre repeatability. The work of the current study is therefore consistent 

with previous approaches in the literature and inter-operator error is expected to be 

small but future validation of the methodology should include comparing user variation 

in segmenting MR images across 5 or more operators. 
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5.4.2: Assessment of meniscus translations 

 

 5.4.2.1: Effect of Passive Knee Flexion on Meniscus Translations 

 

The results suggest posterior meniscus motion with flexion most likely correlating to 

femoral roll back during flexion [19, 21, 154, 155, 169]. In terms of the change in 

position of the meniscus centroid the medial meniscus decreased its posterior 

translation with increasing flexion whereas the lateral meniscus became increasingly 

mobile with flexion. Qualitative analysis of the relative position of the menisci with 

passive flexion relative to the neutral position knee suggest the anterior horns to be 

more mobile than the posterior horn, particularly in the case of the medial meniscus 

during 50° knee flexion. 

 

Throughout a range of loaded flexion in-vitro studies suggest the medial meniscus to 

translate posteriorly by 4mm and the lateral, also posteriorly, by 10mm [155]. The study 

of [155] also closely matches the translation found through passive flexion of a 

cadaveric knee  rotated through a full range of flexion and meniscus translation 

observed using MRI [154].  Both menisci translated posteriorly with flexion with the 

lateral meniscus found to be more mobile than the medial (5.1mm and 11.2mm 

respectively) [154]. The authors noted that they expected that these results represent 

maximum meniscus displacements. The methodology of study of [155] differs to the 

study presented here in that tantalum markers were placed around the menisci 

periphery and recorded using X-ray. Despite this difference the outline rather than just 

a single point is recorded in each case and the results should be comparable. The 

ability to record an outline also allowed the authors to describe additional motion of the 

anterior horns of both menisci and relative immobility of the posterior horns with flexion 

which is consistent with the current study. It was later hypothesized that the anterior 

horns function mainly to provide joint congruency whereas the posterior horns function 

mainly as secondary stabiliser to anterior tibial translations[19] and that appears to be 

the trend from the results presented here. The difference in range of motion of each 

meniscus has previously been attributed to increased capsular and ligament 

attachments of the medial meniscus and is consistent with the results presented here 

except for the results of HVY3 moving the knee throughout a full range of flexion from 

0-140°. Only one previous study has imaged meniscus translation throughout passive 

flexion in-vivo and they too concluded that the medial meniscus was less mobile than 

the lateral [169]. Similarly to Vedi [19], they noted the anterior horns to be more mobile 

than the posterior [169], again consistent with the results presented here.  
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The majority of previous studies either disrupted normal soft tissue mechanics to allow 

for the visualisation of the menisci on cadaveric samples, used low resolution imaging 

or used simple single plane 2D analyses. The high resolution imaging and 3D 

modelling methods of the current study additionally suggest that the posterior horns of 

both menisci rotate towards the centre of the tibial plateau, shown in Fig.5.23, which 

has not been previously reported. Investigating meniscal motion along a single MRI 

slice shows similar posterior movement patterns but neglects rotational motion out of 

the 2D plane. Interestingly the meniscus centroid position changed for HVY 3 and 

indicated that the medial and lateral menisci were equally mobile in deep flexion with 

Fig.5.23 showing posterior translation of both menisci centroids in excess of 10mm. 

What is noticeable from Fig.5.23 is that the posterior horns do not appear to translate 

posteriorly by such a large distance but in fact the menisci rotate in the transverse 

plane to provide the measured large posterior translation of the centroid with passive 

flexion for HVY3. The medial meniscus appears to rotate about the posterior horn while 

the lateral meniscus rotates about the anterior horn. The study of [169], observing 

meniscus translation throughout passive flexion, did use high resolution imaging, unlike 

the majority of studies in the literature, but only presented the translations as centroid 

location changes and it is not clear if similar rotation may have occurred. An important 

consideration, highlighted by the results of Fig.5.23, is that relying on the centroid 

position alone may neglect potentially important information about the translational 

behaviour of the menisci. Reporting average meniscus translations may also neglect 

important information about an individual’s knee biomechanics. The study of Yao [169] 

is the only study in the literature to report individual variation in meniscus translations. 

While their average findings did conform to the accepted literature in describing the 

lateral meniscus as more mobile than the medial, the authors noted that 4 out of 10 

healthy volunteers had a more mobile lateral meniscus as expected, 2 out of 10 

volunteers lateral meniscus was more mobile than the medial but not significantly so 

and 4 out of 10 healthy volunteers actually had a more mobile medial meniscus. This 

individual response to meniscus biomechanics is likely to have previously been 

obscured by reporting group patterns. It is possible the transverse plane rotational 

behaviour of the menisci of HVY3 with flexion may be due to individual variation or 

could possibly be a mechanism working in conjunction with the ACL to resist posterior 

motion of the femur relative to the tibia. It is hypothesized that the rotational motion 

may also serve to increase menisco-femoral contact area in the posterior horns, 

especially at full flexion, thereby reducing the likelihood of posterior horn tears. 

 

The closed bore imaging allows for high resolution imaging exceeding the resolutions 

of those used in previous studies. The advantage is the ability to describe 3D changes 
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in meniscus position without the need to consider the menisci as rigid bodies, which 

has been shown above to have clear advantages with respect to qualitatively 

describing changes in position of the horns and also to understand meniscus 

translation out of the traditional 2D MR viewing planes. The limitation however in 

acquiring high resolution 3D images, is low flexion angles due to the confined space of 

the closed bore MR scanner. The feasibility of imaging knee flexion from 0-50° and at 

full flexion has been demonstrated although it is not possible to capture knee 

mechanics between these ranges of motion. Nevertheless, 0-50° flexion is more than 

enough to be representative of stance during the gait cycle (where 0-30° flexion is 

observed) and full flexion can be used to describe the extreme ranges of menisco-tibial 

translations. It must be noted that all of the healthy volunteers were relatively short and 

young which may overestimate the ability to image a practical range of knee flexion 

within the closed bore MRI scanner. Older patient volunteers up to 1.8m in height have 

since been imaged with similar success although the processed meniscus translation 

results were not available at the time of writing. Finally, another limitation is the low 

number of healthy volunteers tested in this first application of novel imaging and post-

processing techniques. This is mainly due to the high cost of MRI, especially when 

performing 9 scans per volunteer to explore the possibilities of imaging different knee 

poses with and without axial load applied. The segmentation of MR images, creation of 

smooth yet repeatable surface models, establishing ACS’s, registration of models 

together and describing changes in meniscus position is additionally very time 

consuming. Despite the small number of healthy volunteers the results are in keeping 

with the posterior translations expected from the literature and the novel 3D imaging 

and post processing allows for transverse plane meniscus rotations to be recorded 

which has not previously described in the literature.  

 

 5.4.2.2: Effect of Loading on Meniscus Translations 

 

There was large inter-subject variation when axial load was applied to the extended 

knee (relative to the neutral knee) which averaged out to no translation of either 

menisci. This is as expected if the menisci are to be supported by the peripheral 

attachments and convert compressive stress to hoop stresses. When loading the 

flexed knee there appears to be additional posterior translations of the menisci. The 

lateral menisci were more mobile than the medial for 2 of the 3 healthy volunteers. 

Qualitative comparisons of Figs.5.24-26 suggest the centroid position changes to 

reflect the overall translation of the menisci and additionally suggest the posterior horns 

of both menisci accommodate this net posterior motion with flexion and loading. It is 

possible that the combination of axial load and increased muscle activity required to 
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counter the flexion moment produced by the loading device would cause posterior 

motion of femur relative to the tibia and introduce increased stress to the posterior 

horns as they act as secondary stabilisers with the ACL. This might explain the high 

prevalence of posterior horn meniscal tears with loading and flexion. These findings are 

partially consistent with the study of [183] which found that the internal meniscus 

distance increased with load but that the external distance did not. Simultaneous 

quantification of the knee 6DOF and in particular the tibio-femoral translations would 

greatly aid the ability to compare meniscus translation in the literature. This is 

discussed further in Section 5.4.2.3 below. Meniscus translations with loading in the 

knee are more commonly reported in terms of radial expansion. In-vitro compression of 

the cadaveric knee found no radial expansion of either meniscus from 250-1000N [155] 

and the 2D in-vivo imaging methodology of [19] did not find significant extrusion of the 

menisci towards the joint peripheries, hypothesizing that to do so would negate the 

function of the meniscus structure in converting compressive stresses to hoop 

stresses. The results of the current study indicate the meniscus centroids of the medial 

meniscus to remain stationary during loading, both in extension and flexion, but that the 

lateral meniscus moves medially in extension and medially in flexion with an axial load 

applied. The movement of the lateral meniscus centroid towards the joint centre with 

axial load in extension is surprising but does not seem to be reflected by the qualitative 

description of M-L motion of the menisci in Figs.5.24-26. The poorest protocol 

repeatability was observed in Section 5.4.1 and it is likely that the unexpected centroid 

positions are due to segmentation errors. Another possibility is that the knee “settles” in 

to a new functional neutral position with axial load applied, even in extension, and the 

measured neutral position of the menisci in the unloaded extended knee could be 

subject to large variation due to the laxity of the knee ligaments and lack of applied 

external load or internal muscle forces. Repeat imaging of the knee in the unloaded 

neutral position should be carried out to determine the reliability of this as a reference 

point for describing all other meniscus translations. 

 

 5.4.2.3: Effect of Transverse Knee Rotations on Meniscus Translations 

 

The results of Section 5.3.4 do not indicate any discernable pattern in meniscus 

translations with transverse plane TFJ kinematics. There is no study in the literature 

examining the internal and external tibial rotation effects on meniscus translations. 

Small anterior medial meniscus motion and large posterior motion of the lateral 

meniscus with external tibial rotation is reported in-vitro [155]. With internal tibial 

rotation the opposite is true with small posterior meniscus motion and large anterior 

motion of the lateral meniscus [155]. In essence the femoral condyles push the menisci 



Chapter 5: Novel MRI Methodology to Investigate Soft Tissue Biomechanics 

 

231 
 

to accommodate the transverse plane rotation of the femur relative to the tibia and the 

point of rotation lies on the medial side so the medial meniscus moves only slightly in 

both internal and external rotation to maintain congruency and it is the lateral meniscus 

which accommodate the change in position of the femur (relative to fixed tibia). This is 

consistent with the majority of the literature whereby the medial meniscus stabilises the 

knee and the lateral meniscus appears more mobile. HVY1 exhibits little motion of 

either meniscus with internal tibial rotation and the expected pattern of the medial 

meniscus remaining stationary and the lateral meniscus translating posteriorly with 

external tibial rotation. HVY 2 and 3 show less clear translational behaviour and instead 

suggest both menisci to translate posteriorly, regardless of the internal TFJ angle. Two 

main challenges and limitations exist with imaging transverse TFJ kinematic however. 

The first is that internal and external rotation of the foot is difficult to maintain during the 

5 minute scan time, especially with flexion and an axial load applied. These scans had 

to be repeated several times until the knee and menisci could be imaged without 

motion artefact. The second limitation relates to the first in that the knee pose is not 

quantified and the volunteers may have a neutrally aligned knee and accommodate the 

visually apparent transverse rotations in the hip or ankle in order to maintain a more 

comfortable feeling within the knee.  

 

 

Figure 5.34: Individual 3D bone models of the full lower limb created by segmenting 3 

MR scans (left), are registered to create a full lower limb bone model (centre) and 

anatomical landmarks for defining anatomical co-ordinate systems in the femur and 

tibia identified (right). 
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Two approaches are proposed to overcome the uncertainty with the knee 6DOF during 

MRI. Knee 6DOF may be investigated post-imaging by creating a femoral ACS with 

additional imaging of the hip, much in the same way the tibial ACS was created during 

the methodology presented here. MRI of the hip for the volunteers investigated in the 

current study was not completed at the time of writing and bone models from a 

previous study are used in Figs.5.34, 5.35 and 5.36 to illustrate how additionally 

defining a femoral ACS might be possible in future. 

 

Figure 5.35: Showing how vectors may be defined from anatomical landmarks for 

defining ACS’s for the femur and tibia with additional MRI hip and ankle. 

 

 

Figure 5.36: Example possible registration of 3D bone lower limb bone models bone 

models created from high resolution  tibio-femoral joint MRI in full passive flexion. The 

knee 6DOF may be calculated using similar approaches to those previously described 

in the Motion Analysis chapters since the femoral and tibial ACS’s are embedded in 

each long bone 
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The second novel approach to quantifying knee 6DOF may occur during imaging itself 

rather than during post-processing whereby an incorrect knee pose might have already 

been imaged. Novel, MR compatible Qualisys Oqus cameras were recently installed in 

the MR scan suite at CUBRIC to allow for the real-time capture and feedback of knee 

6DOFprior to imaging, shown in Fig.5.37.  

 

 

 

Figure 5.37: Qualisys Oqus MRI compatible motion capture cameras (top) and 

biomechanical modelling using Visual 3D (C-Motion), modified to calculate knee 6DOF 

from anterior markers only  (bottom) 

 

Motion Analysis within the confines of the closed bore MRI is extremely challenging as 

the cameras line of sight is disrupted by the closed bore scanner body and the markers 

of interest placed around the legs are in the centre of the scanner. Preliminary marker 

sets and camera positions have been investigated and it is expected that future work 

should develop these methods further to describe knee 6DOF in real-time and give 

real-time feedback to the participant in how to arrange the knee joint during imaging. 

During preliminary work the anterior, MRI specific marker was applied to 3 participants 

who each performed 3 walks in the MOCAP laboratory. Initial findings, shown in 

Fig.5.38, suggested that the modified model was in good agreements to the 

established CAST marker set. Mean difference was 1.5°, (SD +/- 0.8°) for knee flexion 

and knee transverse plane rotations. The waveform pattern and magnitudes are 

consistent but the MRI marker set creates a slight offset due to differences in the hip 

regression equation used to locate the hip joint centre without posterior superior iliac 

spine markers on the posterior pelvis. An additional benefit is in the ability to determine 
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large motion during scanning and stop a scan mid way through when motion is likely to 

lead to artefact rather than wait until the end of the 5 minute scan only to find poor 

quality MR images. It is expected that developing the Motion Analysis techniques in 

future work will aid the efficiency and accuracy of MR scanning. 

 

 

Figure 5.38: Preliminary results comparing mean knee flexion and knee internal/ 

external rotation from the established CAST marker set and a marker set modified 

using anterior markers only for use  with the Qualisys Oqus MRI compatible motion 

capture cameras and a participant supine. 

  

CAST model 

Modified CAST model 

for MRI 
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5.4.3: Meniscus shape change with passive flexion and axial load 

 

5.4.3.1: Interpretation of meniscus shape change results. 

 

A representative output of the shape change methodology is shown below in Fig. 5.39. 

Due to the differences in segmented meniscus volume between different scans the 

volume change was normalised to the original meniscus volume to aid comparison 

between different knee pose and loading conditions. For example if the original 

meniscus volume is 1000mm3 and then becomes 900mm3 with the tibia moved 2mm up 

through the meniscus, then the next position plotted is 2mm on the x axis (2mm depth 

up from the distal meniscus) and 90% on the y axis (90% of the original meniscus 

volume remains). 

 

 

Figure 5.39: Showing example volume distribution throughout medial meniscus depth 

to illustrate changes in compressive behaviour with altered loading of the knee. 

 

Each plot of change of original meniscus volume in relation to depth of the meniscus is 

a sigmoid curve. There is an initial linear, horizontal curve at (1) on Fig.5.39 where 

there is effectively some measurement “noise”. The articular cartilage (AC) was not 

segmented on the tibia so the tibia must be raised a distance equal to the AC thickness 

before the tibia starts to overlap the meniscus. This tibio-meniscal gap is shown in 

Fig.5.40. When overlap between the tibia and meniscus starts the meniscus volume 

reduces following the Boolean difference calculation. AC thickness is not uniform 

across the tibial plateau so there is an increasing gradient of the sigmoid curve at (2) 
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on Fig.5.29 where the rate of meniscus/ tibia overlap increases and more meniscus 

volume is removed per unit distal tibial translation.  

 

 

Figure 5.40: Frontal plane view of 3D meniscus and tibia meshes, illustrating 

measurement “noise” due to the meniscus-tibia gap.  

 

At (3) the sigmoid curve is linear illustrating a linear relationship between the 

distribution of meniscus volume per unit meniscus depth. An increasing gradient at this 

section (the red in relation to the blue sigmoid curves of Fig.5.39 for example) 

represents more of the meniscus distributed at the lower, more distal portions of the 

meniscus per unit depth. A steeper gradient of the centre section of the sigmoid shape 

change figure therefore represents greater compression of the meniscus in the distal-

proximal direction across the 3D meniscus mesh. The sigmoid curve becomes non-

linear again at (4) of Fig.5.39 since there is increasingly less meniscus removed as the 

tibia is moved proximally. This occurs as the tibia no longer overlaps the main 

meniscus body but is removing increasingly smaller sections of meniscus as shown by 

Fig.5.41. One significant challenge to the methodology of describing 3D meniscus 

compression behaviour using the tibial translations and Boolean difference method is 

that there must be overlap between the meniscus and tibia. During flexion the medial 

meniscus subluxes the tibia and it was necessary to create an additional cutting 

surface extension to the tibia as shown by the additional box visible in Figs.5.40 and 

5.41. 
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Figure 5.41: Transverse plane view of 3D meniscus (yellow) and tibia (blue) meshes, 

illustrating very small meniscus volume remaining distributed at greater heights 

throughout the meniscus. 

 

 

5.4.3.2: Effect of passive knee flexion on meniscus shape change 

 

The gradient of the centre sigmoid curve of Fig.5.29(d) for the medial meniscus of 

HVY1 increases a small amount when the knee is passively flexed to 30°, indicating 

small additional compression of the medial meniscus in the early stages of passive 

flexion. The lateral meniscus, Fig 5.29(c) actually displays a small decrease in the 

gradient of the sigmoid curve indicating reduced lateral meniscus compression. As the 

angle of passive knee flexion increases from 30° to 50°, there is a large increase in 

sigmoid gradient of both the medial and lateral meniscus in relation to the menisci of 

the unloaded extended knee. This indicates increased meniscus compression with 

increased passive knee flexion. HVY2 follows the same trend in increased meniscus 

compression with passive knee flexion when compared to the unloaded extended knee 

shown by Figs.5.30(c) and 5.30(d). The increase in gradient is less than that of HVY1 

but these results suggest that the increased tension in the ACL with flexion, even when 

unloaded, is substantial enough to introduce a measureable increase in 3D 

compression in both menisci. The author is not aware of any literature quantifying the 

3D shape change behaviour of the medial and lateral menisci with passive flexion, in-

vivo and in humans, but the hypothesis of increased meniscus compression with 

passive knee flexion due to ACL tension is consistent with the evidence in the literature 

of the posterior horns of both menisci working in conjunction with the ACL to resist 
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anterior tibial translation relative to the femur with flexion. Resection of the ACL in 

cadaveric knees significantly increased the resultant force in the medial meniscus 

loaded conditions [148] suggesting the posterior horns play an important stabilising role 

in conjunction with the ACL to resist anterior tibial with flexion. If both structures are to 

resist anterior tibial translation relative to the femur with flexion then it is logical that 

strain be introduced in both the ACL and menisci with flexion. 

 

5.4.3.3: Effect of axial loading and flexion on meniscus shape change 

 

The results of meniscus compression with axial load in extension and axial load in 

flexion relative to the extended, unloaded knee indicate the axial load alone does not 

introduce additional compression of the menisci but flexing and loading the knee does. 

This suggests knee flexion to be the largest contributor to 3D meniscus compression 

consistent with the findings above of Section 5.4.3.2. 

 

The gradient of the sigmoid curves of the loaded extended knee and unloaded 

extended knee are similar for HVY1 which increases in gradient with loading and 

flexion, shown by Figs.5.29(a) and 5.29(b). Loading and flexing the knee therefore 

appears to introduce additional compression of both menisci for HVY1. A similar trend 

is observed for HVY2 in Figs.5.30(a) and 5.30(b) but to a lesser degree. HVY3 does 

not follow the compression behaviour observed for HVY1 and 2 with greatest 

compression (greatest sigmoid gradient) during loading with the knee in extension for 

the lateral meniscus (Fig.3.31(a)) and very little difference between any of the 3 

conditions for the medial meniscus (Fig.3.31(b)). 

 

There is very little description of in-vivo meniscus compression in the Literature. 

Investigation of the 2D meniscus cross section height on a single MR image revealed 

increased meniscus height with loading in both menisci [19]. These findings contradict 

the results presented here in the current study. It was suggested ligament tension with 

load may cause proximal meniscus strain [19] and therefore the  measured increase in 

height.  It is more likely however that the simplified 2D methods could be capturing 

different sections of the menisci between different 2D MR slices between loaded and 

unloaded conditions which naturally vary in height and are not a result of compression 

at all, as illustrated by Figs.5.42 and 5.43. The author is not aware of any studies 

quantifying meniscus shape change in-vivo in 3D. This is most likely due the highly 

irregular geometry and large strain of the menisci in addition to a lack of imagining and 

post-processing methodologies to capture compression mechanics. The work 

presented here therefore represents a novel methodology to be explored further with a 
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greater number of healthy volunteers and patients with meniscus and other soft tissue 

pathology in future work. A limitation to be aware of with the methodology is that 3D 

meniscus compression is currently averaged across the entire meniscus. It is possible 

for example that during a combination of flexion and loading there is strain in the 

posterior horns which might appear insignificant if there is little additional strain 

elsewhere. A modification for future work should be to describe 3D meniscus shape 

change in regions rather than across the entire meniscus. 

 

Figure 5.42: Illustrating meniscus posterior translation with flexion as viewed in a 

single 2D MR slice. A change in height between these two 2D MRI slices most likely 

does not represent an actual height change as the two slices represent two different 

meniscus cross sections , shown by Fig.5.42. 

 

 

 

Figure 5.42: Illustrating how two 2D MRI slices do not represent the same meniscus 

cross section due out of plane meniscus translations. The white sections represent the 

cross section visible on a given 2D slice. For example, it can be seen that the Figure to 

the left that a 2D MR slice sections the lateral meniscus in the anterior and posterior 
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horns in the meniscus shaded black, but the same 2D MR slice sections the main 

meniscus body as the meniscus translates to the red position with flexion. 

 

 

5.5: Summary and Conclusions 

 

Chapter 4 has identified patient age and timing of surgical intervention to be important 

in the functional outcome of patients with knee OA. Treatments and rehabilitation for 

patients with early stage OA are difficult to identify and assess due to a poor 

understanding of patient specific in-vivo soft tissue biomechanics and a lack of 

accurate, physiologically relevant assessment techniques. 

 

The work of this Chapter has developed novel, high resolution MR imaging and 

analysis techniques to quantify 3D, patient specific, in-vivo menisco-tibial kinematics 

and meniscus shape change behaviour during knee rotations and loading. 

Repeatability of the segmentation, co-ordinate system set up and centroid location 

calculations were high with the standard deviation in 5 repeat tests from a single MR 

scan within the size of a MRI voxel (<0.6mm). The mean co-efficient of variation in the 

total volume of the medial meniscus and lateral between each of the 7 scans 

completed was 22% and 41% respectively, suggesting MR image quality is the largest 

factor in determining accurate 3D meniscal kinematics. The largest differences 

between 3D, patient specific meniscus models were observed at the horns, particularly 

in the lateral meniscus, where segmentation is most challenging. 

 

During passive knee flexion, healthy volunteers displayed a trend of increased 

posterior translations of both menisci with increasing knee flexion angle. In contrary to 

majority of published findings the medial and lateral menisci appear to be equally 

mobile at the extreme range of flexion. Inter-subject variability was found to be high 

during passive knee flexion and healthy individuals appear to not follow uniform 

patterns of meniscal kinematics as the majority of the literature would suggest. 

Qualitative analysis suggested the anterior horns to be more mobile than the posterior 

horns, particularly in the case of the medial meniscus during 50° passive knee flexion.  

 

Small additional compression of the medial meniscus was observed in the early stages 

of passive flexion while the lateral meniscus displayed a small decreased magnitude of 

compression. As the angle of passive knee flexion increases from 25° to 50°, there is a 

large increase of both the medial and lateral meniscus compression which suggests 

that the increased tension in the ACL with flexion, even when unloaded, is substantial 
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enough to introduce a measureable increase in 3D compression in both menisci. The 

author is not aware of any literature quantifying the 3D shape change behaviour of the 

medial and lateral menisci with passive flexion, in-vivo and in humans. 

 

Variation observed in meniscus motion with passive flexion appears to also be highly 

influenced by rotations in the other planes. Large meniscus translations, as much as 

3.4mm in the A-P direction and 4mm in the M-L direction were observed with changing 

transverse plane knee joint rotations. It is unlikely that ‘flexion’ of the knee indeed 

represents pure flexion without some combination of transverse or frontal plane 

rotations. The 6 degrees of freedom and contact behaviour of the knee must therefore 

be quantified in all future studies of soft tissue biomechanics in order to more 

accurately describe soft tissue behaviour in-vivo.  

 

Load bearing during high resolution imaging of the knee is also poorly reported in the 

literature and the results of our study indicate that loading the knee introduces 

additional posterior motion of both menisci, up to 4.6mm (medial meniscus) and 5.2mm 

(lateral) in the flexed knee. Large variability was observed between subjects which 

were greater than the methodology repeatability errors. Patient specific response to 

load bearing is therefore an important consideration in the treatment and rehabilitation 

of soft tissue injuries and preventing early onset OA. Axial load in extension and axial 

load in flexion did not introduce additional compression of the menisci compared to the 

compression found during passive flexion. Flexion of the knee therefore appears to 

introduce compression in the menisci while loading appears to introduce greatest 

posterior translation of both menisci relative to the tibia. 

 

The high resolution imaging and 3D modelling methods of the current study additionally 

suggest that the posterior horns of both menisci rotate towards the centre of the tibial 

plateau during flexion which has not been previously reported. This appears to be a 

mechanism working in conjunction with the ACL to resist posterior motion of the femur 

relative to the tibia during knee flexion. It is hypothesized that the rotational motion may 

also serve to increase menisco-femoral contact area, especially at full flexion, thereby 

reducing the likelihood of posterior horn tears. Maintaining this rotational meniscus 

behaviour during treatment of soft tissue injuries may aid meniscal function and aid the 

prevention of secondary pathologies. 
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Chapter 6 
Conclusions and Future Work 

 

6.1: Summary and Conclusions  

 

Chapter 3: Optimising and Refining Motion Analysis Methods with Healthy 

Volunteers for Future Patient Knee Function Assessment 

 

The overall aim of this study was to assess the functional performance of the knee pre- 

and post-TKR in order to further the understanding of kinematic and kinetic effects of 

OA and evaluate patient recovery following TKR. This study investigated uncertainties 

which remain in selecting the most appropriate method for the assessment of OA and 

TKR patients. Test activity, selection of a healthy control group with which to compare 

patient data and relevance of different biomechanical variables in assessing knee joint 

function were also investigated. 

 

Optimising a methodology for assessing joint function using stair gait 

 

Level gait analysis is well documented as a powerful tool for investigating the 

pathogenesis and rehabilitation of lower limb disorders such as OA, but the 

assessment of knee function would benefit from more challenging activities that are 

more relevant to a wider range of daily tasks than level gait alone. Methodologies for 

assessing stair gait vary greatly in the literature and there remains uncertainty as to the 

exact stair gait methods which should be implemented in patient knee function 

assessments. Measurement of stair gait was optimised by comparing the effect of 

selecting different stair gait cycles on the resulting hip, knee and ankle kinematics and 

kinetics within healthy volunteers.  

 

The selection of stair gait cycles (SGC’s) used for the assessment of stair ascent was 

found to influence the resulting peak knee and ankle moments while knee and hip joint 

moments were sensitive to SGC selection in descent. Hip, knee and ankle sagittal 

kinematics were insensitive to SGC selection for a 4 step stair case in all SGC’s of 

ascent and descent analysed. Measurements beginning with force plate strikes on step 

1 in ascent (SGC1) and ending with force plate strike on step 1 in descent (SGC3) 

introduced less inter-subject variability than SGC’s with the force plate located on step 

2 and are therefore recommended for future group comparisons. This ensures that 

biomechanical, functional changes following joint pathology are more easily 
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distinguishable from individual variation and allows for the overall duration of 

measurement sessions to  be reduced by measuring SGC’s in ascent and descent with 

the force plate interacting with step one only during patient assessments. 

 

Adaptations to lower limb biomechanics with aging and selection of a control group for 

comparison to patient knee joint function 

 

When refining a protocol to assess level and stair gait, healthy kinematic and kinetic 

profiles for the joints of the lower limb must first be investigated before patient joint 

function may be accurately and reliably evaluated. However, the practicalities of 

assessing a large number of healthy volunteers who are age and weight matched to 

OA and TKR patients are extremely challenging and the definition of “healthy” is 

variable within the literature. 

 

Significant age related changes were found between three age groups of healthy 

volunteers during stair and level gait as expected from the literature. Statistically 

significant kinematic differences (ρ<0.05) between “Young” (HVY), “Middle” (HVM) and 

“Old” (HVO) healthy volunteers were found at the ankle only, with the ankle range of 

motion (ROM) decreasing in the HVO group. Hip and knee sagittal ROM showed high 

consistency from Young, to Middle, to Old age during level walking. Stair gait was 

found to have additional sensitivity in detecting statistically significant (ρ<0.05) 

increased hip ROM, and decreased knee ROM in the HVO group. 

 

Greater modifications to lower limb kinetics due to age were observed during level gait 

when compared to kinematic differences. Older healthy volunteers walked with 

statistically significantly (ρ<0.05) reduced hip extension moment, increased hip 

adduction moment, decreased knee extension moment, decreased knee flexion 

moment, decreased knee adduction moment, decreased ankle peak plantar-flexion 

moment and increased peak ankle abduction moment. There was a general trend of 

peak sagittal moments at the hip, knee and ankle all decreasing with aging while frontal 

plane joint moments at the hip and especially the ankle increased with aging. The 

results of the current study also demonstrated the importance of considering ankle and 

hip joint kinematics and kinetics in addition to those of the knee in order to explain 

biomechanical compensation strategies which may occur due to aging.  

 

What is especially novel is that age related changes appear non-linear and that 

changes in lower limb function became more prominent towards old age (HVO). It is 

was proposed that young (HVY) and middle aged (HVM) healthy volunteers form a 
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homogenous patient control group in order to overcome the practical challenge of 

recruiting a large number of OA and TKR age matched healthy volunteers.  HVO data 

collected defines the limitations in doing so, namely HVO having a reduced ability to 

produce sagittal plane moments, compensated for by increased hip and ankle frontal 

plane moments when compared to HVY and HVM. 

 

Investigation of the relative benefits of stair and level gait in assessing knee joint 

function 

 

The relative merits of stair gait analysis compared to more traditional level gait analysis 

were investigated to determine whether stair gait analysis has additional value as a 

knee function assessment tool over level gait analysis alone, for the patient 

investigations in Chapter 4. The sensitivity of each activity for identifying gait 

adaptations which occur as a result of aging in the healthy population was investigated 

and difference in biomechanical demands of the two activities were compared. The 

motivation was to ensure that the most informative and functionally relevant tests were 

included in patient assessments and any relative benefits found for stair gait analysis 

for assessment of lower limb function must outweigh increased patient fatigue, session 

time and large additional amounts of data collected. 

 

Comparison of three-dimensional hip, knee and ankle kinematics and joint moments of 

three groups of healthy volunteers of different ages during level gait, stair ascent and 

stair descent was performed for the first time in the literature to determine the relative 

merits of stair and level gait for the assessment of lower limb biomechanical 

adaptations with aging. Stair gait analysis did have additional value as an assessment 

tool with extra sensitivity in demonstrating reduction in knee sagittal ROM with aging. 

Inter-subject variability was neither helped nor hindered by the inclusion of stair gait 

analysis when compared to level gait, so, it ensures no adverse affects in 

distinguishing functional changes from naturally occurring individual variation but 

equally offers no advantage over level gait either. The extra parameters and data from 

stairs tests including hip, knee and ankle kinetics and kinematics appear to have 

additional value in understanding an individual’s lower limb functional deficiencies and 

their adaptations over level gait analysis of the knee only. Compensations existing due 

to aging are more uniform during level gait and may mask individual functional 

challenges. Stair gait analysis of the hip knee and ankle is recommended if possible for 

future patient group comparisons. 
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The PCA and DST classification methodology used in Chapter 4 cannot currently 

account for missing data which unfortunately meant that stair gait could not be used for 

the classification of knee function due to poor patient completion. All healthy volunteers 

were able to perform stair ascent and descent in a step over step manner without using 

the handrail but only 4 out of 25 OA patients could ascend stairs and 3 out of 25 

descended stairs in a manner similar to healthy volunteers. Stair gait presented 

significant challenges to TKR patients too, with only 5 able to climb and 3 descend 

stairs in a “normal” way as was measured for the healthy volunteers. The most 

common compensations were a “step to step” approach, either forwards or sideways. 3 

OA and 3 TKR patients were unable to perform even a single step up or down. 

Although stair gait was found to offer advantages over level gait for the assessment of 

joint function, the difficulties of doing so in the OA and TKR population were found to 

be prohibitive for the assessment of TKR function in Chapter 4. 

  

Chapter 4: PCA and Functional Classification of OA and TKR Lower Limb 

Function 

 

Chapter 4 finalised a methodology for the functional assessment of the knee and 

applied this methodology to evaluate the kinematic and kinetic changes with knee OA 

and TKR, relative to healthy volunteers. Principal Component Analysis (PCA) was used 

to extract the most important temporal information for describing gait differences 

between healthy volunteers and patients with end stage knee OA. The accuracy of 

using PCA and traditional parameterisation to classify OA or healthy knee (NL) function 

was investigated using the Cardiff Dempster Shafer Theory (DST) classifier. The DST 

classifier was used to rank hip, knee, ankle and GRF input variables in terms of 

accuracy in classifying OA or healthy (NL) knee function and thus determine which 

measurements most accurately describe the modifications to gait due to severe, end 

stage knee OA for the subsequent classification of TKR functional outcome. Finally, the 

entire data collection and classification techniques developed throughout the study 

were used to classify TKR outcome at one year post surgery. The objective 

classification of functional outcome was used to assess possible variations existing 

between patients and suggests common factors between particularly good or poor TKR 

functional outcome. 

 

Principal Component Analysis (PCA) and DST Classification to extract and rank the 

most important temporal information for describing gait differences between healthy 

volunteers and patients with end stage knee OA  
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A large number of variables may be measured during gait and waveforms describing 

the kinetic and kinematic biomechanical behaviour of the joints of the lower limbs 

include a wealth of temporal information. PCA considers the entire waveforms of hip, 

knee and ankle sagittal kinematic, sagittal and frontal joint moments and GRF’s and 

reduces the data sets based upon areas of highest variance. Parameterisation of gait 

waveforms is popular in the literature due its simplicity and ease of visualisation but 

temporal information is lost and extracting consistent variables for a range of subjects, 

especially when considering pathological gait can be challenging [136]. 

 

PCA was used for the first time in the literature to simultaneously describe areas of 

highest variance in hip, knee, ankle biomechanics and GRF’s between pre TKR 

patients with severe, end stage OA, and healthy volunteers. PCA aids the interpretation 

of gait waveforms by identifying waveform features and subsequently assigning PC 

scores for further statistical comparison. Waveform sections identified by PCA were 

found to cover the main features identified by parameterisation but identify additional 

waveform sections not considered by traditional waveform analysis. The DST classifier 

was used to rank hip, knee, ankle and GRF input variables in terms of accuracy in 

classifying OA or healthy (NL) knee function and thus determine which measurements 

most accurately describe the modifications to gait due to severe, end stage knee OA. 

 

The most accurate measures for describing gait changes with knee OA during the 

loading response were PCs of the vertical GRF, posterior GRF, knee flexion moment 

and the ankle plantar flexion moment. All of these variables occur in the sagittal plane 

which suggested ability to initially load the lower limbs during gait in a way 

characteristic of NL gait relies upon knee and ankle muscle strength to maintain and 

absorb gait velocity. The knee flexion angle during the loading response was 

particularly poor at classifying NL or OA function, ranked last of all PCA variables. 

 

During mid stance only one PC, of the hip adduction moment, was found to rank within 

the top 10 variables most accurately classifying gait differences between OA and NL 

groups. The hip adduction moment during mid stance was also found to be the main 

frontal plane PC ranked highly and the study results indicate is the most accurate 

measure of frontal plane alignment and loading changes occurring with knee OA. 

 

PC’s most accurate for classifying gait changes with OA during Toe Off (TO) were the 

vertical GRF, anterior GRF and a very small section of the knee adduction moment in 

pre swing. The GRF measures show a reduced resultant “push off “ by knee OA 

patients and the PC peak ankle plantar flexion moment showed that a reduced peak 
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plantar flexion ankle moment is an accurate measure of overall reduced lower limb 

function at TO. The PC describing the knee extension moment at TO was ranked 

second least accurate at classifying OA or NL gait. This suggests that great variation 

exists in NL volunteers and OA patients in how the knee is used to provide forward 

momentum of the body mass during TO and that the inter-subject variability result in 

the measure having a very poor discriminating ability. 

 

During the swing phase of gait, knee flexion angle, ankle plantar flexion angle and hip 

flexion angle were all accurate at discriminating between OA and NL gait. This 

suggests that important adaptations occur during the swing phase in addition to during 

stance, mainly reduced knee and ankle ROM. A reduced ability to provide the required 

foot-ground clearance during swing due to ankle and knee stiffness also likely accounts 

for the increased hip adduction moments observed in knee OA patients. 

 

The adaptations to lower limb biomechanics observed in older healthy adults appear to 

become magnified with OA and classification of OA and NL gait differences using PCA 

was found to be more accurate that when using variables extracted from waveforms 

using parameterisation. 

 

Objective classification of TKR outcome and identification of common factors between 

particularly good or poor TKR functional outcome 

 

The classification methodology developed throughout the study resulted in an in and 

out of sample classification accuracy of 97.9% in determining OA or NL knee function. 

During this classification only one OA subject was misclassified lying in the dominant 

NL region of the simplex plot indicating a high level of belief that this patient has gait 

characteristic of healthy volunteers. Further analysis of MOCAP data, video taken at 

the time of assessment and patient reported questionnaires indicated that the 

classification of lower limb function as “NL” was indeed correct, despite them being a 

pre TKR patient and belonging to the “OA” group. The belief value associated with 

uncertainty in the classification was low for all subjects indicating a strong ability to 

classify the knee function of healthy volunteers and patients with end stage OA both 

accurately and confidently. The results of this Chapter additionally show strong 

correlation between clinical outcome for patients and classification of function resulting 

from the Cardiff DST classification. 

 

The hip, knee, ankle and GRF biomechanical data of 12 patients before TKR and one 

year post TKR were assessed using PCA and the Cardiff DST classifier. The Cardiff 
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DST Classifier allows for the easy and quick interpretation of a wealth of biomechanical 

data, in addition to providing accurate and relevant descriptions of knee function as 

described above.  The functional outcome is displayed in a simplex plot showing one 

co-ordinate point for each assessment constructed from a level of belief that the gait 

data suggest OA function, a level of belief that the data is indicative of NL function and 

an associated level of uncertainty. The Cardiff DST Classification methodology and 

visualisation of the wealth of biomechanical data as a point on a simplex plot allowed 

for the functional outcome the 12 TKR patients to be grouped as either having “good”, 

“mixed” or “poor” functional outcome. The subdivision of the post TKR results in to 

three clusters of functional outcome suggests that 42% of patients with severe knee 

OA experience no functional benefit whatsoever with TKR and that functional, 

biomechanical benefits can be achieved by 58% of patients. Perhaps most significant 

is that 25% of patients investigated in the current study recovered lower limb function 

characteristic of young and middle aged healthy volunteers. 

 

The ability of the DST classification methodology to combine a wealth of both 

conflicting and corroborating evidence to classify patient lower limb function pre TKR, 

taking in to account biomechanical adaptations from a range of possible causes, and 

identify patients who will respond best to TKR is highly useful to improving the 

functional outcome of TKR. The findings of the current study suggest that implant type, 

BMI, weight loss and presence of comorbidities are poor indicators of TKR function. 

Patient age and pre TKR function were found to correlate to the function observed post 

TKR, indicating that the earlier timing of intervention may improve functional outcome 

of patients with TKR. Since classification of TKR functional outcome was also found to 

correlate with clinical outcome, the earlier intervention in patients with severe end stage 

knee OA, at a time when their function is impaired compared to healthy controls but is 

good relative to other OA patients may provide better overall clinical outcome. 

 

Chapter 5: Development of a Novel Methodology to Investigate Soft Tissue 
Biomechanics From 3D High Resolution MRI, In-Vivo and Under Load. 
 

In Chapter 4 patient age and timing of TKR were identified to be important in the 

functional outcome of patients with end stage knee OA. Treatments and rehabilitation 

for patients with early stage OA are difficult to identify and assess due to a poor 

understanding of patient specific in-vivo soft tissue biomechanics and a lack of 

accurate, physiologically relevant assessment techniques. The work of Chapter 5 

developed novel, high resolution MR imaging and analysis techniques to quantify 3D, 



Chapter 6: Conclusion and Future Work 

 

249 
 

patient specific, in-vivo menisco-tibial kinematics and meniscus shape change 

behaviour during knee rotations and loading. 

 

Development of a novel methodology to investigate soft tissue biomechanics from 3D 

high resolution MRI, in-vivo and under load 

 

A novel, FIESTA-C MR imaging sequence in conjunction with a custom MR compatible 

loading device was used to image the knee in high resolution during closed bore MRI. 

The use of flexible imaging coils allowed for flexion and transverse plane knee joint 

rotations to be imaged during both passive and loaded scans. MRI scans were 

segmented using Simpleware software (Simpleware Ltd., UK) and subject specific 

meniscus and tibia models created. Registration of tibia computational models together 

provided the comparison in meniscus location between scans and a method for 

describing shape change in the highly irregularly shaped menisci was created. 

 

Repeatability of the segmentation, co-ordinate system set up and centroid location 

calculations were high with the standard deviation in 5 repeat tests from a single MR 

scan within the size of a MRI voxel (<0.6mm). The mean coefficient of variation in the 

total volume of the medial meniscus and lateral meniscus between each of the 7 scans 

completed was 22% and 41% respectively, suggesting MR image quality is the largest 

factor in determining accurate 3D meniscal kinematics. The largest differences 

between 3D, patient specific meniscus models were observed at the meniscus horns, 

particularly in the lateral meniscus, where segmentation is most challenging. 

 

Effect of passive knee flexion on meniscus translations and shape change 

 

During passive knee flexion, healthy volunteers displayed a trend of increased 

posterior translations of both menisci with increasing knee flexion angle. In contrary to 

majority of published findings (e.g. reviews such as [17]) the medial and lateral menisci 

appear to be equally mobile at the extreme range of flexion. Inter-subject variability was 

found to be high during passive knee flexion and healthy individuals appear to not 

follow uniform patterns of meniscal kinematics as the majority of the literature would 

suggest. Qualitative analysis suggested that the anterior horns were more mobile than 

the posterior horns, particularly in the case of the medial meniscus during 50° passive 

knee flexion.  

 

Small additional compression of the medial meniscus was observed in the early stages 

of passive flexion while the lateral meniscus displayed a small decreased magnitude of 
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compression. As the angle of passive knee flexion increased from 25° to 50°, there was 

a large increase of both the medial and lateral meniscus compression which suggests 

that the increased tension in the ACL with flexion, even when unloaded, is substantial 

enough to introduce a measureable increase in 3D compression in both menisci. The 

author is not aware of any literature quantifying the 3D shape change behaviour of the 

medial and lateral menisci with passive flexion, in-vivo and in humans. 

 

Variation observed in meniscus motion with passive flexion appears to also be highly 

influenced by rotations in the other planes. Large meniscus translations, as much as 

3.4mm in the A-P direction and 4mm in the M-L direction were observed with changing 

transverse plane knee joint rotations. It is unlikely that ‘flexion’ of the knee indeed 

represents pure flexion without some combination of transverse or frontal plane 

rotations. The 6 degrees of freedom and contact behaviour of the knee must therefore 

be quantified in all future studies of soft tissue biomechanics, as discussed in the future 

work section below,  in order to more accurately describe soft tissue behaviour in-vivo.  

 

Effect of loading on meniscus translations and shape changes 

 

Load bearing during high resolution imaging of the knee is also poorly reported in the 

literature and the results of the current study indicate that loading the knee introduces 

substantial additional posterior motion of both menisci, up to 4.6mm (medial meniscus) 

and 5.2mm (lateral meniscus) in the flexed knee. Large variability was observed 

between subjects which were greater than the methodology repeatability errors. Patient 

specific response to load bearing is therefore an important consideration in the 

treatment and rehabilitation of soft tissue injuries and preventing early onset OA. Axial 

load in extension and axial load in flexion did not introduce additional compression of 

the menisci compared to the compression found during passive flexion. Flexion of the 

knee therefore appears to introduce compression in the menisci while loading appears 

to introduce greatest posterior translation of both menisci relative to the tibia. The high 

resolution imaging and 3D modelling methods of the current study additionally suggest 

that the posterior horns of both menisci rotate towards the centre of the tibial plateau 

during flexion which has not been previously reported. This appears to be a 

mechanism working in conjunction with the ACL to resist posterior motion of the femur 

relative to the tibia during knee flexion. It is hypothesized that the rotational motion may 

also serve to increase menisco-femoral contact area, especially at full flexion, thereby 

reducing the likelihood of posterior horn tears. Maintaining this rotational meniscus 

behaviour during treatment of soft tissue injuries may aid meniscal function and aid the 

prevention of secondary pathologies. 
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6.2: Limitations and Future Work 

 

Alternative, functionally demanding tasks which aid joint function classification and 

broaden scope of the function classification 

 

At present the classification methodology measures patient lower limb biomechanics 

during gait relative to OA and healthy level gait. It is possible that patient function may 

be overestimated by classification based upon level gait analysis and these patients 

experience difficulties in other activities of daily living which may be important to patient 

outcome. The fidelity of the joint function classifications and interpretations of area of 

functional performance are therefore limited to “gait performance” rather than a broader 

definition of joint function. 

 

Future work should investigate the possibility of including alternative functionally 

relevant and demanding tasks which may be more achievable by the majority of knee 

OA and TKR patients. A single step up and down might be appropriate similar to the 

study of TKR function by Garling [135] but there remains evidence of poor TKR patient 

completion with 4 out of 21 patients unable to  perform a single step up post TKR [68]. 

An alternative approach to improving joint function classification accuracy and 

relevance would be to develop the classifier’s ability to account for missing data sets 

and hence broaden the activity types which might be used to classify joint function. 

 

Additional biomechanical measures in the classification of joint function 

 

The current study describes lower limb joint function in relation to joint moments, joint 

kinematics and ground reaction forces. Other important biomechanical measures such 

as centre of pressure changes, joint powers, muscle strength and muscle activity 

(using electromyography) or additional components of function such as proprioception 

and gait stability and variability may help explain the functional deficiencies exiting in 

TKR and OA patients and better direct targeted treatment and rehabilitation. Future 

work should continue to investigate these additional components of joint function for 

the purpose of providing academic research and direct subsequent clinical work.  

 

Furthermore, the accuracy of joint function will always be dependent on the accuracy of 

the data input and the current study is limited to measuring quite large scale, gross 

changes in movement and loading patterns. It is therefore useful to investigate aspects 

biomechanical function such as joint stability and joint contact location changes 

throughout an activity of daily living using more accurate measures of joint kinematics. 
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Fluoroscopy is one such example measurement tool which could be used to input data 

to the DST classifier relating to knee translations and laxity for example in future work. 

 

Correlate biomechanical adaptations with OA and TKR to biological changes 

 

The findings of the current study have identified that the earlier intervention may 

improve functional and clinical outcome post TKR. A limitation of this findings and 

barrier to the treatment of OA remains that the causes of the initial OA remain unclear. 

A number of biomechanical adaptations observed in knee OA patients have been 

suggested during the current study, but the way in which these altered loading and 

movement patterns correlate to biological changes in the articular cartilage and sub 

chondral bone, such as structural changes in the tissue or mechanisms for pain and 

inflammation require further investigation. It would be highly beneficial for future 

research studies to relate the compensatory biomechanical mechanisms to biological 

changes in the tissues of the knee joint and move closer to understanding if 

biomechanical changes are a cause or consequence of OA. 

 

Develop the Cardiff DST classifier in to a clinical decision making tool 

 

The DST classifier developed in the current study was intended as a functional 

classification tool and to ultimately highlight areas to target for improved patient 

outcome following TKR. Biomechanical function is just one element of optimal patient 

outcome and it is very likely that other elements such as the level of pain a patient 

experiences for example are required to construct an overarching clinical decision 

making tool for improving TKR outcome in future work. The classifier could be 

developed in future to include objective measures of pain, patient mental health, 

expectation and other factors of clinical success to determine where biomechanical 

measures rank in overall clinical outcome and test the hypothesis that the functional 

outcome of TKR is highly important to overall clinical outcome. The classification 

methodology is therefore anticipated to be highly useful in improving patient screening 

for TKR, clinical outcome and patient quality of life in future work. 

 

A significant barrier to the development and utilisation of the DST classifier presented 

in the current study is in the clinical feasibility and uptake of motion capture or other 

detailed biomechanical measures. Several clinical gait laboratories, such as those at 

Oswestry or Salford for example, regularly use motion analysis data to directly inform 

clinical decision making but these are highly specialised departments which have 

invested significant resources both in terms of technical understanding and finances. A 
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fundamental requirement of any health service is that cost effective improvements to 

patient outcome need to be demonstrated. Recently there has been a drive to deliver 

accurate motion capture at reduced costs and also to develop more user friendly 

software such as the Qualisys Project Automation framework which guides a clinician 

through the motion capture process and performs detailed analysis and reports within 

seconds of the patient measurement session finishing. Even with advances in 

affordable equipment and reduced technical demands, there will continue to be barriers 

in demonstrating a direct influence and value of motion analysis to clinical outcome. 

Motion analysis is most established for assessing cerebral palsy and other areas of 

clinical decision making such as TKR and THR can take inspiration from this more 

successful application of motion analysis with an established history of relating 

movement patterns to patient outcome. The technology available, in terms of both 

hardware and software, currently exists, but perhaps the investigation of limitations and 

also the creation of international standards for clinical gait analysis also limit more 

widespread adoption of the techniques. The cost of motion analysis could be justifiable 

on the basis of providing quantitative quality assurance for clinical procedures, but the 

technique itself requires quality assurance. This is a particular area where 

collaborations between academic research and clinical gait societies can establish 

worldwide standards ensuring relevance and accuracy of motion analysis 

assessments. Such standards would also allow for collaborations and subsequent 

sharing of data in order to increase the relevance of scientific findings to the wider 

clinical community. Only with more widespread adoption of the techniques and 

widespread collaborations will the data exist to correlate the additional time and cost of 

motion analysis to patient outcome. The success of the aforementioned clinical motion 

analysis laboratories is also largely due to the strong involvement of clinicians such as 

physios and surgeons in the data collection and subsequent decision making 

processes and this engagement of clinicians will also aid demonstrating the efficacy of 

motion analysis for clinical decision making. It is not enough to simply present a 

surgeon with data but instead clinical tools will only become established when actively 

led by the clinicians themselves with the collaboration of engineers and other areas of 

expertise. Without collaborations across scientific disciplines and between academics 

and clinicians it is unlikely motion analysis will become more widespread for clinical 

applications. 

 

Healthy volunteer and patient numbers 

 

The longer term follow up of patient functional and clinical outcome is required to 

assess the hypothesis of the current study that earlier intervention may preserve 
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implant life whereby the device is subjected to more “normal” loading and reduced 

shear forces compared to an implant in a patient with highly modified gait patterns. The 

intention of the current study is to develop novel methodologies for the measurement, 

processing, analysis and interpretation of knee function data but the small sample size 

(12 patients) does not represent a robust clinical study and is a large limitation in 

directing clinical decision making. The sample size is not dissimilar to studies in the 

literature examining opportunities for improving OA and TKR knee function   [135, 138, 

147], but the observations found in the current study should be investigated further in 

larger number of OA and TKR patients in the future to determine relevance to clinical 

decision making. 

 

MRI protocol accuracy and repeatability 

 

The main limitation of the MRI image analysis techniques developed lies in the 

uncertainty with the outputs representing true biomechanical variation between 

participants rather than variability in the protocol. Repeat MRI imaging of the knee in 

the same knee pose, multiple times is very important in future work to quantify the day 

to day repeatability of modelling of the soft tissues of the knee. Repeat imaging was not 

performed due to the high additional cost but should be explored in future work. Repeat 

imaging in this way is also crucial to investigate if the meniscus translations and shape 

change found during the preliminary work of the current study reflect actual 

biomechanical behaviour of soft tissues or are products of variability.  

 

A further limitation of this study is that inter-operator variation has not been accounted 

for. User variation in determining the exact contours of bone and other tissues has 

been accounted for to only a limited extent in previous studies with most opting to use 

a single “experienced” operator and maintain consistent errors throughout. The study of 

[182] compared segmented MRI images from two independent operators of the atria in 

the heart, one familiar with the anatomy to be segmented and one less familiar, and 

found sub millimetre repeatability. The work of the current study is therefore consistent 

with previous approaches in the literature and inter-operator error is expected to be 

small but future validation of the methodology should include comparing user variation 

in segmenting MR images across 5 or more operators. 

 

Describe meniscus biomechanics as regions rather than across the entire structure 

 

Meniscus kinematics and shape change are currently averaged across the entire tissue 

which limits the interpretation of meniscus biomechanical changes in regions typically 
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subjected to pathology such as the posterior horns for example. In this example it is 

possible that during a combination of flexion and loading there is strain in the posterior 

horns which might appear insignificant if there is little additional strain elsewhere. A 

modification for future work should be to describe 3D meniscus shape change in 

regions relating to common injury sites, rather than across the entire meniscus. 

 

Quantify the six degree of freedom of movement of the knee during MRI to improve the 

accuracy of soft tissue assessments. 

 

Uncertainty with the knee 6 degrees of freedom (6DOF) during MRI in the current study 

limits interpretation of small scale, detailed soft tissue changes. It is very likely that 

altered meniscus translations or shape changes may be a result of altered knee 

kinematics during imaging rather than inter-subject variability or pathology. To 

decrease this uncertainty, knee 6DOF should be investigated during post-imaging by 

creating a femoral anatomical co-ordinate system (ACS) with additional imaging of the 

hip, much in the same way the tibial ACS was created. This would then allow for the 

femoral ACS to be related to the tibial ACS and knee 6DOF described. MRI of the hip 

for the volunteers investigated in the current study was not completed at the time of 

writing due to time and cost restraints of this additional imaging. The second approach 

would be to use Motion Analysis simultaneously with MRI. Preliminary marker sets and 

camera positions have been investigated in Chapter 5 and it is expected that future 

work should develop these methods further to describe knee 6DOF in real-time and 

give real-time feedback to the participant in how to arrange the knee joint during 

imaging. An additional benefit is in the ability to determine large motion during scanning 

and stop a scan mid-way through when motion is likely to lead to artefact rather than 

wait until the end of the 5 minute scan only to find poor quality MRI images. It is 

expected that developing the Motion Analysis techniques in future work will therefore 

aid the efficiency and accuracy of MRI scanning 

 

Investigate preliminary soft tissue observations of the current study with a greater 

number of healthy volunteers and patients 

 

The work presented in the current study represents a novel methodology to be 

explored further with a greater number of healthy volunteers and patients with 

meniscus and other soft tissue pathology in future work. A greater number of healthy 

participants is required to assess the hypotheses relating to meniscus behaviour 

suggested during the current study. 
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Appendix A: Volunteer MOCAP Information Sheet 

 
Dr Helen Roberts / Dr Andrea Longman 
Research Coordinators 
Arthritis Research UK Biomechanics and Bioengineering 
Centre 
Biomedical Sciences Building 
Cardiff University 
Museum Avenue 
Cardiff   
CF10 3AX 

 
 

VOLUNTEER INFORMATION SHEET 
 

Assessment of joint function in healthy subjects using three dimensional motion 
analysis techniques 

 
Part one 
You are being invited to take part in a research study with Cardiff University’s Arthritis 
Research Campaign Biomechanics and Bioengineering Centre.  Before you decide, it 
is important for you to understand why the research is being done and what it will 
involve.  Please take time to read the following information carefully and discuss it with 
others if you wish.  One of our team will go through the information sheet with you.  Ask 
us if there is anything that is not clear or if you would like more information.  Take time 
to decide whether or not you wish to participate.  Part 1 tells you about the purpose of 
this study and what will happen to you if you take part.  Part 2 gives you more detailed 
information about the conduct of the study. 
 
What is the purpose of this trial? 
The aim of the trial is to investigate the function of healthy joints. The data can be 
helpful when comparing the same measurements in people who have joint problems. 
Your data can act as the measure of what a healthy joint can achieve. This can be 
useful when, for example in designing new treatments, improving the design of joint 
replacements, improving rehabilitation  programmes and improving the way that motion 
is analysed clinically. 
 
Do I have to take part? 
It is up to you to whether or not to take part.  If you do decide to take part you will be 
given this information sheet to keep and after you have had enough time to read 
through it, be asked to sign a consent form.  If you decide to take part, you are still free 
to withdraw at any time or without giving a reason.  A decision not to take part or to 
withdraw at any time will not affect the standard of care you receive.  Should you 
decide not to take part, you do not have to provide a reason for this decision. 
 
What will happen to me if I take part? 
You have been asked to take part in this as you are volunteering as a healthy subject.    
It will allow us further insight into the nature of joint function and how healthy people 
move. 
 
If you wish to take part you will assessed either in the Cardiff University School of 
Engineering, Human Motion Analysis Laboratory or in the Cardiff University School of 
Healthcare Studies (SOHCS) Research Centre for Clinical Kinesiology (RCCK) or in 
the relevant clinical settings. The number of times we would ask you to attend will be 
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discussed with you when going through this information sheet.  The sessions will last a 
maximum of three hours. 
Data will be kept securely for a minimum of 15 years in accordance with good research 
practice and data protection regulations imposed by Cardiff University in accordance 
with the Data Protection Act 1998.  All data obtained during the study will remain 
confidential.  Access to data will only be available to the investigators attached to the 
Arthritis Research UK Biomechanics and Bioengineering Centre at Cardiff University. 
 
If new information becomes available, we may invite you to take part in a follow-up 
study in the future, please indicate on the consent sheet if you do not mind us 
contacting you.   
 
What will I have to do? 
At the beginning of your visit, we will explain the full study to you and ask for your 
consent, bearing in mind that you are free to withdraw at any time.  
 
Before your first assessment you will be asked to sign a consent form which includes 
the following clause: I understand that I may withdraw from the study at any time 
without it affecting any ongoing treatment in any way.   
All participants will be sent a map and directions to the place of assessment and travel 
expenses can be reimbursed on production of a receipt for journeys to the place 
As part of the study appropriate garments will need to be removed and this depends on 
the joint we want to examine (for example shorts for knee, well fitting vest, sports bra or 
swimming costume for shoulder and spine, etc). You will be asked to change clothing 
prior to the start of the assessment, this process will be conducted with the upmost 
professionalism and a screened off area is provided for changing. During laboratory 
sessions, access to the laboratory is limited and a sign is placed on the door advising 
other staff not to enter whilst the trial is in progress.   
 
Firstly you will have a number of very light polystyrene or cork round markers attached 
to the skin and the locations of the markers will be dependent on the joint type under 
examination. 
 
You will be asked to perform a range of activities of daily living as appropriate (such as 
walking, standing, climbing stairs, combing hair, taking hand to mouth).  You will be 
free to stop for a break at any time. The position of the markers on the skin will provide 
a series of recordings by using cameras that record the position of the markers. 
   
When appropriate to the joint under study, muscle activity and joint strength may also 
be determined during these sessions. This will involve placement of electromyography 
(EMG) electrodes onto the surface of the skin to record muscle activity during joint 
movement. The locations of the electrodes will be dependent on the muscle groups 
under examination. Particularly hairy skin may sometimes need a small patch shaving 
for the sensors to attach (approximately 2x2cm). 
 
Throughout the sessions your joint movement will be recorded using standard 
audiovisual equipment. The recordings will be used for data verification post 
processing. Your face will be digitally masked from these files so that nobody can 
identify you from the videos. All data files, including audiovisual files will be stored in 
encrypted folders on Cardiff University password protected computers. Cardiff 
University and NHS members of staff who are directly involved with the study will have 
access to the files. The audiovisual files will be electronically destroyed up to 15 years 
from the commencement of the study.  
 
Regular rest and toilet breaks will be provided as often as you need them to assure 
maximal comfort. 
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Are there any risks in participating in this trial? 
The measurements taken during the trial involve the placement of very light 
polystyrene or cork round markers onto the skin or EMG electrodes in various places of 
the body depending on what joint we will be examining.  The markers/electrodes are 
placed with sticky tape which may cause some mild discomfort when it is being 
removed, similar to removing a small sticking plaster.  
 
Are there any benefits in participating in this trial? 
We hope to be able to better understand how joints move. There is no intended clinical 
benefit to the participant from taking part in the study.  The information we get from this 
study may help us to provide future patients who have joint disease or injury with 
improved treatment options. 
 
If the information in Part 1 has interested you and you are considering 
participation, please read the additional information in Part 2 before making a 
decision. 
 
 
 
 
Dr Helen Roberts / Dr Andrea Longman 
Research Coordinators 
Arthritis Research UK Biomechanics and Bioengineering 
Centre 
Biomedical Sciences Building 
Cardiff University 
Museum Avenue 
Cardiff   
CF10 3AX 

 
 

VOLUNTEER INFORMATION SHEET 
 

Assessment of joint function in healthy volunteers using three dimensional 
motion analysis techniques 

 
Part Two 
 
What if new information becomes available? 
Sometimes during the course of a research project, new information becomes available 
about the investigation.  If you decide to withdraw, it will not affect your any care in the 
NHS.  If you decide to continue, you will be asked to sign an updated consent form. 
 
What will happen if I do not want to carry on with the study? 
If you withdraw from the study, we will erase all identifiable material, but we will need to 
use the data collected up to your withdrawal. 
 
What if something goes wrong? 
If you are harmed by taking part in this research project, there are no special 
compensation arrangements.  If you are harmed due to someone’s negligence, then 
you may have grounds for a legal action but you may have to pay for it.  Regardless of 
this, if you wish to complain, or have any concerns about any aspect of the way you 
have been approached or treated during the course of this study, the normal National 
Health Service complaints mechanisms should be available to you. 
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Will my taking part in this study be kept confidential? 
All information which is collected about you during the course of the research will be 
kept strictly confidential.  Any information about you which leaves the Cardiff University 
or the University Hospital of Wales will have your name and address removed so that 
you cannot be recognised from it. 
 
Will my GP be informed of my involvement in the study? 
With your permission, we will send a letter to your General Practitioner informing him or 
her of your involvement in the study. 
 
What will happen to the results of the research study? 
The measurements taken will provide information about the movement of your joint.  
The results of the study will be presented at meetings of orthopaedic surgeons, clinical 
scientists, physiotherapists and engineers, and if accepted, published in medical and 
engineering journals. If interested, a copy of the published article can be made 
available to you.  You will not be identified in any report/publication. 
 
 
Who is organising and funding the research? 
Research staff at the Arthritis Research UK Biomechanics and Bioengineering Centre 
at Cardiff University and Consultant Orthopaedic Surgeons at the University Hospital of 
Wales are carrying out the study.  The study is part of the Arthritis Research UK 
Biomechanics and Bioengineering Centre at Cardiff University; it is not funded by 
commercial sources and runs alongside research in the Cardiff Gait and Motion 
Analysis Laboratory at Cardiff University School of Engineering and Research Centre 
for Clinical Kinesiology at Cardiff University School of Healthcare Studies.   
 
Who has reviewed the study? 
This study has been reviewed by the Research Ethics Committee (REC) for Wales. 
 
What if I wish to lodge a complaint? 
If you wish to make a minor complaint regarding the way you were approached or 
treated during the trial, please contact the Arthritis Research UK Biomechanics and 
Bioengineering Centre Research Coordinator at the contact details below or you can 
contact the Cardiff University Research Governance Team on 029 208 79277. 
 
Contact for further information 
Research Coordinator 
Arthritis Research UK Biomechanics and Bioengineering Centre  
Cardiff School of Biosciences 
Cardiff University 
Cardiff  
CF10 3AX 
Tel: 029 2087 5419 
Email: Robertshc@cf.ac.uk or Longmanaj@cf.ac.uk 
 
This completes Part 2. Thank you for reading this information sheet. 
 
If you agree to take part in this study you will be given a copy of the information 
sheet and a signed consent form to keep.  

mailto:Robertshc@cf.ac.uk
mailto:Longmanaj@cf.ac.uk
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Appendix B: Volunteer MOCAP Consent Form 

 
Dr Helen Roberts / Dr Andrea Longman 
Research Coordinators 
Arthritis Research UK Biomechanics and Bioengineering 
Centre 
Biomedical Sciences Building 
Cardiff University 
Museum Avenue 
Cardiff   
CF10 3AX 

 
 

VOLUNTEER CONSENT FORM 
 

Assessment of joint function in healthy volunteers using three dimensional 
motion analysis techniques 

 
Study Number: 
Volunteer Identification Number for this trial: 
 
You DO NOT have to sign this document. Please DO NOT sign this document unless 
you fully understand it. If there is ANYTHING which you do not understand please do 
not hesitate to ask for a full explanation. 
 
To confirm agreement with each of the statements below, please initial the box: 
 
 
1. I confirm that I have read and understand the information sheet dated 
11/04/2012 (Version 5) for the above study and have had the opportunity to 
ask questions.  
 
 
2. I understand that my participation in the study is voluntary and that I am free to 
withdraw at any time, without giving any reason, and without my medical care or 
legal rights being affected.   
 
 
3. You may contact me in the future to take part in other research projects or surveys. 
 
 
4. I agree to my GP being informed of my participation in the study. 
 
5. I agree to my hospital number being used to track my tissue on your secure system 
 
 
6. I agree to take part in the above study. 
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Name of Patient: _______________________________________________________ 
 
Signature: ___________________________   Date: ___________________________ 
 
 
 
I confirm that I have fully explained the experimental protocol and purpose of the study 
 
Name of Researcher: ___________________________________________________ 
 
Signature: ___________________________   Date: ___________________________ 
 
 
Name of person taking consent: ___________________________________________ 
(If different from researcher) 
 
Signature: ___________________________   Date: ___________________________ 
 
 
1 copy for the patient; 1 copy for the researcher 
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Appendix C: Patient MOCAP Information Sheet 

 
Dr Helen Roberts / Dr Andrea Longman 
Research Coordinators 
Arthritis Research UK Biomechanics and Bioengineering 
Centre 
Biomedical Sciences Building 
Cardiff University 
Museum Avenue 
Cardiff   
CF10 3AX 

 
 

PATIENT INFORMATION SHEET 
 
Assessment of joint function in healthy and volunteers with joint problems using 

three dimensional motion analysis techniques 
 
Part one 
You are being invited to take part in a research study with Cardiff University’s Arthritis 
Research UK Biomechanics and Bioengineering Centre.  Before you decide, it is 
important for you to understand why the research is being done and what it will involve.  
Please take time to read the following information carefully and discuss it with others if 
you wish.  One of our team will go through the information sheet with you.  Ask us if 
there is anything that is not clear or if you would like more information.  Take time to 
decide whether or not you wish to participate.  Part 1 tells you about the purpose of this 
study and what will happen to you if you take part.  Part 2 gives you more detailed 
information about the conduct of the study. 
 
What is the purpose of this trial? 
The aim of the trial is to investigate the function of joints for people with joint problems 
and people with healthy joints. The data can be used to develop new treatments, 
improve the design of joint replacements, improve rehabilitation and improve the way 
that motion is analysed clinically. 
The study is designed to examine the effects of joint problems and any subsequent 
operation or other treatment (where appropriate), on the joints ability to perform daily 
tasks (such as walking, lifting a cup etc).  
 
Do I have to take part? 
It is up to you to whether or not to take part.  If you do decide to take part you will be 
given this information sheet to keep and after you have had enough time to read 
through it, be asked to sign a consent form.  If you decide to take part, you are still free 
to withdraw at any time or without giving a reason.  A decision not to take part or to 
withdraw at any time will not affect the standard of care you receive.  Should you 
decide not to take part, you do not have to provide a reason for this decision. 
 
What will happen to me if I take part? 
You have been asked to take part in this as you have a problem with your joint that we 
are interested in looking at with this technique.    It will allow us further insight into the 
nature of joint function and pain that people with your joint problem encounter. You 
may also been asked to take part so we can examine a non affected joint so we can 
compare it to the joint problem. 
 
If you wish to take part you will assessed either in the Cardiff University School of 
Engineering, Human Motion Analysis Laboratory or in the Cardiff University School of 
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Healthcare studies (SOHCS) Research Centre for Clinical Kinaesiology (RCCK) or in 
the relevant clinical settings. The number of times we would ask you to attend would 
depend on the joint problem; we will discuss this with you when going through this 
information sheet.  Each session will last a maximum of three hours. 
 
Data will be kept securely for a minimum of 15 years in accordance with good research 
practice and data protection regulations imposed by Cardiff University in accordance 
with the Data Protection Act 1998.  All data obtained during the study will remain 
confidential.  Access to data will only be available to the investigators attached to the 
Arthritis Research UK Biomechanics and Bioengineering Centre at Cardiff University. 
 
If new information becomes available, we may invite you to take part in a follow-up 
study in the future, please indicate on the consent sheet if you do not mind us 
contacting you.   
 
What will I have to do? 
Before your first assessment you will be asked to sign a patient consent form which 
includes the following clause: I understand that I may withdraw from the study at any 
time without it affecting my ongoing treatment in any way.   
 
All participants will be sent a map and directions to the place of assessment and travel 
expenses can be reimbursed on production of a receipt for journeys to the assessment 
venue. 
 
At the beginning of your visit, we will explain the study in full and ask for your consent, 
bearing in mind that you are free to withdraw at any time.  
 
We will ask you to complete questionnaires that will ask you questions about how the 
problem affects your activities of daily living. 
 
Prior to the start of the assessment, you may be asked to change into appropriate 
clothing depending on the joint we want to examine (for example shorts for knee, well 
fitting vest, sports bra or swimming costume for shoulder and spine, etc). This process 
will be conducted with the upmost professionalism and a screened off area is provided 
for changing. During laboratory sessions, access to the laboratory is limited and a sign 
is placed on the door advising other staff not to enter whilst the trial is in progress.   
 
You will have a number of very light polystyrene or cork round markers attached to the 
skin and the locations of the markers will be dependent on the joint type under 
examination. 
 
You will be asked to perform a range of activities of daily living as appropriate (such as 
walking, standing, climbing stairs, combing hair, taking hand to mouth).  You will be 
free to stop for a break at any time. The position of the markers on the skin will provide 
a series of recordings by using cameras that record the position of the markers. 
   
When appropriate to the joint under study, muscle activity and joint strength may also 
be determined during these sessions. This will involve placement of electromyography 
(EMG) electrodes onto the surface of the skin to record muscle activity during joint 
movement. The locations of the electrodes will be dependent on the muscle groups 
under examination. Particularly hairy skin may sometimes need a small patch shaving 
for the sensors to attach (approximately 2x2cm). 
 
Throughout the sessions your joint movement will be recorded using standard 
audiovisual equipment. The recordings will be used for data verification post 
processing. Your face will be digitally masked from these files so that nobody can 
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identify you from the videos. All data files, including audiovisual files will be stored in 
encrypted folders on Cardiff University password protected computers. Cardiff 
University and NHS members of staff who are directly involved with the study will have 
access to the files.  
 
Regular rest and toilet breaks will be provided as often as you need them to assure 
maximum comfort. 
 
Are there any risks in participating in this trial? 
The measurements taken during the trial involve the placement of very light 
polystyrene or cork round markers onto the skin or EMG electrodes in various places of 
the body depending on what joint we will be examining.  The markers/electrodes are 
placed with sticky tape which may cause some mild discomfort when it is being 
removed, similar to removing a small sticking plaster.  
 
Are there any benefits in participating in this trial? 
We hope to be able to better understand how joint problems affect the motion of the 
joint. There is no intended clinical benefit to the participant from taking part in the study.  
The information we get from this study may help us to provide future patients who have 
joint disease or injury with improved treatment options. 
 
If the information in Part 1 has interested you and you are considering 
participation, please read the additional information in Part 2 before making a 
decision. 
 
 
 
 
Dr Helen Roberts / Dr Andrea Longman 
Research Coordinators 
Arthritis Research UK Biomechanics and Bioengineering 
Centre 
Biomedical Sciences Building 
Cardiff University 
Museum Avenue 
Cardiff   
CF10 3AX 

 
PATIENT INFORMATION SHEET 

 
Assessment of joint function in patients with joint problems using three 

dimensional motion analysis techniques 
 
Part Two 
What if new information becomes available? 
Sometimes during the course of a research project, new information becomes available 
about the investigation.  If you decide to withdraw, it will not affect your any care in the 
NHS.  If you decide to continue, you will be asked to sign an updated consent form. 
 
What will happen if I do not want to carry on with the study? 
If you withdraw from the study, we will erase all identifiable material, but we will need to 
use the data collected up to your withdrawal. 
 
What if something goes wrong? 
If you are harmed by taking part in this research project, there are no special 
compensation arrangements.  If you are harmed due to someone’s negligence, then 
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you may have grounds for a legal action but you may have to pay for it.  Regardless of 
this, if you wish to complain, or have any concerns about any aspect of the way you 
have been approached or treated during the course of this study, the normal National 
Health Service complaints mechanisms should be available to you. 
 
Will my taking part in this study be kept confidential? 
All information which is collected about you during the course of the research will be 
kept strictly confidential.  Any information about you which leaves the Cardiff University 
or the University Hospital of Wales will have your name and address removed so that 
you cannot be recognised from it. 
 
Will my GP be informed of my involvement in the study? 
With your permission, we will send a letter to your General Practitioner informing him or 
her of your involvement in the study. 
 
What will happen to the results of the research study? 
The measurements taken will provide information about the movement of your joint.  
The results of the study will be presented at meetings of orthopedic surgeons, clinical 
scientists, physiotherapists and engineers, and if accepted, published in medical and 
engineering journals. If interested, a copy of the published article can be made 
available to you.  You will not be identified in any report/publication. 
 
Who is organising and funding the research? 
Research staff at the Arthritis Research UK Biomechanics and Bioengineering Centre 
at Cardiff University and Consultant Orthopaedic Surgeons at the University Hospital of 
Wales are carrying out the study.  The study is part of the Arthritis Research UK 
Biomechanics and Bioengineering Centre at Cardiff University; it is not funded by 
commercial sources and runs alongside research in the Cardiff Gait and Motion 
Analysis Laboratory at Cardiff University School of Engineering and Research Centre 
for Clinical Kinesiology at Cardiff University School of Healthcare Studies.   
 
Who has reviewed the study? 
This study has been reviewed by the Research Ethics Committee (REC) for Wales. 
 
What if I wish to lodge a complaint? 
If you wish to make a minor complaint regarding the way you were approached or 
treated during the trial, please contact the Arthritis Research UK Biomechanics and 
Bioengineering Centre Research Coordinator at the contact details below or you can 
contact the Cardiff University Research Governance Team on 029 208 79277. 
 
Contact for further information 
Research Coordinator 
Arthritis Research UK Biomechanics and Bioengineering Centre  
Cardiff School of Biosciences 
Cardiff University 
Cardiff  
CF10 3AX 
Tel: 029 2087 5419 
Email: Robertshc@cf.ac.uk or Longmanaj@cf.ac.uk 
 
This completes Part 2. Thank you for reading this information sheet. If you agree 
to take part in this study then you will be given a copy of the information sheet 
and a signed consent form to keep. 

mailto:Robertshc@cf.ac.uk
mailto:Longmanaj@cf.ac.uk
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Appendix D: Patient MOCAP Consent Form 

 
Dr Helen Roberts / Dr Andrea Longman 
Research Coordinators 
Arthritis Research UK Biomechanics and Bioengineering 
Centre 
Biomedical Sciences Building 
Cardiff University 
Museum Avenue 
Cardiff   
CF10 3AX 

 
 

PATIENT CONSENT FORM 
 

Assessment of joint function in patients with joint problems using three 
dimensional motion analysis techniques 

 
Study Number 
Patient Identification Number for this trial: 
 
You DO NOT have to sign this document. Please DO NOT sign this document unless 
you fully understand it. If there is ANYTHING which you do not understand please do 
not hesitate to ask for a full explanation. 
 
To confirm agreement with each of the statements below, please initial each box: 
 
 
1. I confirm that I have read and understand the information sheet dated 
11/04//2012 (Version 5) for the above study and have had the opportunity to 
ask questions.  
 
 
2. I understand that my participation in the study is voluntary and that I am free to 
withdraw at any time, without giving any reason, and without my medical care or 
legal rights being affected.   
 
3. You may contact me in the future to take part in other research projects or surveys. 
 
 
4. I agree to my hospital number being used to track my data on your secure system. 
 
 
5. I agree to my GP being informed of my participation in the study. 
 
 
 
6. I agree to take part in the above study. 
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Name of Patient: ______________________________________________________ 
(Please print) 
 
Signature: ___________________________   Date: ___________________________ 
 
 
 
I confirm that I have fully explained the experimental protocol and purpose of the study 
 
Name of Researcher: __________________________________________________ 
 
Signature: ___________________________   Date: ___________________________ 
 
 
Name of person taking consent: _________________________________________ 
(If different from researcher) 
 
Signature: ___________________________   Date: ___________________________ 
 
 
1 copy for the patient; 1 copy for the researcher 
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Appendix E: MOCAP Subject Details Form 

 

PATIENT DETAILS SHEET 
 
 
DATE:  
 
VISIT ID NUMBERS:  
 
NAME:     ID:  
 
ADDRESS:  
 
 

 
TELEPHONE NO.:  

 
 
AGE:   DOB:   M/F:  
 
HEIGHT (m):    
WEIGHT (kg):    
 
DATE OF FIRST ASSESSMENT BY DOCTOR:     
 
OPERATION DATE:                        
 
SURGEON/DOCTOR:  
 
DATE OF 1st TRIAL:        
 

RIGHT LEG  LEFT LEG 
 
KNEE WIDTHS: ML=   cm    cm 
   AP=   cm    cm 
 
KNEE GIRTH:  [1]   cm    cm 
   [2]   cm    cm 
   [3]   cm    cm 
 
 
PATIENT HISTORY (INJURIES/DISABILITIES): 
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Appendix F: Oxford Knee Score Questionnaire 

The Oxford Knee Score 
 

During the past four weeks: 
 

1. How would you describe the pain you usually have from your knee 
 

 L   R 
  None 
  Very mild 
  Mild 
  Moderate 
  Severe 

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

because of your knee? 
 

 L   R 
  No trouble at all 
  Very little trouble 
  Moderate trouble 
  Extreme difficulty 
  Impossible to do 

 
3. Have you had any trouble getting in and out of a car or using public 

transport because of your knee? (whichever you tend to use) 
 

 L   R 
  No trouble at all 
  Very little trouble 
  Moderate trouble 
  Extreme difficulty 
  Impossible to do 

 
4. For how long have you been able to walk before the pain from your knee 

becomes severe? (with or without a stick) 
 

 L   R 
  No Pain/ > 30min 
  16 to 30 min 
  5 to 15 min 
  Around the house only 
  Not at all – severe on walking 

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

  Not at all painful 
  Slightly painful 
  Moderately painful 
  Very painful 
  Unbearable 
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6. Have you been limping when walking, because of your knee? 
 
 L   R 

  Rarely/never 
  Sometimes or just at first 
  Often, not just at first  
  Most of the time 
  All of the time 

 
 
7. Could you kneel down and get up again afterwards? 
 

 L   R 
  Yes, easily 
  With a little difficulty 
  With moderate difficulty 
  With extreme difficulty 
  No, impossible 

 
 
8. Have you been troubled by pain from your knee in bed at night? 

 
 L   R 

  No nights 
  Only 1 or 2 nights 
  Some nights 
  Most nights 
  Every night 

 
 
 
 
9. How much has pain from your knee interfered with your usual work 

(including housework) 
 

 L   R 
  Not at all 
  A little bit  
  Moderately 
  Greatly 
  Totally 

 
 
10.  Have you felt that your knee might suddenly “give way” or let you down? 
 

 L   R 
  Rarely/never 
  Sometimes or just at first 
  Often, not just at first 
  Most of the time 
  All of the time 
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11.  Could you do the household shopping on your own? 
 

 L   R 
  Yes, easily 
  With little difficulty 
  With moderate difficulty 
  With extreme difficulty 
  No, impossible 

 
 
12.  Could you walk down a flight of stairs? 

 
 L   R 

  Yes, easily 
  With little difficulty 
  With moderate difficulty 
  With extreme difficulty 
  No, impossible 
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Appendix G: Knee Outcome Survey 

Questionnaire 

KNEE OUTCOME SURVEY 
Activities of Daily Living Scale 

 
SYMPTOMS: 

 
 
1. To what degree does pain in your knee affect your daily activity level? 

 L  R 
  I never have pain in my knee. 
  I have pain in my knee, but it does not affect my daily activity. 
  Pain affects my activity slightly. 
  Pain affects my activity moderately. 
  Pain affects my activity severely. 
  Pain in my knee prevents me from performing all daily activities. 

 
2. To what degree does grinding or grating of your knee affect your daily 

activity level? 
 L  R 

  I never have grinding or grating in my knee. 
  I have grinding or grating in my knee, but it does not affect my daily 

  activity. 
  Grinding or grating affects my activity slightly. 
  Grinding or grating affects my activity moderately. 
  Grinding or grating affects my activity severely. 
  Grinding or grating in my knee prevents me from performing all daily 

  activities. 
 

3. To what degree does stiffness in your knee affect your daily activity level? 
 L R 

  I never have stiffness in my knee. 
  I have stiffness in my knee, but it does not affect my daily   

  activity. 
  Stiffness affects my activity slightly. 
  Stiffness affects my activity moderately. 
  Stiffness affects my activity severely. 
  Stiffness in my knee prevents me from performing all daily activities. 

 
4. To what degree does swelling in your knee affect your daily activity level? 

 L R 
  I never have swelling in my knee. 
   I have swelling in my knee, but it does not affect my daily activity. 
  Swelling affects my activity slightly. 
  Swelling affects my activity moderately. 
  Swelling affects my activity severely. 
   Swelling in my knee prevents me from performing all daily activities. 
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5. To what degree does slipping of your knee affect your daily activity level? 
 L R 

  I never have slipping of my knee. 
  I have slipping in my knee, but it does not affect my daily activity. 
  Slipping affects my activity slightly. 
  Slipping affects my activity moderately. 
  Slipping affects my activity severely. 
  Slipping of my knee prevents me from performing all daily activities. 

 
 

6. To what degree does buckling of your knee affect your daily activity level? 
 L R 

  I never have buckling of my knee. 
  I have buckling of my knee, but it does not affect my daily activity. 
  Buckling affects my activity slightly. 
  Buckling affects my activity moderately. 
  Buckling affects my activity severely. 
  Buckling of my knee prevents me from performing all daily activities. 

 
 

7. To what degree does weakness or lack of strength of your leg affect your 
daily activity level? 
 L R 

  My leg never feels weak. 
  My leg feels weak, but it does not affect my daily activity. 
  Weakness affects my activity slightly. 
  Weakness affects my activity moderately. 
  Weakness affects my activity severely. 
  Weakness of my leg prevents me from performing all daily activities. 

 
 

FUNCTIONAL DISABILITY WITH ACTIVITIES OF DAILY LIVING: 
 
8. How does your knee affect your ability to walk? 

L R 
  My knee does not affect my ability to walk. 
  I have pain in my knee when walking, but it does not affect my ability to 

  walk. 
  My knee prevents me from walking more than 1 mile. 
  My knee prevents me from walking more than 1/2 mile. 
  My knee prevents me from walking more than 1 block. 
  My knee prevents me from walking. 

 
 
9. Because of your knee, do you walk with crutches or a cane? 

 L R 
  I can walk without crutches or a cane. 
  My knee causes me to walk with 1 crutch or a cane. 
  My knee causes me to walk with 2 crutches. 
  Because of my knee, I cannot walk even with crutches. 
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10. Does your knee cause you to limp when you walk? 
 L R 

  I can walk without a limp. 
  Sometimes my knee causes me to walk with a limp. 
  Because of my knee, I cannot walk without a limp. 

 
 
 
 
11. How does your knee affect your ability to go up stairs? 

 L R 
  My knee does not affect my ability to go up stairs. 
     I have pain in my knee when going up stairs, but it does not limit my 

ability to go up stairs. 
  I am able to go up stairs normally, but I need to rely on use of a railing. 
  I am able to go up stairs one step at a time with use of a railing. 
  I have to use crutches or a cane to go up stairs. 
  I cannot go up stairs. 

 
12. How does your knee affect your ability to go down stairs? 

 L R 
  My knee does not affect my ability to go down stairs. 
     I have pain in my knee when going down stairs, but it does not limit my 

ability to go down stairs. 
  I am able to go down stairs normally, but I need to rely on use of a 

  railing. 
  I am able to go down stairs one step at a time with use of a railing. 
  I have to use crutches or a cane to go down stairs. 
  I cannot go down stairs. 

 
13. How does your knee affect your ability to stand? 

 L R 
  My knee does not affect my ability to stand, I can stand for unlimited 

  amounts of time. 
  I have pain in my knee when standing, but it does not limit my ability to  

       stand. 
  Because of my knee I cannot stand for more than 1 hour. 
  Because of my knee I cannot stand for more than 1/2 hour. 
  Because of my knee I cannot stand for more than 10 minutes. 
  I cannot stand because of my knee. 

 
14. How does your knee affect your ability to kneel on the front of your knee? 

 L R 
  My knee does not affect my ability to kneel on the front of my knee. I can 

  kneel  
       for unlimited amounts of time. 

     I have pain when kneeling on the front of my knee, but it does not limit 
my ability to kneel. 

  I cannot kneel on the front of my knee for more than 1 hour. 
  I cannot kneel on the front of my knee for more than 1/2 hour. 
  I cannot kneel on the front of my knee for more than 10 minutes. 
  I cannot kneel on the front of my knee. 
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15. How does your knee affect your ability to squat? 
 L R 

  My knee does not affect my ability to squat, I can squat all the way 
  down. 

  I have pain in my knee when squatting, but I can still squat all the way 
  down. 

  I cannot squat more than3/4 of the way down. 
  I cannot squat more than 1/2 of the way down. 
  I cannot squat more than 1/4 of the way down. 
  I cannot squat because of my knee. 

 
 

16. How does your knee affect your ability to sit with your knee bent? 
 L R 

     My knee does not affect my ability to sit with my knee bent, I can sit for 
unlimited amounts of time. 

  I have pain in my knee when sitting with my knee bent, but it does not 
  limit my ability to sit.      

  I cannot sit with my knee bent for more than 1 hour. 
  I cannot sit with my knee bent for more than 1/2 hour. 
  I cannot sit with my knee bent for more than 10 minutes. 
  I cannot sit with my knee bent. 

 
 
17. How does your knee affect your ability to rise from a chair? 

 L R 
  My knee does not affect my ability to rise from a chair. 
  I have pain when rising from a seated position, but it does not affect my  

ability to rise from a seated position.      
  Because of my knee I can only rise from a chair if I use my hands and 

  arms to assist. 
  Because of my knee I cannot rise from a chair. 
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Appendix H: OA & NL Classifier Input Data 

Subject AA-X PC1 AA-X PC2 AM-X PC1 AM-X PC2 AM-Y PC1 

NL1 -0.96 -3.54 -13.00 -8.53 16.57 

NL2 -8.75 -0.49 -2.29 0.30 -2.19 

NL3 -6.73 -6.96 -7.27 -1.10 -13.09 

NL4 -6.37 -0.68 -3.00 3.00 -1.39 

NL5 -1.30 -2.76 -0.85 5.23 -5.63 

NL6 16.12 -6.94 -1.75 4.51 -8.21 

NL7 -1.43 -2.85 -6.14 6.68 -2.25 

NL8 -7.89 -5.33 8.15 -2.68 39.99 

NL9 -1.77 -0.49 -1.80 8.48 7.21 

NL10 -4.99 -3.99 -8.02 0.79 -7.81 

NL11 -6.30 2.96 0.59 5.45 4.73 

NL12 -15.76 2.10 -6.83 3.79 -7.77 

NL13 4.91 -2.21 -17.73 -9.40 10.24 

NL14 -0.87 -4.56 -3.93 0.81 -4.75 

NL15 -1.78 -5.55 -4.61 3.05 -1.13 

NL16 4.20 -4.77 -10.07 2.80 3.28 

NL17 -12.75 -1.75 -0.64 8.64 -6.12 

NL18 -13.34 -2.75 -8.55 7.38 -7.14 

NL19 3.32 -3.44 5.59 9.65 -7.96 

NL20 -4.72 -4.97 0.14 6.03 -2.13 

NL21 14.46 -4.11 -1.17 0.08 -2.27 

NL22 -0.75 -7.24 -1.79 7.48 0.51 

NL23 -2.22 -1.34 -1.78 6.20 -11.91 

OA1 5.09 3.92 0.82 -7.13 -7.09 

OA2 9.71 4.56 1.58 -0.50 -10.42 

OA3 3.80 1.03 -12.76 -9.26 3.13 

OA4 -4.22 5.22 2.35 -2.73 7.59 

OA5 8.80 -6.04 -2.04 -2.26 -7.90 

OA6 7.24 2.07 2.89 0.45 -11.12 

OA7 9.36 2.04 -0.90 0.99 3.44 

OA8 0.21 9.95 26.44 -0.88 6.43 

OA9 -3.67 3.58 8.03 -2.80 2.62 

OA10 0.44 -0.53 -5.25 -0.05 -8.11 

OA11 8.30 3.54 10.49 0.10 5.94 

OA12 -1.14 5.23 4.27 -3.22 -1.06 

OA13 -10.19 5.18 8.63 0.28 -0.38 

OA14 -16.51 -0.25 -4.93 -6.98 -5.32 

OA15 1.64 6.34 7.38 -5.22 -0.56 

OA16 3.15 -1.32 2.96 -3.53 0.47 

OA17 0.02 6.48 6.39 -6.98 -5.43 

OA18 3.00 4.53 2.03 -9.15 10.70 

OA19 2.85 6.30 10.07 1.06 8.98 

OA20 1.71 0.57 -0.36 -0.76 3.15 

OA21 4.37 -2.01 -0.79 3.50 9.91 

OA22 9.59 -1.96 -3.21 -3.93 2.24 

OA23 1.35 2.33 8.64 -0.17 4.13 

OA24 11.04 2.59 6.13 -3.45 1.12 

OA25 -0.25 8.29 7.91 -5.99 -3.27 

 

  



Appendices 

 

277 
 

 

Subject 
GRF-X 

PC1 
GRF-Y 

PC1 
GRF-Y 

PC2 
GRF-Z 
PC1 

GRF-Z 
PC2 

GRF-Z 
PC3 

NL1 3.42 -0.67 -5.49 5.15 2.67 1.52 

NL2 -5.66 6.92 5.86 0.23 -8.12 3.86 

NL3 -9.04 -4.41 -4.97 5.45 6.56 4.52 

NL4 7.26 -8.15 1.85 7.73 0.53 1.79 

NL5 0.42 -9.69 0.30 9.18 -2.24 0.17 

NL6 9.14 -2.18 -0.24 7.89 1.63 -0.56 

NL7 -9.01 -6.98 2.90 6.91 3.70 6.09 

NL8 0.15 0.73 -3.67 5.31 1.27 -6.05 

NL9 -3.08 -6.42 1.11 5.83 0.31 3.86 

NL10 -9.64 -9.47 -0.27 8.01 2.15 -1.86 

NL11 -0.43 -8.47 1.94 8.35 1.08 2.80 

NL12 -9.83 -13.70 6.09 16.32 -2.37 -0.38 

NL13 1.64 -9.48 3.20 10.60 1.38 2.52 

NL14 -5.02 -5.30 -2.96 6.43 0.34 -0.89 

NL15 -4.24 -5.48 -5.29 4.10 6.19 3.34 

NL16 0.57 -13.06 -4.02 8.55 -3.14 -4.42 

NL17 -6.22 -10.45 8.09 11.65 0.24 2.70 

NL18 17.49 -11.59 -5.50 6.33 8.48 -6.34 

NL19 8.14 -2.66 -0.93 6.62 -5.12 -4.26 

NL20 3.83 -12.78 2.19 14.64 -7.36 -0.96 

NL21 -18.47 -1.87 -0.73 1.40 0.64 -1.95 

NL22 -0.51 -11.39 4.06 10.44 -1.32 -1.57 

NL23 -4.26 -3.97 -1.02 8.58 -0.15 3.76 

OA1 1.75 7.35 -4.89 -7.84 0.78 1.21 

OA2 -1.94 8.54 -6.86 -9.63 -0.43 -1.61 

OA3 -9.81 9.35 -4.27 -10.22 2.44 0.73 

OA4 11.76 14.02 -5.33 -15.58 -2.83 6.88 

OA5 -8.22 3.25 1.12 -3.70 3.89 1.94 

OA6 1.04 3.61 5.71 -3.91 -1.50 1.22 

OA7 -11.74 -0.27 -6.31 -3.89 -3.32 -3.20 

OA8 12.54 10.64 8.92 -6.54 2.46 -2.67 

OA9 13.20 4.71 -0.76 -7.27 -3.96 0.73 

OA10 -6.53 2.43 2.57 -2.36 1.99 -1.30 

OA11 12.71 4.28 2.45 -5.44 0.38 -1.57 

OA12 12.07 5.82 -1.95 -8.44 -1.41 1.79 

OA13 5.67 3.97 -2.33 -4.62 -4.53 1.06 

OA14 -13.02 1.97 -7.96 -10.74 -1.46 -0.90 

OA15 -4.43 13.31 -1.45 -4.82 -4.60 1.86 

OA16 0.47 6.93 3.19 -10.82 2.84 -0.59 

OA17 -3.12 13.14 6.50 -13.02 -0.74 0.09 

OA18 13.79 11.93 5.89 -11.20 5.03 -1.65 

OA19 11.35 3.27 7.45 -3.19 -2.27 -4.72 

OA20 -7.64 3.11 2.94 -4.69 0.70 -3.39 

OA21 -5.05 -2.52 -7.99 0.12 -3.50 -0.38 

OA22 6.67 2.82 -2.88 -3.44 0.57 -2.16 

OA23 0.64 1.49 0.65 -5.44 2.23 -0.82 

OA24 -8.07 10.72 -3.70 -6.74 1.19 -0.67 

OA25 9.25 6.66 6.79 -12.27 -1.31 0.45 
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Subject 
HA-X 
PC1 

HA-X 
PC2 

HM-X 
PC1 

HM-X 
PC2 

HM-Y 
PC1 

HM-Y 
PC2 

HM-Y 
PC3 

NL1 -7.22 0.35 8.50 7.79 5.17 -2.73 1.02 

NL2 -2.25 -1.52 -8.67 12.22 -7.85 -2.16 0.95 

NL3 0.65 -2.37 11.72 1.12 -3.61 -4.67 0.08 

NL4 2.10 -4.69 5.01 2.18 -4.58 -5.60 0.11 

NL5 4.87 -6.42 11.30 -0.61 3.77 -3.06 -5.13 

NL6 -6.23 -0.43 10.91 0.81 -0.25 -4.05 -0.95 

NL7 1.69 -5.94 -1.52 0.87 -4.99 -3.60 -0.91 

NL8 2.12 -6.69 17.09 10.21 19.36 -2.70 -1.99 

NL9 0.15 -1.69 5.09 -3.00 0.63 -5.11 -1.49 

NL10 -7.18 -2.52 9.87 -1.54 0.26 -6.01 2.53 

NL11 -7.36 -0.63 5.25 -1.52 3.92 -4.91 -2.22 

NL12 1.23 -4.82 1.62 6.99 -3.56 -10.31 -1.54 

NL13 -8.51 0.79 0.60 9.64 4.05 -7.22 0.64 

NL14 -9.88 -0.09 9.77 -3.15 -2.71 -5.06 0.12 

NL15 -12.94 -1.69 16.15 -5.10 -0.03 -0.31 -6.11 

NL16 1.05 -3.35 -0.73 0.81 -4.58 -6.02 -0.83 

NL17 -9.57 -2.13 -3.17 -0.74 -10.82 -8.28 3.00 

NL18 0.40 -2.76 -5.89 1.54 -17.44 -1.28 0.74 

NL19 -11.78 -0.28 8.95 -1.40 -2.52 -2.85 1.08 

NL20 -0.59 -6.51 6.80 2.51 0.47 -7.09 -1.24 

NL21 -6.63 -0.68 2.79 0.86 2.29 -2.77 2.45 

NL22 -2.70 -3.91 3.20 1.19 -2.83 -5.09 -2.40 

NL23 -12.43 0.41 9.24 2.81 3.45 -4.81 -0.15 

OA1 19.40 1.42 -9.79 2.00 -6.46 6.37 1.04 

OA2 7.52 3.13 -9.00 -4.34 0.00 6.86 0.54 

OA3 7.42 0.54 -8.15 1.58 12.04 5.61 -2.04 

OA4 14.35 3.99 -9.80 -6.07 11.92 3.04 5.86 

OA5 0.03 -1.37 -2.99 3.23 -0.45 2.60 1.39 

OA6 -4.27 2.27 2.77 -4.30 1.45 6.48 -3.56 

OA7 -7.55 1.66 -2.88 0.40 -3.19 2.97 4.20 

OA8 12.98 6.82 -15.59 -0.38 -4.76 3.05 1.70 

OA9 -5.60 2.67 6.10 -11.44 -11.10 4.63 7.76 

OA10 0.22 3.24 -8.17 3.91 -3.98 3.54 -3.51 

OA11 13.61 -4.73 0.14 -7.90 -5.45 4.02 -2.66 

OA12 -16.15 8.39 1.56 -3.94 6.33 3.35 3.42 

OA13 -0.66 4.07 3.47 2.17 12.00 1.95 -0.76 

OA14 18.72 -1.63 -6.74 -0.51 7.76 5.05 0.38 

OA15 -5.61 5.08 0.65 -1.88 9.31 1.99 0.59 

OA16 -0.33 5.42 -1.54 -5.99 0.47 6.19 -1.07 

OA17 20.04 7.66 -17.71 -1.54 -18.18 12.84 -4.50 

OA18 -0.66 6.25 1.29 -8.50 2.56 6.97 -1.72 

OA19 1.59 0.66 -10.84 -0.18 -10.31 3.26 0.01 

OA20 -4.40 -0.13 -8.46 1.59 1.51 3.18 -2.53 

OA21 4.46 -3.12 -8.99 2.90 5.17 -0.74 2.25 

OA22 -1.17 -0.38 -3.37 -0.98 4.87 1.09 1.25 

OA23 10.29 -2.76 -10.49 -0.94 -6.80 3.09 1.08 

OA24 7.85 -0.42 -5.59 0.85 5.89 5.33 0.82 

OA25 -1.07 8.79 0.21 -4.21 11.78 2.99 2.32 
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Subject 
KA-X 
PC1 

KA-X 
PC2 

KA-X 
PC3 

KM-X 
PC1 

KM-X 
PC2 

KM-X 
PC3 

KM-Y 
PC1 

KM-Y 
PC2 

KM-Y 
PC3 

NL1 -3.51 0.26 -7.65 2.63 8.33 -7.52 2.08 4.73 5.81 

NL2 -1.62 -2.75 2.56 8.08 1.87 -4.15 -6.36 3.35 -0.55 

NL3 1.70 -2.22 -3.39 -5.69 1.65 -6.37 3.69 2.55 -1.02 

NL4 6.80 -3.93 -3.57 -8.06 -5.30 -0.57 7.99 2.10 0.71 

NL5 0.18 -4.69 -0.58 -5.09 -6.26 -1.04 4.93 1.17 -1.20 

NL6 2.94 -3.25 -0.62 -6.16 -3.09 -5.92 0.72 2.51 -1.45 

NL7 2.98 -6.69 -1.23 3.19 -8.14 1.12 -1.75 3.18 -1.33 

NL8 0.79 -6.89 1.32 -11.41 5.57 -11.42 -4.16 8.21 7.52 

NL9 -4.68 -0.92 -2.77 3.16 -6.40 1.29 1.16 3.32 -2.50 

NL10 2.06 -5.66 2.69 -1.19 -4.20 -3.62 1.85 2.78 -0.23 

NL11 -0.96 -4.27 -1.32 -0.87 -7.53 0.54 3.20 2.59 -2.30 

NL12 2.67 -4.78 -3.14 0.02 -10.91 -1.24 7.11 4.79 -2.75 

NL13 -8.79 0.07 -4.29 16.33 1.03 -2.09 7.22 4.01 -0.61 

NL14 -2.25 -2.36 -0.16 -1.44 -4.49 -0.77 4.69 1.46 -1.31 

NL15 -4.00 -3.23 -2.25 0.70 -0.99 -4.94 4.49 -0.45 -3.74 

NL16 0.84 -4.78 -0.59 3.12 -6.46 0.73 1.27 4.65 -2.82 

NL17 -0.80 -6.59 -1.37 2.39 -6.25 0.86 -2.12 5.43 -1.54 

NL18 4.42 -2.04 -2.65 -2.25 -2.61 -0.01 7.55 0.33 -1.26 

NL19 -1.78 -3.13 1.01 -0.68 -5.00 0.86 5.25 0.75 -0.79 

NL20 4.98 -7.09 3.01 -4.65 -8.50 -0.86 6.67 2.53 -3.11 

NL21 -1.60 -1.80 2.82 4.54 2.57 -1.04 8.69 1.38 1.51 

NL22 6.28 -6.86 0.69 -6.22 -8.94 0.18 10.59 -1.89 -2.39 

NL23 -10.20 -1.68 -4.02 7.17 -2.19 -1.38 -7.95 6.42 -2.59 

OA1 13.52 5.92 -0.42 -8.84 5.21 0.62 -11.91 -0.94 -0.14 

OA2 -4.65 5.85 0.17 6.20 2.05 5.28 -0.96 -2.73 2.02 

OA3 -1.07 3.83 -0.25 6.97 4.94 -0.61 -5.63 -5.71 -0.45 

OA4 10.47 7.53 -7.35 -8.18 5.33 3.68 -1.72 -4.15 2.21 

OA5 3.83 -4.28 4.81 0.38 3.32 -0.01 -8.68 -1.93 1.30 

OA6 -2.30 0.23 -0.27 -1.82 -1.14 1.05 -16.70 -3.01 -2.51 

OA7 -17.41 2.84 3.83 20.26 3.58 1.27 -11.14 1.49 3.50 

OA8 18.67 11.93 0.29 -19.58 2.14 5.88 3.91 3.81 6.50 

OA9 -10.91 5.51 0.12 1.76 1.42 4.17 -9.06 -0.21 3.56 

OA10 0.44 1.62 0.59 2.16 3.21 -0.93 -18.13 -0.15 -3.15 

OA11 -1.24 0.15 4.17 -2.74 -0.29 5.15 15.17 -8.03 -0.90 

OA12 -19.43 5.85 -1.72 8.30 5.05 -0.20 -10.98 -3.89 0.98 

OA13 -0.74 3.23 -0.98 -10.53 6.91 0.81 -4.14 -2.54 -0.44 

OA14 15.95 3.06 -5.44 -12.58 6.52 -1.51 -21.79 -2.89 -1.14 

OA15 -12.84 11.06 -0.08 10.07 2.84 1.25 12.17 -4.40 0.01 

OA16 2.66 1.86 4.56 -2.90 2.15 3.10 6.96 -3.74 1.83 

OA17 17.77 7.02 4.66 -8.81 4.32 3.76 -3.55 -3.79 1.28 

OA18 6.14 5.38 -0.20 -7.62 3.81 3.73 14.43 -4.05 2.50 

OA19 -2.57 0.41 -2.91 4.23 1.08 3.14 -2.32 -2.48 -1.33 

OA20 -8.54 3.46 2.04 14.90 1.00 1.35 -1.05 -3.75 -0.02 

OA21 4.04 -2.89 1.46 1.40 0.56 -1.63 -4.28 2.80 -0.94 

OA22 -5.91 -0.80 0.27 7.18 3.38 0.84 7.55 -2.00 -0.83 

OA23 3.55 0.12 9.19 2.02 1.82 2.61 8.96 -3.49 1.43 

OA24 -3.62 3.06 5.03 5.61 3.19 1.13 3.19 -4.13 2.00 

OA25 -2.27 3.36 3.92 -5.48 3.84 3.46 -7.12 -6.01 0.67 
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Subject 
AA-X 
ROM 

AM-X 
Max 

AM-Y 
Max 

HA-X 
ROM 

HM-XMax HM-X Min 
HM-Y 
Max 

NL1 32.97 1.58 0.42 33.50 1.21 -0.58 0.76 

NL2 27.76 1.35 0.14 37.41 0.76 -0.86 1.02 

NL3 42.68 1.56 0.06 31.56 0.96 -1.07 0.97 

NL4 26.45 1.58 0.24 40.37 0.66 -0.77 1.03 

NL5 28.17 1.59 0.16 41.92 0.75 -0.87 0.85 

NL6 24.34 1.55 0.15 32.72 0.86 -0.75 0.95 

NL7 25.21 1.69 0.24 37.28 0.36 -0.98 1.00 

NL8 38.74 0.96 0.72 40.50 1.58 -0.63 0.54 

NL9 22.82 1.59 0.44 35.33 0.55 -0.73 0.91 

NL10 30.44 1.61 0.11 39.85 0.77 -0.83 0.93 

NL11 21.36 1.50 0.39 38.37 0.56 -0.62 0.88 

NL12 13.33 1.85 0.14 38.97 0.75 -1.27 1.13 

NL13 21.63 1.69 0.38 34.00 0.70 -1.07 0.84 

NL14 32.71 1.64 0.19 35.39 0.72 -0.78 1.01 

NL15 34.16 1.59 0.24 38.73 0.90 -0.65 0.91 

NL16 27.02 1.59 0.24 36.57 0.40 -0.77 1.05 

NL17 33.50 1.84 0.21 38.13 0.38 -0.66 1.22 

NL18 34.22 1.74 0.16 34.26 0.37 -0.74 1.25 

NL19 29.19 1.52 0.08 39.40 0.80 -1.06 0.95 

NL20 29.70 1.50 0.21 43.22 0.85 -1.19 0.94 

NL21 25.25 1.40 0.21 36.55 0.55 -0.79 0.87 

NL22 35.75 1.71 0.28 40.35 0.61 -0.83 1.03 

NL23 27.71 1.73 0.08 35.78 0.92 -1.38 0.89 

OA1 19.23 0.91 0.13 27.37 0.27 -0.64 1.10 

OA2 19.48 1.22 0.08 24.36 0.10 -0.38 0.98 

OA3 17.48 1.30 0.27 26.27 0.33 -0.49 0.77 

OA4 14.26 1.14 0.40 12.41 0.14 -0.42 0.63 

OA5 30.23 1.29 0.10 32.12 0.49 -0.81 0.89 

OA6 18.47 1.34 0.18 31.46 0.54 -0.36 0.93 

OA7 17.00 1.26 0.26 37.23 0.41 -0.64 0.94 

OA8 16.23 0.36 0.27 27.26 0.28 -0.60 0.98 

OA9 18.14 0.90 0.25 29.43 0.31 -0.26 1.09 

OA10 27.29 1.43 0.10 29.53 0.31 -0.90 1.02 

OA11 19.30 1.01 0.43 30.71 0.21 -0.44 1.01 

OA12 18.18 0.99 0.21 26.95 0.45 -0.41 0.75 

OA13 22.68 1.04 0.23 30.89 0.62 -0.70 0.64 

OA14 25.61 1.07 0.16 26.94 0.35 -0.46 0.79 

OA15 10.94 0.81 0.29 24.92 0.40 -0.77 0.70 

OA16 22.18 1.01 0.21 29.12 0.23 -0.24 0.96 

OA17 15.77 0.86 0.16 24.65 0.25 -0.65 1.52 

OA18 16.58 0.94 0.42 21.20 0.29 -0.18 0.91 

OA19 19.14 1.02 0.44 27.71 0.20 -0.52 1.12 

OA20 20.01 1.23 0.29 38.39 0.36 -0.57 0.92 

OA21 27.48 1.37 0.33 31.75 0.32 -0.84 0.77 

OA22 19.55 1.21 0.24 33.78 0.33 -0.50 0.77 

OA23 22.40 1.03 0.30 39.63 0.19 -0.55 1.02 

OA24 13.20 0.97 0.26 23.97 0.30 -0.66 0.82 

OA25 20.55 0.83 0.21 28.06 0.30 -0.50 0.71 

NL Mean 28.92 1.58 0.24 37.40 0.74 -0.86 0.95 

NL SD 6.38 0.18 0.15 3.03 0.28 0.22 0.15 

NL COV 22.05 11.38 62.46 8.11 37.98 -25.09 15.44 

OA Mean 19.65 1.06 0.25 28.65 0.32 -0.54 0.91 

OA SD 4.53 0.23 0.10 5.63 0.12 0.19 0.19 

OA COV 23.03 21.75 40.75 19.66 37.57 -34.36 21.02 
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Subject 
KA-X 
ROM 

KM-X 
Max 

KM-X 
Min 

KM-Y 
Max 

GRF-X 
Max 

GRF-Y 
Max 

GRF-Y 
Min 

GRF-Z 
Max 

NL1 59.44 0.29 -0.36 0.36 0.07 0.17 -0.10 1.21 

NL2 59.23 0.60 -0.21 0.56 0.06 0.12 -0.08 0.99 

NL3 58.84 0.50 -0.39 0.37 0.06 0.21 -0.15 1.17 

NL4 61.63 0.30 -0.70 0.27 0.09 0.21 -0.17 1.18 

NL5 66.13 0.34 -0.65 0.41 0.07 0.22 -0.22 1.21 

NL6 54.36 0.23 -0.52 0.47 0.10 0.21 -0.15 1.16 

NL7 63.95 0.58 -0.55 0.50 0.04 0.23 -0.17 1.18 

NL8 65.93 0.31 -0.72 0.45 0.07 0.15 -0.11 1.14 

NL9 57.59 0.62 -0.49 0.48 0.06 0.20 -0.20 1.13 

NL10 61.68 0.38 -0.50 0.41 0.06 0.23 -0.17 1.22 

NL11 65.34 0.50 -0.65 0.40 0.08 0.21 -0.18 1.21 

NL12 61.49 0.67 -0.72 0.42 0.07 0.29 -0.22 1.35 

NL13 56.73 0.85 -0.16 0.31 0.08 0.23 -0.18 1.23 

NL14 59.13 0.40 -0.42 0.40 0.07 0.22 -0.16 1.23 

NL15 58.80 0.40 -0.26 0.39 0.07 0.22 -0.14 1.17 

NL16 67.20 0.52 -0.50 0.50 0.08 0.26 -0.16 1.22 

NL17 69.31 0.60 -0.44 0.51 0.06 0.28 -0.21 1.36 

NL18 55.52 0.32 -0.40 0.30 0.11 0.24 -0.15 1.25 

NL19 59.44 0.47 -0.44 0.35 0.09 0.19 -0.15 1.16 

NL20 65.38 0.46 -0.80 0.34 0.09 0.27 -0.23 1.22 

NL21 55.00 0.35 -0.12 0.28 0.03 0.18 -0.11 1.12 

NL22 66.62 0.39 -0.79 0.30 0.08 0.25 -0.20 1.27 

NL23 61.21 0.72 -0.15 0.63 0.07 0.21 -0.16 1.23 

OA1 27.90 0.20 -0.25 0.72 0.08 0.06 -0.06 1.00 

OA2 42.18 0.42 -0.06 0.67 0.06 0.06 -0.04 1.02 

OA3 45.27 0.37 -0.22 0.67 0.05 0.07 -0.04 1.03 

OA4 33.12 0.06 -0.22 0.63 0.11 0.05 -0.02 1.03 

OA5 59.04 0.31 -0.29 0.84 0.05 0.12 -0.10 1.05 

OA6 53.05 0.32 -0.29 0.84 0.08 0.12 -0.11 1.02 

OA7 53.96 0.80 -0.60 0.70 0.04 0.11 -0.13 1.03 

OA8 10.09 -0.03 -0.60 0.64 0.09 0.09 -0.05 1.03 

OA9 44.08 0.30 -0.13 0.82 0.10 0.08 -0.09 0.95 

OA10 50.82 0.37 -0.26 0.82 0.05 0.13 -0.09 1.04 

OA11 49.92 0.29 -0.26 0.72 0.11 0.10 -0.11 0.98 

OA12 49.57 0.40 -0.35 0.72 0.10 0.08 -0.06 0.98 

OA13 50.50 0.29 -0.42 1.02 0.09 0.11 -0.09 0.96 

OA14 44.36 0.15 -0.42 1.02 0.04 0.12 -0.07 1.03 

OA15 33.51 0.45 -0.16 0.36 0.06 0.03 -0.06 0.93 

OA16 46.59 0.12 -0.33 0.62 0.06 0.09 -0.06 1.05 

OA17 29.31 0.09 -0.33 0.62 0.06 0.06 -0.03 1.03 

OA18 34.06 0.05 -0.23 0.58 0.11 0.08 -0.04 1.05 

OA19 53.10 0.39 -0.06 0.58 0.11 0.13 -0.09 1.00 

OA20 46.21 0.76 -0.19 0.56 0.05 0.14 -0.09 1.03 

OA21 55.15 0.37 -0.19 0.55 0.06 0.15 -0.10 1.01 

OA22 58.05 0.41 -0.09 0.34 0.08 0.14 -0.08 1.01 

OA23 50.29 0.34 -0.08 0.44 0.07 0.12 -0.12 1.01 

OA24 46.77 0.37 -0.23 0.71 0.05 0.05 -0.04 1.01 

OA25 51.92 0.22 -0.23 0.71 0.09 0.07 -0.09 1.03 

NL Mean 61.30 0.47 -0.48 0.41 0.07 0.22 -0.16 1.20 

NL SD 4.25 0.16 0.20 0.09 0.02 -0.04 -0.04 0.07 

NL COV 6.93 33.34 -43.10 22.92 25.50 18.37 -23.62 6.22 

OA Mean 44.75 0.31 -0.26 0.68 0.07 0.09 -0.07 1.01 

OA SD 11.24 0.19 0.14 0.17 0.02 -0.03 -0.03 0.03 

OA COV 25.11 62.01 -54.61 24.70 31.45 35.96 -40.70 2.97 
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Appendix I: TKR Classifier Input Data 

 

Subject 
Classifier 

ID Number 
AA-X 
PC1 

AA-X 
PC2 

AM-X 
PC1 

AM-X 
PC2 

AM-Y 
PC1 

Pre-TKR 1 1 5.09 3.92 0.82 -7.13 -7.09 
Pre-TKR 2 2 9.71 4.56 1.58 -0.50 -10.42 
Pre-TKR 3 3 8.80 -6.04 -2.04 -2.26 -7.90 
Pre-TKR 4 4 7.24 2.07 2.89 0.45 -11.12 
Pre-TKR 5 5 9.36 2.04 -0.90 0.99 3.44 
Pre-TKR 6 6 0.21 9.95 26.44 -0.88 6.43 
Pre-TKR 7 7 -3.67 3.58 8.03 -2.80 2.62 
Pre-TKR 8 8 -16.51 -0.25 -4.93 -6.98 -5.32 
Pre-TKR 9 9 0.02 6.48 6.39 -6.98 -5.43 

Pre-TKR 10 10 3.00 4.53 2.03 -9.15 10.70 
Pre-TKR 11 11 2.85 6.30 10.07 1.06 8.98 
Pre-TKR 12 12 1.71 0.57 -0.36 -0.76 3.15 

Post-TKR 1 13 5.03 -2.53 2.39 0.29 -1.26 
Post-TKR 2 14 9.00 2.35 -1.22 -0.70 -12.67 
Post-TKR 3 15 -5.48 -2.61 0.45 2.15 -2.05 
Post-TKR 4 16 -2.30 4.78 0.30 3.82 -4.76 
Post-TKR 5 17 -4.68 14.24 11.06 8.38 0.38 
Post-TKR 6 18 -2.44 9.68 28.30 4.03 4.58 
Post-TKR 7 19 0.03 1.39 11.93 0.64 2.26 
Post-TKR 8 20 -10.96 0.85 -1.57 2.62 0.76 
Post-TKR 9 21 1.54 7.91 4.31 -6.29 -1.64 
Post-TKR 10 22 6.29 2.98 7.75 -0.84 7.59 
Post-TKR 11 23 -5.58 -4.01 0.24 -1.28 6.49 
Post-TKR 12 24 -2.04 0.36 -3.91 4.19 7.16 
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Subject 
Classifier 

ID Number 
GRF-X 

PC1 
GRF-Y 

PC1 
GRF-Y 

PC2 
GRF-Z 

PC1 
GRF-Z 

PC2 
GRF-Z 

PC3 

Pre-TKR 1 1 1.75 7.35 -4.89 -7.84 0.78 1.21 
Pre-TKR 2 2 -1.94 8.54 -6.86 -9.63 -0.43 -1.61 
Pre-TKR 3 3 -8.22 3.25 1.12 -3.70 3.89 1.94 
Pre-TKR 4 4 1.04 3.61 5.71 -3.91 -1.50 1.22 
Pre-TKR 5 5 -11.74 -0.27 -6.31 -3.89 -3.32 -3.20 
Pre-TKR 6 6 12.54 10.64 8.92 -6.54 2.46 -2.67 
Pre-TKR 7 7 13.20 4.71 -0.76 -7.27 -3.96 0.73 
Pre-TKR 8 8 -13.02 1.97 -7.96 -10.74 -1.46 -0.90 
Pre-TKR 9 9 -3.12 13.14 6.50 -13.02 -0.74 0.09 
Pre-TKR 10 10 13.79 11.93 5.89 -11.20 5.03 -1.65 
Pre-TKR 11 11 11.35 3.27 7.45 -3.19 -2.27 -4.72 
Pre-TKR 12 12 -7.64 3.11 2.94 -4.69 0.70 -3.39 

Post-TKR 1 13 4.89 -1.18 -2.53 3.06 -0.54 3.41 
Post-TKR 2 14 0.93 5.06 2.21 -6.18 -1.05 -0.72 
Post-TKR 3 15 -6.33 -3.23 -2.58 1.07 -1.06 2.87 
Post-TKR 4 16 8.60 0.99 7.23 1.73 2.46 -0.06 
Post-TKR 5 17 3.76 -4.34 -0.65 1.13 4.50 -4.27 
Post-TKR 6 18 6.60 6.86 7.45 -2.03 3.01 -6.62 
Post-TKR 7 19 20.68 4.65 8.78 -4.92 -2.23 -1.67 
Post-TKR 8 20 -0.19 -9.51 2.66 5.74 -1.59 0.91 
Post-TKR 9 21 -2.72 7.21 2.07 -7.86 -2.16 0.31 

Post-TKR 10 22 11.45 5.71 1.06 -5.55 4.87 -4.41 
Post-TKR 11 23 6.94 -2.81 -0.27 -0.48 -0.69 -1.42 
Post-TKR 12 24 -11.06 -8.73 0.28 3.50 -4.16 -3.85 
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Subject 
Classifier 

ID 
Number 

HA-X 
PC1 

HA-X 
PC2 

HM-X 
PC1 

HM-X 
PC2 

HM-Y 
PC1 

HM-Y 
PC2 

HM-Y 
PC3 

Pre-TKR 1 1 19.40 1.42 -9.79 2.00 -6.46 6.37 1.04 
Pre-TKR 2 2 7.52 3.13 -9.00 -4.34 0.00 6.86 0.54 
Pre-TKR 3 3 0.03 -1.37 -2.99 3.23 -0.45 2.60 1.39 
Pre-TKR 4 4 -4.27 2.27 2.77 -4.30 1.45 6.48 -3.56 
Pre-TKR 5 5 -7.55 1.66 -2.88 0.40 -3.19 2.97 4.20 
Pre-TKR 6 6 12.98 6.82 -15.59 -0.38 -4.76 3.05 1.70 
Pre-TKR 7 7 -5.60 2.67 6.10 -11.44 -11.10 4.63 7.76 
Pre-TKR 8 8 18.72 -1.63 -6.74 -0.51 7.76 5.05 0.38 
Pre-TKR 9 9 20.04 7.66 -17.71 -1.54 -18.18 12.84 -4.50 
Pre-TKR 10 10 -0.66 6.25 1.29 -8.50 2.56 6.97 -1.72 
Pre-TKR 11 11 1.59 0.66 -10.84 -0.18 -10.31 3.26 0.01 
Pre-TKR 12 12 -4.40 -0.13 -8.46 1.59 1.51 3.18 -2.53 

Post-TKR 1 13 24.30 -5.30 -12.59 9.12 -11.08 1.03 -4.83 
Post-TKR 2 14 0.93 0.16 -12.35 2.03 -0.96 5.85 -1.15 
Post-TKR 3 15 2.75 -7.98 5.89 -1.36 -4.99 0.42 0.87 
Post-TKR 4 16 -7.30 3.14 6.67 -10.70 -6.75 -0.23 0.40 
Post-TKR 5 17 -11.52 6.93 17.03 -8.03 -14.20 1.76 -0.36 
Post-TKR 6 18 20.12 -2.12 -8.85 -0.35 3.05 -0.08 4.24 
Post-TKR 7 19 25.61 -6.82 -16.86 -0.77 -18.78 4.43 5.98 
Post-TKR 8 20 24.50 -12.79 -22.77 11.90 -7.38 0.64 -3.26 
Post-TKR 9 21 1.60 5.73 -0.17 -4.10 -5.19 6.24 -4.71 

Post-TKR 10 22 5.70 0.97 -2.21 -4.87 -7.52 5.79 -1.19 
Post-TKR 11 23 5.69 -5.28 -9.98 1.05 -6.69 1.61 -0.09 
Post-TKR 12 24 4.80 -4.99 -11.90 6.79 -5.08 -1.34 -1.14 

 

 

 

  



Appendices 

 

285 
 

 

 

Subject 
Classifier 

ID 
Number 

KA-X 
PC1 

KA-X 
PC2 

KA-X 
PC3 

KM-X 
PC1 

KM-X 
PC2 

Pre-TKR 1 1 13.52 5.92 -0.42 -8.84 5.21 
Pre-TKR 2 2 -4.65 5.85 0.17 6.20 2.05 
Pre-TKR 3 3 3.83 -4.28 4.81 0.38 3.32 
Pre-TKR 4 4 -2.30 0.23 -0.27 -1.82 -1.14 
Pre-TKR 5 5 -17.41 2.84 3.83 20.26 3.58 
Pre-TKR 6 6 18.67 11.93 0.29 -19.58 2.14 
Pre-TKR 7 7 -10.91 5.51 0.12 1.76 1.42 
Pre-TKR 8 8 15.95 3.06 -5.44 -12.58 6.52 
Pre-TKR 9 9 17.77 7.02 4.66 -8.81 4.32 
Pre-TKR 10 10 6.14 5.38 -0.20 -7.62 3.81 
Pre-TKR 11 11 -2.57 0.41 -2.91 4.23 1.08 
Pre-TKR 12 12 -8.54 3.46 2.04 14.90 1.00 

Post-TKR 1 13 13.95 -1.82 0.00 -6.27 4.21 
Post-TKR 2 14 -1.70 -0.28 1.35 7.73 3.05 
Post-TKR 3 15 0.38 -5.66 4.24 -1.20 1.75 
Post-TKR 4 16 1.21 1.12 -0.68 -8.99 -6.35 
Post-TKR 5 17 -10.55 4.65 -0.08 -3.96 -0.35 
Post-TKR 6 18 6.80 4.17 -0.38 -16.56 2.71 
Post-TKR 7 19 15.62 -0.94 3.51 -7.96 1.03 
Post-TKR 8 20 9.87 -3.65 0.68 5.73 0.02 
Post-TKR 9 21 2.08 3.98 1.68 -2.19 2.64 

Post-TKR 10 22 1.61 2.21 2.22 -2.09 1.76 
Post-TKR 11 23 5.52 -3.55 2.41 2.32 -0.38 
Post-TKR 12 24 -3.03 0.69 5.01 12.79 -1.69 
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Subject 
Classifier 

ID 
Number 

KM-X 
PC3 

KM-Y 
PC1 

KM-Y 
PC2 

KM-Y 
PC3 

Pre-TKR 1 1 0.62 -11.91 -0.94 -0.14 
Pre-TKR 2 2 5.28 -0.96 -2.73 2.02 
Pre-TKR 3 3 -0.01 -8.68 -1.93 1.30 
Pre-TKR 4 4 1.05 -16.70 -3.01 -2.51 
Pre-TKR 5 5 1.27 -11.14 1.49 3.50 
Pre-TKR 6 6 5.88 3.91 3.81 6.50 
Pre-TKR 7 7 4.17 -9.06 -0.21 3.56 
Pre-TKR 8 8 -1.51 -21.79 -2.89 -1.14 
Pre-TKR 9 9 3.76 -3.55 -3.79 1.28 
Pre-TKR 10 10 3.73 14.43 -4.05 2.50 
Pre-TKR 11 11 3.14 -2.32 -2.48 -1.33 
Pre-TKR 12 12 1.35 -1.05 -3.75 -0.02 

Post-TKR 1 13 -2.48 -0.08 -1.27 -1.63 
Post-TKR 2 14 1.70 -3.30 -1.18 1.30 
Post-TKR 3 15 -0.04 -3.48 -0.30 0.90 
Post-TKR 4 16 2.39 -14.19 3.72 -0.63 
Post-TKR 5 17 3.59 5.40 -2.22 -0.99 
Post-TKR 6 18 3.95 14.95 -3.99 1.06 
Post-TKR 7 19 3.82 -6.76 0.06 2.66 
Post-TKR 8 20 0.83 -12.37 2.99 -3.65 
Post-TKR 9 21 2.29 5.29 -4.42 1.42 

Post-TKR 10 22 4.05 7.44 -3.67 1.08 
Post-TKR 11 23 2.81 9.67 -2.24 -0.04 
Post-TKR 12 24 4.32 -0.85 -0.30 -1.06 
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Appendix J: MRI Volunteer Information Sheet 

Dr Helen Roberts / Dr Andrea Longman 
Research Coordinators 
Arthritis Research UK Biomechanics and Bioengineering 
Centre 
Biomedical Sciences Building 
Cardiff University 
Museum Avenue 
Cardiff   
CF10 3AX 

 
 

PATIENT INFORMATION SHEET 
 

Joint imaging in patients with musculoskeletal disease  
and healthy people 

 
Part One  
 
You are being invited to take part in a research study.  Before you decide, it is 
important for you to understand why the research is being done and what it will involve.  
Please take time to read the following information carefully and discuss it with others if 
you wish.  Part 1 tells you about the purpose of this study and what will happen to you 
if you take part.  Part 2 gives you more detailed information about the conduct of the 
study.  Ask us if there is anything that is not clear or if you would like more information.  
Please take time to decide whether or not you wish to take part. 
 
What is the purpose of this study? 
Close work between orthopaedic surgeons, physiotherapists, scientists and engineers 
is improving the tools available for patient’s assessment and diagnosis. Patients can 
clearly benefit from better diagnosis, thus promoting increased confidence in their 
medical care.   
 
With improved clinical assessment for this common disease, surgical input to relieve 
the painful and functionally disabling symptoms could be more effectively tailored to 
suit patients. 
 
The purpose of this study is to use magnetic resonance imaging (MRI) to take pictures 
of your joints to help understand joint disease or injury.  
 
This study is for research purposes only and you would receive no therapeutic benefits 
for taking part. 
 
Why have I been asked to take part in this study? 
You have been asked to take part in this study as you may have a problem with your 
joint that we are interested in looking at with this technique.  It will allow us to gain 
further insight into the nature of the pain that people with a problem with their joint in 
the same joint as you face.  Your clinician has been informed that you have been 
invited to take part in this study and has agreed that it is OK for you to do so. 
 
 
Do I have to take part? 
It is up to you to decide whether or not to take part.  If you do decide to take part you 
will be given this information sheet to keep and asked to sign a consent form.  If you 
decide to take part, you are still free to withdraw at any time, without giving a reason.  A 
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decision not to take part or to withdraw at any time will not affect the standard of care 
that you receive.  Should you decide not to take part, you do not have to provide a 
reason for this decision. 
 
Am I able to take part? 
Before you take part in this study, we will give you a questionnaire to identify potential 
health reasons which you know about that suggest you should not participate in this 
study.  This is aimed at ensuring your safety.  If you would prefer not to reveal any 
information about your health, please do not participate.   
 
You should not take part if you: 
 

 have now or have had in the past cardiac (heart), vascular (blood vessel) or 
respiratory/pulmonary (breathing/lung) conditions, including high blood pressure 

 have now or have had in the past a neurological (brain or nerve) disease 

 experience dizziness or fainting 

 have a pacemaker 

 suffer from either asthma or diabetes mellitus 

 are pregnant or have given birth in the last 6 weeks 

 have a history of drug dependency 

 have taken illicit drugs in the last 4 weeks 

 have been involved in any drug trials (scientific studies involving you taking a drug) 
in the last 4 weeks 

 
If you are unsure about any of these items affecting your participation you can discuss 
it with one of the medical doctors associated with the study when you come for your 
initial screening session. 
 
What will happen if I agree to take part? 
With your permission your GP will be notified of your participation in this study.  After 
attendance at the session you will be reimbursed for reasonable travel expenses. You 
will be asked to visit the Cardiff University Brain Research Imaging Centre (CUBRIC) 
on 1 or 2 occasions. During the visit, you would have your joint scanned using the MRI 
scanner at CUBRIC. You will be asked to lie as still as possible in the scanner while 
pictures of your joint are taken. In some cases, we will ask you to perform a task, which 
will induce pain similar to that induced by your activities of daily living. The level of pain 
will always be acceptable to you. The task may consist of joint manipulation, loading or 
compression. You will be free to stop the task at any time during the experiments.  
These imaging techniques will measure your joint while the movements are being 
applied.  A single visit to CUBRIC will typically last 2 hours. We may also ask to do a 
further 30 minute scan to measure the metabolites (certain molecules) present within 
your joint.   
 
What will I have to do before these visits? 
You do not have to do anything specific in preparation for this study. 
 
Expenses 
You will be reimbursed for reasonable travel expenses. 
 
What are the benefits of taking part? 
This study involves taking pictures of your joint. It is not therapeutic and there is no 
intended clinical benefit to the patient from taking part in the study.  We hope that the 
information we get from this study may help us to develop more effective treatments for 
the pain experienced by people with conditions such as yours. 
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What happened if you find something unusual on my scan? 
The researchers involved do not have experience in medical diagnosis using MRI or 
MRS, as they are imaging scientists.  The person conducting your scan will not be able 
to comment on the results of your scan.  You should not regard these research scans 
as a medical screening procedure.  Occasionally when we image healthy participants, 
the researchers may be concerned that a potential abnormality may exist on the scan.  
In such cases, we will ask an appropriate consultant with appropriate expertise to 
examine the scans.  If the specialist radiologist feels it to be appropriate, a report can 
be forwarded to your GP, so that he/she may arrange to further investigate any 
potential abnormality.   
 
In most cases, an orthopaedic consultant will not look at images of your joint.  It is 
important that you realise that these scans are not intended to provide any information 
that may help in the diagnosis of any medical condition. 
 
 
Are there any risks in participating in this study? 
Some people find that being in the scanner makes them feel uncomfortable or 
claustrophobic because they have to keep still for a long time and the scanner can be 
noisy while pictures are being taken.  The activities that we may ask you to perform or 
loading device that we use to apply stretching and compression to your joint may cause 
some discomfort.  The discomfort you feel should not be over and above the discomfort 
caused by activities of daily living.   
 
What will happen if I do not want to carry on with they study? 
If you withdraw from the study, we will erase all identifiable material, but we will need to 
use the data collected up to your withdrawal. 
 
What if something goes wrong? 
If you are harmed by taking part in this research project, there are no special 
compensation arrangements.  If you are harmed due to someone’s negligence, then 
you may have grounds for legal action, but you may have to pay for it.  Regardless of 
this, if you wish to complain, or have any concerns about any aspect of the way you 
have been approached or treated during the course of this study, the normal National 
Health Service complaints mechanism should be available to you. 
 
Will my taking part in this study be kept confidential? 
All information which is collected about you during the course of the research will be 
kept strictly confidential.  We may share the data we collect with researchers at other 
institutions including Universities and commercial research organisations.  However, 
any information that leaves the Centre will be anonymised.  It will have your name and 
address removed so that you cannot be recognised from it.  In any sort of report we 
might publish, we will not include information that will make it possible for other people 
to know your name or identify you in any way.  You will simply be referred to by your 
gender, age, the affected joint and possibly some characteristic such as left or right 
handedness.  If you join the study, some parts of your records and the data collected 
for the study may be looked at by authorised persons from the University, hospital 
where you are being treated, or research ethics committee, for the purposes of 
monitoring and auditing.Data will be kept securely for a minimum of 15 years in 
accordance with good research practice and data protection regulations imposed by 
Cardiff University in accordance with the Data Protection Act 1998. 
 
Will my general practitioner (GP) be notified of my participation in this research? 
With your permission your GP may be notified of your participation in this study.  For 
this reason we ask you to bring details (name and address) of the GP with whom you 
are registered. 
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What will happen to the results of the research study? 
We hope to publish the results of this study in a scientific journal.  We may also present 
the results at a scientific conference or a seminar in a university.  We may also publish 
results on our website.  We would be happy to discuss the results of the study with you 
and send you a copy of the published results.  It will not be possible to identify you or 
images of your joint in any report or publication. 
 
Who is organising and funding the research? 
Research staff at the University of Wales, Cardiff School of Engineering and 
Orthopaedic Consultant Surgeons and Physiotherapists at the University Hospital of 
Wales are carrying out the study.  Principal investigators are Mr Chris Wilson, who is a 
Senior Consultant Orthopaedic Surgeon at the University Hospital of Wales and 
Honorary Visiting Professor at Cardiff University, Dr. Deborah Mason, Senior Lecturer 
at the Cardiff University School or Biosciences and Dr. Cathy Holt, Senior Lecturer at 
Cardiff School of Engineering, Cardiff University.  The study is part of the Arthritis 
Research UK Biomechanics and Bioengineering Centre at Cardiff University; it is not 
funded by commercial sources and runs alongside research in the Cardiff Gait and 
motion Analysis Laboratory at Cardiff University School of Engineering and Research 
Centre for Clinical Kinaesiology at Cardiff University School of Healthcare Studies.  
Where appropriate, the sponsors of this study will pay Cardiff and Vale University 
Health Board, Radiology Directorate. 
 
Who has reviewed the study? 
This study has been reviewed by the Research Ethics Committee (REC) for Wales. 
 
What if new information becomes available during the course of this research? 
If the new information pertains specifically to your health as the participant, you will be 
informed and continued inclusion in the research will be discussed with you. 
 
What if I wish to lodge a complaint? 
If you wish to make a minor complaint regarding the way you were approached or 
treated during the trial, please contact the Arthritis Research UK Biomechanics and 
Bioengineering Centre Research Coordinator at the contact details below or you can 
contact the Cardiff University Research Governance Team on 029 208 79277. 
 
Contact for further information 
Research Coordinator      
Cardiff School of Biosciences    
Cardiff University                                                                       
Cardiff 
CF10 3AX 
Tel: 029 20875419 
Email: Robertshc@cardiff.ac.uk / Longmanaj@cardiff.ac.uk 
 
Contact for MRI 
Ann Harvey 
Cardiff Academic Fellow      
Cardiff School of Medicine    
Cardiff University                                                                       
Cardiff 
CF14 4XN 
Tel: 029 20687324 
Email: HarveyAK@cardiff.ac.uk 
 
If you agree to take part in this study then you will be given a copy of the 
information sheet and a signed consent form to keep. 

mailto:Robertshc@cardiff.ac.uk
mailto:Longmanaj@cardiff.ac.uk
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Dr Helen Roberts / Dr Andrea Longman 
Research Coordinators 
Arthritis Research UK Biomechanics and Bioengineering 
Centre 
Biomedical Sciences Building 
Cardiff University 
Museum Avenue 
Cardiff   
CF10 3AX 

 
 

PATIENT INFORMATION SHEET 
 

Joint imaging in patients with musculoskeletal disease  
and healthy people 

 
Part Two - The Visits 
At the beginning of your first visit, we will explain the full study to you and ask for your 
consent, bearing in mind that you are free to withdraw at any time. A questionnaire 
checking for contraindications to magnetic resonance imaging (MRI) and / or magnetic 
resonance spectroscopy (MRS) will be performed. This makes sure that you do not 
have any metal in your body (see below) and that it is safe for you to enter the scanner. 
We will also ask you questions about your joint and loading or movement of your joint. 
Based upon the results, you would either be included or excluded from the study. All 
data obtained during the study would remain confidential. Access to data would be 
available to the investigators attached to the project at the Arthritis Research UK BBC. 
  
During this and subsequent visits you would be asked to undergo MRI and / or MRS 
scanning. 
 
The MRI scanner is a large box with a tube running through the middle, where the 
participant lies. For some people, being inside the scanner can induce feelings of 
claustrophobia. The MRS scanning also uses the MRI scanner but instead of 
measuring the water signal to produce an image, it will measure other components 
present.  MRS does not cause any additional risk to the participant. 
 
During the visit, you would have your joint scanned using the MRI scanner at CUBRIC. 
You would lie on the bed of the MRI scanner, which moves you into the centre of the 
tube, and a device will be placed around the joint being imaged. You will be given ear 
plugs to protect your hearing but, you will still be able to hear the researcher when 
spoken to over the intercom.  
 
You would also be given a call button to hold throughout the scan. You can use this to 
get the attention of the researcher who will be on the other side of a window just 
outside the scanner room. You can speak to the researcher via a microphone from 
inside the scanner. It is very important that you keep still during the scans and try not to 
move your joint at all. We would make sure that you were comfortable by providing 
cushions around the head and under the legs and a blanket if necessary. 
 
We may ask you to perform certain tasks, which involve loading or compressing your 
joint, to try to understand the pain you are experiencing in arthritis. If you find any task 
too uncomfortable, you can ask for the scan to stop by pressing the call button at any 
time. We may also ask you to wear several monitoring devices. These may include a 
plastic probe on your finger to monitor blood oxygen levels; a flexible belt around your 
chest/abdomen to monitor your breathing; and a cuff around your arm/finger that 
tightens to measure blood pressure. 
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MRI / MRS 
Magnetic resonance imaging (MRI) is a well-
established technique for imaging the body 
and brain using strong magnetic fields and 
low energy radio waves to make pictures of 
the inside of the human body non-invasively. 
Magnetic resonance spectroscopy (MRS) 
uses the same scanner as MRI. However, 
instead of producing an image it produces a 
profile of the other components present.  
NONE of these non-invasive techniques use 
ionizing radiation (X-rays). 
 
What does MRI / MRS involve? 
We will need you to lie in the MRI scanner for up to 1.5 hours and you will be given the 
opportunity to have a break at anytime.  
In preparation for the MRI / MRS scan, you will first be asked a set of safety questions 
to make sure that you don’t have anything in your body that might be affected by the 
scans, such as a pacemakers and other implanted devices, or metal in your body (e.g. 
shrapnel from war injuries). You will be asked to remove all metal objects from your 
person including keys, coins, jewellery and watches and will need to remove credit 
cards and travel-cards, belts and under-wired bras.  Your valuables will then be locked 
away for security reasons. If you are wearing make-up you may be asked to remove 
this as well.  Although MRI / MRS is not known to affect the unborn child, we exclude 
subjects who may be pregnant just to be on the safe side. Wear soft, loose but warm 
clothing which preferably has no metal fixings. While the scanner is acquiring images it 
can be very noisy, so you will be given earplugs and/or ear defenders to wear. 
 
What are the possible disadvantages and risks of MRI / MRS? 
MRI and MRS involve minimal risk. No serious side effects of being in an MRI scanner 
have been reported despite millions of scans having been worldwide. Although the 
possibility of long-term effects cannot be completely ruled out, the weight of 
experience and opinion is against this. 
 
Some people find being inside an MRI scanner claustrophobic although this is less so 
with the more compact systems like those used in CUBRIC.  The scanner also makes 
quite loud noises for which we provide ear plugs.  The radiofrequency waves we use to 
create the MR scans and profiles can cause your head and body to warm up slightly.  
This is not a problem, and you usually won’t notice it, as your blood flow will increase 
slightly to take the heat away; we also keep the scanner room quite cool so that you 
always remain comfortable. 
 
A few people have reported minor side effects including dizziness, mild nausea, a 
metallic taste in the mouth, and the sensation of seeing flashing lights. These side 
effects, if experienced, go away soon after you leave the magnet. If you experience 
any of these or others please let us know as soon as possible. If you find the 
experience in the scanner unpleasant, just let us know straight away and we will stop 
and take you out of the scanner. 
 
 
This completes Part 2 - Thank you for reading this information sheet. 
 
If you agree to take part you will be given a copy of the information sheet and a 
signed consent form to keep.    
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Appendix K: MRI Volunteer Consent Form 

PATIENT CONSENT FORM 
 

Joint imaging in patients with musculoskeletal disease  
and healthy people 

 
Study Number: 
Patient Identification Number for this trial: 
 
Part One 
 
It is important for your safety that we only recruit healthy volunteers to our study. 
Please answer the following questions as accurately as you can; if you misrepresent 
your health, this study may put you at risk and be harmful.  
 
Please read through all of the questions before beginning to answer them and ask us if 
anything is not clear. If there are any questions to which you would answer “yes” 
please indicate at the bottom.  If you wish you can discuss any “yes” answers with us, 
as with more information we may still be able to include you in the study.  
 
You may leave after reading this form, without answering any questions and without 
taking any further part in the study. If there are questions that you prefer not to answer 
or if you need to answer “yes” but do not wish to discuss the reason with us, we will 
need to exclude you from the study.  
 
 
Please answer YES or NO to the following questions by ticking the appropriate 
box. 
         YES  NO 
1. Do you currently have any cardiac (heart), vascular            
(blood vessel) or respiratory/pulmonary (breathing/lung)  

conditions, including known high blood pressure?        

  

2. Do you have a past history of cardiac, vascular, respiratory     
or pulmonary disease?        
       

3. Do you have any neurological (brain or nerve) disease?       
 

4. Do you suffer with palpitations?         
      
 

5. Do you experience dizziness or fainting?           
 

6. Do you suffer from either asthma or diabetes mellitus?          
 
7. Are you taking any prescribed medication?     
We are especially interested in medication that alters heart,  

blood vessel and breathing characteristics.       
 
8. Are you taking an un-prescribed medication  
e.g. over the counter herbal medications or medication to  

help performance during sport?         
 

9. Have you given birth in the last 6 weeks?       
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10. Is there a chance you might be pregnant, i.e. if you are  
female and have not been taking precautions to prevent  

pregnancy?           
 

11. Have you recently undergone surgery?       
 

12. Have you had a cold/flu in the last week?       
 
13. Are you drug dependent, or do you have a history of  

drug dependency?          
 

14. Have you taken any illegal drugs in the last 4 weeks?     
 
15. Have you been involved in any drug trials (scientific   

studies involving you taking a drug) in the last 4 weeks?      
 

 
 
 

Name of Patient:  
 
_____________________________________________________________________ 
 
 
Signature: ___________________________   Date: ___________________________ 
 
 
 
I confirm that I have fully explained the experimental protocol and purpose of the study 
 
Name of Researcher:  
 
_____________________________________________________________________ 
 
Signature: ___________________________   Date: ___________________________ 
 
 
Name of person taking consent:  
 
_____________________________________________________________________ 
(If different from researcher) 
 
Signature: ___________________________   Date: ___________________________ 
 
 
 
1 copy for the patient; 1 copy for the researcher 
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PATIENT CONSENT FORM 

 
Joint imaging in patients with musculoskeletal disease  

and healthy people 
 
 
Study Number: 
Patient Identification Number for this trial: 
 
 
Part Two 
 
You DO NOT have to sign this document. Please DO NOT sign this document unless 
you fully understand it. If there is ANYTHING which you do not understand please do 
not hesitate to ask for a full explanation. 
 
To confirm agreement with each of the statements below, please initial the box: 
 
 
1. I confirm that I have read and understand the information sheet dated               
24/08/2011 (Version 3) for the above study and have had the opportunity to ask 
questions.  
 
2. I understand that my participation in the study is voluntary and that I am free to        
withdraw at any time, without giving any reason, and without my medical care  
or legal rights being affected. 
 
3. You may contact me in the future to take part in other research projects or surveys. 
 
 
4. I agree to my hospital number being used to track my tissue on your secure system. 
 
 
5. I agree for my GP to be contacted. 
 
 
6. I agree to take part in the MRI part of the study. 
 
 
8. I agree to take part in the joint loading part of the study. 
 
 
9. I agree to take part in the MRS part of the study. 
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Name of Patient:  
 
_____________________________________________________________________ 
 
 
Signature: ___________________________   Date: ___________________________ 
 
 
 
I confirm that I have fully explained the experimental protocol and purpose of the study 
 
Name of Researcher:  
 
_____________________________________________________________________ 
 
Signature: ___________________________   Date: ___________________________ 
 
 
Name of person taking consent:  
 
_____________________________________________________________________ 
(If different from researcher) 
 
Signature: ___________________________   Date: ___________________________ 
 
 
 
1 copy for the patient; 1 copy for the researcher 
 
  



Appendices 

 

297 
 

Appendix L: CUBRIC MRI Initial Screening Form 
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Appendix M: CUBRIC MRI Secondary Screening 

Form 
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