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Abstract

Abstract

Joint motion of the natural knee is guided by an interconnected system of bones, soft tissue struc-

tures and muscles providing guidance for a complex set of tibio-femoral rotations and condylar

translations along all six degrees of freedom. Accurate knowledge of knee kinematics is essential

for a clear understanding of knee joint function, but also provides the foundation for assessing

joint pathologies and the efficacy of musculoskeletal interventions. In general, subject-specific

differences have been reported, with inter-subject variability dominating the magnitudes and

patterns of condylar translation. However, while general agreement has been achieved for tibio-

femoral kinematics during repetitive flexion tasks, controversial results and contradictory find-

ings have been presented for dynamic activities such as walking, especially for the tibial rotation,

condylar translation, and the resultant centre of rotation. Here, comparisons between studies

are complicated by the variety of measurement systems and analysis approaches used, but also

due to challenges in interpreting three dimensional multi-segment and dynamic kinematic data.

Until now, research into knee kinematics has generally been limited to spatially restricted activ-

ities in patients possessing metallic implants due the accessibility of only static videofluoroscopy

and image registration techniques that require sharp image contrast. However, recent develop-

ments in mobile videofluoroscopy and image analysis approaches that enable skeletal registration

now allow more advanced assessments of the natural knee during fully functional activities, in-

cluding investigation into the role of specific musculoskeletal and anatomical variations on nat-

ural knee kinematics. Specifically, anatomical differences in constitutional varus or valgus limb

alignment pose considerable challenges during total knee arthroplasty, requiring an improved

understanding of the impact of its role on tibio-femoral kinematics before individualised biome-

chanical models are able to support clinical decision-making. Such knowledge could help guide

surgical approaches through subject-specific implant selection and optimised surgical alignment

of total knee arthroplasty components based on an understanding of the individual’s joint kine-

matics.
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This thesis therefore aims to gain an in-depth understanding of the role of limb alignment and

activity on tibio-femoral kinematics of the natural knee during functional activities of daily living.

Using the moving fluoroscope developed at the Institute for Biomechanics at ETH Zürich, tibio-

femoral kinematics were assessed in 27 subjects (with limb alignment ranging from 8° valgus to

9° varus) during complete gait cycles of free level walking, downhill walking and stair descent.

Real-time tracking of the subject’s knee motion resulted in the ability to capture radiographic

images of the knee at 25 - 30 Hz. To allow analysis of the three dimensional positions of both the

femur and tibia, a novel intensity-based 2D/3D registration algorithm was initially developed

and validated, resulting in reconstructions with an in-plane error of < 1 mm, out-of-plane error

of < 7.1 mm, and rotational error of < 1°. While for some images the registration was performed

extremely well, image properties, as well as the contralateral knee crossing the image twice per

gait cycle, complicated a successful registration of other images, necessitating occasional manual

intervention.

To better understand physiologically healthy knee kinematics, tibio-femoral rotation and condy-

lar translation was evaluated in the subgroup of subjects with neutral limb alignment (3° valgus

to 3° varus). Despite a significant increase in the range of joint flexion from level walking to

downhill walking to stair descent, the ranges of condylar antero-posterior translation remained

comparable. However, distinct differences in the rotational as well as translational ranges of mo-

tion between the loaded and unloaded phases of gait emphasise the need to analyse complete gait

cycles. In support of previous studies in the literature, a general central to medial tibio-femoral

centre of rotation in the transverse plane was found.

From this initial investigation into knee joint kinematics, it became evident that the analysis

approach used was critical for understanding and interpreting the resulting tibio-femoral motion.

As a consequence, condylar antero-posterior translation during multiple trials of knee bending

and level walking was evaluated and compared using six different kinematic analysis approaches.

Clear differences between the methods were evident for certain flexion angles and phases of the

gait cycle. In particular, both contact based approaches (nearest point and tibio-femoral sepa-

ration) revealed significantly different translations compared to the functional flexion axis, the

cylinder axis, and the transepicondylar axis. In addition, significant differences occurred between

the functional flexion axis and the transepicondylar axis. The results clearly demonstrate that

interpretation of joint kinematics is dependent on the analysis approached used. In order to
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minimise crosstalk, joint translations should be reported using functional flexion axes. To pro-

vide comparison and reach consensus on the interpretation of tibio-femoral kinematics, reporting

joint translations using at least two different approaches is recommended.

To investigate the role of limb alignment on tibio-femoral kinematics, all 27 subjects were anal-

ysed during complete cycles of level walking and stair descent according to their hip-knee-ankle

angle grouping. Surprisingly, no differences in the ranges of tibio-femoral rotation or condylar

translation were found for either activity. However, significant differences between the varus and

valgus group were found for the translational motion characteristics of the lateral condyle during

certain phases of a complete gait cycle of stair descent. Although subject-specific limb alignment

only revealed a minor influence on tibio-femoral kinematics, differences between individual sub-

jects were evident, suggesting that other factors (e.g. soft tissue sufficiency) are responsible for

the observed inter-subject variability.

In conclusion, this thesis has, for the first time, successfully analysed in vivo knee joint kinematics

throughout complete gait cycles of level walking, downhill walking and stair descent in a unique

subject cohort with neutral, varus, and valgus limb alignments. While limb alignment was found

to play only a minor role in governing tibio-femoral kinematics, differences between the loaded

and unloaded phases of the gait cycle emphasise the need to assess complete gait cycles. In addi-

tion, dissimilarities between kinematic analysis approaches highlight the importance of selecting

a suitable analysis approach and, for better comparison between different studies, possible also

report kinematic data using different methodologies. Comparison against previously measured

tibio-femoral kinematics in total knee arthroplasty patients using the same measurement set-up,

suggests that individual pre-operative joint movement patterns could be targeted by selecting

specific implants and therefore provide solutions for both varus and valgus subjects. These data

can provide a basis for clinical decision-making regarding implant selection and surgical align-

ment, as well as help to further improve surgical procedures aiming to restore natural knee joint

motion.
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Zusammenfassung

Zusammenfassung

Die Bewegung des natürlichen Kniegelenks wird durch ein komplexes Zusammenspiel verschie-

dener Gelenksstrukturen wie Knochen, Bändern, Sehnen und Muskeln ermöglicht und geführt.

Genaue Kenntnisse über die individuellen Bewegungen ermöglichen ein detailliertes Verständnis

der Kniegelenksfunktion. Dieses Wissen bildet die Grundlage um pathologische Veränderungen

am Knie sowie die Wirksamkeit von operativen Eingriffen besser zu verstehen. Die vorhandene

Literatur zeigt eine generelle Übereinstimmung für die Bewegung des Knies in isolierten Flexi-

onsbewegungen. Jedoch sind die wissenschaftlichen Resultate zur Bewegung des Knies während

dynamischen Aktivitäten, wie z.B. ebenes Gehen, eher widersprüchlich. Ein Vergleich der ver-

schiedenen Studien wird durch die Vielzahl verwendeter Mess- und Auswertungsmethoden zu-

sätzlich erschwert.

Aufgrund des limitierten Aufnahmevolumen und der benötigten Bildkontraste bei der Verwen-

dung von bildgebenden Verfahren wie Röntgen, war bis jetzt die Forschung am Knie mehrheitlich

auf räumlich begrenzte Aktivitäten mit Probanden mit einer totalen Knieprothese beschränkt.

Die Entwicklung neuer Mess- und Auswertungsmethoden ermöglicht nun die radiologische Er-

fassung und Analyse der Bewegung des gesunden Knies während kompletten funktionalen Ak-

tivitäten, einschliesslich der Untersuchung des Einflusses unterschiedlicher muskuloskelettalen

oder anatomischen Variationen des gesunden Knies. Unterschiedliche Beinlängsachsenstellungen

stellen eine Schwierigkeit beim Einsetzen von totalen Knieprothesen dar und erfordern ein verbes-

sertes Verständnis der Auswirkungen auf die Bewegung des Knies. Detaillierten Kenntnisse der

individuellen Bewegung können dazu beitragen chirurgische Eingriffe durch eine entsprechende

Auswahl und Ausrichtung der Implantat-Komponenten weiter zu verbessern und die Patienten-

zufriedenheit zu erhöhen.
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Diese Doktorarbeit hatte daher zum Ziel, Erkenntnisse über den Einfluss der individuellen Bein-

längsachsenstellung, sowie der ausgeführten Aktivität auf die individuelle Bewegung des natür-

lichen Knies zu liefern.

Mit Hilfe des «Moving Fluoroscope» wurden 27 Probanden, mit einer Beinlängsachsenstellung

von 8° valgus (X-Bein) bis 9° varus (O-Bein), während kompletten Gangzyklen ebenen Gehens,

Bergabgehen sowie Treppenabsteigen untersucht. Durch Echtzeitverfolgung der Kniebewegung

folgt das Fluoroskop dem Probanden und ermöglicht so die Aufnahme von Röntgenbildern des

Knies über einen kompletten Gangzyklus. Um die Analyse der dreidimensionalen Position und

Ausrichtung des Ober- und Unterschenkelknochens im Raum zu ermöglichen, wurde zuerst ein

neuartiger Auswertungsalgorithmus entwickelt und validiert. Basierend auf einer intensitätsba-

sierten Registrierung der dreidimensionalen Knochenstruktur auf dem zweidimensionalen Rönt-

genbild, kann die Position des Knochens mit einem Fehler von < 1 mm in der Bildebene, < 7.1 mm

normal zur Bildebene sowie einem Rotationsfehler von < 1° bestimmt werden. Während die Re-

gistrierung für einige Bilder extrem gut funktioniert, erschweren unter anderem geringe Bildkon-

traste, Helligkeit und die Position der Knochen eine erfolgreiche Registrierung der Bilder und

erfordern daher ein manuelles Positionieren der Knochen.

Um die physiologisch gesunde Kniebewegung besser zu verstehen wurden die Gelenks-Rotationen

und Translationen der Probanden mit einer neutralen Beinlängsachsenstellung (3° valgus bis 3°

varus) untersucht. Trotz eines signifikanten Anstiegs der Knieflexion vom ebenen Gehen zum

Bergabgehen und Treppenabsteigen, zeigten sich keine Unterschiede im Umfang der Tibiarota-

tion, der Abduktion/Adduktion sowie der antero-posterioren Translation. Jedoch verdeutlichen

Unterschiede zwischen der belasteten Standphase und der unbelasteten Schwungphase die Not-

wendigkeit komplette Gangzyklen zu untersuchen. Wie in einigen früheren Studien schon er-

wähnt, resultierten die Bewegungen um ein zentrales bis mediales Rotationszentrum innerhalb

der Transversalebene.

Basierend auf dieser initialen Untersuchung der Kinematik des Kniegelenks, wurde ersichtlich,

dass die gewählte Auswertungsmethode das Verständnis sowie die Interpretation der resultieren-

den Bewegung entscheidend beeinflusst. Um ein besseres Verständnis des Einflusses der einzelnen

Auswertungsmethoden auf die Resultate zu erhalten, wurde die antero-posteriore Translation der

medialen und lateralen Femurkondyle während mehreren Versuchen einer isolierten Kniebeuge

sowie ebenem Gehen analysiert. Zwischen den sechs analysierten Auswertungsmethoden zeigten
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sich klare Unterschiede in der kondylären Translation für bestimmte Gelenkswinkel und Zeit-

punkte des Gangzyklus. Insbesondere die beiden Methoden zur Bestimmung der Kontaktpunkte

zwischen Femur und Tibia (nächster Punkt des Femurs zur Tibia Ebene sowie tibio-femoraler

Abstand) zeigten signifikant unterschiedliche Translationen im Vergleich zu einer funktionellen

Flexionsachse, der Zylinderachse sowie der transepikondylären Achse. Darüber hinaus waren

signifikante Unterschiede zwischen der funktionellen Flexionsachse und der transepikondylären

Achse ersichtlich. Diese Ergebnisse zeigen deutlich, dass die verschiedenen kinematischen Aus-

wertungsmethoden unterschiedliche Aspekte der dreidimensionalen Bewegung beschreiben. Für

einen besseren Vergleich zwischen den unterschiedlichen Studien und um eine gemeinsame Über-

einstimmung zu erreichen, empfehlen wir, insbesondere kondyläre Translationen basierend auf

mindestens zwei Methoden darzustellen.

Um den Einfluss der Beinlängsachsenstellung auf die tibio-femorale Kinematik besser zu ver-

stehen, wurden alle 27 Probanden während ebenem Gehen sowie Treppenabsteigen untersucht

und anhand ihrer individuellen Beinlängsachsenstellung in Gruppen eingeteilt. Für beide Be-

wegungen wurden keine Unterschiede im Umfang der tibio-femoralen Rotation oder kondylären

Translation gefunden. Jedoch zeigte die laterale Kondyle während Treppenabsteigen signifikant

unterschiedliche Translationsmuster zwischen der varus und valgus Gruppe. Obwohl die individu-

elle Ausrichtung der Beinlängsachse nur einen geringen Einfluss auf die tibio-femorale Kinematik

hatte, waren deutliche Unterschiede zwischen den Probanden ersichtlich und deuten darauf hin,

dass andere Faktoren wie z.B. die Eigenschaften der Seitenbänder für die individuellen Unter-

schiede verantwortlich sind.

Diese Doktorarbeit hat zum ersten Mal die in vivo Bewegung des gesunden Kniegelenks wäh-

rend kompletten Gangzyklen des ebenen Gehens, des Bergabgehens sowie des Treppenabsteigens

in einer einzigartigen Probandengruppe mit neutraler, varus oder valgus Beinlängsachsenstel-

lung analysiert. Während die Beinlängsachsenstellung nur einen geringen Einfluss auf die tibio-

femorale Kinematik hatte, unterstreichen die Unterschiede zwischen den belasteten und unbe-

lasteten Phasen des Gangzyklus die Notwendigkeit, komplette Gangzyklen zu analysieren. Des

weiteren verdeutlichen die Unterschiede zwischen den verwendeten kinematischen Auswertungs-

methoden die Bedeutung der Wahl einer geeigneten Auswertungsmethode. Um einen besseren

Vergleich zwischen verschiedenen Studien zu gewährleisten, sollten kinematische Daten mittels

unterschiedlichen Auswertungsmethoden dargestellt werden. Ein Vergleich der tibio-femoralen

Kinematik mit zuvor gemessenen Patienten mit einer totalen Knieprothese zeigte zudem, dass
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individuelle, präoperative Bewegungsmuster durch die Auswahl spezifischer Implantat ermöglicht

werden können und daher als geeignete Lösung für varus und valgus Patienten dienen können.

Die erhaltenen Resultate können als Grundlage dienen, um Entscheidungen betreffend idealem

Implantat oder der Beinängsachsenstellung zu treffen und damit einen Beitrag zur Wiederher-

stellung einer natürlichen Kniebewegung leisten.
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Chapter 1

Introduction and motivation

The human knee joint consists not only of the distal femur, the proximal tibia and the patella,

but also of multiple soft tissue structures such as the cruciate and collateral ligaments, the

menisci as well as numerous muscles acting at and around the knee. While the cruciate and

collateral ligaments serve as primary passive stabilisers, the medial and lateral menisci provide

a more conforming articular surface to the joint. The kinematics of the knee are guided by this

interconnected system of bones, soft tissue structures and muscles, resulting in a complex set of

translations and rotations in all six degrees of freedom [1].

With an aging and more active society, the prevalence for musculoskeletal interventions, such

as ligament reconstruction, meniscus or cartilage restoration surgery or ultimately, substituting

joint surfaces using total knee arthroplasty (TKA) to restore pain free functionality of the knee

joint are increasing [2]. These surgical interventions intend to restore physiological kinematics,

including sufficient range of motion (RoM) as well as avoiding overloading of the surrounding

soft tissue structures. Accurate knowledge of natural, healthy tibio-femoral kinematics can not

only provide critical information for assessing knee joint functionality, but also lay the foundation

for understanding these joint pathologies as well as further assess and develop musculoskeletal

interventions.

Although, TKA surgery has become a standard surgical procedure with a general high success

rate, almost 20% of all patients undergoing TKA surgery remain uncertain or unsatisfied with

the received outcome [3]. More precisely, up to 13% of all patients were dissatisfied with the

implant function during activities of daily living, especially when high flexion angles are required

[4]. To further increase patient satisfaction and minimise revision surgeries, an improved un-

derstanding of anatomical factors, such as varus and valgus limb alignment, and their role on
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tibio-femoral kinematics are needed. Based on an improved understanding of individual tibio-

femoral kinematics, idividualised approaches could help guide clinical decision-making through

subject-specific implant selection and optimised surgical alignment.

1.1 Assessing tibio-femoral kinematics

Increased scientific interest to better understand knee joint motion has led to the development

of different measurement techniques to accurately assess tibio-femoral kinematics. In order to

understand tibio-femoral kinematics in a comprehensive three dimensional (3D) aspect and to

describe the time-dependent relative motion between the femur and tibia in a two dimensional

(2D) representation, different methodological conventions and approaches have been used.

1.1.1 Measurement technologies

In a clinical setting, conventional goniometers can be used to assess flexion while standing. Al-

though easy to use, flexion/extension measurements can be affected by errors of up to 10°, while

assessment of longitudinal rotation as well as abduction/adduction is not possible using goniome-

ters [5].

To evaluate dynamic knee kinematics, optical motion capture systems together with active or

passive skin markers are a well established tool. Covering a large measurement volume, full

body motion of a variety of dynamic activities can be captured. However, soft tissue artefacts

(STA), caused by movement of the skin relative to the underlying bone, critically affect these

measurements and limits their accuracy [1, 6–8]. Although procedures to minimise STA as well

as correction measures have been presented in the literature [9–12], their usage to assess smallest

changes in e.g. antero-posterior (A-P) translation are limited. To directly assess in vivo bony

kinematics, pins screwed directly into the subject’s bone can be used in combination with optical

motion capture systems [13–16]. But such procedures are highly invasive and therefore limited

to studies within small cohorts.

Comparable to skin marker analysis, approaches using inertial measurement units (IMUs) at-

tached to the subject’s skin have been proposed. Most of these sensors, incorporate accelerom-

eters, gyroscopes and magnetometers. By using two or more IMU sensors, data from multiple

2



Chapter 1: Introduction and motivation

segments can be acquired synchronously, enabling estimation of joint kinematics [17]. While not

being tied to a laboratory environment, IMUs allow measuring long term kinematics in different

surroundings [17]. However, post processing of the acquired data requires a prolonged procedure.

After defining the 3D orientation of the sensor, an anatomical calibration is needed to determine

the orientation of the sensor with respect to the underlying bone [17].

To directly assess knee kinematics in a less invasive manner, different imaging techniques have

been successfully established. Roentgen stereo photogrammetric analysis (RSA) [18] and mag-

netic resonance imaging (MRI) analysis [19–23] have been used to investigate tibio-femoral kine-

matics, but are limited to static or quasi-static movements due to their imaging modality. Video-

fluoroscopy using single-plane [24–28] and dual-plane [29–32] set-ups has been intensively used

to study the knee during functional activities in vivo. Although being able to capture dynamic

movements, most of these systems are limited by the size and static configuration of the imaging

intensifier, leading to a restricted measurement volume and resulting in the analysis of motion

tasks with a limited range of movement such as lunging [32–38], squatting [19, 28, 39–43], kneel-

ing [28, 39, 44, 45], or other flexion activities [21, 46–50], as well as only portions of a gait cycle

[24, 28, 31, 39, 42, 44, 47, 51, 52]. To overcome the limitations of a static imaging set-up and

therefore enable measurements of complete gait cycles, procedures to re-orientate the fluoroscope

during different trials to enhance the field of view have been investigated [32, 53]. Although the

walking speed was kept constant, this technique can be influenced by kinematic and temporal

changes between different gait cycles [53]. As a further improvement, mobile systems that allow

tracking of the knee during dynamic movements [54] as well as consecutive cycles of gait activities

[30] have been developed. While the MoBiX system, a dual-plane fluoroscopic imaging system

presented by Guan et al. [30] is able to measure a complete gait cycle of level walking, the moving

fluoroscope, established at the Institute for Biomechanics (ETH Zürich, Switzerland), is not only

capable of tracking the knee throughout multiple complete cycles of level walking (Figure 1.1),

but also while downhill walking and stair descent. All these videofluoroscopic systems expose the

subject to radiation and data collection should therefore be kept to a minimum for each subject.

Using subject-specific models, based on computed tomography (CT) or MRI scans, 2D/3D reg-

istration of the fluoroscopic images provides accurate knowledge of the 3D position and orienta-

tion of each bone in space. Approaches for single-plane fluoroscopy presented in the literature

[46, 51, 55–61], generally share high in-plane translational accuracy, but substantial differences

for out-of-plane translational and rotational accuracy.
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Figure 1.1: Moving fluoroscope enabling tracking of the knee throughout complete cycles of free
level walking (pictured), downhill walking and stair descent

1.1.2 Anatomical coordinate systems and methodological conventions

Relative movement of two rigid bodies, each having a local Cartesian coordinate system, can be

described using a rotation matrix and the translation vector or the combined 4 x 4 transforma-

tion matrix. To understand the orientation of the proximal segment with respect to the distal

segment (e.g. the femur with respect to the tibia), the relative position form one to the other

can be quantified using a parametrisation of the transformation matrix such as Euler/Cardan

angles, the Helical axis, Helical angles or the Joint Coordinate System proposed by Grood &

Suntay [62].

To obtain clinically meaningful rotations and joint angles, a clinical reference system needs to

be defined and joint angles are then described with respect to the reference system. Mostly,

rotations in the sagittal plane are defined as flexion/extension, rotational movements towards or

away of the sagittal plane as abduction/adduction and rotations around the longitudinal axis as

internal/external rotation.

To determine the femoral anatomical coordinate system, most studies use the flexion/extension

axis, along the medio-lateral direction, as the primary axis. Predominantly, functional approaches

as well as anatomical definitions, based on clinical characterizations and subject-specific anatom-

ical features, are used.
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Using the relative movement of the femur and tibia, functional approaches determine the op-

timised axis of rotation. Different mathematical conventions to define a functional flexion axis

(FFA) have been presented in the literature including fitting approaches based on least square

estimations [50, 63–65], a mean helical axis approach [66] or the symmetrical axis of rotation

approach (SARA) (Figure 1.2 A) [67]. The transepicondylar axis (TEA) is a widely used anatom-

ical axis, defined as the connection line of the most prominent point on the medial and lateral

epicondyles (Figure 1.2 B) [68–70]. The geometric centre axis (GCA) and the cylinder axis (CA)

are based on the fitting of circular, cylindrical or spherical shapes to the posterior portion of the

femoral condyles (Figure 1.2 C) [49, 71, 72]. Additionally, based on the tibio-femoral contact

surface during flexion, an anterior and posterior circular surface can be defined and used to fit a

circle resulting in an extension and flexion facet centre (EFC & FFC) (Figure 1.2 D) [20].

The femoral anatomical coordinate system is then completed with a longitudinal and an antero-

posterior axis, that are generally based on anatomical landmarks and defined in order to build

an orthogonal right-handed coordinate system.

The tibial anatomical coordinate system is mainly defined using anatomical features and bony

landmarks. Most studies incorporate the longitudinal axis of the tibial shaft as the primary

axis [32, 39, 53, 73–75]. The medio-lateral axis can then be defined parallel to the posterior

edge of the tibia [32, 39, 42, 73] or based on the line connecting circles fitted to the medial

and lateral tibial plateau [47, 75]. The antero-posterior axis is set perpendicular to the longi-

tudinal and medio-lateral axes to complete the right-handed tibial anatomical coordinate system.

Most studies use these local anatomical coordinate systems applied to the Joint Coordinate Sys-

tem proposed by Grood & Suntay [62] to report tibio-femoral rotations. Based on the femoral

medio-lateral axis, the tibial longitudinal axis and a floating axis, a non-orthogonal coordinate

system is defined and used to describe tibio-femoral rotations (Figure 1.3) [62].

Beside tibio-femoral rotations, relative translations between the two bones, measured as the

translation between the origins of the anatomical coordinate systems, but also the relative trans-

lations of the medial and lateral condyles individually, have been investigated. Among all studies,

A-P translations of the femoral condyles are generally reported with respect to the posterior tib-

ial cortex [21, 23] or the tibial midline [46, 47, 76].
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Figure 1.2: Exemplary illustration of the (A) functional flexion axis (FFA), (B) transepicondylar
axis (TEA), (C) cylinder axis (CA) and the (D) extension and flexion facet centres (EFC &
FFC), depicted in a right knee.

Using the aforementioned functionally or anatomically defined medio-lateral femoral axes (Figure

1.2), a medial and lateral point can be described (e.g. the centre of the fitted circle) and individual

translations with respect to the tibial coordinate system can then be evaluated. In addition,

condylar translation has also been analysed using tibio-femoral contact points. With knowledge

of the tibio-femoral cartilage, the centroid of the area formed by the overlap of the femoral and

tibial cartilage can be defined as the contact point [33]. However, as most studies are lacking

information about the tibio-femoral cartilage, the nearest point of the medial and lateral femoral

condyle in relation to the tibia [46], a plane parallel to the tibial joint surface [49] or the lowest

point of each femoral condyle [47] were used in various studies [33, 46, 47, 49, 74]. To account for

missing information about the tibio-femoral cartilage, the geometric centre of the region having

less than 6 mm tibio-femoral separation has also been used [28].
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Figure 1.3: Tibio-femoral rotations according to the Joint Coordinate System based on Grood
& Suntay [62]. Flexion/extension occurs around the femoral medio-lateral axis, tibial inter-
nal/external rotation around the tibial longitudinal axis and abduction/adduction around the
floating axis (depicted as a dashed line).

1.2 Tibio-femoral kinematics of the natural knee

For most studies, tibio-femoral rotations are reported as flexion/extension, abduction/adduction

and tibial (or femoral) internal/external rotation. While the RoM for abduction/adduction and

tibial internal/external rotation is limited by the soft tissue structures, the predominant rotation

occurs for flexion/extension, with an active RoM of about 120 - 130° and a passive RoM up to

160° [21, 77].

In general, studies analysing tibio-femoral kinematics can be divided into three groups, firstly

studies performing in vitro experiments using cadaver material, secondly in vivo studies on static

or quasi-static flexion activities in an unloaded or loaded situation and thirdly in vivo studies

evaluating dynamic activities such as walking.

1.2.1 In vitro experiments

Studies applying passive knee flexion to cadaver specimens found a continuous tibial internal

rotation over the course of flexion [22, 72, 78]. Within the frontal plane, an initial tibial adduction

(varus movement) was followed by an abduction (valgus movement) with on overall RoM of less

than 5° [72].
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Using femur fixed axes (FFC, GCA, TEA), a continuous posterior movement of the lateral

condyle was found but with substantial differences in the amount of A-P translation between

the methods [20, 22, 43, 72, 78]. For the medial condyle, minimal posterior translation was

found using the FFC approach [20, 22, 43]. A sphere and circle fit, resulted in an initial anterior

translation until mid-flexion followed by posterior translation [72, 78], whereas the TEA revealed

continuous posterior translation over the full flexion range [78]. Only one study analysed tibio-

femoral contact paths and found equal posterior translation for both condyles [43].

1.2.2 Flexion activities

Lunges [32–38] and squats [19, 28, 39–43] but also kneeling [28, 39, 44, 45] and various other flex-

ion activities [21, 46–50] have been used to study tibio-femoral kinematics during weight-bearing

flexion from slight extension (-10°) up to 150° of flexion. Comparable to the cadaver studies, a

continuous internal rotation of the tibia was found [21, 28, 32, 34, 35, 38, 39, 42, 44–47, 50, 72, 76],

with the majority of rotation occurring within the first 30° of flexion [21, 38, 46, 47]. Less has

been reported about the abduction/adduction behaviour over continuous flexion. Minimal RoM

has been described, with a slight trend towards more tibial abduction (valgus movement) with

increasing flexion [34, 35, 38, 39, 44, 45].

Unloaded flexion activities, acquired in a laying or seated position, revealed limited movement of

the medial condyle and posterior translation of the lateral condyle when using the FFC approach

[19, 43, 77] as well as a circle/spherical fit [79, 80]. For the medial and lateral tibio-femoral con-

tact points however, a equal continuous posterior translation, was found [23, 43, 79].

For loaded knee flexion activities, an anterior translation until mid-flexion followed by poste-

rior translation was found for the medial condyle using geometric and anatomical approaches

(FFC, GCA, TEA) while the corresponding lateral condyle experienced a posterior translation

[19, 21, 35, 39–41, 43, 48, 49, 72]. Overall, the lateral condyle tended to have a larger range of

A-P translation compared to the medial condyle, indicating a medial centre of rotation (CoR)

[21, 39, 40, 50]. At high flexion angles, more equal ranges of translation were found, resulting in

a more bicondylar posterior translation [21, 39, 40]. All studies assessing A-P translations using

contact approaches, reported posterior translation of the medial and lateral condyle. While stud-

ies using the nearest or lowest point of the femur in respect to the tibia showed a trend of larger

translations for the lateral compared to the medial condyle [33, 35, 46, 47, 49, 76], more equal
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translations were found for the contact points calculated based on the tibio-femoral articular

cartilage overlap [33, 36–38, 43, 48].

1.2.3 Dynamic gait activities

For dynamic gait activities, most studies have evaluated portions of the complete gait cycle

[52, 81, 82], mainly the stance phase [13, 16, 24, 31, 32, 51, 83–86], and only limited stud-

ies have successfully examined tibio-femoral kinematics over a complete gait cycle of walking

[1, 15, 74, 87, 88]. Among all studies, consistent findings were presented for tibio-femoral flex-

ion/extension. After a first peak, observed at contralateral toe-off (end of loading response) the

knee extended before returning to flexion, with a maximum knee flexion during swing phase,

shortly after toe-off [1, 13, 15, 16, 31, 32, 74, 85, 87, 88]. For tibial internal/external rotations

varying results have been reported. Most studies observed an externally rotated tibia at heel-

strike, followed by an internal rotation during early stance phase, reaching a first peak shortly

after contralateral toe-off [1, 15, 16, 31, 32, 52, 74, 82, 85, 87, 88]. For mid stance, the tibia was

shown to experience no to minimal external rotation, followed by an additional internal rotation

in preparation for toe-off [15, 16, 31, 32, 74, 85, 88]. Peak tibial internal rotation was reported to

occur around toe-off [1, 15, 31, 74, 87, 88]. During the unloaded swing phase, tibial external fol-

lowed by internal rotation in preparation for the following heel-strike was found [1, 15, 74, 87, 88].

Contrary to this common understanding of tibial rotation, initial tibial external rotation after

heel-strike followed by internal rotation during mid-stance and external rotation until toe-off,

was described by two studies [13, 51]. Rotations in the frontal plane (abduction/adduction)

were reported to have the smallest RoM of all three tibio-femoral rotations [1, 13, 74, 83, 88].

Minimal abduction/adduction during the loaded stance phase [1, 13, 15, 31, 52, 74, 87, 88], but

tibial adduction until maximum flexion followed by abduction have been reported for the un-

loaded swing phase [1, 74, 87, 88]. Despite the small RoM, the individual rotational patterns for

abduction/adduction showed clear subject-specific differences [15].

Compared to studies analysing level walking, less has been published about tibio-femoral kine-

matics of downhill walking and stair descent, especially for abduction/adduction and tibial in-

ternal/external rotation. While the initial flexion at heel-strike remained constant, the range of

flexion/extension was significantly higher for downhill walking compared to level walking [89–91].

Due to the step height when ascending or descending a set of stairs, the range of tibio-femoral

flexion was also increased in stair activities. Overall, less is known about the alterations of ab-

duction/adduction and tibial rotation during downhill walking as well as stair activities.
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As for the loaded flexion activities, different approaches were used to assess the A-P translation

of the medial and lateral femoral condyle with respect to the tibia. Analysing the complete

gait cycle, the GCA showed significant more translation for the lateral compared to the medial

condyle resulting in an overall medial CoR [74]. Using tibio-femoral contact approaches, a simi-

lar behaviour was reported for the loaded stance phase [24, 51, 81] as well as the full gait cycle

[74]. In contrast to these findings, a contradictory translational behaviour was described, with

larger A-P translations for the medial GCA, TEA and cartilage contact compared to their lateral

counterpart [31, 86]. Earlier as well as recent publications, supported this data with reporting a

lateral CoR for the stance phase of walking [52, 84].

For downhill walking, individual condylar A-P translations were only analysed for the early

stance phase (weight acceptance), with reported equal translations for the medial and lateral

contact point [82, 92]. More studies have analysed stair like activities such as step down and

step up [18, 24, 28, 51, 75, 93]. Using tibio-femoral contact measures as well as the TEA resulted

in equal anterior translation with knee extension during a step up activity [28, 75]. For the FFC

and GCA, the medial condyle translated posterior with extension whereas the lateral condyle

translated anterior, but with no significant differences between the condyles [18, 75, 93]. During

stair descent, the translational patterns of the tibio-femoral contact points were comparable to

a flexion activity, with slight anterior translation of the medial and posterior translation for the

lateral contact point, but with differences on the amount between the studies [24, 51]. For both

activities, downhill walking and stair descent, analysis of condylar A-P translation during the

unloaded swing phase remains missing.

1.3 Limb alignment

The axial alignment of the lower limb in the frontal plane is traditionally defined by the hip-

knee-ankle (HKA) or mechanical tibio-femoral alignment measured by the angle between the

mechanical axes of the femur and tibia. In general, a HKA angle of 0 ± 3° is quantified as neu-

tral alignment, while HKA angles of > 3° and < -3° are defined as varus and valgus alignment,

respectively (Figure 1.4).

Recently, kinematic alignment of TKA implant components based on the patients preoperative

limb alignment has gained interest among the orthopeadic community. To better understand

surgical outcomes and support clinical decision-making, knowledge about the role of subject-

specific variances on tibio-femoral kinematics is needed.
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Figure 1.4: Description of neutral, varus and valgus limb alignment based on the hip-knee-ankle
(HKA) angle.

1.3.1 Measurement techniques

The current gold standard for assessing limb alignment is a standing, weight-bearing A-P full

limb radiograph ranging from the pelvis to the ankle [94–99]. Despite excellent inter- as well as

intra-observer correlations [94], full limb radiographs are a 2D representative of the limb align-

ment, which has been shown to be highly affected by the position of the subject at the time of

image acquisition [97]. Malpositioning of the limbs, loading condition as well as hip, knee and

ankle rotational position have all been found to critically influence the resultant limb alignment

[97, 100–102].

Alternatively, the scout view of a CT scan can be used to define mechanical alignment of the

femur and tibia. Although providing a 3D assessment of the lower limb, it is also affected by ro-

tational misplacement or malpositioning of the lower extremities while scanning and is acquired

in a supine, non-weight-bearing position [97].

To simplify the analysis, a number of low cost, instant and quick limb alignment assessment

methods have been proposed in the literature, including visual observation [103] and methods

using callipers or goniometers [104–106]. Although these methods do not expose the subject to

radiation and generate a fast and easily accessible limb alignment classification, contradictory

results have been found when comparing the results with the weight-bearing A-P full limb ra-

diograph (gold standard) [107, 108].
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Likewise, marker-based lower limb alignment measures have been proposed as a non-invasive, 3D

alternative in a weight-bearing posture [109–112]. Based on skin markers attached to anatomical

landmarks, these approaches were able to reproducible calculate the HKA angle and showed good

correlations to the gold standard measures [109, 110, 112]. Limited studies have also used skin

marker based analysis to assess dynamic HKA angulation during level walking but only limited

correlations were found between static and dynamic HKA [113, 114]. However, the accuracy

of these approaches are critically affected by the skin marker placing and the influence of STA

on correctly identifying the joint centres. Due to the time consuming procedure and limited

availability in clinics, marker-based lower limb alignment assessments are only rarely performed,

but provide a great potential, especially in combination with 3D gait analysis [112].

Over the last decade, the EOS imaging system (EOSTM Imaging, Paris, France) has been estab-

lished as an alternative system to accurately assess lower limb alignment using low dose bi-planar

X-ray [115]. Consisting of two perpendicular X-ray units, mounted on a C-arm, the EOS is capa-

ble of simultaneously acquiring full length, weight-bearing images in the frontal and sagittal plane

[116, 117]. Post-processing of the bi-planar radiographs can be performed using the incorporated

software allowing 3D reconstruction of the bone surfaces and automatic computation of clinical

lower limb parameters, such as HKA angle or femoral and tibial mechanical angle [97, 118].

This process has been shown to enable reconstructions with high inter- as well as intra-observer

reproducibility [117, 119]. Due to its 3D modality, the EOS system not only measures limb

alignment under an upright weight-bearing condition, but also accounts for extension deficits or

modifications of the rotational alignment of the limb [97]. Although also exposing the subject

to radiation, the absorbed radiation dose per scan is reduced compared to conventional A-P

full length radiographs or CT scans [117, 120, 121]. Overall, limb alignment parameters calcu-

lated using the EOS system are clinically comparable to traditional A-P full length radiographs

or supine CT scans, although some significant differences have been reported [97, 117, 119].

Therefore, the EOS provides a promising analysis tool to not only assess limb alignment but to

thoroughly quantify anatomical lower limb parameters in a standing, weight-bearing position.

1.3.2 Constitutional varus

In general, neutral limb alignment is considered the normal condition among healthy subjects. In

a large cohort study using full limb radiographs, a mean limb alignment of 1.33 ± 2.34° was found,

with 24.6% and 2.4% of all subjects exhibiting a varus or valgus alignment, respectively [122].
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This trend was later confirmed in a retrospective study analysing supine, non-weight-bearing CT

images [123]. Using both image modalities, women were found to experience significantly more

valgus alignment compared to men [122, 123].

1.3.3 Role of limb alignment on tibio-femoral kinematics and kinetics

Frontal plane alignment of the lower limb has been shown to critically affect tibio-femoral joint

loading [124–126] as well as influence the risk and progression of osteoarthritis in the knee [127–

129]. While effects on joint loading have been analysed in various studies, less is known about

the altered tibio-femoral kinematics in subjects with extreme limb alignment, especially in vivo

during activities of daily living.

In subjects with a neutrally aligned leg, the ground reaction force (GRF) vector was shown

to pass medially of the knee joint centre while standing. As a result, an external adduction

moment was found at the knee with increasing knee joint forces in the medial compared to the

lateral compartment [125]. With varus or valgus alignment, the line of action of the GRF vector

as well as the distribution of the compartment loading changes [108, 111, 128, 130]. Based on

musculoskeletal modelling, it has been shown that varus and valgus alignment increase the total

knee joint contact forces during gait activities [124, 126]. Additionally, a shift of the contact

force towards the medial or lateral compartment was found with varus and valgus alignment,

respectively [126].

Limited literature is available on the influence of varus and valgus alignment on tibio-femoral

rotations or translations. Maderbacher, Baier and co-workers have shown that the HKA angle

critically influences the tibio-femoral internal/external rotational and adduction/abduction pat-

terns during continuous knee flexion [131, 132]. While varus knees showed a continuous external

rotation of the femur with increasing flexion, valgus subjects exhibited an internal rotation over

the same flexion range [131]. However, these experiments were performed in vitro, using cadaver

specimens, or intra-operatively in a non-weight-bearing situation. Only one study was found

comparing osteoarthritic subjects with varus and valgus alignment with a control group while

performing a barefoot walking task [133]. As for the aforementioned studies, differences in the

adduction/abduction angle were found, together with a reduced flexion/extension RoM for the

varus and valgus subjects.
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1.4 Motivation and aims of thesis

The overall motivation for this thesis was to gain an in-depth understanding of the role of limb

alignment and activity on tibio-femoral kinematics of the natural knee joint during functional

activities of daily living, including complete gait cycles.

Numerous studies have analysed tibio-femoral kinematics of the knee in vitro, during isolated

flexion activities as well as during dynamic activities, such as walking. For isolated flexion activ-

ities, general agreement on tibio-femoral rotations and condylar translation was achieved. While

both femoral condyles translated posteriorly with increasing flexion, larger posterior translation

of the lateral compared to the medial condyle induced a medial pivot pattern with an overall

medial CoR. However, for dynamic activities, contradictory results for longitudinal tibio-femoral

rotation, condylar translation and the resultant CoR have been presented. Subject-specific differ-

ences have been observed and inter-subject variability for the magnitudes and pattern of condylar

translation were reported. Comparison between the different studies is not only complicated by

the variety of measurement systems, set-ups and analysis approaches used, but also by the chal-

lenge of interpreting 3D, time-dependent, multi-segment kinematic data. As a result, no general

consensus has yet been reached on the tibio-femoral kinematics of the healthy, natural knee,

especially during dynamic gait activities.

In addition, the studies have reported subject-specific differences with inter-subject variability,

especially for condylar translations. Therefore, an in-depth understanding of the role of specific

musculoskeletal and anatomical variations on individual knee joint motion remains missing.

With the Institute for Biomechanics’ moving fluoroscope, a unique technology is available to

quantitatively assess in vivo tibio-femoral kinematics of the knee not only during static flexion

activities but also throughout complete gait cycles of level walking, downhill walking and stair

descent. Using this technology, the leading aim of this thesis was to gain an improved under-

standing of the role of limb alignment and activity on natural, healthy tibio-femoral kinematics

and thereby advancing the knowledge of factors influencing healthy knee kinematics.

In particular, this doctoral thesis was based on the following aims:
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Aim 1: Evaluation of a measurement set-up to analyse tibio-femoral kinematics of

the natural knee joint using dynamic videofluoroscopy

To successfully analyse tibio-femoral kinematics throughout complete gait cycles of level walking,

downhill walking and stair descent, the knee joint is required to be visible within the field of

view of the moving fluoroscope and the 3D position and orientation of the bones need to be

accurately registered. Therefore, the tracking ability of the moving fluoroscope was assessed

among ten subjects with a total knee arthroplasty and the accuracy and reliability of the 2D/3D

registration procedure was evaluated using fluoroscopic images of radiopaque and natural bones.

Aim 2: Understanding tibio-femoral kinematics of the healthy knee during gait

activities

Despite several studies assessing the healthy knee during portions of or complete gait cycles,

tibio-femoral kinematics are still controversially discussed and no clear consensus has yet been

reached on the movement of the healthy knee throughout complete gait cycles of dynamic activ-

ities. It remains unclear whether the observed discrepancies have occurred on the basis of the

performed activity, the cohort studied or the analysis method. Therefore, in vivo tibio-femoral

kinematics were analysed in ten healthy subjects throughout multiple complete gait cycles of

level walking, downhill walking and stair descent.

Aim 3: Comparison of methodological concepts for assessing natural tibio-femoral

kinematics

While Aim 2 resulted in clear subject-specific differences in condylar translation of the functional

flexion axis as well as a medial and lateral contact point, comparison to the existing literature was

challenging. For a detailed comparison of different kinematic analysis approaches and their effect

on the reported kinematics, condylar A-P translations were calculated based on identical vide-

ofluoroscopy data of ten healthy subjects but using six different kinematic analysis approaches.

Aim 4: Understanding the role of limb alignment on tibio-femoral kinematics

Kinematic alignment of TKA implants by restoring the native anatomical alignment of a patient

has recently gained interest in the orthopaedic community. However, less is known about the al-

tered tibio-femoral kinematics in subjects with varus or valgus alignment compared to individuals

with a neutral alignment. Therefore, three subject cohorts with varus, neutral and valgus limb

alignment were analysed during level walking and stair descent and the impact of subject-specific

limb alignment on tibio-femoral rotations and condylar translations was investigated.
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1.5 Outline of thesis

This thesis is structured in seven chapters. In addition to the current chapter, providing back-

ground information as well as outlining the motivation and specific aims of this doctoral thesis,

Chapters 2 to 6 are based on scientific articles that have been peer-reviewed and published or

are in the review process for publication in international scientific journals. These chapters form

the core of this doctoral thesis and intend to address the previously specified aims.

Chapter 2 provides a detailed description of the Institute for Biomechanics’ moving fluoro-

scope, including an assessment of its tracking capability to maintain the knee within the field of

view of the image intensifier.

Chapter 3 describes the ability of a novel intensity-based 2D/3D registration algorithm to

successfully and accurately register fluoroscopic images of the natural knee by investigating its

accuracy, reliability and repeatability for registering radiopaque bone models as well as natural

femora and tibiae.

Chapter 4 focuses on the tibio-femoral kinematics throughout complete gait cycles of level

walking, downhill walking and stair descent. Using ten healthy subjects with a neutral limb

alignment, tibio-femoral rotations and condylar translation were analysed by moving videofluo-

roscopy.

Chapter 5 compares the magnitude of transverse plane knee joint motion from identical dy-

namic videofluoroscopy data but using six different kinematic analysis approaches. This study

emphasizes the importance of reporting kinematics based on multiple approaches to gain an in-

depth knowledge about the underlying movement.

Chapter 6 presents tibio-femoral kinematics of 27 subjects with varus, neutral or valgus limb

alignment and investigates the role of limb alignment on tibio-femoral rotations as well as condy-

lar translations during level walking and stair descent.

In Chapter 7, the major findings, presented in the previous chapters, are summarised and

jointly discussed. In addition, the limitations of the presented work are discussed and an outlook

for future research in the field of tibio-femoral kinematics is provided.
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2.1 Abstract

Videofluoroscopy has been shown to provide essential information in the evaluation of the func-

tionality of total knee arthroplasties. However, due to the limitation in the field of view, most

systems can only assess knee kinematics during highly restricted movements. To avoid the lim-

itations of a static image intensifier, a moving fluoroscope has been presented as a standalone

system that allows tracking of the knee during multiple complete cycles of level and downhill

walking, as well as stair descent, in combination with the synchronous assessment of ground

reaction forces and whole body skin marker measurements. Here, we assess the ability of the

system to keep the knee in the field of view of the image intensifier. By measuring ten total

knee arthroplasty subjects, we demonstrate that it is possible to maintain the knee to within

1.8 ± 1.4 cm vertically and 4.0 ± 2.6 cm horizontally of the centre of the intensifier throughout

full cycles of activities of daily living. Since control of the system is based on real-time feedback

of a wire sensor, the system is not dependent on repeatable gait patterns, but is rather able to

capture pathological motion patterns with low inter-trial repeatability.

2.2 Introduction

It is well accepted that the accurate quantification of in vivo knee joint kinematics and kinetics

is essential for a thorough understanding of knee functionality [6], particularly after total knee

arthroplasty (TKA). Such knowledge allows the verification and improvement of new surgical

procedures and rehabilitation techniques, the development of new concepts for knee implants and

the advancement or validation of numerical models. In human movement analysis, skin marker

based measurement is currently still the most employed tool. However, this method is critically

affected by soft tissue artefact (STA), which reduces the ability to assess skeletal kinematics

[1, 7].

In the past two decades, single-plane videofluoroscopic analysis [55, 56, 134–137] as well as

dual-orthogonal fluoroscopy [76] have provided valuable information in the study of the three

dimensional (3D) motion of TKAs and normal knees. These technologies work by applying low-

dosage radiographic imaging at sufficient frame rates to allow a dynamic assessment of the skeletal

kinematics, and have the advantage that they are not affected by STA. Here, 3D registration

of the two dimensional (2D) images is generally performed using computer-aided design (CAD)

models of the implant components, or the segmented geometry from computed tomography (CT)
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or magnetic resonance imaging (MRI) scans of the bones, together with a 2D/3D registration

algorithm [55–58, 138, 139]. One drawback of this methodology, however, is the limited field of

view of the generally stationary image intensifier, resulting in assessments of only highly restricted

movements, as the knee must remain within the field of view of the image intensifier. Thus, past

research has mainly focused on examining the kinematics of the knee during rising up from a

chair (or sitting down), step-up/step-down and deep knee bend activities, often capturing only a

portion of the whole motion [140, 141]. However, the negotiation of stairs is considered to be one

of the primary daily activities that cause difficulties for subjects afflicted with knee disorders.

Due to the larger joint moments [142], as well as higher variability and left-right asymmetries

[143] compared to level walking, many TKA subjects develop compensatory movements to safely

complete the task in a pain free manner. Given that downhill walking shows an increase in knee

flexion, in the magnitude of the first peak of the vertical ground reaction force, in the braking

force of the anterio-posterior component, as well as in knee joint moments [90, 91], it is no great

surprise that walking down an inclined surface is also known to be challenging for TKA subjects.

Recent approaches suggest merging the information gained from subsequent videofluoroscopic

and skin marker measurements [144–146]. Although this concept exploits the large measurement

field provided by conventional skin marker gait analysis and the accuracy of videofluoroscopy,

the limitations of STA and the restricted field of view of the static image intensifier still remain.

The utilization of treadmills has also been proposed in order to confine the movement of the

knee to the field of view of a videofluoroscope [147–149]. However, temporal [150–155], joint

kinematic [150, 151, 153, 155, 156], as well as kinetic gait parameters [151, 155] are known to

differ significantly between level and treadmill walking. Furthermore, individuals first need to

be familiarized with treadmill walking [157], which can cause difficulties especially for elderly

subjects or patients with a pathological gait pattern [155, 156].

A couple of research groups have been working on the development of mobile X-ray systems

[54, 135, 158–160], and recently Guan et el. [30] presented a mobile bi-plane X-ray system used

for tracking of the knee joint during level walking. The system was capable of moving the X-ray

units 3.6 m horizontally and 0.5 m vertically at peak velocities of 5 m/s and 1.2 m/s respectively

with peak accelerations of 20 m/s2 and 12 m/s2. Knee position was captured using a marker-

camera sensor system, but the tracking of the system combined this data with a learned velocity

profile. The resulting ability of the system to maintain the knee within the field of view was

therefore dependent upon the repeatability of the motion task.

To overcome the limitations of a static image intensifier and allow tracking of the knee throughout

complete cycles of level walking, Zihlmann et al. [137] presented a mobile fluoroscope that was
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capable of real-time tracking, thereby allowing natural variations in the gait cycle to be captured.

One major advantage of the system is that it allowed the synchronous assessment of ground

reaction forces. However, the system has not yet been assessed in its ability to accurately follow

the knee throughout activities of daily living, and was only able to move horizontally. With the

vision to allow the examination of more strenuous activities such as downhill walking and stair

descent, the aim of this study was to further develop the system to additionally allow vertical

tracking as well as to examine the accuracy with which the knee can be maintained within the

field of view during different activities of daily living.

2.3 Materials and methods

2.3.1 The moving fluoroscope

The moving fluoroscope has been developed to track the human knee joint over complete cycles

of activities of daily living, and is composed of a modified BV Pulsera C-arm (Philips Medical

Systems, Switzerland) mounted onto a moving trolley (Figure 2.1). The horizontal displace-

ment of the trolley is achieved with six synchronous servo-motors (Mavilor BLS 113A, Infranor,

Switzerland), which are controlled by six servo drives (XtrapulsCD1-a-400/45, Infranor, Switzer-

land), resulting in an ability to move the C-arm at up to 5 m/s with maximum accelerations of

up to 9 m/s2. The vertical displacement of the C-arm is performed by two electrically geared

and motorised (Movinor LH97, Infranor, Switzerland) linear actuators, one on the same side as

the image intensifier (TKK30-325AL, Rexroth Bosch Group, Germany), and one on the side of

the radiation source (LM4.2.0800BR020.1.04.0S, Line Tech AG, Glattbrugg, Switzerland). In

this manner, the C-arm can achieve a maximum vertical velocity of 1.33 m/s and an accelera-

tion of up to 4 m/s2. The relative location of the knee with respect to the trolley is measured

using a wire sensor (WS17KT, ASM Sensor, Germany) in combination with a digital goniometer

(05.2420.0020, Kuebler, Germany) that are attached to the leading bar of the trolley (Figure 2.2).

The end of the wire is attached to an elastic velcro-strap that is secured around the thigh above

the subject’s knee to be measured (Figure 2.2).

Based on the real-time excursion and inclination of the sensor wire, the motors were driven ac-

cording to a feedback controller to keep the knee joint in the field of view of the video fluoroscope

both horizontally and vertically. Here, a PC running LabVIEW Real Time (LV 2014, National

Instruments, Austin TX, USA) hosted a motion controller (PCI-7354, National Instruments,
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Austin TX, USA) and a DAQ-card (NI PCIe-6323, National Instruments, Austin TX, USA),

which in combination with the software, transformed the knee sensor signal into vertical and

horizontal coordinates for the motion controller. These calculations ran at a loop iteration fre-

quency of 5 kHz. The vertical axis ran as a closed loop proportional integration controller in the

displacement mode following the pre-determined set point. For the horizontal axis, the difference

between the knee position and the pre-determined set point was used as a direct input signal

for the motor drives, which were configured in velocity mode (a control range from 0 to 25 cm

corresponded to 0 to 5 m/s).

Since the moving fluoroscope is mounted on a standalone trolley, horizontal walking distance is

only limited by cable length and the existing lab configuration, thus allowing a range of about

10 m. In the vertical direction, the moving fluoroscope allows tracking of the joint between 0.4 m

and 1.05 m above ground.

Finally, the fluoroscopy system was modified with the incorporation of a standalone charge-

coupled device (CCD) camera (camera: IMPERX IPX-1M48-L, Imperx Inc., Boca Raton, USA;

framegrabber: Matrox Solios eCL/XCL-B, Matrox Electronic Systems Ltd., Quebec, Canada)

to allow a shutter time of 1 ms and an image resolution of 1000 x 1000 pixels with a grayscale

resolution of 12 bit. Imaging parameters of the X-ray system were: pulse frequency 25 Hz, pulse

width 8 ms, voltage around 60 - 70 kV and current around 10 - 12 mA.

Figure 2.1: Moving fluoroscope developed at the Institute for Biomechanics. Consisting of a
C-arm mounted on a moving trolley, allows real time tracking of the knee throughout complete
cycles of level walking, stair descent and ramp descent activities. The figure shows the set-up
for measurements of the left knee. For measurements of the right knee, the C-arm is rotated by
180° around its out-of-plane axis and the front bar, including wire sensor is reconfigured to the
other side of the trolley, such that the C-arm always leads away from the subject due to safety
considerations
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Figure 2.2: Wire sensor. Tracking of the trolley is achieved by positional feedback of the subject’s
knee using a wire sensor and digital goniometer, thus allowing tracking of the knee joint both
horizontally and vertically

2.3.2 Coupled force, fluoroscope and reflective marker measurements

The videofluoroscopic image assessment was coupled with a motion capture system (VICON MX

system, Oxford Metrics Group, UK) and force plates (Kistler, Switwerland). In order to time

synchronize all three systems, a trigger signal was sent from the X-ray generator to an analog

input of the motion capture system for each radiographic image.

The orientation and position of the fluoroscopy coordinate system was registered in the global

laboratory coordinate system by using a grid of metal beads (also later used for image distortion

correction), which was additionally equipped with six reflective markers affixed at predefined po-

sitions. The grid was rotated and displaced into multiple positions on the image intensifier, such

that the grid’s beads were assessed by the fluoroscopic system while the locations of the reflective

markers were simultaneously captured by the motion capture system. Since the positions of the

reflective markers were identified in both the fluoroscopy and the laboratory coordinate systems,

the transformation between the two coordinate systems was determined using a least-squares

fit of point clouds [161]. Furthermore, to track the position of the moving fluoroscope during

measurements, the C-arm was equipped with five reflective markers on the X-ray source and six

on the image intensifier (Figure 2.1).

The set-up of the force plates used for level walking consisted of five force plates fixed in a

straight line, each with a dimension of 40 x 60 cm (2x Type 9281B, 2x Type 9285, 1x Type
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9281C; Kistler, Winterthur, Switzerland). The force plates were decoupled from vibrations of

the surrounding floor by installation on a separate concrete pillar constructed on the building

foundation [137].

For stair descent, a three-step staircase equipped with two mobile force plates (Type 9286AA,

Kistler, Winterthur, Switzerland), was fastened alongside the force plates fixed in the floor, thus

also decoupled from any vibration in the surrounding floor. Each step of the staircase measured

280 x 180 x 800 mm in depth, height and width respectively (Figure 2.3).

For downhill walking, a ramp was constructed that included two mobile force plates (Type

9286AA, Kistler, Winterthur, Switzerland) that were also mounted onto the decoupled force

plates in the ground (Figure 2.3).

Figure 2.3: Staircase and ramp (10° inclination) including two mobile force plates
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2.3.3 Feasibility study on ten TKA subjects

The ability of the moving fluoroscope to track the knee within the image area was assessed in

ten TKA subjects (three female and seven male, six GMK PS fixed-bearing TKA and four GMK

Sphere TKA (Medacta International, Switzerland), at least one year postop, good outcome,

no/very low pain with a Visual Analogue Scale score < 2, average age of 69.6 ± 7.9 years and

average BMI of 26.4 ± 2.9 kg/m2), who participated in an on-going study on TKA kinematics

[162]. All subjects provided written, informed consent to participate in this study, which was

approved by the cantonal ethical committee of Zürich (KEK-ZH-Nr. 2015-0140).

Prior to each experiment, each subject was given sufficient time to get accustomed to the moving

fluoroscope without being exposed to radiation (two to four walking trials). For each motion

task (level walking, stair descent, downhill walking) a minimum of five gait cycles were assessed.

TKA kinematics by means of fluoroscopy, whole body kinematics based on skin markers, as well

as ground reaction forces, were measured simultaneously. Data processing of the fluoroscopic

images included image distortion correction by a local algorithm operating on a reference grid,

assessment of the projection parameters of the videofluoroscopic system (focal distance, location

of the principle point in the image plane) determined by a least-squares optimization using five

images of a calibration tube, as well as 2D/3D registration based on the CAD models of the

implant components [135, 138, 163]. In addition, the following parameters were computed to

evaluate tracking capability of the moving fluoroscope:

Gait parameters

Gait velocity was calculated based on the midpoint between the two skin markers located on the

posterior spina iliaca processes. Knee velocity and acceleration were tracked based on the knee

markers on the lateral epicondyle.

Parameters reflecting motion of the moving fluoroscope

Maximal velocity and acceleration of the moving fluoroscope while tracking of the knee was

evaluated in both the horizontal and vertical directions.

Tracking

The tracking was evaluated by the location of the knee joint centre, defined as the origin of the

femoral implant coordinate system (mid point between medial and lateral epicondyles on femoral

flexion axis), relative to the image intensifier.
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2.4 Results

The average gait velocity of the ten subjects was 0.94 m/s for level walking (Table 2.1). In the

horizontal direction for level and downhill walking, the maximal accelerations that were recorded

by the moving fluoroscope were below the maximal knee accelerations, whereas the maximal ve-

locities of the moving fluoroscope were larger than maximal knee velocities (Table 2.1). For stair

descent, horizontal velocities and accelerations of the moving fluoroscope were comparable to

the knee parameters. In the vertical direction, the maximal accelerations and velocities of the

moving fluoroscope tended to be larger than those of the knee (Table 2.1).

The horizontal motion of the moving fluoroscope was stable in its trajectory, reflected by the

absence of medio-lateral motion (< 13 mm deviation in medio-lateral direction from linear mo-

tion).

The knee joint centre for all ten subjects remained within the field of view of the image intensifier

for all walking tasks and all trials, with an average distance between the knee joint centre and

the centre of the image intensifier: vertical 1.8 ± 1.4 cm, horizontal 4.0 ± 2.6 cm (Figure 2.4,

S1 Video).

2.5 Discussion

The ability to reconstruct the skeletal kinematics of the human tibio-femoral as well as patello-

femoral joints in 3D, without the influence of soft tissue artefact and throughout complete cycles

of activities of daily living, provides critical new perspectives for understanding knee pathology

and improving implant design. In this study, a moving fluoroscope has been developed and its

ability to maintain the knee within the field of view of the image intensifier during level gait,

stair descent and downhill walking has been demonstrated in ten TKA subjects.

The construction of the moving fluoroscope as a C-arm mounted on a standalone trolley allows

the usage within a variety of settings, since no construction or fixed installation on the floor is

needed. In addition, the construction offers the ability to combine kinematic and ground reaction

force measurements, and is only limited in walkway distance by cable length. The major disad-

vantage of this more mobile set-up is the possibility of wheel slippage over the floor at higher gait

accelerations, which can be overcome with optimal combinations of wheel and floor materials.

The presented moving fluoroscope is based on only a single C-arm, and therefore has both advan-

tages and disadvantages compared to static systems or dual-plane systems. Due to its dynamic
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Figure 2.4: Movement of the knee joint centre relative to the image intensifier during level
walking, stair descent and downhill walking. All trials for all ten subjects are shown (one colour
for each subject)
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nature, subjects are clearly aware of being accompanied by such a system during walking, both

from a physical presence, as well as a noise perspective. As a result, gait velocities of the TKA

subjects were lower than have been observed in healthy subjects [164, 165], but have been shown

to become comparable to TKA subjects [166]. A previous study on subjects that were actively

tracked by a robotic imaging system found only small and clinically non-relevant adjustments in

gait patterns [54]. However, although gait velocity as well as ground reaction force patterns of

the present study were comparable to TKA subjects of earlier skin marker studies, a future study

should investigate if there is any influence of the presented moving fluoroscope, especially of the

sound of the fluoroscope on the gait pattern of subjects walking with the moving fluoroscope.

Another aspect of a single-plane fluoroscope compared to a dual-plane counterpart is the lower

level of 2D/3D registration accuracy achievable, especially in the out-of-plane direction [167].

While this presents a considerable disadvantage, especially in the registration of natural bones,

the approach also has clear advantages. A mobile single-plane system provides a larger effective

field of view than a static dual-plane system. Dual-plane systems physically constrain the mea-

surement volume in two directions, thus confining the natural motion of the subject. Radiation

exposure is also a critical, yet often neglected consideration; dual-plane systems expose the sub-

ject to substantially higher levels of radiation. In this study, we have demonstrated the ability of

the system to maintain the knee within the field of view (both horizontally and vertically) during

a variety of activities of daily living – and this has been made possible by the wire sensor that

provides a direct contact with the body of the subject. While the influence of the wire on gait

is expected to be very small (it only applies an external force of about 4 N), a clear advantage

is that the time delay is small enough to allow real-time control. In other systems [30] tracking

includes a learned velocity profile and since, especially for pathological gait, gait repeatability

can be reduced, this can lead to deficiencies in being able to keep the knee in the field of view.

Due to the weight of the system, the presented real-time tracking is certainly not perfect. For a

few frames, in which the knee joint centre reaches a location close to the edge of the image inten-

sifier, part of the implant was out of the field of view. Although the information was sufficient to

perform a 2D/3D registration, it is clear that if less information is available, reduced accuracy

must be expected. Furthermore, any motion of the TKA relative to the image intensifier leads

to the possibility of motion blur and therefore reduced accuracy in the 2D/3D registration. In

the presented set-up, however, the rapid shutter time of 1 ms decreases motion blur, but a small

amount of motion blur is still visible (see S1 Video), resulting in a lower Image Quality Measure

[168] for some images during gait trials in comparison to static standing trials. As an example,

the Image Quality Measure based on De and Masilamani [168] showed a range of 0.0006 - 0.0015
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for the images of the gait trial presented in S1 Video in comparison to the Image Quality Measure

of 0.0011 - 0.0012 in the images of a standing trial of the same subject.

The accuracy of the resulting tibio-femoral kinematics after 2D/3D registration is clearly influ-

enced by the image quality and the registration algorithm itself, but is also strongly dependent

on the object geometry, thus type and size of the implant and joint investigated. Previous valida-

tion of the aforementioned 2D/3D registration algorithm resulted in rotational and translational

RMS errors of 0.2°/0.4 mm for in-plane and 1.3°/2.1 mm for out-of-plane for the MobilityTM

total ankle arthroplasty [163], and 0.15°/0.3 mm for in-plane and 0.25°/1 mm for out-of-plane

for the balanSys® TKA [135]. Other studies using single-plane systems have reported slightly

higher errors of between 0.3° to 1.4° and about 0.5 mm for in-plane rotations and translations

and between 1.5° and 2.3° and between 4.0 and 6.6 mm for out-of-plane rotations and transla-

tions [55, 56, 167]. A similar accuracy can be expected for the two implant designs and various

implant sizes included in the present study. For natural tibio-femoral kinematics, the errors are

expected to be larger due to lower contrast and less prominent geometric features in comparison

to TKAs.

2.6 Conclusions

A moving fluoroscope has been presented that is a standalone system, and which allows the

kinematic assessment of the tibio-femoral and patella-femoral joints by means of single-plane

videofluoroscopy during level gait, stair descent and downhill walking in combination with syn-

chronous reflective marker and ground reaction force measurements. Its ability to keep the knee

within the field of view of the image intensifier has been demonstrated in ten TKA subjects.

Since the fluoroscope is moved based on real-time control, its usage is not dependent on gait re-

peatability and will allow the evaluation of healthy as well as pathological gait patterns without

the requirement for the joint to follow pre-determined paths.
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2.8 Supplementary materials

Supplementary material associated with this chapter can be found in the online version of the

published paper (https://doi.org/10.1371/journal.pone.0185952.s001).

S1 video: Videofluoroscopic video of the knee, as well as time synchronised whole body skin

marker and ground reaction force data during level walking. Furthermore, the trigger signal,

that was sent from the X-ray generator to an analog input of the motion capture system for each

radiographic image, is displayed.
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3.1 Abstract

The accurate quantification of in vivo tibio-femoral kinematics is essential for understanding

joint functionality, but determination of the 3D pose of bones from 2D single-plane fluoroscopic

images remains challenging. We aimed to evaluate the accuracy, reliability and repeatability of

an intensity-based 2D/3D registration algorithm. The accuracy was evaluated using fluoroscopic

images of two radiopaque bones in 18 different poses, compared against a gold-standard fiducial

calibration device. In addition, three natural femora and three natural tibiae were used to exam-

ine registration reliability and repeatability. Both manual fitting and intensity-based registration

exhibited a mean absolute error of < 1 mm in-plane. Overall, intensity-based registration of the

femoral bone model revealed significantly higher translational and rotational errors than manual

fitting, while no statistical differences (except for y-axis translation) were found for the tibial

bone model. The repeatability of 108 intensity-based registrations showed mean in-plane stan-

dard deviations of 0.23 – 0.56 mm, but out-of-plane position repeatability was lower (mean SD:

femur 7.98 mm, tibia 6.96 mm). Standard deviations for rotations averaged 0.77 – 2.52°. While

the algorithm registered some images extremely well, other images clearly required manual in-

tervention. When the algorithm registered the bones repeatably, it was also accurate, suggesting

an approach that includes manual intervention could become practical for efficient and accurate

registration.

3.2 Introduction

The accurate quantification of in vivo tibio-femoral kinematics and kinetics is essential for a

detailed understanding of knee joint functionality [6] as well as pathological movement patterns,

but also for refining surgical procedures, rehabilitation techniques, and implant design. Although

skin marker based analysis is currently still the most employed tool in human movement analysis,

its accuracy is known to be limited by soft tissue artefact [1, 6–8]. As a result, more accurate

single- [163, 169, 170] as well as dual-plane [30, 76] videofluoroscopy techniques have gained in-
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creasing employment in the study of three dimensional (3D) joint motion. Here, image based 3D

geometries of the natural bones, or computer-aided design (CAD) models of the implant compo-

nents are registered to the two dimensional (2D) fluoroscopic images using a 2D/3D registration

approach [55–58, 138]. Using such techniques, registration of natural bones remains challenging

due to the generally lower contrast and less prominent geometric features of the bones compared

to the higher-contrast shadows of metallic components. 2D/3D image registration is further

challenged due to low out-of-plane accuracy [59, 60, 167, 171]. To overcome this issue, a variety

of 2D/3D registration algorithms have been proposed [51, 56, 60, 139, 167, 172].

Two main categories of 2D/3D registration algorithms exist: feature- [51, 59, 173–175] and

intensity-based [60, 61, 176–182] methods. Feature-based methods require a surface model of

the bone, generally created from the segmentation of computed tomography (CT) scan data.

Importantly, these techniques are only able to utilise surface information, and are unable to con-

sider information originating from the internal structure of the bone. In contrast, intensity-based

methods directly compare the 2D radiographic images with digitally reconstructed radiographs

(DRRs), which are obtained by simulating X-ray projections through the CT volume. With the

aim to determine the correct position and orientation of the bone in 3D space, the complete

CT data stack is repeatedly transformed in an iterative optimization process until maximum

similarity is achieved between the DRR and the 2D fluoroscopic image.

While most 2D/3D approaches used for analysing 2D fluoroscopic images of the natural knee

are feature-based [46, 51, 55–59] and only use the surface characteristics of each subjects’ bone

to guide registration, two validated intensity-based approaches have also been presented in the

literature [60, 61]. All of these methodologies show a standard deviation (SD) of the in-plane

translational error of less than 1 mm, whereas the SD for the out-of-plane translation as well as

the rotational error vary considerably between the different approaches (Table 3.1). Recently,

an intensity-based registration algorithm has been proposed by Zheng and co-workers [183–185].

Different from previous work [60, 61], the proposed algorithm incorporated a robust similarity

measure that was derived from information and Markov random field theories [185]. Additionally,

in order to speed up the registration process, it used the cubic splines data model to compute the

multi-resolution data pyramids for both the CT data and the X-ray images, the DRRs, as well

as the gradient and the Hessian of the robust similarity measure. Registration is then performed

from the coarsest resolution until the finest one by maximizing the similarity measure using a

Levenberg-Marquardt non-linear least-squares optimizer. However, before this approach can be

used towards understanding the functional kinematics of the natural knee, a validation of the

algorithm is clearly required. As a result, the goal of this study was to determine the accuracy
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of the intensity-based 2D/3D registration algorithm, as well as to evaluate its reliability and

repeatability for fitting femoral and tibial bones in 3D space.

3.3 Materials and methods

In the developed software (“KneeFit”) several previously introduced techniques [183–185] were

integrated into a graphical user interface for efficient utilisation of 3D kinematic information

from 2D fluoroscopic images. The accuracy and reliability of the 3D pose registration algorithm

were then evaluated using fluoroscopic images of radiopaque and natural bones in different poses,

compared against a gold-standard fiducial marker calibration device, as described below:

3.3.1 Image acquisition for assessing algorithm accuracy

A calibration object consisting of 16 spherical, radiopaque calibration fiducials (seven with a

diameter of 5.0 mm and nine with a diameter of 2.5 mm) at known positions (accuracy: ± 0.1 mm)

was rigidly mounted onto an artificial femur and tibia with radiopaque properties (Femur 1130-

177, Tibia 1117-42, Sawbones, Vashon Island, USA) (Figure 3.1 A) [186]. To obtain volumetric

models, full-length CT scans (resolution 0.5 x 0.5 mm, slice thickness 1 mm; Brilliance 64, Philips

Healthcare, Netherlands) of the artificial bones were acquired. Bone volume models were created

by segmenting the CT data-stack using the open-source software MITK-GEM [187].

Videofluoroscopic images were acquired using the Institute for Biomechanics’ moving fluoroscope

at ETH Zürich [135, 137, 188], which consists of a modified videofluoroscope (BV Pulsera, Philips

Healthcare, Netherlands) operating at a pulse frequency of 25 Hz and a field of view of 30.5 cm.

The system was modified by incorporating a stand-alone charge-coupled device (CCD) camera

to allow a shutter time of 1ms and an image resolution of 1000 x 1000 pixels with a greyscale

resolution of 12 bits [163]. The videofluoroscopic image coordinate system was defined with the

x- and y-axes lying in the image plane and the z-axis perpendicular to the image plane. The

origin of the videofluoroscopic image coordinate system was set to the X-ray source [163]. Image

distortion was eliminated using a local correction algorithm [135] based on a reference grid with

1761 beads. The projection parameters of the videofluoroscopic system (focal distance, location

of the principle point in the image plane) were determined by a least-squares optimization based

on five images of a calibration tube (300 mm long with two Plexiglas® plates), consisting of

25 metal fiducials at known positions (accuracy: ± 0.03 mm) within the base plates [135].
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Chapter 3: Intensity-based registration of fluoroscopic data

Each bone model was fluoroscopically imaged in 18 different static positions (different poses

throughout the imaging volume that encompassed all different perspectives and planes) (Figures

A.1 & A.2), as well as dynamically (40 images) during a movement that was similar to the

within-image motion observed during tracked walking (Figure 3.1 B).

Figure 3.1: (A) Femur (left) and tibia (right) bone models with radiopaque image properties,
each equipped with a rigidly attached fiducial marker device [186], (B) Videofluoroscopic image
of the femur bone model with the fiducial marker device, (C) registered image of the femur bone
model and the fiducial marker device.

3.3.2 2D/3D registration algorithm

An accurate similarity measure, based on a least-squares approach that can be effectively min-

imized by derivative-based optimization methods, was used as the objective function [185]. A

continuous image model-based cubic spline was used to accurately interpolate the 3D volume

data as well as the 2D fluoroscopic image [184]. This cubic-spline data model allows a well-defined

gradient of the objective function, enabling the use of a multi-resolution Levenberg-Marquardt

optimizer for fast convergence.

3.3.3 2D/3D manual fitting and computational registration

The CT volume data was firstly manually manipulated (“fitted”) such that the projection of the

bone surface models optically best matched each fluoroscopic image. These manually fitted poses

were stored as 3D geometric transformations, and afterwards used as initial poses for registration

using the intensity-based registration algorithm.
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3.3.4 Evaluation of algorithm accuracy

To evaluate the accuracy of the 2D/3D bone registration in three planes and around all three

axes, the manually fitted and intensity-based registered 3D poses of the femur and tibia were

compared to the positions obtained using the fiducial calibration device (Figure 3.1 C). Here, in

order to obtain the pose of the fiducial device for each frame, the centre of each fiducial sphere

was firstly acquired in the CT image coordinate system [189], including the corresponding pro-

jection centre of each fiducial in each fluoroscopic image [190]. A closed-form solution [191] was

then used to compute the ground truth transformation for the fiducial device between the CT

and the fluoroscopic image coordinate systems.

In order to allow interpretation of the fitting and registration accuracy, as well as ensure consis-

tency with later assessment of joint motion in natural knees, the translational differences were

calculated at a point close to the intercondylar notch (femur) and at a point close to the in-

tercondylar eminence (tibia). For rotational differences, all three axes of the rotation matrix

were decomposed in the image coordinate system. To evaluate errors in the manual fitting and

computational registration processes, the mean absolute differences and SD as well as the range

(min, max) of the error between the fiducial reference and the two registration methods were

calculated. Furthermore, the root-mean-square (RMS) error for the two in-plane translations

and all three rotations were analysed. Additionally, registration precision was determined as the

average standard deviation of the error. The limits of agreement according to Bland and Altman

[192] were used to evaluate out-of-plane bias.

3.3.5 in vivo repeatability test

In contrast to the Sawbone-based accuracy tests described above, repeatability was evaluated

using the fluoroscopic images of three healthy subjects (2 male/1 female, 23 ± 1 years, BMI

22.2 ± 0.3 kg/m2) captured during functional activities. All subjects provided written, informed

consent to participate in this study, which was approved by the Zürich cantonal ethics committee

(BASEC-Nr. 2016-00410) and carried out in accordance to the declaration of Helsinki. CT scans

of all subjects were performed in the same manner described previously, spanning approximately

20 cm inferior and up to 20 cm superior of the knee joint line. Fluoroscopic images were then

captured using the Institute for Biomechanics’ moving fluoroscope [135, 137, 188] during standing,

as well as throughout complete cycles of level walking and deep knee bending, due to their usage

within our standard measurement protocol [188, 193, 194]. For each of the three subjects, one
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pose at about 90° of knee flexion, one during mid-stance and one during standing were selected

for evaluating the repeatability of the 2D/3D registration process (Figure A.3). To the best of

their ability, each of the 4 observers manually fitted all 9 images (3 subjects, each 3 images) on

multiple occasions (3 different days). Similar to the evaluation of the algorithm accuracy (above),

each of these manually fitted images was then used as the initial position for the intensity-based

registrations.

For each image, the repeatability of the 3D pose (tibia and femur) was determined based on

the standard deviation of the 12 times (3 days, 4 observers) the image was manually fitted or

computationally registered. The in vivo accuracy of the 2D/3D registration of the natural knees

was not assessed in this setting, as no gold standard was present.

3.3.6 Post-processing

Post-processing of the registration data was performed using Matlab (Matlab 2017a, Mathworks,

USA). A Wilcoxon signed-rank test was used to evaluate whether the accuracy differed between

the manual fitting and the intensity-based registration. All statistical analyses were performed

using SPSS (SPSS V24, IBM, USA) with a significance level set to p < 0.05.

3.4 Results

3.4.1 Accuracy assessment

Firstly, the poses of the manually fitted femur and tibia, as well as their intensity-based 2D/3D

registrations were compared to the position obtained using the gold-standard calibration device.

Combined evaluation of the static and dynamic trials (58 images) for each of the femoral and tibial

bone models was performed for both manual fitting and intensity-based registration. In general,

the largest absolute fitting and registration errors were observed in the out-of-plane (Err_Tz)

direction, while for the in-plane directions (Err_Tx/Err_Ty), the mean absolute errors were

< 1 mm (Table 3.2).

For the femur, all mean absolute translational errors using the intensity-based registration were

significantly larger than for manual fitting. For the tibia, however, no significant differences were

found, except for Err_Ty, where significantly smaller errors were observed using the intensity-

based registration. Similarly, all mean absolute rotational errors for the intensity-based registered
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femur were significantly larger than for manual fitting, while no significant differences were found

for the tibia.

In the imaging plane, all images for the femur and 50 of 58 images for the tibia exhibited in-plane

translational root-mean-square errors of < 1 mm using manual fitting. Using the intensity-based

registration algorithm, only 34 of 58 images for the femur, but 57 of 58 images for the tibia

showed errors < 1 mm.

The Bland-Altman plots for the out-of-plane translational error (Err_Tz) showed no obvious

progressive trends, for either approach or bone (Figure 3.2), indicating no confounding factors.

However, both approaches and bone models exhibited a negative bias (mean error).

Figure 3.2: Bland-Altmann plots showing the translational out-of-plane agreement between the
manually fitted (A) or the intensity-based registration (B) and the gold-standard fiducial position
for each image. The mean difference between the two methods is plotted as the centre line (solid).
The upper and lower dotted lines show the limits of agreement, between which 95% of the errors
are expected to fall.
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3.4.2 in vivo repeatability test

The repeatability of the 108 manual fittings (4 observers, 3 days, 9 images) showed mean SD

for the in-plane positions (SD_Tx/SD_Ty) of 0.43 - 0.83 mm, with the largest SD within a

single image observed at the tibia (1.29 mm) (Table 3.3). Out-of-plane position repeatability

(SD_Tz) was much lower (mean SDs femur: 8.31 mm, tibia 8.43 mm), with greatest SDs for

single images of up to 14.46 mm for the femur and 13.65 mm for the tibia. SDs for rotations

averaged 1.15 - 2.53°, but peaked at 3.11° and 4.63° for single images of the femur and tibia

respectively.

For the computational intensity-based registration, the same repeatability tests showed mean

SDs for the in-plane positions (SD_Tx/SD_Ty) of 0.23 - 0.56 mm, with the largest SD observed

at the tibia (1.54 mm). Out-of-plane position repeatability (SD_Tz) was much lower (mean SDs

7.98 mm for femur, 6.96 mm for tibia), with greatest SDs for single images of up to 19.26 mm

for the femur and 16.85 mm for the tibia. SDs for rotations averaged 0.75 - 2.52°, but were as

high as 3.34° for the femur and 6.70° for the tibia.

3.5 Discussion

The 3D registration of skeletal position and orientation from 2D fluoroscopic images is an emerg-

ing technology that allows an understanding of internal joint kinematics. However, manual

2D/3D registration approaches are generally limited by the considerable time and expertise

needed by the researcher to register the segmented data to the images. To overcome this lim-

itation, as well as reduce subjective fitting errors, we aimed to investigate the accuracy and

repeatability of a novel intensity-based 2D/3D registration algorithm for the analysis of natural

knee kinematics during functional activities using a femoral and tibial radiopaque bone model as

well as natural knee data. Generally, our 2D/3D intensity-based algorithm was able to success-

fully and accurately register fluoroscopic images of the natural knee, but seemed unable to find

an optimal solution for some images. As a result, manual process control and occasional manual

fitting still seem to be required in order to ensure an acceptable outcome.

Manual fitting as well as intensity-based registration were shown to be affected by a mean abso-

lute translational registration error of less than 1 mm in-plane for the femur and tibia bone models

(Table 3.2). Unsurprisingly, the out-of-plane translational errors were substantially higher than

the in-plane errors for all cases [59, 135]. The precision of in-plane registration (indicated by the
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SD of the error) was comparable to most other studies [51, 59–61, 172, 195] (Table 3.1). However,

our algorithm was somewhat less precise for registering out-of-plane position, and considerably

worse than Scarvell and co-workers [60], who had specifically targeted a reduction of this error.

Compared to literature reports, the precision of bone rotation found in our study was similar for

the tibia but slightly worse for the femur. Unfortunately, a direct comparison of the femoral and

tibial registration accuracy was not possible, as the mean of the absolute error was not generally

reported.

Interestingly, intensity-based registration of the femur bone model revealed significantly higher

translational and rotational errors than using manual fitting, whereas no statistical differences

(except for translation along the y-axis) were found for the tibia bone model. This unusual

difference plausibly originates from the manner in which intensity-based registration and man-

ual fitting approaches address the problem. It is clear that the human eye is able to utilise all

forms of visual information, including not only changes in intensity of the images, but also the

apparent contours of the structures. In comparison, our intensity-based approach exclusively

used information regarding the pixel greyscale values, and did not consider surface features. Un-

der these conditions, it seems likely that the tibia has considerable intensity information that

registration approaches are able to successfully utilise, whereas the femur possesses large and

clear structural information that is easily accessible to the human eye (and possibly also model

based fitting approaches), but that may present insufficient intensity changes to allow an equal

quality of registration. As a result, a combination of feature- and intensity-based registration

could plausibly produce further improvement to the registration quality achieved.

For all registration methods found in the literature, as well as the approaches used in this study,

the out-of-plane translational values showed the highest errors, as well as the lowest precision.

Similar to our study, Fregly and co-workers [59] reported a significant negative bias for out-of-

plane translation, leading to the bones being reconstructed closer to the image intensifier than

in reality, possibly the result of beam-hardening. Since movement of the femur relative to the

tibia during functional activities of daily living mainly occurs in the sagittal plane, it seems that

a correction to align the bones, or at least limit the relative movement between them in the

out-of-plane direction, would be entirely possible. Consequently, relative out-of-plane movement

(in our case the medio-lateral direction) between the bones should be interpreted with extreme

caution.

Knowledge about the repeatability and reproducibility of the proposed registration algorithm is

crucial, as usage is planned for different study cohorts as well as by different researchers, where

a repeatable approach is critical. Manual fitting showed lower consistency, indicated by higher
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SDs within single images than intensity-based registration. In addition, the best intensity-based

registrations achieved an accuracy of under 0.1 mm in-plane and 0.3 mm out-of-plane, and < 0.1°

in all three planes – hence demonstrating that excellent levels of accuracy can be reached using

these methods. Therefore, a semi-automatic procedure whereby the repeatability of an automatic

procedure can be combined with manual intervention to exclude clearly incorrect intensity-based

solutions, is a clear step towards improving overall mean accuracy. When considering the time

and resources required to manually fit images (up to 3 min per image), such a process could

potentially provide up to 70% saving for each successfully registered image.

In-plane translational repeatability for both bones and rotational repeatability for the femur was

comparable to another study [195]. However, in our results, the tibia showed less rotational

repeatability, and out-of-plane translational repeatability for both bones was worse. SDs for

manual fitting were relatively low, likely supported by simply excluding clearly incorrect results,

which the computational registration may not pick up due to the focus on different intensity

concentrations. Consequently, low SDs for multiple registrations are achievable despite different

manual initialisations. This indicates that the registration process is more dependent on the

quality of the image (e.g. exposure, contrast, and bone pose) than the initial manual position.

Despite the registration errors reported here and in other studies, it is important to note that our

approach will predominantly be used to assess tibio-femoral kinematics, mainly antero-posterior

(A-P) translations and relative rotations [170, 193, 194] of the femur and tibia. Compared to

known tibio-femoral kinematics of the natural knee (A-P translations 7.62 - 15.38 mm for the

medial and lateral femoral condyles during walking [15, 74] with SDs of up to 3.7 mm during the

swing phase [15]), our registration accuracy exhibits sufficient ability to assess differences between

the A-P translation of the medial and lateral condyles, as well as rotations around all three axes.

Other approaches to assess knee motion use dual-plane fluoroscopy [30, 32, 167, 196] in which

out-of-plane error is reduced to a minimum. As expected, the SD for all three translations found

in our study were higher than those found for a dual-plane set-up [30, 32]. Interestingly, however,

rotational precision was not substantially better using dual-plane fluoroscopy, and importantly

the ability to track the motion of subjects’ knees throughout complete cycles of functional ac-

tivities is still in its infancy [74].

Our validation study is affected by certain limitations. The achieved registration precision is

not only affected by the applied registration modality but also by the accuracy of the distortion

correction algorithm applied to all fluoroscopic images before the 2D/3D registration. If the pin-

cushion distortion is not perfectly eliminated, a systematic error will be introduced. In addition,

the artificial bones with radiopaque image properties used in this study were unlikely to fully
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reproduce the properties of a natural femur and tibia, where sharper images may well be offset

by an increased internal structural homogeneity. Although the used gold standard is also subject

to fitting errors, the sharp imaging shadows of the metallic fiducials, together with extremely

accurate manufacturing, greatly limits the introduction of possible errors [186]. Moreover, the

absence of soft tissue will also play a role on the acquired images. Increased knee size on the

fluoroscopic images, achieved by moving the measured joint towards the radiation source, would

increase the number of pixels per bone, hence simplifying the intensity-based registration. In our

study, however, we aimed to mimic an in vivo measurement set-up by placing the knee as close

to the image intensifier as possible in order to maximize capture volume during the movement.

Finally, no ground truth was available to provide an accurate assessment of repeatability in our

study, which clearly needs to be addressed in future studies.
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4.1 Abstract

Accurate assessment of 3D tibio-femoral kinematics is essential for understanding knee joint

functionality, but also provides a basis for assessing joint pathologies and the efficacy of muscu-

loskeletal interventions. Until now, however, the assessment of functional kinematics in healthy

knees has been mostly restricted to the loaded stance phase of gait, and level walking only, but the

most critical conditions for the surrounding soft tissues are known to occur during high-flexion

activities. This study aimed to determine the ranges of tibio-femoral rotation and condylar

translation as well as provide evidence on the location of the centre of rotation during multiple

complete cycles of different gait activities.

Based on radiographic images captured using moving fluoroscopy in ten healthy subjects during

multiple cycles of level walking, downhill walking and stair descent, 3D femoral and tibial poses

were reconstructed to provide a comprehensive description of tibio-femoral kinematics.

Despite a significant increase in joint flexion, the condylar antero-posterior range of motion re-

mained comparable across all activities, with mean translations of 6.3 - 8.3 mm and 7.3 - 9.3 mm

for the medial and lateral condyles respectively. Only the swing phase of level walking and stair

descent exhibited a significantly greater range of motion for the lateral over the medial compart-

ment. Although intra-subject variability was low, considerable differences in joint kinematics

were observed between subjects. The observed subject-specific movement patterns indicate that

accurate assessment of individual pre-operative kinematics together with individual implant se-

lection and/or surgical implantation decisions might be necessary before further improvement to

joint replacement outcome can be achieved.

4.2 Introduction

Kinematics of the human knee are guided by an interconnected system of bones, soft tissue

structures and muscles acting around the joint. The resulting joint function in healthy knees is

known to exhibit motion in all six degrees of freedom, presenting a complex set of translations
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and rotations [1]. Accurate knowledge of tibio-femoral movement can hence provide critical in-

formation for assessing knee joint functionality [6], but also lay the foundations for understanding

joint pathologies and musculoskeletal interventions. Total knee arthroplasty (TKA) or ligament

reconstruction surgeries generally aim to restore pain-free functionality to the joint, based on

physiological kinematics. However, the motion patterns of the native tibio-femoral joint itself

are still discussed controversially [24, 31, 51, 74, 84]. Nevertheless, novel implant designs have

been introduced that aim to mimic healthy joint kinematics, even though a comprehensive un-

derstanding of tibio-femoral kinematics during different gait activities remains missing.

While early studies used cadaveric material to examine tibio-femoral motion, optical motion

capture using skin-mounted markers has become commonplace for assessing dynamic joint func-

tion. However, these measurements are known to be critically affected by soft tissue artefact

(STA) [1, 7, 8]. Errors associated with STA can be avoided using pins screwed directly into the

subjects’ bones [15, 16], but such procedures are highly invasive and therefore limited to small

cohort studies. To directly assess tibio-femoral kinematics in a less invasive manner, single-plane

[24, 26–28, 44, 188] and dual-plane [29–32] fluoroscopic analyses have provided valuable and

accurate data. The predominant drawback of most systems, however, relates to the small size

and static nature of the intensifier, hence restricting measurements to a limited field-of-view.

Consequently, most studies have analysed quasi-static activities such as knee bending, squat-

ting and sit-to-stand or assessed only a portion of the gait cycle [24, 28, 31, 39, 42, 44, 47, 51].

To overcome the limitations of static imaging set-ups, procedures to enhance the fluoroscopic

field-of-view have been investigated [32]. Moreover, mobile fluoroscopic systems have emerged

that allow tracking of the knee during dynamic movements [54] and consecutive cycles of gait

activities [30, 188].

Due to their strong radiographic image contrast and associated ease of 2D/3D registration

to fluoroscopic images, the kinematics of total knee replacements have been studied in detail

[24, 47, 55, 193, 194, 197]. The movement patterns of the natural knee have, however, proven far

more difficult to access. While most available studies have evaluated the loaded stance phase of

walking [13, 16, 24, 31, 51, 84], only few studies have successfully examined tibio-femoral kine-

matics over a complete cycle of walking [1, 15, 32, 74]. While consistent findings were presented

for joint flexion, with a first peak observed at contralateral toe-off and a maximum knee flexion

shortly after toe-off [1, 13, 15, 16, 31, 32, 74, 82, 85], contradictory patterns were reported for

the other two rotations. Most studies observed an internally rotated tibia at heel-strike, followed

by further internal rotation during early stance phase, reaching a first peak shortly after con-

tralateral toe-off [1, 15, 16, 31, 32, 74, 82]. The tibia is then thought to rotate externally through
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mid-stance, before rotating internally once again prior to toe-off [15, 16, 31, 32, 74]. Contrary

to this common understanding of knee motion, tibial external rotation during early stance phase

was described in two studies [13, 51], where tibial internal rotation during mid-stance was fol-

lowed by external rotation from 66% of the stance phase until toe-off. In the few studies that

were able to assess the unloaded swing phase, peak tibial internal rotation was found shortly after

toe-off, followed by external rotation until just before heel-strike, with tibial internal rotation

occurring in preparation for the following heel-strike [1, 15, 74]. Throughout the complete gait

cycle, minimal changes in abduction/adduction were observed, but with clear subject-specific

differences [1, 15, 31].

Only few studies have examined the antero-posterior (A-P) translation of the two femoral

condyles relative to the tibia individually. Here, a larger translation has generally been ob-

served for the lateral compared to the medial condyle during the loaded stance phase [24, 51],

as well as over complete gait cycles [74], indicating an overall medial centre of rotation (CoR).

In contrast, Koo & Andriacchi [84] observed more translation of the medial compared to the

lateral condyle during the loaded stance phase of gait, which was later supported by Kozanek

and co-workers [31].

Beyond these reports, quantifying knee motion during more challenging activities of daily living

such as downhill walking and stair descent are critical for understanding knee function. In the

limited literature, no consistent trend of A-P translation of the medial versus the lateral condyle

was reported for either of the two activities, and analysis of the unloaded swing phase remains

missing [24, 51, 92].

As a result, tibio-femoral movement patterns during functional gait activities are still discussed

controversially. Importantly, comparison of condylar A-P translation is complicated by the

method used for analysing the movement: the tibio-femoral contact path [24, 51, 74], geometric

condylar centres [31, 74], or points on the transepicondylar axis [31] have all been used to describe

condylar translation, plausibly also contributing to the inconsistent observations. However, it

also remains unclear whether the observed variations resulted from differences in performing

the activities, the cohorts studied, or simply because of variability in soft tissue structure or

anatomy. Therefore, the aim of this study was to determine the ranges of tibio-femoral rotation

and condylar translation during complete cycles of free level walking, downhill walking, and stair

descent, as well as provide evidence on the location and possible movement of the centre of joint

rotation in the transverse plane in healthy knees.
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4.3 Methods

4.3.1 Subjects

Ten subjects (5 female/5 male, aged 23.7 ± 3.2 years, BMI 21.7 ± 2.2 kg/m2) provided written,

informed consent to participate in this study, which was approved by the local ethics committee

(KEK-ZH-Nr. 2016-00410). All subjects underwent a clinical knee examination (including testing

of ligament condition) by an experienced knee surgeon, and subject-specific limb alignment (mean

varus angle of 0.6 ± 1.4°) was evaluated using a biplanar X-ray system (EOS imaging, France) in a

standing position [116]. Subjects with significant problems at the lower extremities or exhibiting

a limb alignment > 3° varus/valgus were excluded from this study.

4.3.2 Measurement set-up

Tibio-femoral kinematics were assessed using the ETH moving fluoroscope [188], synchronised

with a 22 camera optical motion capture system (Vicon MX System, Oxfords Metrics Group,

UK) as well as five floor-mounted force plates (Kistler AG, Switzerland), while an additional two

mobile force plates instrumented the ramp and stairs respectively (Figure 4.1). The subjects

performed all motion tasks in a pair of self-selected sports shoes.

4.3.3 Motion tasks

After a standing trial and activity-specific familiarisation trials, all subjects were measured

throughout at least five valid cycles each of straight level walking, downhill walking (10° de-

clined slope), and stair descent (three steps, each 18 cm in height) – in this study collectively

considered to be gait activities. Trials were considered valid when the knee remained within the

field-of- view of the image intensifier throughout the stance as well as the swing phase, and all

force plates were hit correctly. The ground reaction forces were used to determine heel-strike and

toe-off with a threshold of 25 N. For downhill walking, the second heel-strike, marking the end of

swing phase, was defined based on the trajectory of a heel marker. Overall, for each participant

the mean dose area product (DAP) was 7.9 ± 1.2 Gycm2 (diameter image intensifier 30.5 cm)

leading to a total average effective dose of 0.11 ± 0.02 mSv for the fluoroscopic measurement.
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Figure 4.1: Measurement set-up during level walking. Radiographic images of the knee were
captured using a moving fluoroscope, imaging at 25 Hz (1 ms shutter time) with an image
resolution of 1000 x 1000 pixels [135, 188]. The moving fluoroscope was equipped with five
optical markers on the x-ray source and six on the image intensifier to track its position [188].
Fifty-five skin markers, placed at specific anatomical locations [198], were tracked at 100 Hz using
a 22 camera system (Vicon MX system, Oxford Metrics Group, UK). Five force plates embedded
in the floor (decoupled from the surrounding ground) and two mobile force plates mounted on
the ramp and stairs (Kistler Instrumentation, Switzerland) were used to measure undisturbed
ground reaction forces at a sampling frequency of 2000 Hz.

4.3.4 3D tibio-femoral kinematics

Subject-specific volumetric models were obtained based on a CT scan of each subject’s knee

(approximal 20 cm proximal/distal of the joint line, resolution 0.5 x 0.5 mm, slice thickness

1 mm), followed by manual segmentation of the data using the open-source software MITK-GEM

[187]. All fluoroscopic images were distortion corrected and the optical projection parameters

(focal distance, principal point) were determined [135]. The 3D position and orientation of the

femur and tibia were evaluated using a semi-automatic 2D/3D registration software [199], with

reported mean absolute errors of < 1° for rotations around all three axes, < 0.6 mm for in-

plane, and < 7.1 mm for out-of-plane translations using artificial bones with radiopaque image

properties.

Local femoral and tibial anatomical coordinate systems were established to calculate relative
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tibio-femoral rotations (Figure 4.2 A&B) [62]. The functional flexion axis (FFA) was defined

based on kinematics derived from the fluoroscopic imaging data of a maximal deep knee bending

trial using the symmetrical axis of rotation approach [67]. Condylar A-P location was calculated

based on a medial (FFA_Pmed) and lateral (FFA_Plat) point on the functional flexion axis of the

femur (Figure 4.2 C). Translation of each femoral condyle was then described as the movement of

these points with respect to the mid-coronal plane of the tibia. All A-P translations were scaled

using a subject-specific coefficient, scaled to a ratio of the mean condylar width divided by the

subject’s condylar width [74]. To allow comparison and interpretation throughout complete

gait cycles, tibio-femoral kinematic data was linearly interpolated to 101 data points. To allow

comparison of joint kinematics against other studies, tibio-femoral translation is additionally

presented using the nearest point (N_P) approach (same normalisation and interpolation) on

the surface of each femoral condyle (N_Pmed and N_Plat) relative to a plane parallel to the

tibial articular surface, as described by Asano and co-workers [49].

Finally, the CoR in the transverse plane was calculated using the symmetrical centre of rotation

estimation based on the locations of FFA_Pmed and FFA_Plat [200].

4.3.5 Statistics

A total of four mixed-model analysis of variances (ANOVAs) with subject as random effect

were performed. Three mixed-model ANOVAs were performed to investigate the influence of

the task and gait phase on the ranges of tibio-femoral rotation using the ranges of rotation

(flexion/extension, ab/adduction, tibial internal/external) as the dependent variables, with task

(three levels: level walking, downhill walking, stair descent) and gait phase (two levels: stance

phase, swing phase) as independent variables. One ANOVA was applied to test the effect of task,

side, and gait-phase on the range of A-P translation (FFA_P approach). Here, the range of A-P

translation was set as the dependent variable, while task (three levels: level walking, downhill

walking, stair descent), gait phase (two levels: stance phase, swing phase) and side (two levels:

medial A-P, lateral A-P) were set as the independent variables. The least significant differences

approach was used for post-hoc comparisons and the levels of significance were corrected for

multiple comparisons, starting at α = 0.05, using Bonferroni correction. No statistical tests were

performed for the A-P translation of the N_P approach. Statistics were conducted in SPSS

(SPSS 24, IBM, USA).
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Figure 4.2: (A) Femoral anatomical coordinate system pictured in a left femur. Based on the
fluoroscopic imaging data of a maximal deep knee bending trial, the functional flexion axis
(FFA) was defined using the functional symmetrical axis of rotation approach [67]. The origin
was defined as the midpoint between the most medial and lateral point of the femur on the FFA.
The medio-lateral axis (ZFemur), was oriented along the FFA, pointing medially. A cylinder
(depicted as multiple circles) was then fitted to the most proximal 10 cm of the femoral shaft,
defining the shaft axis. The antero-posterior axis (XFemur) was orthogonal to ZFemur and the
shaft axis. In right knees, XFemur pointed posterior, while in left knees it was directed anteriorly.
The longitudinal axis (YFemur) was orthogonal to both XFemur and ZFemur to complete the right-
handed coordinate system. (B) Tibial anatomical coordinate system pictured in a left tibia. A
plane parallel to the posterior tibial slope was constructed, resecting the condylar cartilage. Two
circles were manually fitted in the plane, such that the maximum possible circle perimeter fitted
to the tibial cortex. The midpoint between the two circles’ origins was set as the origin of the
tibial anatomical coordinate system. Similar to the femur, a cylinder was fitted to the most distal
10 cm of the tibial shaft (depicted as multiple circles). However, for the tibia, the longitudinal
axis (YT ibia) was consistent with the orientation of the shaft axis, but passed through the origin.
The antero-posterior axis (XT ibia) was orthogonal to YT ibia and the line connecting the circle
centres. Similar to the femur, the XT ibia pointed posteriorly in right knees, but anteriorly in
left knees. The medio-lateral axis (ZT ibia) was orthogonal to the XT ibia and YT ibia to complete
the right-handed coordinate system. (C) The nearest points (N_Pmed & N_Plat) between the
femoral condyles and the tibial plane were calculated as the weighted means of the ten nearest
points (mean point separation 0.4 mm) for the medial and the lateral condyles. Two points on
the functional flexion axis (FFA_Pmed & FFA_Plat) were then defined based on the projection
of N_Pmed & N_Plat during standing onto the FFA. These points were used to describe condylar
A-P translation relative to the tibia.
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4.4 Results

Mean average velocities over the complete gait cycle were 0.87 ± 0.06 m/s during level walking,

0.81 ± 0.07 m/s during downhill walking, and 0.5 ± 0.05 m/s for stair descent.

4.4.1 Tibio-femoral rotations

During standing, a mean knee flexion of -2.6 ± 5.6° and tibial external rotation of 2.8 ± 9.9°

(range 13.1° internal to 16.4° external) were recorded.

As expected, a significant increase in range of joint flexion was observed from level walking to

downhill walking and stair descent (Table 4.1). For all three activities, the knee joint was slightly

flexed at heel-strike, followed by an activity-specific flexion/extension behaviour, with peak knee

flexion occurring shortly after toe-off (level walking: 62.8 ± 5.5°; downhill walking: 70.1 ± 4.7°;

stair descent 95.0 ± 5.7°) (Figure 4.3).

After heel-strike, the tibia generally rotated internally during the stance phase, reaching a max-

imum internal rotation shortly before toe-off (level walking: -9.9 ± 6.9°, downhill walking:

10.6 ± 7.7°, stair descent: -12.3 ± 7.6°) followed by an external rotation in preparation for

the subsequent heel-strike (Figure 4.3). Initial tibial internal/external rotation at heel-strike was

highly subject specific, with individual values ranging from 14.5° internal to 11.1° external rota-

tion between the three activities. However, each subject exhibited consistent internal/external

rotation characteristics, with a mean standard deviation (SD) of 1.5 - 3.4° across all subjects.

Repeatable ab/adduction was found for the individual subjects (mean subject SDs: 0.9 - 1.8°),

but these were highly individual, and no clear ab/adduction patterns could be established over

a complete gait cycle for any of the activities (Figure B.1).

4.4.2 Condylar translation

During standing, the mean FFA_Pmed (-10.6 ± 7.0 mm) and FFA_Plat (-8.7 ± 5.7 mm) over

all subjects were located posterior to the tibial mid-coronal plane.

Following a short posterior translation after heel-strike, FFA_Pmed moved anteriorly, peaking

shortly before toe-off for both level and downhill walking. This motion was followed by a short

posterior and again anterior translation, reaching a second peak before returning to its initial

position at heel-strike (Figure 4.4). For all three activities, a significant difference was found

for the amount of A-P translation of the FFA_Pmed between the stance and the swing phases
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(Table 4.2). The FFA_Plat moved posteriorly after heel-strike, reaching a minimum around

toe-off. Extension of the knee during the unloaded swing phase was then associated with an

anterior translation of the FFA_Plat for all three activities and all subjects (Figure 4.4). Overall,

FFA_Pmed and FFA_Plat showed comparable ranges of A-P translation, with only the swing

phase of level walking and stair descent showing significant differences (Table 4.2). Intra-subject

repeatability was high for both FFA_Pmed and FFA_Plat A-P translation, with overall mean

SDs of only 0.8 - 2.0 mm across all repetitions of each different task (Figure B.2, B.3 and B.4).

For comparison, the N_Ps were located anteriorly to the mid-coronal plane while standing

(N_Pmed: 4.7 ± 5.4 mm; N_Plat: 11.3 ± 9.7 mm). As opposed to the FFA_P, a considerable

difference between the A-P translations of N_Pmed compared to N_Plat was found for both

phases of all three activities (Table 4.2). While N_Pmed showed a consistent pattern of A-

P translation for all subjects over all activities, high inter-subject variability was observed for

N_Plat, especially during mid-stance of level walking and shortly before heel-strike in all activities

(Figure 4.4). However, the mean intra-subject variability (1.2 - 3.0 mm) was comparable to both

FFA points throughout the entire gait cycles (Figure B.2, B.3 & B.4).

4.4.3 CoR in the transverse plane

Over all subjects, a slightly medial mean CoR was observed for the entire gait cycle of all activities

with the swing phase (level walking: 13.7 ± 14.4 mm; downhill walking: 11.7 ± 9.0 mm; stair

descent: 14.6 ± 9.8 mm, all medial) nearly always presenting a more medial CoR than the

stance phase (level walking: 7.2 ± 7.4 mm; downhill walking: 6.7 ± 8.8 mm; stair descent:

9.4 ± 14.3 mm, all medial) (Figure 4.5, Table B.1 - B.9). Intra-subject variability of the location

of the FFA_Pmed and FFA_Plat within a task was high (Figures B.5 - B.34), and resulted in

SD’s ranging from 0.9 - 23.3 mm for the mean location of the subject-specific CoR over a gait

phase (Table B.1 - B.9).

4.5 Discussion

A comprehensive understanding of human knee joint kinematics is critical for guiding the design

of total knee replacement components that aim to mimic healthy joint motion. Until now, move-

ment of the tibio-femoral joint has been discussed controversially, but only rarely analysed over

multiple cycles of different activities. For the first time in healthy knees, moving fluoroscopy has
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Figure 4.5: Location of the centre of rotation (CoR) shown on the plateau of a left tibia during the
loaded stance (blue) and the unloaded swing (red) phases of level walking (A), downhill walking
(B) and stair descent (C). The mean across all subjects as well as the standard deviations in
the antero-posterior and medio-lateral directions are indicated with whiskers. The most extreme
points in each direction across all subjects and trials are presented as *.

been used in this study to determine the in vivo tibio-femoral rotations and translations that

occur throughout complete cycles of downhill walking and stair descent, in addition to free level

walking, using the same subject cohort as well as the same measurement set-up. Only a limited

task-dependency was observed for ranges of A-P translation, despite clear differences in knee

flexion angles (Table 4.1, 4.2). Overall, the data have revealed a predominantly central to medial

CoR in the transverse plane, even though it is located laterally in some individuals and during

some phases of different activity cycles.

The flexion/extension patterns during level walking found in this study were consistent with

those reported in the literature [15, 74]. Furthermore, our tibio-femoral internal-external rota-

tion patterns were comparable to the limited evidence available on complete gait cycles during

level walking [74], even though the absolute values differed. This variation likely originates from

differences in the definition of the femoral and tibial anatomical coordinate systems [15, 74].

In our study, similar ranges of A-P translation were observed for both compartments (using

FFA_Pmed and FFA_Plat), but with larger A-P translations on the lateral side of the joint

for the unloaded swing phase of level walking and stair descent. Such data is consistent with
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previous studies that suggested a medial pivot during unloaded flexion [20, 43]. The magnitude

of the overall translations of the medial compartment (FFA_Pmed) were comparable to values

presented in the literature, whereas for the lateral compartment (FFA_Plat), contradictory re-

sults were found [31, 74]. As the subject-specific FFA was optimised over the full range of motion

during deep knee bending, the true instantaneous flexion axis at a specific instant of time might

vary from the mean FFA, possibly introducing an A-P translation error around the flexion axis.

Further investigation is clearly required in order to understand the influence of such secondary

errors, including their role relative to different activities and flexion axis approaches.

To allow cross-study comparison, we have also presented condylar kinematics using the near-

est point approach. While the range of A-P translation for some subjects was in line with

the literature [74], others exhibited a substantially larger range of A-P translation. An assess-

ment of the femoral geometries revealed a relatively flat region on the lateral condyle (similar

to previous observations in cadaveric studies [20]) for some subjects, plausibly resulting in a

“jump” of the N_Plat during phases of knee extension (Figure 4.4, right). As a result, it seems

that this method is sensitive to local contact conditions, but does not necessarily describe the

relative movement between the tibia and the femur. Additional research into the influence of

subject-specific anatomy on the translation of the contact points is thus needed before a thorough

understanding of the large variability in A-P translation between subjects can be gained.

The mean CoR was located on the medial tibial plateau for all three activities. Nevertheless, the

location of trial specific mean CoRs varied among subjects and tasks (Table B.1 - B.9). These

results are generally in line with previous findings [24, 74], although a mean lateral CoR has

also been presented [31, 84]. Calculation of the mean CoR over the complete gait cycle seems to

be more robust than for either the stance or swing phase individually, resulting in SDs of less

than 5 mm for most of the subjects, in line with previous research [24]. Furthermore, individual

movement patterns were clearly observed, thus emphasising the need to analyse multiple trials

for individual subjects.

Overall, the majority of studies fail to capture the unloaded stance phase, which, based on the

results of our study, differs from the loaded stance phase. Analysis of this phase of gait provides

clear insights into the largest joint rotations that are critical for understanding soft tissue load-

ing as well as possible overloading [201, 202]. Accurate assessment of complete cycles of daily

activities could therefore be key for planning subject-specific component implantation to achieve

pain-free post-operative outcome.

Walking with the moving fluoroscope potentially influenced the natural gait patterns of our sub-

jects in the present study, especially as walking speeds are known to be reduced compared to free
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level walking [143]. However, the changes in gait parameters have been shown to be small, and

gait patterns remain comparable to those exhibited during slow walking [203]. While kinematics

captured in this study may not be completely natural, they still represent the state-of-the-art in

understanding joint motion over complete cycles and for different daily activities. The predomi-

nant drawback, however, is the subject’s exposure to radiation, necessitating that data collection

using such technologies is kept to a minimum.

Overall, comparison with the existing literature is challenging, mainly due to the variety of ap-

proaches used. While the geometric centre axis as well as the transepicondylar axis are widely

used, their definition is highly dependent on the protocol and experience of the examiner. Within

this study, we aimed to minimise the observers input to receive an independent axis that is only

based on the subject’s deep knee bending movement (using the fluoroscopic based reconstruction

of the bone segments). Only the tibial coordinate system in our study was defined based on

subject-specific anatomy, but it is indeed entirely plausible that individual differences could have

added variation to the presented results.

Although the current single-plane set-up in combination with the semi-automatic 2D/3D reg-

istration possesses high accuracy in the in-plane direction [199], a combination of errors for

different segments could plausibly lead to larger total relative errors. The greatest source of

error is likely to arise from the contralateral knee crossing through the image twice during each

gait cycle, hence cumulatively limiting the accuracy of the 2D/3D registration at these instances.

In addition, out-of-plane registration errors could play a role in the determination of the CoR in

the transverse plane. To overcome this limitation as well as to improve out-of-plane accuracy, a

dual-plane set-up could provide considerable advantages, however this would increase the overall

radiation dosage applied to the subject.

This study provides the first analysis of knee kinematics during multiple complete cycles of free

level walking, downhill walking and stair descent. The results suggest that the CoR is primarily

located medially, but varies between subjects and gait phases. It therefore seems that the recent

movement towards medial congruent implant designs [194] is warranted, but further investigation

is clearly needed to elucidate the role of limb alignment and anatomical inter-subject variability

on knee joint kinematics, particularly with regard to the loading and possible overloading of

the surrounding soft tissues [201]. Importantly, however, the subject-specific movement patterns

observed in this study indicate that individual implant selection and/or surgical implantation

decisions might be necessary before further improvement to joint replacement outcome can be

achieved, possibly supported by the accurate assessment of each individual’s pre-operative knee

joint kinematics to guide clinical decision-making.
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5.1 Abstract

A variety of kinematic conventions based on different coordinate systems and rotational axes

have been proposed and applied in an attempt to describe tibio-femoral motion. However, no

consensus has yet been reached on the physiological ranges of A-P translation of the condyles

nor the location of the centre of rotation. Therefore, the goal of this study was to compare the

magnitudes of transverse-plane knee joint kinematics as well as the centre of rotation derived

from identical dynamic videofluoroscopic data of ten subjects during continuous flexion as well

as complete gait cycles using six different kinematic analysis approaches.

The condylar A-P translations showed observable differences between the approaches. In par-

ticular, the contact point approaches (nearest point and tibio-femoral separation) revealed sig-

nificantly different A-P translation compared to the femur fixed axes for certain flexion angles

and phases of the gait cycle. For all approaches and both activities, the resulting position of the

centre of rotation in the transverse plane was located slightly medially. However, medio-lateral

variability between subjects was high, resulting in a lateral centre of rotation for certain subjects.

Our analysis achieved similar A-P translations to previous studies, but the interpretations of joint

kinematics were considerably different depending on the analysis approach applied, despite our

analysis of identical tibio-femoral joint movement. Axis approaches that are based on anatomical

landmarks seem to be subject to high levels of cross-talk. Our recommendation is therefore that

joint translations based on functional flexion axes should be reported in preference to anatomi-

cally based axes. Moreover, we recommend that joint kinematics are reported using at least two

different approaches in order to provide standardised comparisons and reach consensus on the

interpretation of tibio-femoral joint kinematics during functional activities in vivo.
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5.2 Introduction

The accurate assessment of tibio-femoral kinematics in both healthy and pathological joints is

essential for the quantification and understanding of not only knee joint functionality [5, 50] but

also for developing joint prostheses [55, 194]. The motion of the knee joint is thought to be char-

acterised by a complex combination of mainly flexion/extension together with internal/external

rotation and antero-posterior (A-P) translation of the femur relative to the tibia [1]. Despite

the employment of novel measurement techniques based on magnetic resonance imaging (MRI)

[19, 21, 43] or videofluoroscopy [24, 26–32, 44, 188] to accurately assess knee joint kinematics,

scientific and clinical agreement on the movement patterns of natural knees remains lacking.

Critically, no consensus has yet been reached on the physiological range of A-P translation of the

medial versus the lateral epicondyles (pivoting movement of the femoral epicondyles on the tibial

plateau), or the path of the centre of rotation (CoR) during dynamic and functional activities.

As a result, our understanding of the parameters that govern joint movement, and consequently

the effect of loading, limb alignment, pathology, and prosthesis design remain limited.

From a mechanical perspective, it is possible for many trajectories to be followed by a joint

with six degrees of freedom such as the knee. Specifically, the difficulties in describing three

dimensional (3D), time-dependent, multi-segment kinematics within a static, two dimensional

(2D) representation are evident. Consequently, a variety of kinematic conventions based on

different segment proximity measures, coordinate systems, and/or rotational axes, have been

proposed and applied to describe tibio-femoral motion. The proposed approaches can generally

be categorised into three groups:

1. Contact points:

Here, a point on each of the medial and lateral condyles is defined to describe the location

of contact between the tibial and femoral surfaces. These are typically the nearest points

[46, 49] or the lowest point of each femoral condyle in a tibial coordinate system [47]. With

knowledge of the tibio-femoral cartilage thickness, the centroid of the area formed by the

overlap of the femoral and tibial cartilage surfaces can also be defined as the contact point

or region [33]. To account for missing information about the tibio-femoral cartilage and

its deformation, the geometrical centre of the region having less than 6 mm separation has

been considered as acceptable threshold for contact region definition [28].
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2. Functional axes:

Functional axes of rotation are derived from the relative movement between two segments.

Different mathematical conventions have been introduced, including axis fitting approaches

based on e.g. least square estimates [50, 63–65], mean helical axes [66], or the symmet-

rical axis of rotation approach (SARA) [67]. In applications assessing knee joint motion,

functional axes can either be fixed to the femur or tibia.

3. Anatomical axes:

Anatomical axes of rotation are usually determined based on clinical definitions and subject-

specific anatomical features. While the transepicondylar axis (TEA) is defined according

to bone landmarks [68–70], the geometrical centre axis (GCA) or the cylinder axis (CA)

are based on the fitting of circular, cylindrical or spherical shapes to the femoral condyles

[49, 71, 72]. Similarly, based on the geometry of the femoral surface in contact with the

tibia, anterior and posterior circular surfaces can be used to define an extension facet cen-

tre (EFC) and a flexion facet centre (FFC) [20]. The respective points are then joined to

create a femur fixed axis.

Importantly, these approaches are sensitive to different aspects of intersegmental kinematics

and have therefore resulted in conflicting information about the most prevalent location of the

transverse plane CoR during loaded flexion tasks (Table 5.1 & 5.2), as well as the stance and

swing phases of level walking (Table 5.3). As a result, different conclusions have been drawn

regarding the kinematics of the knee:

For loaded knee flexion activities, the lateral condyle showed an overall larger A-P translation

compared to the medial condyle for analyses using anatomical axes [19, 21, 40, 41, 43, 49, 50] as

well as contact points [24, 28, 33, 34, 36, 42, 46, 49, 51], but some studies have reported almost

equal translation for both condylar contact points [37, 38, 43, 47] (Table 5.1 & 5.2). Functional

movements such as level walking are discussed more controversially in the literature, however. A

medial CoR, indicating more A-P translation of the lateral compared to the medial compartment,

was found using contact points [24] but also the GCA [74], as well as the functional flexion axis

[204]. Conversely, larger medial than lateral A-P translations were found using GCA, TEA as

well as cartilage contact measures [31, 86]. Evidence has also been presented reporting a lateral

CoR during the loaded stance phase of level walking [52, 84] (Table 5.3).

Given the current state of research, particularly the inconsistent findings, fundamental questions

remain about knee kinematics – not only as to how the natural tibio-femoral joint actually

moves under loaded and unloaded conditions – but also what role anatomy and pathology play in
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governing changes to tibio-femoral joint motion. This lack of consensus regarding knee kinematics

poses obvious barriers, for example to the design of novel implants or the development of specific

rehabilitation programs that aim to mimic or restore natural knee function. More than basic

differences between study conditions (e.g. patient characteristics, task, measurement technique

etc.), it is entirely conceivable that the different kinematic analysis approach and convention

used for reporting the study outcomes may have led to misunderstandings and contradictory

conclusions of what are, in fact, similar motion patterns. Based on an in-depth survey of the

literature (Table 5.1, 5.2 & 5.3), it is hypothesised that different approaches to analyse joint

kinematics lead to differences in the interpretation of transverse plane knee joint motion, hence

explaining some of the contradictory results reported in the literature. Therefore, the goal of

this study, was to compare the magnitudes of transverse plane knee joint motion for a data set

of dynamic videofluoroscopy data, analysed using six different kinematic analysis approaches.

5.3 Materials & methods

5.3.1 Tibio-femoral data capture

Kinematic data was acquired for ten healthy subjects (5 female/5 male, aged 23.7 ± 3.2 years,

BMI 21.7 ± 2.2 kg/m2) during standing (2 trials), deep knee bending (continuous knee flexion

from full extension to maximum flexion, 3 - 4 trials) as well as complete cycles of level walking

(5 - 6 trials) using a dynamic videofluoroscope [188]. A detailed description of the motion tasks

and the measurement procedure has been published previously [204], however a brief description

is provided here: Single-plane videofluoroscopic images were captured at 25 Hz (1 ms shutter

time, 1000 x 1000 pixels image resolution) in combination with ground reaction force data (2000

Hz) using five force plates (2x 9281B, 2x 9285B, 1x 9281C; Kistler AG, Switzerland). The vertical

ground reaction force was used to define heel-strike and toe-off during level walking (threshold

25 N). In order to perform 2D/3D registration of the fluoroscopic images, a CT scan of each

subject’s knee (∼20 cm proximal/distal of the joint space, resolution 0.5 x 0.5 mm, slice thick-

ness 1 mm) was manually segmented to generate subject-specific femur and tibia models [187].

Semi-automatic 2D/3D registration was then performed using the KneeFit software, resulting

in registration errors of < 0.6 mm for in-plane translations, < 7.1 mm for out-of-plane transla-

tions and < 1° for all rotations [199]. Each frame was examined visually to ensure reasonable

medio-lateral alignment between the femur and tibia and corrected where necessary. All subjects
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provided written, informed consent to participate in this study, which was approved by the local

ethics committee (KEK-ZH-Nr. 2016-00410).

5.3.2 Anatomical coordinate systems

In order to obtain physiological segment rotations and translations, local femoral and tibial

anatomical coordinate systems were defined according to Postolka et al. [199]. The medio-lateral

axis for the femur was defined using the symmetrical axis of rotation approach [67] derived from

the kinematics of a deep knee bending trial. The antero-posterior axis was defined orthogonal

to the medio-lateral axis and a temporary femoral shaft axis. The right-handed coordinate

system was then completed by creating an orthogonal longitudinal axis, with its origin located

at the midpoint between the most medial and lateral point on the medio-lateral axis. The origin

of the tibial coordinate system was defined as the midpoint between two circles intersecting

the bone’s surface, fitted to a proximal plane, parallel to the tibial articular surface [47]. The

longitudinal axis was defined along the length of the shaft, while the antero-posterior axis was

defined orthogonal to the longitudinal axis and the line connecting the circle centres. The medio-

lateral axis was then defined to complete the right-handed, orthogonal coordinate system.

5.3.3 Kinematic analysis

Based on the 3D position and orientation of the femur relative to the tibia during all motion tasks,

condylar A-P translations were analysed using six different kinematic analysis approaches (Table

5.4): The location of the nearest points (NP), the centres of the contact regions defined by < 6 mm

tibio-femoral separation (SEP), and the extension facet and flexion facet centres (EFC/FFC) of

each condyle were calculated accordingly. To ensure consistency for the functional flexion axis

(FFA), the transepicondylar axis (TEA), and the cylinder axis (CA), the distance between the

medial and lateral points was defined according to the distance between the nearest points during

standing. A-P translation of each femoral condyle was then described as the translation of these

points with respect to the tibial anatomical coordinate system. To normalise joint kinematics to

the individual subject sizes, all A-P translations were scaled using a subject-specific coefficient

based on the mean condylar width divided by the subject’s condylar width [74, 204]. A-P

translations during continuous knee flexion were analysed as a function of tibio-femoral flexion

angle, while A-P translations during level walking were normalised to a complete gait cycle.

For each approach, the location of the CoR in the transverse plane was calculated using the
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Symmetrical Centre of Rotation Estimation [200] based on the location of the respective medial

and lateral points.

5.3.4 Statistics

Two mixed-model analyses of variances (ANOVA), one for continuous knee bending and one for

level walking, were performed to investigate differences in the ranges of A-P translation between

the medial and lateral condyles, as well as the effect of the analysis approach. The range of A-P

translation was set as the dependent variable. Approach (six levels: FFA, TEA, CA, EFC/FFC,

NP, SEP) and condyle (two levels: medial, lateral) were set as fixed effects, with subject as

random effect. Post-hoc comparisons were conducted using a least significant difference approach,

and significance levels were adjusted for multiple comparisons using Bonferroni correction. The

ANOVA analysis was conducted using the SPSS software suite (SPSS v24, IBM, USA).

In order to analyse the effects of the different kinematic analysis approaches on A-P translation

over the whole time series, one-dimensional statistical parametric mapping (SPM) was performed

[206] using the open-source toolbox SPM-1D (T.C. Pataky 2017, v. M.0.4.5). For each activity,

two one-way ANOVAs were performed, one for each condyle. A-P translation was set as the

dependent variable and the analysis approach (six levels: FFA, TEA, CA, EFC/FFC, NP, SEP)

as the independent variable. Post-hoc comparisons were conducted using a two-sample t-test

and significance levels were adjusted for multiple comparisons using Bonferroni correction.

5.4 Results

A significant interaction was found between the kinematic analysis approach and the condyle

(medial/lateral), hence limiting the statistical model. Therefore, statistical analysis was based

on the post-hoc pairwise comparisons.

5.4.1 Standing

The FFA was located most posteriorly, followed by the CA and the TEA (Figure 5.1). Both

contact point approaches (NP, SEP) indicated tibio-femoral contact at a more anterior location.

Across all approaches, the lateral point was on average located anteriorly compared to the medial

point.
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Table 5.4: Description of all six kinematic analysis approaches used

Approach Definition

Nearest point (NP) Weighted mean of the ten nearest points of the medial and
lateral femoral condyle relative to a plane parallel to the
tibial articular surface.

Tibio-femoral separation
point (SEP)

Based on the nearest point of each femoral condyle relative
to a plane parallel to the tibial articular surface, a separation
threshold was set by adding 6 mm to the nearest point (to ac-
count for missing articular cartilage [28]). The tibio-femoral
separation point was then calculated as the geometric centre
of the femoral region with less separation than the threshold.

Functional flexion axis (FFA) Medio-lateral axis of the femoral anatomical coordinate sys-
tem, defined based on bone kinematics of a deep knee bend-
ing trial and calculated using the symmetrical axis of rota-
tion approach [67].

Transepicondylar axis (TEA) The most prominent medial and lateral epicondylar regions
were manually selected from the segmented femoral surfaces
(r = 5 mm) using the Rhinoceros software (Rhinoceros v5,
Robert McNeel & Associates). The medial and lateral epi-
condylar points (mean of all selected surface points) were
connected to form the TEA.

Cylinder axis (CA) Cylinders on each of the medial and lateral condylar surfaces
were defined that intersected the most distal (lowest) point
of each femoral condyle (in the sagittal plane). The cylinder
axis was defined as the common axis of the two cylinders.

Extension facet centre (EFC)
& flexion facet centre (FFC)

Based on the location of the nearest points during standing,
deep knee bending and level walking, the corresponding sur-
face points on the medial and lateral condyles were extracted
at maximum extension, 20° flexion and 120° flexion. The sur-
face points between the point at maximal extension and 20°
flexion were used to fit an extension circle, while the surface
points at 20° and 120° flexion were used to fit a flexion cir-
cle. The circles were fitted using the approach suggested by
Taubin [205], with the anatomical medio-lateral axis set as
the normal axis of the fitted circles. The centres of the cir-
cles were used as the extension facet centres and flexion facet
centres. Due to the absence of knee extension in one subject
in our study, no extension facet centres could be detected
and therefore EFC/FFC was not analysed for this subject.
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Figure 5.1: 3D location of the medial and lateral condylar points during standing. Mean location
across all 10 subjects within the tibial anatomical coordinate system using the functional flexion
axis (FFA), transepicondylar axis (TEA), cylinder axis (CA), extension facet centres (EFC),
nearest point (NP) and tibio-femoral separation (SEP) are presented in the transverse plane
(left) and frontal plane (right).
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5.4.2 Continuous knee flexion

Across all subjects and all trials of deep knee bending, flexion ranged from -11.0° to 162.7°. A

range of 25° to 119° was covered by all subjects and therefore used for statistical comparison.

Apart from the FFA, a significantly larger range of A-P translation was observed for the lateral

compared to the medial condyle (Figure 6.2, Table 5.5). The CoR in the transverse plane was

therefore located slightly medially for all kinematic analysis approaches (Figure 5.4, Table C.1).

However, variability between subjects and kinematic analysis approaches was high, resulting in

a mean lateral CoR for a few subjects (Table C.1).

The range of A-P translation for the medial as well as the lateral condyle exhibited significant

differences between the approaches (Table 5.6), predominantly at low and high flexion angles

(med: 25° - 38° / 72° - 119°; lat: 25° - 42° / 46° - 52° / 70° - 119°) (Figure C.1). At low flexion,

differences occurred between the FFA and both contact approaches. At higher flexion angles the

contact approaches exhibited significantly different translational patterns than the TEA and CA

but differences between the FFA and TEA were also evident (Figure 5.2, Table C.2).

5.4.3 Functional gait activity

Over the complete gait cycle of level walking, the lateral condyle point experienced significantly

more A-P translation than the medial condyle point for all six kinematic analysis approaches

(Table 5.5), resulting in an overall medial position of the CoR in the transverse plane (Figure

5.4, Table C.1).

In a comparison between analysis approaches, significant differences were found during the early

and late stance phases, as well as the swing phase (med: 0 - 32% / 49 - 100%; lat: 0 - 32%

/ 52 - 100%) (Figure C.1), but also for both the medial and lateral ranges of A-P translation

(Table 5.6). Overall, the largest differences occurred between the FFA, TEA and CA compared

to the contact approaches, but dissimilarities between the FFA and TEA were also apparent

(Figure 5.3, Table C.2).
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Figure 5.2: Antero-posterior translation of the medial (left) and lateral (right) condyle using the
functional flexion axis (FFA), transepicondylar axis (TEA), cylinder axis (CA), extension facet
centres and flexion facet centres (EFC/FFC), nearest point (NP) and tibio-femoral separation
(SEP) during continuous knee bending are shown as a function of the flexion angle. Mean across
all subjects (thick line) and standard deviations across all subjects (thin lines) are presented.
Significant differences between approaches are indicated with bars in the colours of the respective
approaches with an adjusted level of significance of α= 0.0033. The dashed black line is indicating
20° of flexion.
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Figure 5.3: Antero-posterior translation of the medial (left) and lateral (right) condyle using the
functional flexion axis (FFA), transepicondylar axis (TEA), cylinder axis (CA), extension facet
centres and flexion facet centres (EFC/FFC), nearest point (NP) and tibio-femoral separation
(SEP) over a complete gait cycle of level walking. Mean across all subjects (thick line) and
standard deviations across all subjects (thin lines) are presented. Significant differences between
approaches are indicated with bars in the colours of the respective approaches with an adjusted
level of significance of α = 0.0033. The dashed black line is indicating the average toe-off across
all subjects.
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Table 5.5: Range of antero-posterior translation (mean ± standard deviation) of the medial and
lateral condyle during continuous knee bending and level walking using the functional flexion
axis (FFA), transepicondylar axis (TEA), cylinder axis (CA), extension facet centres and flexion
facet centres (EFC/FFC), nearest point (NP) and tibio-femoral separation (SEP). In addition,
the resultant p-value of the performed ANOVA to investigate differences in the range of A-P
translation between the medial and lateral condyle for each approach are indicated.

RoM [mm] FFA TEA CA EFC/FFC NP SEP

continuous knee bending
medial 7.2 ± 1.8 17.9 ± 7.5 10.4 ± 1.9 11.7 ± 5.8 8.9 ± 4.7 6.9 ± 2.9
lateral 8.5 ± 1.9 25.5 ± 5.2 15.0 ± 4.1 25.7 ± 17.1 20.9 ± 10.1 16.7 ± 6.9
p-value 0.275 0.000∗ 0.001∗ 0.000∗ 0.000∗ 0.000∗

level walking (complete cycle)
medial 8.8 ± 2.0 12.1 ± 2.5 8.7 ± 1.3 12.6 ± 5.5 14.7 ± 3.4 11.1 ± 3.0
lateral 11.5 ± 1.9 17.0 ± 3.6 12.1 ± 2.6 27.8 ± 13.0 25.5 ± 5.6 19.2 ± 4.2
p-value 0.002∗ 0.000∗ 0.000∗ 0.000∗ 0.000∗ 0.000∗

∗significant difference on an adjusted level of significance of α = 0.0083

Table 5.6: Resultant p-values of the performed ANOVAs to investigate differences in the range
of A-P translation of the medial and lateral condyle between the functional flexion axis (FFA),
transepicondylar axis (TEA), cylinder axis (CA), extension facet centres and flexion facet centres
(EFC/FFC), nearest point (NP) and tibio-femoral separation (SEP).

SEP NP EFC/FFC CA TEA
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FFA 0.887 0.108 0.000* 0.022 0.000*
TEA 0.000* 0.000* 0.000* 0.000*
CA 0.032 0.491 0.152

EFC/FFC 0.000* 0.036
NP 0.143

la
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e

FFA 0.000* 0.000* 0.000* 0.000* 0.000*
TEA 0.000* 0.009 0.372 0.000*
CA 0.145 0.000* 0.000*

EFC/FFC 0.000* 0.001*
NP 0.001*
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FFA 0.009 0.000* 0.000* 0.787 0.000*
TEA 0.294 0.002* 0.617 0.000*
CA 0.004 0.000* 0.000*

EFC/FFC 0.128 0.011
NP 0.000*

la
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l
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e

FFA 0.000* 0.000* 0.000* 0.582 0.000*
TEA 0.012 0.000* 0.000* 0.000*
CA 0.000* 0.000* 0.000*

EFC/FFC 0.000* 0.008
NP 0.000*

∗significant difference on an adjusted level of significance of α = 0.0033
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Figure 5.4: Location of the centre of rotation (CoR) shown on the tibial plateau during (A)
continuous knee bending and (B) complete cycle of level walking using the functional flexion axis
(FFA), transepicondylar axis (TEA), cylinder axis (CA), extension facet centres and flexion facet
centres (EFC/FFC), nearest point (NP) and tibio-femoral separation (SEP). The mean across
all subjects as well as the standard deviations in antero-posterior and medio-lateral directions
are indicated with whiskers.

5.5 Discussion

A clear understanding of tibio-femoral kinematics is a prerequisite for a detailed understanding of

joint functionality and treatment outcomes. However, differences in the interpretation of move-

ment data inhibit a general consensus on kinematics of the healthy knee. This study compared

six kinematic analysis approaches in order to understand their differences and initiate discus-

sions to reach agreement on how tibio-femoral kinematics should best be reported. Our results,

based on videofluoroscopy data of ten healthy subjects during multiple trials of continuous knee

bending as well as complete cycles of free level walking, clearly demonstrate the impact of the

kinematic analysis approach used and its effect on the interpretation of identical 3D tibio-femoral

motion.

During complex movements such as walking, the tibio-femoral axis of rotation is constantly

changing. An instantaneous axis of rotation can provide a qualitative description of where and

in what plane these relative joint movements occur. However, since such instantaneous axes

constantly move relative to the bone segments, they are unable to provide quantitative data on

relative poses. The use of segment fixed axes faces other challenges, however, since deviations

from the instantaneous axis of rotation (e.g. as anatomical points rotate about the true axis) will

be associated with an erroneous translation. As a result, any segment fixed axis might be able to

reconstruct relative segment motion at certain instances, but will introduce translational errors
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over other periods of the movement cycle. It is therefore clear that such cross-talk errors result

in a deviation and misunderstanding of the true joint kinematics. The resulting challenge is to

identify approaches that best describe joint kinematics in a robust and reliable manner [207],

but that is also appropriate to the intended application.

Within the current study, the FFA most closely approximated to the instantaneous axis of ro-

tation and was therefore assumed to be least affected by kinematic cross-talk. However, as the

FFA is generally based on a single movement trial, variations in reference axes for other trials

of the same subject are inherently plausible. Contrary to this knowledge of relative segment

motion, contact point approaches can provide knowledge of localised contact conditions at the

condylar surface. However, individual anatomical differences in femoral and tibial geometry can

affect condylar translations and result in large inter-subject variability.

While the FFA, TEA, and CA showed similar (parallel) translational behaviour at low flexion

angles, dissimilarities, most likely due to kinematic cross-talk errors, were evident during deep

flexion. These errors clearly resulted in much larger ranges of A-P translation, which could plau-

sibly explain some of the differences in joint kinematics described in the literature:

Continuous knee bendig: While an initial anterior translation of the medial TEA and GCA has

been reported in the literature, the present study found continuous posterior translation at low

flexion angles. However, comparable ranges of lateral translation were found for both the TEA

– our study: 25.5 mm vs. 31.7 mm [41] – as well as the GCA – 15.0 mm vs. 15.6 - 17.8 mm

[40, 49]. Comparison of the reported values using the EFC/FFC approach was challenging in

the current study due to the variability between subjects’ anatomies, but our data do support

previously studies indicating more A-P translation for the lateral compared to the medial condyle

[19, 21, 43]. Over a comparable range of flexion, translations using the medial and lateral con-

tact point approaches (NP & SEP) presented similar trends to previous studies, indicating more

translation on the lateral (16.7 - 20.9 mm vs. 19.8 - 27.4 mm) than the medial side (6.9 - 8.9 mm

vs. 1.9 - 6.9 mm) [46, 47, 49]. Two studies have also presented equal translation of both condyles,

which could not be replicated within the present study [38, 43].

Level walking: Over the complete gait cycle, our results using the CA (medial: 8.7 mm; lat-

eral: 12.1 mm) are in line with translations reported using a GCA (medial: 7.6 mm; lateral:

11.6 mm) [74]. However, contrary results have been reported for the loaded stance phase: While

we observed posterior translation of both condyles during early stance, more translation was

evident for the lateral condyle. In comparison Kozanek and co-workers [31] reported an initial

anterior peak and anterior translation of the medial condyle prior to toe-off (GCA: 17.4 mm;

TEA: 9.7 mm) together with limited A-P translation of the lateral condyle until late stance,
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followed by anterior translation in pre-swing (GCA: 7.4 mm; TEA: 4.0 mm). Our results also

indicate more A-P translation for both condyles than presented in the literature when using con-

tact approaches [24, 51, 74, 86]. In particular, our observation of large inter-subject differences

for the lateral condyle during the stance phase has not been previously reported.

Importantly, these observations confirm that different interpretations of joint kinematics exist

across studies depending on the analysis approach used. Accordingly, our analyses result in re-

markably similar tibio-femoral A-P translations to each individual study when using their analysis

approach during the more standardised assessment of continuous knee bending. We therefore

provide plausible evidence that similar kinematic patterns have indeed been captured across

many different previous studies, but their interpretation according to the analysis approach used

has resulted in seemingly different movement patterns. Conversely, the data for walking was less

convincing. While knee bending is a guided and restricted movement that can be captured using

standardised measurement techniques, the assessment of functional activities such as walking are

subject to much greater variation in measurement technologies [24, 30, 31, 188]. Moreover, large

inter-subject variability is known to exist during gait activities, further complicated by treadmill

vs. free level walking.

While the present study could clearly demonstrate the effect of various kinematic analysis ap-

proaches, despite the assessment of identical tibio-femoral kinematics, there were obvious lim-

itations to our study. Although walking with the moving fluoroscope requires a reduced gait

speed (present study: 0.87 ± 0.06 m/s), the resultant tibio-femoral kinematics were shown to

remain comparable to those presented for slow walking [203]. As a result of the single-plane

set-up, out-of-plane registration errors were large. In this study, these errors were mitigated by

observational checks of outliers and ensuring reasonable medio-lateral alignment between the fe-

mur and tibia, also including the path of movement throughout the time-series [199]. Finally, all

axes and anatomical landmarks identified manually were subject to observer induced variability,

hence contributing to reduced analysis reliability, but such inaccuracies are a fundamental aspect

of the analysis approaches themselves, which should be considered in their application.

The results of this study clearly demonstrate that interpretation of joint kinematics is dependent

on the analysis approach used. It is therefore critical that the biomechanics community reaches

consensus on when each specific analysis approach should be used in order to provide a funda-

mental basis for comparing joint kinematic patterns. While functionally determined femur fixed

axes seem to report the relative positions of the tibia and femur, and can therefore be used to

assess the 3D movement of the joint, axes approaches that are based on anatomical landmarks

seem to be subject to higher levels of kinematic cross-talk. Our recommendation is therefore that

83



Chapter 5: Interpretation of tibio-femoral kinematics

joint translations based on functional flexion axes should be reported in preference to anatomical

based axes. On the other hand, contact point approaches seem to provide information regarding

the localised contact conditions at the condylar surfaces, and should therefore be reported to

inform on loading, overloading, and/or wear of the joint. Finally, since no clear solution to this

problem has yet been found, we would recommend that kinematics are reported using at least two

different approaches, a functionally determined axis as well as a contact point approach, such

that a more standard comparison and interpretation of tibio-femoral joint kinematics during

functional activities in vivo can be achieved.
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6.1 Abstract

In-depth knowledge of individual tibio-femoral kinematics is essential for a detailed understanding

of knee joint functionality. With the recent tendency towards kinematic alignment of total knee

arthroplasties in subjects with a constitutional varus or valgus limb alignment, detailed under-

standing of the relationship between limb alignment and subject-specific tibio-femoral kinematics

is of key importance to support clinical decision-making. While altered tibio-femoral joint load-

ings and the risk and progression of osteoarthritis have been reported for subjects with varus

or valgus limb alignment, less is known about the changes in tibio-femoral kinematics during

activities of daily living. Therefore, the objective of this study was to investigate the role of limb

alignment on knee joint kinematics in subjects with neutral, varus and valgus limb alignment

during gait activities.

Tibio-femoral rotations, condylar antero-posterior translations and the location of the centre of

rotation were analysed in twelve neutral, ten varus and five valgus subjects throughout complete

gait cycles of level walking and stair descent using dynamic videofluoroscopy. No significant

differences in the ranges of tibio-femoral rotation nor the ranges of condylar antero-posterior

translation were found between the three alignment groups. However, significant differences

between the varus and valgus subjects were found for the translational patterns of the lateral

femoral condyle (FFA_Plat) during mid-stance and early swing (44 - 55% & 70 - 75% gait cycle)

of stair descent. For all three alignments and both activities, an overall medial centre of rotation

was found.

Based on the presented data, limb alignment seems to play only a minor role in modulating

tibio-femoral kinematics throughout dynamic gait activities. However, subject-specific differ-

ences were evident, suggesting other factors to be responsible for the individual differences (e.g.

soft tissue sufficiency). In combination with musculoskeletal modelling, this data can provide a

basis for clinical decision-making regarding anatomical alignment and further improve surgical

procedures aiming to restore natural knee joint motion.
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6.2 Introduction

Tibio-femoral kinematics of the healthy knee are guided by a complex system of bones and soft

tissue structures, including muscles, enabling a complex set of rotations and translations along

all six degrees of freedom [1]. In-depth knowledge of the joint motion is not only essential for

understanding knee joint functionality as well as pathologies and injuries of the knee, but also

to improve patient outcomes while aiming to restore natural knee function. However, tibio-

femoral motion patterns of the healthy knee are still controversially discussed in the literature

[24, 31, 51, 52, 74, 84, 86, 204] with only limited studies analysing tibio-femoral kinematics over

complete cycles of walking without the influence of soft tissue artefacts [74, 85, 88, 204]. These

variable findings, result in contrary conclusions about the predominant location of the centre

of rotation (CoR) in the transverse plane [24, 52, 74, 84, 86, 204]. In addition, comparison of

reported rotations and translations has been shown to be difficult, as different measurement

techniques as well as various definitions of the anatomical coordinate systems have been used. In

vivo analysis is generally limited to small cohort studies, resulting in large standard deviations

between subjects. However, the influence of anatomical variations, such as limb alignment or

ligament condition, on inter-subject variability remain unclear [131, 204].

Limb alignment is a common anatomical variation, with a substantial fraction of the healthy

adult population exhibiting limb alignment of more than 3° of varus or valgus respectively

[95, 122, 123]. It has been shown to critically affect tibio-femoral joint loading [1, 124–126]

as well as influence the risk and progression of osteoarthritis in the knee [127–129]. However, less

is known about the altered tibio-femoral kinematics in subjects with extreme limb alignment,

especially in vivo during activities of daily living. The hip-knee-ankle (HKA) angle was found

to affect tibio-femoral internal/external rotations and abduction/adduction during continuous

knee flexion using cadaver specimens and intra-operative measures [131, 132]. But only one

study compared osteoarthritic subjects with varus and valgus alignment with a control group

while performing a barefoot walking task [133]. Like the aforementioned studies, differences in

the abduction/adduction angle were found. In addition, the varus and valgus subjects showed

a reduced range of flexion/extension over the stance phase. However, no study has yet investi-

gated the relationship of lower limb alignment and the resultant tibio-femoral kinematics during

multiple, in vivo, weight-bearing gait activities in healthy subjects.

With the recent tendency towards kinematic alignment during total knee arthroplasty (TKA)

surgeries in subjects with a constitutional varus or valgus limb alignment, an in-depth under-

standing of the relationship between limb alignment and subject-specific tibio-femoral kinematics
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is crucial for supporting clinical decision-making. Therefore, the goal of the present study was

to analyse tibio-femoral kinematics in non-osteoarthritic subjects with different limb alignment.

The primary aim of the study was to identify differences in the tibio-femoral kinematics based

on limb alignment.

6.3 Methods

6.3.1 Subjects

12 left and 15 right knees of healthy subjects with no signs of knee disorders were included in

this study (Table 6.1 & Table 6.2). Subject-specific limb alignment was evaluated using the EOS

biplane X-ray system (EOS imagine, France) in a standing position [116]. Subjects with a limb

alignment between ± 3° varus and valgus were classified as neutral, subjects with < -3° as valgus

and subjects with > 3° as varus, all subjects were then grouped according to their limb alignment

(Table 6.2).

The study was approved by the local ethics committee (KEK-ZH-Nr. 2016-00410) and carried out

in accordance with the declaration of Helsinki. All subjects provided written informed consent

prior to the first measurement session.

Table 6.1: Inclusion and exclusion criteria for subjects to participate in this study

inclusion criteria exclusion criteria

– female or male
– age: 18+ years
– BMI: ≤ 33
– good health condition, adequate for test

procedure

– significant problem on lower extremities
– any arthroplasty at the lower extremi-

ties
– subject incapable to understand and

sign informed consent
– pregnancy at time of testing
– incapable of performing the motion

tasks
– any disease process that would preclude

accurate evaluation (e.g. neuromuscu-
lar, psychiatric or metabolic disorder)
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Table 6.2: Group characteristics in terms of sex (female (F)/male (M)), side (right (R)/left (L)),
age, body mass index (BMI) and hip-knee-ankle (HKA) angle. Mean (min, max) are presented
for each group

group characteristics neutral (n = 12) varus (n = 10) valgus (n = 5)

sex (F/M) 6F / 6M 4F / 6M 4F / 1M
side (R/L) 6R / 6L 7R / 3L 2R / 3L
age [years] 24.0 (20, 31) 25.8 (20, 46) 37.2 (22, 67)
BMI [kg/m2] 21.3 (18.7, 25.4) 20.6 (17.0, 23.6) 23.0 (20.1, 26.2)
HKA [°] 0.5 (-2, 3) 5.7 (4, 9) -5.6 (-8, -4)

HKA: varus = positive angle, valgus = negative angle

6.3.2 Experimental procedure

First, all subjects underwent a clinical knee examination to ensure no knee disorders (Table

6.1), followed by an EOS and CT scan (∼20 cm proximal/distal of the joint line, resolution

0.5 x 0.5 mm, slice thickness 1 mm).

To assess tibio-femoral kinematics during standing (2 trials), complete cycles of free level walking

(5 - 6 trials), and complete cycles of stair descent (5 trials, three 18 cm steps), the Institute for

Biomechanics’ moving fluoroscope was used (Figure 6.1 A) [188]. Fluoroscopic images were

acquired at 25 - 30 Hz (1 ms shutter time) with an image resolution of 1000 x 1000 pixels

(Figure 6.1 B) [188]. Synchronised ground reaction forces were obtained using five force plates

embedded in the floor and two additional mobile force plates mounted on the stairs (Kistler,

Instrumentation, Switzerland), operating at a sampling frequency of 2000 Hz. Full description

of the measurement set-up has been previously published [204].

Upright standing and level walking were measured for all 27 subjects. Due to technical problems

during the experiment, the data for stair descent could not be analysed for one subject.

6.3.3 Data analysis

Using the incorporated software of the EOS system, subject-specific limb alignment was identified

[97]. The open-source software MTIK-GEM [187], was used to generate individual subject-

specific volumetric models of the femur and tibia, based on each subjects knee CT scan.

Distortion correction was applied to all fluoroscopic images and the optical projection parameters

were calculated [135]. 2D/3D registration of the fluoroscopic images was performed using a semi-

automatic 2D/3D registration software (Figure 6.1 C) with reported mean absolute registration

errors of < 1° for all three rotations, < 0.6 mm for in-plane and < 7.1 mm for out-of-plane
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Figure 6.1: (A) Subject tracked by the moving fluoroscope during a trial of stair descent. (B)
Fluoroscopic image during stair descent. (C) Registered subject-specific femur and tibia model
during stair descent.

translations of a single bone specimen [199].

Relative rotations were calculated based on the functional flexion axis (medio-lateral axis) of

the femur and the longitudinal axis of the tibia, using the Joint Coordinate System approach

[62]. Antero-posterior (A-P) translations of the medial and lateral condyle were assessed using a

medial and lateral point on the functional flexion axis (FFA_Pmed & FFA_Plat) as well as the

nearest point of each femoral condyle relative to a plane parallel to the tibial articular surface

(N_Pmed & N_Plat) [204]. A-P translations were calculated with respect to the mid coronal

plane of the tibia and scaled to the average condylar width of the neutral subjects [204]. Based on

the location of the FFA_Pmed and FFA_Plat, a mean CoR in the transverse plane was calculated

over the complete gait cycle, using the symmetrical centre of rotation estimation [200].

Heel-strike and toe-off were determined based on the ground reaction forces, using a threshold

of 25 N. All rotations and translations during level walking and stair descent were normalised to

101 data points per complete gait cycle.
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6.3.4 Statistics

Three mixed-model analysis of variance (ANOVA) were performed to test the effect of limb align-

ment on the ranges of tibio-femoral rotation. The rotational range of motion (RoM) was set as

the dependent variable while group (three levels: neutral, varus, valgus) and activity (two levels:

level walking, stair descent) were set as fixed effects and subjects as random effect. Another

ANOVA was performed to compare the ranges of A-P translation between the medial and lateral

condyle as well as the three limb alignment groups. The range of A-P translation was set as the

dependent variable. The group (three levels: neutral, varus, valgus), activity (two levels: level

walking, stair descent) and condylar side (two levels: medial, lateral) were used as fixed effects

and the individual subjects as random effect. Post-hoc comparisons were conducted using a least

significant difference approach, with significance levels adjusted for multiple comparisons using

Bonfferoni correction. All ANOVA’s were conducted using the SPSS software suite (SPSS v24,

IBM, USA).

In order to analyse the effect of the different limb alignment groups on rotations and A-P trans-

lations of the FFA_Pmed and FFA_Plat at specific time points over the time series of a gait

cycle, one-dimensional statistical parametric mapping (SPM) was performed [206]. A total of

ten one-way ANOVAs was performed. The rotation or translation respectively, was set as the

dependent variable, while the group (three levels: neutral, varus, valgus) was used as the inde-

pendent variable. If the ANOVA revealed significant differences between the groups, a post-hoc

two sample t-test was performed with significance levels adjusted for multiple comparisons using

Bonferroni correction.

6.4 Results

During level walking and stair descent, the subjects walked with an absolute average velocity of

0.82 ± 0.08 m/s and 0.56 ± 0.05 m/s, respectively.

6.4.1 Frontal plane

Between all subjects, individual limb alignment measured using the EOS ranged from 8° valgus

to 9° varus whereas the adduction angle during upright standing measured using the moving

fluoroscope ranged from -7° to 9.3° (Figure 6.2 A).
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For dynamic level walking and stair descent no significant differences in abduction/adduction

between the limb alignment groups were found for the range nor the pattern over the complete

time series of a gait cycle (Table 6.3, Figure 6.3, Figure D.1, Figure D.3).

6.4.2 Sagittal plane

The ranges and rotational pattern of flexion/extension were comparable between the three limb

alignment groups for both activities (Table 6.3, Figure 6.3, Figure D.1, Figure D.3).

6.4.3 Transverse plane

In the upright standing position, the neutral and valgus subjects showed an almost equal mean

location of the medial and lateral point using both approaches. For the varus subject, the

positions for both approaches, slightly differed from the other two groups (Figure 6.2 B).

No significant differences between the alignment groups were found for the ranges and rotational

pattern of tibial internal/external rotation during level walking and stair descent (Table 6.3,

Figure 6.3, Figure D.1, Figure D.3).

The neutral and varus subgroup exhibited significant more condylar translation for the FFA_Plat

compared to the FFA_Pmed for both activities (Table 6.4). While the valgus group exhibited

a similar difference for stair descent, equal ranges of A-P translation of the FFA_Plat and

FFA_Pmed were found for level walking (Table 6.4). Although comparable ranges of translation

were found for both activities and both condyle points, limb alignment significantly influenced the

translational patterns of the FFA_Plat during stair descent (Table 6.4, Figure 6.4, Figure D.1,

Figure D.4). A significant difference between the varus and valgus group was found for mid

stance and early swing (44 - 55% & 70 - 75% gait cycle) (Figure 6.4, Figure D.2).

Overall, a medial CoR resulted for each limb alignment group during both activities (Figure 6.6).

However, variability between subjects was high for all three groups, even resulting in a more

central to lateral CoR for certain subjects (Figure D.6).

For comparison, translations of the nearest point approach were also presented (Figure 6.5).

Comparable A-P translations between the limb alignment groups were found for the N_Pmed, but

large standard deviations, especially during phases of low flexion, were evident for the N_Plat.

Overall these larger variations indicate more inter-subject variability in the resultant motion

patterns.
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Figure 6.2: (A) Hip-knee-ankle angle measured in EOS versus abduction (-)/adduction (+) angle
during upright standing measured using videofluoroscopy. (B) Mean location of the medial and
lateral functional flexion axis points (x) and nearest points (o) within the tibial anatomical
coordinate system for each subgroup, presented in the transverse plane.

Table 6.3: Range of motion for all three tibio-femoral rotations. Mean and standard devia-
tions across all subjects for the neutral, varus and valgus group are presented for the complete
gait cycle of level walking and stair descent. Flex/ex: flexion/extension, tibial int/ext: tibial
internal/external rotation, abd/add: abduction/adduction

RoM [°] neutral varus valgus

level
walking

flex/ex 66.1 ± 3.9 63.3 ± 4.0 63.5 ± 6.4
int/ext 15.5 ± 2.6 13.8 ± 1.6 13.3 ± 0.8
abd/add 7.0 ± 1.9 5.7 ± 1.6 7.6 ± 2.3

stair
descent

flex/ex 93.1 ± 4.9 90.7 ± 3.9 92.1 ± 6.9
int/ext 16.2 ± 2.2 14.7 ± 2.6 15.5 ± 2.5
abd/add 7.1 ± 1.4 6.4 ± 1.6 8.8 ± 2.2
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Table 6.4: Range of antero-posterior (A-P) translation of the medial and lateral condyle using
the functional flexion axis (FFA_Pmed & FFA_Plat) and the nearest point approach (N_Pmed &
N_Plat). Mean and standard deviations for the neutral, varus and valgus subgroup are presented
over the complete gait cycle of level walking and stair descent.

RoM [mm] neutral varus valgus

level
walking

FFA_Pmed 8.8 ± 1.8 8.6 ± 1.0 9.8 ± 0.8
FFA_Plat 10.9 ± 2.2 9.9 ± 2.1 10.3 ± 3.0

p-value FFA_P 0.000* 0.000* 0.422
N_Pmed 14.3 ± 3.3 13.7 ± 2.2 14.3 ± 3.4
N_Plat 24.6 ± 6.3 21.9 ± 6.3 19.6 ± 4.1

stair
descent

FFA_Pmed 8.7 ± 1.9 7.4 ± 1.5 8.7 ± 1.0
FFA_Plat 11.8 ± 2.5 10.5 ± 1.4 12.9 ± 2.2

p-value FFA_P 0.000* 0.000* 0.000*
N_Pmed 12.4 ± 2.7 11.5 ± 2.5 12.2 ± 2.5
N_Plat 22.3 ± 6.7 19.9 ± 6.2 18.6 ± 1.8

∗significant difference based on an adjusted level of significance of α = 0.0083

Figure 6.6: Location of the centre of rotation (CoR) shown on the tibial plateau during complete
cycles of level walking (left) and stair descent (right). The mean across each group as well as
the standard deviations in the antero-posterior and medio-lateral directions are indicated with
whiskers.
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6.5 Discussion

A comprehensive knowledge of subject-specific knee motion is crucial for a clear understanding

of knee joint functionality and clinical decision-making. Within the recent tendency towards

kinematic alignment in TKA in subjects with constitutional varus or valgus limb alignment,

detailed knowledge of the relationship between limb alignment and subject-specific tibio-femoral

kinematics is crucial for restoring natural knee kinematics and the aim to further improve patient

outcome. However, motion of the natural knee remains controversially discussed and a compre-

hensive understanding of the role of limb alignment on tibio-femoral kinematics is missing. To

our knowledge, this is the first in vivo study analysing tibio-femoral kinematics in healthy sub-

jects with neutral, varus or valgus alignment throughout complete dynamic gait activities using

dynamic videofluoroscopy. The present data revealed only a minor role of limb alignment on

condylar translation and no influence on tibio-femoral rotations.

A comparison to the limited literature available on altered kinematics in knees with varus or

valgus limb alignment showed only low agreement [131–133]. While a significant decrease in

range of flexion and altered mean adduction angles over the loaded stance phase were found in

osteoarthritic varus and valgus subjects [133], the results of this study have indicated no dif-

ferences in the rotational RoM between the groups. Nevertheless, for both activities, the varus

subjects generally showed the larges adduction angles over the course of the gait cycle, whereas

the valgus subjects showed less adduction (Figure 6.3). The low agreement to the literature is

inherently plausible based on the different subject characteristics. While our study has analysed

healthy, pain free subjects without symptoms of osteoarthritis, the literature is based on subjects

with osteoarthritis or subjects undergoing a TKA surgery.

Generally, limb alignment is classified based on the HKA. In the present study, the HKA an-

gle extracted from the EOS measurement was compared against the videofluoroscopic abduc-

tion/adduction angle calculated during upright standing (Figure 6.2 A). While the position of

the subject is comparable in both situations, the angle is calculated differently. The EOS is

based on anatomical axes whereas the adduction angle is calculated based on the FFA and the

longitudinal tibial shaft axis. As the FFA is based on a functional calibration movement (deep

knee bending), differences to anatomical measures are likely to be observed. For a direct com-

parison of the two imaging modalities, comparable axes should be used for both calculations.

Furthermore, identical HKA angles can be caused by different combinations of the femoral and

tibial mechanical angles resulting in altered orientations of the joint line [208]. Therefore, devi-

ations of the tibio-femoral kinematics could be more affected by these measures instead of the
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general HKA. In addition, femoral and tibial torsion influence the relative position of the femur

and tibia to each other but also with respect to the hip and ankle joint. Influence on tibio-

femoral rotation and condylar translations are inherently conceivable and additional research on

the individual anatomical factors is required.

The presented study is clearly limited by the low number of subjects with a valgus limb align-

ment. Recruitment of the respective subjects was challenging, especially as constitutional valgus

is only present in a low number of men and women [122]. However, to enhance the statistical

power of this study, more valgus subjects would be needed.

A shift of the ground reaction force vector in subjects with mal-alignment has been previously

reported [126]. Within this study no difference in the location of the CoR was found between the

three alignments groups for either activity. As shown in a study using the CAMS knee dataset

[170], the loading distribution within the joint does not necessarily correlate with the pivoting

location [209]. It is therefore conceivable, that despite longitudinal rotations occurring around

a medial CoR, changes to the loading within the joint exist among the three limb alignment

groups. As a result, analysis of the tibio-femoral loading condition within the presented cohort

should be done in further studies.

Within the currently used single-plane videofluoroscopic setup, 2D/3D registration of the fluoro-

scopic images is limited by the out-of-plane error [199]. While the registration errors could affect

the determination of the CoR in the transverse plane, relative rotations and in plane translations

are less influenced. In addition, relative errors between the femur and tibia are unknown. As

previously reported, walking with the moving fluoroscope significantly reduces the walking speed

but the reported walking patterns remain comparable to slow walking [203].

Small influence of individual limb alignment on tibio-femoral kinematics but large differences

between subjects, suggest that other factors (e.g. soft tissue sufficiency) are responsible for in-

dividual differences. While the collateral ligaments are known to differ substantially in subjects

with varus or valgus limb alignment [131], musculoskeletal modelling can provide additional in-

sights in the elongation pattern of the collateral and cruciate ligaments throughout complete

cycles of activities of daily living therefore enhance the understanding of soft tissue constraints

and laxity on tibio-femoral kinematics.

Based on the presented data, and in combination with musculoskeletal modelling, further in-

sights in the influence of anatomical parameters on tibio-femoral kinematics can be gained and

thus enhance clinical decision-making towards further improvement of surgical outcomes aiming

to restore natural knee joint motion.
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Chapter 7

Synthesis

A comprehensive understanding of natural knee joint motion along all its six degrees of freedom

is not only needed to gain a detailed understanding of healthy knee joint function but also to

understand pathologies and injury mechanisms of the knee. In addition, this knowledge can help

to improve patient outcome by restoring a pain free functionality of the joint with sufficient range

of motion (RoM) and avoid overloading of the soft tissue structures. While a general agreement

on tibio-femoral kinematics of isolated flexion activities has been achieved, controversial findings

have been presented for dynamic movements, such as walking. As a result, detailed knowledge

of the underlying factors such as differences in the performed activity or anatomical variances

between the studied subjects remains missing.

The overall objective of this doctoral thesis was to investigate the role of limb alignment and

activity on natural knee joint motion throughout dynamic gait activities to gain an improved un-

derstanding of the mechanisms governing tibio-femoral kinematics. Within this thesis a unique

subject cohort with neutral, varus, and valgus limb alignment was measured using the Insti-

tute for Biomechanics’ moving fluoroscope. As the first study analysing tibio-femoral kinematics

throughout complete gait cycles of level walking, downhill walking and stair descent in subjects

with different limb alignment, this thesis has found no influence of the limb alignment on tibio-

femoral rotations and only a minor effect on condylar translations. While the performed activity

was found to significantly alter the range of tibio-femoral flexion, but to a lesser extent the ranges

of tibial rotation, abduction/adduction and condylar translation. However, clear differences in

the range of motion between the loaded stance and unloaded swing phase illustrate the need to

analyse complete gait cycles to fully understand tibio-femoral kinematics.
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7.1 Assessment of natural tibio-femoral kinematics

Accurate tracking, of the subject walking with the moving fluoroscope, is a prerequisite for the

knee to stay within the field of view of the image intensifier and therefore successfully capturing

tibio-femoral kinematics. Using real-time tracking of the knee motion, the moving fluoroscope

is able to follow the knee despite natural variations and is therefore able to react to changes in

the subject’s walking pattern. Overall, the moving fluoroscope is able to travel with up to 5 m/s

(maximal acceleration 9 m/s2) and 1.33 m/s (maximal acceleration 4 m/s2) in the horizontal

and vertical direction, respectively.

The tracking ability of the moving fluoroscope was investigated in ten good outcome total knee

arthroplasty (TKA) subjects during level walking, downhill walking and stair descent (Chapter

2). Across all three activities and all subjects, the average distance between the knee joint centre

and the centre of the image intensifier was 4.0 ± 2.6 cm and 1.8 ± 1.4 cm for the horizontal

and vertical direction, respectively (Figure 2.4). With its ability to maintain the knee centred

within the field of view, the moving fluoroscope shows adequate tracking of the knee for all three

gait activities. By reacting on subject-specific movement patterns rather than follow predefined

paths, the moving fluoroscope was shown to be a promising tool to not only measure subjects

with a TKA but also healthy subjects.

To obtain the three dimensional (3D) positions of the femur and tibia in space, accurate regis-

tration of the 3D bone geometries onto the two dimensional (2D) fluoroscopic images is needed.

Until now, the imaging set-up was primarily used to assess tibio-femoral kinematics of TKA

subjects [137, 193, 194]. Therefore, a novel, intensity-based 2D/3D registration algorithm was

implemented, which not only utilises bone surface information but also incorporates the internal

bone structure. By simulating x-ray projections through the computed tomography (CT) vol-

ume, a digitally reconstructed radiograph (DRR) is generated and directly compared with the

original 2D videofluoroscopic image.

Using a radiopaque femur and tibia bone model, the accuracy of this novel intensity-based

2D/3D registration algorithm was evaluated by comparing manual fitting with intensity-based

registration (Chapter 3). Absolute fitting and registration errors for the out-of-plane direction

were substantially higher than for the two in-plane directions. Overall, manual fitting revealed

smaller mean absolute errors compared to intensity-based registration for all three translations

and rotations of the femur. For the tibia, the mean absolute errors along the vertical axis of

the image intensifier were significantly smaller using the intensity-based registration, whereas

102



Chapter 7: Synthesis

no differences were found for the other two translations and all three rotations (Table 3.2). In

addition, data of three natural knees was used to examine the reliability and repeatability of

a repetitive registration performed by different examiners. Comparable to the mean absolute

error, the repeatability analysis showed small standard deviations (SD) for in-plane translations

but larger SDs for the out-of-plane translation. SDs were comparable for all three rotations (Ta-

ble 3.3). Although the obtained registration was extremely precise for certain images, manual

registration was more accurate for a substantial amount of images. As a result, a semi-automatic

2D/3D registration procedure, with manual fitting of challenging images, was used to process

the natural knee data presented in this thesis.

The structure of the knee enables rotations and translations along all six degrees of freedom

and individual knee joint motion has been presented using a variety of kinematic analysis ap-

proaches. The Joint Coordinate System originally presented by Grood & Suntay [62] is a widely

used approach to assess knee rotations. Based on a medio-lateral axis of the femur, the longi-

tudinal axis of the tibia and a floating axis, flexion/extension, tibial internal/external rotation

and abduction/adduction are reported. To calculate clinically meaningful rotations, the rota-

tional axis of the femur and tibia have to closely approximate the instantaneous axes of rotation.

Rotations calculated around any other segment fixed axis are, to a certain amount, affected by

kinematic cross-talk.

Within the present thesis, definition of the anatomical coordinate system for the femur and tibia

was challenging. Despite a variety of definitions presented in the literature, replication of a

previously used coordinate system was difficult, mostly due to the lack of clear descriptions. In

addition, the chosen coordinate systems should have been least affected by subjective selections

of the examiner. As a result, a femoral functional flexion axis (FFA) based on the fluoroscopic

data of a deep knee bending trial and defined according to the symmetrical axis of rotation

approach (SARA) [67], was used as the medio-lateral axis of the femoral anatomical coordinate

system. The antero-posterior axis was then defined orthogonal to the FFA and a temporary

shaft axis while the longitudinal axis completed the right-handed, orthogonal coordinate system

(Figure 4.2 A). For the tibial anatomical coordinate system, a plane parallel to the tibial articular

surface and two circles intersecting the outer surface, were manually defined. The longitudinal

axis was defined parallel to the shaft axis while the antero-posterior axis was defined orthogonal

to the longitudinal axis and the line connecting the circle centres. The tibial medio-lateral axis

completed the right-handed, orthogonal coordinate system (Figure 4.2 B).

While the femoral anatomical coordinate system was completely independent of the examiner,
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the definition of the initial tibial plane and the point selection for the circle fitted to the tibial

cortex were performed manually. To increase independence of the examiner, the tibial plane

was defined based on the most prominent points of the tibia along the medio-lateral and antero-

posterior direction. As all anatomical coordinate systems were initialised by the same examiner,

no inter-examiner variability was assessed.

For both coordinate systems, the definition of the axes were comparable to Gray et al. [74] to

facilitate comparison between the studies. In addition, the presented coordinate systems are

in line with the recently published recommendations by Hull [207]. We used a functional axis

for the femur but a geometrical for the tibia fixed axis. While the determination of the func-

tional flexion axis works well using isolated flexion activities such as deep knee bending, squats or

lunges, extraction of the longitudinal axis of rotation is more challenging due to the reduced range

of motion along this axis. As a result, no ideal movement has yet been presented in the literature.

Condylar translation has also been assessed using a variety of analysis approaches. To bet-

ter understand differences presented in the literature, identical fluoroscopic data during deep

knee bending as well as level walking were used to assess antero-posterior (A-P) translations of a

medial and lateral condyle point using six different kinematic analysis approaches (Chapter 5).

For both tasks, significant differences were observed between the approaches (Figure 5.2 & 5.3).

Both contact point measures (nearest point (NP) and tibio-femoral separation (SEP)) showed

significant differences to the FFA, transepicondylar axis (TEA), and cylinder axis (CA) but also

the FFA and TEA were significantly different for certain flexion angles or periods of the gait

cycle.

In general, the ranges of A-P translation of the medial condyle showed lower SD than for the

lateral condyle, indicating comparable translational patterns between the subjects. Especially,

for the NP and SEP approach, the lateral condyle showed higher inter-subject variability, es-

pecially at lower flexion angles during level walking. While the NP and SEP are influenced by

the subjective definition of the tibial plane, a relative flat region on the later condyle for certain

subjects, can also result in "jumps" of the contact measures during phases of knee extension.

Although any femur fixed axis (FFA, TEA, CA) is able to replicate the instantaneous axis of ro-

tation for certain instances, deviations of this axis at other time points will result in translational

movements caused by kinematic cross-talk. Within the present study, the FFA is assumed to

best approximate this instantaneous axis, and therefore be least affected by kinematic cross-talk.

However, it is entirely clear, that femur fixed axes and contact point measures report different

aspects of the kinematic behaviour. While a femur fixed axis is able to report the position of
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the femur relative to the tibia and therefore allow assessment of the 3D movement of the joint,

contact point approaches seem to provide information about the regions of tibio-femoral contact

on the condylar surfaces.

As a result, the kinematic analysis approach should be chosen based on the research problem to

best address the question raised. For the kinematic analysis of the neutral, varus, and valgus

subjects presented in this thesis, the FFA was used to limit kinematic cross-talk. In addition, the

NP approach was also presented for each subject to enable comparison with previously published

studies as well as to enhance an in-depth understanding of the underlying mechanisms.

7.2 Role of limb alignment and activity on knee joint motion

In the currently available literature, tibio-femoral kinematics are controversially discussed, espe-

cially during functional activities such as walking. Beside the aforementioned differences in the

analysis method and presentation of the results, differences in the performance of the investi-

gated activity are inherently plausible and can alter the reported tibio-femoral kinematics. In

addition, only limited studies have analysed different activities within the same subject cohort

and using identical analysis approaches [24, 51].

To understand the influence of the performed walking task on tibio-femoral kinematics, ten

healthy subjects were analysed throughout multiple complete gait cycles of level walking, down-

hill walking and stair descent (Chapter 4). To successfully perform the activities, all subjects

showed an increased range of flexion/extension from level walking to downhill walking and stair

descent in both, the loaded stance and the unloaded swing phase (Table 4.1). Tibial inter-

nal/external rotation and abduction/adduction were less dependent on the performed task (Ta-

ble 4.1) and only a minimal effect was found for the A-P translation of the medial and lateral

condyle (Table 4.2). Although larger A-P forces have been reported for downhill walking [91],

this did not seem to critically influence A-P translation of the condyles in the healthy knee.

However, differences were found between the loaded stance and unloaded swing phases, critically

emphasising the need to analyse complete gait cycles and not only portions of a gait cycle.

While the influence of subject-specific musculoskeletal and anatomical variations has not yet

been studied in detail, varus or valgus limb alignment poses considerable challenges for surgical

interventions. With the recent tendency towards kinematic alignment in total knee arthroplasty
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(TKA) surgery, detailed knowledge of the role of limb alignment on tibio-femoral kinematics is

needed. Kinematic differences were assessed in twelve subjects with neutral limb alignment, ten

subjects with varus limb alignment, and five subjects with valgus limb alignment (Chapter 6).

Surprisingly, limb alignment played only a minor role in governing tibio-femoral rotations and

condylar translations (Figure 6.3, 6.4 & 6.5). The only differences were found for the transla-

tional patterns of the lateral condyle point during stair descent between the varus and valgus

subjects (Figure 6.4). However, inter-subject variability was high, suggesting that other factors

such as soft tissue structures are responsible for the individual differences and critically affect

tibio-femoral kinematics.

All subjects were grouped according to their hip-knee-ankle (HKA) angle assessed in a standing,

weight-bearing position using the EOS system. The measured HKA showed good correlation

with the abduction/adduction angle during standing for most subjects and differences in abduc-

tion/adduction were visible between the groups (Figure 6.2). However, no significant differences

in abduction/adduction were found between the groups for the dynamic gait activities. While

the relationship between static and dynamic HKA is not yet fully understood, this data clearly

emphasises the need to assess complete cycles of different functional activities, in weight-bearing

and non-weight-bearing situations to gain improved understanding of the influence of individual

anatomical variations on tibio-femoral kinematics.

7.3 Tibio-femoral kinematics in the healthy knee vs. in total knee

arthroplasties

TKA has become a standard surgical procedure in patients suffering from late stage osteoarthritis.

By substituting the joint surfaces using a femoral and tibial implant component, TKA surgeries

aim to relieve pain and restore physiological knee function. Despite the overall high success rate,

16 - 30% of all patients undergoing TKA surgery remain uncertain or unsatisfied with resultant

outcome, especially during functional activities [3, 4]. To better understand individual require-

ments and mechanisms leading to unsatisfactory results and thus support implant selection and

implantation in subjects with different limb alignments, comparison of healthy tibio-femoral and

TKA kinematics is crucial. However, only limited studies have directly compared healthy knees

with TKAs using the same set-up [24, 210].
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In a recent study, a patient cohort with three different implants was measured during com-

plete gait cycles of level walking, downhill walking and stair descent using the Institute for

Biomechanics’ moving fluoroscope [194]. The study consisted of three groups of each ten sub-

jects with either a conventional posterior-stabilised, fixed-bearing implant (GMK Primary PS),

a conventional ultra-congruent, mobile-bearing implant (GMK Primary UC) or a novel implant

with geometrical conformity providing a constrain to the medial condyle together with a flat,

unconstrained lateral tibial surface allowing rotational freedom (GMK Sphere). All subjects

were good outcome and analysed at least one year post-operative. In a first preliminary anal-

ysis, implant kinematics throughout level walking of these 30 subjects were compared with the

before presented tibio-femoral kinematics of 27 healthy subjects with a neutral, varus or valgus

alignment (Chapter 6).

For both studies, tibio-femoral rotations were analysed based on two segment coordinate system

(femur and tibia) and according to Grood & Suntay [62]. While the GMK Sphere and GMK PS

exhibited comparable ranges of flexion/extension to the healthy subject groups, the GMK UC

subjects showed a reduced RoM (Table 7.1). All three implant groups showed slightly smaller

RoM for both, tibial internal/external rotation and abduction/adduction (Table 7.1). The ad-

ditional constrains of the implant geometry, especially for the GMK Sphere and the GMK UC,

can therefore be assumed to restrict axial rotation resulting in lower ranges of rotation.

Condylar A-P translations were compared using two femur fixed axis. As previously presented, a

medial and lateral point on the FFA was used for the healthy subjects. For the implant subjects,

a medial and lateral point on the geometric centre axis (GCA), defined based on the implant

geometry, was used. To compare A-P translations despite different condylar sizes, all transla-

tions were normalised to the mean femoral width of the neutral subjects and their respective

mid-sagittal plane. Over the complete gait cycle, the GMK PS and GMK UC showed comparable

ranges of translation for both condyles, with the GMK PS exhibiting slightly larger ranges of

motion than the GMK UC (Table 7.1). As intended by the implant geometry, the GMK Sphere

showed minimal A-P translation of the medial condyle point but allowed more translations on

the lateral side (Table 7.1).

In addition, the position of the medial and lateral GCA and FFA points were used to calculate

an overall centre of rotation (CoR) across all subjects of each group [67]. While the neutral,

varus and GMK Sphere subjects exhibited a mean medial CoR, the valgus, GMK PS and GMK

UC subjects demonstrated a more central CoR (Table 7.1 & Figure 7.1).
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It is important to notice, that for all three alignment groups as well as in the GMK PS and GMK

UC group, inter-subject variability was high and clear subject-specific differences were evident

resulting in contrary translational behaviour for certain subjects.

After this first comparison, it seems, that individual tibio-femoral rotations and condylar trans-

lations can be guided by a specific implant geometry, but the necessity for different implant

geometries to address individual functional needs is also evident. This data can provide a first

basis to support clinical decision-making and help to further improve orthopaedic interventions

aiming to restore physiological knee joint function but no clear conclusions on the resulting

kinematic behaviour can be drawn based on subject specific limb alignment. As a result, intra-

operative component alignment remains controversially discussed and further evidence especially

on the desirable level of limb alignment correction is needed.

7.4 Limitations

Within this thesis, using the Institute for Biomechanics’ moving fluoroscope has provided an

unique measurement technology, enabling to not only measure in vivo tibio-femoral kinematics

during isolated flexion activities but also throughout complete cycles of level walking, downhill

walking and stair descent. However, the presented studies are subject to certain limitations.

For all three walking tasks, the subjects showed a reduced overall walking speed compared to

free level walking or stair descent [143], which potentially influences the observed gait patterns

of the individual subjects. In a control study, walking with the moving fluoroscope decreased

the walking speed and small alterations to the kinematic gait parameters were observed. Despite

this impact, the observed gait patterns were comparable to slow natural walking [203]. As the

maximal walking speed is limited by the tracking capability of the moving fluoroscope, faster

tracking and a better grip, using e.g. a rail system, would be needed to measure activities such

as fast walking or running.

The greatest source of error is likely to arise from the single-plane set-up used. Caused by

the imaging set-up, out-of-plane accuracy is limited, resulting in mean absolute out-of-plane reg-

istration errors of < 7.1 mm compared to much lower errors for in-plane translations (< 0.6 mm)

and all three rotations (< 1°). With the imaging plane parallel to the main movement direc-
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tion (sagittal plane), the main conclusions for A-P translation drawn within this thesis are least

affected. However, the registration errors could affect the determination of the CoR in the trans-

verse plane, whereas rotations and in-plane translations are less affected.

The performed validation study was based on radiopaque femur and tibia bone models, each anal-

ysed independently. As a result, relative translational and rotational errors between the femur

and tibia are unknown. Registration errors for the individual bones could plausibly lead to larger

total relative errors between the bones. However, to ensure relative medio-lateral alignment of

the femur and tibia, each frame was manually checked. If needed, the out-of-plane registration

was corrected and the bones were manually aligned.

Although x-ray images of the natural knee provide visible internal details, based on the internal

structure of the bone rather than just a black silhouette, as for metal objects like TKA, they are

subject to limited image contrast, further complicating the 2D/3D registration. In the current

set-up, the contralateral knee is within the field of view and potentially overlapping the analysed

knee twice per gait cycle, hence further challenging the 2D/3D registration at these instances.

The predominant drawback of using videofluoroscopy to study tibio-femoral kinematics, how-

ever is the subject’s exposure to radiation. Within the study performed for this thesis, each

subject was exposed to an average total effective dose for all fluoroscopic measurements of

0.17 ± 0.05 mSv, approximately equal to a chest x-ray or one and a half round trips New

York – London [211]. To minimise radiation, especially in healthy young subjects, data collec-

tion using videofluoroscopy should be kept to a minimum.

To overcome the limitations with regard to the single-plane set-up, a dual-plane fluoroscope could

provide considerable advantages to the currently used set-up, but would increase the overall ra-

diation dose applied to each subject.

For the studies included in this thesis, only a limited number of subjects was analysed. The

number of analysed subjects is comparable to other videofluoroscopic studies, which have rarely

measured more than ten subjects. Nevertheless, a larger subject cohort would give a better

representation of the tibio-femoral kinematics within the healthy population and the effect of

individual outliers would be limited.

While the number of subjects within the groups with neutral (twelve subjects) and varus (ten

subjects) limb alignment was comparable, only five subjects were included in the valgus group.

With the limited number of valgus subjects among the healthy population [122], recruitment of

subjects was challenging and resulted in the low number of subjects.

All subjects included, were healthy and generally young subjects with no history of knee injury
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and no signs of knee disorders. Whereas this subject group provides unique knowledge of the

healthy tibio-femoral kinematics, they are not directly comparable to subjects affected by os-

teoarthritis or undergoing TKA surgery. Subjects with extreme limb alignment (more than 10°

of varus or valgus) and even pathological knees would increase our knowledge of the underlying

injury mechanisms and enhance our understanding of factors leading to a successful or unsuc-

cessful surgery. Therefore, further analysis of extreme and pathological cases is clearly needed.

To recruit enough subjects, the subjects were not controlled for sex or the body side analysed.

The overall distribution of subjects was by chance relatively balanced with fourteen female and

thirteen male subjects allocated to twelve left and fifteen right knees. However, distribution

within the different groups, especially for the varus and valgus subjects was more variable. In

the literature, significant differences between women and men as well as between the dominant

and non-dominant leg have been previously presented [53, 87]. However, these differences are in

the range of the presented standard deviations for the individual groups and therefore the sub-

ject’s gender and the analysed knee are assumed to only have a minimal impact on the presented

results.

7.5 Outlook

This thesis has revealed large inter-subject variability for tibio-femoral rotations and especially

condylar translations throughout complete cycles of different dynamic gait activities. The un-

derlying data was the first to assess multiple complete gait cycles in a unique subject cohort

with neutral, varus and valgus limb alignment. To further understand factors leading to subject-

specific kinematics, additional analysis of the data set is needed. The following section contains

ideas for future projects:

Each subject was not only analysed during dynamic gait activities but also while performing

a squat, a deep knee bending activity and a passive flexion movement. This data can serve as

a comparison to the previously published literature and can help to understand the differences

between isolated flexion tasks and dynamic walking activities.

Furthermore, synchronised ground reaction forces and skin marker data was acquired for all

trials. Analysis of the forces and moments acting on the knee joint can help to further examine

the underlying mechanisms driving tibio-femoral kinematics.
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Individual limb alignment has been shown to only play a minor role in governing tibio-femoral

kinematics. Nevertheless, the impact of other anatomical parameters remains unknown. Femoral

and tibial torsion are known to alter the relative position of the femur and tibia with respect

to the hip and ankle joint and therefore influences on tibio-femoral kinematics are inherently

conceivable. Based on the EOS assessment and CT scan of each subjects, additional anatomical

factors, such as the femoral and tibial torsion or the joint line, can be defined and correlations

with the already analysed tibio-femoral kinematics can be help to further understand the influ-

ence of anatomical variations on tibio-femoral kinematics.

Musculoskeletal modelling provides a great additional opportunity to better understand dif-

ferences between the subjects by comparing the effect of the kinematic pattern on loading of

the surrounding soft tissue structures. While regional dependency of the loading of the medial

collateral ligament was found for the neutral subject, further analysis of the varus and valgus

subject can help to better understand intra-operative soft tissue balancing during TKA surgery

in cases with severe varus or valgus limb alignment.

Detailed comparison to the previously and currently measured subjects with a TKA can help to

further understand potential factors leading to unsatisfied patients or unstable implants.

With the new mobile dual-plane fluoroscope, currently being built at the Institute of Biome-

chanics, measuring more challenging tasks will be possible and help to better understand the

influence of demanding activities on individual tibio-femoral kinematics. In combination with

further analysis of subjects with knee pathologies such as anterior cruciate ligament ruptures or

severe osteoarthritis, a further understanding of the underlying injury can be achieved.

7.6 Conclusion

This doctoral thesis has investigated the role of limb alignment and activity in governing tibio-

femoral kinematics of the natural knee. For the first time, tibio-femoral kinematics in subjects

with neutral, varus and valgus limb alignment have been analysed throughout multiple, complete

gait cycles of level walking, downhill walking as well as stair descent.

113



Chapter 7: Synthesis

Limb alignment was found to only play a minor role in governing condylar translation and not

influence tibio-femoral rotations. Despite significant differences in the range of flexion/extension,

limited differences between the activities occurred for the ranges of tibial internal/external ro-

tation, abduction/adduction as well as medial and lateral condylar translation. In addition,

differences between the loaded stance and unloaded swing phase emphasise the need to assess

complete gait cycles. Significant differences between kinematic analysis approaches also indicate

the importance of reporting tibio-femoral kinematics, especially condylar translations, based on

multiple analysis approaches.

Inter-subject variability in the resultant tibio-femoral kinematics can not only be explained by

the individual limb alignment or the performed activity. It is entirely plausible, that other fac-

tors, such as soft tissue sufficiency, critically influence natural motion of the healthy knee. A

comparison with previously measured kinematics in TKA patients, indicate, that identical im-

plants can serve as an optimal solution for subjects with neutral, varus or valgus limb alignment.

Overall, this data can provide a basis for clinical decision-making and can therefore help to

further improve surgical procedures aiming to restore natural knee joint motion.
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Supplementary material Chapter 3

Supplementary material associated with Chapter 3:

Evaluation of an intensity-based algorithm for 2D/3D registration of natural knee videofluo-

roscopy data
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Figure A.1: 18 static positions of the radiopaque femur
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Figure A.2: 18 static positions of the radiopaque tibia
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Figure A.3: Images used for the in vivo repeatability test
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Appendix B

Supplementary material Chapter 4

Supplementary material associated with Chapter 4:

Tibio-femoral kinematics of the healthy knee joint throughout complete cycles of gait activities
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Appendix B

Figure B.1: Tibio-femoral abduction/adduction (abd/add) throughout complete cycles of level
walking (top), downhill walking (middle) and stair descent (bottom). The mean across all
subjects (black line), standard deviations across all subjects (grey shading), as well as means for
every subject (dark grey lines) are presented. The average instance of toe-off across all subjects
is indicated as a vertical dashed line.
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Appendix B

Figure B.2: Antero (a) – posterior (p) translation of the medial and lateral functional flexion
axis points (A) as well as the nearest points (B) throughout complete cycles of level walking.
The mean and standard deviation across all repetitions of each single subject are presented using
different grey intensities. The average instance of toe-off for each subject is indicated as a vertical
dashed line.
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Appendix B

Figure B.3: Antero (a) – posterior (p) translation of the medial and lateral functional flexion
axis points (A) as well as the nearest points (B) throughout complete cycles of downhill walking.
The mean and standard deviation across all repetitions of each single subject are presented using
different grey intensities. The average instance of toe-off for each subject is indicated as a vertical
dashed line.
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Appendix B

Figure B.4: Antero (a) – posterior (p) translation of the medial and lateral functional flexion
axis points (A) as well as the nearest points (B) throughout complete cycles of stair descent.
The mean and standard deviation across all repetitions of each single subject are presented using
different grey intensities. The average instance of toe-off for each subject is indicated as a vertical
dashed line.
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Appendix B

Figure B.5: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during level walking is
presented for Subject 1. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)

Figure B.6: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during level walking is
presented for Subject 2. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)
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Figure B.7: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during level walking is
presented for Subject 3. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)

Figure B.8: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during level walking is
presented for Subject 4. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)
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Figure B.9: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during level walking is
presented for Subject 5. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)

Figure B.10: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during level walking is
presented for Subject 6. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)
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Figure B.11: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during level walking is
presented for Subject 7. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)

Figure B.12: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during level walking is
presented for Subject 8. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)
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Figure B.13: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during level walking is
presented for Subject 9. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)

Figure B.14: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during level walking is
presented for Subject 10. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)
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Figure B.15: Location and orientation of the femur relative to the tibia in medio (m)/lateral (l)
and antero (a)/posterior (p) direction for all captured time frames during downhill walking is
presented for Subject 1. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)

Figure B.16: Location and orientation of the femur relative to the tibia in medio (m)/lateral (l)
and antero (a)/posterior (p) direction for all captured time frames during downhill walking is
presented for Subject 2. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)
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Figure B.17: Location and orientation of the femur relative to the tibia in medio (m)/lateral (l)
and antero (a)/posterior (p) direction for all captured time frames during downhill walking is
presented for Subject 3. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)

Figure B.18: Location and orientation of the femur relative to the tibia in medio (m)/lateral (l)
and antero (a)/posterior (p) direction for all captured time frames during downhill walking is
presented for Subject 4. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)
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Figure B.19: Location and orientation of the femur relative to the tibia in medio (m)/lateral (l)
and antero (a)/posterior (p) direction for all captured time frames during downhill walking is
presented for Subject 5. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)

Figure B.20: Location and orientation of the femur relative to the tibia in medio (m)/lateral (l)
and antero (a)/posterior (p) direction for all captured time frames during downhill walking is
presented for Subject 6. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)
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Figure B.21: Location and orientation of the femur relative to the tibia in medio (m)/lateral (l)
and antero (a)/posterior (p) direction for all captured time frames during downhill walking is
presented for Subject 7. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)

Figure B.22: Location and orientation of the femur relative to the tibia in medio (m)/lateral (l)
and antero (a)/posterior (p) direction for all captured time frames during downhill walking is
presented for Subject 8. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)
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Figure B.23: Location and orientation of the femur relative to the tibia in medio (m)/lateral (l)
and antero (a)/posterior (p) direction for all captured time frames during downhill walking is
presented for Subject 9. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)

Figure B.24: Location and orientation of the femur relative to the tibia in medio (m)/lateral (l)
and antero (a)/posterior (p) direction for all captured time frames during downhill walking is
presented for Subject 10. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)
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Figure B.25: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during stair descent is
presented for Subject 1. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)

Figure B.26: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during stair descent is
presented for Subject 2. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)
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Figure B.27: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during stair descent is
presented for Subject 3. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)

Figure B.28: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during stair descent is
presented for Subject 4. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)
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Figure B.29: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during stair descent is
presented for Subject 5. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)

Figure B.30: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during stair descent is
presented for Subject 6. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)
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Figure B.31: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during stair descent is
presented for Subject 7. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)

Figure B.32: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during stair descent is
presented for Subject 8. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)
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Figure B.33: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during stair descent is
presented for Subject 9. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)

Figure B.34: Location and orientation of the femur relative to the tibia in medio (m)/lateral
(l) and antero (a)/posterior (p) direction for all captured time frames during stair descent is
presented for Subject 10. Lines connect the FFA_Pmed and FFA_Plat. Solid lines represent the
loaded stance and dashed lines the unloaded swing phase. A continuous colour map is used from
dark green (at heel strike) to yellow (end of swing phase)
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Table B.1: Location of the centre of rotation (CoR) during level walking in the antero-posterior
(A-P), proximal-distal (P-D) and medio-lateral (M-L) direction. CoR for all trials of each indi-
vidual subject, subject means and standard deviations (STD) as well as means and STDs across
all subjects are presented for the loaded stance phase.

level loaded stance phase
walking trial 1 trial 2 trial 3 trial 4 trial 5 trial 6 mean ± STD

A-P -15.5 -15.1 -15.3 -14.7 -15.0 -14.5 -15.0 ± 0.4
Subject 1 P-D 27.2 26.5 26.8 27.6 27.6 28.1 27.3 ± 0.6

M-L 2.8 2.9 14.2 -6.8 -0.9 -7.7 0.8 ± 8.0

A-P -10.2 -10.2 -9.8 -11.0 -10.0 -10.1 -10.2 ± 0.4
Subject 2 P-D 28.6 28.5 28.3 29.1 28.6 28.9 28.7 ± 0.3

M-L 2.8 3.5 2.9 16.3 8.4 5.9 6.6 ± 5.2

A-P -6.2 -9.4 2.6 -2.1 -11.9 -5.4 ± 5.8
Subject 3 P-D 31.0 31.2 29.5 30.4 32.2 30.9 ± 1.0

M-L 14.5 2.3 45.6 29.8 -4.4 17.6 ± 20.4

A-P -7.4 -7.6 -7.3 -7.7 -7.4 -7.5 ± 0.2
Subject 4 P-D 24.7 24.9 25.6 25.5 25.4 25.2 ± 0.4

M-L 1.0 -2.9 -13.3 1.9 0.4 -2.6 ± 6.3

A-P -11.7 -11.2 -12.9 -12.4 -12.1 -12.5 -12.1 ± 0.6
Subject 5 P-D 28.6 28.1 29.1 29.0 28.2 29.1 28.7 ± 0.5

M-L 18.4 25.5 14.6 13.4 24.2 12.9 18.2 ± 5.5

A-P -6.8 -5.8 -6.7 -6.3 -5.8 -6.3 ± 0.5
Subject 6 P-D 31.0 30.3 30.8 30.6 30.1 30.6 ± 0.3

M-L 1.6 10.4 7.0 7.2 8.9 7.0 ± 3.3

A-P -13.0 -12.1 -13.7 -12.7 -11.2 -11.9 -12.5 ± 0.9
Subject 7 P-D 32.5 31.8 31.7 32.0 31.7 32.1 32.0 ± 0.3

M-L 9.8 12.0 7.0 10.7 16.6 13.1 11.5 ± 3.2

A-P -9.4 -10.8 -10.8 -10.9 -10.3 -10.4 ± 0.6
Subject 8 P-D 28.2 28.1 28.4 28.2 27.9 28.2 ± 0.2

M-L 1.3 11.2 7.2 10.4 4.2 6.9 ± 4.2

A-P -7.9 -8.3 -8.7 -7.9 -8.3 -8.2 ± 0.3
Subject 9 P-D 26.9 26.8 26.7 26.7 26.3 26.7 ± 0.2

M-L -7.8 -8.9 5.0 -4.0 1.1 -2.9 ± 5.9

A-P -6.1 -6.6 -6.1 -6.4 -6.6 -6.4 ± 0.3
Subject 10 P-D 31.7 31.0 31.2 30.9 30.9 31.2 ± 0.3

M-L 9.1 13.9 7.4 12.1 6.0 9.7 ± 3.3

A-P -9.4 ± 3.2
mean ± STD P-D 28.9 ± 2.2

M-L 7.2 ± 7.4
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Table B.2: Location of the centre of rotation (CoR) during level walking in the antero-posterior
(A-P), proximal-distal (P-D) and medio-lateral (M-L) direction. CoR for all trials of each indi-
vidual subject , subject means and standard deviations (STD) as well as means and STDs across
all subjects are presented for the unloaded swing phase.

level unloaded swing phase
walking trial 1 trial 2 trial 3 trial 4 trial 5 trial 6 mean ± STD

A-P -12.7 -12.0 -10.7 -11.0 -12.8 -11.8 -11.8 ± 0.8
Subject 1 P-D 25.4 26.4 26.7 25.5 25.2 25.8 25.8 ± 0.6

M-L 5.0 -19.4 -27.2 -7.1 16.5 -7.5 -6.6 ± 15.8

A-P -7.7 -8.5 -8.2 -7.4 -7.6 -8.0 -7.9 ± 0.4
Subject 2 P-D 28.7 28.1 28.2 28.2 28.1 28.7 28.3 ± 0.3

M-L 6.8 8.4 9.4 4.7 2.7 6.2 6.4 ± 2.4

A-P -2.9 -0.7 0.1 -0.3 -2.6 -1.3 ± 1.4
Subject 3 P-D 30.4 30.8 30.0 29.8 30.5 30.3 ± 0.4

M-L 12.1 29.4 36.1 27.4 13.7 23.7 ± 10.4

A-P -3.7 -3.7 -4.2 -5.0 -4.5 -4.2 ± 0.6
Subject 4 P-D 24.7 24.9 24.4 24.5 24.7 24.6 ± 0.2

M-L 2.1 1.5 0.1 4.9 4.8 2.7 ± 2.1

A-P -9.8 -9.7 -9.8 -7.6 -10.0 -12.8 -10.0 ± 1.7
Subject 5 P-D 25.7 26.4 27.3 24.0 26.0 22.5 25.3 ± 1.8

M-L 45.4 21.5 11.3 61.1 28.0 70.5 39.6 ± 23.3

A-P -3.8 -3.7 -3.7 -3.8 3.8 -3.8 ± 0.1
Subject 6 P-D 29.5 29.9 30.0 29.9 29.7 29.8 ± 0.2

M-L 15.6 14.1 14.1 14.5 15.9 14.9 ± 0.9

A-P -6.4 -9.6 -6.5 -9.0 -2.2 -9.3 -7.2 ± 2.8
Subject 7 P-D 29.3 29.5 29.1 29.7 28.6 28.9 29.2 ± 0.4

M-L 24.3 11.1 25.2 8.8 50.7 14.3 22.4 ± 15.5

A-P -10.4 -10.2 -11.0 -10.0 -10.8 -10.5 ± 0.4
Subject 8 P-D 27.6 27.5 27.1 27.3 27.5 27.4 ± 0.2

M-L 21.3 14.5 23.8 14.1 22.7 19.3 ± 4.6

A-P -5.1 -7.2 -5.2 -7.3 -6.2 -6.2 ± 1.0
Subject 9 P-D 26.4 25.2 25.4 25.1 25.6 25.5 ± 0.5

M-L -17.1 6.5 -11.6 4.3 -9.7 -5.5 ± 10.3

A-P -5.9 -6.0 -5.4 -5.4 -5.6 -5.7 ± 0.3
Subject 10 P-D 29.8 29.7 29.0 29.1 29.7 29.5 ± 0.4

M-L 18.7 18.2 23.7 20.9 18.5 20.0 ± 2.3

A-P -6.8 ± 3.3
mean ± STD P-D 27.6 ± 2.1

M-L 13.7 ± 14.4
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Table B.3: Location of the centre of rotation (CoR) during level walking in the antero-posterior
(A-P), proximal-distal (P-D) and medio-lateral (M-L) direction. CoR for all trials of each indi-
vidual subject, subject means and standard deviations (STD) as well as means and STDs across
all subjects are presented for the complete gait cycle.

level complete gait cycle
walking trial 1 trial 2 trial 3 trial 4 trial 5 trial 6 mean ± STD

A-P -14.3 -14.1 -14.3 -13.5 -13.9 -13.6 -14.0 ± 0.3
Subject 1 P-D 26.5 26.3 26.0 26.6 26.9 27.3 26.6 ± 0.5

M-L 2.1 -0.8 14.0 -2.5 0.1 -7.3 0.9 ± 7.2

A-P -9.9 -10.3 -9.9 -10.7 -9.7 -10.0 -10.1 ± 0.3
Subject 2 P-D 29.1 28.7 28.5 29.2 28.6 29.1 28.9 ± 0.3

M-L 13.0 11.4 10.3 18.8 9.6 12.8 12.6 ± 3.3

A-P -2.5 -1.6 0.9 0.9 -6.2 -1.7 ± 2.9
Subject 3 P-D 30.5 30.6 29.8 30.0 31.1 30.4 ± 0.5

M-L 22.7 28.6 39.8 37.6 9.9 27.7 ± 12.1

A-P -6.3 -6.5 -6.4 -6.8 -6.4 -6.5 ± 0.2
Subject 4 P-D 24.6 24.8 25.0 25.0 25.0 24.9 ± 0.2

M-L 8.9 5.4 1.5 8.5 9.2 6.7 ± 3.3

A-P -10.3 -10.1 -10.4 -9.7 -10.7 -11.1 -10.4 ± 0.5
Subject 5 P-D 27.3 26.7 26.6 27.0 26.7 27.2 26.9 ± 0.3

M-L 31.1 32.9 35.6 32.7 32.2 27.6 32.0 ± 2.6

A-P -4.9 -4.5 -4.8 -4.8 -4.7 -4.7 ± 0.2
Subject 6 P-D 30.1 29.9 29.9 30.1 29.7 30.0 ± 0.2

M-L 13.4 15.4 16.6 15.3 15.3 15.2 ± 1.2

A-P -9.8 -10.6 -9.9 10.3 -8.3 -11.1 -10.0 ± 1.0
Subject 7 P-D 31.1 30.9 30.6 31.0 30.5 31.0 30.9 ± 0.2

M-L 18.6 14.2 17.6 15.0 26.3 13.0 17.5 ± 4.8

A-P -10.1 -10.7 -10.9 -10.7 -11.0 -10.7 ± 0.3
Subject 8 P-D 27.9 27.9 27.9 27.9 27.7 27.9 ± 0.1

M-L 13.8 14.0 13.4 12.2 14.9 13.7 ± 1.0

A-P -7.3 -7.7 -8.2 -7.8 -7.7 -7.8 ± 0.3
Subject 9 P-D 26.6 26.4 26.1 26.1 26.0 26.2 ± 0.3

M-L -6.4 -10.2 8.2 1.0 -0.6 -1.6 ± 7.1

A-P -6.3 -6.5 -6.0 -5.8 -6.3 -6.2 ± 0.3
Subject 10 P-D 30.8 30.5 30.1 30.0 30.3 30.3 ± 0.3

M-L 14.8 16.0 18.2 19.5 13.2 16.4 ± 2.5

A-P -8.2 ± 3.5
mean ± STD P-D 28.3 ± 2.1

M-L 14.1 ± 10.5
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Table B.4: Location of the centre of rotation (CoR) during downhill walking in the antero-
posterior (A-P), proximal-distal (P-D) and medio-lateral (M-L) direction. CoR for all trials of
each individual subject , subject means and standard deviations (STD) as well as means and
STDs across all subjects are presented for the loaded stance phase.

downhill loaded stance phase
walking trial 1 trial 2 trial 3 trial 4 trial 5 mean ± STD

A-P -13.0 -15.1 -14.0 -13.7 -12.6 -13.7 ± 1.0
Subject 1 P-D 26.8 26.6 25.7 26.0 26.7 26.4 ± 0.5

M-L -10.6 -11.2 -3.9 -6.2 -13.7 -9.1 ± 4.0

A-P -10.6 -11.4 -11.8 -11.5 -11.9 -11.5 ± 0.5
Subject 2 P-D 27.5 27.5 28.1 27.7 27.2 27.6 ± 0.3

M-L 4.8 12.5 23.9 18.1 16.9 15.2 ±7.1

A-P -4.4 -1.4 -6.6 -4.6 -6.5 -4.7 ± 2.1
Subject 3 P-D 30.1 29.5 29.9 29.4 29.2 29.6 ± 0.3

M-L 14.7 23.7 10.1 16.8 11.3 15.3 ± 5.4

A-P -7.7 -7.7 -7.1 -8.0 -6.8 -7.5 ± 0.5
Subject 4 P-D 24.0 24.4 24.6 24.9 25.0 24.6 ± 0.4

M-L -0.6 2.9 -0.1 -7.2 -7.0 -2.4 ± 4.5

A-P -10.2 -10.1 -10.1 -11.4 -10.4 -10.5 ± 0.6
Subject 5 P-D 27.9 27.4 27.4 29.0 29.1 28.2 ± 0.8

M-L 3.2 12.4 11.5 -9.0 -15.5 0.5 ± 12.4

A-P -6.8 -5.8 -5.9 -7.2 -7.2 -6.6 ± 0.7
Subject 6 P-D 29.6 29.1 29.5 29.5 29.5 29.4 ± 0.2

M-L 8.2 8.1 11.0 8.7 5.6 8.3 ± 1.9

A-P -10.2 -12.8 -13.5 -10.6 -14.1 -12.3 ± 1.8
Subject 7 P-D 29.7 29.5 30.4 29.7 30.1 29.9 ± 0.3

M-L 18.6 8.1 4.6 14.6 2.2 9.6 ± 6.9

A-P -11.7 -11.3 -11.3 -11.7 -11.2 -11.4 ± 0.3
Subject 8 P-D 27.5 27.6 27.2 27.2 27.5 27.4 ± 0.2

M-L 16.1 15.4 15.5 18.3 13.6 15.8 ± 1.7

A-P -9.6 -8.9 -8.9 -8.8 -9.4 -9.1 ± 0.4
Subject 9 P-D 24.7 25.1 24.9 25.4 24.9 25.0 ± 0.3

M-L -2.0 -2.0 8.7 -7.2 4.1 0.3 ± 6.2

A-P -6.5 -7.2 -6.8 -7.1 -6.6 -6.9 ± 0.3
Subject 10 P-D 30.0 30.2 29.8 30.2 29.5 29.9 ± 0.3

M-L 15.7 11.8 13.0 9.6 15.3 13.1 ± 2.5

A-P -9.4 ± 2.9
mean ± STD P-D 27.8 ± 2.0

M-L 6.7 ± 8.8
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Table B.5: Location of the centre of rotation (CoR) during downhill walking in the antero-
posterior (A-P), proximal-distal (P-D) and medio-lateral (M-L) direction. CoR for all trials of
each individual subject, subject means and standard deviations (STD) as well as means and
STDs across all subjects are presented for the unloaded swing phase.

downhill unloaded swing phase
walking trial 1 trial 2 trial 3 trial 4 trial 5 mean ± STD

A-P -12.5 -11.9 -12.9 -12.9 -11.3 -12.3 ± 0.7
Subject 1 P-D 24.3 25.8 25.5 25.4 27.4 25.7 ± 1.1

M-L 17.3 -0.2 6.5 4.5 -13.5 2.9 ± 11.2

A-P -7.4 -10.1 -7.8 -9.0 -9.8 -8.8 ± 1.2
Subject 2 P-D 28.2 28.8 28.2 27.5 28.6 28.3 ± 0.5

M-L -0.9 16.9 3.0 5.4 14.3 7.7 ± 7.6

A-P -3.1 -3.4 -0.1 -1.5 -0.7 -1.8 ± 1.4
Subject 3 P-D 30.6 31.1 30.1 29.4 30.1 30.3 ± 0.6

M-L 11.8 13.3 25.4 21.5 23.7 19.1 ± 6.2

A-P -5.5 -4.9 -5.2 -5.9 -5.5 -5.4 ± 0.4
Subject 4 P-D 25.5 25.5 25.3 25.2 25.7 25.4 ± 0.2

M-L -4.7 -7.5 -5.0 -7.9 2.6 -4.5 ± 4.2

A-P -10.2 -11 -10.3 -10.2 -10.0 -10.3 ± 0.4
Subject 5 P-D 26.7 26.6 28.6 27.5 25.5 27.0 ± 1.1

M-L 24.2 23.7 11.3 13.5 25.7 19.7 ± 6.7

A-P -4.3 -4.1 -3.5 -4.3 -4.2 -4.1 ± 0.3
Subject 6 P-D 30.5 30.1 30.0 30.4 30.0 30.2 ± 0.2

M-L 8.3 6.9 16.5 6.4 7.8 9.2 ± 4.2

A-P -9.0 -6.2 -6.3 -9.4 -6.0 -7.4 ± 1.7
Subject 7 P-D 29.3 29.4 29.7 29.6 29.3 29.4 ± 0.2

M-L 18.4 28.6 29.8 11.7 29.4 23.6 ± 8.2

A-P -10.1 -10.5 -10.8 -10.8 -10.4 -10.5 ± 0.3
Subject 8 P-D 27.7 27.6 27.2 27.4 27.4 27.5 ± 0.2

M-L 20.7 19.2 20.1 22.3 17.9 20.0 ± 1.6

A-P -7.6 -7.1 -8.8 -7.2 -6.9 -7.5 ± 0.8
Subject 9 P-D 25.6 26.8 23.8 25.5 25.7 25.5 ± 1.1

M-L 9.9 -11.2 33.8 -0.1 -1.8 6.1 ± 17.2

A-P -6.4 -6.0 -5.6 -5.9 -5.9 -5.9 ± 0.3
Subject 10 P-D 29.5 29.6 30.0 29.9 29.3 29.6 ± 0.3

M-L 17.0 13.5 12.6 11.6 13.5 13.6 ± 2.1

A-P -7.4 ± 3.2
mean ± STD P-D 27.9 ± 1.9

M-L 11.7 ± 9.0

159



Appendix B

Table B.6: Location of the centre of rotation (CoR) during downhill walking in the antero-
posterior (A-P), proximal-distal (P-D) and medio-lateral (M-L) direction. CoR for all trials of
each individual subject, subject means and standard deviations (STD) as well as means and
STDs across all subjects are presented for the complete gait cycle.

downhill complete gait cycle
walking trial 1 trial 2 trial 3 trial 4 trial 5 mean ± STD

A-P -12.6 -13.8 -13.5 -13.2 -12.1 -13.0 ± 0.7
Subject 1 P-D 26.1 25.6 25.6 25.7 27.0 26.0 ± 0.6

M-L -6.4 2.9 0.8 -0.1 -13.0 -3.2 ± 6.5

A-P -10.0 -11.4 -11.2 -10.9 -11.6 -11.0 ± 0.6
Subject 2 P-D 28.1 28.3 28.5 27.8 28.1 28.2 ± 0.2

M-L 8.5 20.5 21.5 16.0 22.0 17.7 ± 5.7

A-P -2.2 -0.9 -2.0 -2.2 -2.2 -1.9 ± 0.6
Subject 3 P-D 30.0 30.1 29.9 29.3 29.4 29.7 ± 0.4

M-L 19.3 24.4 21.4 22.4 21.4 21.8 ± 1.9

A-P -7.0 -7.0 -6.6 -7.1 -6.4 -6.8 ± 0.3
Subject 4 P-D 24.3 24.5 24.7 24.7 24.9 24.6 ± 0.2

M-L 3.1 5.4 2.6 -2.2 3.8 2.5 ± 2.9

A-P -10.0 -10.3 -10.2 -10.4 -9.1 -10.0 ± 0.5
Subject 5 P-D 27.7 27.4 27.9 28.4 27.6 27.8 ± 0.3

M-L 9.0 12.5 11.3 1.4 3.4 7.5 ± 4.9

A-P -5.0 -4.7 -4.1 -5.2 -4.8 -4.8 ± 0.4
Subject 6 P-D 29.6 29.3 29.4 29.5 29.2 29.4 ± 0.2

M-L 13.8 12.1 18.6 15.3 16.8 15.3 ± 2.5

A-P -8.8 -8.8 -9.9 -8.6 -9.8 -9.2 ± 0.6
Subject 7 P-D 29.4 29.5 30.0 29.5 29.7 29.6 ± 0.2

M-L 22.8 20.7 16.5 20.5 16.0 19.3 ± 2.9

A-P -11.0 -11.0 -11.1 -11.4 -10.9 -11.1 ± 0.2
Subject 8 P-D 27.6 27.6 27.2 27.3 27.5 27.4 ± 0.2

M-L 16.2 17.6 18.4 19.9 14.4 17.3 ± 2.1

A-P -9.1 -8.3 -8.6 -8.2 -8.6 -8.5 ± 0.3
Subject 9 P-D 24.7 25.5 24.6 25.5 25.0 25.1 ± 0.4

M-L 13.0 0.8 16.9 -6.7 9.1 6.6 ± 9.6

A-P -6.5 -6.9 -6.3 -6.8 -6.4 -6.6 ± 0.3
Subject 10 P-D 29.8 30.0 29.9 30.1 29.4 29.8 ± 0.3

M-L 16.2 11.3 13.0 8.2 14.1 12.6 ± 3.0

A-P -8.3 ± 3.3
mean ± STD P-D 27.8 ± 2.0

M-L 11.7 ± 8.1
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Table B.7: Location of the centre of rotation (CoR) during stair descent in the antero-posterior
(A-P), proximal-distal (P-D) and medio-lateral (M-L) direction. CoR for all trials of each indi-
vidual subject, subject means and standard deviations (STD) as well as means and STDs across
all subjects are presented for the loaded stance phase.

stair loaded stance phase
descent trial 1 trial 2 trial 3 trial 4 trial 5 mean ± STD

A-P -15.7 -14.9 -16.7 -15.2 -14.3 -15.3 ± 0.9
Subject 1 P-D 25.2 23.4 24.1 23.5 25.3 24.3 ± 0.9

M-L -9.1 5.8 -23.5 4.5 -22.1 -8.9 ± 14.0

A-P -10.7 -11.2 -11.5 -11.2 -10.5 -11.0 ± 0.4
Subject 2 P-D 27.1 27.6 27.1 27.0 26.8 27.1 ± 0.3

M-L 5.2 8.6 7.8 6.8 5.2 6.7 ± 1.5

A-P -7.3 -4.6 -8.1 -10.9 -13.6 -8.9 ± 3.5
Subject 3 P-D 29.3 29.5 28.7 28.8 28.7 29.0 ± 0.4

M-L 11.0 17.1 10.0 -0.7 -5.4 6.4 ± 9.2

A-P -7.7 -7.9 -7.7 -7.9 -7.4 -7.7 ± 0.2
Subject 4 P-D 23.9 23.9 25.1 24.5 24.5 24.4 ± 0.5

M-L 3.7 -0.7 -0.3 -3.4 1.1 0.1 ± 2.6

A-P -12.2 -9.4 -13.1 -13.0 -11.9 -11.9 ± 1.5
Subject 5 P-D 28.6 26.0 27.5 27.5 27.6 27.4 ± 0.9

M-L -16.5 11.6 -14.0 -16.4 -8.1 -8.7 ± 11.8

A-P -4.6 -5.7 -7.4 -6.2 -6.3 -6.1 ± 1.0
Subject 6 P-D 28.4 29.3 29.4 28.9 29.1 29.0 ± 0.4

M-L 23.7 15.8 7.8 11.2 10.2 13.7 ± 6.3

A-P 1.2 -4.0 -5.2 -2.6 -4.5 -3.0 ± 2.5
Subject 7 P-D 29.6 29.5 29.8 28.8 29.4 29.4 ± 0.4

M-L 51.3 37.8 31.5 41.2 35.5 39.5 ± 7.5

A-P -11.6 -11.5 -11.8 -12.1 -11.8 -11.8 ± 0.2
Subject 8 P-D 27.2 27.0 27.0 27.1 27.1 27.1 ± 0.1

M-L 14.6 11.3 13.1 17.9 21.2 15.6 ± 3.9

A-P -10.1 -9.2 -9.7 -10.1 -9.4 -9.7 ± 0.4
Subject P-D 24.2 24.4 24.6 24.9 24.4 24.5 ± 0.3

M-L 3.8 20.9 19.5 2.3 3.9 10.1 ± 9.3

A-P -5.7 -6.2 -6.7 -7.0 -6.6 -6.4 ± 0.5
Subject 10 P-D 29.6 29.2 29.6 29.7 29.8 29.6 ± 0.2

M-L 23.5 19.7 18.4 19.7 18.0 19.9 ± 2.2

A-P -9.2 ± 3.5
mean ± STD P-D 27.2 ± 2.1

M-L 9.4 ± 14.3
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Table B.8: Location of the centre of rotation (CoR) during stair descent in the antero-posterior
(A-P), proximal-distal (P-D) and medio-lateral (M-L) direction. CoR for all trials of each indi-
vidual subject, subject means and standard deviations (STD) as well as means and STDs across
all subjects are presented for the unloaded swing phase.

stair unloaded swing phase
descent trial 1 trial 2 trial 3 trial 4 trial 5 mean ± STD

A-P -11.6 -11.3 -12.5 -11.9 -11.4 -11.7 ± 0.5
Subject 1 P-D 25.1 25.1 24.1 23.8 25.0 24.6± 0.6

M-L 3.0 -4.8 21.8 10.7 2.9 6.7 ± 10.0

A-P -8.8 -8.9 -8.6 -8.1 -8.2 -8.5 ± 0.3
Subject 2 P-D 27.7 27.5 26.9 27.1 27.1 27.3 ± 0.4

M-L 8.1 8.6 -1.1 -0.3 -0.9 2.9 ± 5.0

A-P -4.1 -3.5 -6.7 -3.6 -2.5 -4.1 ± 1.6
Subject 3 P-D 29.9 30.1 30.4 30.5 30.1 30.2 ± 0.2

M-L 11.0 15.9 5.4 16.3 16.8 13.1 ± 4.9

A-P -4.8 -4.7 -4.9 -4.5 -4.7 -4.7 ± 0.2
Subject 4 P-D 24.5 24.0 24.4 24.8 23.8 24.3 ± 0.4

M-L 0.5 6.8 5.4 3.8 7.1 4.7 ± 2.7

A-P -8.1 -9.6 -9.2 -9.4 -9.7 -9.2 ± 0.6
Subject 5 P-D 25.5 27.0 26.0 26.8 26.8 26.4 ± 0.6

M-L 32.8 14 21.2 17.7 21.6 21.5 ± 7.1

A-P -3.3 -5.9 -4.0 -3.9 -3.6 -4.1 ± 1.0
Subject 6 P-D 29.6 30.2 29.4 29.4 29.1 29.5 ± 0.4

M-L 18.0 5.9 14.5 15.4 18.9 14.5 ± 5.2

A-P -6.2 -4.8 -5.4 -4.9 -5.0 -5.3 ± 0.6
Subject 7 P-D 29.1 28.5 28.7 28.6 28.5 28.7 ± 0.3

M-L 26.9 38.2 34.8 31.5 30.8 32.5 ± 4.3

A-P -10.3 -11.2 -11.2 -11.8 -11.1 -11.1 ± 0.5
Subject 8 P-D 26.6 27.5 27.0 27.4 27.0 27.1 ± 0.4

M-L 27.6 29.6 26.0 27.9 28.2 27.9 ± 1.3

A-P -8.2 -7.2 -8.0 -7.9 -8.6 -8.0 ± 0.5
Subject 9 P-D 24.9 24.9 24.6 25.3 24.6 24.9 ± 0.3

M-L -3.9 18.4 14.6 11.4 9.5 10.0 ± 8.5

A-P -7.2 -6.1 -6.7 -7.2 -6.7 -6.8 ± 0.5
Subject 10 P-D 29.9 29.7 29.8 31.2 29.8 30.1 ± 0.6

M-L 10.9 15.7 16.3 3.5 15.6 12.4 ± 5.4

A-P -7.3 ± 2.8
mean ± STD P-D 27.3 ± 2.3

M-L 14.6 ± 9.8
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Table B.9: Location of the centre of rotation (CoR) during stair descent in the antero-posterior
(A-P), proximal-distal (P-D) and medio-lateral (M-L) direction. CoR for all trials of each indi-
vidual subject, subject means and standard deviations (STD) as well as means and STDs across
all subjects are presented for the complete gait cycle.

stair complete gait cycle
descent trial 1 trial 2 trial 3 trial 4 trial 5 mean ± STD

A-P -13.6 -13.6 -13.8 -13.7 -13.3 -13.6 ± 0.2
Subject 1 P-D 24.5 23.3 23.4 23.2 24.2 23.7 ± 0.6

M-L 7.3 12.4 9.0 15.3 6.9 10.2 ± 3.6

A-P -10.1 -10.5 -10.4 -10.2 -9.7 -10.2 ± 0.3
Subject 2 P-D 27.7 27.7 27.1 27.2 26.9 27.3 ± 0.4

M-L 10 10.4 4.0 6.4 3.2 6.8 ± 3.3

A-P -5.0 -2.0 -4.7 -8.7 -7.2 -5.5 ± 2.6
Subject 3 P-D 29.5 29.7 29.4 29.5 29.6 29.5 ± 0.1

M-L 13.7 22.4 16.3 3.9 7.8 12.8 ± 7.2

A-P -6.5 -6.3 -6.4 -6.6 -6.3 -6.4 ± 0.1
Subject 4 P-D 23.8 23.4 24.0 24.1 23.8 23.8 ± 0.3

M-L 10.0 13.3 12.0 8.4 13.3 11.4 ± 2.2

A-P -10.2 -9.4 -9.7 -10.0 -9.8 -9.8 ± 0.3
Subject 5 P-D 27.4 26.4 26.3 26.7 26.8 26.7 ± 0.4

M-L 4.9 11.4 10.1 5.9 9.1 8.3 ± 2.8

A-P -3.5 -5.3 -4.6 -4.7 -4.4 -4.5 ± 0.7
Subject 6 P-D 28.5 29.4 29.1 28.9 28.9 29.0 ± 0.3

M-L 26.0 14.7 17.4 16.2 19.1 18.7 ± 4.4

A-P -4.4 -5.4 -6.4 -3.5 -4.8 -4.9 ± 1.1
Subject 7 P-D 29.2 29.1 29.4 28.7 29.0 29.1 ± 0.3

M-L 33.8 33.2 27.3 38.3 33.6 33.2 ± 3.9

A-P -11.2 -11.1 -11.6 -11.9 -11.6 -11.5 ± 0.3
Subject 8 P-D 27.1 27.1 27.0 27.2 27.1 27.1 ± 0.1

M-L 17.4 14.3 16.2 21.7 22.7 18.5 ± 3.6

A-P -9.1 -8.4 -9.1 -8.6 -9.0 -8.8 ± 0.3
Subject 9 P-D 24.3 24.3 24.6 24.9 24.4 24.5 ± 0.3

M-L 9.9 24.8 18.1 12.5 8.8 14.8 ± 6.7

A-P -6.7 -6.1 -6.7 -7.0 -6.6 -6.6 ± 0.3
Subject 10 P-D 29.7 29.3 29.7 30.2 29.8 29.7 ± 0.3

M-L 15.2 18.4 17.4 15.4 16.8 16.6 ± 1.3

A-P -8.2 ± 3.1
mean ± STD P-D 27.1 ± 2.3

M-L 15.1 ± 7.6
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Appendix C

Supplementary material Chapter 5

Supplementary material associated with Chapter 5:

Interpretation of tibio-femoral kinematics critically depends upon the kinematic analysis ap-

proach: A survey and comparison of methodologies
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Figure C.1: F-value for the SPM ANOVA1d analysis to test for differences between the kinematic
analysis approaches during continuous knee bending (top) and throughout the complete gait
cycle of level walking (bottom) each for the medial (left) and lateral (right) femoral condyle.
Significance was set to α = 0.0125.
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Appendix C

Table C.3: Resultant regions of significant differences between the kinematic analysis approaches
based on statistical parameter mapping (SPM). Significant differences for continuous knee bend-
ing are indicated for specific flexion angles and significant differences for level walking are indi-
cated for specific time points of the complete gait cycles (%). Significances are indicated based
on an adjusted level of significance of α = 0.0033.

method method
medial condyle lateral condyle(1) (2)

co
nt
in
u
ou

s
kn

ee
b
en

d
in
g

FFA TEA 97° – 119° 91° – 119°
FFA CA – –
FFA EFC/FFC – –
FFA NP 25° – 37° 25° / 26° / 28°
FFA SEP 25° – 41° / 118°/119° 25°– 52°
TEA CA – –
TEA EFC/FFC 111° – 119° –
TEA NP 75° – 119° 82° – 119°
TEA SEP 71° – 119° 65° – 119°
CA EFC/FFC – –
CA NP 111° – 119° –
CA SEP 102° – 119° 112° – 119°

EFC/FFC NP – –
EFC/FFC SEP 118°/119° 119°

NP SEP – –

le
ve
l
w
al
ki
n
g
(c
om

p
le
te

cy
cl
e)

FFA TEA 0 – 16% / 75% / 77 – 100% 58 – 100%
FFA CA 2 – 4% / 8 – 10% –
FFA EFC/FFC 0 – 12% –
FFA NP 0 – 32% –
FFA SEP 0 – 37% / 74 – 100% 0 – 29%
TEA CA – –
TEA EFC/FFC – –
TEA NP 57 – 100% 58 – 100%
TEA SEP 53 – 100% 53 – 100%
CA EFC/FFC – –
CA NP 0 – 12% / 71 – 100% –
CA SEP 0 – 18% / 62 – 100% 69 – 100%

EFC/FFC NP – –
EFC/FFC SEP – 91% / 98 – 100%

NP SEP – –
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Appendix D

Appendix D

Supplementary material Chapter 6

Supplementary material associated with Chapter 6:

Limb alignment plays only a minor role on tibio-femoral kinematics: A dynamic videofluoroscopy

study

171



Appendix D

Figure D.1: F-value for the SPM ANOVA1d analysis for level walking (top) and stair descent
(bottom), each rotation (flexion/extension (flex/ex), tibial internal/external rotation (tib int/ext
rot), abduction/adduction (abd/add)) as well as A P translation of the medial and lateral point
on the functional flexion axis (FFA_Pmed & FFA_Plat). Significance was set to α = 0.005.
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Appendix D

Figure D.2: T-value for the SPM t-test2 post-hoc analysis for the lateral functional flexion point
(FFA_Plat) during stair descent. Significance was set to α = 0.017.
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Appendix D

Figure D.6: Location of the centre of rotation (CoR) shown on the tibial plateau during complete
cycles of level walking (left) and stair descent (right). The mean across all trials is presented for
the neutral subjects (top), varus subjects (middle) and valgus subjects (bottom).
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