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Abstract

Abstract

The knee is a highly complex joint in the human body and a perfect interaction between the
joint structures is needed in order to ensure a high degree of functionality throughout a range
of activities of daily living as well as recreational and sports activities. Knee disorders such as
osteoarthritis can therefore affect patients through limiting range of motion and producing pain
in the joint, leading to immobility and restricting independent living. Total knee arthroplasty
(TKA) has become a standard surgical procedure to relieve pain and restore function to the
tibio-femoral joint, with the aim to allow a return to active life. However, some 16-30% of
TKA patients are known to be unsatisfied with their implant function during knee bending
and gait activities. To provide good functionality in performing daily activities, reproduction
of healthy tibio-femoral kinematics could provide a crucial route towards improving implant
designs, particularly with regard to reducing instability, maintaining a sufficient range of joint
motion, and avoiding overloading of the surrounding soft tissue structures. Here, quantifying
the in vivo joint kinematics can allow an evaluation of critical measures of joint functionality in
an objective manner, but until now, the relative role of implant design and patient activity on
governing implant kinematics 4n vivo throughout dynamic gait activities remains unknown.

This thesis therefore directly targets an understanding of the role of implant design and patient
activity, and thereby aims to lay the foundations for understanding the mechanisms underlying

instability, range of motion, and soft tissue overloading.

With the development of the moving fluoroscope at the Institute for Biomechanics, ETH Ziirich,
it is now possible to evaluate the in vivo tibio-femoral motion of implant components throughout
complete cycles of dynamic activities, including level walking, downhill walking and stair descent.
Such technology opens perspectives for investigating joint kinematics without errors due to soft
tissue artefact, and has been utilised in this thesis for understanding the influence of different
implant designs on joint kinematics during a range of activities of daily living. To ensure that the

use of such technology does not influence subjects’ movement, and is therefore appropriate for the
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Abstract

study design, possible effects of the moving fluoroscope on gait patterns was initially investigated
in a study including subjects walking, both with and without the moving fluoroscope. The
results established that healthy subjects walked with a decreased gait velocity with the moving
fluoroscope, which became comparable to the self-selected gait speeds reported in subjects after
TKA. Importantly, the resulting subjects’ gait characteristics were comparable to those during
unimpeded slow walking. As a result, it was concluded that the methodology was appropriate

for examining joint kinematics in TKA cohorts.

In a first patient study, sitting and rising from a chair as well as level walking and stair descent,
were investigated and the characteristics of activity were identified as an important factor govern-
ing the implant kinematics. The results presented in this study showed that flexion angle alone,
as in knee bending activities, cannot fully explain tibio-femoral TKA kinematics during gait
activities. Therefore, beside activities with continuous flexion, gait activities should be included

in a complete evaluation of implant design.

In order to understand the effect of implant design on the more complex kinematic behaviour
during gait activities, five different types of implant designs were then investigated. Although
implant design was clearly able to constrain joint kinematics through e.g. high levels of con-
gruency, individual differences between the subjects were clearly observed under unconstrained
conditions. Here, additional subject specific factors such as implantation, soft tissue constraints,
and muscle activity, also seemed to play an important role in governing the kinematics, particu-
larly when freedom was allowed by the implant design. These subject-specific datasets are now
actively being used as a basis for driving numerical simulations in the form of musculoskeletal
and finite element models, and aim to provide an avenue for elucidating the relative importance

of soft tissue structures and muscle activity for guiding joint kinematics.

Validation of the accuracy of such models is extremely challenging for the biomechanics com-
munity. One of the only ways validation can currently be achieved is direct comparison of the
predicted forces against measured internal joint contact forces, but access to such data has been
astonishingly difficult. In attempt to not only foster a new understanding of how #n wvivo knee
joint kinematics and contact forces are interlinked — and thereby impact biomechanical inter-
pretation of any new knee replacement design — but also provide opportunities for worldwide
biomechanical collaboration, this thesis lays the foundation for making comprehensive datasets
of human kinematics and kinetics available. Here, a collaborative effort with the Charité —

Universitdtsmedizin Berlin, Germany, has created the “Comprehensive Assessment of the Mus-
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culoskeletal System” (CAMS-Knee) datasets, which are now becoming available for public re-
lease. To create these unique datasets of the lower limb musculoskeletal system, measurements
of six subjects with instrumented knee implants, synchronized with a moving fluoroscope and
other measurement techniques (including whole body kinematics, ground reaction forces (GRF),
video data, and electromyography (EMG) data) for multiple complete cycles of five activities of
daily living, were performed. These data thereby provide state-of-the-art access for validation of

biomechanical models and for further understanding of the factors driving implant kinematics.

In conclusion, the presented thesis has successfully investigated characteristics of activity and
implant design and their role in governing in vivo TKA kinematics during daily activities. For the
first time the TKA kinematics of different implant designs were analysed throughout complete
cycles of level walking, downhill walking and stair descent. This body of work clearly shows that
joint kinematics during dynamic gait activities cannot be explained by knee flexion angle alone,

and that characteristics of activity and implant design play a dominant role.
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Zusammenfassung

Zusammenfassung

Das Knie ist ein hochkomplexes Gelenk im menschlichen Kérper und benétigt ein perfektes Zu-
sammenspiel der verschiedenen Gelenksstrukturen, um einen hohen Grad an Funktionalitiat wéah-
rend verschiedener Alltags-, Freizeit- und sportlichen Aktivitaten zu erméglichen. Entsprechend
gross sind daher die Auswirkungen von Knieproblemen, wie beispielsweise bei Osteoarthritis.
Kniebeschwerden limitieren Betroffene in ihrem Bewegungsumfang, verursachen Schmerzen und
kénnen ein unabhingiges Leben durch Immobilitédt stark einschrinken.
Knie-Totalendoprothesen sind daher zu einem chirurgischen Standardeingriff geworden, um von
Schmerzen zu befreien und die Funktionalitit des tibio-femoralen Gelenks wiederherzustellen.
Ziel der Prothesen ist dabei, dass Betroffene zu einem unabhingigen und aktiven Leben zu-
riickkehren konnen. Trotzdem sind 16-30 % der Patienten nicht zufrieden mit der Funktion ihres
Implantats wihrend alltéglicher Bewegungen wie Kniebeugen und sonstigen Gangaktivititen.
Um eine gute Funktionalitdt bei der Ausfiihrung von Alltagsaktivititen zu ermoglichen, ist
die Nachbildung der gesunden tibio-femoralen Kinematik ein wichtiger Ansatz, um Implantat-
Designs zu verbessern, speziell um Instabilitdt zu reduzieren, die Gelenkbeweglichkeit hinreichend
zu erhalten und Uberbelastungen der umliegenden Weichteilstrukturen zu verhindern. Hier kann
die Quantifizierung der in vivo Gelenkskinematik eine objektive Beurteilung von kritischen Mess-
grossen fiir die Gelenksfunktionalitét ermoglichen. Bislang fehlen allerdings Untersuchungen zum
Einfluss von Implantat-Design und Patientenaktivitit auf die Gelenksbewegung in vive wihrend

dynamischer Gangaktivitaten.

Diese Doktorarbeit hat daher zum Ziel, Erkenntnisse {iber den Einfluss von Implantat-Design und
unterschiedlichen Alltagsbewegungen auf die Gelenkskinematik zu liefern, um Mechanismen bes-
ser zu verstehen, welche zu Instabilitét, eingeschrinktem Bewegungsumfang und Uberbelastung

der Weichteilstrukturen fithren konnen.

Um den Einfluss verschiedener Implantat-Designs auf die Gelenksbewegung zu untersuchen,
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Zusammenfassung

wurde das ,Moving Fluoroscope“ verwendet, eine Technologie, die am Institut fiir Biomechanik
der ETH Ziirich entwickelt wurde. Sie ermoglicht, die tibio-femorale Bewegung der Implantat-
Komponenten wihrend kompletter Zyklen von dynamischen Gangaktivitidten in vivo zu mes-
sen, einschliesslich Gehen auf ebener Fliche, Abwértsgehen und Treppe hinuntersteigen. Diese
Technologie erdffnet neue Perspektiven auf die Untersuchung der Gelenkskinematik ohne Fehler
aufgrund von Weichteilartefakten.

Um sicher zu stellen, dass sich das ,Moving Fluoroscope® fiir das Studiendesign eignet und die
Bewegung der Probanden nicht beeinflusst, wurde eine initiale Gangstudie durchgefiihrt. Dabei
wurden mogliche Effekte des ,Moving Fluoroscope” auf die Gangmuster von Probanden bei Wie-
derholungen mit und ohne ,Moving Fluoroscope untersucht. Die Resultate zeigten, dass sich
gesunde Probanden bei Wiederholungen mit dem ,Moving Fluoroscope mit reduzierter Gang-
geschwindigkeit bewegen, die jedoch vergleichbar ist mit Ganggeschwindigkeiten von Patienten
mit Knieprothesen in anderen Studien. Wichtig, die resultierenden Gangmuster der Probanden
mit dem ,Moving Fluoroscope waren vergleichbar mit Mustern bei unbeeinflusstem, langsamem
Gehen. Aufgrund dieser Resultate wurde das methodische Vorgehen mit dem ,Moving Fluoros-
cope” fiir geeignet befunden, um die Gelenkskinematik bei Probanden mit Knieprothesen zu

untersuchen.

In einer ersten Studie wurden Bewegungsabldufe mit einem Stuhl (Aufstehen und Absitzen)
untersucht sowie Gehen auf ebener Fliche und Treppe hinuntersteigen. Die Merkmale der Akti-
vitdten wurden als wichtige Faktoren identifiziert, welche die Implantat-Kinematik beeinflussen.
Die Resultate zeigten, dass der Flexionswinkel alleine, wie dies bei Kniebeugeaktivitédten gefun-
den wurde, die tibio-femorale Implantatkinematik wihrend Gangaktivitdten nicht vollstindig
erkldren kann. Deshalb sollten zukiinftig neben Aktivitdten mit kontinuierlicher Flexion auch

Gangaktivititen in eine komplette Uberpriifung von Implantat-Designs eingeschlossen werden.

Um den Effekt von Implantat-Design auf das komplexere kinematische Verhalten wihrend Gang-
aktivitdten zu verstehen, wurden anschliessend fiinf verschiedene Implantat-Design-Typen unter-
sucht. Obwohl das Implantat-Design die Kinematik klar einschrinken konnten, durch z.B. hohe
Kongruenz, wurden unter uneingeschrénkten Bedingungen Unterschiede zwischen den verschie-
denen Probanden beobachtet. In diesem Fall scheinen zusétzliche probandenspezifische Faktoren
wie die Ausrichtung bei der Implantierung, Weichteilstrukturen und Muskelaktivitit auch eine
wichtige Rolle zu spielen bei der Fiihrung der Kinematik, speziell, wenn Bewegungsfreiheit durch

das Implantat-Design erlaubt wird.




Zusammenfassung

Um diese relative Wichtigkeit probandenspezifischer Faktoren bei der Steuerung der Gelenkski-
nematik zu ergriinden, kénnen die erhobenen probandenspezifischen Datensétze liber die vorlie-
gende Doktorarbeit hinaus als Inputdaten fiir numerische Simulationen in Form von muskuloske-
lettaler Modellierung und finiter Elemente-Modellierung verwendet werden. Die Validierung der
Genauigkeit von solchen Modellen ist allerdings eine grosse Herausforderung in der Biomechanik.
Der direkte Vergleich der berechneten Krafte mit gemessenen internen Kontaktkraften im Gelenk
ist eine der wenigen Moglichkeiten, wie eine solche Validierung durchgefiihrt werden kann. Der

Zugang zu solchen Daten war bislang allerdings sehr schwierig.

Hier bot die Zusammenarbeit mit der Charité — Universitiatsmedizin Berlin, Deutschland, eine
einzigartige Moglichkeit, einen Datensatz mit internen Kraften (instrumentierte Knieprothese)
synchron mit der Gelenksbewegung aufzuzeichnen. Die in diesem Zusammenhang als weiterer
Aspekt dieses Doktorats erhobenen Daten ermdglichen eine Validierung von biomechanischen
Modellen und ein vertieftes Verstindnis der Faktoren, welche die Implantat-Kinematik steuern.
Fir diesen Datensatz wurden Messungen mit sechs Probanden mit instrumentierter Kniepro-
these fiir mehrere komplette Zyklen von fiinf Alltagsaktivitdten durchgefiihrt, synchronisiert mit
dem ,Moving Fluoroscope und anderen Messtechniken (inklusive Ganzkorperkinematik, Boden-
reaktionskréften, Videoaufnahmen und Elektromyographie-Daten).

Der erstellte «Comprehensive Assessment of the Musculoskeletal System» (CAMS-Knee) Daten-
satz des muskuloskelettalen Systems der unteren Extremitdten soll ein neues Verstindnis der
Interaktion von in vivo Gelenkskinematik und Kontaktkriiften fordern und fiir die Offentlich-
keit verfligbar werden. Damit legte diese Doktorarbeit die Basis, um umfangreiche Datenséitze
menschlicher Kinematik fiir eine weltweite biomechanische Zusammenarbeit zur Verfiigung zu

stellen.

Zusammenfassend kann gesagt werden, dass die Merkmale von Aktivitdt und Implantat-Design
sowie deren Rolle bei der Steuerung der in vivo Implantat-Kinematik wahrend Alltagsaktivi-
taten erfolgreich untersucht wurden. Zum ersten Mal wurde die Implantat-Kinematik von un-
terschiedlichen Implantat-Designs wihrend kompletter Gangzyklen (Gehen auf ebener Fléche,
Abwirtsgehen und Treppe hinuntersteigen) analysiert. Diese Arbeit hat klar gezeigt, dass die
Gelenkskinematik nicht alleine durch den Flexionswinkel des Knies erklért werden kann und
dass die charakteristischen Merkmale von Aktivitdt und Implantat-Design eine wichtige Rolle

spielen.
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Chapter 1: Introduction and motivation

Chapter 1

Introduction and motivation

The knee is a highly complex joint in the human body. A perfectly balanced cooperation between
rigid bones, covered by cartilage to minimise friction, passive soft tissue structures guiding and
constraining the joint movement and the active muscles driving the knee joint motion is needed
to perform a variety of demanding activities. Both, a large range of motion in all six degrees of
freedom and stabilisation during impact situation is required to perform the activities of daily
life as well as recreational and sports activities. Any problem with the knee joint therefore affects
the subject seriously.

With age the prevalence of knee osteoarthritis increases and beside age, obesity, abnormalities
in joint shape, injury and physical activity were identified as risk factors [1, 2]. Osteoarthritis
is a degenerative disease of the joint cartilage and the underlying subchondral bones and is
associated with severe pain. Functional limitations and pain in the knee joint lead to immobility
and restrict the ability of a person to successfully complete the tasks of daily living. In a later
stage of osteoarthritis total knee arthroplasty (TKA) has become a standard surgical procedure
to relieve pain and restore the function of the tibio-femoral joint [3-5]. A well-functioning joint
after TKA is essential for independent living and for a good quality of life. Nowadays, the elderly
population stays in general longer active and expects to return to higher levels of activity [6] and
therefore increases the requirements for TKA regarding functionality.

In TKA, as in every orthopaedic procedure, patient satisfaction is the ultimate goal. However,
still 15-20 % of primary TKA patients were not satisfied with the outcome [7-9] due to pain
or impairments in joint function. Regarding function during daily activities, 16-30 % were not
satisfied with their outcome depending on the activity [7]. While pain and joint function were

important for patient satisfaction, the main reasons leading to early failure in TKA and possible
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revision surgery were aseptic loosening, excessive wear of the polyethylene inlay and instability

[10].

To avoid early failure and provide good functionality in performing daily activities, reproduction
of healthy tibio-femoral kinematics could provide a crucial route for allowing a large range of
motion without overloading the surrounding soft tissue structures [11, 12]. While patient satis-
faction is highly subjective and driven by expectations of the patient 7], TKA kinematics can
provide objective measures, to understand the underlying mechanisms leading to early failure or
unsatisfactory outcomes in general, and to iteratively improve surgical techniques as well as the

development of innovative implant designs, with the goal of mimicking healthy knee kinematics.

Therefore, the tibio-femoral kinematics including condylar motion has been excessively inves-
tigated in TKA as well as healthy knees, as a function of knee flexion angle, during activities
including continuous flexion or extension |5, 12-31|. It remains unclear whether the description
of condylar motion as a function of flexion is also valid for dynamic gait activities with a change
in loading condition and movement direction. Imaging techniques, like videofluoroscopy, allow
an accurate assessment of condylar motion with an appropriate measurement frequency to mea-
sure dynamic tasks. However, due to the limited field of view of static system the assessment
of knee joint kinematic is limited to highly restricted knee bending motions or the analysis of
only a portion of the whole movement. This technological limitation is the reason for the lack
in knowledge about the kinematic behaviour of the knee throughout complete cycles of gait ac-
tivities. However, the most frequent and challenging activities in daily life, causing difficulties
for subjects with knee disorders [7] or knee implants [6], like stair descent [32, 33| or downhill
walking [34, 35] should be included in a complete assessment of the healthy knee and to evaluate

a TKA.

With the development of dynamic systems [36, 37] like the moving fluoroscope [37-39], devel-
oped at the Institute for Biomechanics, it’s now possible to evaluate the tibio-femoral motion of
the implant components, with the needed accuracy, during full cycles of dynamic level walking,
downhill walking and stair descent.

The moving fluoroscope consists of a conventional C-arm mounted on an automated trolley (Fig-
ure 1.1), controlled by a wire sensor attached to the knee of the subject, allowing real time
tracking of the knee in horizontal and vertical direction [37, 39]. The videofluoroscopic system
acquires images of the knee with a frequency of 25Hz, while the moving fluoroscope is following

the knee motion during the gait activity. The acquired two dimensional fluoroscopic images are
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then corrected for distortion and the projection parameters of the fluoroscopic system is deter-
mined based on images of a calibration device [38]. The 3D geometry of the implant is then fitted
to the 2D fluoroscopic image, using a registration algorithm, to determine pose and orientation
of the implant components [39-41].

With single plane videofluoroscopy, translations in medio-lateral direction cannot be analysed
with the required accuracy (out of plane error up to 3mm). However, the the small ranges found
in studies investigating TKA kinematics or healthy knee kinematics during complete gait cycles
using dual plane fluoroscopy [36, 42| showed, that main translation occurs in the anterior-psterior
(A-P) direction, suggesting that in terms of translation, analysis in the sagittal plane is sufficient
for gait activities.

The moving fluoroscope technology provides unique access to in vivo implant kinematics through-
out complete cycles of dynamic gait activities. Using this technology, the impact of the activity
on TKA kinematics as well as the ability of implant designs to govern the implant motion can

now be investigated in patient studies.

Therefore, with the goal of providing a better understanding of the factors driving the in wvivo
kinematics in TKA, including complete cycles of dynamic gait activities, this doctoral thesis

includes the following aims:

e Aim 1: Investigating the influence of the moving fluoroscope on gait characteristics.

e Aim 2: Examination of task dependency including activities with continuous knee flexion

and gait activities.

e Aim 3: Kinematic evaluation and comparison of TKA designs during level walking, down-

hill walking and stair descent.

e Aim 4: Acquisition of a comprehensive data set including simultaneous measurement of

TKA kinematics and internal joint forces.
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Figure 1.1: Moving fluoroscope used to track the knee throughout complete cycles of gait activ-
ities. Figure adapted from List et al., 2017 [37].
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1.1 Outline of the thesis

This thesis is structured into 9 chapters. Chapters 3 to 6 are based on peer-reviewed scientific

articles, published or submitted to an international scientific journal.

Chapter 2 provides information about different measurement methods to analyse tibio-femnoral
kinematics and conventions to describe knee motion. In addition, an overview of current findings
about the kinematics of the healthy knee as well as TKA kinematics of different implant designs

is presented.

The possible influence of distracting factors, associated with the moving fluoroscope, on the gait

characteristics of subjects when walking with the moving fluoroscope, is analysed in chapter 3.

Chapter 4 shows the ability of the moving fluoroscope to investigate kinematics including condy-
lar motion during chair sitting, level walking and stair descent and points out the importance of
analysing complete cycles of gait activities in a complete evaluation of total knee arthroplasty

design.

Based on these findings, the impact of the design concept on the implant kinematics during level

walking, downhill walking and stair descent is examined in chapter 5.

Interindividual differences found in the results between the subjects suggest other factors related
to soft tissue structures to be involved in governing the tibio-femoral kinematics. To investigate
the role of soft tissues, namely ligaments and muscles, musculoskeletal modelling is necessary.
The collected data presented in chapter 4 and 5 can be used as input data for modelling, but

validation of these models remains a challenge due to unknown internal forces.

To include internal forces in a comprehensive dataset, an instrumented implant was measured
with the moving fluoroscope. The methodology and exemplarily results were presented in chap-
ter 6. This comprehensive dataset can now be used for validation in modelling as well as for a

variety of scientific questions.

In Chapter 7, the findings of the studies presented in the previous chapters are summarized
and the collective results discussed. Limitations of the thesis and implications for future studies

are discussed in chapter 8, before presenting the conclusions in (chapter 9).
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Chapter 2

Kinematics of the tibio-femoral joint

This section contains background information about measurement methods and description of
tibio-femoral kinematics as well as an overview of the current findings in the literature regarding

healthy and implant knee kinematics.

2.1 Evaluation of tibio-femoral kinematics

2.1.1 Measurement technologies

In human movement science, motion capture is the most employed tool to analyse full body
kinematics and joint kinematics [43-48]. Reflective or active skin markers on the body segments
are tracked to determine relative motion between the segments. Using this technique, tibio-
femoral kinematics have been investigated in subjects with healthy knees as well as in subjects
with a knee replacement [32, 49-51]. Due to relative motion between the skin marker and
the underlying bones [46, 52|, this technique is limited in its accuracy. The described skin
movement artefacts limit the analysis of ab/adduction, internal/external and A-P translation
in the human knee joint [53-56|. Different approaches to reduce skin movement artefacts have
been proposed and evaluated [52, 56—64]. These include numerical, functional and geometrical
approaches to reduce the effect of skin marker motion relative to the underlying skeletal structures
[46, 62]. However, the motion of the skin is extremely complex and the achieved accuracy still
not sufficient to access the subtle changes in axial rotations in the transverse plane, ab/adduction

in the frontal plane and especially condylar A-P motion relative to the tibial plateau [62]. For
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a complete understanding of the tibio-femoral joint kinematics other methods are needed to

provide a reasonable accuracy.

In cadaveric studies [27, 28] condylar motion during flexion has been studied, but was limited

by the absence of muscular contraction and physiological loading patterns.

Bone pins, directly screwed into the bone and captured with a motion capture system, allow to
measure the motion of the bones in vivo, without soft tissue artefacts, during activities of daily
living |42, 54]. This highly invasive technique cannot be applied to a larger study population
due to ethical reasons and it remains unclear if the bone pins and the anaesthesia might lead to

altered motion patterns.

Imaging techniques like magnetic resonance imaging (MRI) |28, 30, 31], radiostereometric anal-
ysis (RSA) [65] and fluoroscopy [12, 29, 66, 67| were successful in analysing tibio-femoral motion
including condylar motion in wivo, without soft tissue artefacts, in weight bearing and non
weight bearing situations in subjects with healthy knees as well as knee replacements. Single
plane [12-14, 17, 18, 18, 19, 22, 22, 24, 26, 29, 39, 66, 68] and dual-orthogonal [36, 55, 56, 67|
videofluoroscopy provide sufficient measurement frequency to measure dynamic movements in
addition to quasi dynamic flexion. With a subsequent 2D/3D registration of the 3D pose of
either the surface models of the implant components or the bone models (segemented computed
tomography (CT)/MRI scans) of the healthy knee based on the 2D fluoroscopic images and the
projection parameters of the fluoroscopic system, the tibio-femoral kinematics can be compre-
hensively analysed [38, 39, 66, 67|. A drawback of all imaging systems including videofluoroscopy
is the limited field of view, only allowing highly restricted movements or capturing only a portion
of the activity [39]. In particular, complete cycles of gait activities, including high acceleration
of the knee joint and changing muscle activation, cannot be analysed with static C-arm systems

[38].

To overcome this limitation of a static image intensifier, dynamic systems have been developed
[36, 37, 69]. The moving fluoroscope at the Institute for Biomechanics allows tracking of the
knee joint throughout complete cycles of level walking, downhill walking and stair descent [37].
This unique technology now allows to address important questions for a better understanding
of the tibio-femoral joint during gait activities and to provide valuable information about the in

vivo performance of TKA during functional activities of daily living.
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2.1.2 Definitions and mathematical conventions

To describe the tibio-femoral kinematics of the human knee joint flexion/extension in the sagittal
plane, internal/external rotation in the transversal plane and ab/adduction in the frontal plane
were used. For clinical interpretation most studies investigating tibio-femoral joint rotations are
using the conventions described by Grood and Suntay [70], whereas, depending on the scientific
question, cardan sequences or a helical axis approach with subsequent decomposition of the

attitude vector, are also used to determine intersegmental rotations [47, 71].

For a complete kinematic description of tibio-femoral motion, the relative translations of the
medial and lateral femoral condyles to the tibial plateau were described [72]. With the goal to
quantify mainly anterior-posterior translation as well as possible lift off, condylar motion was
described using centre points of circles fitted to the geometry of the condyles [28, 73|, points
on axes defined based on bony landmarks [67] or contact/closest points of the femoral condyles

relative to the tibial plateau [28, 29, 66].

Both, the tibio-femoral rotations as well as the condylar translations are very sensitive to their
definitions [28, 67, 74]. Here, different definitions can lead to differences in magnitudes of the
kinematics due to crosstalk between the parameters [67]. In contrast to knee implants with
known constructional geometries, definition of axes and contact/closest points in healthy knees

are more challenging due to the individual anatomies [75-77].

As the description of tibio-femoral translation is strongly influencing the resulting translations
[67, 74|, the definitions should be taken into account when comparing different studies and
for interpreting the results. Ideally, the results should be presented using the most common

definitions to allow comparison to other studies.

2.2 Kinematics of the healthy tibio-femoral joint

In general, in studies investigating tibio-femoral kinematics with increasing or decreasing active
or passive joint flexion, the lateral condyle was found to translate posterior with increasing
flexion while the medial condyle only showed minimal anterior-posterior translation resulting
in an internal tibial rotation with increasing flexion [12, 27-31]. For flexion angles from full
extension to 120° flexion, lateral ranges of translations about 20mm were reported, whereas the

medial condyle showed translations about only 2mm [28, 30|. The magnitudes of the condylar
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translations varied between the studies, possibly due to different definitions or type of knee
bending activity, but all of them found in average larger ranges of lateral translation, resulting in
a medial centre of rotation. However, large inter-subject variations were found during deep knee
bending and chair sitting with an observed reversed pattern with a lateral center of rotation and

external tibial rotation with increasing flexion for single subjects [66].

While knee bending activities are well researched, there is very limited information available
about tibio-femoral kinematics, including condylar motion, during gait activities. Only a few
studies investigated condylar motion during the loaded stance phase of dynamic gait activities
[66, 67]. Komistek and co-workers [66] investigated the condylar motion based on contact points
during the stance phase of overground walking and during stair descent (one step to ground level)
and Kozanek and co-workers [67] analysed the stance phase of treadmill walking. Komistek and
co-workers [66] found almost no translation for the medial condyle (0.9mm) and slightly larger
translation for the lateral condyle with posterior translation from heelstrike to 66 % of the stance
phase (8.4mm), followed by an anterior translation until toe-off (4.2mm). In contrast, the study
of Kozanek and co-workers |67| found a significantly larger range of translation for the medial
condyle (points on transepicondylar axis: 9.7mm/ geometric center axis: 17.4mm) compared to

the lateral condyle (points on transepicondylar axis: 4.0mm/ geometric center axis 7.4mm).

The axial rotation during the stance phase of gait measured by bone pins [42, 54|, and the stance
phase of treadmill walking measured with fluoroscopy [67] is described as initial tibial internal
rotation after heel strike, followed by a slight tibial external rotation to a neutral postion in
midstance before rotating internal again prior to toe-off. In contrast Komistek and co-workers
[66] reported tibial external rotation from heel strike up to 33 % of stance phase, internal rotation
from 33 %-66 % of stance phase and again external rotation until toe-off.

The unloaded swing phase was only investigated in the study of Lafortune and co-workers [42],
using bone pins. They found a tibial external rotation up to 75ms before heel strike prior to the
initiation of internal rotation. Average ranges of tibial rotation were found from 5°-11.3° during
stance and swing phases of gait and different kinematic coupling of tibial rotation with flexion

was observed depending on the loading condition [42].

Interestingly, the latter bone pin study [42] reported anterior-posterior translation of the femur
relative to the tibia throughout the complete gait cycle and described tibial posterior translation
of the femur with flexion and anterior translation during extension. The tibia relative to the

femur translated 3.6mm posterior during stance and 14.3mm posterior during swing phase and
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direct kinematic coupling between flexion and A-P translation was found [42].

For stair ascent (one step) and stair descent (one step) tibial internal rotation about 4.9 to 7.8°
was found with increasing flexion [65, 66]. Both studies showed posterior translation for the
lateral condyle (3.9mm [66]/3.4mm [65]) and anterior translation of the medial condyle (2mm
[66]/5.5mm [65]) with increasing flexion but with different tendencies of a medial [66] or lateral

[65] centre of rotation.

It remains unclear whether this controversial findings, especially during functional gait activities,
occur due to different activities, execution of the motion tasks, different methods (including defi-
nitions of the axes and condylar motion) or differences between subjects, namely limb alignment,

differences in soft tissue structure and muscle activation.

2.3 Kinematics of total knee arthroplasty

The majority of the studies investigating the #n vivo kinematics of the femoral and the tibial
components of total knee replacements focussed on weight bearing and non-weight bearing knee
bending activities, such as deep knee bend, lunge or squatting activities as well as step up,
step down activities [5, 13-26|. In those activities, the internal/external rotation, ab/adduction,
condylar A-P translations and condylar lift off with increasing or decreasing flexion angles were
analysed mainly using fluoroscopy to evaluate the performance of TKA designs in comparison to
the healthy knee kinematics during weight bearing and non-weight bearing flexion as presented

by Pinskerova and co-workers [28].

Different TKA design features and surgical procedures were proposed with the goal to guide
the tibia-femnoral motion towards replication of the kinematics found for natural knees with
tibial internal rotation and lateral rollback with increasing flexion, while the medial condyle only

exhibits minimal A-P translation [12, 27-31].

Two types of interfaces between the polyethylene inlay and the metal tibial component exist. In
fixed-bearing designs, the inlay is fixed to the tibial tray and the geometry of the inlay guides
tibial rotation. In contrast, in mobile-bearing designs the inlay can freely rotate around a medial
centre of rotation and rotational behaviour is thought to be limited by the surrounding soft tissue
structures only. Studies investigating the differences between fixed- and mobile-bearing designs

with increasing flexion found similar patterns in A-P translation and rotation for both bearing
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types [21, 78]. Another study found no differences in A-P translation but more internal tibial
rotation with a pattern more similar to the natural knee for a posterior-stabilized mobile-bearing
design in comparison to the fixed bearing version using the same femoral component [18]. It has
been reported that decoupling of the translation and rotation in rotating platform knees could

be beneficial to reduce polyethylene wear [79-81].

In TKA, two surgical techniques, retention or resection of the posterior cruciate ligament, are
performed [82, 82-84| and corresponding designs are available. Mainly in posterior cruciate lig-
ament retaining implants, “paradoxical” anterior movement of the condyles was observed during
flexion compared to posterior cruciate ligament resecting implants [13-19, 68, 85]. To guide the
kinematics towards the found natural movement, despite a resected posterior cruciate ligament,
specific design features or different conformities between the condyles and the geometry of the
inlay were presented. The cam-post mechanism in posterior-stabilized designs [14, 19, 23, 25|, a
gradually reducing radius of the condyles [16, 85| or a highly constrained medial compartment
[24-26, 86, 87| should prevent “paradoxical” anterior movement of the condyles and should guide
the kinematics towards the pattern found for the healthy knee, with a stable medial condyle and
posterior translation of the lateral condyle with flexion, resulting in an internal rotation of the

tibia around a medial pivot.

The posterior stabilized designs showed in general posterior translation with increasing flexion
for the lateral condyle, but more pronounced for larger flexion angles when interaction of the
cam-post mechanism occurs. For smaller flexion angles and the medial condyle the average
results vary between the studies [13, 14, 18, 19, 25| as well as between loaded and unloaded
conditions [19]. Some studies observed anterior movement of the condyles between 0-50° [25] and
30-90° flexion [14]. These findings were in line with a study comparing the effect of a bicruciate
stabilized design with anterior and posterior cam-post feature, showing no posterior translation

for flexion angles without cam-post engagement [12].

For a design with a gradually reducing radius, posterior translation of the lateral condyle with
increasing flexion was reported [16, 85]. Pfitzner and co-workers [16] found anterior movement
of the medial condyle during loaded and unloaded flexion, whereas Takagi and co-workers [85]
observed medial posterior translation during passive flexion, but less in magnitude compared to

the lateral condyle and therefore resulting in a medial pivot motion [85].

Medial pivot designs with highly congruent medial compartments showed only minimal medial

condylar translation and lateral posterior translation with increasing flexion resulting in the
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intended internal rotation of the tibia and a medial pivot motion [15, 24-26, 86].

As found for healthy knees, variations in tibio-femoral kinematics between the single subjects
were observed [24]. It was shown, that several designs can replicate the pattern of healthy knee
kinematics during activities with continuously increasing/decreasing flexion, but for all designs

smaller magnitudes of lateral A-P translation and tibial internal rotation were found.

Two studies investigated whether the kinematic behaviour of an implant is altered during dy-
namic gait activities compared to activities including continuous flexion |13, 73]|. They compared
the stance phase of gait to a deep knee bend [13] or a step-up activity [73] with continuously
increasing flexion. Significantly different kinematic behaviour between the stance phase of gait,
including phases of flexion and extension, and the task with continuous flexion were observed.
For a posterior-stabilized design, "paradoxical" anterior translation of the lateral condyle and
a reversed rotation pattern were observed during gait, whereas for deep knee bend all subjects
exhibited lateral posterior translation with flexion [13]. Banks and co-workers found significant
differences between the stance phase of gait and a step-up task depending on the implant de-
sign [73]. Two studies examined TKA kinematics during complete cycles of treadmill walking
[55, 88] in a posterior-stabilized knee replacement, but only Guan and co-workers investigated
overground walking [88]. For complete cycles of overground walking in a posterior-stabilized
implant they found similar patterns of A-P translation for both condyles except for the medial
condyle during early stance, which exhibited more posterior translation than the lateral condyle
[88]. The A-P translation changed direction several times and not only due to changes in flexion
angle. Here, the interaction of loading and unloading with flexion angle could drive the condylar
motion. These results show the importance of analysing complete cycles of gait activities for a

complete evaluation of a total knee arthroplasty.
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3.1 Abstract

Videofluoroscopic analysis can provide important insights for the evaluation of outcome and
functionality after total knee arthroplasty, allowing the in vivo assessment of tibiofemoral kine-
matics without soft tissue artefacts. To enable measurement of the knee throughout activities
of daily living such as gait, robotic systems like the moving fluoroscope have been developed
that follow the knee movement and maintain the joint in front of the image intensifier. Since it
is unclear whether walking while being accompanied by moving fluoroscope affects normal gait,
the objective of this study was to investigate the influence of the moving fluoroscope on gait

characteristics in healthy subjects. In addition, the impact of the motors’ noise was analysed.

By means of skin markers analysis and simultaneous measurement of ground reaction forces, gait
characteristics when walking with and without the moving fluoroscope as well as with and without
ear protectors in combination with the moving fluoroscope, were obtained in young (n=10, 24.5y
+ 3.0y) and elderly (n=9, 61.6y £+ 5.3y) subjects during level gait and stair descent. Walking
with the moving fluoroscope significantly decreased gait velocity in level gait and stair descent
over the respective movement without the fluoroscope. Statistical analysis including gait velocity
as a covariate, resulted in no differences on the ground reaction force parameters. However, some
kinematic parameters (ankle, knee and hip ranges of motion, minimal knee angle in late stance
phase, maximal knee angles in stance and swing phase) seemed to be modified by the presence
of the moving fluoroscope, but statistical comparison was limited due to velocity differences
between the conditions. Wearing ear protectors to avoid the influence of motor sound during

walking with the moving fluoroscope caused no significant difference.

Walking with the moving fluoroscope has been shown to decrease gait velocity and small alter-
ations in kinematic parameters were observed. Therefore, gait and movement alterations due
to the moving fluoroscope cannot completely be excluded. However, based on the absence of
differences in ground reaction force parameters (when adjusted for velocity within ANCOVA), as

well as based on the comparable shape of the angular curves to the slow control condition, it can
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be concluded that changes in gait when walking with the moving fluoroscope are small, especially
in comparison to natural slow walking. In order to allow assessment of joint replacement with
the moving fluoroscope, including an understanding of the effects of joint pain, clinical analy-
ses can only be compared to gait activities showing similarly reduced velocities. Importantly,
the reduced gait speeds observed in this study are similar to those observed after total knee
arthroplasty, suggesting that analyses in such subjects are appropriate. However, the moving
fluoroscope would likely need to be optimized in order to detect natural gait characteristics at

the higher gait velocities of healthy young subjects.

The moving fluoroscope can be applied for comparisons between groups measured with the
moving fluoroscope, but care should be taken when comparing data to subjects walking at self-

selected speed without the moving fluoroscope.

3.2 Introduction

Videofluoroscopy in combination with 2D /3D registration allows an accurate quantification of 3D
joint motion free of soft tissue artefact and has thus become a well-accepted imaging technique
for the acquisition of kinematic information of single joints during functional movement tasks.
Research using single plane videofluoroscopic analysis [37-39, 89-92|, as well as dual orthogonal
fluoroscopy [36, 88, 93|, has provided valuable information on the three-dimensional motion of
total knee arthroplasties (TKAs) and healthy knees. However, due to the limited field of view
of the stationary image intensifier, static systems can only be applied for the analysis of highly
restricted movements [94, 95]. To overcome these limitations mobile devices, such as the robotic
radiographic imaging platform [69, 96|, the mobile fluoroscopy system [97|, the mobile biplane
X-ray imaging system [36] and the moving fluoroscope [37-39, 98] have all been developed to

allow the tracking of the knee during complete gait cycles of level gait, stair and ramp walking.

The moving fluoroscope consists of a fluoroscopic unit mounted on a moving trolley that moves
with the subject in real-time, and which is controlled by a wire sensor attached to the knee. When
the subject’s knee moves, the moving fluoroscope then follows the joint in real time, in both the
horizontal and vertical directions, such that the knee remains in the field of view of the image
intensifier. Although the ability of the moving fluoroscope to keep the knee in the field of view of
the image intensifier has been demonstrated [37], it still remains unknown whether the physical

presence of the moving fluoroscope and the sound of the moving fluoroscope’s motors and the
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visual information from the laboratory may have an influence on the time-distance, kinetic and
kinematic parameters of a subject when being tested. Here, as the auditory and motor systems,
as well as premotor regions, are known to interact, and especially sounds can have the ability
to influence our motor behaviors [99], the noise of the fluoroscope could influence the subject’s
gait. As a result, although each subject is provided sufficient time and practice trials to become
accustomed to the moving fluoroscope prior to testing, distractions caused by proximity to the

large dynamic device could still result in unnatural or disturbed gait patterns.

Yamokoski and Banks [96] have tested the influence of their close-up robot tracking system on
gait and found that the dynamic robot tracking caused significant changes in several parameters,
such as stride length, ankle sagittal plane rotation as well as anterioposterior and mediolateral

ground reaction forces, although the differences were small and not clinically relevant.

Previous research has shown that rhythmic sensory cues affect temporal dynamics in human
gait, but the influence of auditory signals on gait parameters is known to be larger than visual
rhythmic cues [100]. However, the reported effects of metronomic cueing on gait velocity and
stride length are not consistent [100, 101|. Furthermore, the influence of auditory stimuli seems
to be age dependent: In elderly subjects the structure of gait variability can be manipulated using
auditory stimulation, as opposed to young people, who seem to dedicate less attentional resources
to auditory stimuli [102]. Although rhythmic sensory cues such as music or a metronome affect
some parameters of gait, it remains unclear whether the motor sounds of the moving fluoroscope

have an impact on natural human gait.

To assess if the moving fluoroscope influences natural gait patterns, the objective of this research
project was to analyse the impact of the moving fluoroscope on the gait characteristics, specifi-
cally the time distance parameters, whole body kinematics, and ground reaction forces, of young
and elderly subjects. Additionally, the impact of an acoustic masking intervention with ear pro-
tectors was tested. It was hypothesized that none of the kinematic and the ground reaction force

parameters differ between conditions.
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3.3 Materials and methods

3.3.1 Subjects

Overall 19 subjects participated in the study, comprising of ten subjects between 20 and 35 years
old (24.5y + 3.0y, five male and five female, BMI 22.0 + 2.3) and nine subjects older than 55
years (61.6y + 5.3y, six male and three female, BMI 25.9 4+ 4.0)(no drop-outs). An elderly and
a young age group were included due to age dependency of the influence of auditory stimuli
[102]. Recruitment took place between January and June 2016 using public placards, verbal
announcements in different sports and music clubs, as well as in lectures of the study program
Health Sciences and Technology. Inclusion criteria were the two defined age ranges and the ability
to perform the motion tasks. Subjects with actual significant problems, such as current pain,
current injuries of the lower extremities or implants in the lower extremities were excluded from
this study, as well as subjects who had already experienced walking with the moving fluoroscope.
The study was approved by the ethics committee of ETH Zurich, Switzerland (EK-2015-N-68)

and all subjects provided written informed consent prior to participation in the study.

3.3.2 Data acquisition

The subjects performed two different motion tasks, level gait and stair descent, with and without
the moving fluoroscope. Within the moving fluoroscope condition, trials including an acoustic
masking intervention were performed. The order of the tasks and intervention were randomized
for all subjects, such that for each subject the first task (level gait or stair descent) was randomly
selected and for each task it was randomly determined whether the ear protectors were worn or

not after the first control condition.

To familiarize the subjects with the device, three level gait practice trials with the moving
fluoroscope were performed. Before and after performing a task including the moving fluoroscope,
control trials without the moving fluoroscope were recorded at a self-selected gait speed (control
1, control 2). Between the control measurements, the condition with the moving fluoroscope
(FluMo) and the intervention condition with the moving fluoroscope and an acoustic intervention
(FluMo intervention) were performed. For each of the conditions and tasks, five valid gait cycles
were conducted. A gait cycle was considered valid when each force plate was hit once only. In

addition, the subjects were asked to perform two slow level gait trials (slow control condition)
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after the second level gait control condition. The slow walking trials were also based on a
self-selected gait speed, with subjects requested to walk relatively slower (resulting in an average
velocity reduction of 30.3 4+ 11.4 % to the Control 1 and 24.6 + 12.6 % to the Control 2 conditions,
with velocity changes for all subjects ranging from a reduction of 56.4 % to an increase of 5.2 %
in comparison to the two control conditions, n.b. only a single subject exhibited a velocity

increase).

Whole body kinematics were assessed using an opto-electronic motion capture system (VICON
MX system, Oxford Metrics Group, UK) consisting of 22 infrared cameras and 55 reflective
skin markers according to the IfB marker set [47]. Five force plates (Kistler, Instrumentation,
Winterthur, Switzerland) embedded but decoupled from the surrounding floor of the movement
analysis laboratory were used to measure the ground reaction forces [37, 39]. Additionally, a
three step staircase was instrumented with two mobile force plates (Kistler, Instrumentation,
Winterthur, Switzerland) [37]. Kinematic and ground reaction force data were recorded simul-

taneously at 100 Hz and 2000 Hz respectively.

The moving fluoroscope consists of a fluoroscopic unit (BV Pulsera, Philips Medical Systems
Switzerland) mounted on a stand-alone robot that follows the knee in the horizontal and vertical
directions in real-time, and which is controlled by a wire sensor attached to the knee such that the
knee always remains in the field of view of the image intensifier [37]. Since the aim of this study
was purely to assess possible kinematic changes in the subject’s interaction with the fluoroscope,

no X-ray radiation was involved in this study.

For the acoustic intervention, an ear protector (3M PELTOR WS Alert XP) with a built-in
Bluetooth function was used. In order to communicate with the participants, the ear protector
was connected via Bluetooth to a microphone. To completely drown any sound of the moving

fluoroscope’s motor, white noise was constantly played in the ear protectors.

3.3.3 Data processing

Time distance parameters

Gait events were defined based on the ground reaction forces with a threshold of 25N. The step
length (based on the distance the heel marker moved between two consecutive heel strikes) and

the cadence of both legs (ipsilateral: leg of the tracked knee; contralateral: leg of non-tracked
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knee) were determined. The stride velocity was calculated as the stride length divided by the

time between two consecutive heel strikes.

Kinematics

Four basic motion tasks were used to functionally determine the joint axes and centres [47]. Joint
rotations were determined based on redundant marker clusters and a helical axis approach [71].
For clinically interpretable rotational components, the attitude vector was decomposed along the
axes of the marker based joint coordinate system fixed in the proximal segments [47]. Only the
sagittal plane rotations were compared between the different conditions. All kinematic data were

normalized over a gait cycle [103].

The ranges of motion (ROMs) for the ankle a ROM, knee k_ ROM and hip h_ ROM joints
of both legs were defined as the maximal ranges occurring throughout the whole gait cycle. In
addition, the first peak flexion in the stance phase kK _maz1 and the second peak flexion in the
swing phase k_max3 of the ipsilateral knee and the minimal ipsilateral knee flexion in the late

stance phase k& _min2 were investigated.

Ground reaction forces

For the ground reaction force analysis, the first F,o and second peaks F,4, the minimal ground
reaction force between the peaks F,3, the loading rate b, and unloading rate e, of the vertical
ground reaction forces (based on the definition of Stiissi and Debrunner [104] using the 80 % value
of F,9 and F,4 to calculate the slope of the force after touchdown, respectively before take-off)
were evaluated for level gait [105], whereas in stair descent only the first peak F.o of the vertical
ground reaction force was compared. Furthermore, the maximal posterior Fy,,,; and maximal

anterior ground reaction forces Fy,,;, were examined.

Left-right asymmetry

To check for asymmetries between two consecutive steps of the ipsi- and the contralateral legs
during level gait, the absolute symmetry index (ASI) (3.1) [105] was analysed for the ground
reaction force parameters Flo, F.3, F,4, as well as for the time distance parameters stride velocity,

step length, and cadence. A critical level of 10 % was chosen to differentiate between a symmetric
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and an asymmetric behaviour [106, 107].

Xipsi — Xcontra
ASI(%) = < psi — Xeon ) oo .

( O) (Xipsi + Xcont'r’a) * 05 ( )
where X represents the parameter in question. All calculations were performed using MATLAB

(Version R2014a, MathWorks, Natick, MA, USA).

3.3.4 Statistical analysis

A linear mixed factors ANOVA was used to evaluate whether the gait velocity differed between
the conditions in both tasks. Two separate Pearson’s bivariate correlation analyses, one each
for kinematic and ground reaction force parameters, were undertaken to not only reduce the
number of dependent variables in order to reduce the family-wise error rate, but also to avoid
investigating essentially the same (or highly correlated) aspects of walking. To additionaly
identify the kinematic and ground reaction force parameters that are velocity dependent, a further
Pearson’s bivariate correlation analysis was conducted. A linear mixed factors ANCOVA was
then performed with walking velocity as a covariate for comparisons with the velocity dependent
parameters k_maxl, k_max3, h_ ROM, k_ ROM, a_ROM, F.3, F.3, F.4, by, €n, Fymin
and Fynaq in level gait, and h_ ROM, k_ROM, F.o, by, Fynin and Fype, in stair descent as
the dependent variable. These parameters, which were within the ANCOVA adjusted for gait
velocity (ANCOVA with velocity as a covariate), were compared between the conditions at the
25th, 50th and 75th percentiles of walking velocity, as well as the mean velocity. For the velocity
independent parameters k_min2 in level gait and e ROM, k_maxl, k_min2 and k_mazx3
in stair descent, linear mixed factors ANOVAs were executed. In both the ANCOVA and the
ANOVA models, the independent variables were age (with two levels young and old), condition
(with 5 levels for each condition in level gait and 4 levels each condition in stair descent) and
interaction age and condition. All p-values for fixed effects were adjusted for multiple comparisons
using Holm-Bonferroni ranking correction.The post hoc comparisons were conducted using Least
Significant Differences (LSDs). Since in level gait, all ground reaction force parameters correlated,
only the parameter F,o was tested for condition and age dependencies, whereas in stair descent,
besides F.2 also Fy,:, was included in the statistical condition and age analysis, because these
parameters did not correlate. Similarly, since cadence and step length correlated with stride

velocity, the condition and age analysis was only performed for the time distance parameter
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stride velocity. Since no significant main effects of age, nor a significant interaction effect of age
and condition were found for any parameters, except k_max1, the effect of condition was based
on all 19 subjects (except for k_max1). For k_maz1 the post hoc comparisons were performed

for both age groups separately.

All statistical analyses were performed using IBM SPSS software version 23 (SPSS AG, Zurich,

Switzerland) and the significance level was set at p < 0.05.

Furthermore, to depict the repeatability of waveforms within a test day for each execution form,
the coefficient of multiple correlation (CMC) [108]| was calculated over all trials of each subject

for all kinematic as well as ground reaction force patterns.

3.4 Results

3.4.1 Time distance parameters

For level gait, the mean stride velocities in the FluMo conditions were significantly lower (28 %-
32 %) than in the control conditions, but did not significantly differ compared to the slow control
condition (Table 3.1). Similarly, during stair descent, gait velocity was significantly decreased in
the FluMo conditions compared to the control conditions (19-22 % in young, 11-13% in old age
group) (Table 3.1).

In the FluMo conditions the contralateral step length (FluMo 0.61 £+ 0.05m, FluMo int. 0.60
+ 0.05m) was slightly larger than the ipsilateral step length (FluMo 0.58 £+ 0.04m, FluMo int.
0.57 £ 0.04m).

3.4.2 Kinematics

In level gait, all parameters besides the minimal knee angle in the late stance phase £k min2
were correlated with gait velocity. Regarding the influence of the condition, it was found that the
first peak knee angle in the stance phase k_max1 (within ANCOVA adjusted for gait velocity),
did not differ between the conditions (Table 3.1, Figure 3.1), except for the old group between
the two FluMo and the slow control conditions. But the minimal knee angle in the late stance
phase (k_min2), the maximal knee angle in the swing phase (k_maz3), as well as h_ ROM,
k_ ROM and a_ ROM presented a significant effect of condition (Table 3.1, Figure 3.1, Figure
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Table 3.1: Time distance and kinematic parameters. Mean and standard deviation of stride velocity, ankle ROM a  ROM, knee ROM k£ ROM,
hip ROM h_ ROM, first peak knee angle in the stance phase k_max1, the minimal knee angle in the late stance phase k& min2 and the second
peak knee angle in the swing phase k maxz3 for the ipsilateral side in the young (y) and the old (o) age groups. Significant differences are
presented in bold. Since stride velocity, step length and cadence were correlated, only stride velocity was tested for significance.

. Stride Step Cadence a_ROM k_ROM h_ROM k_mazl k_min2 k_max3

task condition  group velocity[m/ s lengthm] [1/min] 1°] 1°l 1°] 1°] 1°] 1°l
¥y 127 + 010 070 + 0.06 109.58 + 2.52 324 + 58 69.8 + 1.9 44 + 35 190 + 59 30 + 36 69.7 + 45
Control 1, 125 + 015 070 + 0.04 10440 + 9.26 323 + 22 683 + 59 474 4+ 46 221 + 55 29 + 22 66.0 + 6.0
Comtrol2 Y 118 + 011 067 + 0.05 106.06 + 7.24 328 £ 59 67.7 £+ 28 424 £ 22 174 + 59 37 £+ 38 683 + 52
e o 110 + 008 067 + 005 9939 + 7.59 306 + 27 670 + 5.6 45.0 + 41 202 + 47 34 + 22 648 + 58
B FluM y  0.92%® 4+ 0.11 058 + 005 9559 + 6.99 26.6%>¢ + 3.8 62.3%»¢ + 4.9 37.6%>° £+ 1.9 132 + 64 5.3%° £ 4.3 63.6%° £ 7.0
e W 0.89%P & 0.08 058 + 003 91.64 £ 971 27.1%b¢ L+ 1.7 6L.5%c L+ 7.3 40.79%¢ L+ 2.8 18.6° + 53 56%c + 32 61.3%0¢ + 87
= FluMo int y  0.91%* £ 0.11 058 + 0.05 9447 + 7.03 26.3%»° £+ 3.5 62.2%> £ 53 382% £ 21 131 + 68 4.9%° £+ 41  63.9%° £+ 7.1
" o 0.85% £ 0.09 057 + 005 8941 + 861 27.2%b¢ £ 2.5 62.6%"¢ £ 57 40.1%° £ 2.8 17.9° £ 4.9 54%>c £ 3.7 622% £+ 6.9
y 091 + 0.10 059 + 004 9272 + 7.69 31.0 £+ 52 65.7 + 2.9 38.6° 4+ 1.9 143 + 55 38 + 38 663 + 4.9
Slow control " gggab £ 012 060 + 006 8480 + 10.25 279 + 23 64.1° + 5.5 41.6° + 4.1 146 + 48 33 + 33 619 + 62
N 056 + 005 032 =+ 002 103.65 + 9.40 558 + 45 933 + 38 234 + 38 344 + 53 291 + 6.2 97.7 + 3.9
) Control 1, 051 + 003 032 + 00l 9542 + 653 573 £ 47 95.9 + 47 240 + 36 328 £+ 54 268 + 6.4 973 + 6.5
m Comtrol2 Y 054 + 003 032 + 002 1028 + 7.73 55.8 + 4.0 941 + 38 23.6 + 37 346 + 55 278 + 58 98.6 + 43
Z o 051 + 004 032 =+ 002 9565 + 853 585 + 34 96.6 + 48 242 + 34 327 + 45 265 + 44 975 + 7.0
T Fie Y 047%° £ 004 032 £ 002 8773 & 586 56.9 + 3.9 89.6 + 4.2 218 + 38 321 + 56 262 + 54 95.6% + 4.1
= o 045% £+ 0.04 032 + 002 8427 + 711 580 + 36 938 + 30 230 + 28 326 + 45 259 + 60 96.7%° + 6.3
& ) y  046%® £+ 004 032 + 002 865 + 793 573 + 3.6 89.8 + 48 228 + 39 316 + 55 255 + 55 95.6%° + 4.6
FluMoint. [ g 4gab + 0.04 032 + 001 8633 + 7.09 583 + 3.1 934 + 32 226 + 29 336 + 48 275 + 54 96.6%° + 6.6

2 significant difference from control condition 1 (p < 0.05).
b significant difference from control condition 2 (p < 0.05).
¢ significant difference from slow control condition (p < 0.05).
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A.1, Figure A.2). A post-hoc analysis showed that a_ ROM and k_ROM were significantly
lower and & min2 significantly higher during the FluMo conditions compared to the two control
as well as to the slow control condition (Table 3.1). For h_ ROM and k_max3, the FluMo
condition showed a significantly lower ROM compared to the control as well as the slow control
condition, whereas the FluMo intervention condition only differed significantly in comparison to
the control 1 and 2 conditions, but not to the slow control condition, although both parameters

were adjusted for velocity within the ANCOVA (Table 3.1).

Knee angle young level walking Knee angle old level walking
80 T T T T T T T T T 80 T T T T T T T T T
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Figure 3.1: Knee flexion. Mean and standard deviations of knee flexion in level gait for young
(A) and elderly (B) subjects, as well as in stair descent for young (C) and elderly (D) subjects,
for the conditions control 1, control 2, FluMo and FluMo intervention.

In stair descent, only k. ROM and h_ ROM were velocity dependent. & ROM and h_ ROM
(adjusted for velocity within ANCOVA), a_ ROM, the maximal knee flexion angle in the stance

phase (k_mazl) and the minimum knee flexion angle in the late stance phase (k_min2) did
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not differ between any of the conditions (Table 3.1, Figures A.1, A.2). Furthermore, k_max3
was affected by the factor condition, revealing a significantly lower maximal flexion in the FluMo

than in the control conditions during stair descent (Table 3.1).

3.4.3 Ground reaction forces

In level gait, as well as in stair descent all ground reaction force parameters correlated with
gait velocity. Regarding condition comparison, neither for F,o, which was within ANCOVA
adjusted for velocity and tested in level gait, as well as stair descent, nor F,,;,, which was
within ANCOVA adjusted for velocity and tested in stair descent only, exhibited any significant
differences between the conditions (Table 3.2, Figures 3.2, A.3).

3.4.4 Absolute symmetry index and coefficient of multiple correlation

The ASI in step length cadence and stride velocity were smaller than 10 % except for the step
length AST’s of the young group in the FluMo conditions (11.0 + 4.6 % and 11.6 + 4.9%) and
the stride velocity of the young group in the FluMo condition (10.1 + 6.1 %) (Table 3.3). The
ground reaction force parameters showed for all conditions averaged ASI below 4% (Table 3.3).

For all tasks and conditions the CMC were always higher than 98 %.

3.5 Discussion

The use of advanced technologies such as the moving fluoroscope for assessing the kinematics
of skeletal structures under dynamic and loaded conditions presents an important step in un-
derstanding biomechanical interactions of the musculoskeletal system. Before such approaches
can be accepted for wider clinical and research usage, however, it is critical to understand the
potential role that the measurement technique itself plays on a subject’s kinetic and kinematic
patterns. In this study, level gait and stair descent were assessed both with and without accom-
paniment of the moving fluoroscope to assess whether the moving fluoroscope influences human
gait. Moreover, an acoustic intervention was used to investigate whether exclusion of the noise

of the motors could reduce any effects of the moving fluoroscope.

The freely chosen level gait stride velocities, the ipsilateral step lengths and the ipsilateral ca-

dences of the control conditions were comparable to standard gait time distance parameters
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Figure 3.2: Vertical ground reaction forces. Mean and standard deviation of vertical ground
reaction forces (F) in level gait for young (A) and elderly (B) subjects as well as in stair descent
for young (C) and elderly (D) subjects for the conditions control 1, control 2, FluMo and FluMo

intervention.
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Table 3.2: Ground reaction force parameters. Mean and standard deviation of the first vertical peak ground reaction force Flo, the minimal
vertical ground reaction force between the peaks Fl,3, the second vertical peak ground reaction force F.4, the loading rate b, the unloading rate
€n, the maximal anterior ground reaction force Fy,;, and the maximal posterior ground reaction force Fy,q, for the ipsilateral side in the young
(y) and the old (o) age groups. In level gait, only F,o was statistically analysed because all other parameters correlated, whereas in stair descent,
F.5 and Fy, were statistically tested.

. ﬁmm Nu,mw mﬂw% @3 €En NU@SS.: Muws:m&

task  condition  group [%BW] [%BW] [%BW] [%BW] [%BW] [%BW] [%BW]
y 110 + 004 081 £ 0.03 1.17 £+ 003 890 =+ 068 -943 =+ 1.08 -0.18 £ 002 020 = 0.03
Control 1 0 114 + 0.06 077 + 008 1.12 + 007 849 + 1.69 -890 + 1.47 -0.19 + 0.04 021 + 0.03
Comtrola Y 109 £ 004 084 £ 006 L14 £ 001 801 £ 135 843 + 068 016 £ 002 018 £ 002
e 0 1.10 £+ 0.05 084 + 002 108 + 004 735 =+ 1.69 -7.58 + 091 -0.17 + 0.03 018 =+ 0.02
mw FLae Y L06 £ 002 092 £ 004 108 £ 002 573 £ 080 581 £ L00 0.4 £ 0.02 012 £ 0.02
g 0 1.06 £+ 0.06 090 + 003 105 + 004 562 =+ 134 600 + 115 -0.15 £ 0.04 0.13 % 0.03
3 FluMo int y 107 + 002 093 + 004 1.09 + 002 563 =+ 089 -588 =+ 1.09 -0.14 + 0.02 012 =+ 0.03
o 1.07 £+ 006 091 + 004 105 + 0.04 542 =+ 131 587 =+ 107 -0.15 £ 0.04 0.13 % 0.03
y 107 + 002 091 + 005 1.09 + 003 545 =+ 122 -630 =+ 118 -0.13 + 0.02 014 =+ 0.03
Slow control 1.07 + 0.06 092 + 003 1.04 + 004 481 + 155 -563 =+ 1.18 -0.13 + 0.03 0.14 =+ 0.03
y 143 + 0.08 751 + 1.98 0.14 £ 0.02 015 % 0.03
Control 1 0 142 + 0.14 895 + 268 0.15 + 0.02 015 =+ 0.02
El Comtrol 2 ¥ 144 £ 017 883 + 167 -0.14 + 0.02 015 % 0.03
z OnHo o 142 + 0.6 923 + 1.65 0.15 + 003 015 + 0.02
= Fafe Y 128 £ 008 8.04 + 1.84 -0.14 + 0.03 013 £+ 0.02
& 0 1.30 + 0.13 827 + 1.68 015 + 0.02 014 + 0.02
o . y 125 + 0.12 765 + 1.27 014 + 0.03 013 £ 0.03
FluMo int. 0 1.29 + 0.12 786 + 1.95 0.15 + 0.02 013 + 0.02
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of previous studies [108, 109]. In contrast, the gait velocity, step lengths and cadence of the
conditions with the moving fluoroscope were lower than in the control conditions, indicating
that the moving fluoroscope altered time distance parameters towards those of the slow walking
condition. This is in contrast to the findings of [96], who found that on average people moved
faster through the dynamic radiographic system while the robots were actively following their
motion. This might be explained by the fact that in the latter study, subjects walked through
the workspace of the robots, while the subjects in the present study walked within the moving
fluoroscope. The slower gait velocity for the moving fluoroscope conditions can also partly be
explained by the fact that some subjects had to be instructed to reduce the gait velocity to
allow good tracking of the moving fluoroscope, due to the limited acceleration of the robot (ca.
8ms~2). However, the stride velocities in the FluMo conditions were still in the range of the gait
velocities measured in subjects with TKA [110], but slightly lower than the fastest TKA subjects
reported within a meta-analysis of Abbasi-Faghi et al. [111]. Interestingly, the second control
trials’ velocities were significantly higher than in the FluMo conditions, but significantly lower
than in the first control condition suggesting that the subjects were influenced by the previously
slower trials of the FluMo conditions. In stair descent, the step length (~ 0.32m) was equal
for all conditions due to the defined stair step length. Although the time distance parameters
during level gait in general reflected a symmetric gait pattern (ASI < 10%), the contralateral
step length was slightly larger (> 10 % difference [106, 107]) than the ipsilateral step length in
the FluMo conditions, suggesting that the step length of the ipsilateral leg might be influenced
by the moving fluoroscope. This phenomenon might be partially explained by the somatic per-
ception of the wire sensor that was attached to the ipsilateral leg and the divergent acceleration

pattern of the moving fluoroscope during an ipsi- and a contralateral step.

All kinematic parameters of the ankle, knee and hip joints during the control conditions in
level gait were similar to past research [103, 112, 113], whereas the FluMo conditions differed
in some kinematic parameters from the control conditions. The moving fluoroscope influenced
the maximal knee angle in the stance phase only for the old group in comparison to the slow
control condition, but not the two control conditions. The maximal knee angle in the swing
phase, the minimal knee angle in the late stance phase, as well as the ankle, knee and hip
ROMs were significantly different when walking with the moving fluoroscope in comparison
to walking without. Although within ANCOVA adjusted for walking velocity, the hip ROM
as well as the maximal knee angle in the swing phase of the FluMo intervention condition

only differed from the control condition with preferred gait speed but not from the slow gait
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condition. Therefore, and especially also based on the significant difference between the slow
control and the control 1 conditions for the hip and knee ROM, it must be assumed that velocity
adjustment by including velocity as a covariate within the statistical analysis did not fully take
effect. Comparing kinematic motion characteristics, it can be summarised that walking with the
moving fluoroscope is very similar to walking at a slow gait speed (Figure 3.3).
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Figure 3.3: Knee flexion and vertical ground reaction force for the slow in comparison to the
FluMo and the control 1 conditions. The grey areas represent the range between the mean
plus/minus standard deviation of the vertical ground reaction forces (A, B) and knee flexion (C,
D) for young (A, C) and elderly (B, D) subjects for the conditions control 1 and FluMo in level
gait. The black lines represent the mean of the two slow gait trials for each subject.

Since it is well known that gait velocity has an influence on the kinematic parameters [114],
velocity dependent parameters were within ANCOVA adjusted for walking speed to allow for
condition comparisons. However, since velocity adjustment within the linear mixed factors AN-

COVA is based on the assumption of a linear regression and not all parameters exhibit a linear

31



Chapter 3: Gait patterns with the moving fluoroscope

velocity dependency, a comparison of the kinematic parameters is somewhat limited in its va-
lidity. The efficacy of linear velocity adjustment especially seemed to fail for parameters that
showed a significant difference between the FluMo conditions and the control 1 and 2 conditions,
but not the slow control conditions, or between the slow control and the control 1 condition,
although they were adjusted for velocity within the ANCOVA (e.g. k& _maxz3, h_ ROM). How-
ever, since a predefined gait velocity may have led to large adaptations in gait characteristics,
the measurements of the control conditions with the self-selected gait speed still seem to be the
preferential methodology. This study limitation needs to be kept in mind since it complicates

the interpretation of the kinematic and kinetic parameters.

In stair descent, the ankle ROM was not influenced by the moving fluoroscope, but was slightly
larger for all conditions than the values reported by Riener et al. [115]. The knee ROM as well
as the first peak knee angle in the stance phase were comparable to the previous literature [115].
However, the moving fluoroscope did show a significant effect on the maximal flexion angle in the
swing phase. While the maximal flexion angle in the swing phase was significantly different to
both control conditions, it should be noted that e.g. the difference for the maximal knee flexion
angle between the FluMo and the control 2 condition was for 9 subjects below 1°, for 3 subjects
between 1° and 2°, for 5 subjects between 2° and 3° and for two subjects between 3° and 4°, while
the inter-trial standard deviation of the individual subjects for the maximal flexion angle was up
to 3.5° for the FluMo and 3.6° for the control 2 condition. Thus, although a significant influence
in the latter parameter was found, the difference was in the range of the inter-trial variation
of the individual subjects as well as the actual error that can be expected within skin marker

measurements due to soft tissue artefacts [46, 116].

The vertical ground reaction forces in level gait exhibited a typical “m” shape with a first peak,
an unloading phase and a second peak (Figure 3.2). All ground reaction force parameters were
comparable to existing literature [105], except for the minimal vertical ground reaction force
between the peaks, which was smaller in all conditions than the values presented by Stacoff and
co-workers [105]. However, dependency of kinetic parameters on gait velocity, as observed in
the larger first and second peaks of the vertical ground reaction forces and reduced unloading in
between, when comparing the slow level gait and the FluMo conditions to the control conditions,
is in agreement with previous studies [117]. The ground reaction force characteristics, as well as
the gait velocity of the slow condition, were similar to the FluMo condition (Figure 3.3). Since
the ground reaction force parameters, when adjusted for velocity within the ANCOVA, did not

show any difference between walking with, compared to walking without the moving fluoroscope,
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it can be concluded that ground reaction force characteristics when walking with the moving

fluoroscope are similar to natural slow gait.

In this study, inter-limb symmetry was evaluated based on the vertical ground reaction forces.
According to a previous study of Stacoff et al. [105]|, asymmetric gait patterns can be detected
when ASI of the vertical ground reaction force parameters exceed 5%. Since the ASI for the
ground reaction force parameters of the present study were below 4 %, even when walking with
the moving fluoroscope, it can be concluded that the subjects did not show unnatural gait

patterns like limping when walking with the moving fluoroscope (Table 3.3).

Similarly, in stair descent, the first peak of the vertical ground reaction force, as well as the
maximal anterior ground reaction force, both adjusted for gait velocity within the ANCOVA,
did not show a significant impact of the condition (Table 3.2). Therefore, it can be concluded that
the moving fluoroscope causes no change in the investigated kinetic parameters, when compared

to walking at a similar gait speed.

Since no differences were found between the FluMo and the FluMo intervention condition in both
tasks, it can be assumed that the sound of the moving fluoroscope did not influence the subjects
during either level walking or stair descent. Since some kinematic parameters were indeed influ-
enced when walking with the moving fluoroscope, other influences such as the appearance of the
device, the wire sensor, and visual information such as the movement of the c-arm may have an
influence on the subject’s gait. Further improvement of the moving fluoroscope should therefore
aim to replace the wire sensor with a tracking methodology that does not require direct contact

with the subject.

3.6 Conclusion

To conclude, walking with the moving fluoroscope leads to a decrease in gait velocity compared
to the control conditions, however gait with the moving fluoroscope did not differ from natural
gait for all ground reaction force parameters when adjusted for differences in gait velocity. How-
ever, since some kinematic parameters were influenced, it cannot be completely excluded that at
least some subjects were influenced by the moving fluoroscope, but statistical comparison in this
respect was limited due to velocity differences between the conditions. Overall, gait characteris-
tics in the natural gait condition were comparable to the conditions with the moving fluoroscope.

However, walking with the moving fluoroscope is restricted to a limited gait speed, especially for
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young subjects. For subjects with TKA showing slower gait velocities [110], the speed capability
of the moving fluoroscope seems to be reasonable. To assess gait at standard gait velocities of
healthy subjects, the moving fluoroscope would need to be optimized in order to allow higher

accelerations to occur at higher gait velocities.

To conclude, the moving fluoroscope is suitable for comparisons between groups measured with
the moving fluoroscope, such as e.g. comparisons between implant designs and healthy knees.
However, care should be taken when comparing data to subjects walking at self-selected speed
without the moving fluoroscope. Here, correction due to gait velocity differences should be

treated with care, especially in relation to joint angles.
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4.1 Abstract

Although total knee arthroplasty has become a standard surgical procedure for relieving pain,
knowledge of the in vivo knee joint kinematics throughout common functional activities of daily
living is still missing. The goal of this study was to analyse knee joint motion throughout complete
cycles of daily activities in total knee arthroplasty subjects to establish whether a clinically
important difference in joint kinematics occurs between different activities. Using advanced
moving fluoroscopic techniques, we assessed tibio-femoral kinematics in six subjects throughout
repetitions of complete cycles of walking, stair descent, sit-to-stand, and stand-to-sit tasks. The
mean range of condylar anterior-posterior translation exhibited clear task dependency across all
subjects, with mean ranges of motion for the medial condyle: 6.4 + 1.2mm (level walking), 9.4 +
2.6mm (stair descent), 7.0 £ 2.0mm (sit-to-stand), and 6.5 + 1.4mm (stand-to-sit); and for the
lateral condyle: 4.9 + 0.9mm (level walking), 6.5 + 1.7mm (stair descent), 4.7 + 1.7mm (sit-to-
stand), and 4.5 + 0.9mm (stand-to-sit). A significantly larger anterior-posterior translation was
observed during stair descent compared to level walking and stand-to-sit. Finally, local minima
were observed at approximately 30° flexion for different tasks, which were more prominent during
loaded than unloaded task phases. This characteristic is likely to correspond to the specific design
of the PFC Sigma CR implant. From the data presented in this study, it is clear that flexion
angle alone cannot fully explain tibio-femoral implant kinematics. As a result, it seems that
the assessment of complete cycles of the most frequent functional activities of daily living is

imperative when evaluating the behavior of a total knee arthroplasty design in vivo.

Keywords
Videofluoroscopy, total knee arthroplasty, activity dependency, A-P translation-flexion coupling,

moving fluoroscope, single plane fluoroscopy, tibio-femoral kinematics, level walking, stair de-

scent, gait analysis

4.2 Introduction

Total knee arthroplasty (TKA) has become a standard surgical procedure for relieving pain and

restoring function in patients with degenerative joint diseases, mainly osteoarthritis. Although
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most patients show little or no impairments after surgery, a large number of TKAs still fail in
the longer term due to polyethylene wear, loosening, knee instability or infection [9]. In order
to better understand the mechanisms leading to early failure or an unsatisfactory outcome in
general, kinematic and kinetic measures during functional activities of daily living can provide a
crucial understanding for further improving the longevity and functionality of TKAs. Through
providing a baseline for developing and validating biomechanical models, such knowledge can
allow the improvement of rehabilitation techniques, as well as the development of new concepts

for knee implants.

Investigations into TKA function during complete gait cycles using skin marker based motion
analysis have been successful in determining global segment kinematics, thereby allowing the es-
timation of external joint moments [32, 49, 50]. However, this approach is known to be strongly
affected by soft tissue artefacts [46, 52|, and does not allow an accurate quantification of tibio-
femoral anterior-posterior (A-P) translation and internal/external rotation [46, 54, 118, 119].
In order to determine such inaccessible joint kinematics, imaging methods such as single plane
fluoroscopy, [38, 39, 90| as well as dual orthogonal fluoroscopy |36, 93|, with a subsequent 2D /3D
registration, now allow an analysis of the relative movement of the implant components with-
out soft tissue artefact. Since these static fluoroscopic systems possess a limited field of view,
they are constrained to capturing only very restricted movements of the knee (e.g. during sit-
ting/standing, deep knee bends) or allow only a small portion of the whole motion cycle to be
tracked [5, 73, 87, 94, 95, 95, 120]. As a result, these techniques provide little or no access
to functional measurement of activities that involve either loading and unloading, toe-off and
heel strike impact, or muscle activation and deactivation, and especially not throughout multiple
consecutive cycles. To overcome these limitations of a static image intensifier, dynamic single
and dual plane systems have been introduced [36, 37, 39]. The moving fluoroscope developed
at the Institute for Biomechanics, ETH Ziirich, allows not only tracking of free level gait but
also tracking of the knee joint during stair descent, which is considered to be a challenging daily

activity for subjects with knee disorders [32, 105].

To allow a sufficient range of motion and avoid overloading of the passive structures [121, 122],
the kinematic behavior of the natural tibio-femoral joint has been of high interest, and has
therefore been investigated extensively in cadaveric studies [27|, using bone-pins [54], as well
as MRI [30, 123], RSA [65] and videofluoroscopy [29, 66, 67]. Similarly, the biomechanical
outcomes after TKA have been extensively examined in order to understand the specific design

characteristics of the replacement joint that allow healthy knee joint kinematics to be mimicked
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[27], and thereby avoid overloading of the surrounding soft tissue structures. Despite the high
level of interest, relative motion of the tibio-femoral joint remains controversially discussed,
possibly due to the different techniques used to analyse the movement data, which are known
to affect interpretation of the kinematics [74, 124]. As an example, both medial and lateral
pivot motions in the transverse plane have been found during a similar change in flexion angle
[27, 67]. However, despite these problems, it is still clear that a number of factors do play a role
in modulating joint kinematics. Here, knee flexion angle |27], limb alignment [125], and different
design of the implant [22, 126] are all known to play critical roles on the biomechanical outcome
of the joint, but these have mainly been assessed either quasi-statically or during very restricted
movements of the knee. Importantly, knowledge of changes in the motion between the tibia and
femur during the most common functional activities of daily living i.e. walking and stair descent
are still missing, but could be critical for understanding the dominant biomechanical influences
on the joint. Specifically, no data is currently available examining the tibio-femoral kinematics

during complete consecutive cycles of both free level gait and stair descent.

With the aim to establish whether a clinically important difference in joint kinematics occurs
between functional tasks, tibio-femoral motion was analysed by videofluoroscopy during walk-
ing and stair descent, in comparison to sit-to-stand-to-sit, in subjects with a TKA, especially

focussing on tibiofemoral internal/external rotation and A-P translation of the condyles.

4.3 Methods

4.3.1 Subjects

One female and five male subjects (average age of 72.8 & 8.5 years; BMI 24.3 4+ 2.2kgm~2) with
a unilateral PFC Sigma Curved cruciate retaining (CR) fixed-bearing TKA (DePuy Synthes,
Johnson and Johnson), provided written, informed consent to participate in this study, which was
approved by the local ethics committee (EK 2011-N-6). All subjects exhibited a good functional
outcome (KOOS score 91.2 &+ 5.7, no/very low pain with a VAS < 2) and were measured in the

gait lab at least one year postoperatively (4.2 + 3.5 years).
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4.3.2 Motion tasks

Level walking, stair descent, and sit-to-stand-to-sit were measured in this study. Prior to radio-
graphic measurements, trials without imaging were performed until the subjects felt comfortable
walking with the moving fluoroscope. For each motion task, five valid cycles were captured, in
which the knee remained within the field of view of the image intensifier during the stance as well
as the swing phase, and the force plates were hit correctly. The activity “level walking” required
walking straight ahead on the floor; “stair descent” included walking down three 0.18m steps;

“sit-to-stand-to-sit” was performed as a single task without support from the upper extremities.

4.3.3 Motion capture system and ground reaction forces

A 3D motion analysis system using 12 MX40 motion-capture cameras (Vicon MX system, Oxfords
Metrics Group, UK) was employed to capture the movement of a marker attached to the sternum
in order to establish the start and end events of the sit-to-stand-to-sit task, with a marker velocity

of either > or < 0.02m/s used as the threshold criteria.

Ground reaction forces were measured using six force plates mounted in the floor and two mobile
force plates mounted in the stair steps (Kistler, Instrumentation, Winterthur, Switzerland) to
determine the heelstrike and toe-off events for level walking and stair descent, with a threshold
of 25N. All force plates were decoupled from the surrounding floor in order to ensure that the

force acquisition was not disturbed by the moving fluoroscope.

4.3.4 Moving fluoroscope

The moving fluoroscope [37-39] at the Institute for Biomechanics, ETH Ziirich, was used to track
the joint motion and image the tibio-femoral implants throughout several consecutive cycles of
level walking and stair descent as well as during the sit-to-stand-to-sit task. The image capture
was performed using a modified BV Pulsera videofluoroscopy system (Philips Medical Systems,
Switzerland) with a field of view of 30.5cm, pulsed image acquisition rate of 25Hz, 8ms radiation
pulse-width, 1ms image shutter time, and an image resolution of 1000 x 1000 pixels with a
grayscale resolution of 12 bits. The system has previously been used to analyze joint kinematics

in patients after total knee and ankle arthroplasty in vivo [38, 39, 41, 127-129].
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4.3.5 Data processing

Distortion correction of the videofluoroscopic images was performed using an optimisation algo-
rithm to correct for local distortions based on images of a reference grid [38, 41]. The projection
parameters of the videofluoroscopic system (focal distance, and location of the principle point
in the image plane) were determined by least-squares optimization using five images of a cali-
bration tube [38, 41]. 3D CAD models of the implant components were then fitted to the 2D
fluoroscopic images (Figure 4.1) using a registration algorithm based on the approach presented
by Burckhardt and co-workers [40]. Root mean square registration errors using this process have
been reported to be < 0.25° for all rotations, 0.3mm for in-plane, and 1.0mm for out-of-plane

translations [37].

4.3.6 Tibio-femoral kinematics

Relative tibio-femoral rotations were determined using the joint coordinate system presented by
Grood and Suntay [70], based on the local femoral and tibial implant coordinate systems (Figure
4.2, left). Translations of the femoral condyles relative to the tibial component were described
using the weighted mean of the ten nearest points of each femoral condyle to the upper plane
of the tibial component. The positions of these nearest points were presented in the coordinate
system of the tibial component, thus representing the motion of the femur relative to the tibia
(Figure 4.2, right). To interpret joint kinematics, internal tibial rotation would therefore result
in anterior translation of the medial, and/or posterior translation of the lateral, nearest femoral

point(s) on the tibia. All kinematic trials were then normalized to one gait cycle.

4.3.7 Statistics

A total of eight linear mixed-model analysis of variances (ANOVAs), with subject as a random
effect, were conducted to comprehensively analyse tibio-femoral kinematics. Specifically, five
mixed-model ANOVAs were performed to test the effects of the task on ranges of tibio-femoral
rotations and A-P translations of the condyles. Here, task-dependency was investigated with
rotational (flexion/extension, internal/external, ab/adduction) and translational (medial A-P,
lateral A-P) ranges of motion (ROMs) as dependent variables and task as the independent
variable with four different levels (level walking, stair stair descent, sit-to-stand, stand-to-sit) for

each of those kinematic parameters. Two mixed-model ANOVA were performed to test the effects
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Figure 4.1: Exemplary instant of 3D tibial and femoral components registered to the 2D fluo-
roscopic image. The 2D /3D registration of all images allows the internal joint kinematics to be
determined over the complete cycles of functional activities.
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Figure 4.2: Implant coordinate systems for the femoral and tibial components (left) and nearest
points for stance (red) and swing (green) phase for an exemplary trial of stair descent presented
in the coordinate system of the tibial component (right).

of phases of task (e.g. loaded or unloaded phases) on range of A-P translation of the medial and
lateral condyles. In order to analyse phase-dependency, range of A-P translation of the condyle
was the dependent variable, while task with four levels (level walking, stair descent, sit-to-stand,
stand-to-sit) and phases of task with two levels (stance and swing phases) were the independent
variables. One mixed-model ANOVA was conducted to test the effects of loading sites (e.g.
medial or lateral condyles) on range of A-P translation. The dependency on loading sites was
tested with translation range in A-P as the dependent variable and task with four levels (level
walking, stair stair descent, sit-to-stand, stand-to-sit) and loading sites with two levels (medial
or lateral condyles) as the independent variables. Post-hoc comparisons were conducted using
Least Significant Differences (ILSD) approach and significance levels were adjusted for multiple
comparisons using Bonferroni correction. All ANOVAs were conducted in SPSS (SPSS 23, IBM,
United States).

In order to analyse the effects of task dependency on AP-translation at specific flexion angles one-
dimensional statistical parametric mapping (SPM) approach was used [130]. One-way ANOVA
was performed using the open-source toolbox SPM-1D (Todd Pataky 2017, version M.0.4.5), with
region of interest defined as the full ranges of flexion-angles that are involved in each activity.
Here, as loading conditions were totally different between the two phases (stance versus swing)
of the gait activities, the two phases were treated as separate tasks. Thus within the SPM

approach One-way ANOVA was performed with A-P translation as dependent variable and task
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with six levels (level walking stance, level walking swing, stair descent stance, stair descent swing,
sit-to-stand and stand-to-sit) as independent variables. Post-hoc comparisons were conducted
using two-sample t-tests and significance levels were adjusted for multiple comparisons using

Bonferroni correction.

4.4 Results

The mean ranges of joint flexion over all subjects were similar for stair descent (83.9 + 6.3°),
sit-to-stand (83.3 + 5.6°), and stand-to-sit (84.8 + 5.0°) (Table 4.1; Figure 4.3), but significantly
lower for level walking (58.4 £ 4.1°). No differences between the tasks could be found in mean
range of internal /external rotation or ab/adduction (Table 4.1; Figure 4.4). Mean toe-offs were

observed at 62.1 + 1.7 % of the level walking cycle and at 64.1 & 3.2 % of the stair descent cycle.

100 -

extension (-) / flexion (+) [°]

-20 1 1 L L 1 L L L L )
0 10 20 30 40 50 60 70 80 90 100

cycle [%]

Figure 4.3: Tibio-femoral flexion is presented for all tasks, including mean and SD over all sub-
jects. Loaded and unloaded activity phases are shown respectively for level walking (red/orange),
stair descent (green/light green), sit-to-stand (dark blue), and stand-to-sit (light blue).

In general, when tibio-femoral translations and rotations were examined (Figure 4.4), mean and
standard deviations of the individual subjects exhibited repeatable individual motion charac-
teristics, indicating small variability between the trials within each single subject, but large
inter-subject variations were observed. For example, one subject exhibited a clearly distinct

pattern of ab/adduction during swing phase of level gait compared to the group.

The mean range (difference between minimal and maximal value) of medial condylar A-P trans-
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Figure 4.4: Tibio-femoral kinematics are shown for the activities of level walking, stair descent, sit-to-stand, and stand-to-sit for each single
subject, represented by the different colors, including the mean and SD over all repetitions. The columns are presented in % cycle, and show the
A-P translation of the medial and lateral condyles, as well as the tibial internal/external rotation, and joint ab/adduction. For level walking and
stair descent the dashed lines indicates the mean timepoint of toe-off for each subject.
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lation exhibited a clear task dependency across all subjects (Table 4.1). The mean ranges of
A-P translation for the medial condyle were: 6.4 + 1.2mm (level walking), 9.4 + 2.6mm (stair
descent), 7.0 £ 2.0mm (sit-to-stand), and 6.5 + 1.4mm (stand-to-sit); and for the lateral condyle:
4.9 £+ 0.9mm (level walking), 6.5 = 1.7mm (stair descent), 4.7 + 1.7mm (sit-to-stand), and 4.5
+ 0.9mm (stand-to-sit). Here, a significantly larger mean range of A-P translation was observed
on the medial condyle during stair descent compared to level walking and stand-to-sit. No signif-
icant differences between the tasks could be found for the mean range of A-P translation on the
lateral condyle. The ranges of A-P translation observed over the full cycles across all subjects
were significantly larger for the medial than for the lateral condyle. When activity phases were
considered, the mean range of A-P translation for the unloaded swing phases of level walking and
stair descent was significantly larger than for the loaded stance phases (Table 4.1). The single
greatest posterior and anterior translations of the medial femoral condyle relative to the tibia
were -17.9mm at 60 % during a cycle of level walking and 1.6mm at 18 % of a sit-to-stand cycle
(in different subjects). The corresponding greatest translations of the lateral femoral condyle

were -15.5mm at 40 % during stand-to-sit and -2.6mm at 73 % during stair descent.

In order to establish whether the observed kinematic differences between tasks were simply a
function of flexion angle, the flexion dependent A-P translations and internal/external rotations
for the different tasks were examined. On average, the lateral A-P translations during the swing
phase of stair descent differed significantly from the loaded stance phase (for 24° to 36° flexion),
as well as from the sit-to-stand (for 17° to 46° flexion) and stand-to-sit (for 10° to 54° flexion)
tasks (Figure 4.5). In addition, the swing phase of level walking showed significant differences
to the stand-to-sit task for a certain range of flexion (29° to 36°). Looking at the mean tibial
rotation with increasing flexion, a linear increase in internal tibial rotation was observed for the
loaded stance phase of stair descent, as well as during the two sitting tasks. During the unloaded
swing phase of stair descent, tibial internal rotation also increased with increasing flexion, but
not in a linear manner. However, no increase in internal rotation was observed with increasing

flexion in either phase of level walking.

Due to the large variation between subject kinematics (Figure 4.4), especially for the medial
condyle, task dependency was also investigated on an intra-subject basis over the flexion series
(Figure 4.6). Significant task dependency of the loaded phases was found for all subjects between
gait activities and the two sitting tasks. When the loaded stance and the unloaded swing phases
were compared, all subjects exhibited significant differences when performing stair descent, and

two out of six during level gait. Furthermore, four out of six subjects showed a significant
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Table 4.1: Tibio femoral rotations and A-P translation range for all tasks. For level gait and stair descent the stance and swingphase were presented
separately. Mean and standard deviation over all subjects. Flex/ex: flexion/extension, abd/add: abduction/adduction, int/ext: internal/external
tibial rotation, st: stance phase, sw: swing phase, med: medial, lat: lateral, A-P: anterio-posterior.

rotation [°] flex/ex abd/add int/ext flex/ex (st) abd/add (st) int/ext (st) flex/ex (sw) abd/add (sw) int/ext (sw)
level walking t1 584 + 4.1 *2,t3t4 3.1 £ 0.9 82 £ 16 295 £ 4.2 20 £ 05 59 £ 1.1 576 £ 36 28 =+ 09 6.8 =+ 1.4
stair descent t2 839 £+ 6.3 *tl1 34 = 0.7 92 £ 20 751 £ 6.4 28 £ 03 59 £ 1.7 828 £ 59 25 =+ 09 84 £ 24
sit-to-stand t3 833 + 5.6 *tl 23 £ 11 8.7 £ 1.7

stand-to-sit t4 848 £+ 50 *t1 22 = 0.7 7T+ 20

translation [mm)| med A-P lat A-P med A-P (st) lat A-P (st) med A-P (sw) lat A-P (sw)

level walking t1 6.4 + 1.2 *2 49 £ 09 36 £ 09 *p 30 £ 06 *p 61 £+ 13 *p 44 £ 1.0 *p

stair descent t2 94 £ 26 *tltdc 65 £ 1.7 *c¢ 50 £ 1.0 *p 3.7 £ 0.7 84 £ 23 *p 49 £ 12

sit-to-stand t3 7.0 £ 20 *c 4.7 £ 17 *c

stand-to-sit t4 6.5 + 1.4 *t2 45 + 09

*t#: significantly different from task t#, based on the adjusted level of significance of a« = 0.008 (example: *t2 means significantly different to stair descent)
*p: significant difference between stance and swing phase, based on the adjusted level of significance of o = 0.025
*c: significant difference between the medial and lateral condyle, based on the adjusted level of significance of o = 0.013
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difference in A-P translation at the same flexion angles between the movement directions in the

two sitting tasks.

Finally, local minima were observed at approximately 30° flexion in most of the A-P translation-
flexion curves for different tasks (Figure 4.5), which were more prominent during loaded task

phases.

4.5 Discussion

To improve functionality and quality of life, as well as support independent living, joint replace-
ment with a TKA aims to relieve pain and restore function of the knee joint throughout daily
living. While numerous studies have investigated joint movement, a fundamental understanding
of tibio-femoral kinematics during dynamic and continuous functional activities of daily living
remains lacking, mainly due to the limitations of static imaging modalities [120, 131] or the
soft tissue artefacts associated with skin-marker based techniques [52]. As a result, the subtle
kinematic differences caused by different activities, including different flexion angles, muscular
activity, dynamic loading conditions (e.g. impact at heel-strike and toe-off), remain generally
unknown. The aim of this study was therefore to determine whether knee joint kinematic behav-
ior after total joint replacement is dependent upon the investigated task and loading conditions.
Using dynamic videofluoroscopy [37], we observed that tibio-femoral kinematics were not sim-
ply flexion dependent, but rather varied between level walking, stair descent, sit-to-stand, and

stand-to-sit.

For the first time, the kinematics of the PFC Sigma Curved CR fixed-bearing TKA (DePuy
Synthes, Johnson and Johnson) have been evaluated for several consecutive cycles of functional
activities, including loaded stance and unloaded swing phases. Here, a comparison of stair de-
scent and the two sitting tasks at the same flexion angles but with different moving directions
(Figure 4.5), has clearly demonstrated that an activity dependent A-P translation-flexion cou-
pling exists. In this respect, it seems that loading and unloading of the implant, together with
the movement dynamics and muscular activation patterns, play crucial roles in governing the
relative motion within the joint. Additionally, differences in implant movement characteristics,
even between the phases of similar gait activities (e.g. level walking and stair descent) at the
same joint flexion angles (Figure 4.5), further highlight the importance of analyzing whole gait

cycles. Here, a complete understanding of the combination of loading/unloading together with
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Figure 4.6: A-P translation for the medial (left) and lateral (centre) condyles, as well as tibial
rotation (right) are shown as a function of the flexion angle. The tasks level walking, stair
descent, sit-to-stand, and stand-to-sit are presented for each of the six subjects as the mean of
all repetitions, with the subject SD shown as transparent.
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the changes in movement directions, might, therefore, be critical for implant design in order
to successfully avoid soft tissue overloading|[11], but also provide sufficient joint stability for en-
hanced patient satisfaction [6, 10]. In our study, it was interesting to observe a clear perturbation
in the kinematic behavior during the loaded activity phases, characterised by a local minimum in
the A-P translation at 30° flexion (Figure 4.5). This characteristic is in agreement with observa-
tions of other studies [16, 85, 132] and plausibly corresponds with the change in femoral radius of
the PFC Sigma CR implant, and this specific feature could therefore be modulated, controlled or
even removed with a different implant design. Interestingly, this feature was much less prominent

in the unloaded phases, where the geometry seems to have less impact on kinematic guidance.

The small range of joint flexion involved in level walking has to be considered in the interpretation
of the results. The typical local minimum in joint flexion during the stance phase of level
walking was not observed during stair descent (Figure 4.3), which is in agreement with the
findings of former skin marker studies on healthy knees [115, 133]. Moreover, the range of axial
rotation occurring during the stance phase of level gait was comparable to the study of Banks
and Hodge |73, as well as the study of Schmidt and co-workers [87|. However, the additional
access to the motion during the swing phase in our study has resulted in an overall larger range
of axial rotation. Banks and Hodge [73| found a significant difference in axial rotation between
treadmill walking and a step-up exercise, whereas the results of our study indicate that only
flexion/extension ranges of motion exhibited a task dependency, while transverse and frontal
plane ranges of motion did not differ. Specifically for the PFC Sigma CR implant, Schmidt et
al. [87| reported a smaller A-P translation range of the medial condyle (-5.4mm at heel strike
to -6.7mm at 33 % stance phase) but slightly larger translation on the lateral side (-3.8mm at
heel strike to -7.8mm at toe off) for discrete timepoints during the stance phase of walking,
compared to our study. For the sitting tasks, larger values especially for the medial and lateral
condyle were found compared to deep knee bend up to 90° flexion performed in other studies
with a PFC Sigma CR implant [19]. It therefore seems that the additional freedom offered by the
moving fluoroscope, which includes not only the loaded stance phase, as in other studies, but also
the swing phases of movement and the associated changes in accelerations, movement direction,
muscle activity, ground impact etc., is necessary before an encompassing understanding of the

joint motion can be achieved.

In order to compare the results of knee kinematic studies in an objective manner, as well as
ensure correct clinical interpretation, the method for kinematic data analysis must be considered

with care. Here, the use of a femur fixed geometric axis approach instead of an instantaneous
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nearest point approach is known to change interpretation of the A-P characteristics [74, 124,
134]. Such sensitivities could be especially important when considering the PFC Sigma CR
implant investgated in our study, which has two different femoral radii and could therefore lead
to crosstalk between flexion and A-P translation. However, the larger A-P translation found
for the medial condyle compared to the lateral condyle for all tasks (when using the nearest
point technique) indicates that the centre of rotation in the transverse plane in this implant is
relatively stable and might be located on the lateral side of the joint, at least for some phases
of the activity. The results of this study revealed a number of interesting aspects relating to
the kinematics of this PFC Sigma CR implant. We clearly observed subject-specific movement
patterns across the different activities, which were considerably larger than any of the intra-
subject differences measured between repetitions. Such differences between subjects indicate that
individual anatomical and surgical characteristics, including soft tissue tension [135], component
implantation [136], and limb alignment [125] among others, may all play an important role in
governing the subject-specific movement patterns. One such characteristic of clinical interest
is the possible occurrence of femoral lift-off. Our analyses of ab/adduction suggest that low-
level lift-off did indeed occur in 1-2 subjects at specific instances within the functional activities.
Whether such kinematic anomalies are indicative of a clinical problem remains to be elucidated,
but the ability to detect such small kinematic differences between subjects could suggest that the
detailed assessment of internal joint movement (using e.g. moving fluoroscopic techniques) might
be able to support clinical assessments of joint function. Similar to other studies investigating
joint kinematics, the wide-spread extrapolation of our results to e.g. healthy joints or other
implants is restricted by a number of limitations. In particular, the small number of subjects
included in our study limits its statistical power for the non-significant differences to represent the
more general outcome in a larger population. Furthermore, while the use of a single-plane moving
fluoroscope offers considerable advantages in the accurate capture of functional joint kinematics
without restrictions due to soft tissue artefacts, the registration of 3D models to 2D images is
known to be subject to relatively large out-of-plane errors [37, 38]. Such inaccuracies exclude
the interpretation of any relative medial-lateral movement of the components. In addition,
the extreme accelerations that occur in the human knee joint limit the ability of the moving
fluoroscope to track walking activities at speeds beyond that of slow-gait [137|. Finally, this
study included only TKA subjects with a good clinical outcome. It remains to be investigated
whether these results can be extrapolated for understanding joint kinematics in other implants,

including TKAs with bad outcome, or also healthy knees.
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In summary, comparisons between the different tasks and phases within the six subjects in-
vestigated in our study showed a clear task dependency but the impact of the task on the
underlying kinematics seems to be subject-specific. Differences in dynamics, limb alignment,
range of motion, muscle activation, or balancing of the ligaments, might well be able to explain
these subject-specific characteristics. However, from the data presented within this study, it is
clear that flexion angle alone cannot fully explain tibio-femoral implant kinematics. As a result,
it seems that the assessment of complete cycles of the most frequent functional activities of daily

living seems to be imperative when evaluating the behavior of a TKA design in vivo.
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Chapter 5: GMK Sphere implant shows medial stability

5.1 Abstract

Joint stability is a primary concern in total knee joint replacement. The GMK Sphere prosthesis
was specifically designed to provide medial stability, while permitting rotational freedom of the
joint through a flat lateral tibial surface. The objective of this study was to establish whether
the GMK Sphere prosthesis provides greater in vivo medial stability during gait activities than
conventional posterior-stabilized (PS) fixed-bearing and ultra-congruent (UC) mobile-bearing
designs.

The anterior-posterior (A-P) translation and internal/external rotation of three cohorts, each
with 10 good outcome subjects (2.9 + 1.6y postop), with a GMK Sphere, GMK PS or GMK
UC implant were analysed throughout complete cycles of gait activities using dynamic videofluo-
roscopy. The GMK Sphere showed the smallest range of medial A-P translation for level walking,
downhill walking, and stair descent (3.7 + 0.9mm, 3.2 + 0.8mm, 4.0 + 1.4mm), followed by the
GMK UC (5.9 + 1.0mm, 8.2 £+ 1.8mm, 9.0 £ 1.9mm) and the GMK PS (10.6 £+ 2.3mm, 10.4
+ 2.7mm, 12.0 + 1.6mm) designs. The GMK Sphere exhibited the largest range of lateral A-P
translation (12.5 & 2.2mm), as well as the largest range of tibial internal/external rotation (13.2
+ 2.2mm), both during stair descent.

This study has shown that the GMK Sphere provides medial A-P stability during gait activities
and still allows rotational freedom. The additional comparison against the conventional GMK
PS and UC designs, not only demonstrates that implant design is a key factor in governing
tibio-femoral kinematics, but also that the design itself probably plays a more dominant role for

joint movement than the type of activity being undertaken.

Keywords

Medial stability, total knee arthroplasty, moving fluoroscope, single plane fluoroscopy, design

dependency, gait activities

5.2 Introduction

To maintain sufficient range of motion after a total knee replacement, but also not overload

the surrounding soft tissue structures, mimicking tibio-femoral kinematics of the healthy knee
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is thought to be beneficial in the development of total knee arthroplasty (TKA) designs. In
posterior cruciate retaining as well as in cruciate-substituting designs with little conformity
between the femoral and tibial articular surface, paradoxical anterior motion has been observed
during flexion [13]. This could lead to overloading of the surrounding tissues or a feeling of joint
instability [6, 10, 138]. A highly constrained design is able to provide anterio-posterior (A-P)
stability, but could restrict the functional range of motion and raise the required constraining

forces, thus promoting implant loosening [10].

To provide both A-P stability and a large pain-free range of axial rotation throughout daily
activities, medial pivot designs have recently been introduced. One such design, the GMK Sphere
prosthesis (Medacta International, Lugano, Switzerland), was specifically designed to constrain
the medial condyle through geometrical conformity, while the flat unconstrained lateral tibial
surface allows A-P translation of the lateral condyle in order to permit rotational freedom of the
joint. In this respect, the implant is thought to closely mimic the kinematics of the natural knee
[27]. Until now, the in vivo kinematics of this novel implant design have only been investigated
during kneeling, lunging, dynamic step-up/down and pivoting movements |24]|. Here, little or
no translation of the medial femoral condyle was observed, while the lateral condyle translated
posteriorly with increasing flexion, resulting in a tibial internal rotation. However, until now, no
investigation into the joint kinematics has been undertaken during dynamic gait activities that
include functional loading and unloading of the joint, impact at heel-strike, and changing muscle
activation patterns. Since such gait activities belong to the most frequently performed daily
tasks, but also challenge subjects with knee disorders [32, 34, 105]|, their inclusion in a complete

evaluation of the functionality of a TKA design therefore seems critical.

In addition to a multitude of examinations using skin marker-based optical techniques that suffer
from errors due to soft tissue artefact [43, 52, 118|, the assessment of joint kinematics has been
extensively investigated using imaging techniques such as MRI [30, 31, 123], RSA [65, 139] and
fluoroscopy (12, 29, 66, 90|, but also in studies using bone-pins [42, 54, 140| or in cadaveric
specimens [27], in order to provide higher levels of accuracy. Imaging studies have allowed a
detailed analysis of the in vivo internal tibio-femoral kinematics throughout knee flexion, but
are generally limited in the examination field of view, and therefore do not allow tracking of
the knee joint during full cycles of dynamic gait activities, or are restricted to imaging only a
portion of the whole motion. To overcome the constraints of such static imaging approaches,
dynamic systems have been developed [36, 37| that now allow investigation into tibio-femoral

kinematics throughout complete cycles of level walking, downhill walking and stair descent. The
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use of such a system has, for the first time, recently shown that tibio-femoral kinematics depend
on the activity performed and that clear differences between the loaded stance and the unloaded
swing phases of gait activities exist [141]. Furthermore, it is now known that treadmill walking

alters joint kinematics compared to free level walking [36].

Whether the intended kinematic behavior of the GMK Sphere design principle, that has been
presented during lunge and step-up activities, is also present for dynamic gait activities remains
unknown. Therefore, the objective of this study was to compare the in vivo kinematics of the
GMK Sphere prosthesis to the conventional GMK Primary posterior stabilized (PS) fixed-bearing
and the GMK Primary ultra-congruent (UC) mobile-bearing TKA for level walking, downhill

walking and stair descent.

5.3 Methods

5.3.1 Subjects

In total, 30 subjects with a unilateral TKA and good clinical outcome (WOMAC between 0 to 28)
provided informed written consent to participate in this study, which was approved by the local
ethics committee (KEK-ZH-Nr.2015-0140). Three cohorts, each with 10 subjects, possessing
either a GMK Sphere (2 male / 8 female, aged 68.8 + 9.9, 1.7 £ 0.7 years postop, BMI 25.4 +
3.7), a GMK Primary PS (5m/5f, aged 69.0 £ 6.5, 3.1 £ 1.6 years postop, BMI 27.6 &+ 3.5) or
a GMK Primary UC (3m/7f, aged 75.0 £ 5.1, 3.9 £ 1.5 years postop, BMI 25.9 + 3.2) implant
were measured in the Laboratory for Movement Biomechanics, ETH Ziirich, while performing

various activities of daily living.

5.3.2 Motion tasks

The kinematics and kinetics of 3 functional gait activities: level walking (straight ahead on the
floor), downhill walking (10° inclined slope) and stair descent (three 0.18m steps), were captured
according to the set-up described by List and co-workers [37]. Familiarization trials with the
moving fluoroscope (see below) were performed for each activity prior to acquiring at least five

repetitions that included the radiographic assessment.
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5.3.3 Ground reaction forces and motion capture system

Eight force plates (Kistler AG, Winterthur, Switzerland), which were fully decoupled from the
surrounding floor, provided undisturbed ground reaction forces (GRFs) during all measured gait
activities [37]. A GRF threshold of 25 N was used to determine the gait events. The trajectories
of a heel marker, captured using an optoelectronic system consisting of 22 infrared cameras
(Vicon MX system, Oxfords Metrics Group, UK), were used to define the second heel strike

event of downhill walking, which was not instrumented with a force plate.

5.3.4 Moving fluoroscope

To image complete, consecutive cycles of the knee joint during level walking, downhill walking
and stair descent, the moving fluoroscope was employed to capture the relative movements of the
femoral and tibial components with a measurement frequency of 25Hz during the investigated
gait activities [37, 127, 141|. Detailed information about the videofluoroscopic image capture are

provided in the literature [37-39, 41, 127, 128, 141].

5.3.5 Data processing

2D /3D registration

The acquired digital images were corrected for distortion using a local correction algorithm based
on a reference grid [38, 41]. The optical projection parameters of the fluoroscopic system, namely
focal distance and principal point, were determined from five images of a calibration tube [38].
The three dimensional orientation of the implant components was determined using a 2D/3D
registration algorithm based on the approach developed by Burckhardt and co-workers [40]. This
process has reported registration errors of < 0.25° for all rotations, 0.3mm for in-plane, and

1.0mm for out-of-plane translations for a similar TKA [38, 41].

Tibio-femoral Kinematics

The joint coordinate system approach reported by Grood and Suntay [70], based on the femoral
and the tibial implant coordinate systems (Figure 5.1), has been used in this study to describe

the tibio-femoral rotations. A-P translations of the medial and lateral femoral condyles relative
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to the top plane of the tibial baseplate were defined using the weighted mean of the ten nearest
points on each condyle. In order to reduce bias due to different implant sizes in the three
groups, the locations of the medial and lateral nearest points, presented in the tibial coordinate
system, were normalized to a medium femur size with a notch distance of 44mm (normalization
factor=44mm /notch distance). All implant kinematic data were interpolated linearly to allow

101 data points for interpretation over complete activity cycles.
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Figure 5.1: Implant coordinate systems for the femoral and tibial components of the GMK
Sphere (left), GMK PS (centre) and GMK UC (right), including the and nearest points for
stance (red) and swing (green) phases for exemplary trials of level walking presented in the
associated coordinate system of the tibial component. for the GMK Sphere (left), GMK PS
(centre) and GMK UC.

5.3.6 Statistics

The null hypothesis was defined as no difference in kinematics between the different designs. To

test this hypothesis for the three tibio-femoral rotations, as well as for the medial and lateral
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A-P translation of the condyles, 5 mixed-model ANOVAs with subject as a random effect were
performed. Here, the influence of the design was investigated with rotational (flexion/extension,
internal/external, ab/adduction) and translational (medial A-P, lateral A-P) ranges of motion
(ROMs) as dependent variables, and design with three levels (GMK Sphere, GMK PS, GMK
UC) and task with three levels (level walking, downhill walking and stair descent) as the inde-
pendent variables. Post-hoc comparisons were conducted using a Least Significant Differences
(LSD) approach and significance levels were adjusted for multiple comparisons using Bonferroni

correction. All ANOVAs were conducted in SPSS (SPSS v23, IBM, United States).

5.4 Results

In general, the implant design influenced the kinematic patterns to a greater degree than the
different activities (Figures 5.2, 5.3, 5.4). While a high level of inter-subject conformity was
observed on the medial condyle of the GMK Sphere, the greatest variability in tibio-femoral

kinematics was observed on its lateral side.

5.4.1 Rotations

All three implants exhibited equal ranges of joint flexion during downhill walking and stair
descent, but the GMK Primary UC showed significantly reduced flexion during level walking
compared to the GMK PS (Table 5.1). The GMK Sphere exhibited a significantly larger range
of tibial internal/external rotation compared to the GMK UC for all tasks and compared to the
GMK PS for stair descent. No differences were found between the implant design kinematics for

ab/adduction.

The tibial components of the GMK PS and UC designs remained, on average, internally rotated
throughout the full range of flexion of all activities, including loaded stance and unloaded swing
phases (Figure 5.5). In contrast, the GMK Sphere exhibited a different kinematic coupling
between flexion and tibial rotation especially for the loaded stance phase of level walking and the
unloaded swing phases of all activities. Here, the GMK Sphere showed an increase in external
rotation, which was followed by an internal rotation, but the orientation of the tibia relative to the
femoral component generally remained externally rotated. No clear differences in tibial rotation
could be seen for the loaded stance phases of stair descent and downhill walking compared to

the conventional designs.
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Table 5.1: Range of motions for all three tibio-femoral rotations for the GMK Sphere, GMK PS and GMK UC during level walking, downhill
walking and stair descent. Mean and SDsd for all groups are reported for:. Flex/ex: Flexion/extension (Flex/ex), int/ext: tibial internal/external
rotation (int/ext), and ab/add: abduction/adduction (ab/add).

full gait cycle loaded stance phase unloaded swing phase

flex/ex [°] int/ext [°] ab/add |°] flex/ex [°] int/ext [°] ab/add [°] flex/ex [°] int/ext [°] ab/add |°]
level walking
GMK Sphere 62.7 £+ 4.9 11.9 *+ 4.2 *b 28 + 08 342 £ 62 73 £+ 28 18 £ 04 619 + 54 92 + 32 25 £ 0.7
GMK PS 63.5 + 4.7 *a 105 + 1.9 29 £+ 08 330 £ 72 79 4+ 13 22 £+ 06 618 + 57 83 £+ 15 23 =+ 0.7
GMK UC 572 + 4.8 *a 81 £ 25 *b 23 = 06 302 + 42 62 £+ 28 16 £ 03 564 + 55 59 £ 16 20 £ 0.7
downhill
GMK Sphere 70.0 £+ 45 11.5 =+ 2.7 *c 26 + 1.0 51 £ 60 63 + 1.7 15 +£ 02 699 + 46 101 + 25 23 £ 09
GMK PS 699 £ 53 89 £ 21 26 = 0.7 50.1 + 83 63 £+ 20 21 £ 07 687 = 63 73 £ 18 20 £ 06
GMK UC 66.1 + 34 79 £+ 23 *c 22 £ 07 473 £+ 48 56 £+ 19 15 + 02 656 £+ 38 61 £+ 19 19 =+ 07
stair descent
GMK Sphere 89.5 £ 5.5 13.2 + 2.2 *de 30 = 1.2 775+ 64 66 £ 24 21 + 0.8 8.1 + 53 128 £ 24 23 £ 1.0
GMK PS 90.2 £ 55 9.0 £ 2.5 *d 29 £ 0.7 M8 £ 92 66 £ 31 25 £ 0.7 899 £ 56 76 £ 19 20 =+ 06
GMK UC 875 =+ 44 84 £ 3.3 *e 23 £ 0.7 7.6 £+ 56 60 £+ 25 20 =+ 05 873 £+ 45 73 £ 33 17 £ 05

*: Significantly different, based on the adjusted level of significance of a = 0.005
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5.4.2 A-P translation

The motion patterns of the mean A-P translations of each subject (Figures 5.2, 5.3, 5.4) for
the GMK Sphere showed very constrained medial condylar motion with almost no inter-subject
variation throughout full cycles of level walking (mean SD 0.6mm), downhill walking (mean
SD 0.5mm) and stair descent (mean SD 0.6 mm), whereas the lateral condyle was found to
allow subject-specific motion patterns, resulting in high inter-subject variability (mean SD level
walking 4.8 mm, downhill 3.9 mm, stair descent 3.7mm). In contrast, the two conventional
designs exhibited similar inter-subject variability for both condyles with slightly larger variation
for the GMK PS (mean SD med 2.2-2.4mm, lat 1.9-2.2mm), than for the GMK UC design (mean
SD medial 1.7-1.8mm, lateral 1.8-1.9mm). Of importance was that intra-subject variability was

extremely low (maximal mean SD for a single subject was 1.5mm, observed during stair descent).

The medial range of A-P translation differed significantly between all three investigated designs
(Table 5.2). Here, GMK Sphere showed the smallest A-P translation for the medial condyle for
level walking, downhill walking and stair descent, followed by the GMK UC and the GMK PS.
For the lateral condyle, the GMK UC showed a significantly smaller range of A-P translation for
all activities compared to the GMK Sphere and for downhill walking and stair descent compared
to the GMK PS. For all designs, the ranges of A-P translation for both condyles were smaller
during the loaded stance phases compared to the unloaded swing phases (Figures 5.2, 5.3, 5.4,
Table 5.2), with minimal mean ranges found during stance for the medial condyle of the GMK
Sphere of 2.0 £ 0.2mm for level walking, downhill walking 1.8 £+ 0.3mm, and stair descent 2.5
£ 0.9mm. The largest and smallest range of A-P translation found throughout full cycles of the
activities in a single trial were observed in a medial (1.6mm during downhill walking) and lateral

(21.3mm during level walking) condyle of two subjects with a GMK Sphere implant.

The conventional designs exhibited similar kinematic coupling characteristics (relationship be-
tween joint flexion, A-P translation, and internal/external rotation) for the medial and lateral
condyles, but with considerable differences between the loaded stance and unloaded swing phases
(Figure 5.5). The medial condyle of the GMK Sphere exhibited almost no translation over the
full range of joint flexion for all activities and even for the unloaded phases. The lateral condyle,
however, exhibited a kinematic coupling comparable to the conventional designs but with a large
variation between subjects. Posterior translation with increasing flexion was found for the lateral
condyle of the GMK Sphere during the loaded stance phase of stair descent. However, differ-

ent patterns of tibio-femoral movement with joint flexion were found for the conventional PS
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and UC designs as well as the lateral condyle of the GMK Sphere for the stance phase of level
walking and downhill walking. Here, little or only anterior translation was observed for flexion
angles > 15 — 20°. In general (apart from the medial condyle of the GMK Sphere) all condyles
then exhibited a greater range of motion, moving anteriorly with a different kinematic coupling

pattern, for all unloaded swing phases.

The conventional designs exhibited similar kinematic coupling characteristics (relationship be-
tween joint flexion, A-P translation, and internal/external rotation) for the medial and lateral
condyles, but with considerable differences between the loaded stance and unloaded swing phases
(Figure 5.5). The medial condyle of the GMK Sphere exhibited almost no translation over the
full range of joint flexion for all activities and even for the unloaded phases. The lateral condyle,
however, exhibited a kinematic coupling comparable to the conventional designs but with a large
variation between subjects. Posterior translation with increasing flexion was found for the lateral
condyle of the GMK Sphere during the loaded stance phase of stair descent. However, different
patterns of tibio-femoral movement with joint flexion were found for the conventional PS and UC
designs as well as the lateral condyle of the GMK Sphere for the stance phase of level walking
and downhill walking. Here, little or only anterior translation was observed for flexion angles
>15-20°. In general (apart from the medial condyle of the GMK Sphere) all condyles then ex-
hibited a greater range of motion, moving anteriorly with a hysteresis pattern, for all unloaded

swing phases.

5.5 Discussion

The sphere-in-sphere articulation on the medial side of the GMK Sphere implant is a design
characteristic that was included to provide A-P stability of the replacement joint. The flat lateral
condyle was then intended to allow rotational freedom, with the ultimate goal of mimicking the
kinematics of the healthy knee joint [27]. While a preliminary understanding of the effectiveness
of this design has been provided in subjects undertaking step-up/down [24], for the first time, the
in vivo kinematics of the GMK Sphere prosthesis have now been analysed during level walking,
downhill walking and stair descent. These measurements have been enabled by the unique ability
of the moving fluoroscope [37| that has allowed the assessment of 3D tibio-femoral kinematics
throughout complete cycles of different gait activities without errors being introduced due to
soft tissue artefact |52, 54]. The additional comparison against conventional GMK PS and UC

designs using the same methodology, not only importantly demonstrates that implant design is
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a key factor in driving tibio-femoral kinematics, but also that the design itself can play a more

dominant role for joint movement than the type of activity being undertaken.

The mean ranges of tibio-femoral rotation (Table 5.1) of the GMK Sphere over the complete
gait cycles were equal or even larger than the PS and UC designs in all three planes and for all
activities, suggesting that little or no additional restrictions in rotational freedom occur due to
the medially constrained compartment design. The lower range of rotation in the UC design,
however, indicates that the implant design may restrict the joint rotational freedom. Here, the
UC design shows comparable values to those reported for level walking and stair descent with
a cruciate retaining implant design [141]. The ranges of tibial rotation determined during the
loaded stance phase of level walking (GMK Sphere: 7.3 4+ 2.8°, GMK PS: 7.9 + 1.3°, GMK UC:
6.2 + 2.8°) and stair descent (GMK Sphere: 6.6 + 2.4°, GMK PS: 6.6 + 3.1°, GMK UC: 6.0 £+
2.5°) were comparable to studies investigating the healthy knee in vivo during the stance phase
of normal gait and stair descent [42, 54, 66]. The largest range of tibial rotation, however, was
clearly observed during the unloaded swing phase of gait, which is consistent with the study of

natural knee kinematics by Lafortune and co-workers [42].

The results of our study demonstrate that a distinct kinematic coupling exists between the
average tibial-rotation and the joint flexion angle for the GMK Sphere for the unloaded swing
phases of all activities (also the stance phase of level walking). The observed externally rotated
tibia indicates that the specific design of the GMK Sphere leads to more external rotation
(depending on the loading and the activity) than the more conventional designs. When comparing
the joint kinematics during the loaded stance phase of stair descent against the results of a
dynamic step-up/down activity investigated by Scott and co-workers [24], who found a general
increase in internal tibial-rotation with increasing flexion, the small increase in internal rotation
with increasing flexion angle observed in our study (Figure 5.5), does indeed suggest that a
kinematic coupling occurs. For the additional activities investigated in our study, e.g. the stance
phase of level walking, however, a contrary coupling was observed, with increasing tibial external
rotation with flexion, indicating that tibial rotation has a relationship with flexion angle that also
varies with implant design and activity [42, 141]|. In both cases, it should be noted that large
inter-subject variations were observed, and interpretation of the “average” kinematic coupling

needs to be interpreted carefully.

The high repeatability in A-P translation between the five intra-subject trials allows subject
specific motion characteristics to be distinguished (Figures 5.2, 5.3, 5.4), indicating that less
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constraints imposed by the implant design results in highly individual motion characteristics.
The highly constrained medial side of the GMK Sphere exhibited the lowest inter-subject varia-
tion (average SD 0.5-0.6mm), and the subject specific motion characteristics therefore appear to
be almost exclusively expressed on the minimally constrained lateral side of the implant (average
SD 3.7-4.8mm). The slightly larger variation found for the PS implant for both condyles (aver-
age SD 1.9-2.4mm) compared to the UC design (average SD 1.7-1.9mm) confirms the influence
of the component design constraints. The individual motion characteristics found within the
implant groups might additionally be explained by other factors including anatomy, component
alignment, ligament tension, muscle activation, or individual spatial/temporal gait characteris-
tics, but the relative influence of these factors on joint kinematics remains to be investigated in

further studies.

Interestingly, for all activities, subject specific A-P translation in the highly constrained medial
sphere-in-sphere articulation of the GMK Sphere implant occurs only at the beginning of swing
phase (Figures 5.2, 5.3, 5.4). This increase in A-P translation seems to have been made possible
by the spherical condyle lifting-off out of the socket after unloading the joint and before the
contraction of the surrounding muscles of the knee preparing for the on-coming heel-strike. An
increase in proximo-distal distance between the femoral and tibial component was also observed
at the same time and in the same subjects. Whether this kinematic phenomenon results from
the femoral component rolling or sliding up the inlay, or whether it is associated with either
joint abduction or a collateral ligament laxity induced (uni- or bi-lateral) lift-off remains to be
investigated. However, this finding seems to underline the importance of ligament balancing on

the in vivo kinematics of the GMK Sphere during unloaded phases of gait activities.

The significantly smaller ranges of A-P translation found for the medial condyle of the GMK
Sphere (stance: 1.8-2.5mm, swing: 3.0-3.5mm) during the loaded stance phase of the three gait
activities, as compared to the conventional designs, indicates a high level of A-P stability for
the medial condyle. The ranges of A-P translation of the lateral condyle (stance: 5.3-6.3mm,
swing: 8.8-12.2mm) did not differ from the ranges found for the PS design, and were larger than
those exhibited by the UC design. Similar to the values determined for joint rotation, these
values suggest that the stable medial condyle of the GMK Sphere does not limit the freedom of
the lateral condyle. These ROMs for the medial and lateral condyles of the GMK Sphere were
comparable to the A-P translations found for the healthy knee during loaded stance phases of level
walking and stair descent [66, 142|, but smaller in magnitude for the lateral condyle compared to

deep knee bend or squatting activities that include larger flexion angles |28, 30]. A comparison of
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these kinematic results against A-P translations for natural knees during gait activities remains
extremely difficult, primarily because healthy knee kinematics themselves remain controversially

discussed [66, 67].

Posterior translation of the lateral condyle with increasing flexion, as described by Iwaki and co-
workers [27] for cadaveric knees and found for the GMK Sphere during lunge and step-up/down
activities by Scott and co-workers [24], was for the loaded stance phases only seen during stair
descent of the GMK Sphere (Figure 5.5, centre). The so-called “paradoxical” movement reported
in the literature [13], describes anterior translation of the femoral condyle(s), despite increasing
joint flexion. In our study, the loaded stance phases of the conventional PS and UC implants
for both condyles during all activities, showed tendencies towards anterior translation (at flexion
angles >15-20°), thus confirming the presence of this paradoxical type motion. It is interesting
to note that this type of movement was also observed in the lateral condyle of the GMK Sphere
during level walking — the first occurrence of this observation in this implant. The distinct
kinematic behavior of the three gait activities and loaded and unloaded phases highlights the

importance of including different gait activities for an improved evaluation of implant design.

It must be noted that a number of factors limit the extrapolation of the findings of this study
for a general understanding of joint biomechanics in larger populations. Here, the low number
of subjects examined, combined with an unequal gender distribution, could bias the observed
kinematic outcomes, and thereby restrict a comprehensive understanding of the differences in
motion characteristics between implants. While additional subjects could elucidate the extreme
ranges of motion, the differences in subject-specific kinematics are already clear even in the low
number of subjects examined in this study, and already highlight the condylar range of motion
freedom and activity dependency within the design specific constraints. The low gait speeds of
the subjects walking with the moving fluoroscope has been addressed previously [137], in which
it is already known that the kinematics resemble those during slow walking. From an analysis
perspective, the out of plane error of the single plane fluoroscope [37] only allows a limited
evaluation of the medio-lateral translation of the implant components, which have therefore not
been reported in this study. However, the use of this technology has clearly allowed a new
understanding of implant kinematics throughout complete cycles of functional gait activities,
including the effects of muscle contraction and relaxation, as well as loaded and unloaded activity

phases.

The results of this study confirm that the design principle of the GMK Sphere, in providing A-P
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stability through a medial sphere-in-sphere articulation and allowing rotational freedom through
a flat lateral compartment, is successful in terms of the in vivo kinematics produced throughout
the performed gait activities. From a clinical perspective, whether patients prefer the medial
stabilized implant over conventional designs, was not the focus of this study, and remains to
be assessed elsewhere [138]. An improved knowledge of healthy tibio-femoral kinematics during
similar complete cycles of dynamic functional gait activities, as well as their modulating factors,
remains critically required before implant designs are better able to mimic healthy joint motion.
In this study, however, we have been able to show that innovative TKA designs such as the GMK
Sphere are able to provide medial A-P stability and still allow rotational freedom, but that the

motion of the lateral condyle is still highly subject specific and activity dependent.
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6.1 Abstract

Combined knowledge of the functional kinematics and kinetics of the human body is critical for
understanding a wide range of biomechanical processes including musculoskeletal adaptation,
injury mechanics, and orthopaedic treatment outcome, but also for validation of musculoskele-
tal models. Until now, however, no datasets that include internal loading conditions (kinetics),
synchronized with advanced kinematic analyses in multiple subjects have been available. Our
goal was to provide such datasets and thereby foster a new understanding of how in vivo knee
joint movement and contact forces are interlinked — and thereby impact biomechanical interpre-
tation of any new knee replacement design. In this collaborative study, we have created unique
kinematic and kinetic datasets of the lower limb musculoskeletal system for worldwide dissem-
ination by assessing a unique cohort of 6 subjects with instrumented knee implants (Charité
— Universitdtsmedizin Berlin) synchronized with a moving fluoroscope (ETH Ziirich) and other
measurement techniques (including whole body kinematics, ground reaction forces, video data,
and electromyography data) for multiple complete cycles of 5 activities of daily living. Maximal
tibio-femoral joint contact forces during walking (mean peak 2.74BW), sit-to-stand (2.73BW),
stand-to-sit (2.57BW), squats (2.64BW), stair descent (3.38BW), and ramp descent (3.39BW)
were observed. Internal rotation of the tibia ranged from 3° external to 9.3° internal. The greatest
range of anterio-posterior translation was measured during stair descent (medial 9.3 + 1.0mm,
lateral 7.5 + 1.6mm), and the lowest during stand-to-sit (medial 4.5 + 1.1mm, lateral 3.7 £
1.4mm). The complete and comprehensive datasets will soon be made available online for public

use in biomechanical and orthopaedic research and development.

Keywords

Internal loading conditions, in vivo kinematics, moving fluoroscope, EMG, ground reaction forces,

telemetry, tibio-femoral joint contact forces

6.2 Indroduction

Accurate knowledge of the internal loading conditions in the human musculoskeletal system forms

the basis for understanding a wide range of biomechanical processes including musculoskeletal
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adaptation [143, 144], orthopaedic treatment outcome [145], wear and failure mechanisms [146],
overloading and injury mechanics [147], as well as for optimising implant designs, and validating
musculoskeletal models [148]. However, many aspects of modelling and understanding biome-
chanical interactions in the human musculoskeletal system, are limited by the lack of availability
of complete and synchronous kinematic and kinetic datasets. In their “Grand-Challenge”, Fregly
and co-workers annually released musculoskeletal datasets based on data collected from a single
subject implanted with a force-measuring knee replacement [149, 150|. The distribution of these
datasets signified a landmark in the ability of the entire musculoskeletal modelling community
worldwide to use this data and validate their own lower limb models. However, the limited num-
ber of subjects and datasets available has limited any population or activity based modelling.
Furthermore, kinematics of the limbs were primarily extracted from optical motion capture (only
walking on a treadmill was measured fluoroscopically), which is subject to soft tissue artefact [52],
and the accuracy of the kinematic assessment therefore clearly limited the ability to understand

the role of tibio-femoral motion on the internal joint contact forces.

Videofluoroscopy allows the accurate reconstruction of objects with a known geometry in 3D
space, and has thus become a well-accepted imaging technique to acquire kinematic information
of artificial joints during simple functional movement tasks such as squatting or rising from a
chair. However, measurements during functional activities of daily living such as walking and
stair descent have remained extremely limited: the heavy physical structure of the imaging
technology has generally restricted the development of mobile devices. As such, only a handful
of mobile units exist that enable the tracking of moving joints. The Laboratory for Movement
Biomechanics, E'TH Ziirich, has developed a single plane moving fluoroscope that is capable of
tracking human joints throughout complete cycles of activities of daily living [39] (Figure 6.3).
By determining the projection parameters and subsequent 2D /3D registration, it is possible to
accurately reconstruct the 3D kinematics of e.g. the knee joint [90, 92, 151], without inaccuracies

associated with soft tissue artefact.

The development of telemetric implants at the Charité — Universitdtsmedizin Berlin, Germany,
has allowed improved understanding of the internal loading conditions that occur in subjects with
artificial joints. Using strain gauges fixed within the shaft of the tibial component, this tech-
nology allows the tibio-femoral forces and moments that act within the implant to be captured
during dynamic activities in the knee joints of human subjects in vivo [152]. Comprehensive
information about the loading of orthopaedic implants is already provided in the Orthoload

database (www.orthoload.com). However, until now, this data has mainly been limited to joint
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kinetics. In this respect, expansive data for multiple subjects that includes accurate information
of both joint kinetics and kinematics remains elusive. In a unique collaborative effort, the “Com-
prehensive Assessment of the Musculoskeletal System” (CAMS-Knee) project aimed to unite
these technologies and capture synchronous datasets of kinematics and kinetics of the human
knee. With the goal to make these datasets widely available, it was our aim to support the
field of musculoskeletal biomechanics and provide researchers and industry a reliable and highly
accurate resource for model validation and research into the movement and loading of the human

knee, particularly in subjects with total knee replacements.

6.3 Materials and methods

6.3.1 Subjects

Six subjects (5m, 1f, aged 68 + 5 years, mass 88 £ 12kg, height 173 + 4cm) each with an
instrumented TKA [152] were measured 5-7 years post-operatively while performing multiple
repetitions of different activities of daily living. All testing of subjects involved within this
project were performed in accordance with the Declaration of Helsinki. The study was approved
by the local ethics committees of the Charité (EA4/069/06) and ETH Ziirich (EK 2013-N-90)

and all subjects provided written informed consent prior to participation.

6.3.2 Telemetry

Each subject possessed an INNEX knee implant (Zimmer, Switzerland; type FIXUC), in which
the tibial component was modified and instrumented with a 9-channel telemetry transmitter
(90-100 Hz), allowing six-component load measurements of the 3 contact forces and 3 joint
moments acting on the tibial component to be recorded with a mean measurement error below
2% [152]. The construction consisted of two trays with hollow stems made from titanium alloy
bar stock, which were separated by a small gap. The inner stem was connected to the upper
plate and fitted, slightly undersized, into the outer stem of the lower plate. Both stems are
welded together at their distal ends. Surgical implantation involved cementation of the lower
plate onto the resected tibia as usual, hence allowing the inner stem to deform elastically when
the upper plate is loaded. The load-dependent deformations of its stem were then measured

using 6 semi-conductor strain gauges. All signals were sensed and transmitted using a custom-
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made, inductively powered telemetry circuit [153]. During measurements, the subjects wore an
external coil and antenna around the shank, which were connected to a custom-made receiver
and amplifier. The signals were recorded together with the patient video on a digital video tape
and prepared for post-processing evaluation. One of the audio tracks recorded the demodulated
pulse trains of the telemetry signals and the other the synchronization signal. Finally, all forces
and moments were determined and presented in the tibial coordinate system (detailed in Figure

6.1).

anterior

e

\
superior----
lateral

Figure 6.1: Coordinate system of the instrumented tibial tray. Figure adapted from (Kutzner et
al., 2010) [154] and reprinted with permission.

6.3.3 Fluoroscopy

To overcome the limitations of marker-based kinematic measurements, which are affected by
soft tissue artefacts [52, 155], tracking fluoroscopic techniques for dynamically imaging inter-
nal skeletal structures and metallic implant components have been developed [38, 39, 98|. The
videofluoroscope C-arm unit was mounted on an automated trolley (maximum acceleration hor-

2 maximum velocity horizontal 5ms™!) that allows dynamic tracking of the joint

izontal 9ms™
in question. The additional ability of the C-arm to track the joint at up to 1.33ms™ ' vertically
(maximum vertical acceleration 4ms~2), thus enabling the joint to be tracked throughout several

gait cycles of free level and downhill walking as well as stair descent [37].

The videofluoroscopic image capture was performed using a modified BV Pulsera videofluo-

roscopy system (Philips Medical Systems, Switzerland) with a field of view of 30.5¢m, pulsed
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image acquisition rate of 25Hz, 8ms radiation time, 1ms shutter time of the CCD-sensor and an

image resolution of 1000 x 1000 pixels with a grayscale resolution of 12 bits [38, 39, 41, 98, 129].

Image distortion of the videofluoroscopic images was eliminated by a local correction algorithm
[38, 41, 129] using a reference grid containing approximately 1300 beads. Since the position of
the beads relative to one another was known, the projection of the reference grid was restored
by means of a polynomial approximation. The projection parameters of the videofluoroscopic
system (focal distance and location of the principle point in the image plane) were determined
using a least-squares optimization, which was based on five images of a calibration tube (300mm
long with two Plexiglas@®)plates). At well defined positions (accuracy: + 0.03mm), each plate

was filled with either 12 or 13 metal pellets, providing a total of 25 correspondence points.

Once the projection parameters of the fluoroscope were determined, its orientation and location
relative to the video-photogrammetric system were determined [37, 38]. Here, the grid used for
the image distortion correction was also equipped with six reflective markers screwed at prede-
fined positions. The grid was rotated and displaced into multiple poses, with radiographs of
the grid’s beads and simultaneous assessment of the marker positions allowing the relationship
between their local coordinate systems to be determined. In order to determine the projection
matrix, a least squares optimization was used to find the orientation and position of the fluo-
roscopy system relative to the origin of the video-photogrammetric set-up. Optical markers were
additionally fixed to the C-arm of the moving fluoroscope to allow the position of the moving
fluoroscope to be continually determined and referenced to the global lab coordinate system.
2D /3D registration of the 2D fluoroscopic images was performed by fitting CAD models of the
implant components. The registration algorithm was based on the approach developed by [40],
in which the pose of the 3D implant CAD models was determined through fitting a synthetic
image of the CAD model to the fluoroscopic image by minimizing the difference in gradient mag-
nitudes as well as pixel grey values within the region of interest defined by a slightly enlarged
outline contour, to create the optimal matching scenario for each time point. Registration errors,
assessed for a similar TKA, were < 1 degree for all rotations, < 1lmm for in-plane and < 3mm for
out-of-plane translations [38]. The output is the 3D pose of the tibial and femoral components

relative to the lab or image intensifier coordinate systems according to [70].
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6.3.4 Whole body kinematics

To analyse the full body kinematics, a 3D motion capture system (Vicon, Oxfords Metrics Group,
UK) consisting of twenty-six MX40 and T160 motion-capture cameras recorded the motion of 75
skin markers attached to the skin at a sampling frequency of 100 Hz. The markers were attached
mainly to the lower extremities (Figure 6.2; Table 6.1), and specifically encompassed all marker
positions required for the IfB marker set [47], the OSSCA bone landmark and cluster marker sets
[134, 155-159], as well as the lower-limb Plug-in-Gait marker locations (Vicon Peak@®), Oxford,
UK).

1¢C7
2 RTSH /3 LTSH
4 RTEL/5 LTEL
6 RTRS /7 LTRS
8 RTUS /9 LTUS

10 SACR
11 RTPS /12 LTPS
13 RTPE / 14 LTPE
15 RTMS / 16 LTMS
17 RTAS / 18 LTAS

19 RTLH/ 20 LTLH

21RTLL/ 22 LTLL

23 RTLE / 24 LTLE
25 RTME / 26 LTME
27 RTFR/ 28 LTFR

29 RTAT / 30 LTAT

31 RTPP /32 LTPP

33 RTPD/ 34 LTPD

35 RTHF / 36 LTHF
37 RTTT/ 38 LTTT
39 RTMT / 40 LTMT
41 RTDT /42 LTDT
43 RTLF / 44 LTLF
45RTLS /46 LTLS
47 RSPP / 48 LSPP
49 RSPD / 50 LSPD
51 RTLM /52 LTLM
53 RTMM / 54 LTMM

55 RTLC /56 LTLC

57 RTHL /58 LTHL

59 RTHH / 60 LTHH
61 RTMC/ 62 LTMC

63 RTVB/ 64 LTVB
65 RTVM / 66 LTVM
67 RTTO / 68 LTTO
69 RTFM / 70 LTFM
71 RTFB/ 72 LTFB

Figure 6.2: Positions of the reflective markers. The naming convention relates to the description
of the placement in Table 6.1.
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Table 6.1: Description of the skin marker placement.

Segment Marker Position Marker Name
Trunk / Arm Seventh cervical vertebra C7
Highest point of the acromion RTSH / LTSH
Epicondyle radial RTEL / LTEL
Styloid process of radius RTRS / LTRS
Ulnar styloid process RTUS / LTUS
Pelvis Sacrum SACR
Posterior superior iliac spine RTPS / LTPS
Crista iliaca, dorsal RTPE / LTPE
Mid superior iliac spine RTMS / LTMS
Anterior superior iliac spine RTAS / LTAS
Thigh Lateral thigh on 50% thigh length RTLH / LTLH
Lateral thigh on 20% thigh length RTLL / LTLL
Lateral epicondyle RTLE / LTLE
Medial epicondyle RTME / LTME
Front thigh, one hand above knee RTFR/ LTFR
Ventral thigh on 50% of the length RTAT / LTAT
Upper 1/3 of the dorsal thigh RTPP / LTPP
Lower 1/3 of the dorsal thigh RTPD / LTPD
Shank Head of fibula RTHF / LTHF
Tibial tuberosity RTTT / LTTT
Mid tibia on 50% shank length RTMT / LTMT
Lower 1/3 of the ventral shank RTDT / LTDT
Lateral fibula on 30% shank length RTLF / LTLF
Upper 1/3 of the lateral shank RTLS / LTLS
Upper 1/3 of the dorsal shank RSPP / LSPP
Lower 1/3 of the dorsal shank RSPD / LSPD
Lateral malleolus RTLM / LTLM
Medial malleolus RTMM / LTMM
Rear foot Calcaneus lateral below lateral malleolus RTLC / LTLC
Calcaneus posterior inferior RTHL / LTHL
Calcaneus posterior superior RTHH / LTHH
Calcaneus lateral below medial malleolus RTMC / LTMC
Forefoot Base of fifth metatarsal RTVB / LTVB
Head of fifth metatarsal RTVM / LTVM
Head of second metatarsal RTTO / LTTO
Head of first metatarsal RTFM / LTFM
Base of first metatarsal RTFB / LTFB
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6.3.5 Ground reaction forces

Six force plates (Bl and B2, type 9281B, 400x600 mm, B3 and B4, type 9285, 400x600 mm,
B3, type 9281C, 400x600 mm and A1, type 9287B, 600x900 mm, 2000 Hz; Kistler, Winterthur,
Switzerland) aligned with the walkway, were used to measure the ground reaction forces (GRFs).
These force plates were decoupled from the surrounding floor through their installation on an
isolated concrete foundation (mounted directly on the ground floor below) to eliminate signal
noise caused by ground vibration due to movement of the fluoroscope. The staircase and the
ramp used for downhill walking were equipped with two mobile force plates (C1 and C2, type
9286AA, 400x600mm, 2000Hz; Kistler, Winterthur, Switzerland). To obtain the exact location
of the origin, as well as the orientation of the mobile force plates, the position of calibration

markers plugged into the force plates were captured.

All force plates were additionally calibrated to improve the estimation of the centre of pressure
(CoP) with an in-situ point of force application calibration method [160]. As a result of the
procedure, the mean error of the determined CoP was thereby reduced from 0.8 to 19.8mm

before correction to within a range of 0.04 to 2.2mm.

6.3.6 EMG

The muscular activities and their coordinated responses were detected using a 16-channel wireless
EMG system (Trigno, Delsys, USA), which was checked prior to subject measurements to ensure
there was no interference from the implant telemetry data transfer. The EMG dual surface
electrodes are placed on the preselected muscles to detect the myoelectric signals throughout the
motion tasks. The recorded data was telemetrically sent to the workstation and synchronized

with the kinematic measurements.

The electrodes were attached to the skin at eight predominant muscle sites on each lower limb
(Figure 6.3). At the beginning of the test session, the EMG signals during maximal voluntary
contractions (MVC) of each muscle were recorded. For this purpose, the following four motion

tasks were performed for both legs:

Triceps surae: One legged standing together with lifting the heel to stand on tiptoe.
Quadriceps: With the subject sitting on a bench, with their lower legs hanging down, extension

of the knee joint was performed against a load by means of a strap around the lower leg, just
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above the ankle.
Hamstrings: With the subject sitting on a bench, with their lower legs hanging down, flexion
of the knee joint was performed against a load by means of a strap around the lower leg, just
above the ankle.
Tibialis anterior: With the subject standing, dorsiflexion of the ankle was performed against

a manual resistant force provided by the investigator.

6.3.7 Video

Videos of each measurement were recorded using a digital camera (Panasonic NV-GS400) to-
gether with a digital video recorder (GV-D1000) for event documentation. The synchronization
to the audio track, on which the telemetry data was stored, was performed by an LED light

(delay < 1 video frame).

6.3.8 Synchronisation

All measurement systems recorded simultaneously and were temporally synchronised. While the
GRFs and EMG data were read directly into Vicon Nexus, fluoroscopic images were synchronized
using a T'TL trigger signal input into Vicon to temporally register each frame. In addition, Vicon
was synchronized with the internal force measurement telemetry by sending a T'TL trigger signal

to the telemetry system.

6.3.9 Activities

Calibration tasks

Before the fluoroscopic measurements were performed, each subject performed basic motion tasks
according to [47], in order to allow functional determination of the joint centres at the hips, as

well as axes of rotation for the knee and ankle joints.

Prior to the measurement with the moving videofluoroscopic system, practice trials without
imaging were performed until the subjects felt comfortable with the measurement systems and
protocols. Free level gait, downhill walking, stair descent, sit-to-stand and stand-to-sit, as well as

squatting activities, were then performed while all measurement systems were active. For each
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motion task, a minimum of five valid trials were acquired. For a valid trial, the knee had to be
in the field of view of the image intensifier during the stance as well as the swing phase, and the

force plates had to be hit correctly.

Level walking
Level walking included walking straight ahead over 5 force plates embedded in the floor (Figure
6.3).

Downbhill walking

A ramp, consisting of a walkway with a 10° inclined slope (18 %) and two included embedded
force plates (registered to the global coordinate system), was developed to perform downhill
walking. Each subject started walking and the fluoroscope tracked to measure the final complete

gait cycle of the downhill walking.

Stair descent
Walking downstairs consisted of descending a staircase of three steps, each 18cm in height. Force

plates were mounted within the stairs, each registered to the global coordinate system.

Sitting and rising from a chair
Sit-to-stand and stand-to-sit were both measured in one motion sequence. The subject started
in a sitting position, rose to an upright standing position and sat down again. Subjects were

seated at an angle to the fluoroscope to avoid interference from the second knee.

Squat
For the squat activity, subjects stood with stationary feet, approximately shoulder width apart,
and hands stretched forwards. Knee joint flexion was then performed as far as possible before

returning to the standing position.

6.3.10 Processing of the data

Tibio-femoral A-P translations and proximo-distal (p-d) distances were described using the
distance-weighted means of the 10 nearest points on each of the medial and lateral femoral
condyles (surface element edge length approx. 2.8mm) relative to the tibial baseplate, which
were re-calculated for each time point of the recorded kinematics to account for relative motion
and rotation of the implant components. These nearest contact points on the medial and lateral

condyles therefore effectively describe the motion of the femur with respect to the tibial compo-

84



Chapter 6: CAMS-Knee dataset

uonsod Surpue)s o) 01 SUMLINGAI 8I0Ja( d[qrssod A[[RNPIAIPUI Sk IR] S UOIXof Jurol 99uy]

SpIeMIO] PoydlaIls spuey Yim jrede YIpia Jopnoys Apjrewrxordde ‘900 Areuorye)s yim Jurpue)q

‘ureSe UMop jes pue uorgisod Surpue)s ysudn uwe 03 9sol

‘uonyrsod 3urgrs e ur pojre)s 100qns oy, "oousnbos 9[SUIS © $e POINSROW 9IoM PURIS-01-)IS PUR I1S-0)-PUR)S SYSR) Om} oY T,
1SIT] UT WDQT oeo ‘sdojs 9a1T]) [IIM ITR)S PIJUSTIILIISUI UR UMOP SUIN[RAA

sojeld 9010] oM} papnpur yoIyMm ‘(%8T) odols paurur )T © M AeMI[RM © UMOD SUT{[RA\

IOOf 913 Ul pappaquid soje[d 92I10J G I9A0 PesTe JUSTRI)S SUT{TRAA

yenbg

Iret e Woj
Suisu pue 3uryig
JDDSOP ITR)G
Sunrem [[Iqumo(g
Sunem oA

vonydraose(q

ANAOY

‘pounroprad so1grAIiOR 9 JO uondunsa(] g9 o[qe],

85



Chapter 6: CAMS-Knee dataset

nent, rather than the motion of the tibial component itself. As a result, anterior translation of

the medial contact point would denote internal tibial rotation.

For all gait activities, all kinematic and kinetic parameters were temporally normalized to a
complete gait cycle. The gait cycle was defined from heel-strike to heel-strike. Heel-strikes and
toe-offs were defined using a ground reaction force threshold of 256N. Mean and standard deviation
of the parameters were extracted from at least five valid cycles of each activity and presented as

a function of time normalised the activity cycle.
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Figure 6.3: Example of the data capture set-up for one subject during level walking. The moving
fluoroscope was developed at the Institute for Biomechanics, ETH Ziirich, consisting of a C-arm
mounted on a moving trolley. The system is capable of real-time tracking of the knee throughout
complete cycles of level walking, stair descent and ramp descent activities.

6.4 Results

In general, all subjects were able to successfully undertake all activities. Considerable variations
in both kinematic and kinetic parameters were observed between subjects, but also between trials
in individuals. Exemplary results of the kinematic and kinetic parameters obtained by moving

videofluoroscopy and the instrumented knee implant during different activities are presented for
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one of the measured subjects (Figure 6.4). However, it is our intention that complete datasets for
all subjects, all activities, all trials and all measurement modalities will be made freely available
for non-commercial usage. Consequently, the following results are all presented as mean values

over all subjects in order to provide a greater overview of the population kinematics and kinetics:

Knee flexion angles during level walking, downhill walking and stair decent exhibited a biphasic
pattern for all subjects. The mean knee flexion ROM across all subjects for level walking was
56.0 + 6.4°, 65.2 + 3.0° for downhill walking, and 87.1 4+ 4.4 for stair descent. The sit-to-stand
and stand-to-sit activities resulted in a knee flexion to a mean of 76.0 + 6.8°, and extended to a
mean of -3.9 + 11.2°. In a similar manner, the knee flexion reached a mean of 73.1 £+ 9.4° during

the squat activity.

The mean ad-abduction of the knee remained nearly constant throughout all activities and did
not exceed 2 degrees. External rotation of the tibia was rarely observed. Internal rotation of
the tibia increased with increasing knee flexion for almost all activities, resulting in a relatively
large RoM, ranging from 3° external (occurring during gait) to 9.3° internal (during squats)
rotation. A-P translation of the nearest medial and lateral articular points (as described above)
demonstrated different patterns during different activities, but with similar RoMs. The greatest
RoM was measured during stair descent (medial 9.3 + 1.0mm, lateral 7.5 + 1.6mm), while
the lowest RoM was observed during the stand-to-sit activity (medial 4.5 + 1.1mm, lateral 3.7
+ 1.4mm). The minimum p-d distance between the tibial and femoral components remained
relatively constant, but some variations were visible during the walking task in this subject. The
mean range of p-d distance was 1.4 + 0.3mm, 1.7 £ 0.6mm, 2.0 + 0.5mm, 1.1 £+ 0.2mm, 1.3
4 0.3mm, 1.5 £ 0.5mm for level walking, ramp walking, stair descent, stand-to-sit, sit-to-stand,

and squat respectively.

The tibio-femoral joint contact forces reached a mean peak of 2.74BW during walking (highest
single peak value of 3.73BW was found in the database: Figure 6.4), 2.73BW during sit-to-stand,
2.57BW during stand-to-sit, and 2.64BW during the squat exercises. However, considerably
higher forces of approximately 3.38BW and 3.39BW were observed during stair descent and
ramp descent respectively. In general, the compressive forces followed different patterns during
different activities; however, these patterns had nearly consistent shapes between subjects. As
can be seen from the maximum and minimum values across all subjects and all trials (shown
as “¥” and “o” respectively for walking only; Figure 4), considerable variability was observable

between subjects. Of note was that the highest joint contact forces did not necessarily relate to
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the joint kinematics.

6.5 Discussion

Accurate knowledge of the relationship between joint kinematics and kinetics in vivo forms the
foundation of understanding and improving many clinical and rehabilitation treatments in the
fields of orthopaedics and sports medicine. To date, however, access to such datasets remains
astonishingly restricted. In this CAMS-Knee project, we have directly addressed this deficit by
providing accurate kinematic and kinetic data in a small population during a range of functional
activities. After their public release in 2018, these unique datasets will lay the foundations
for understanding the complex interactions between the hard and soft tissue structures in the
human knee and can thus be used towards e.g. verifying and improving novel surgical implants
and techniques, developing novel injury prevention or rehabilitation strategies, and analysing
the biomechanics of joint degeneration, but will also importantly provide a gold standard for the

validation of biomechanical computational models.

To date, the most extensive datasets that include accurate measurements of the internal tibio-
femoral joint contact forces have been made available on www.orthoload.com or published as
part of the grand challenge [149, 150]; but this data is limited in several ways, including number
of subjects, accuracy of the kinematic measurements, extensiveness of the datasets (repetitions,
number of activities etc.), and limited range of measurement for moving activities. The data
measured within the CAMS-Knee project are the first datasets to be made publicly available
that include comprehensive data on multiple subjects, multiple activities, multiple repetitions

and multiple synchronised measurement technologies.

The data measured within the CAMS-Knee project are aligned with previous reports on internal
tibio-femoral loads {149, 150, 154], in which forces of 2.5-3BW for normal walking were presented.
The observed higher forces during stair decent and ramp descent were not unexpected due to
the increase in muscle activity required to induce the movement and for joint stabilisation in
these more challenging exercises, and are also consistent with previous measurements in these
subjects (www.orthoload.com). In terms of kinematics, it is clear that this highly constrained
prosthesis limits the motion of the knee, even during walking, producing similar A-P translation
and internal-external rotation to other implants [88, 162], but slightly less rotation compared to

the natural knee [42], where internal-external rotation of up to 10° was observed. The collected
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data were not all obvious however, and open a number of questions for further investigation. As
an example, p-d motion between the implant components was observed in the presented level
walking data (Figure 6.4), posing the question as to whether lift-off of the femoral component
occurs. In this case, we are of the opinion that no lift-off occurs, but rather that the simultane-
ous posterior translation of the lateral condyle pushes the components apart due to the highly
congruous shape of the inlay, but that contact with the inlay still remains; a theory that could
be supported by the smooth proximal movement of the femoral component over an extended
duration of the cycle, but also that this period coincides with the phase of highest tibial in-
ternal rotation. However, it is entirely possible that the loading and unloading of the implant,
which has hardly been measured throughout complete cycles in real world (non-treadmill) walk-
ing scenarios previously, could partially explain this anomaly. The fact that the observed peak
p-d motion ranges from ca. 3-7mm in other subjects and trials, however, possibly indicates the
requirement for improved 2D /3D component registration to remove outliers, or indeed possible
lift-off of the femoral component. Further investigation into such aspects is clearly warranted,

and will hopefully be undertaken in future collaborative research projects.

Despite extreme care taken in the planning and execution of this study, there were still a number
of limitations to the quality of the data collected. First and foremost, only a single plane
fluoroscope was used for the analysis of internal kinematics, and 2D-3D fitting accuracy in the
out-of-plane axis is known to be lower than for in-plane registration [38]. Consequently, the
assessment of e.g. femoral component to inlay contact may be limited. In addition, the quality
of the images, and therefore the accuracy of 2D-3D registration, is clearly limited when the
second leg crosses through the imaging plane. This problem was exacerbated in this study
since four out of the six subjects assessed possessed bi-lateral TKAs. As a result, a small
number of images were obscured by the contralateral implant and could not be reconstructed.
In addition, the subjects assessed in this study averaged 68 years old and possessed at least one
TKA. The interpretation and extrapolation of any musculoskeletal assessments to younger or
healthy subjects may be limited, especially in light of the highly congruent INNEX knee implant
that is known to considerably constrain tibio-femoral translation and rotation. Unfortunately,
no detailed analysis of the pre-operative kinematics and kinetics was performed, therefore also
restricting a deeper understanding of any correlation with e.g. pre-operative limb alignment. As
a final point to consider, it is known that the moving fluoroscope inflicts an encumbrance on
free walking through unusual noise and visual impediment, and results in a kinematic equivalent

of slow walking [137]. However, despite these limitations, the ETH Ziirich moving fluoroscope
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is one of the only systems available worldwide that is able to track the knee during complete
cycles of activities of daily living, and thereby still offers a unique insight into joint kinematics in
combination with ground reaction force measurements, throughout loaded and unloaded phases

of gait.

After a proprietary period for data analysis, the comprehensive CAMS-Knee datasets will be-
come freely available for non-commercial usage at www.cams-knee.orthoload.com. In order to
download the full datasets, recipients will be required to sign a licence agreement, provide full
name, position, and contact details, but also specify their intended usage of the data. With this
information, we anticipate building a community of users, who will be able to interact, support
each other, and even provide e.g. open source models based on the datasets. As a result, we
expect the CAMS-Knee data to positively impact on current scientific and clinical approaches
for the assessment and management of joint disease and injury, with tremendous potential for

becoming reference datasets in medical innovation world-wide.
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Chapter 7

Synthesis

Patient satisfaction after TKA is highly related to the ability to perform activities of daily living
successfully and without pain [7]. While patient satisfaction is highly subjective and driven by
expectations of the patient [7], TKA kinematics can provide objective measures, to evaluate the
in vivo function of TKA during activities of daily living and improve implant designs to better
replicate the healthy knee motion. With the unique moving fluoroscope, it was for the first time
possible to include level walking, downhill walking and stair descent in studies with patients to

evaluate different implant designs.

Therefore, the overall objective of this PhD thesis was to provide an improved understanding
of factors driving the in vivo TKA kinematics in different functional activities. In addition
to extensively investigated knee bending exercises with continuous flexion, the impact of the
implant design during functional gait activities was investigated. The results of this thesis
showed the importance of analysing gait activities in addition to knee bending activities and
showed the ability of design features to constrain and guide condylar motion. Highly constrained
compartments resulted in less range of motion and smaller variations between subjects, whereas
unconstrained compartments led to larger ranges of motion and larger variation between the

subjects, reflected in individual motion patterns.

The influence of the moving fluoroscope [37-39] on gait patterns was investigated in a
study including young and elderly subjects walking with and without the moving fluoroscope
(chapter 3). An acoustic masking intervention (ear protectors) was included in an additional
condition to investigate the influence of the motor sound on gait characteristics. Time distance,

kinematic (skin marker analysis) and kinetic (ground reaction forces) parameters were analysed.
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The results showed neither differences between the young and elderly group nor an effect of
the acoustic masking intervention. Importantly, a decreased gait speed (28-30 %) has been de-
termined when walking with the moving fluoroscope compared to normal overground walking.
Changes in gait speed are known to alter the gait characteristics [114, 117] and were observed
by Yamokoski and Banks [96] when using a dynamic radiographic system. When walking with
the moving fluoroscope, small alterations in kinematic parameters were observed, even when
corrected for gait speed. Therefore, the occurrence of alterations due to the moving fluoro-
scope cannot be completely excluded but the alterations were small, especially in relation to
the accuracy of skin marker measurements [116]. However, the absence of differences in kinetic
parameters, when corrected for gait velocity, as well as the comparable kinematic gait character-
istics to the slow control condition demonstrated that slow walking with the moving fluoroscope
is comparable to slow gait. The observed gait speeds in the current thesis were comparable to the
reduced gait speed reported for TKA subjects [110]. Therefore, for an evaluation in subjects with
TKA, the set-up with the moving fluoroscope is capable to track gait activities at gait speeds in

the range of the self selected gait speed without altering the natural gait characteristics.

To investigate the relation of the activity and TKA kinematics, six good outcome subjects
with a unilateral cruciate-retaining fixed-bearing implant design were analysed during two sitting
tasks with continuous flexion or extension as well as during level walking and stair descent. For
the first time tibio-femoral implant kinematics of complete cycles of level walking and stair de-
scent, including loaded stance and unloaded swing phases, were presented for this implant. The
potential to clearly distinguish between subject specific motion patterns of the implant compo-
nents was demonstrated and a clear task dependency was observed across all subjects in mean
range of condylar A-P translation. In addition, larger ranges of condylar A-P translation were
observed for the unloaded swing phase compared to the loaded stance phase for level gait and
stair descent.

Despite large variations between subjects, differences in average kinematic coupling of A-P trans-
lation and flexion were found between the unloaded swing phases compared to loaded phases,
pointing out the importance of analysing complete gait cycles. The results presented in this study
showed that flexion angle alone, as in knee bending activities, cannot fully explain tibio-femoral
TKA kinematics during gait activities. Therefore, beside activities with continuous flexion, gait

activities should be included in a complete evaluation of an implant design.

The activity was identified as an important driving factor of TKA kinematics. Especially for gait

activities, including dynamic loading and unloading of the knee joint in combination with flexion

94



Chapter 7: Synthesis

and extension, the kinematic behaviour of the femoral and tibial component cannot be explained
by the flexion angle alone. Changes in A-P translation mainly occur when there is a change
in loading, movement direction (flexion/extension) or muscle activation. This finding is in line
with the A-P translations found by Guan and co-workers [36] investigating a posterior-stabilized
implant design during complete cycles of overground and treadmill walking.

The stance phase of stair descent with continuous flexion until toe-off showed the same kinematic
coupling of A-P translation and flexion as for the sitting activities and therefore seems to be com-
parable to knee bending exercises most frequently used for evaluation of in vivo TKA kinematics
[5, 13-26]. This finding was confirmed when comparing the stance phase of stair descent of the
medial pivot design to the results of Scott and co-workers 24| during a step-up/down exercise
[24]. During the unloaded swing phase, stair descent shows a completely different kinematic
coupling than during stance phase, with more anterior translation during extension before a pos-
terior translation occurs prior to the next heel strike. This behaviour cannot be fully explained
by the extension movement alone, as a different pattern was observed during the loaded sit-to-
stand activity, covering the same range of extension. Therefore, it needs to be a combination
of loading/unloading, flexion/extension and muscle activation, which drive the TKA kinematics

during gait activities.

The sensitivity of condylar A-P translation to the loading condition or execution of the activity
has been shown in studies investigating loaded and unloaded knee bending [16, 19, 28, 30| or
knee bending with different initial rotations [28, 31]. This implies that a different execution of
an activity can alter the condylar motion. This could also be the case when comparing different
gait speeds [114, 117], or when the gait pattern is altered by environmental factors or when
walking on a treadmill [36]. Due to the sensitivity of condylar motion to the activity, for a direct
kinematic comparison between implant designs or for comparison against the healthy knee, the

activities should be ideally performed in the same activity set-up and with the same instructions.

It has been shown that tibio-femoral kinematics and especially condylar motion are very sensitive
to their definition [28, 74]|. The use of different conventions can lead to different interpretation of
the data. In the current thesis, condylar motion was described using a nearest point approach,
describing the points on each condyle with the smallest distance to the top plane of the tibial
tray. This method is widely used in the analysis of knee implants. The additional description of
condylar motion using a geometric center axis (GCA) approach has emphasized the sensitivity
of the condylar motion to its definition, also described in the literature [28, 67, 74, 124|. For the

implant design with two radii, the effect of different definitions to describe condylar motion can
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be seen exemplarily (Figure A.4). While the nearest point approach showed larger medial A-P
translation, suggesting a centre of rotation on the lateral condyle, the GCA approach showed
opposite results with larger translations on the lateral condyle resulting in a more medial centre of
rotation. These results could be explained by cross-talk between flexion angle and A-P translation
using a GCA approach.

Differences between nearest point approaches, contact point approaches or flexion axis based
approaches should be taken into account when comparing the results of different studies. When
comparing implant kinematics to healthy kinematics, the individual anatomies make comparison
even more difficult. Therefore, processing of the kinematics using different definitions as done in
this thesis is crucial to compare values across the literature and for clinical interpretation of the

results.

To understand the effect of implant design on the more complex kinematic behaviour during
gait activities, an innovative implant design providing medial stability was investigated compared
to a conventional ultracongruent mobile-bearing and a posterior-stabilized fixed-bearing design
(chapter 5). In addition to level walking and stair descent in the previous study (chapter 4),
downhill walking, as another challenging task with larger A-P forces, was included [34]. Ten
good outcome subjects in each implant group were analysed. The capability of implant designs
to constrain in wivo TKA kinematics during gait activities was demonstrated but the large
subject specific differences in A-P translation patterns when freedom was provided by the design
showed that guiding of the motion remains difficult. The occurrence of subject specific differences
indicates that other factors like anatomical differences [163], surgical alignment [164], soft tissue
tension [135] and muscle activation pattern [147, 165] could be responsible for the individual

variations.

In total, five different types of implant designs were investigated in this thesis using the same
methodology to establish the effect of the design on the TKA kinematics during daily activities:
A cruciate retaining-fixed bearing implant (chapter 4), a medial pivot design (chapter 5), a
posterior-stabilized fixed-bearing design (chapter 5) as well as two ultra-congruent designs with

mobile- (chapter 5) and fixed-bearings (chapter 6).

In general, the design of the implant was found to have a larger impact on the TKA kinematics
than the different gait activities, namely level walking, downhill walking and stair descent. For
all implant designs, level walking and stair descent was included in the evaluation. The ranges

of flexion/extension and internal/external rotation throughout complete cycles of level walking
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and stair descent showed larger values for the posterior-stabilized and the medial pivot design
compared to the cruciate-retaining design and the ultra-congruent mobile-bearing design, but all
comparable to the values found for the natural knee in a bone pin study [42]. The medial pivot
design showed clearly larger ranges of tibial rotation compared to the other designs for stair
descent suggesting more rotational freedom for deep flexion activities compared to the other
designs. As all of these values are very well within the range of corresponding values for the
natural knee, no definite statement about better/worse can be inferred from that. For each of
the implant designs, the ranges of ab/adduction during complete cycles of level walking were
similar but all smaller than the values found for the healthy knee [42]. Whereas this is associated
with functional restrictions or a consequence of the alignment during surgery needs to be further

investigated.

Higher conformity between the femoral component and the inlay was clearly associated to a
smaller condylar translation in A-P direction. The medial pivot design with a sphere-in-sphere
articulation on the medial side and a flat lateral compartment exhibited smallest range of A-
P translation for the medial condyle (level gait: 3.7£0.9mm, stair descent: 4.0+1.4mm) and
largest range for the lateral condyle (level gait: 10.9+4.5mm, stair descent: 12.5+2.2mm) found
across all implant designs. The ultra-congruent design with more constraints by the geometry of
the inlay led to smaller ranges of A-P translation for both condyles compared to the posterior-

stabilized design with less conformity between the femoral condyle and the inlay.

The fact that conformity is directly related to the A-P translation during gait activities is es-
pecially impactful for the cruciate retaining design, in which the radius of curvature changes at
a specific flexion angle thus leading to a corresponding change in conformity reflected in A-P
translation. This characteristic can be clearly seen in the kinematic coupling of A-P translation
and flexion as a local minimum followed by anterior translation described as “paradoxical” ante-
rior motion [13-19, 68, 85]. The engagement of post and cam in the posterior-stabilized design
could be the reason for the increased posterior translation prior to toe-off in some subjects dur-
ing stair descent with angles in the region where engagement could occur. For the flexion range
of level walking, however, posterior-stabilized designs showed relatively unconstrained condy-
lar motion allowing individual motion patterns for both condyles including small amounts of
"paradoxical" anterior translation with increasing flexion. Van Duren and co-workers [25] also
concluded that an investigated posterior-stabilized design failed to fully restrain "paradoxical”

anterior movement during a step-up and a deep knee bend activity.
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The medial pivot design exhibited a larger A-P translation for the lateral condyle compared
to the medial condyle, resulting in a medial centre of rotation during all gait activities and
phases. All other designs with comparable constraints for both condyles, except the posterior-
stabilized design during the loaded stance phase of stair descent (possible interaction of the cam-
post feature), showed smaller differences between medial and lateral ranges of A-P translation
between the condyles with a tendency to a lateral centre of rotation. Whether a medial or a
lateral pivot movement of the condyle better replicates healthy kinematics during gait activities
needs further investigation of the healthy tibio-femoral kinematics during dynamic gait activities

including condylar motion.

While there is very limited information about implant kinematics during complete cycles of gait
activities, our results of the posterior-stabilized design as well as for the cruciate-retaining design
during level walking agreed well with values and motion characteristics found in another study
that also investigated full cycles of overground walking in a posterior-stabilized design [88]. The
medial pivot design in our study showed also comparable characteristics to the latter study but
with larger magnitudes in A-P translation for the lateral condyle and larger differences between
the subjects.

In contrast, the medial condyle of the medial pivot design as well as both condyles of the two ultra-
congruent designs showed almost no A-P translation during the loaded stance phase and only
small magnitudes of A-P translations during the unloaded swing phase. It remains speculative
whether constraints in A-P direction improve the feeling of stability or limit the functionality of
the knee and also if they could lead to high constraining forces. It might be highly dependent
on the specific needs of a subject. For subjects with muscular deficits to stabilize the joint, a
more constrained design in A-P direction can possibly improve stability, while for a subject with
good muscular stabilization, a more unconstrained design could be beneficial to replicate healthy

kinematics.

There is little known about healthy knee kinematics during gait activities. The existing literature
reports controversial results for condylar motion of healthy knees during gait activities, with
large variation between the individual subjects [66, 67]. Therefore, for a direct comparison of
our results to healthy kinematics, ideally, the healthy knee joint should be investigated with the
same methodology used for the TKA to avoid bias due to different execution of the activities
(e.g. gait speed, instructions, set-up), environmental factors like the moving fluoroscope and

definitions of axes and tracked condylar points.
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Although the design was clearly able to guide the implant kinematics in constrained compart-
ments during gait activities, individual differences between the individual subjects have
been observed in unconstrained compartments. As the investigated subjects showed all good
clinical outcome, the results in this thesis represent the range of successful kinematics with re-
gard to clinical scores. The individual motion characteristics of different subjects indicated that
condylar motion cannot be explained completely by the activity and the implant design, suggest-
ing other subject specific factors to be important in guiding the TKA kinematics. Here, surgical
alignment [164] of the implant, observed as initial A-P translation at heel strike in this thesis,
and balancing of the collateral ligaments [135], resulting in different condylar lift-off patterns
found during the unloaded swing phases in the current thesis, were identified to influence the
kinematics.

Another potential factor for driving TKA kinematics is muscle activation [165]. Activation of the
quadriceps and hamstring muscles having insertion points at the tibia could lead to different A-P
magnitudes. Benedetti and co-workers [165] found a prolonged muscular co-contraction in TKA
subjects and Boeth and co-workers [147| showed reduced A-P translation in anterior cruciate
ligament deficient patients compared to healthy controls, possibly also due to co-contractions.
Different muscle activation could therefore explain the occurrence of completely different mag-
nitudes in A-P translation in subjects with a similar initial alignment at heel strike observed for
the unconstrained lateral compartment of the medial pivot design in this thesis. Limb alignment
could also play a role [163], but more pronounced in healthy knee kinematics than in TKA, where
leg alignment is commonly corrected during surgery with alignment of the implant components
(mechanical alignment [166]).

The large individual variation in kinematics, observed for unconstrained compartments in our
study, limits the meaning of average A-P translations or rotations when describing TKA kinemat-
ics. Therefore, presenting the graphs and values for the individual subjects is crucial to provide
more information and allow better interpretations than presenting average absolute positions or
rotations at discrete time points only. It needs to be further investigated whether such individual
differences are also common for healthy subjects during gait activities. If this subject specific
kinematic behaviour is also observed in healthy subjects on one hand, the choice of the implant
design should address the subject specific needs. On the other hand, if this variation between
subjects is absent for healthy knees, implant design needs to be improved to better guide the

kinematics towards the found patterns in healthy knees.

The results of this thesis show the potential of design features to constrain and guide condylar
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motion. Highly constrained compartments resulted in less range of motion and smaller varia-
tions between subjects whereas unconstrained compartments led to larger ranges of motion and
larger variation between the subjects, reflected in individual motion patterns. Here, numerical
simulation of musculoskeletal models might provide an avenue to elucidate the possible contri-
bution of soft tissue structures and how they influence the kinematic behavior of an implant in

unconstrained compartments.

The collected datasets in the current thesis can be used as input data for such modelling
[148, 167] to further understand the role of subject specific factors, such as muscle activity and
ligament tension, in governing the individual kinematics when freedom is provided by the implant

design.

The implant kinematics presented in chapter 4 and 5 were assessed in combination with motion
capture and force plates and can therefore be used as input data for modelling approaches to
access soft, tissue structures, muscle forces, contact forces or to predict wear. Validation of such
models is extremely challenging for the biomechanics community. One of the only ways vali-
dation can currently be achieved is direct comparison of the predicted forces against measured
internal joint contact forces, but access to such data has been difficult. In attempt to generate
a comprehensive dataset, to validate models and to investigate other factors driving the TKA
kinematics, namely soft tissue loading and muscle forces, a study including six subjects with an
instrumented knee implant [154] was performed. The measurement set up [37, 39] and data ac-
quisition at the Institute for Biomechanics, the post processing of implant kinematics [38], motion
capture [47, 48], force plate [98] and EMG data as well as data preparation for public release was
part of this thesis. In addition to the data provided by the grand challenge [149], more subjects
(six) were included and multiple repetitions of the most frequent daily activities, including knee
bending activities and complete cycles of different gait activities, all with synchronised implant
kinematics and internal joint forces, were assessed. The unique combination of an instrumented
knee implant providing internal forces and the moving fluoroscope for kinematic assessment of
gait activities will provide a base for a variety of scientific questions to better understand the
function of the tibio-femoral joint during daily activities and towards improving knee implant

design.
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Chapter 8

Limitations and outlook

Despite the obvious possibilities that our new technology provides for a complete assessment of

TKA kinematics, it still has some limitations. Major limitations included:

Walking with the moving fluoroscope can reduce gait speed due to technical limitations regarding
maximal acceleration (slip of the wheels) or environmental factors, influencing the subject to
reduce gait speed. However, it has been shown that walking with the moving fluoroscope is
comparable to slow gait in the control condition. Possible improvements, namely optical tracking
instead of the wire sensor attached to the knee, or a visual masking of the moving fluoroscope
could be helpful to further reduce the influence of the moving fluoroscope. To achieve higher
accelerations, a tooth rail system instead of the floor rubber-wheel interface could improve the

tracking of normal gait speed in young subjects.

The assessment of patients with a good clinical outcome in this thesis does not allow an un-
derstanding whether kinematics could be a predictor for functional impairments like instability.
Therefore, the clinical relevance of the kinematic differences found between different activities
and implant design during gait activities remains unclear. However, the results of this thesis can
be representative for the variations seen in good outcome subjects and could be used as norm

data for comparison against bad outcome subjects with a clinical problem.

The number of subjects investigated in the presented studies is relatively low, especially when
large variation between subjects was observed, as in the current thesis. Larger cohorts would
allow better predictions of the general behaviour of an unconstrained design. However, despite

the low numbers of subjects, the impact of characteristics of activity and implant design on the

101



Chapter 8: Limitations and outlook

implant kinematics could be demonstrated across the subjects as well as the influence of the

activity and design within the subjects.

Condylar translations in medio-lateral direction were not analysed in this thesis due to reduced
accuracy of single plane videofluoroscopy in the out of plane direction. The out of plane error
of up to 3mm [37, 38| of the single plane fluoroscope is in the range of the expected small
medio-lateral translations [36, 42]. Dynamic dual plane videofluoroscopic systems as described
by Guan [36] would allow access to medio-lateral translation but are affected with more radiation
exposure for the subjects. The small ranges of medio-lateral translation found in other studies
investigating TKA kinematics or healthy knee kinematics during complete gait cycles [36, 42]
showed that main translations occur in the A-P direction suggesting that in terms of translations,

analysis in the sagittal plane for gait activities is sufficient.

Finally, a comparison to natural knee kinematics during complete gait activities including condy-
lar motion, to evaluate which implant best mimics the natural knee kinematics, was not part of
this thesis. Possibly, due to a more complex registration of bones instead of implant components
with high contrast, there is a lack of knowledge in the literature. To close this gap and allow
to assess the success of different implant designs to replicate the healthy knee kinematics during
functional gait activities, the same activities as included in this thesis are currently investigated
in an ongoing study, using the moving fluoroscope and subsequent 2D /3D registration based on
CT models of the bones. To investigate the influence of limb alignment [163| on the healthy
knee kinematics, the ongoing study includes neutral alignments as well as a varus and a valgus
group. This study will for the first time provide a direct comparison of TKA kinematics to
healthy knee kinematics throughout complete cycles of level walking, downhill walking and stair
descent, investigated using the exact similar methodology. This reference data of healthy knee
kinematics can then be used to evaluate the success of implant designs to replicate the healthy

knee kinematics in knee bending as well as dynamic gait activities.

8.1 Further research and transfer to clinic/industry

To understand the impact of TKA kinematics during daily activities and its role in the mechanism
leading to early failure [10] or unsatisfactory outcome in general [7], further studies are needed
to investigate the influence of the kinematics on the clinical outcome and whether replication of

the healthy knee kinematics is beneficial. Some ideas for further research are presented in the
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following section:

In a further investigation, the kinematic behaviour of an implant could be related to the as-
sessed external ground reaction forces and joint moments as well as to the internal forces and
moments measured with the instrumented implant to understand the mechanisms leading to

distinct kinematic behaviour when performing different activities.

The collected data in this thesis can be used as valuable input data for musculoskeletal modelling,
to investigate the effect of the kinematics and internal forces on soft-tissue loading of collateral
ligaments, or posterior-cruciate ligament (in cruciate-retaining implant designs). With such
an approach, the influence of kinematics and joint forces on the surrounding tissues could be
investigated in order to understand mechanisms, which could cause overloading |11, 168].

In addition, the influence of muscular contraction on TKA kinematics [165] could be analysed
in order to understand the role of muscle contraction in guiding the kinematics. Modelling,
based on the assessed datasets, could also improve wear [79, 80| prediction for the different gait
activities to enhance longevity of implants and avoid failure due to excessive wear.

Finally, based on the CAMS-knee dataset, musculoskeletal models can be improved and validated,

and specific models for TKA subjects might be developed [148, 167].

A comparison of the kinematics of bad outcome subjects to the kinematics of the good outcome
subjects, investigated in the current thesis, could provide a crucial route to evaluate the potential
of kinematic patterns as predictors for clinical outcome. It would be interesting to compare
condylar motions for subjects with a feeling of instability [6, 10] to the good outcome subjects

investigated within the current thesis.

In order to develop innovative implant designs, the results gained from an assessment with the
moving fluoroscope can be used to verify the impact of a design feature in vivo during different
functional activities. Furthermore, when a comparison to healthy knee kinematics is provided in

future, this knowledge can then be used to choose the design to address patient specific needs.
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Chapter 9

Conclusion

The presented doctoral thesis has investigated characteristics of activity and design and their
role in governing in vivo TKA kinematics during daily activities. For the first time the TKA
kinematics of different implant designs were analysed throughout complete cycles of level walking,
downhill walking and stair descent. It has been shown, that TKA kinematics during dynamic
gait activities cannot only be explained by knee flexion angle. The thesis therefore demonstrated
the need to include gait activities with phases of loading and unloading combined with several
changes in muscular activation in a complete assessment of TKA kinematics.

The results of this thesis showed the potential of design features to constrain and guide condylar
motion. Highly constrained compartments resulted in less range of motion and smaller variations
between subjects whereas unconstrained compartments led to larger ranges of motion and larger
variation between the subjects, reflected in individual motion patterns. Other factors related
to soft tissue structures or surgical alignment were identified to be responsible for individual
implant motion in unconstrained compartments.

The gained knowledge can be used to further improve the functionality of TKA, not only in an
attempt to replicate healthy knee kinematics but possibly also to choose or develop a design to

address subject specific needs.

Finally, within the presented framework unique data sets were acquired for understanding the
biomechanical factors driving the tibio-femoral kinematics during functional gait activities. The
assessment of a comprehensive data set for public release, combining the moving fluoroscope
with an ingtrumented knee implant, will provide a promising base for future research in knee

biomechanics.
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Figure A.1: Ankle sagittal plane movement. Mean and standard deviation of ankle sagittal plane
movement in level gait (A, B) and stair descent (C, D) for the young (A, C) and elderly (B, D)
age groups.
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Figure A.2: Hip sagittal plane movement. Mean and standard deviation of hip flexion /extension
in level gait (A, B) and stair descent (C, D) for the young (A, C) and elderly (B, D) age groups.
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Figure A.3: Anterior-posterior ground reaction forces. Mean and standard deviation of anterior
(negative) and posterior (positive) ground reaction forces (Fy) in level gait (A. B) and stair
descent (C, D) for the young (A, C) and elderly (B, D) age groups.
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Figure A.4: Kinematic coupling of A-P translation and knee flexion for the medial and lateral
condyle, mean and SD over all subjects: Nearest point approach (np) vs. geometric center axis

(gea).

123



	cover_thesis
	DissNoETH_24917

