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1. Abstract (German):

Hintergrund

Anteriorer Knieschmerz ist eine der Hauptursachen fir Unzufriedenheit bei Patienten mit
einer Knie-Totalendoprothese. Da anteriorer Knieschmerz im Patellofemoralgelenk und
seiner direkten Umgebung lokalisiert ist, ist es sehr wahrscheinlich, dass seine Ursache
in diesem Gelenk zu suchen ist. Die Kombination von Studien zu patellofemoralen Kon-
taktkraften und zu Verschleil3tests von kiinstlichen Patellakomponenten kann zu Schluss-
folgerungen flihren, die nicht mit den vergleichsweise niedrigen Revisionsraten von Patel-
laimplantaten aus aktuellen Registerdaten in Einklang zu bringen sind. Dieser Wider-
spruch zeigt den Bedarf nach einem besseren Verstandnis der Mechanik des Kniege-
lenks, insbesondere des Patellofemoralgelenks. Dies kdnnte in Zukunft ein Schliisselfak-

tor sein, um die Auftretenshaufigkeit von anterioren Knieschmerzen zu reduzieren.
Zielsetzung

Primares Ziel dieser Dissertation ist es, das Verstandnis der patellofemoralen Gelenkme-
chanik durch Anwendung eines neuen Ansatzes zur Simulation des Kniegelenks zu ver-
bessern. Dieser neue Ansatz zielt darauf ab, die Abhangigkeit der Simulationsergebnisse
von haufig nur ndherungsweise bestimmbaren Parametern zu reduzieren. Zur Validierung
dieses Modells muss die patellofemorale Kinematik naher analysiert und besser verstan-
den werden. Daraus ergibt sich das zweite Ziel dieser Arbeit, das im Schaffen der Grund-
lagen fur den mathematisch sorgfaltigen Umgang mit patellofemoralen Kinematikdaten
liegt. Darauf aufbauend wird die Untersuchung von Einflussfaktoren auf die Patellakine-
matik vorangetrieben. Dabei wird zunachst der Effekt der Verwendung eines Patellartck-

flachenersatzes auf die Patellakinematik in einer humanen Praparatstudie isoliert.
Material und Methoden

In einem ersten Schritt wurde ein Finite-Elemente-Modell entwickelt, das auf standardi-
sierten in-vivo Lastdaten des Tibiofemoralgelenks beruht. Da diese Daten implizit alle
Krafte und Momente, die durch Gravitation, Dynamik und den tibio-femoralen Gelenkspalt
uberquerende Bander und Sehnen induziert werden enthalten, kann in diesem neuartigen
Modell auf die explizite Modellierung der Mehrheit dieser Elemente verzichtet werden,
ohne die Validitat des Modells zu reduzieren. Dieses Modell wurde zur Analyse der Effekte
der initialen proximo-distalen Patellaposition und der Steifigkeit des Patellabandes auf die

Kinematik der Patella eingesetzt.

Im zweiten Teil dieser Dissertation wurde ein grundlegenderes Thema bearbeitet, indem

Methoden zur prazisen Analyse und Interpretation von Patellakinematikdaten neu etabliert
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wurden. Die Darstellung von Kinematikdaten, insbesondere der patellofemoralen Rotatio-
nen, ist stark von den zugrundliegenden mathematischen Methoden und deren exakter
Anwendung abhangig. Eine Zusammenstellung der am haufigsten verwendeten Konven-
tionen zur Beschreibung patellofemoraler Rotationen wurde erstellt und Methoden zur
exakten Konvertierung von Daten zwischen diesen Konventionen entwickelt. Diese wur-

den der Allgemeinheit in Form einer Software zur Verfligung gestellt.

Um die Auswirkungen der Parameter, die die Patellakinematik beeinflussen, besser zu
verstehen, wurden die Effekte des Einsatzes von Patellartickflachenimplantaten aus In-
vitro-Tests mit acht Humanpraparaten auf einem etablierten Kniegelenkskinemator am
Muskuloskelettalen Universitatszentrum Munchen (MUM) isoliert. Um die spezifischen
Auswirkungen des Patellaimplantats zu identifizieren, wurde die Kniekinematik vor und
nach der TKA mit und ohne Patellariickflachenersatz fir zwei tibio-femorale Implantatva-

rianten (posterior stabilisiertes PS und PS+) gemessen und verglichen.
Ergebnisse

Das Finite-Elemente-Modell erméglicht vergleichende Studien mit verschiedenen Implan-
taten oder Parametern. Fir das Tibiofemoralgelenk stimmen sowohl die Kinematik als
auch die Kontaktsituation mit Ergebnissen aus der bestehenden Literatur GUberein. Flr das
Patellofemoralgelenk wurde gezeigt, dass die initial mehr proximale Position der Patella
und eine schwachere Patellasehne zu erhdhter Patellaflexion und -rotation fihren, wah-

rend der Shift und Tilt der Patella starker von der initialen Patellaposition beeinflusst sind.

Die Analyse der zugrundeliegenden mathematischen Konventionen fur die Darstellung
patellofemoraler Rotationen zeigt, dass sowohl die Absolutwerte als auch die Charakte-
ristik der Kurven grundlegend durch die Wahl der Konvention beeinflusst werden. Die ent-
wickelten Methoden zur Transformation von Daten zwischen den betrachteten Konventio-
nen wurden mittels mathematischer Beweise und eines Vergleichs mit Referenzdaten va-
lidiert.

Im experimentellen Teil dieser Dissertation konnten keine signifikanten Effekte durch den
Einsatz eines Patellartickflachenersatzes auf die Rotationen der Patella festgestellt wer-
den. Bei Betrachtung der Translationen konnte ein signifikanter Effekt auf den medio-la-
teralen Shift der Patella gezeigt werden. Fir eine medio-lateral zentrierte Positionierung
des Patellaimplantats auf dem zugehérigen Knochenschnitt konnte eine signifikante Kor-
relation zwischen dieser Anderung des Patellashifts und dem lateralen Facettenwinkel der

nativen Patella gezeigt werden.
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Schlussfolgerung und Ausblick

Das neu entwickelte Simulationsmodell liefert valide Ergebnisse flir das tibio-femorale Ge-
lenk. Daruber hinaus ermoglicht es qualitative und vergleichende Analysen zwischen ver-
schiedenen Implantat- und Modellkonfigurationen. Um belastbare Aussagen zu Patella-
kontaktkraften und absoluter patello-femoraler Kinematik machen zu kénnen, sind weitere
Validierungsschritte nétig, die zusatzlicher Daten insbesondere zur patello-femoralen Ki-
nematik und Lastsituation bedurfen. Die solide mathematische Grundlage fur die Arbeit

mit Kinematikdaten aus unterschiedlichen Quellen wurde geschaffen.

Der gezeigte signifikante Zusammenhang zwischen der Beeinflussung des medio-latera-
len Shifts durch den Patellarickflachenersatz und dem nativen lateralen Facettenwinkel
der Patella kann mdglicherweise in der klinischen Anwendung berucksichtigt werden. Die
grundlegenden Forschungsergebnisse zur patello-femoralen Kinematik kénnen in zukinf-
tigen Projekten flr weitere Validierungsschritte des in dieser Arbeit entwickelten Simulati-
onsmodells genutzt werden. Dies ist insbesondere dann mdoglich, wenn in naher Zukunft
neue Datensatze mit kombinierten Daten zu tibialen in-vivo Lastdaten und patello-femo-

raler Kinematik verfiigbar werden.



2 Abstract (English): 4

2. Abstract (English):

Background

Anterior knee pain (AKP) is one of the main reasons for patient dissatisfaction after total
knee arthroplasty (TKA). Since AKP is localised to the patello-femoral joint and its direct
surroundings, it is likely that the causes for AKP are related to this joint. Review of the
existing literature on patello-femoral contact forces and patello-femoral wear testing points
towards failure-conducing mechanics. This, however, evidently conflicts with the compa-
rably low revision rates reported by several national joint registries for patellar implants.
This contradiction highlights the need for an improved understanding of the mechanics of
the patello-femoral joint in vivo, as herein may lie the key to successful reduction of AKP
after TKA.

Objectives

The first aim of this dissertation was to improve the understanding of the patello-femoral
joint by focusing on a new approach to simulate the knee joint. This approach aimed to
reduce the dependency of the model on assumptions which are based on non-accurate
estimations. In order to validate this model, patello-femoral kinematics need to be further
investigated. Therefore, the second aim of this dissertation was to lay the foundation to
work with patello-femoral kinematic data with mathematical diligence. Finally, a deeper
investigation of the factors influencing patellar kinematics was undertaken by first focusing

on analysing the effect of patellar resurfacing in a human donor study.
Materials and Methods

In a first step, a finite element model including the patella was developed based on stand-
ardized in vivo load data for the isolated tibio-femoral joint. Since these data implicitly
include all forces and moments induced by gravity, dynamics and soft tissue crossing be-
tween the proximal and distal segments of the joint, explicit modelling of most of these
factors can be avoided without weakening the validity of the model. This model was ap-
plied to analyse the effects of the initial proximo-distal patellar position and the stiffness of

the patellar tendon on patellar kinematics.

The second part of this dissertation addressed a more fundamental issue, re-establishing
solid basic principles with which to analyse and interpret patellar kinematics accurately.
The representation of kinematics data, especially of relative patello-femoral rotations, is
highly dependent on the underlying mathematical conventions used and their exact exe-

cution. A detailed summary of the most common methods to describe patello-femoral ro-
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tations was formulated and more importantly, accurate conversions between these con-
ventions were derived. These were provided to the biomechanical research community in

the shape of a virtual computation tool.

To improve our understanding of the impact of the parameters which influence patellar
kinematics, the effects of patellar resurfacing were isolated from in vitro testing with eight
fresh frozen knee specimens on a well-established knee rig at the Musculoskeletal Uni-
versity Center Munich (MUM). To identify the specific effects of patellar resurfacing, knee
kinematics were measured both pre- and post-TKA, with and without patellar resurfacing,

for two tibio-femoral implant variants (posterior stabilised PS and PS+).
Results

The finite element model made it possible to run comparative studies with different im-
plants or parameter variants. For the tibio-femoral joint, both kinematics and contact loads
are in good accordance with the values previously reported in the relevant literature. For
the patello-femoral joint, it was shown that a proximal initial patellar position and a weak
patellar tendon causes more patello-femoral flexion and spin, while patellar tilt and shift

are mainly influenced by the initial patellar position.

The analysis of underlying mathematical conventions on the representation of patello-fem-
oral rotations showed that both magnitude and the characteristics of the rotation curves
can be modified fundamentally by switching between conventions. The derived transfor-
mation methods between the presented conventions were shown to be valid by way of

mathematical proofs and comparison to benchmark data.

In the experimental part of this dissertation, no significant effects of patellar resurfacing on
patello-femoral rotations were found. For the translations, it was shown that patellar resur-
facing had significant effects on patellar shift. For cases in which the patellar implant was
placed in the medio-lateral centre of the patellar cut, this change in patellar shift proved to

be significantly correlated to the lateral facet angle of the native patella.
Conclusion and Outlook

The developed model provides valid results for the tibio-femoral joint. Furthermore, it en-
ables qualitative and comparative analyses between different implant and model configu-
rations. Nevertheless, for accurate quantitative results of patellar kinematics and kinetics,
additional data for validation are needed, namely in vivo data of patello-femoral kinematics
and loads. To handle such kinematic data from different sources, a solid mathematical

foundation was established.

The relation shown between the native lateral patellar facet angle and the effect of patellar

resurfacing on medio-lateral shift shall be taken into account for clinical applications. In
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addition, the basic research on patellar kinematics brought forward by this dissertation can
be used in future projects for further validation of the newly developed model, especially
once a combined dataset of in vivo tibial loads and patello-femoral kinematic data be-

comes available.
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3. Introduction

3.1 Motivation and aim

Since total knee arthroplasty (TKA) was in its infancy, the prevalence of anterior knee pain
(AKP) after TKA decreased from over 40% in the 1970s to less than 20% today [1-6].
Nevertheless, AKP is still the most common cause for dissatisfaction after TKA [7]. There
are numerous possible sources known for AKP like an overloading of soft tissues, im-
pingement or instability [3], but for up to 15% of patients with residual pain no explanation

can be found [7].

To fully grasp the implications of patella-related complaints, a comprehensive understand-
ing of knee joint mechanics, especially that of the patello-femoral joint after TKA, is nec-
essary. For the tibio-femoral joint, instrumented implants were placed by two research
groups [8—10]. The data collected from these implants have provided crucial knowledge
on in vivo mechanics. However, to the best of the author’s knowledge, no analogous stud-
ies exist where instrumented patellar implants were placed and able to directly measure

the contact forces in the patello-femoral joint.

Nevertheless, there are some studies which seek to estimate patello-femoral contact
forces. These studies can be divided into three groups. First, there are those which rely
on human anatomical specimen data to estimate the contact forces [11-18]. Thereby, in
most studies a squat is simulated [11-13,16,17] and more complex activities of daily living,
such as level walking are tested rarely [18]. To execute these tests, the body weight is
generally reduced to a maximum of one third of its actual value [11-13,16,17]. Scaling the
patello-femoral contact forces from such studies with reduced knee loads linearly to real
body weights leads to peak patello-femoral contact forces between 3.8 and 8.8 times body
weight (BW) for a squat cycle [19]. Although it has been demonstrated that scaling the
simulated bodyweight does not change the shape of tibio-femoral kinematic profiles [20],
these scaled results for patello-femoral contact forces from human donor specimen tests
lead to unrealistically high values. Therefore, linear body weight scaling factors for these

force values should be questioned [19].

A second group of studies aiming to quantify patello-femoral contact forces involves ana-
lytical calculations based on body movements and forces like ground reaction forces or
gravity, which are rudimentary musculoskeletal models. The calculations for these simple
models can be executed even without the use of modern computers. As such, these meth-
ods were mainly used in older studies and also lead to peak patellar contact forces up to
7.6 BW for a squat [21,22] and 1.36 BW for level walking [23,24].
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A third category consists of studies which rely on modern musculoskeletal models and
finite element models for the prediction of patello-femoral contact forces. Such more de-
tailed and sophisticated models result in slightly lower contact forces between patella and
femur. For a two-legged squat, the patello-femoral contact forces given are in a range
between 3.1 BW and 6.0 BW [25-27]. For level walking, stair climbing and sit-to-stand,
peak patello-femoral contact forces up to 1.28 BW, 3.53 BW and 4.07 BW, respectively
are reported [26,28,29].

Hart et al. [30] pooled nine studies with 152 subjects overall which led to estimates of
0.9 + 0.4 BW for the peak patello-femoral contact forces during level walking in healthy
knees. For stair ascent and descent, they reported 3.2 £ 0.7 BW (6 studies, n=121) and
2.8 £ 0.5 BW (4 studies, n=66), respectively. This consolidated dataset was not restricted
to specific methods of measuring or calculating the forces and the final results are in ac-

cordance with the previously reported values.

To put these contact forces into perspective, one can refer to the results of prosthetic
patello-femoral wear testing [31-35]. Applying loads derived from level walking, with peak
patello-femoral contact forces of 1177 N (equivalent to 1.6 BW for a 75 kg person and
1.2 BW for a 100 kg person), the patellar components show significant wear after 3-4 mil-
lion load cycles [32-34]. For conventional ultra-high-molecular-weight polyethylene
(UHMWPE) after gamma sterilisation under vacuum with 25 to 40 kGy (= 2.5 to 4 Mrad) a
maximum material loss of 0.95 mm was reported after four million cycles [32]. Since cross-
linking of the chains in UHMWPE by higher radiation seemingly increase the wear re-
sistance of the material [36], the conventional UHMWPE was replaced by highly cross-
linked UHMWPE (radiation doses ranging from 50 to 100 kGy) in some implants [37]. An
in vitro comparison of wear on conventional and highly cross-linked patellar components
showed a reduction of subsurface cracks and material loss for the highly cross-linked
UHMWPE. Nevertheless, the conventional as well as the highly cross-linked patellar com-
ponents showed clear scarring and slight plastic deformations after testing five million gait
cycles with a peak load of 1750 N. After two million cycles of stair climbing with a peak
load of 2468 N (equivalent to 3.4 BW for a 75 kg person and 2.5 BW for a 100 kg person)
and well aligned implants, the highly cross-linked patellar component showed wear scars
while the conventional component additionally developed subsurface cracks. For a 4° in-
ternally malrotated femoral component, the highly cross-linked patellar component
showed more severe scarring and deformation while the conventional UHMWPE-compo-
nent showed substantial material loss at its lateral edge after one million cycles [31]. These
in vitro results indicate a higher wear resistance for patellar components made of highly
cross-linked UHMWPE.
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To evaluate the difference in clinical outcomes between standard and highly cross-linked
UHMWRPE, registry data were reviewed. Since no registries that discriminate between
these two material variants for patellar components were found, revision rates for TKA
with tibio-femoral inlays with and without cross-linking were analysed. The Australian Or-
thopaedic Association National Joint Replacement Registry (AOANJRR) reported that
75.8% of tibio-femoral inlays in TKA in 2021 consisted of cross-linked UHMWPE. Overall,
the reported cumulative revision rates for cross-linked UHMWPE are significantly lower
than those for conventional UHMWPE [38]. Nevertheless, a deeper look into implant spe-
cific data published up until the annual report 2020, revealed inhomogeneous outcomes.
For some implant systems cross-linking decreased revision rates, others were unaffected
or had higher revision rates using cross-linked UHMWPE [39]. Therefore, the advantage
of highly cross-linked UHMWPE that would be expected based on the previously men-

tioned wear testing of patellar components, was not fully confirmed by registry data.

Overall, previous studies concluded that patellar components show significant wear for
loads that are lower than the patellar contact forces described in literature for the tested
activities. Additionally, the advantage of highly cross-linked UHMWPE observed in vitro
does not show up consistently when analysing implant survival rates. Therefore, the dam-
age on the patellar component in clinical settings could be expected to be more severe

than in in vitro wear tests, potentially even leading to implant failure.

Nevertheless, in the national joint registries of Australia, Germany, Great Britain and the
United States, cumulative revision rates after TKA are reported to be lower if the patella is
resurfaced during the primary surgery. The advantage of TKA with patella resurfacing re-
garding the revision rates increases over time [38,40,41]. Therefore, it is likely that patellar
resurfacing is not causing the additional revision surgeries due to excessive wear of pa-
tellar components that one would expect from reviewing the wear testing results and pa-

tellar contact force estimations in literature (figure 1).

Therefore, there could be a lack of precise understanding of the mechanics in the knee
joint, especially in the patello-femoral joint. Results indicate that current methods may very
well be leading to an overestimation of the patello-femoral contact forces. It is precisely
this hypothesis which acts as the starting point of this dissertation, opening a broad field
of study to dive deeper into the relevant factors and ultimately shed some clarity on the

identified conflicting information.
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patellar resurfacing
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Figure 1: Visual illustration of the starting point for this dissertation. The results of current simulation
models and in vitro testing lead to the prediction of artificially high revision rates, conflicting with the
lower rates reported by real registry data. This dissertation will focus on a re-exploration of existing
simulation models (highlighted in red) as the potential source of this incongruency in the results.

Hence, the aim of this dissertation was to employ newly developed methods to critically
assess patello-femoral joint mechanics, ideally identifying the source of this contradiction.
To that end, the use of results from in vitro studies, as well as the incorporation of assump-
tions from existing theoretical investigations, were reduced to a minimum. Since no in vivo
data for patello-femoral contact forces are available, the main challenge of this project was
and still is to find ways to validate the contact mechanics without using previous force
estimations which are questioned in the beginning of this research project. By investigating
the causes of the above-mentioned contradictions, the understanding of the patello-fem-
oral joint mechanics is improved. This represents an important basis to further investigate
musculoskeletal factors potential to reduce AKP after TKA.

This dissertation consists of three publications. In the first publication, a new dynamic finite
element model including the tibio- and patello-femoral joint is presented. The second pub-
lication focuses on the theoretical and mathematical foundation of representations of pa-
tello-femoral kinematics and how to transform rotational data between these different con-
ventions. In the third publication, the isolated effects of patellar resurfacing on patello-
femoral kinematics were extracted from human donor tests to analyse whether patellar
resurfacing could potentially lead to changes in kinematics and kinetics that better explain

the positive clinical outcomes of patellar implants.

3.2 Finite Element Model

Every biomechanical model demands the consideration of certain assumptions which end
up having a notable impact on the results. As a result, the first aim of this dissertation

focused on the development of a knee joint model which included the patello-femoral joint,
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while keeping the necessary associated assumptions to a minimum. In musculoskeletal
models, muscle forces are calculated by optimising a specific criterion. For example, the
model may seek to minimise energy consumption [25,42], joint torques [43], maximum
relative muscle forces [44], muscle fatigue or the sense of effort [45]. A comparison of
some of these criteria showed big differences in the resulting joint reaction forces [44].
Additionally, the exact location of muscle attachments, the respective strength of muscles
and specific ligament stiffnesses have notable impacts on the results of such models. Alt-
hough these parameters can theoretically be determined for each subject specifically, this
is not feasible for larger subject populations. To develop a more generalised model, all
these parameters would need to be defined based on assumptions which would have a

huge impact on the resulting kinetics of the knee joint.

In order to address this, a finite element model was developed that is reduced to an abso-
lute minimum in terms of assumptions using standardised in vivo tibial reaction forces
measured by instrumented implants [8,10]. These data consist of three tibio-femoral reac-
tion forces and three tibio-femoral moments representing all loads transmitted via the tibio-
femoral contact. All forces induced by ligaments and tendons that cross the tibio-femoral
joint line are implicitly included into these loads, as well as forces induced by gravity or
gait dynamics. A model where boundary conditions are chosen, such that the tibial reac-
tion moments are equal to the moments from the dataset when the flexion angle and the
tibial forces are fed as input will reproduce the in vivo kinematics and contact situation.
Following this basic idea, the model described in detail in the first publication with the
title “Towards a New, Pre-Clinical, Subject-Independent Test Model for Kinematic Analysis
after Total Knee Arthroplasty — Influence of the Proximo-Distal Patella Position and Patel-
lar Tendon Stiffness” [46] was developed. The strength of this model is its simplicity. Mod-
elling of most ligaments and muscles is avoided by having their effects on the joint implic-
itly contained in the tibial reaction loads. Only patella-related anatomic elements need to
be explicitly modelled. It is useful for pre-clinical testing of implants and for studies com-
paring some parameters concerning the explicitly modelled patellar component, such as
the published effects of the patellar tendon stiffness or the initial position of the patella.
For valid estimates of the absolute patello-femoral contact force, the model is not suitable,
because these forces are highly dependent on the chosen parameters of the patella inte-
gration. Due to the fact that questioning the magnitude of patello-femoral forces in litera-
ture was the starting point of this dissertation, such studies should not be used as sources

to validate our model. Doing so would inevitably lead to similar results.

Another way to further validate the patella-related results of the model is using more ac-
curate data of patellar kinematics for the validation process. This could be a project for

future research that has the potential to bring further insight into the detailed mechanics



3 Introduction 12

of the patello-femoral joint and the foundations for this were laid in the second part of this

dissertation.

3.3 Patello-femoral kinematics

A literature search for patello-femoral kinematic data revealed that many publications pre-
sent kinematic values without properly describing the associated underlying mathematical
conventions. Especially in what relates to relative rotations, key information is often miss-
ing [47-52]. Without comprehensive descriptions of the used definitions, the data are not
uniquely interpretable. Much like providing measurements without the associated units,
kinematic data published without clarification of the conventions employed is essentially
useless. For kinematic data without clear information on the conventions it is the same
type of problem. Another example of the use of questionable conventions is given by Su-
zuki et al., who reported patello-femoral angles by projecting the patellar axes on femoral
planes and calculating the angles between the femoral axes and these projected axes
[53]. Although explicitly described and therefore valid in essence, the reader may observe
that for increasing patellar flexion angles, the meaning of the reported patellar spin and tilt
become increasingly distanced from their clinical interpretations. In fact, for high knee flex-
ion angles, when 90° of patellar flexion are reached, the use of the terms patellar spin and
patellar tilt becomes counterintuitive. What one would clinically understand as patellar spin
is in fact at this point representing patellar tilt, and vice versa. A similar effect can be ob-
served in cases where patellar flexion is selected as the last rotation of a Cardan se-
quence, as has also been done in literature [54]. There are some publications proposing
exact and clinically meaningful definitions for patello-femoral kinematics, for example Bull
et al. [55] who described a convention similar to the mostly used one for the tibio-femoral
joint presented by Grood and Suntay [56]. Nevertheless, to the best of the author’s
knowledge, there has been no publication that provides a comprehensive overview of the
possible methods to describe rotation data, as well as their specific advantages and dis-
advantages. To enable researchers to properly understand the implications of their choice
of convention for describing patello-femoral kinematics, such an overview was provided in
the second publication of this dissertation, titled “The Influence of Mathematical Defini-
tions on Patellar Kinematics Representations” [57]. Additionally, methods were developed
and implemented to convert numerical data between the common representations for pa-
tellar kinematics. An implementation of these conversion algorithms is also given as sup-
plementary material to the publication to facilitate future work with rotational kinematic
data. By implementing these methods and, optionally, the accompanying tool, researchers
can easily compare results from different studies using different conventions by transform-

ing them into their favoured mathematical definition.
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Even when comparing patello-femoral kinematics stemming from a common set of con-
ventions, the associated curves show considerable differences [58,59]. This can be
caused by different testing methods, differences between subjects or implant configura-
tions. Therefore, further validation steps for the finite element model with data from litera-
ture seem to be critical. In fact, a key goal should be to establish a comprehensive dataset
of patello-femoral loads and associated kinematics. Such a dataset is already available
for the tibio-femoral joint [60] and as soon as similar data including patello-femoral kine-

matics is made available, model validation can be moved forward.

Since there are a lot of possible ways to influence the patellar kinematics, there is a need
to analyse one of the influencing factors by a time. It was decided to start the exploration
of this vast field with an analysis of the effects of patellar resurfacing on patellar kinemat-

ics.

Since patellar kinematics differ drastically between subjects [48,61,62], an exceedingly
high number of subjects were required to show significant differences between groups
with distinct treatment protocols. In order to reach reliable conclusions regarding the effect
of varying methods of patellar resurfacing, or even of its omission altogether, a patient
cohort of at least 41 to 70 participants would be needed [63-67]. However, if several im-
plant configurations are tested within every specimen, the number of subjects needed to
show significant differences decreases to 5 to 10 subjects [68—70]. To avoid problems with
interspecimen variabilities, a human specimen study was executed. Eight fresh frozen
specimens were tested in a well-established and well understood knee rig at the Muscu-
loskeletal University Center Munich (MUM) [71-78] in their native state. Afterwards, sev-
eral implant configurations were successively tested, namely, after TKA with posterior sta-
bilised implants (Vega PS and Vega PS+, Aesculap AG, Tuttlingen, Germany), with and
without patellar resurfacing. Having the tibio-femoral and patello-femoral kinematic data
of every specimen for these five implant configurations enabled to extract the isolated
effect of patellar resurfacing on kinematics for the two variants of the Vega implant system.
Relating this kinematics analysis back to the native geometry of the patellar bone led to
the third publication, titled “/solated effects of patellar resurfacing in total knee arthro-

plasty and their relation to native patellar geometry” [79].

3.4 Conclusion

This dissertation aimed to provide a better understanding of patello-femoral joint mechan-
ics, and thus shed light on the contradiction between the positive clinical results of patellar
implants, the in vitro results of wear testing and the published patello-femoral contact force

estimates. To that end, a new class of highly simplified models was used to predict patello-
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femoral contact forces. In such models, some of the crucial assumptions concerning the
soft tissues surrounding the tibio-femoral joint can be bypassed by the use of in vivo load
data which implicitly includes this loading. This approach reduces the number of unknowns
in the model. For explicitly modelled ligaments and tendons surrounding the patella, the
problem cannot be solved without measured in vivo patello-femoral forces. Therefore, val-
idation approaches must be found which do not rely on the values of patello-femoral con-
tact forces reported in literature, as these were questioned at the beginning of this disser-
tation. One possibility to achieve this aim could be the use of accurate patello-femoral
kinematic data. Furthermore, a better understanding of the isolated effects of relevant pa-
rameters, such as patellar resurfacing on kinematics, would be enlightening. Within this
dissertation, the first steps laying the foundation for this validation process were completed

and will act as a useful resource for future projects.
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Featured Application: This new framework for simulating the knee after total knee arthroplasty
is intended to facilitate kinematic analyses in implant development processes and analyses of
effects of various individual anatomic properties.

Abstract: Although simulation models are heavily used in biomechanical research and testing of TKA
implants, pre-clinical tools for a holistic estimation of implant performance under dynamic loading
conditions are rare. The objective of this study was the development of an efficient pre-clinical test
method for analyzing knee contact mechanics and kinematics based on a dynamic FE model and
to evaluate the effects of the proximo-distal patella position and the patellar tendon stiffness on the
patellar kinematics. A finite element-based workflow for knee prostheses designs was developed
based on standardized in vivo load data, which included the tibial forces and moments. In a new
research approach, the tibial forces are used as input for the model, whereas the tibial moments were
used to validate the results. For the standardized sit down, stand up, and knee bend load cycles, the
calculated tibial moments show only small deviations from the reference values—especially for high
flexion angles. For the knee bend cycle, the maximum absolute value of patellar flexion decreases for
higher patellar tendon stiffness and more distally placed patellar components. Therefore, patella-
related clinical problems caused by patella baja may also arise if the patellar tendon is too weak for
high tibiofemoral flexion angles.

Keywords: dynamic finite element model; knee kinematics; patellofemoral kinematics; pre-clinical
testing; total knee arthroplasty; patellar tendon; patella alta; patella baja

1. Introduction

Total knee arthroplasty (TKA) is a prevalent treatment option for osteoarthritis [1],
which is the indication for 88% of TKA surgeries [2]. Ten years after surgery, survival rates
are 86.1-93.8% [3-8] and satisfaction rates are 81%. This means 19% of patients are either
dissatisfied with or uncertain about the results of their procedure [9]. The rate of revisions
due to aseptic causes in the first 15 years after primary TKA is 3% [10].

The detection and elimination of implant-related issues that may lead to clinical
problems once the implant system is marketed is the main focus of the pre-clinical testing
phase. Aside from continuous biomechanical research, there are additional mandatory
steps for implant manufacturers. To achieve regulatory clearance, standardized tests need

Appl. Sci. 2021, 11, 10322. https:/ /doi.org/10.3390/app112110322
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to be performed in the pre-clinical testing stage. The majority of these tests focus on single
components under high cyclic [11-13] or static [14] loading conditions. Pre-clinical test
methods under physiological loading conditions (e.g., simulation of daily living activities
in a tribological wear simulator [15-19]) exist and enable more complex assessments, such
as the analysis of the resulting knee kinematics with an implant.

However, running these tests is time-consuming and cost-intensive [20]. Hence, they
are usually only executed towards the end of the design process, with only the final design
or with very few design variants in a single size combination.

To analyze knee kinematics and possible biomechanical causes for unmet patient expec-
tations after TKA, computational simulation of joint mechanics is frequently used [21-26].
The state of the art in biomechanical research to precisely predict the kinematics for one spe-
cific combination of implant design and subject are musculoskeletal models [27]. However,
the great effort needed to adapt such musculoskeletal models to several design variants
or size combinations prevents their routine use in early stages of implant design. On
the other hand, there are only a few FE models published that are suitable for kinematic
analyses [28,29].

To the best of our knowledge, there are no models available with the ability to compare
multifarious implant designs and size combinations concerning kinematics and implant
loads without massive effort for every single variation. With such a model, it would be
possible to identify the combination of design parameters which leads to the best possible
fit to the defined requirements [30].

This work is part of a project which aims to address this lack of dynamic FE models
of the knee joint for design stage and pre-clinical testing of new prostheses. The newly
developed model is intended to be a tool to compare implant loading, component stresses,
and kinematic behavior of the tibiofemoral and the patellofemoral joint for various implant
design variants or for variations of other parameters, such as the stiffness of the patellar
tendon or any other ligaments. In this model, only standardized tibial loads and flexion
angles [31] are needed as an input, and the relative kinematics are part of the results.

To be able to run meaningful parametrical studies to improve implant designs, the
model should be fast to solve without compromising the informative value of the dy-
namic results. In accordance with all standardized testing scenarios, the influence of
effects caused by individual patient parameters needs to be restrained in order to achieve
comparable results.

Besides the possibility to analyze effects of implant design changes, this model is also
intended to uncover effects of changes in the explicitly modeled anatomical structures.
This will be shown within this study by analyzing the effects of varying patellar tendon
stiffness and initial proximo-distal position of the patella on patellar kinematics.

2. Materials and Methods

Standardized loads from eight subjects undergoing total knee arthroplasty with in-
strumented implants were used as basis for this analysis. These loads are scaled to a
bodyweight (BW) of 100 kg [31,32]. The three tibial force and moment components are
given in a tibia-fixed coordinate system. In the simulation, the same coordinates are used.
The x-, y-, and z-axes are directed laterally, anteriorly, and proximally, respectively, and
the origin is placed halfway between the deepest points of the gliding surface of the
polyethylene (PE) insert (Figure 1).
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Figure 1. CAD model of the used implant components and the global coordinate system.

2.1. Concept and Assumptions

The central hypothesis for this model is that, in combination with the given tibial forces,
only the real knee joint kinematics, especially the correct tibiofemoral contact situation,
will lead to the given tibial reaction moment. Only the tibial forces and the flexion angle
given by the dataset were used as input data to enable the validation of the FE-simulation
results. The corresponding moments are then compared to the reaction moments output
by the simulation.

In order to take the patella into account, the model must be adjusted such that the
proportion of tibial forces caused by ground reaction forces are separated from the forces
caused by muscles and ligaments. Without additional information regarding the direction
and magnitude of ground reaction forces, it is not possible to achieve this reliably for
load cycles with highly dynamic ground reaction forces. Therefore, two fundamentally
different models were developed. The first includes the patella for the knee bend, sit
down, and stand up cycles, and the second can handle all load cycles but does not contain
any patella-related information. This paper presents only the first model, which includes
the patella.

By using the standardized loads given by Bergmann et al. [31], patient-individual
effects were reduced. These patient-individual effects were further reduced by avoiding
individual bone geometries in the model. In this simulation, there was no need to consider
bones and most muscles and ligaments because their impact is implied by the load data.
Bergmann et al. [31] used the Zimmer Innex system (Zimmer Biomet, Warsaw, Indiana) for
their measurements, a highly congruent, cruciate-sacrificing, and fixed-bearing implant.
The properties of fixed-bearing tibial components allow the tibial implant component
to be replaced by boundary conditions for the PE insert. Therefore, this model was
reduced to the femoral component, the PE insert, and the patella component (Figure 1).
Because the original implant geometry used in the study of Bergmann et al. [31] was not
available, a comparable design (Columbus UC, Aesculap AG, Tuttlingen, Germany) and
size combination (PE insert size 4, femur size 4, and patella size 1) was used.

2.2. FE Model

The six degrees of freedom between femoral and tibial implant component were
defined as follows (Figure 1): The femoral component was free to revolve around a fixed
center of rotation, which coincided with the center of rotation in full extension. The
tibial component was free to translate in all axes with fixed rotations. The separation of
translational and rotational degrees of freedom of the tibiofemoral joint in the described way
led to a stable FE model without restricting the relative kinematics in any way. The flexion
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angle was the only degree of freedom, which was predefined by the dataset. So, there
remain five degrees of freedom according to the tibiofemoral kinematics. The patella has six
additional degrees of freedom and is only guided by its contact to the trochlear groove and
four spring-elements, which modeled the function of the patellar and quadriceps tendons
(Figures 1 and 2).

FC m cm'm

Figure 2. Tibial forces (black) and their components in y (green)- and z (blue)-directions, respectively.

There are two main contact areas in the knee joint which had to be taken into account.
Both the tibiofemoral and the patellofemoral contact areas were modeled as asymmet-
ric augmented Lagrangian contacts. A coefficient of friction of 0.05 was used for this
simulation [33-35].

To minimize computing time, the small deformation of the femoral component was
neglected, and it was instead defined as rigid body. Therefore, only some contact elements
on its surface were needed, instead of a fully meshed geometry [36-38]. The material
properties of the PE insert and the patella component were defined by a bilinear stress—
strain curve with a yield strength of 25 MPa [33].

In the first step of the calculation, the flexion angle and the standardized tibial forces
FE FyB, and F2 in the lateral (v-axis), anterior (y-axis), and proximal (z-axis) directions,
as given by Bergmann et al. [31], were used as time-dependent input. Secondary input
data were calculated from this primary data and provided as input for the FE model. The
flexion angle was the only degree of freedom which was externally controlled. The given
tibial forces could not directly be applied to the PE insert because the forces acting on the
patellar tendon (F P) and collateral ligaments (medial: F C and lateral: FE') and the ground
reaction forces (F®) had to be subtracted first. In this study, the upper indices identified
the forces or moments, while lower indices specified components of vectorial variables.

Forces caused by tissues, muscles, and ligaments, which are not explicitly modeled,
are summarized by an additional force vector F". Tt complements the explicit modeled
forces acting on the tibia to the standardized tibial loads F B This simplification allows



4 Publication |

20

Appl. Sci. 2021, 11, 10322

50f 16

to avoid the modeling of every single muscle and ligament, which would exceed the
acceptable effort in modeling and solving for an everyday design evaluation tool without
providing better results regarding implant loads and kinematics.

For the ground reaction force, 490.5 N (100 kg BW divided by two legs) are applied
normal to the plane of the tibial plateau. Figure 2 shows the described forces with their
components in the y- and z-directions. In a frontal view, the same could be performed for
the x- and z-directions.

To split the standardized loads into the single forces stated above, the equilibrium
of forces in the proximal (z) and anterior (i) directions from a sagittal view is set up. The
described forces must replace the forces from the load data, which led to

FP=FC - F + FP + F&" + F&' and 1)
F}=F +F +F"+F' @)

The angle of the patellar tendon is used to derive the equation for Ff from FZP, which
results from Equation (1). Finally, Equation (2) gives the residual forces in the anterior
direction. The described precalculation in the sagittal plane only considered forces acting
parallel to this plane.

The forces of the collateral ligaments are initialized using their positions at full exten-
sion. Its z-components are calculated under the assumption that the patellar tendon force
is zero. Therefore, an initial force distribution of 55% medial and 45% lateral is used, based
on their ratio of ultimate tensile strength [39]. As shown in Figure 3, the same equation
could be used to calculate the z-component of the patella tendon force for subsequent
time steps by using the collateral ligament forces F” and FC/ calculated from kinematic
results of previous simulation runs. By using the angle of the patellar tendon given by
previous simulation runs, the total patellar—tendon force could be obtained, as well as its
y-component, which is needed to calculate Fj using Equation (2). The calculation of Fy was
analogous to the described algorithm for Fj.

Calculation of input

data for timestep t
(ANSYS APDL)

Jﬁg
k4

Solve FE-model
for timestep t

Y

Figure 3. Iterative solving process using kinematic data from previous time step.

As per Wilson et al. [39], who reported no significant difference between medial and
lateral collateral ligament, the stiffness of the collateral ligaments was set to 60 N/mm.
The four studies in this review, which used moderate elongation rates (<200 mm/min),
reported an averaged stiffness between 58 and 65 N/mm [40-43].

To be able to consider the forces of the collateral ligaments when calculating the input
data for the FE model, it was necessary to calculate their length using kinematic data
from previous results. Therefore, the simulation was divided into 600 steps, one for every
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period between two data points in the given dataset from Bergmann et al. [31]. To calculate
the input data (F}, F, and F]) for time step ¢, the kinematic results from step t — 1 were
used. The deviation in tibial forces, which was caused by the delay of one time step of the
kinematic data for calculating the input data, was negligible.

To implement the described algorithm, Ansys Workbench (Release 19.2) and Ansys
Mechanical APDL were used. Inertial forces of the simulated components have only minor
effects on this analysis because the simulated load cycles do not contain high accelerations
and can be assumed as quasi-static. The small inertial forces of the body are implicitly
included by using input data from instrumented implants. Nevertheless, to achieve a high
numerical stability, a full transient analysis type using a sparse matrix direct solver was
chosen in this study.

The tibial moments are given within the reference frame shown in Figure 1, and the
tibiofemoral kinematics given in this study are defined as follows: the flexion angle is given
as relative rotation of the femoral to the tibial component around the femoral medio-lateral
axis of the implant. A positive femoral anterior—posterior translation (AP translation) is
given as femoral movement to posterior parallel to the tibial y-axis, which is shown in
Figure 1. The femoral rotation is the rotation of the femoral component around the tibial
proximo-distal axis. Medial rotation is defined to be positive.

The patellar kinematics are given as relative movements of the patella with respect to
the femoral coordinate system, as shown in Figure 4. The rotations are calculated as cardan
sequence using the rotation order flexion—spin-tilt. Therefore, the patellar flexion is given
as the relative rotation of the patella with respect to the femur around the femoral flexion
axis. The values are negative if the patella flexes less than the femur, which is usually the
case. The patellar tilt is described as the rotation around the patellar proximo-distal axis,
with a positive sign if the patella rotates towards the medial side. For patellar spin, the axis
is given as floating axis orthogonal to the other two. If the patellar spin is positive, then the
proximal tip of the patella rotates towards the lateral side.

flexion

Figure 4. Patellar rotations and patellar shift. Shift along, and flexion around, femoral flexion axis,
tilt around patellar proximo-distal axis, and spin around a floating axis orthogonal to the first two
axes. Arrows are pointing to positive directions (basic image for this figure from model presented
in [27]).
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A positive patellar shift is given as relative movement of the center point of the
patella with respect to the femur in the lateral direction along the femoral flexion axis. All
kinematics data are measured relative to their neutral position in full extension.

3. Results

The tibial reaction moments are the main results for the validation of the described
model. The comparison between simulation results and the reference values from literature
is shown in Figure 5 for the load cycles corresponding to knee bend, sit down, and stand up.

Tibial Moments
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Figure 5. Comparison of simulation output to the reference data for the tibial moments for knee
bend, sit down, and stand up cycles.

During weight-bearing squat, the medial tibial contact force was higher than the
lateral one for low flexion angles. They showed equal values of 1350 N at the point of the
zero-crossing of the varus-valgus moment at 75° of flexion. For higher flexion angles, the
lateral contact force was the dominant one. At 30° (60°, 90°) of flexion, the medial and
lateral tibial contact forces reached 999 N (1310 N, 1373 N) and 478 N (950 N, 1700 N).
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At the point of the maximum resultant tibial contact forces, the proportion of the medial
contact force was 40% of the total tibial contact forces. Figure 6 shows the medial and
lateral tibial contact forces for all three load cycles.

Tibio-femoral contact forces
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Figure 6. Tibial contact forces in medial and lateral compartment during weight-bearing squat.

For the knee bend cycle, the peak patellofemoral force was reached during the upwards
movement at 91.4° of flexion with a magnitude of 2563 N, which is equal to 2.61 BW. The
sit down cycle (stand up cycle) led to a maximum patellofemoral force of 2600 N/2.65 BW
(2872 N/2.93 BW) at 84.2° (86.1°) of flexion.

The main translational and rotational degrees of freedom, which are femoral AP
translation and tibial rotation around its axis, were analyzed and are shown in Figure 7.
The mean relative femoral AP translation was equal to the tibial translation in the opposite
direction, which was directly given by the model. For the 98° squat, the maximum AP
translation between femur and tibia was 16 mm at a flexion angle of 98.1°.
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Tibio-femoral Kinematics
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Figure 7. Femoral rollback of medial and lateral condyle and the axial femoral rotation for sit down,
stand up, and knee bend cycle.

The tibial rotation could also be directly derived from this model by taking the femoral
rotation around the tibial z-axis with a negative sign (Figure 7). A maximum tibial rotation
of 8° was calculated at 93.6° of flexion (knee bend cycle).

For applications without evaluation of the tibiofemoral contact, the PE insert could be
simulated as a rigid body to decrease computational time by about 10% without changing
kinematics in a considerable way. The averaged difference between the curves of the tibial
reaction moments was less than 4%. Furthermore, taking peak patellofemoral force during
the knee bend cycle as an example, this value changed by only 42 N, going from 2539 N to
2581 N when simulating the PE insert as a rigid body.

The patellar kinematics were analyzed under variations of the patellar tendon stiffness
between 300 N/mm and 1000 N/mm, and the initial proximo-distal patellar position was
simultaneously varied in a range of =6 mm.

The peak values of patellar flexion, spin, and tilt during the downwards movement of
the knee bend are given in Figures §-10. The maximum absolute values of patellar flexion
decrease for a decreasing stiffness of the patellar tendon and for a more proximally-placed
patella. The peak values of patellar spin are between 3.64° and 5.26° of lateral rotation.
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The patellar spin increases with a weaker patellar tendon and for patellae placed more
proximally. The range of peak values of patellar tilt is between 3.35° and 3.68° of medial
tilt and no clear relationship to the initial patellar proximo-distal position or the stiffness of
the patellar tendon can be seen.
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Figure 8. Peak values of the patellar flexion during weight-bearing squat for several initial patellar
positions (left to right: 6 mm baja to 6 mm alta) and patellar tendon stiffnesses (blue: 1000 N/mm,
orange: 500 N/mm, and green: 300 N/mm). Flexion is given around the femoral flexion axis
relative to the femoral implant component. Negative values indicate that the patella flexes less than
the femur.
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Figure 9. Peak values of the patellar spin during weight-bearing squat for several initial patellar
positions (left to right: 6 mm baja to 6 mm alta) and patellar tendon stiffnesses (blue: 1000 N/mm,
orange: 500 N/mm, and green: 300 N/mm). Spin is given as rotation around the floating axis
between the femoral flexion axis and the patellar proximo-distal axis. A positive sign indicates a
rotation to lateral direction.
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Figure 10. Peak values of the patellar tilt during weight-bearing squat for several initial patellar
positions (left to right: 6 mm baja to 6 mm alta) and patellar tendon stiffnesses (blue: 1000 N/mm,
orange: 500 N/mm, and green: 300 N/mm). Patellar tilt is given as rotation around the patellar
proximo-distal axis. Rotations of the patella to the medial side have a positive sign.

The peaks of the patellar shift shown in Figure 11 are between 0.27 mm and 0.75 mm to
the medial side. While the initial proximo-distal position of the patella influences the peak
patellar shift, the stiffness of the patellar tendon has only minor effects on the patellar shift.

6 mm baja | 3 mm baja central 3 mm alta | 6 mm alta
Patellar tendon stiffness
I 1000 N/mm B 500 N/mm M 300 N/mm

0.8

g
o

Maximum patellar shift in mm
o o
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Figure 11. Peak values of the patellar shift during weight-bearing squat for several initial patellar
positions (left to right: 6 mm baja to 6 mm alta) and patellar tendon stiffnesses (blue: 1000 N/mm,
orange: 500 N/mm, and green: 300 N/mm). A positive patellar shift is given for relative patellar
movements along the femoral mediolateral axis in lateral direction.

Depending on the question that is addressed with this framework, solution times vary
from 50 min in a rigid body setup, to determine moment reactions and resulting kinematics,
to 4 h when detailed results of the contact situation of a flexible PE component are needed
with a high mesh density and element sizes down to 0.75 mm.

4. Discussion

The objective of this study was to develop a dynamic FE model for pre-clinical analysis
of knee contact mechanics and kinematics based on standardized loading conditions and to
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analyze the effects of various changes of anatomic properties of a knee, such as the patellar
tendon stiffness or the proximo-distal position of the patella. This model was intended to
be used to analyze multifarious design variants during the implant design and pre-clinical
testing process using a fast and straightforward workflow. Therefore, it should be fast to
adapt and solve.

The reduced complexity of the model was achieved by partially replacing tissues
and bone geometries by boundary conditions. Therefore, the informative value of the
results was limited to implant kinematics, loads, and stresses. Findings according to the
specific behavior of soft tissue structures surrounding the knee were limited to the explicitly
modeled structures, such as the patellar tendon. However, established pre-clinical testing
methods are either based on nonstandardized data (e.g., [44,45]) or neglect soft tissue
structures and other patient-specific parameters (e.g., [18]). Therefore, the limitation that
only the effects of some soft tissue structures can be analyzed turns into an advantage
relative to other established standardized pre-clinical testing methods.

Another limitation may arise by the fact that implant geometries were used, which
were slightly different from the implants used to create the standardized loads [31]. How-
ever, Freed et al. [46] compared the axial tibial loads from measurements and a numeric
model with the standardized loads, and even though they used a different ultra-congruent
cruciate sacrificing implant than Bergmann et al. [31], there were no significant differ-
ences for the quasi-static load cycles of sitting down and rising from a chair. These load
cycles are similar to the knee bend cycle, which was also used in our study. Therefore,
it is assumed that the use of the implant components of Columbus® UC did not cause
substantial differences.

The remaining data from the given dataset, which were not used as input for the
simulation, could be used to evaluate the simulation results. The moment around the
flexion axis (My) and the varus-valgus moment (My) were in good accordance with
deep flexion angles, and a deviation could be seen in extension. Regarding the moment
around the tibial axis (M;), the simulation results were also consistent with the dataset
from literature for small flexion angles. As shown in Figure 5, all of the curves show
characteristics which are similar to the standardized load data. Therefore, the model seems
to be reliable according to tibial moments and forces, especially for deeper flexion angles,
which are more relevant and critical to simulate.

The contact forces in the tibial condyles were compared to an analysis of Kutzner et al. [47],
who calculated the medial force ratios from nine patients for different daily activities. Some
of their patients were also in the patient cohort for the standardized loads [31], which were
used in the present study. If the different level of the total resulting forces is considered, the
curves of medial and lateral tibial contact forces are similar for the present study compared
to Kutzner et al. [47]. The medial force ratio in the tibia was 40% at the instant of maximum
total contact forces, which fits well to the 42% =+ 8% which were given by Kutzner et al. [47].
The varus-valgus moment is changing its sign from negative to positive at 75° of flexion
during knee bend. This results in a switch of the dominant tibiofemoral contact force from
the medial to the lateral condyle, as shown in Figure 6. Therefore, the most loaded condyle
in a deep knee bend cycle is the lateral one. At first glance, this might be inconsistent with
the fact that in most patients, the medial condyle is more affected by osteoarthritis than
the lateral one [48] and 90-95% of unicompartmental knee arthroplasties are placed on the
medial side [49]. A deeper look into data from instrumented knee implants [31] shows
positive varus-valgus moments mainly for deep flexion angles in symmetric two-legged
load cycles, such as knee bend, sit down, and stand up from a chair. The lower relative
prevalence of these cycles, compared to level walking, stairs up, and stairs down cycles,
with high negative varus—valgus moments explain the higher risk of osteoarthritis on
the medial condyle. For the sit down and stand up cycles, the results are also in good
agreement with the given data from Kutzner et al. [47].

For two of the eight patients that were included into the standardized loads from
Bergmann et al. [31], a subject-specific calculation was made by Trepczynski et al. [50].
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They calculated 3.2 BW as averaged peak patellofemoral contact force during a squat at
a flexion angle of 94°. Their results for the two patients were 2.6 BW and 3.7 BW. The
maximum of 2.6 BW for the patella contact force at 91.4° of flexion that was detected in the
present study is equal to the lower bound of the study stated above. Research from other
groups, with different patient cohorts, showed patellofemoral forces for a squat at 100° of
flexion in a range of 2.7 BW to 3.5 BW [51,52].

Compared to the given literature values, the results of the herein described simulation
approach show good agreement, especially for high flexion angles, where the most critical
loads are reached. Therefore, the model demonstrates potential to be a useful tool to
evaluate implant designs in a platform development approach of new knee systems. It is
possible to fully automate the simulation process, which makes it possible to test a great
number of geometries in an efficient way. To improve the model, additional validation
steps can be performed in future with the CAMS-Knee dataset. This dataset contains tibial
loads and kinematics data measured by video fluoroscopy [53].

Further development of this methodology can enable implant manufacturers to
achieve more realistic kinematic behavior on a systematic scale by considering dynamic
loading and tibio- and patellofemoral kinematics, as well as contact mechanics in a stan-
dardized workflow.

Especially in combination with a second model, which will be able to handle load
cycles with dynamic ground reaction forces but dispenses with considering the patella,
this method opens a wide field of subjects to investigate in an efficient way—from ef-
fects of design changes in patellar and trochlear geometries to the impact of different
alignment methods.

The analysis of patellar kinematics shows the effects of proximo-distal patellar position
and patellar tendon stiffness. According to patellar flexion, both patella baja and high
patellar tendon stiffness lead to an increase in relative patellar flexion angles. Therefore,
problems occurring in knees with patella baja for high flexion angles could also occur in
knees with a central patellar position and a very strong patellar tendon. A weak patellar
tendon also increases patellar spin and has minor effects on patellar tilt and shift. The
proximo-distal position of the patella is the main parameter to determine the patellar tilt
and shift. Both have their minimum for a central patella and increase for patella baja and
alta, where the effect is stronger for the patella baja. The changes in the peak values for
shift and tilt are very small, with a maximum difference of 0.27 mm and 0.33°. Therefore,
the effects of the proximo-distal position of the patella and the patellar tendon stiffness on
shift and tilt seem to have only minor clinical relevance.

A patella baja can lead to impingement, anterior knee pain, and a reduced range of
motion [54,55]. Consequently, the described changes in patellar kinematics may have an
impact on TKA performance and satisfaction in patients with patella baja.

5. Conclusions

A new approach for FE analysis of the knee contact mechanics and kinematics after
TKA, which allows to compare multifarious design variants in an efficient way, is presented.
As input data, standardized loads for knee bend, sit down, and stand up cycles were used.
Some elements of these datasets were used to validate the model.

Due to the use of data based on measurements of instrumented tibial implants, only
a few ligament and muscle forces had to be modeled explicitly. The remaining tissues
were implicitly contained into the tibial forces used as input. This way of reducing the
complexity of the model led to an easy to handle model, which can be solved fast. This
model is suitable for the intended use of pre-clinical screening of many design variants,
unlike many common pre-clinical testing models, which are mostly static and therefore not
suitable to analyze kinematic properties of implant designs.

The presented model is additionally capable to analyze effects of various parameters,
such as implant positions or properties of the explicitly modeled ligaments such as patellar
tendon stiffness. By varying these two parameters, this study showed that changes of the
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patellar tendon stiffness have very similar effects on patellar flexion for high tibiofemoral
flexion angles. Therefore, clinical issues related to patella baja or alta in deep tibiofemoral
flexion could also be caused by changes in patellar tendon stiffness for normal proximo-
distal position of the patella in extension.
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Abstract: A correlation between patellar kinematics and anterior knee pain is widely accepted.
However, there is no consensus on how they are connected or what profile of patellar kinematics
would minimize anterior knee pain. Nevertheless, answering this question by merging existing
studies is further complicated by the variety of ways to describe patellar kinematics. Therefore, this
study describes the most frequently used conventions for defining patellar kinematics, focusing on
the rotations. The similarities and differences between the Cardan sequences and angles calculated by
projecting axes are analyzed. Additionally, a tool is provided to enable the conversion of kinematic
data between definitions in different studies. The choice of convention has a considerable impact on
the absolute values and the clinical characteristics of the patello-femoral angles. In fact, the angles
that result from using different mathematical conventions to describe a given patello-femoral rotation
from our analyses differ up to a Root Mean Squared Error of 111.49° for patellar flexion, 55.72° for
patellar spin and 35.39° for patellar tilt. To compare clinical kinematic patello-femoral results, every
dataset must follow the same convention. Furthermore, researchers should be aware of the used
convention’s implications to ensure reproducibility when interpreting and comparing such data.

Keywords: knee joint; patello-femoral joint; kinematics; cardan sequence; euler angles; conversion

1. Introduction

Patello-femoral pain has a prevalence of more than 20% in the general population [1]
and a high percentage of unsatisfied patients after total knee arthroplasty complain of
anterior knee pain [2,3]. Even if satisfactory patellar tracking and kinematics seem to
be evident on physical exam [4,5], it is still not entirely clear, what defines good patellar
tracking and how healthy patellar kinematics can be quantified [6].

Although previous studies have investigated patellar kinematics [6,7], it remains un-
clear what ideal patellar kinematics encompass. What we know about patellar kinematics
is that the patellar native facets or prosthetic button should be centered in the trochlear
groove without subluxation or tilt throughout range of motion [6,7]. Even with descriptions
of how the patella tracks from full extension to flexion, the issue of kinematic reference
frame and rotations to describe motion has not been standardized.

The difficulty of converting between the multiple existing mathematical definitions of
patellar kinematics or even understanding them properly is one of the major challenges
for answering these questions. When we consider rotations, the way they are described
has many implications. Researchers should be aware of these implications when they
work with kinematic data concerning the patello-femoral joint. The choice of coordinate
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systems and the mathematical definition for describing patello-femoral kinematics can lead
to substantial differences in the resulting curves and how one interprets whether normal
kinematics have been established. Therefore, studies without a detailed description of the
underlying definitions [8-12] are of limited value for researchers and clinicians.

There is a recommendation on definitions of joint coordinate systems for various joints
from the International Society of Biomechanics. However, they do not provide a recom-
mended definition for the knee joint, especially not for the patello-femoral joint [13-15].
However, since the publication of these recommendations, a lot of research has been con-
ducted for the patello-femoral joint kinematics. To describe these kinematics, a definition
using a floating axis for patellar spin [16], which has been recommended by Bull et al. [17],
has been increasingly used in the past few years. This definition follows the same principle
used by Grood and Suntay [18] for the tibio-femoral joint.

Nevertheless, there are still lots of studies that use more uncommon conventions for
patello-femoral rotations which can lead to fundamental changes in the values for patellar
flexion, spin and tilt [6,17]. Therefore, for interpretation of patello-femoral kinematics
data a clear understanding of the underlying conventions is needed. If data with different
underlying definitions should be compared, the ability to transform between several
conventions is very helpful, but rarely described in literature.

The aim of this article is to give an overview of the different methods that can be used
to describe patellar kinematics, with a particular focus on rotations. In contrast to previous
publications, this article will consider the implications associated with each definition in
greater detail. Additionally, the mathematics behind the patellar rotations will be given,
including ways to convert data between some of the most common definitions. Therefore,
the purpose is to enable researchers to choose the definition of patellar kinematics that is
most suitable to them, as well as allow them to easily perform any conversions necessary
to be able to compare the outcomes of different studies. As Supplementary Material, a
Matlab template is provided to perform the most common conversions easily.

2. Materials and Methods
2.1. Coordinates and Definitions

In the following description, two reference frames will mainly be used: one attached
to the femur and another to the patella, with the directions x, y and z pointing laterally,
anteriorly and proximally, respectively, in full extension. If the femur or patella rotate and
translate during flexion, the attached coordinate systems will follow the bones” movements.
Figure 1 shows a possible system of axes for the patellar kinematics. Since the exact
orientation depends on the chosen definition, it is neither described nor shown in more
detail. The question of how these directions can be identified, i.e., which landmarks can be
used, is highly dependent on the data and the measurement methods of every single study
and will therefore not be deeply discussed. A possibility to define a reference frame for the
patella is presented and validated by Innocenti et al. [19].

The most clinically relevant kinematic parameters are patellar shift, patellar flexion
(x), spin () and tilt (y) [5,17,20-22]. The patella’s resulting movements are relative to the
femur as follows: patellar flexion is defined by the relative rotation of the patella around
the medio-lateral flexion axis (x-axis). In most cases, the femoral flexion axis is used as the
rotation axis for patellar flexion. In a clinical context, patellar spin and tilt are represented
by the rotations around the local patellar y- and z-axes, respectively. Alternatively, it is
also common to use a floating axis for patellar tilt [23,24] or patellar spin [25-27]. The
patellar shift is the translation of the patella in the medio-lateral direction with respect
to the femur or the trochlear groove. Usually, the patellar shift is given as the patellar
movement in the direction of the femoral x-axis, which can be calculated by projecting
the vector of the relative patellar translations on the normalized direction of the femoral
flexion axis. The values of shift, flexion, spin and tilt for a given instance of patellar motion
can differ considerably from this intuitive understanding if different definitions are used.



5 Publication Il

35

Materials 2021, 14, 7644

3o0f15

Figure 1 shows the described components of the patellar kinematics schematically without
giving precise axes and signs because these are dependent on the chosen definition.

flexion

Figure 1. Overview on patellar kinematics and underlying coordinate systems. (Left): patellar flexion
in a sagittal view, (center): medio-lateral movement (shift) and patellar spin in an anterior view,
(right): patellar tilt in a proximal view. The exact location and orientation of the rotation axes depend
on the chosen definition and is therefore not shown in detail. The patellar axes are labelled with xp,
Yp/ Zp and the femoral axes with x¢, yg, z¢.

The movements of the patella in the sagittal plane are highly dependent on the defini-
tion of the origin of the femoral coordinate system. If individual anatomical landmarks are
used to define this origin, the comparison between different subjects can be problematic.
However, since these movements are of secondary clinical interest [17] and are controlled
mainly by joint geometry [28], they are not discussed here.

2.2. How Rotations Can Be Described

There are several ways to describe the rotational state of an object in a coordinate
system. For example, well-known methods include rotational matrices, quaternions, pro-
jected angles, helical axes, and extrinsic and intrinsic rotation sequences. In biomechanics,
representations allowing the comparison of rotations around the individual joint axes are
needed. Therefore, rotation matrices, quaternions and helical axes are only suitable to
process data, but not to interpret the results of studies according to patellar kinematics.

First, a fundamental property of rotations should be noted: rotations are not commu-
tative. This means that—regardless of the mathematical description—the resulting pose
for a sequence of rotations about multiple axes is generally not equal to the same rotations
in another sequence. This statement remains valid for both multiple rotations in time and
rotation sequences to describe a pose at one point in time.

To describe any rotation in three-dimensional (3D) space, a rotation sequence con-
sisting of three consecutive rotations around three axes can be used. If the orientation of
the axes is changed by each elemental rotation, the sequence is referred to as infrinsic. For
initial coordinate axes &, 1, {, the axes after the first rotation are written as &', n’, { and
after the second rotation as £”,n”, ¢”. If all rotations occur around the axes as they are in
their initial orientation, independent of previous rotation steps, the rotation sequence is
called an extrinsic rotation.

In biomechanical literature, sometimes an intrinsic sequence of rotations around
three different axes is called an Euler rotation, and the associated angles are termed Euler
angles [29,30]. The correct term for these angles is in fact Cardan angles or Tait-Bryan-angles.
Actual Euler angles are an intrinsic rotation sequence, which uses the same axis for the first
and the third rotation (e.g., rotations around the axes &,n’, £”) [31]. While Cardan angles
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can be used for a biomechanical description of patello-femoral rotations, Euler angles are
difficult to relate to the clinical terms of patellar flexion, spin and tilt. Figure 2 shows three
different rotation sequences which lead to a particular patellar orientation.

Cardan XYZ
y Y
RS

L

Zas5e

Cardan XZY
z
Y —10.2?

£y

=
—43.2°

Initial orientation x
a=8=y=0°

0.4° Euler XYX

<
1
:.(Etc'
Y
s

Figure 2. lllustration of three exemplary rotation sequences representing one particular patellar orientation. All sequences
start in a patellar orientation where the patellar axes are parallel to the femoral axes. The upper and middle paths show the
Cardan sequences XYZ and XZY, respectively, and the lower path represents the Euler sequence XYX.

Two disadvantages are occasionally associated in connection with Cardan angles. The
first, sequence dependency, can simply be solved by appropriate standardization of the
sequence [32]. The second is termed gimbal lock, which occurs when the second angle of
the sequence is £90° [33]. In this case, the axes of the first and third rotation are collinear,
and one degree of freedom is lost. Since the patellar spin and tilt do not reach absolute
values of 90° [6,7] sequences with either of these in the middle position are free from this
problem for the description of patellar kinematics.

If femoral axes are used to describe the patello-femoral rotations [34], the interpretation
of the rotations around the femoral anterior-posterior and proximo-distal axes as patellar
spin and patellar tilt, respectively, are in general no longer correct. For a patellar flexion
near 0° the deviation remains small, but for one of 90° the femoral tilt axis is parallel to
the patellar spin axis in a sagittal view. The same applies to the femoral rotation axis and
the patellar tilt axis. In this case, the calculated values for tilt and spin of the patella are
switched, in addition to a possible inversion of their sign, relative to the common clinical
interpretation [17] (see also Figure 3). Researchers should be aware that Cardan sequences
ending with patellar flexion (ZYX and YZX) show the same pattern (e.g., [35]).

For knee kinematics, it seems that there exists another valuable way to describe the
rotations. It is called the three-cylinder open-chain representation. For the tibio-femoral joint,
it was first mentioned by Grood and Suntay in 1983 [18]. It was suggested in 2009 by
Merican and Amis [36] and later on proven in 2014 by MacWilliams and Davis [37] that the
Grood and Suntay definition is equivalent to a Cardan XYZ-sequence. This sequence was
regardless found suitable to describe the tibio-femoral kinematics [38,39].
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Figure 3. Illustration of the switch of meaning of patellar spin and tilt for an absolute patellar
flexion angle of 90°, if described with respect to the femoral coordinate system. Rotating the patella
around the anatomical patellar proximo-distal axis (zp) equals a rotation around the femoral anterior-
posterior axis (y¢) for 90° of patello-femoral flexion. The z;- and yp,-axes show a similar pattern.

For the patello-femoral joint, the three-cylinder open-chain representation was first
applied in 1992 by Hefzy et al. [16]. Since this way to describe patellar kinematics was
recommended in a method paper [17], it is frequently used. The proof of the equivalence
of the Grood and Suntay rotations and a Cardan sequence for the tibio-femoral joint [37]
can be carried out analogously for the patello-femoral joint. Therefore, the three-cylinder
open-chain representation of the patello-femoral kinematics is—from the rotations point
of view—equivalent to the use of the Cardan sequence XYZ. Since Bull et al. [17] do not
describe translations in a sagittal plane, their recommendation is to measure the patellar
shift relative to the femoral medio-lateral axis and describe the patellar rotations with
respect to the femoral axes as a Cardan XYZ-sequence.

The methods, which use a sequence of rotations around rotated or not rotated co-
ordinate axes, lead to the inherent possibility to receive a description of the pose of the
associated body very straightforward by executing the rotations one after the other. Nev-
ertheless, some authors [40,41] determine the rotations of the patella by projecting the
patellar coordinate vectors on the planes of the femoral coordinate system and calculate
the angle between these projected vectors and the associated vectors from the femoral
system. For instance, the patellar flexion can be calculated by projecting the y-vector of
the patella onto the sagittal plane of the femoral coordinate system and calculating the
angle between this projection and the y-vector of the femoral system. If a projection is
carried out onto the patellar coordinate planes, a rotation relative to the patellar axes can
be calculated. This method in general does not lead to values for patellar flexion, spin and
tilt which can be executed in sequence to acquire the full rotation of the patella relative
to the femur. For every projection plane, there are two vectors that can be projected to
calculate the rotation around the axis perpendicular to this plane. As the results of this
paper will show, the calculated angles for these two projected directions differ a lot for
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Euler Angles

v = arctan2(R3,, —Ry,)
eg. R=R,R,R,

3D rotations. For example, the calculation of the patellar flexion as the angle between the
patellar y-axis projected onto the sagittal plane of the femoral system differs from the same
calculation with the z-axes. Therefore, the angles are highly dependent on the choice of
planes and axes.

2.3. Conwversions

A method to convert a rotation from one definition to another is to calculate the
rotation matrix representing the rotation and use this matrix to calculate the parameters
of the desired definition. To that end, methods will be given to convert the common
definitions into matrix form and back. Figure 4 shows an overview of the conversion
paths introduced in this paper. The conversions are first given for intrinsic and extrinsic
rotation sequences.

a = arctan2(Ris, —I5s)

B = sin™ (R},) Cardan Angles

(sequence XYZ)

R=R.R,R. equivalent

ROt ation matrix rotations

R

p;»p,-m—f('ff-(f-.f-k))/ / PR Three-cylinder open-
€.8. = cilzLly

Cardan Angles

(any sequence)

chain representation

Figure 4. Overview of transformation paths between different descriptions of patellar rotations.

2.3.1. Rotation Sequences

With the standard uniaxial 3D rotation matrices Rx(«), Ry() and R, (y) for the rotations
around x, y and z, the rotation matrix R of the full 3D rotation can be calculated by matrix
multiplication. For an extrinsic rotation sequence, the resulting matrix R is the matrix
product of the corresponding uniaxial rotation matrices, expressed in the opposite sequence
order from left to right. For an intrinsic rotation sequence, the order of the uniaxial rotation
matrices is inverted. For example, the rotation matrix R = Rx(x)-Ry(B)-Rz(y) represents the
extrinsic rotation sequence ZYX and the intrinsic sequence XYZ. It is important to note that
this method works the same for Euler angles.

The formulas for calculating the angles «, 3 and v for a specific sequence from a given
rotation matrix R* with the entry Rg* in line s and column t are obviously dependent on
the sequence. Rotating around a particular axis twice within one sequence leads to angles
that are hard to interpret clinically. Only the equations for Cardan angles are therefore
given here.

For certain sequences, the following method is often shown in literature (e.g., intrinsic
XYZ-sequence [32,42]). Here, a general formulation which can be used for any sequence,
will be introduced.

Let (i,j,k) be a tuple of three different indices with (i,j,k) € {1,2,3}. Then every (i,j,k)-
tuple represents a Cardan sequence (e.g., (i,j,k) = (1,3,2) stands for the sequence XZY). To
calculate the angles of the patello-femoral rotations, the sign sgn;j of a sequence tuple is
needed. The sign is equal to 1 if the tuple (i,j,k) can be created from the tuple (1,2,3) by an
even number of transpositions. If the number of transpositions is odd, SgMijk is equal to
—1[43]. The equations

@; = arctan2 (Ry*, —sgnyp-Ric*) (M

@j=sin"" (sgnjj-Ryc*) and 2
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@ = arctan2 (R;;%, 75gl‘lijk'Rij*) 3

directly lead to the sought angles for flexion (e = 1), spin (3 = @) and tilt (y = @3). The
proof for Equations (1)—(3) is given in the Supplementary Materials.

2.3.2. Projected Angles

For the reconstruction of the 3D orientation from projected angles, giving a closed
description of all 64 possible axis-plane projection combinations is not feasible in this article.
Only a brief overview of the derivation of the equations will be given here. Every given
projected angle can be used to determine a semicircle containing all the unit vectors that
would lead to this angle if projected. If the j-th axis is projected onto the femoral (or patellar)
coordinate plane, the parametrized semicircle can be set to equal the j-th column (or row,
in the case of the patellar plane) vector of the rotation matrix. The orthogonality of rotation
matrices (pairwise orthogonality of rows and columns, Euclidian norm of every row and
column equals 1, third row /column is cross product of first and second row /column) gives
the conditions to determine the parameters and the missing entries of R.

2.3.3. Helical Axes

Helical axes are a way to represent a 3D-movement using only one rotation axis for
every time step. The movement is described as a translation along this axis and a rotation
around it. This method is sometimes used to analyze the actual joint rotation axis, especially
for the tibio-femoral joint [44,45]. This description has also been sometimes used for the
patello-femoral joint [46,47]. Consequently, the ideas for the conversion of the rotations are
discussed here briefly.

The direction of the rotation axis is given by the helical axis. Thus, the Rodrigues’
rotation formula [48] can be used to rotate a vector around any given rotation axis. Matrix
representation of a helical axis rotation can be achieved by applying this formula to the
unit vectors. The rotated unit vectors give the columns of the associated rotation matrix.
For the opposite conversion, the direction of this axis is the eigenvector to the eigenvalue of
1, while the angle can be obtained from the other eigenvalues [49,50]. For more details [51]
is recommended.

2.3.4. Three-Cylinder Open-Chain Representation

As stated previously, the angles in the three-cylinder open-chain representation [16,17]
are equivalent to the angles of the intrinsic XYZ rotation sequence. Therefore, the methods
used for this sequence can also be applied to convert rotations from or into this convention.

2.4. Data Processing and Validation

To compare the definitions described earlier in this paper, kinematic data from a
previously published and validated musculoskeletal model of the lower right extremity
simulating a squat motion [20] was used. This simulation model was implemented in the
software SIMPACK (V9.7, Dassault Systemes Deutschland GmbH, Gilching, Germany). The
rotations of the patella relative to the femur were evaluated for a squat motion in all possible
Cardan sequences directly in the software. These were used as reference data for verifying
the implementation of the previous formulas in MATLAB (R2018a, Mathworks, Natick,
Massachusetts, USA). The deviations between the curves were quantified by calculating
the Root Mean Squared Error (RMSE).

3. Results

The dataset for a squat includes tibio-femoral flexion angles from 0° to 90°. The
discrepancy between the angles according to the different definitions increases with the
tibio-femoral flexion angles. Based on the data for the Cardan XYZ-sequence, the angles
for the five remaining Cardan sequences and the projected angles were calculated. In
order to validate the conversion process, the Cardan sequences for the same dataset were
evaluated directly from the general multibody software SIMPACK as reference. The
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deviation of these results to the values from converting the XYZ data do not exceed 0.0001°
(RMSE < (6.13 x 107%)° for all sequences and angles).

3.1. Cardan Angles

Figure 5 shows the rotation angles for all possible Cardan sequences. The choice of
definition has a minor effect on the patellar flexion values. All Cardan sequences except for
ZXY have very similar flexion angles. The maximum RMSE within this group is 0.79° (see
also Table 1). The patellar flexion angle of the ZXY-sequence differs up to 7.83° from the
others (RMSE > 3.71°).

Cardan Sequences

Patellar Flexicn in °
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Figure 5. Patellar kinematics for the Cardan sequences. Patellar flexion (top), spin (center) and tilt
(below) during a squat motion for all Cardan sequences.
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Table 1. RMSE of patellar flexion curves for Cardan sequences and projected angles in °.

Y on Z on Y on Z on
XYZ XzyY Xz YZX XY X Patella Patella Femur Femur
XYZ 0 - - - - - - - - -
XzZY 0.79 0 - - - - - - - -
YXZ 0.46 0.36 0 - - - - - - -
YZX 0.43 0.4 0.05 0 - - - - - -
ZXY 3.71 296 325 3.28 0 - - - - -
ZYX 0.39 0.44 0.26 0.25 34 0 - - - -
Y on patella 111.48 110.71 111.06 111.09 108.11 1111 0 - - -
Z on patella 111.49 110.72 111.07 1111 108.12 11112 0.25 0 - -
Y on femur 0.79 0 0.36 04 2.96 0.44 110.71 110.72 0 -
Z on femur 0 0.79 0.46 0.43 3.71 0.39 111.48 111.49 0.79 0

In terms of patellar spin and patellar tilt the Cardan XYZ- and XZY-sequences are very
close (spin: RMSE = 0.09° and tilt: RMSE = 0.03°) as Tables 2 and 3 show. The same is true
for YZX and ZYX (spin: RMSE = 0.004° and tilt: RMSE = 0.03°). The sequence ZXY leads to
curves which differ considerably from those of other sequences (RMSE up to 27.72°). These
deviations are particularly large and grow increasingly for higher tibio-femoral flexion
angles, and reach a maximum of 49.22° for the patellar spin and 59.91° for the patellar tilt.

Table 2. RMSE of patellar spin curves for Cardan sequences and projected angles in °.

X on Z on X on Z on
XYZ XzZY Xz YZX XY ZYX Patella Patella Femur Femur
XYZ 0 - - - - - - - - -
pVA'S 0.09 0 - - - - - - - -
YXZ 8.27 8.18 0 - - - - - - -
YZX 6.56 6.48 3.09 0 - - - - - -
ZXY 24.37 24.28 16.19 18.06 0 - - - - -
ZYX 6.56 6.48 3.09 0.004 18.06 0 - - - -
X on patella 7.85 793 15.47 14.24 31.53 14.24 0 - - -
Z on patella 31.44 3153 39.56 37.94 55.72 37.94 24.28 0 - -
X on femur 6.56 6.48 3.09 0 18.06 0.004 14.24 37.94 0 -
Z on femur 8.27 8.18 0 3.09 16.19 3.09 15.47 39.56 3.09 0

Table 3. RMSE of patellar tilt curves for Cardan sequences and projected angles in °.

X on Y on X on Y on
XYZ XzZY Xz YZX XY ZYx Patella Patella Femur Femur
XYZ 0 - - - - - - - - -
XZY 0.03 0 - - - - - - - -
YXZ 11.07 11.04 0 - - - - - - -
YZX 9.64 9.61 227 0 - - - - - -
ZXY 16.69 16.72 27.72 26.14 0 - - - - -
ZYX 9.65 9.62 224 0.03 26.15 0 - - - -
X on patella 19.36 19.33 9.38 9.92 35.39 9.91 0 - - -
Y on patella 9.38 9.35 6.79 4.67 24.45 4.7 11.07 0 - -
X on femur 9.65 9.62 224 0.03 26.15 0 9.91 4.7 0 -
Y on femur 16.69 16.72 27.72 26.14 0 26.15 35.39 24.45 26.15 0

3.2. Projected Angles

The projected angles can be divided into two groups. Projecting the patellar reference
frame vectors onto the femoral planes gives patello-femoral rotations with respect to the
femoral system. Therefore, the angles for patellar flexion are close to the negative of the
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angles obtained by projecting onto the patellar planes (see also Figure 6, top). The flexion
angles calculated by projecting the y- (or z-) axis on the femoral standard plane are equal to
the patellar flexion angles from the Cardan XZY- (or XYZ- for the z-axis) sequence as the
RMSE of 0° for these combinations shows in Table 1. The same pattern is visible for the
patellar spin and tilt if the projections on femoral planes and Cardan sequences starting
with y- and z-axes are analyzed (see also Tables 2 and 3).

Projected Angles
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Figure 6. Patellar kinematics using projected angles. Patellar flexion (top), spin (center) and tilt
(below) during a squat motion for all possible ways to calculate the angles by projection.

4. Discussion

The first objective of this study was to show the considerable impact of different
mathematical definitions on how patello-femoral kinematics are conveyed. A framework
was thereby developed to enable researchers to choose the definitions for the patellar
kinematics which best fit their needs and to convert patellar kinematics between the
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different conventions. In this way, comparability and interchangeability between different
studies may be facilitated.

The results obtained from the conversions we have presented using the described
formulas are in excellent agreement with those obtained from the evaluation using a
general multibody software package (RMSE < (6.13 x 107°)° for all sequences and angles).
Therefore, the derived equations and their implementation were verified.

The presented results indicate clearly that the chosen definition for patello-femoral
angles has an impact on the description of patello-femoral kinematics. The curves for
patellar flexion, spin and tilt deviate not only in magnitude but also in their characteristics
(see Figures 5 and 6). Therefore a correct interpretation of patello-femoral kinematic data
seems to be impossible if the details of the convention used are not clear.

Deviations between the results with different definitions only occur if rotations around
at least two standard directions differ from zero. This condition is based on the fact that the
differences are caused by changes in rotation axes for subsequent rotations. For increasing
tibio-femoral flexion angles the absolute patellar flexion angle reaches values close to 80°,
while the absolute values of patellar spin and tilt stay relatively small if the rotations are
considered around the patellar axes. Therefore, the rotation around the x-axis and its
position in the Cardan sequence has a special impact on the data for high tibio-femoral and
patello-femoral flexion angles. In the case of small patellar spin and tilt, it can be assumed
that the rotation axes that occur before the patellar flexion in the Cardan sequence almost
agree with the associated femoral coordinate system axes. The rotations placed after the
flexion in the sequence can be interpreted as rotations around associated patellar body axes.
For the first and last rotations of a Cardan sequence these statements are exactly true.

For the patello-femoral kinematics this means that the first rotation of a sequence is
always around the associated axis of the femoral coordinate system and the last rotation is
around a patella-fixed axis, as previously shown in Figure 2. The floating axis between these
two is close to the associated patellar axis if the sequence starts with the patellar flexion
and is close to the associated femoral axis otherwise. In accordance with the previous
explanations the two Cardan sequences starting and ending with the patellar flexion
(XYZ/XZY and YZX/ZYX) show very small differences (see Figure 5, and Tables 1-3).

For 90° of absolute patellar flexion angle patellar spin and tilt would swap its values
if the patellar flexion would be changed from the first position (i.e., tilt and spin close to
patellar body fixed rotations) to the third position (i.e., tilt and spin close to femoral body
fixed rotation). This is caused by the inherent change from patellar to femoral coordinate
system. For the squat cycle showed here, only 80° of absolute patellar flexion are reached.
Nevertheless, the described effect can be seen, if the maximum patellar tilt for the sequences
XYZ and XZY (15.0°) is compared to the patellar spin for YZX and ZYX (15.7°).

One of the main difficulties in using Cardan sequences to describe rotational poses
is the gimbal lock, which occurs if the second rotation of the sequence is equal to 90°.
In this case, the axis of the third rotation is parallel to the direction of the first one (or
its negative) and the rotation loses one degree of freedom. The absolute values for spin
and tilt are far from 90° for healthy knees [6,7]. Therefore, this situation only exists if the
patellar flexion is the second rotation of the sequence. Even if the maximum absolute
values for patellar flexion in the shown results are less than 80°, an increase of spin and tilt
can be mentioned for the YXZ sequence and a comparably larger one for the ZXY sequence.
(see Tables 2 and 3). The reason why ZXY differs more from the sequences without the
x-rotation on second position than YXZ is that the patello-femoral rotation around the
femoral z-axis is bigger than around the femoral y-axis. These effects are making the
interpretation of the patellar kinematics in the ZXY and YXZ sequence quite laborious and
this description differs a lot from a clinical understanding for spin and tilt. Therefore these
sequences are not recommended.

The projected angles also show big differences dependent on the choice of which axis
is projected onto which coordinate system. Figure 6 indicates clearly that this method is
very sensitive to the choice of projection axis and that this effect increases with growing
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angles in the other two dimensions. The flexion angles are robust against switching from
y- to z-axis for projection, while comparable changes for spin and tilt cause completely
different curves due to the relatively higher patellar flexion angles.

For small angles of spin and tilt the projected angles for flexion on the patellar (or
femoral) planes can be interpreted as flexion with respect to the patellar (or femoral) system.
Due to the high flexion angles, the same interpretation cannot be applied to spin and tilt.
For spin and tilt the values are also highly depending on the choice of axis for projection.

It was shown that the deviations between the curves for patellar flexion, spin and
tilt for the different kinematic definitions can completely change in both, magnitude and
characteristics of the curves. Nevertheless, the differences are not big enough in every case
that inadvertently comparing results based on different definitions would be obvious at
first glance. Therefore the problem explored by this study should always be considered
when dealing with patellar kinematics.

Patellar maltracking is known as possible cause of anterior knee pain [4,5,52-55], but it
still remains unknown, how critical patellar kinematics can be distinguished from others [6].
To increase the biomechanical knowledge about how anterior knee pain can be prevented
or treated, it will help to bring the available data from the literature together. Therefore, it
is essential to properly understand the underlying definitions of every single study and
to carefully transform the data into one representation, that can be compared across the
available literature. For most of the studies available in literature the given transformations
from this study can be utilized.

If researchers are free to choose a convention for their own study, the use of Cardan
sequences is recommended due to the available straight forward methods for calculation,
conversion and interpretation. Even if all Cardan sequences are theoretically suitable to
represent the patello-femoral kinematics in a correct way, some of them are better for
intuitive interpretation from a biomechanical side of view. The definitions which are closest
to the clinical understanding of patellar flexion, tilt and spin are the two Cardan sequences
beginning with patellar flexion (XYZ and XZY), where patellar flexion is given around the
femoral flexion axis. The last rotation of the sequence is given exactly around the associated
patellar axis while the second rotation of the sequence is executed around the floating axis
perpendicular to the other two. Therefore, the rotation (out of spin and tilt) with the most
importance for a certain study should be chosen as last rotation of the sequence. The higher
clinical relevance of tilt compared to patellar spin will qualify the Cardan sequence XYZ as
recommendation for most studies.

5. Conclusions

In this study the most common definitions for patello-femoral rotations and the most
important conversions between them were described. Using kinematic data of a validated
squat motion based on motion capture, it was shown that the angles describing the patellar
kinematics are highly dependent on the underlying convention.

If researchers are not aware of the described deviations, misinterpretation of results is
very likely, which is critical for clinically relevant studies. Additionally, the comparison of
different studies should only be executed if equivalence of the used conventions can be
ensured or if the data are carefully transformed. Therefore, the methods from this study
will help to uncover the complex relationship between patellar kinematics and anterior
knee pain.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
3390/mal4247644 /51, S1: Matlab-template to transform patellar rotations between the described
conventions, S2: Instructions for use of the template (S1), S3: Dataset used in this paper in XYZ-
Cardan sequence form, S4: Proof for the conversion formulas (1)-(3).
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The isolated effects of patellar resurfacing on patellar kinematics are rarely investigated. Nonetheless,
knowing more about these effects could help to enhance present understanding of the emergence of
kinematic improvements or deteriorations associated with patellar resurfacing. The aim of this study
was to isolate the effects of patellar resurfacing from a multi-stage in vitro study, where kinematics
after total knee arthroplasty before and after patellar resurfacing were recorded. Additionally,

the influence of the native patellar geometry on these effects was analysed. Eight fresh frozen
specimens were tested successively with different implant configurations on an already established
weight bearing knee rig. The patello-femoral kinematics were thereby measured using an ultrasonic
measurement system and its relation to the native patellar geometries was analysed. After patellar
resurfacing, the specimen showed a significantly medialized patellar shift. This medialization of

the patellar tracking was significantly correlated to the lateral facet angle of the native patella. The
patellar shift after patellar resurfacing is highly influenced by the position of the patellar button and
the native lateral patellar facet angle. As a result, the ideal medio-lateral position of the patellar
component is affected by the geometry of the native patella.

In total knee arthroplasty (TKA), the question of whether or not to resurface the patella remains controversial'2.
There is evidence to indicate that patellar resurfacing can lead to both improved clinical outcomes and a reduced
probability of revision surgery"**. To identify and prove the effects of patellar resurfacing, functional analyses
are shown to be more suitable than the established knee scores”.

Detecting the isolated effects of patellar resurfacing on kinematics after TKA is a difficult task, mainly due to
the high variation between subject kinematics. In order to address this limitation, a study aiming to characterize
these effects must evaluate post-operative kinematics for a large enough cohort of patients, or, alternatively, assess
knee kinematics after TKA both before and after patellar resurfacing. As a result, the studies that take on this
objective are few and far between. Nevertheless, it is known that while patellar resurfacing has only minor effects
on tibio-femoral kinematics®” or gait patterns®’, it has been shown to influence patello-femoral kinematics'® and
tibio-femoral range of motion''. Additionally, it is possible to improve abnormal pre-operative patello-femoral
motion patterns by navigated patellar resurfacing'>.

There are recommendations to medialize the patellar component on the patellar cut to restore the position of
the patellar ridge'?, but since this medialization can cause an increase of lateral patellar tilt for some patients'?,
the effect of the native patellar geometry on the optimal position of the patellar component needs to be further
analysed.

The aim of this study was firstly to quantify the isolated effect of patellar resurfacing on patellar kinematics
in an in vitro test setup for two different posterior stabilized implant variants. The hypotheses were that patel-
lar kinematics are significantly influenced by patellar resurfacing but not by changing the tibiofemoral implant
variants. Secondly the found effects were analysed and related to the native patellar geometries to enable a more
nuanced view on the ideal placement of the patellar component in TKA.

Aesculap AG, Research and Development, Am Aesculap-Platz, 78532 Tuttlingen, Germany. “Ludwig Maximilians
University Munich, Department of Orthopaedic and Trauma Surgery, Musculoskeletal University Center Munich
(MUM), University Hospital, Munich, Germany. *Orthopaedic Surgical Competence Center Augsburg (OCKA),
Augsburg, Germany. “email: Adrian.Saver@aesculap.de
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Materials and methods

Specimens and implantation. For this study, eight fresh frozen specimens, (5 male, 3 female, age
52+ 16 years, 7 left and 1 right) with less than 10° of varus or valgus and without severe bone deformities, were
used. The implantation and testing process was the same as described in earlier studies'*%'. The tibia and femur
were cut 22 cm and 20 cm from the epicondylar line, respectively, and were embedded into pots with epoxy resin
(RenCast FC 52/53 Isocyanate & FC 53 Polyol, Huntsman Advanced Materials GmbH, Texas, USA) The fibula
head was fixed in the proximal tibia with a cortical screw. The vastus medialis, vastus lateralis, semitendinosus,
rectus femoris and biceps femoris were attached to metallic finger traps (Biihler-Instrumente Medizintechnik
GmbH, Tuttlingen, Germany) to apply muscle forces in the knee rig.

The posterior stabilized implants (Vega PS System, Aesculap AG, Tuttlingen, Germany) were placed in tibia-
first technique with an intramedullary alignment. The femoral medio-lateral position was centred to the femoral
bone, while its rotation was aligned to the anatomical trans-epicondylar axis. The used femoral implant has
the same radius in the cavity of the trochlea as the dome-shaped patellar button. Therefore, full congruency is
reached in the artificial patello-femoral joint. To increase the resistance against lateral subluxation of the patella,
the lateral flange is slightly more pronounced than the medial one.

To implant the patellar button in a second surgery step after kinematic testing of the native patella, the thick-
ness of the patellar button was resected and the medio-lateral position of the patellar implant was centred on the
surface of the bone cut. No medialization of the patellar button was performed.

With every specimen several trials were executed. Before implantation the native knee was tested. After the
implantation of the tibiofemoral implants, trials with a PS and a PS+inlay were executed with the native and
resurfaced patella, respectively.

Knee rig. A well-established weight bearing knee rig'*-** which performs a squat from 30° to 130° moving
3°/s, was used for testing. To measure the flexion angle, two angular sensors (8820, Burster, Gernsbach, Ger-
many) placed at the hip and ankle joint were used. For each of the three bone segments of the knee joint, the
movements of four bony landmarks were recorded with an ultrasonic measurement system (Zebris CMS20, Isny,
Germany). These landmarks allow the mapping of the anatomic reference frames to the femur, tibia and patella
bones.

The resolution of the sensors is 0.1° and 0.1 mm. The reliability was measured proviously with seven speci-
men, three cycles each, where the mean standard deviation was 0.2 mm for patellar shift, 0.5° for patellar flexion
and 0.2° for patellar spin and tilt, respectively.

The rig is shown in Fig. 1 and applies passive forces of 20 N to the vastus medialis, vastus lateralis, semitendi-
nosus and the biceps femoris, while the force of the rectus femoris is actively controlled to reach 50 N of ground
reaction force at the ankle joint (FN 7325-31, FGP Sensors & Instrumentation, Les Clayes Sous Bois, France).
LabView was used for real time test control (Version 8.6, National Instruments, Austin, TX, USA).

Data analysis. From the recorded trajectories of the landmarks, the patello-femoral kinematics were calcu-
lated for every trial using Matlab (MathWorks Inc., Natick, MA, USA). Patello-femoral kinematics are described
using the three-cylinder-open-chain method?'*?, where a positive patellar shift is given if the patella translates
along the femoral flexion axis to the lateral side. Patellar flexion, tilt and spin are the rotations of the patella
around the femoral flexion axis, the patellar long-axis and the floating axis between these two, respectively.

Since effects caused by the differences between the specimens would cover effects of the different implant
configurations, only differences to the native situation, termed relative kinematics, are analysed within this study.

For every specimen, an MRI-scan (Siemens Aera, Siemens AG, Munich, Germany) was executed. The native
MRI was executed with frozen specimens to avoid an additional defrosting cycle. Therefore, it was not possible
to control the knee flexion angle in an accurate manner for the MRI scans. All scans were executed between full
extension and 30° of flexion. Four parallel planes, which were orthogonal to the sagittal plane and equidistantly
distributed between the proximal and distal end of the patella, were defined within these scans. For these planes,
the angle between the tangent of the lateral facet and the patellar plane was measured, as shown in Fig. 2. The
average of all measurements for every specimen was used as the lateral patellar facet angle a;.

A linear regression model was calculated to analyse the relationship between the lateral patellar facet angle
and the difference in patellar shift. An F-Test was executed to test if the slope of this regression function differs
significantly from zero.

Ethics statement.  This study was approved by the ethics committee of the University of Munich, Germany
(approval 58-16) and carried out in accordance with relevant guidelines and regulations. Informed consent for
donation to scientific research had been signed before death by the donors or after death by their relatives.

Results

For the patellar kinematics relative to the native knee, no significant differences between the Vega PS and
PS+ inserts were found. The comparison between the implant configurations with resurfaced and native patella
also showed no significant differences for patellar rotations (patellar flexion, tilt and spin). The average curve of
the patellar shift for all specimens with resurfaced patella is outside of the 95%-confidence intervals (CI) for native
patella and vice versa, as shown in Fig. 3. Therefore, the patellar shift after patellar resurfacing is significantly
lower than before, indicating a more medial patellar tracking after resurfacing. The averaged medialization for
the full load cycle after patellar resurfacing is 2.7+ 1.2 mm. For these isolated effects of patellar resurfacing, no
significant difference was found between male and female specimens.

Scientific Reports | (2022) 12:12979 | https://doi.org/10.1038/s41598-022-16810-2 nature portfolio



6 Publication Il

51

www.nature.com/scientificreports/

Figure 1. One of the specimens mounted on the knee rig.

In a linear regression model, the lateral facet angle explains 72.9% (PS+) and 39.4% (PS) of the variance of the
averaged difference in the patellar shift before and after patellar resurfacing. If Vega PS and PS+ are combined in
one dataset, 53.7% of the variance in the averaged patellar shift difference were explained by a (highly) significant
(p=0.001) linear regression function of the lateral facet angle. A higher lateral facet angle is related to a more
lateral patella tracking after resurfacing and to a decreased difference in patellar shift before and after patellar
resurfacing. The data and linear regression function are shown in Fig. 4.

Discussion

The objective of this study was to analyse patello-femoral kinematics and how they are influenced by differing
implant configurations, with a special focus given to the effects of patellar resurfacing. The posterior-stabilized
Vega implants were tested with PS and PS+ inlays before and after patellar resurfacing, respectively. The differ-
ence in the PS and PS+ tibial inlays did not change patello-femoral kinematics in a significant way, either in the
native stage nor in the patellar resurfaced stage. Placing the patellar button significantly affected patellar track-
ing, which was medialized with the resurfaced patella. Patello-femoral rotations were not significantly affected
by patellar resurfacing.

Patellar resurfacing led to a significant difference in patellar shift. For a given femoral implant, a resurfaced
patella will, on average, be medialized by 2.7 + 1.2 mm when compared to the native patella. Ostermeier et al.
came to similar results in their in vitro study, where the maximum medialization of the patella increased by 3 mm
after resurfacing even though the patella was placed with 5 mm of medialization'’.

The present study has demonstrated that the described difference in patellar shift can be associated with the
lateral patellar facet angle, such that 53.7% of patellar shift variance can be explained by this specific parameter.
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\

Figure 2. Visualization of the angles measured in the MRI data of the native knee joint. Left: patello-femoral
joint in view from distal with measured lateral patellar facet angle. Right: sagittal view with the actual plane for
the distal view (green). The angle drawn in the left image was measured in four parallel and equidistant planes of

the patella.
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Figure 3. Differences to the native situation for patellar shift (top) and tilt (lower) with Vega PS (left) and
PS+ (right) inserts for native (grey/purple) and resurfaced patella (blue/green).
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Figure 4. Dot plot showing the connection between the average difference of patellar shift before and after
patellar resurfacing and the lateral patellar facet angle for PS and PS+. The linear regression model for all these
values shows, that 53.7% of the variance in the patellar shift difference can be explained by the lateral facet angle.

This relationship can be caused by the underlying surgical protocol, where the patellar button position was cen-
tred on the bone cut surface. Using this method, a small lateral facet angle leads to an overstuffing of the patellar
button on the native lateral facet, as is illustrated in Fig. 5. Therefore, the patella is forced to be medialized.

The present study has some limitations. Firstly, the deep knee bend was performed with a constant ground
reaction force of 50 N and secondly, it must be mentioned that this is an in-vitro study with a small sample size.
Furthermore, measuring the native lateral patellar facet angle can be very inaccurate for cases with advanced
arthritis. This would prevent surgeons from applying the results of this study.

From our study, we can conclude that resurfacing the patella without medialization could lead to a change in
patellar shift. For specimens with pronounced patellar facet asymmetry, where the medial facet is more steep than
the lateral one, this effect seems to be particularly evident. To reduce changes in patellar shift, the patellar button
can be placed with a tendency towards the side, where the native facet with the higher angle was located. Since
the medial facet angle usually tends to be higher than the lateral one, a slight offset of the patellar button to the
medial side, as has been often recommended**, shall prove to be a favourable choice in the majority of cases. It
was reported earlier that medialization of the patellar component can reduce the patellofemoral contact force and
lateral retinacular tension, as well as the frequency of its release®*. This could be explained by the described lateral
overstuffing of the patellar component and the resulting medialization of the patella tracking found in this study.

A surgeon first inclination to avoid lateral subluxation of the patella might be to favour a lateral placement
of the patellar button, which would lead to overall medialization of the patella tracking. However, the results
of this study show that, in fact, this medialization of the entire patella can just as successfully be achieved by
opting for a central button positioning. This effect was especially notable in cases where the lateral patellar facet
angle was small.

Conclusions

Based on our results, it could be worth to consider the native patellar geometry to choose the medio-lateral
position of the patellar implant, and thus minimize the deviation from patellar kinematics without patellar
resurfacing. Further research needs to be done to analyse how to determine the medio-lateral implant position
in everyday clinical workflows.
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Medial

Lateral

Figure 5. Lateral overstuffing for patellae with different native lateral facet angles with a centrally placed dome-

shaped patellar component. For a small lateral facet angle a,,, the lateral overstuffing increases (top) compared

to a bigger native lateral facet angle a;, (lower).
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The datasets generated and analysed during the current study are available from the corresponding author on
reasonable request.
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