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1  Abstract (English)

Background

Total knee arthroplasty (TKA) is an effective treatment for patients with severe knee
osteoarthritis. Despite continuous advances in implant design and good long-term results,
numerous studies point out that up to 20% of patients remain dissatisfied after TKA. As one of
the major goals of TKA is to restore the physiological knee function, it is hypothesized that the
ability of the prosthesis to recreate the native tibiofemoral kinematics and stability plays a
crucial role in enhancing patient satisfaction. However, the influence of different TKA designs on

tibiofemoral kinematics and stability within individual ligament conditions remains unclear.
Objective

To enable the selection of the optimal implant design for individual patients within a more
personalized approach, this dissertation primarily aimed to investigate the effects of different
TKA designs on tibiofemoral kinematics and stability within individual ligament situations under

highly controlled experimental conditions.
Materials and methods

In the first step, a new methodology was developed to accurately measure the tibiofemoral
kinematics in human cadaveric knees using a six-degrees-of-freedom joint motion simulator. In
the second step, the new methodology was used to apply passive and complex active loading
profiles to thirteen fresh-frozen human cadaveric knees in the native condition and after
implantation of symmetrical implants with and without a post-cam mechanism (PS and CR/CS).
Finally, the constraint of different TKA designs (CR/CS, MS and PS) was investigated during
anterior-posterior shear forces and internal-external rotation moments at different flexion

angles.
Results

The new methodology allowed the accurate tracking of landmark-based femoral and tibial
coordinate systems and their corresponding bone geometries with good control accuracy and
kinematic reproducibility. The comparison between different TKA designs and the native
condition during passive and complex active loading scenarios revealed that neither TKA design
was superior in restoring the mean native kinematics. However, both TKA designs were capable
of restoring the individual kinematic behaviour of the native knees during passive and complex

active loading conditions. During anterior-posterior shear forces and internal-external rotation



Abstract (English)

moments, it was found that despite variations in ligament conditions and individual implant
positioning, both symmetrical designs exhibited a similar anterior-posterior range of motion for
the medial and lateral condyles, whereas the medial-stabilized implant design showed less

anterior-posterior translation medially.
Conclusion and outlook

Overall, the results of this dissertation highlight the importance of individual kinematic analyses
to select the most appropriate TKA design for a specific patient and provide valuable insights
into the stability and kinematic performance of different TKA designs. This knowledge forms the
basis for developing more effective and personalized treatment strategies for patients

undergoing TKA and thereby helps to improve patient satisfaction.
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2  Zusammenfassung (Deutsch)

Hintergrund

Die totale Knie Arthroplastik (TKA) ist eine wirksame Behandlung fiir Patienten mit schwerer
Gonarthrose. Trotz kontinuierlicher Weiterentwicklung der Implantatdesigns und guter
Langzeitergebnisse zeigen zahlreiche Studien, dass bis zu 20 % der Patienten nach einer TKA
unzufrieden sind. Da die Wiederherstellung der physiologischen Kniefunktion eines der
Hauptziele der TKA ist, wird angenommen, dass die Fahigkeit der Prothese, die native tibio-
femorale Kinematik und Stabilitdat nachzubilden, eine entscheidende Rolle bei der Verbesserung
der Patientenzufriedenheit spielt. Der Einfluss unterschiedlicher TKA-Designs auf die tibio-
femorale Kinematik und Stabilitdt unter individuellen Bandverhaltnissen ist bisher jedoch nicht

bekannt.
Zielsetzung

Um die Auswahl des optimalen Implantatdesigns fiir einzelne Patienten in einem
personalisierten Ansatz zu ermoglichen, zielte diese Dissertation hauptsachlich darauf ab, den
Einfluss verschiedener TKA-Designs auf die tibio-femorale Kinematik und Stabilitat bei
individuellen Bandbedingungen unter hochkontrollierten experimentellen Bedingungen zu

untersuchen.
Material und Methoden

Im ersten Schritt wurde eine neue Methodik entwickelt, um die tibio-femorale Kinematik in
humanen Kniepraparaten mit Hilfe eines Gelenksimulators mit sechs Freiheitsgraden prazise zu
ermitteln. Im zweiten Schritt wurde die neue Methodik angewendet, um die Kinematik von
dreizehn humanen Kniepraparaten unter passiven und komplexen aktiven Belastungsszenarien
im nativen Zustand und nach der Implantation von symmetrischen Implantaten mit und ohne
Post-Cam-Mechanismus (PS und CR/CS) zu analysieren. SchlieBlich wurde der , Constraint”
verschiedener TKA-Designs (CR/CS, MS und PS) unter anterior-posterioren Scherkraften und

internen-externen Rotationsmomenten bei verschiedenen Flexionswinkeln untersucht.
Ergebnisse

Die neue Methodik ermoglichte die genaue Verfolgung der landmarkenbasierten femoralen und
tibialen Koordinatensysteme und der entsprechenden Knochengeometrien mit guter
Regelgenauigkeit und kinematischer Reproduzierbarkeit. Der Vergleich verschiedener TKA-

Designs mit dem nativen Zustand wahrend passiver und komplexer aktiver Belastungsszenarien
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zeigte, dass kein TKA-Design bei der Wiederherstellung der mittleren nativen Kinematik
Uberlegen war. Beide TKA-Designs waren jedoch in der Lage, das individuelle kinematische
Verhalten der nativen Knie wahrend passiver und komplexer aktiver Belastungsbedingungen
wiederherzustellen. Wahrend der Applikation anterior-posteriorer Scherkrafte und interner-
externer Rotationsmomente wurde festgestellt, dass trotz Variationen in den Bandbedingungen
und der individuellen Implantatpositionierung beide symmetrischen Designs einen dhnlichen
anterior-posterioren Bewegungsumfang fiir die medialen und lateralen Kondylen aufwiesen,
wahrend das medial stabilisierte Implantatdesign medial eine geringere anterior-posteriore

Translation zeigte.
Fazit und Ausblick

Insgesamt unterstreichen die Ergebnisse dieser Dissertation die Bedeutung individueller
kinematischer Analysen fiir die Auswahl des am besten geeigneten TKA-Designs fiir einen
bestimmten Patienten und liefern wertvolle Einblicke in die Stabilitat und das kinematische
Verhalten verschiedener TKA-Designs. Dieses Wissen bildet die Grundlage, um effektive und
personalisierte Behandlungsstrategien fiir Patienten, die sich einer TKA unterziehen, zu

entwickeln und die Patientenzufriedenheit zu verbessern.
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3 Introduction

3.1 The human knee joint

The knee is the largest joint in the human body and consists of two partial joints within a single
joint capsule: the patellofemoral and tibiofemoral joints (1-3). In the tibiofemoral joint, the
medial and lateral condyles of the distal femur slide on the proximal tibial plateau, creating a
six-degrees-of-freedom motion system (Figure 1). Rotational movement consists of flexion—
extension, adduction—abduction and internal-external. Translational movement is possible in
the medial—-lateral and anterior-posterior directions, as well as by compression and distraction
of the knee joint (proximal-distal translation) (3-5). Thus, in terms of function, the knee is a

gliding hinge joint (1-3, 5).

Internal/External rotation
/ Anterior/Posterior

Q / translation
1

Medial/Lateral

translation ™\

QFlexion/Extension

Adduction/Abduction

Proximal/Distal
translation

Figure 1. The tibiofemoral joint creates a six-degrees-of-freedom motion system. Translational movement
is possible in the medial-lateral, anterior-posterior and proximal-distal directions. Rotational movement

consists of flexion-extension, adduction-abduction and internal-external. Adapted from (4).

A number of ligaments and other structures allow for high mobility while providing passive
stability to the knee joint in all directions (3, 4). The menisci compensate the femorotibial
incongruence, cushion compressive loads, increase the joint stability and reduce friction during

movement (3-5). Knee stability is further enhanced by the cruciate ligaments, which prevent
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anterior and posterior displacement of the tibia, and the medial and lateral collateral ligaments,
which provide stability against adduction and abduction as well as internal and external rotation
(1, 3, 5). In addition, the ventral and dorsal muscle groups surrounding the knee have a

stabilizing effect on the joint (1, 3).

3.2 Knee osteoarthritis

Osteoarthritis (OA) is the most common degenerative disorder of the knee and one of the
leading causes of disability (6). It affects hundreds of millions of people worldwide (7-9), with a
prevalence of more than 30% in people over the age of 65 (10) and is characterized by the
progressive degeneration of articular cartilage. In advanced stages, complete destruction of the
cartilage occurs and the adjacent bone responds with the formation of osteophytes and
subchondral sclerosis. At this point, patients experience restricted joint mobility, stiffness, and
severe pain due to bone friction (9). Initial conservative management is targeted towards
symptom control and may include physiotherapy and medication. If these methods do not
sufficiently improve the patient's quality of life, joint replacement surgery may be considered

(11, 12).

3.3 Total knee arthroplasty

Total knee arthroplasty (TKA) is an effective treatment for patients with end-stage knee
osteoarthritis. The goal of TKA is to relieve pain, restore the physiological joint function, and
consequently improve the patient's quality of life. During the procedure, the bony surfaces of
the distal femur and the proximal tibia are replaced with metal components, and a polyethylene
tibia inlay is typically used as a bearing that is attached to the tibial plateau. Surgeons can choose
between different TKA designs, with varying degrees of congruence, resulting in different
kinematics and stability (13—17) (Figure 2). The most commonly used implants are symmetrical
designs that preserve the posterior cruciate ligament (PCL) during implantation, known as
cruciate retaining (CR) implants (18, 19). These designs have been established for years and have
shown promising long-term results (18, 20). Cruciate retaining/sacrificing (CR/CS) designs can
be used with or without an intact PCL and provide stability through a steeper anterior ramp. In
contrast, posterior-stabilized (PS) implants substitute the PCL with a post-cam mechanism.
Medial-stabilized (MS) and medial-pivot (MP) designs are more recent innovations that have
been increasingly used in the last few years (18-20). These designs are characterized by a higher
conformity of the medial compartment compared to the lateral compartment to mimic the

kinematic pattern of the healthy knee (21-24).
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Figure 2. lllustration of different knee implant designs. (a) Medial-stabilized (MS), (b) cruciate
retaining/sacrificing (CR/CS) and (c) posterior-stabilized (PS) femoral component and tibia inlay designs
for a right knee (oneKNEE®, Aesculap AG, Tuttlingen, Germany). All inlay designs can be fixed to the same

tibial component.

Despite continuous advances in implant design and good implant survival rates (18, 20), studies
indicate that up to 20% of patients are dissatisfied with the results of their TKA (25-32). Patients
report persistent pain, reduced joint mobility, or unmet expectations (27, 32—-34). Factors
influencing patient satisfaction are multifaceted and range from preoperative to surgical and
postoperative rehabilitation factors (25—30, 35). Surgical factors include the precision of surgical
techniques and the selection of the optimal implant type and alignment strategy. As the
fundamental objective of TKA is the restoration of physiological knee function, it is hypothesized
that the ability of the prothesis to replicate the native tibiofemoral kinematics and stability
enhances patient satisfaction (36, 37). Nevertheless, given the high inter-individual variability of
the knee, selecting the most appropriate implant design and alignment strategy remains a
challenge (16, 38). With the capabilities of modern navigation and robotic systems and the
growing importance of personalized medicine in orthopaedics, efforts are being made to tailor
treatments to the individual needs and characteristics of patients (37, 39). However, the
influence of different knee prothesis designs on tibiofemoral kinematics and stability within

individual ligamentous conditions is not yet fully understood.

3.4 Invitro studies

Biomechanical in vitro studies using human cadaveric specimens play a central role in the
development and optimization of knee implants. These preclinical investigations allow detailed

analysis of the mechanical behaviour of implant designs and fixation methods under controlled
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conditions (40, 41). By using standardized testing protocols in combination with complex joint
motion simulators, different design parameters and surgical techniques can be systematically
assessed and compared (13, 17, 42, 43). In addition, biomechanical in vitro studies offer insights
into the functional behaviour of the knee joint that are unattainable in vivo due to ethical
constraints (44, 45). Furthermore, these investigations serve as a basis for the development of
validated computer models for further simulating the in vivo situation and enable a deeper
understanding of the complex biomechanical interactions in the knee joint (46). For this reason,

findings from in vitro studies are essential to improve surgical outcomes after TKA.

To date, many in vitro kinematic analyses have been performed using mechanical knee rigs,
which use muscle forces to induce movement (13, 42, 43, 45). However, this methodology
inherently lacks independent control over individual degrees of freedom, limiting the ability to
accurately reproduce passive joint mechanics. In particular, scenarios without active muscle
force contributions, such as the assessment of passive joint laxity or passive flexion as performed
intraoperatively, cannot be precisely replicated. However, this capability is relevant to research
questions in the field of intraoperative navigation and robotics. Furthermore, the reliance on
muscle-driven systems limits the complexity of the applied loading conditions, typically
restricting analyses to deep knee bend and precluding the investigation of more complex loading
scenarios, such as level walking or stair ascent. Moreover, kinematic data acquisition in current
methodologies is often limited to the tracking of coordinate systems, without a direct link to the
corresponding bone geometries (13, 43, 47, 48). This indirect approach impairs detailed
characterization of the relative position of the medial and lateral femoral condyles with respect
to the proximal tibia and may be a potential cause for misinterpretation of normal movement.
In addition, precise control of force application along anatomically relevant axes is

compromised, reducing data comparability and repeatability.

3.5 Research questions and objectives

To enable more individual approaches and select the optimal implant design and alignment
strategy for an individual patient to improve patient satisfaction after TKA, a more
comprehensive understanding of the biomechanics of the native knee and the influence of
different TKA designs is essential. Acquiring this fundamental knowledge requires investigations
within a highly controlled environment. Therefore, the main objective of this dissertation was
to investigate the influence of different knee prothesis designs on the tibiofemoral kinematics
and stability of human cadaveric knees in a six-degrees-of-freedom joint motion simulator

during various activities.
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Given the constraints of existing methodologies used for in vitro kinematic analyses, the first
objective of this dissertation focused on the development of a new methodology to accurately
measure the tibiofemoral kinematics in human cadaveric knees. The first publication, entitled
“A new methodology for the accurate measurement of tibiofemoral kinematics in human
cadaveric knees: an evaluation of the anterior-posterior laxity pre- and post-cruciate ligament
resection” introduced the new workflow, validated relevant parameters and showed a potential
application. The strength of this innovative approach is the accurate tracking of landmark-based
femoral and tibial coordinate systems and their corresponding bone geometries within a
controlled environment by combining a 3D measurement system and a six-degrees-of-freedom
joint motion simulator. The 3D fitting integrated in this workflow allows for a precise and
reproducible placement of the landmark-based coordinate systems even with a closed knee

capsule (Figure 3) (49, 50).

Figure 3. Illustration of the 3D fitting procedure for the femur. (a) Cadaveric femur with measuring points
marked in green. (b) Segmented computed tomography (CT) scan shown in blue, containing a landmark-
based femoral coordinate system. (c) Cadaveric femur with 3D-fitted segmented CT scan in blue. Adapted

from (51).
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Furthermore, the 3D fitting procedure enables the controlled positioning of the knee specimen
in the joint motion simulator by aligning the landmark-based coordinate systems of the knee
with the axes of the joint motion simulator (Figure 4). The new workflow therefore provides a
basis for consistent force application across different specimens and tracking of the resulting
kinematics, with the possibility to apply both passive and complex loading profiles. In addition,
the six-degrees-of-freedom joint motion simulator demonstrated good control accuracy, as well

as kinematic reproducibility, further validating the robustness of this approach.

Figure 4. Experimental setup showing the knee specimen mounted on the six-degrees-of-freedom joint

motion simulator. Adapted from (51).

In the second publication, entitled “Kinematic patterns of different loading profiles before and
after total knee arthroplasty: a cadaveric study”, the new workflow was used to identify
differences in the kinematics during complex active and passive movements, in the native
condition and with two different TKA designs. As previously stated, modern surgical navigation
and robotic systems enable the intraoperative assessment of passive knee kinematics and
stability and provide real-time feedback on various parameters, enabling adjustments to implant

type, positioning, and overall alignment during surgery (37, 39, 52-61). For this reason,

10
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intraoperative kinematic analysis could be used to implement a more personalized approach
and assist the surgeon in restoring the physiological knee function by selecting the most
appropriate implant design for each patient, as the only opportunity for adjustment is during
surgery. However, it remains to be clarified whether passive movements can reveal kinematic
differences between the native knee and different TKA designs (39, 55). Furthermore, it is
necessary to understand whether there is an association between passive knee kinematics and
knee kinematics during complex active activities of daily living. To date, it has been challenging
to draw clear conclusions about kinematic differences between passive and complex active
activities, primarily due to the numerous influencing factors, including the diverse methods used
to measure kinematics during different activities (39, 52, 56). This shows the importance of a
highly controlled environment for valid comparison between different conditions and loading
profiles to eliminate the problem of large individual and technical differences. Therefore, passive
flexion and stair ascent loading profiles were applied to thirteen cadaveric knees in the native
condition and after implantation of two different TKA designs to determine which design better
replicates the native kinematics of the knee and whether the kinematic patterns of passive and

complex active loading scenarios lead to the same choice of implant design.

As instability is one of the main causes for revision after total knee arthroplasty (18, 19, 62, 63),
it is important to focus not only on kinematics but also ensure adequate stability while selecting
the most appropriate implant design to restore physiological knee function in a more
personalized approach. For this reason, the surgeon needs to understand how much stability a
particular implant design provides at different flexion angles. To accurately compare the
anterior-posterior constraints of different implant designs, a highly controlled environment and
precise force application are essential. Moreover, it is important to evaluate not only the implant
itself but also its behaviour under clinically relevant conditions imposed by the surrounding
ligament structures. However, in vivo studies do not allow for the comparative evaluation of
different implant designs within the same ligamentous situation under controlled force
application (35, 55, 64-70). Therefore, the workflow developed within this dissertation was used
to characterize the constraint of three different TKA designs during anterior—posterior shear
forces and internal—external rotation moments at various flexion angles in thirteen human
cadaveric knees, what resulted in the third publication, entitled “Constraint of different knee
implant designs under anterior-posterior shear forces and internal-external rotation moments

in human cadaveric knees”.

11
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3.6 Conclusion

This dissertation aimed to provide a better understanding of the influence of different knee
prothesis designs on the tibiofemoral kinematics and stability of human cadaveric knees in a six-
degrees-of-freedom joint motion simulator during various activities. To this end, a new
methodology was developed to accurately measure tibiofemoral kinematics in human cadaveric
knees by tracking the relative positions of landmark-based femoral and tibial coordinate systems
and their corresponding bone geometries. This methodology has been used to investigate the
kinematics during passive and complex active loading scenarios as well as the constraint of
different implant designs within individual ligament situations under highly controlled
experimental conditions. The results highlight the importance of individual kinematic analyses
to select the most appropriate TKA design for each patient and help to understand how much
stability a particular implant design provides at different flexion angles, thereby providing a basis
for further investigations towards a more personalized approach to address the specific needs

of individual patients and improve surgical outcomes after TKA.

12



Publications

4 Publications

4.1 Publication I: A new methodology for the accurate measurement of
tibiofemoral kinematics in human cadaveric knees: An evaluation of

the anterior-posterior laxity pre- and post-cruciate ligament

resection
Authors: Saskia A. Brendle, Sven Krueger, Joachim Grifka, Peter E. Miiller,
Thomas M. Grupp
Journal: Life — Special Issue: Advances in Knee Biomechanics
Volume: 14
Pages: 15
Year: 2024
DOI: https://doi.org/10.3390/1ife14070877
Impact factor: 3.2 (according to InCites Journal Citation Reports 2023)

13



Publications

Article

A New Methodology for the Accurate Measurement of
Tibiofemoral Kinematics in Human Cadaveric Knees:
An Evaluation of the Anterior—Posterior Laxity Pre- and
Post-Cruciate Ligament Resection

Saskia A. Brendle 1'2*, Sven Krueger !, Joachim Grifka 3, Peter E. Miiller 2 and Thomas M. Grupp

check for
updates

Citation: Brendle, S.A.; Krueger, S.;
Grifka, J.; Miiller, PE.; Grupp, TM. A
New Methodology for the Accurate
Measurement of Tibiofemoral
Kinematics in Human Cadaveric
Knees: An Evaluation of the
Anterior-Posterior Laxity Pre- and
Post-Cruciate Ligament Resection. Life
2024, 14, 877. https://doi.org/
10.3390/1ife14070877

Academic Editor: Panagiotis

Georgianos

Received: 11 June 2024
Revised: 8 July 2024

Accepted: 12 July 2024
Published: 14 July 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by /
4.0/).

Research & Development, Aesculap AG, 78532 Tuttlingen, Germany

Department of Orthopaedic and Trauma Surgery, Musculoskeletal University Center Munich (MUM),
Campus Grosshadern, LMU Munich, 81377 Munich, Germany

3 Department of Orthopaedics, Asklepios Klinikum, 93077 Bad Abbach, Germany

*  Correspondence: saskia.brendle@aesculap.de

Abstract: Anterior-posterior (AP) stability is an important measure of knee performance after total
knee arthroplasty (TKA). To improve the stabilizing effect of implants designed to compensate for the
loss of the cruciate ligaments, it is important to understand the tibiofemoral contact situation within
the native ligamentous situation of the knee and how it changes after cruciate ligament resection. This
in vitro study introduces a new approach to accurately measure the tibiofemoral kinematics in a six-
degrees-of-freedom joint motion simulator by tracking landmark-based coordinate systems and their
corresponding bone geometries. The tibiofemoral contact situation was investigated by projecting the
medial and lateral flexion facet centers onto the tibial plateau under AP shear forces across various
flexion angles in thirteen knees. Tests were conducted pre- and post-cruciate ligament resection.
Post-cruciate ligament resection, the femoral condyles shifted closer to or even exceeded the posterior
border of the tibial plateau, but only slightly closer to the anterior border. This study presents a
new methodology for measuring the tibiofemoral kinematics that can be applied to multiple loading
profiles. It provides a basis for further investigations, including passive or active muscle forces, to
enhance the design of total knee protheses and improve surgical outcomes.

Keywords: knee; biomechanics; cadaveric study; anterior—posterior stability; cruciate ligaments

1. Introduction

The decision to sacrifice or preserve the posterior cruciate ligament (PCL) in total knee
arthroplasty (TKA) remains debated and depends mainly on the surgeon’s preference. In
cases where the PCL is insufficient or absent, posterior-stabilized (PS) or ultra-congruent
(UC) implants can be used. PS implants substitute the PCL with a post-cam mechanism,
whereas UC implants provide stability through conformity. While some studies have
shown that neither UC nor PS implants provide anterior-posterior (AP) stability in all
the positions of flexion [1,2], other studies have reported good clinical results for both
PS and UC implants [3-6]. Nevertheless, instability is still one of the most common
indications for revision after TKA [7-9]. Since AP stability is an important measure of
functional knee performance, understanding the tibiofemoral contact situation within the
native ligamentous situation and its changes after cruciate ligament resection is crucial
to analyze where the implant needs to provide a stabilizing effect to compensate for the
loss of both cruciate ligaments. Biomechanical in vitro studies provide high accuracy and
control, offering insights into the AP stability of the knee joint unattainable in vivo due
to ethical constraints [10-19]. However, many studies lack detailed investigation of the
position of the medial and lateral femoral condyles on the proximal tibia during AP shear
forces, particularly without cruciate ligaments. This gap is due to the limitations of current
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methodologies, which often fail to connect coordinate systems to the corresponding bone
geometries [11,13,18]. In addition, many studies were performed using mechanical knee
rigs [11,15,16], which use muscle forces to induce movement and therefore cannot actively
control each degree of freedom separately to reproduce scenarios without muscles, such
as passive laxity measurements or passive knee flexion as performed intraoperatively,
or by applying manual force [13], which has limited reproducibility. In addition, the
application of forces during testing is an important aspect to ensure comparability between
measurements. As the relationship between coordinate systems and bone geometries is
often unknown prior to testing, force application along reliable axes cannot be controlled.

Therefore, the primary objective of this study was to develop a new methodology
and testing workflow for controlled force application and accurate tracking of landmark-
based femoral and tibial coordinate systems and their corresponding bone geometries in
human cadaveric knees during static and dynamic testing in a six-degrees-of-freedom joint
motion simulator. The secondary objective was to show an application of this workflow by
simulating clinical knee examinations as performed intraoperatively and evaluating the
positions of the medial and lateral femoral condyles on the tibial plateau during anterior and
posterior shear forces pre- and post-cruciate ligament resection. The hypothesis was that,
in the native condition in deep flexion, the lateral femoral condyle approaches subluxation
at the posterior border of the envelope of laxity, whereas the medial femoral condyle does
not. Post-cruciate ligament resection, we anticipated the positions of the femoral condyles
to move close to the anterior and posterior border of the tibial plateau.

2. Materials and Methods
2.1. Specimens

Thirteen fresh-frozen human cadaveric lower right extremities, preserved from the
femoral head to the malleoli, were included in this study. The donors had a mean age of
66.62 £ 9.97 years and a mean body mass index (BMI) of 23.31 = 8.02. The sample included
three females and ten males. Medical records indicated no pre-existing knee disorders or
surgical interventions. Ethical approval was obtained from the ethics committee of the
Ludwig Maximilian University of Munich (No. 20-0856).

2.2. Coordinate Systems

Computed tomography (CT) scans (Siemens SOMATOM Perspective, Siemens Health-
ineers, Erlangen, Germany) were obtained for each specimen. The scans were segmented
using Mimics 24.0 (Materialise, Leuven, Belgium), and the anatomic landmarks were iden-
tified with 3-matic medical 16.0 (Materialise, Leuven, Belgium) to define the femoral and
tibial coordinate systems and further relevant axes.

For the femur, the flexion axis was defined by connecting the centers of two spheres
fitted in the posterior condyles (medial flexion facet center (MFC) and lateral flexion facet
center (LFC) [20,21], whereas the midpoint between the medial sulcus and the lateral
prominence was specified as the origin of the femoral coordinate system. The center of the
hip was determined by fitting a sphere in the femoral head. By connecting this point to the
origin of the femoral coordinate system, the mechanical axis was identified [21]. The AP
axis of the femoral coordinate system resulted from these two axes and pointed anteriorly.
The femoral joint line was defined as a tangent through the most distal points of the medial
and lateral condyles. For the tibia, a cone fit was applied in between the tibial tuberosity
and the malleoli to identify the mechanical axis [22]. The proximal exit point of this axis
was used as the origin of the tibial coordinate system. The AP axis of the tibial coordinate
system was defined by a line connecting the attachment point of the PCL and the medial
third of the tuberosity [23]. The medial-lateral axis of the tibial coordinate system resulted
from the cross-product of the other two axes and pointed laterally. The tibial joint line
was defined as a tangent through the most distal points on the medial and lateral tibial
plateau [24]. Figure 1 illustrates the femoral and tibial coordinate systems.
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Figure 1. Anatomic landmarks and (a) femoral and (b) tibial coordinate systems. Anterior—posterior
axes are marked in blue, medial-lateral axes are marked in green and proximal-distal (mechanical)
axes are marked in red. FA = flexion axis, FJL = femoral joint line, FMA = femoral mechanical axis,
HC = hip center, LFC = lateral flexion facet center, MFC = medial flexion facet center, TJL = tibial joint
line, TMA = tibial mechanical axis.

2.3. Specimen Preparation

Each specimen was thawed for 24 h at 7 °C before the experiment. The proximal
and distal segments of the leg were skeletonized, preserving the knee joint capsule and
surrounding soft tissue, including the ligaments, muscles and tendons, up to 100 mm
superior and 50 mm inferior to the knee joint space. The GOM measuring points (1.5 mm,
Carl Zeiss GOM Metrology GmbH, Braunschweig, Germany) were attached to the cleaned
bone surfaces and the 3D point clouds of each bone were acquired using ARAMIS 12M
(Carl Zeiss GOM Metrology GmbH, Braunschweig, Germany) by rotating the specimen
stepwise around its mechanical axis. The 3D fittings of the femur and tibia were performed
by aligning the segmented CT scans containing the landmark-based coordinate systems
with the previously acquired 3D point clouds of each bone (Figure 2). To ensure accurate
alignment, visual and quantitative inspections of the 3D fittings were conducted from
different perspectives. The quantitative inspections were performed by palpating each bone
at a minimum of six points with a touch probe (1 mm, PM 3, Carl Zeiss GOM Metrology
GmbH, Braunschweig, Germany) and measuring the distance to the matched segmented
CT scan. The mean deviations should not exceed + 1 mm. After successful fitting, the 3D
fitting information was saved and the specimens were transected 250 mm proximally and
150 mm distally to the knee joint space. The intramedullary canals were cleaned and closed
with Play-Doh before potting into fast-cast resin (Go8l und Pfaff, Brautlach, Germany).

For accurate measurement of the kinematics, it was necessary to place the femur in
the joint motion simulator in such a way that the femoral coordinate system was aligned
with the upper coordinate system of the joint motion simulator. For this purpose, the upper
coordinate system was virtually assigned to the custom-made aluminum femur pot, as its
fixed position in the joint motion simulator is known. This was achieved by performing a
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3D fitting of the femur pot by aligning its computer-aided design (CAD) file containing
the upper coordinate system of the joint motion simulator to the femur pot. To embed
the femur, the specimen and the femur pot were placed in an embedding fixture. A 2D
point cloud of the femur pot and the residual femur was acquired and the previously
created 3D-fitting files of femur pot and femur were loaded again. Due to the unique point
patterns, it was possible to realign the 3D-fitting files to the new 2D point cloud. In this way,
the accurate 3D information of the complete femur and the according coordinate system
was available, even after the femur was cut. The femur was adjusted while tracking the
measuring points such that the femoral coordinate system was within £0.5 mm and +1°
relative to the upper coordinate system of the joint motion simulator. After successful
alignment, the proximal femur was embedded in the femur pot and attached to the custom-
made aluminum fixture mounted on the upper actuator of the joint motion simulator. To
embed the tibia, the upper actuator was held in position and an axial compression force
of 100 N was applied to the specimen, with all the other forces and moments maintained
at 0 N/Nm. In order to embed the tibia at 0° flexion, the mechanical axis of the tibia was
aligned with the mechanical axis of the femur in the sagittal plane while tracking their
coordinate systems using measurement points on the tibia and the tibia pot in combination
with the previously created 3D-fitting files. The tibia and fibula were then potted together
in a custom-made aluminum tibia pot that was fixed on the lower actuator of the joint
motion simulator.

k

Figure 2. (a) Cadaveric femur with measuring points (green). (b) Segmented computed tomography
(CT) scan (blue) with landmark-based femoral coordinate system. (c) Cadaveric femur with 3D-fitted
segmented CT scan (blue).

2.4. Experimental Testing

Testing was conducted using a six-degrees-of-freedom joint motion simulator (VIVO,
Advanced Mechanical Technologies Inc., Watertown, MA, USA). The six degrees of free-
dom were implemented by two actuators: the upper (femoral) actuator and the lower
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(tibial) actuator. The simulator’s upper actuator performed flexion—-extension and varus—
valgus rotations, while the lower actuator managed medial-lateral, anterior—posterior,
proximal-distal translations, and internal-external rotation. Each degree of freedom could
be controlled in force or displacement mode independently. The forces and motions are
expressed in accordance with the conventions of Grood and Suntay [25]. Figure 3 provides
an overview of the experimental setup.

Spring sutured to the
quadriceps tendon

Femur pot

<~—— Femoral actuator

¥ «——— Tibia pot

Tibial actuator
with six degrees of ——
freedom load cell

Figure 3. Experimental setup with the knee specimen mounted on the six-degrees-of-freedom joint
motion simulator at 60° flexion.

To transfer the absolute joint position of the specimen to the joint motion simulator, a
reference position was recorded under an axial compression force of 100 N at 0° flexion, with
all the other forces and moments maintained at 0 N/Nm. At the same time, the previously
generated 3D-fitting information of the segmented CT scans were again projected onto the
residual bones using the remaining measuring point patterns. Based on this information, the
relative position of the femoral and tibial coordinate systems was recorded and transferred
to the joint motion simulator. Afterwards, the specimens were subjected to laxity testing. In
order to characterize the passive AP laxity of each knee in the native condition, cyclic AP
shear forces of =80 N were applied as a ramp profile for 4 cycles at different flexion angles
(0°,30°, 60° and 90°) at a frequency of 0.04 Hz while maintaining an axial compression
force of 200 N and all the other forces and moments at 0 N/Nm. The imposed loads were
chosen to reflect those applied during clinical examination of joint laxity and were within
the range of forces used in comparable studies [11,15,16]. After the native measurements,
the cruciate ligaments were transected and the measurements were repeated. For both
conditions, the knee capsule was opened using a medial parapatellar approach and closed
with surgical sutures (Number 1 Vicryl, B. Braun, Melsungen, Germany) to ensure that
only the effects of the cruciate ligament resection were investigated and to exclude the
effects of opening the capsule. During testing, the relative position of the femoral and tibial
coordinate systems and the resulting loads were sampled at 100 Hz by the joint motion
simulator. To simulate the passive tension of the patella tendon in flexion, as present during
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the intraoperative clinical examination, a spring with an increasing force of up to 50 N
at 90° flexion was sutured to the quadriceps tendon with a line of action parallel to the
anatomical axis of the femur. Furthermore, the specimens were kept moist by spraying the
tissue with sodium chloride solution in order to mitigate the effects of tissue drying during
the experimental testing. Figure 4 outlines the entire test process.

( )

Preparation

Obtain and segment CT scans
+ Identify anatomic landmarks

+ Define femoral and tibial coordinate systems
\_ 1 J
/ Alignment of the femur \

Skeletonize proximal femur

Perform 3D fitting of the femur and femur pot
Align the femoral coordinate system to the
coordinate system of the femur pot by using the 3D
fitting information

Embed femur in femur pot

!

/ Alignment of the tibia

(.

Skeletonize distal tibia

Perform 3D fitting of the tibia and tibia pot

Place specimen in the joint motion simulator

Align the mechanical axis of the tibia with the
mechanical axis of the femur in the sagittal plane
to get 0° flexion by using the 3D fitting information
Embed tibia and fibula in tibia pot

}

Transfer of the absolute joint position to the \
joint motion simulator

(-

Vs

* Apply 100 N compression force

* Measure the position of the tibial coordinate
system relative to the femoral coordinate system
by using the 3D fitting information

\0 Transfer information to the joint motion simulator/

l

( Application of the loading profile and \
of ki ic

* Apply cyclic AP shear forces of + 80 N at different
flexion angles (0°, 30°, 60° and 90°) with 200 N
axial compression force

+ Two conditions: native and after resection of the

\ cruciate ligaments j

Figure 4. Flowchart illustrating the key steps in the entire test process. The preparation is marked in
black. The workflow to ensure accurate measurement of the tibiofemoral kinematics is marked in
green. The application of the loading profile and measurement of the kinematics is marked in blue.

2.5. Data Analysis

Data were analyzed using MATLAB (Version R2023a, MathWorks Inc., Natick, MA,
USA). The first and last cycles of each measurement were removed from the data analysis to
prevent potential data loss due to the start and stop behavior. Furthermore, the kinematic
output of the second and third cycles showed excellent agreement (Table 1), and therefore,
only data from a single cycle of each experiment were investigated. To evaluate the control
accuracy, the root mean square error (RMSE) of all six controlled degrees of freedom was
calculated by taking the square root of the mean of the squared differences between the
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target and the actual values for all the measurements. The mean deviation between the bone
and the segmented CT scan was calculated, ensuring accuracy within 1 mm. Furthermore,
the MFC and LFC of each knee were projected onto the articular surface of the proximal
tibia at different flexion angles (0°, 30°, 60° and 90°) at the first time reaching the maximum
anterior and posterior force, respectively, reflecting the corresponding positions of the
medial and lateral condyles on the tibial plateau (Figure 5). Subsequently, the positions
were normalized to the AP width of the articular surface of the respective tibia, which
was defined as the distance between the most anterior and the most posterior point of the
medial compartment of the tibia.

Table 1. Root mean square error (RMSE) of the kinematic output between the second and third
cycles of all the measurements for medial-lateral (ML), anterior—posterior (AP), proximal-distal (PD),
flexion—extension (FE), varus-valgus (VV) and internal-external (IE) directions.

ML Translation [mm]

AP Translation [mm] PD Translation [mm]  FE Rotation [°] VV Rotation [°]  IE Rotation [°]

0.07

0.11 0.04 0.01 0.03 0.16

Figure 5. Schematic illustration of the fitted spheres (light blue) in the posterior condyles and the
projection (blue) of the flexion axis (green) as well as the medial and lateral flexion facet centers (MFC
and LFC, red) ono the tibial plane.

Three specimens were removed from the data analysis due to exceeding the motion
limits of the joint motion simulator or joint luxation. The statistical analyses were performed
using Minitab (Version 21.2, Minitab GmbH, Munich, Germany). The significance of the
differences between the positions in the native condition and the condition after resection
of the cruciate ligaments was determined for each condyle at the flexion angles of 0°, 30°,
60° and 90° using Wilcoxon signed-rank tests with the significance level set at p < 0.05. The
results are displayed with boxplots on a normalized tibia.

3. Results
3.1. Accuracy of 3D Fittings

Quantitative inspections of the 3D fittings using a touch probe revealed a mean
deviation of 10.27 4= 0.21 | mm between the real bone and the 3D-fitted segmented CT scan
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(Figure 6). Most deviations were negative, indicating that the segmented CT scan slightly
protruded beyond the real bone at these locations.

N

Figure 6. Cadaveric femur with measuring points (green), 3D-fitted segmented CT scan (blue) and
deviations between the real bone and the 3D-fitted segmented CT scan at specific points. All the
deviations are displayed in mm.

3.2. Control Accuracy

The RMSE of the control error of all six degrees of freedom for all the measurements is
summarized in Table 2. The RMSEs of the flexion-extension (FE) angle, varus-valgus (VV)
and internal-external (IE) moments, and the proximal-distal (PD) force were small. The
largest errors were observed in the medial-lateral (ML) and AP directions. Figure 7 shows
one cycle of the target and the actual curves of all six controlled degrees of freedom for all
the specimens in the native condition at 0° flexion. Again, the good control accuracy of the
FE angle, as well as the VV and IE moments, and the PD force can be seen. The largest
deviations from the target curve were observed for the AP and ML. However, the target
AP forces of 80 N were achieved for all the specimens.

Table 2. RMSE of the control error for all the measurements for the medial-lateral (ML), anterior—
posterior (AP), proximal-distal (PD), flexion—-extension (FE), varus-valgus (VV) and internal-external
(IE) directions.

ML Force Error [N]

AP Force Error [N]  PD Force Error [N]  FE Angle Error [°’] ~ VV Moment Error [Nm] IE Moment Error [Nm]

10.77

2.46 0.01 0.18 0.24

3.3. Influence of the Cruciate Ligaments on the Anterior—Posterior Laxity

Figure 8 shows the AP positions of the projected MFC and LFC at various flexion
angles under the maximum anterior and posterior shear force acting on the tibia, pre- and
post-cruciate ligament resection. The boxplots based on a normalized tibia illustrate these
positions with the medians, quartiles, ranges and outliers. Significant differences (p < 0.05)
are marked with an asterisk.

In the native condition, the median position of the medial condyle under anterior force
was located in the posterior third of the tibia at 0° flexion (0.28), shifted slightly anteriorly
at 30° flexion (0.31), and reached its most posterior position at 90° flexion (0.20). Under
posterior force, the medial condyle’s median position was located 0.41 from the posterior
border of the tibial plateau at 0° of flexion, moved anteriorly at 30° flexion (0.48), and
returned to near its initial position at higher flexion angles. The median position of the
lateral condyle in the native condition was more anterior than the medial condyle for both
anterior (0.39) and posterior (0.60) force at 0° flexion and shifted posteriorly throughout the
arc of flexion, already exceeding the posterior border of the tibial plateau at 90° flexion with
the maximum anterior force (—0.06). The lateral condyle thus showed a noticeably greater
change in position during flexion than the medial condyle, which can be interpreted as a
medial pivoting kinematic.
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Figure 7. Target curve (green) and actual curves (red) of the (a) medial-lateral (ML) force,
(b) anterior-posterior (AP) force, (c) proximal-distal (PD) force, (d) flexion-extension (FE) angle,
(e) varus-valgus (VV) moment and (f) internal-external (IE) moment of all the specimens (1 = 10) in
the native condition at 0° flexion, showing the control accuracy.

After cruciate ligament resection, the median position of the medial condyle shifted sig-
nificantly more posteriorly under anterior force at all the flexion angles: 0° (0.21, p = 0.006),
30° (0.08, p = 0.006), 60° (0.13, p = 0.006), and 90° (0.10, p = 0.006). The median position of
the lateral condyle also shifted posteriorly and was significantly more posterior than in the
native condition at 0° (0.31, p = 0.006), 30° (0.01, p = 0.006), 60° (—0.08, p = 0.006) and 90°
(—0.14, p = 0.008) of flexion. Under posterior force, the medial condyle’s median position
was significantly more anterior at 0° (0.43, p = 0.006) and 90° (0.47, p = 0.032) of flexion,
while the lateral condyle showed significant anterior shifts at 0° (0.63, p = 0.008), 60° (0.39,

p =0.008) and 90° (0.34, p = 0.006).
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Figure 8. Boxplots showing the median (1 = 10), first and third quartile, range and outliers of the
AP positions of the projected MFC and LFC at different flexion angles at the maximum anterior and
posterior force, respectively, in the native condition (blue) and after resection of the cruciate ligaments
(red) on a normalized tibia. Red arrows indicate the direction of the shear force applied on the tibia.
Significant differences are marked with an asterisk (p < 0.05).

The results suggest that resection of the cruciate ligaments significantly alters the
anterior-posterior stability of the knee, with both femoral condyles showing increased
posterior displacement under anterior force and varied behavior under posterior force. The
increased length of the boxplots after resection of the cruciate ligaments indicates greater
variability, especially at higher flexion angles.

4. Discussion

In this study, a new workflow was developed for accurately tracking landmark-based
femoral and tibial coordinate systems and their corresponding bone geometries in human
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cadaveric knees during static and dynamic testing using a six-degrees-of-freedom joint
motion simulator.

A reliable method to define coordinate systems is crucial in kinematic assessments, as
different coordinate systems can lead to significant variations in the results and interpreta-
tions of normal movement [26,27]. For this reason, landmark-based coordinate systems are
recommended for measuring tibiofemoral kinematics [26]. However, accurate and reliable
placement of landmark-based coordinate systems in cadaveric knees is challenging due to
soft tissue covering the landmarks. Moreover, if the landmarks are palpated using a touch
probe, from which a coordinate system is finally formed, the exact relationship between
the bone and the coordinate system is not known. In the workflow developed in the scope
of this study, the landmarks are selected in 3D models of the bones using geometrical
primitives that have been shown to have a good inter-observer reliability [22,28], allowing
for precise and reproduceable placement. In addition, the accuracy of the subsequent
3D fitting can be analyzed by measuring the deviation between the bone and the fitted
segmented CT scan using a touch probe. Small deviations may result from the quality of
the CT scan, segmentation errors or the possibility of scraping bone during preparation.
The high accuracy of the 3D fitting in this study and the knowledge of the relative positions
of the femoral and tibial bone geometries enable multiple analyses, such as projecting the
flexion axis and flexion facet centers (FFCs) onto the tibial plane. This method approximates
the tibiofemoral contact pattern [16,29,30] and is valid to describe the kinematic behavior
of the knee [31], especially for single radius implant designs [32]. Fitting of the spheres
into the posterior condyles in the present study revealed that the specimens mainly had a
constant radius of curvature.

Another important aspect during static and dynamic testing is the application of forces.
If the exact relationship between the bone and the coordinate system is not known before
testing, it cannot be ensured that the forces during testing are applied along the same axes
when comparing different specimens. In the workflow developed in this study, not only the
location of the tibial coordinate system with respect to the femoral coordinate system but
also their location relative to the bones is known. This is a major advantage of the method,
as it enables the controlled application of forces and moments through the origin of the tibial
coordinate system with the line of action parallel to the Grood and Suntay axes [25,33]. This
ensures consistent and reliable force application across different specimens. Furthermore,
the six-degrees-of-freedom joint motion simulator allows for independent control of each
degree of freedom, making it possible to reproduce scenarios without muscle forces, such
as passive laxity measurements or passive knee flexion as performed intraoperatively. This
capability is relevant for navigation and robotics research. In addition, it is possible to
apply passive knee flexion with a controlled preload or even complex loading scenarios
like level walking based on the CAMS knee dataset [34]. Moreover, the simulator can
be modified by adding virtual ligament models and actively controlled quadriceps and
hamstrings forces [17,33,35]. Previous studies have shown that adding the muscle load
significantly affects the resulting kinematics [17,36]. Depending on the research question, it
may therefore be more appropriate to perform active instead of passive movements. The
present study focused mainly on characterizing the tibiofemoral contact situation within
the ligamentous situation. For this reason, passive movements were chosen, since forces
across the joint reduce the contribution of the soft tissue and increase the contribution of
the articular surfaces [37]. However, the results may be different when loading the knee
with hamstrings and quadriceps force [36]. Nevertheless, this workflow provides a basis
for reliable force application and tracking of the resulting kinematics, regardless of which
loading profile is applied. In addition, the six-degrees-of-freedom joint motion simulator
demonstrated good control accuracy for the loading profile used in this study, as well as
kinematic reproducibility, as evidenced by the excellent agreement of the kinematic output
between two cycles. However, the control parameters may need to be adjusted for more
complex loading profiles.
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In order to accomplish the secondary objective of the present study, the new workflow
was used to evaluate the positions of the medial and lateral femoral condyles on the tibial
plateau during anterior and posterior shear forces in the native knee and after resection
of both cruciate ligaments. In the native condition, the lateral femoral condyles moved
posteriorly on the tibial plateau with increasing flexion under both anterior- and posterior-
directed forces. The medial femoral condyles moved slightly anteriorly until 30° of flexion
under posterior-directed force and then continued moving posteriorly until 90° of flexion.
The results support the hypothesis that with anterior-directed force in deep flexion, the
lateral femoral condyle approaches the posterior border of the tibial plateau, while the
medial femoral condyle remains more anterior. Moreover, the results are in accordance with
a previous study [16] and reflect the medial pivoting characteristics that can be observed
during the neutral path of motion [16,29,30].

The second hypothesis regarding the position of the femoral condyles after resection
of the cruciate ligaments could not be confirmed. The positions of the femoral condyles
shifted closer to or even exceeded the posterior border of the tibial plateau, but only
slightly closer to the anterior border. This implies that the implant primarily has to provide
posterior stabilization to compensate for the loss of both cruciate ligaments. However, the
AP position of the femoral condyles on the tibial plateau was shown to vary depending
on the axial force and tibial slope [12,15]. Previous studies reported a more posterior
position and less anterior translation with an increasing slope [12]. The anatomical tibial
slope in the specimens, with a mean medial slope of 9.14 & 2.81° and higher lateral slopes
in most cases, might explain why the femoral condyles are closer to the posterior tibial
border. For this reason, the positions of the femoral condyles on the tibial plateau might be
different with less slope, as would probably be the case after implantation of tibial total knee
components. Depending on the prothesis and alignment technique, tibial components are
usually implanted with less tibial slope than in the native situation, with recommendations
ranging from 0° to 10° [38,39]. A study by Giffin et al. [12] showed that, even though
more posterior translation of the femur was observed with increased slope, the overall AP
translation remained the same. This implies that after resection of the cruciate ligaments,
stabilization of the joint by the implant is necessary, even with less slope. Nevertheless,
the stabilizing effect that the implant needs to provide may vary depending on the slope.
Furthermore, various loading conditions may also lead to different results [36,40]. While
this study mainly investigated the passive AP laxity within the ligamentous situation, the
AP translation may vary during active movements including quadriceps and hamstrings
force. For this reason, further research is needed to identify the stabilizing effects that
implants must provide to compensate for the loss of both cruciate ligaments during various
activities. Future studies should also consider the influence of different tibial slopes and
physiological muscle loading to better understand the differences in knee kinematics pre-
and post-implantation.

Several limitations should be taken into account when interpreting the results of
the present study. First, this study investigated a limited number of human cadaveric
specimens, which may not fully represent the variability found in living patients. Addi-
tionally, physiological muscle loading was not applied, and the patellar mechanism was
only present to a limited extent by simulating the passive tension of the patella tendon in
flexion, as present during intraoperative clinical examination. Therefore, the results may
not be directly transferable to in vivo conditions and may only be representative of passive
laxity tests as performed intraoperatively. However, it is essential to perform biomechanical
in vitro studies to better understand the causes of a certain behavior, unattainable in vivo
due to ethical constraints. Furthermore, AP laxity was not investigated beyond 90° of
flexion due to the design constraints of the joint motion simulator; therefore, no conclusions
can be drawn about laxity behavior at higher flexion angles. However, a large proportion
of activities of daily living are covered with flexion angles of up to 90° [34]. Moreover, the
order of the two different test conditions could not be changed. Time-dependent effects
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can therefore not be eliminated. The limited number of tests and the resulting short test
duration should minimize these effects [41].

5. Conclusions

This study introduced a new method to accurately measure the tibiofemoral kinemat-
ics using a six-degrees-of-freedom joint motion simulator and landmark-based coordinate
systems. The method was employed to analyze the positions of the medial and lateral
femoral condyles on the tibial plateau under AP shear forces, pre- and post-cruciate liga-
ment resection. The findings indicated that post-resection, the femoral condyles’ positions
shifted close to or even exceeded the posterior border of the tibial plateau, but only slightly
closer to the anterior border. In addition, the high accuracy of the 3D fittings, kinematic
reproducibility and control accuracy were demonstrated. These findings highlight the
method’s potential for further investigations to enhance the design of total knee protheses
and improve surgical outcomes.
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Abstract: One of the major goals of total knee arthroplasty (TKA) is to restore the physiological
function of the knee. In order to select the appropriate TKA design for a specific patient, it would be
helpful to understand whether there is an association between passive knee kinematics intraopera-
tively and during complex activities, such as ascending stairs. Therefore, the primary objective of this
study was to compare the anterior-posterior (AP) range of motion during simulated passive flexion
and stair ascent at different conditions in the same knees using a six-degrees-of-freedom joint motion
simulator, and secondary, to identify whether differences between TKA designs with and without a
post-cam mechanism can be detected during both activities, and if one design is superior in recreating
the AP translation of the native knee. It was shown that neither TKA design was superior in restoring
the mean native AP translation, but that both CR/CS and PS TKA designs may be suitable to restore
the individual native kinematic pattern. Moreover, it was shown that passive and complex loading
scenarios do not result in exactly the same kinematic pattern, but lead to the same choice of implant
design to restore the general kinematic behavior of the native individual knee.

Keywords: knee; biomechanics; cadaveric study; kinematics; TKA design

1. Introduction

Total knee arthroplasty (TKA) is one of the most common procedures for the treatment
of severe knee osteoarthritis [1-3]. Even though knee prostheses have improved greatly
and became one of the most reliable joint replacements, numerous studies point out that
only approximately 80% of the patients are satisfied with the results of their TKA [4-6]. It
is hypothesized that the ability of the prosthesis to recreate the native tibiofemoral kine-
matics, especially the femoral rollback, is beneficial regarding patient satisfaction after
TKA [7,8]. However, previous studies showed a high variability in the native knee kinemat-
ics, indicating the necessity for various TKA designs in order to restore physiological knee
function [9]. For posterior cruciate ligament (PCL)-deficient TKA, surgeons can choose
between inlay designs with or without a post-cam mechanism. It was shown that both
inlay designs provide similar stability, but more potential complications were reported
with the post-cam mechanism [10-12]. In addition, the post-cam mechanism could have an
effect on tibiofemoral kinematics and result in a more pronounced femoral rollback [11,12].

Modern surgical navigation and robotic systems allow intraoperative measurement
of knee joint kinematics and stability before and after implantation and provide real-time
feedback on multiple parameters to adjust implant type, positioning and overall alignment
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during surgery [8,13-19]. Therefore, the intraoperative kinematic analysis may assist in the
selection of the TKA design and help surgeons get closer in restoring physiological knee
function, since the only opportunity for adjustment of the kinematics is during surgery.
However, it is not clear whether the differences in anterior—posterior (AP) translation
between the native condition and different TKA designs can be detected intraoperatively
during passive movements [13,17]. Furthermore, it is necessary to understand whether
there is an association between passive knee kinematics measured during surgery and
knee kinematics during complex activities of daily living. A previous study of Grassi et al.
compared flexion-extension actively performed by the patient and passively performed
by the surgeon using a navigation system [18]. They found that muscle contraction did
not significantly affect the knee kinematics before and after TKA. Kono et al. reached
the same conclusion in a cadaveric study [13]. Belvedere et al. showed that passive
knee kinematics measured intraoperatively after TKA using a navigation system were
predictive of postoperative kinematics measured using monoplane fluoroscopy during
several complex weight-bearing activities [15,16]. Gasparutto et al. compared the passive
knee kinematics during surgery with active knee kinematics during walking [14]. However,
they could not draw any solid conclusions about differences between the activities because
of too many influencing factors, such as the use of different methods to measure the
kinematics during different activities. This shows the importance of a highly controlled
environment for valid comparison between different conditions and loading profiles.

Therefore, the primary objective of this study was to compare the AP range of motion
and position of the medial and lateral femoral condyles during passive flexion and a
complex activity of daily living such as stair ascent, in the native condition, after resection
of the cruciate ligaments and after implantation of two different TKA designs (with and
without a post-cam mechanism) in the same knees. The secondary objective was to identify
whether differences between the two different TKA designs can be detected during passive
flexion and stair ascent, and if one design is superior in recreating the AP translation of
the native knee. The hypothesis was that passive and complex loading scenarios show a
comparable range of motion in the AP direction, especially after TKA. We anticipated that
with the post-cam TKA design, the femoral posterior translation is higher compared to the
TKA design without a post-cam mechanism. Furthermore, we hypothesized that no design
is superior in restoring the mean native AP translation but for individual knees either the
TKA design with or without a post-cam mechanism is superior in recreating the individual
native kinematic pattern.

2. Materials and Methods
2.1. Specimen Preparation

This in vitro study used thirteen fresh-frozen human cadaveric lower right extremities,
preserved from the femoral head to the malleoli. The samples included three females and
ten males with a mean age of 67 & 10 years and a mean body mass index of 23.3 = 8.0 kg/m?.
Medical records did not indicate any pre-existing knee disorders, surgical interventions, or
other relevant pathologies. No specimen had a severe varus or valgus deformity (>10°).
The mean native anatomical slope medially was 9.1 & 2.8°. Ethical approval was obtained
from the ethics committee of the Ludwig Maximilian University of Munich (No. 20-0856).

The specimen preparation and the general experimental setup were based on a method-
ology recently published by Brendle et al. [20]. Before the experiment, landmark-based
femoral and tibial coordinate systems were generated by using segmented computed to-
mography (CT) scans of the specimens. Each specimen was thawed for 24 h at 7 °C and
then prepared for testing. The proximal and distal segments of the leg were skeletonized,
preserving soft tissue 100 mm superior and 50 mm inferior to the knee joint space. GOM
measuring points (1.5 mm, Carl Zeiss GOM Metrology GmbH, Braunschweig, Germany)
were attached to the clean bones and 3D fittings of femur and tibia were performed by
aligning the segmented CT scans to the previously acquired 3D point clouds of each bone
(ARAMIS 12M, Carl Zeiss GOM Metrology GmbH, Braunschweig, Germany). Subse-
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quently, the 3D fitting information was saved and the femur and tibia were transected and
embedded in custom-made aluminum pots using fast-cast resin (G681 und Pfaff, Brautlach,
Germany) to allow fixation in a six-degrees-of-freedom joint motion simulator. Thereby,
the femur was embedded such that the femoral coordinate system was aligned with the
upper coordinate system of the joint motion simulator, whereas the tibia was embedded to
achieve 0° flexion.

2.2. Implantation

The specimens underwent cruciate-sacrificing TKA without patella resurfacing by an
experienced knee surgeon using oneKNEE TKA components (Aesculap AG, Tuttlingen,
Germany). This TKA system allows the use of a femoral component and an inlay with
or without a post-cam mechanism (PS or CR/CS) fixed to the same tibial component.
First, a standard medial parapatellar arthrotomy and lateral dislocation of the patella were
performed. After resection of osteophytes and menisci, a tibial cut was made using an
extramedullary alignment guide. This was possible since the exact positions of the tibia
and fibula in the tibia pot were known from the previous 3D fitting, and therefore the center
of the malleoli could be reconstructed using custom-made fixtures specifically designed to
match the alignment guide as shown in Figure 1.

Figure 1. Extramedullary alignment technique for the tibial cut with reconstruction of the center of
the malleoli.

The tibial cut was made with a 0° slope, whereas a 3° posterior slope is integrated in
the polyethylene inserts. The medial third of the tuberosity was used as a reference for the
tibial rotation alignment. The femoral cut was made perpendicular to the mechanical axis of
the femur using an intramedullary guide. Rotation of the femoral component was aligned
as indicated by the soft-tissue strain at 90° knee flexion. Furthermore, a box preparation
was conducted to allow the use of a PS femoral component. The trial components were
positioned and the ligamentous situation was evaluated in flexion and extension to ensure
proper implant alignment, knee balance, and function. Following this, the definite CR/CS
components underwent a 3D fitting by aligning their computer-aided design (CAD) files to
3D point clouds of the femoral and tibial component. Afterwards, the components were
inserted and the positions of the implants relative to the respective bones were measured
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(ARAMIS 12M, Carl Zeiss GOM Metrology GmbH, Braunschweig, Germany). In a second
step, the CR/CS femoral component and inlay were changed by a PS femoral component
and inlay of the same size. The bone cuts remained unchanged.

2.3. Experimental Testing

Testing was performed on a six-degrees-of-freedom joint motion simulator (VIVO,
Advanced Mechanical, Technologies Inc., Watertown, MA, USA), as illustrated in Figure 2.
The femoral actuator provides flexion-extension and varus-valgus rotations, whereas the
tibial actuator manages medial-lateral, anterior-posterior and proximal-distal translations,
and internal-external rotations. The simulator allows independent control of each degree-
of-freedom in either force or displacement mode. The forces and motions are expressed
following the Grood and Suntay conventions [21].

Femur pot —

«+—— Femoral actuator

Measuring points

Tibial actuator
with six degrees of —
freedom load cell

Figure 2. Experimental setup with the instrumented knee specimen mounted on the six-degrees-
of-freedom joint motion simulator at 60° flexion. Soft tissue was removed for clarity, but left intact
during actual testing.

After mounting the native specimen in the joint motion simulator, the previously
generated 3D fitting information of the segmented CT scans were again projected onto the
residual bones using the measuring points. In this way, the 3D information of the complete
femur and tibia were available even after parts of the bones were resected. Based on this,
the relative position of the femoral and tibial coordinate systems in the native condition
was recorded and transferred to the joint motion simulator. Afterwards, the specimens
were subjected to dynamic testing. The neutral path of motion of each knee was recorded
by applying continuous knee flexion from 0° to 90° while maintaining an axial compression
force of 50 N and all other forces/moments at 0 N/Nm. In addition, stair ascent was
simulated by applying AVER75 loading data obtained from the Orthoload database [22].
The loads were reduced by 75% to prevent specimen damage considering the absence
of muscle activity. The flexion angle was prescribed and all other degrees-of-freedom
were controlled in force mode. Each loading profile was applied in the native condition,
after resection of the cruciate ligaments and with both a CR/CS and a PS TKA design for
four cycles at a frequency of 0.04 Hz. For all conditions, the knee capsule was opened
using a medial parapatellar approach and closed with surgical sutures (Number 1 Vicryl,
B. Braun, Melsungen, Germany). During testing, the relative position of the femoral and
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tibial coordinate systems was recorded by the joint motion simulator. To mitigate the
effects of tissue drying during testing, the specimens were kept moist with sodium chloride
solution. Furthermore, the passive tension of the patella tendon was simulated by a spring
sutured to the quadriceps tendon with an increasing force of up to 50 N at 90° flexion.
Figure 3 illustrates the entire testing process.

[ Preparation ]

Testing in the native condition

* Passive flexion
+ Stair ascent loading profile

[ Sacrificing both cruciate ligaments ]
Testing without cruciate ligaments

* Passive flexion

« Stair ascent loading profile

Performing cruciate-sacrificing TKA with CR/CS
components
™M ing the exact positi of the TKA
components after implantation

Testing after TKA with CR/CS components

* Passive flexion
+ Stair ascent loading profile

[ Changing to PS TKA components ]

Testing after TKA with PS components

* Passive flexion
* Stair ascent loading profile

Figure 3. Illustration of the key steps of the entire testing process. TKA = total knee arthroplasty.
CR/CS = TKA design without a post-cam mechanism. PS = TKA design with a post-cam mechanism.

2.4. Data Analysis

Data from a single cycle of each experiment were analyzed using MATLAB (Version
R2023a, MathWorks Inc., Natick, MA, USA) [20]. Statistical analyses were performed using
Minitab (Version 21.2, Minitab GmbH, Munich, Germany). For all analyses, the medial and
lateral flexion facet centers (MFC and LFC) of the native femoral condyles were projected
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onto the tibial plane at different timepoints. Subsequently, the positions were normalized
to the anterior—posterior and medial-lateral width of the articular surface of the respective
tibia, which were defined as the distance between the most anterior and posterior points of
the medial articular surface and the most medial and lateral points of the proximal tibia,
respectively. Thus, irrespectively of the different tibia size: 0 and 1 correspond to the most
posterior and most anterior position, respectively.

The normalized AP range of motion (ROM) medially and laterally was analyzed for
both movements in all conditions between 14° and 90° of flexion, as the flexion angles
of the two loading profiles overlap in this range and, therefore, only the influence of the
load situation and not that of the flexion angle was investigated. The significance of the
differences between the normalized medial and lateral AP ROM during passive knee
flexion and stair ascent was investigated for all conditions using Wilcoxon signed-rank tests
with the level of significance set at p < 0.05. In addition, the projections of the MFC and
LEC of all specimens at 14° flexion and at flexion angles between 15° and 90° are plotted in
5° increments on a normalized tibia for all loading profiles and conditions.

To investigate the differences between the native condition and the two TKA designs,
the normalized medial and lateral AP translation of each specimen was calculated for the
entire loading profiles in the different conditions and normalized to the native positions at
0° during passive flexion. Wilcoxon signed-rank tests were used to compare the normalized
AP translation between the native condition, and after implantation of a CR/CS and a
PS TKA design pairwise at 5° flexion intervals for passive flexion and 5 % gait cycle
intervals for stair ascent (p < 0.05). Furthermore, the projections of the MFC and LFC
of three exemplary specimens are shown for the full range of flexion of both loading
profiles in the native condition, and with both TKA designs at 5° flexion and 5% gait cycle
intervals, respectively.

Four specimens showed joint luxation or exceeded the travel limits of the joint motion
simulator during one of the applied loading scenarios and were therefore removed from
the data analysis.

3. Results
3.1. Anterior—Posterior Range of Motion and Position During Passive Flexion and Stair Ascent

Figure 4 shows boxplots of the normalized AP ROM medially and laterally. The
boxplots include the median normalized AP ROM, the first and third quartiles, and the
range. Outliers are shown with dots. Significant differences (p < 0.05) are marked with
an asterisk.

In the native condition, the median medial AP ROM was 0.14 during passive flexion
and slightly lower with 0.13 during stair ascent. The median lateral AP ROM showed a
higher variability and was greater than the medial ROM for both loading profiles. Further-
more, there was a significant difference (p = 0.024) between the AP ROM during passive
flexion (0.17) and during stair ascent (0.18). After cruciate ligament resection, the median
AP ROM was generally smaller compared to the native condition. The median medial
AP ROM was significantly higher (p = 0.013) at 0.10 during stair ascent, compared to 0.05
during passive flexion. The median lateral AP ROM was higher than the median medial
AP ROM with 0.11 during passive flexion and 0.14 during stair ascent. After implantation
of the CR/CS TKA design, both the medial and lateral median AP ROM were significantly
different between passive flexion and stair ascent (p = 0.013 and p = 0.033). Compared to
the condition without cruciate ligaments, the median medial AP ROM increased slightly
during passive flexion (0.08) and remained the same during stair ascent (0.10). The median
lateral AP ROM increased during both passive flexion (0.12) and stair ascent (0.17) and was
greater than the medial AP ROM for both loading profiles. After implantation of the PS
TKA design, the medial and lateral AP ROM were higher compared to all other conditions.
The median medial AP ROM was 0.17 during passive flexion and 0.18 during stair ascent,
whereas the median lateral AP ROM was 0.28 and 0.30, respectively.
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Figure 4. Normalized medial and lateral anterior—posterior (AP) range of motion (ROM) during
passive flexion and stair ascent (7 = 9) in the native condition (blue), after resection of the cruciate
ligaments (red) and after implantation of the CR/CS (purple) and PS (green) total knee arthroplasty
(TKA) design. Significant differences are marked with an asterisk (p < 0.05).

In all conditions, a generally higher AP ROM was found laterally, which can be
interpreted as a medial pivoting kinematic. In addition, the lateral variability was greater
in the native condition and without cruciate ligaments, which may be due to a more or less
pronounced medial pivoting characteristic.

Figure 5 shows the projections of the MFC and LFC of all specimens at 14° of flexion
and at flexion angles between 15° and 90° in 5° increments on a normalized tibia for all
loading profiles and conditions, illustrating the condylar motion patterns of the specimens.

In the native condition, the medial condyles ranged around the posterior third of the
tibia, mainly between 0.5 and 0.15 for both passive flexion and stair ascent. The lateral
condyles not only showed a difference in AP ROM between passive flexion and stair ascent,
but also a difference in position. During passive flexion, the lateral condyles were mainly
between 0.5 and 0.1, but slightly more posterior between 0.4 and 0 during stair ascent.
After resection of the cruciate ligaments, the projections of both condyles resulted in a
high density of points during passive flexion, ranging mainly between 0.4 and 0.2 medially
and between 0.5 and 0.15 laterally. In contrast, during stair ascent, the projections of the
MFC and LFC showed a high variability and were mainly located between 0.5 and —0.05
medially, and slightly more posterior, between 0.4 and —0.05 laterally. After implantation of
the CR/CS TKA design, the projections of the medial condyles were located more anterior
than in the native condition and after cruciate ligament resection during both activities,
ranging mainly between 0.6 and 0.3 during passive flexion and between 0.65 and 0.3
during stair ascent. The projections of the lateral condyles were also located more anterior
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than in the native condition, especially during stair ascent (0.6-0.1). After implantation
of the PS TKA design, the anterior border of the point pattern was approximately in the
same position as for the CR/CS TKA design for both condyles and loading profiles. In
contrast, the posterior border of the point pattern was located more posteriorly compared
to the CR/CS design. The pattern during passive flexion and stair ascent was comparable,
ranging mainly between 0.6 and 0.2 medially and between 0.5 and 0 laterally.

Passive Flexion Stair Ascent

Native

Without
ACL and PCL

CR/CS

PS

Figure 5. Projections of the native medial and lateral flexion facet centers (MFC and LFC) of all
specimens (1 = 9) and all timepoints during passive flexion and stair ascent on a normalized tibia.

3.2. AP Translation in the Native Condition and After TKA

Figure 6 shows the mean normalized medial and lateral AP translation and standard
deviation during passive flexion and stair ascent in the native condition and after implanta-
tion of the CR/CS and PS TKA designs. Statistical significance is presented in Table 1. For
clarity, the condition without cruciate ligaments is not illustrated in this section.
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Figure 6. Mean normalized medial and lateral AP translation and standard deviation versus the
movement cycle for passive flexion and stair ascent (1 = 9) in the native condition (blue) and after
implantation of the CR/CS (purple) and PS (green) TKA design.
Table 1. Statistical significances (p < 0.05) of the normalized medial and lateral AP translation
between the native condition and the CR/CS TKA design, the native condition and the PS TKA
design, and the CR/CS and PS TKA design during passive flexion and stair ascent (1 = 9). ns = not
significant. M = medial. L = lateral.
Passive Flexion Stair Ascent
. Native vs. Native vs. % Cycle Native vs. .
Flexion CR/CS PS CR/CS vs. PS (Flexion) CR/CS Native vs. PS CR/CS vs. PS
M L M L M L M L M L M L
0° 0.024 ns 0.018 ns ns ns 0(92.6°) 0.013  0.024 ns ns 0.009  0.009
5° 0.024 ns 0.018 ns ns ns 5(91.4°) 0.009  0.018 ns ns 0.009  0.009
10° 0.018 ns 0.024 ns ns ns 10 (81.4°) 0.009  0.018 ns ns 0.009  0.009
15° 0.018 ns 0.024 ns ns ns 15 (73.7°) 0.009  0.009  0.044 ns 0.009  0.009
20° 0.024 ns 0.024 ns ns ns 20 (73.5°) 0.013  0.009  0.044 ns 0.009  0.009
25° 0.024 ns 0.033 ns ns ns 25 (70.5°) 0.013  0.009 ns 0.033  0.009  0.009
30° 0.024 ns 0.033 ns ns ns 30 (61.1°) 0.013 0.009 0.024 0.018 0.013 0.009
35° 0.024 ns 0.024 ns ns ns 35 (50.5°) 0.013 0.009 0.024 0.013 ns 0.013
40° 0.033 ns 0.024 ns ns ns 40 (40.1°) 0.013  0.009 0.013  0.009 ns 0.044
45° 0.024 ns 0.033 ns ns ns 45 (30.4°) 0.033  0.013  0.013  0.009 ns ns
50° 0.024 ns 0.033 ns ns 0.033 50 (23.7°) 0.024 0.013 0.013  0.009 ns ns
55° 0.018 ns 0.033 ns ns 0.024  55(21.7°) 0.013  0.013 0.013  0.013 ns ns
60° 0.013 ns 0044 ns 0024 0013 60(21.1°) 0.013  0.013  0.013  0.018 ns ns
65° 0.013 ns 0044 ns 0.013  0.009 65 (21.3°) 0.013  0.018 0.013  0.018 ns ns
70° 0.009 ns ns ns  0.009  0.009 70 (20.6°) 0.013  0.013 0.013 0.013 ns ns
75° 0.009 ns ns ns  0.009  0.009 75 (15.6°) 0.013  0.013 0.013 0.013 ns ns
80° 0.009  0.044 ns ns  0.009  0.009 80 (16.9°) 0.013  0.013  0.013  0.018 ns ns
85° 0.009 0.033 ns ns 0.009 0.009 85 (38.7°) 0.018 0.018 0.018 0.024 ns ns
90° 0.009 0.024 ns ns 0.009 0.009 90 (62.5°) 0.013 0.013 0.033 ns 0.018 0.024
95 (83.7°) 0.013 0.018 ns ns 0.009 0.009
100 (92.5°) 0.013 0.024 ns ns 0.009 0.009
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In the native condition, posterior femoral rollback was observed both medially and
laterally during passive flexion. After implantation, the medial condyle showed a more
anterior position compared to the native knee over the entire range of flexion. The dif-
ferences in position between the native condition and the CR/CS TKA design remained
statistically significant over the entire range of flexion, whereas the differences between
the native condition and the PS TKA design were significant only up to 65° of flexion,
and then showed almost the same position in the anterior—posterior direction. The lateral
condyle generally showed more posterior femoral translation than the medial condyle
across all conditions. Furthermore, for the lateral condyle no significant differences were
found between the native condition and the PS TKA design over the entire range of flexion.
In contrast, the AP position of the CR/CS TKA design differed significantly from the native
condition beyond 80° of flexion.

During stair ascent, both condyles showed significant differences in the AP position
with the CR/CS TKA design compared to the native condition over the entire range of
motion, whereas the PS TKA design differed only at flexion angles below 80°. At flexion
angles above 60°, the PS TKA design induced significantly more posterior femoral rollback
with both loading profiles. This shows that both loading profiles are capable of revealing
differences between the two TKA designs. As expected, no TKA design was superior in
recreating the mean native AP translation, which may be due to the high variability in
the native knee kinematics and the need for individual selection of the TKA design to
restore the individual physiological knee function. Therefore, the kinematic patterns of
three exemplary specimens were investigated in more detail in the following.

3.3. Individual Kinematic Patterns

Figures 7-9 show the projections of the flexion axis and the MFC and LFC of three
different specimens throughout the full range of motion for both loading profiles in the
native condition and after implantation of the CR/CS and PS TKA designs at 5° flexion and
5% gait cycle intervals, respectively, and thereby reflect the individual condylar motion.
The colors represent the respective flexion angle in 5° intervals. The 0° flexion is colored
in dark blue and 90° flexion is colored in red. Gait intervals are colored based on the
corresponding flexion angle. For consistency, tibia sizes are still standardized. Therefore, 0
and 1 correspond to the most posterior and anterior positions, respectively, regardless of
the different tibia sizes.

Figure 7 illustrates the condylar motion of specimen S1 at various conditions and
loading profiles. In the native condition, the medial condyle showed approximately the
same kinematic pattern for both loading profiles. In contrast, the lateral condyle was
positioned approximately 0.2 more posteriorly during stair ascent. With the CR/CS TKA
design, the medial condyle shifted approximately 0.1 anteriorly during both loading profiles
compared to the native condition. During passive flexion, the lateral condyle showed the
same position throughout the range of flexion as in the native condition. During stair
ascent, the lateral condyle shifted approximately 0.2 anteriorly for the entire range of
motion compared to the native condition, and thus, resulted in the same position as during
passive flexion. With the PS TKA design, in extension, the medial and lateral condyles were
in the same position as with the CR/CS TKA design for both loading profiles. In flexion,
both condyles showed a greater femoral rollback compared to the CR/CS TKA design and
the native condition. The most posterior position of the medial and lateral condyles was
similar for both loading profiles.

In this specimen, the CR/CS TKA design was superior in recreating the native kine-
matic pattern, but not the exact kinematics, including the exact AP position and translation.
Furthermore, comparable kinematic patterns were observed between the passive flexion
and stair ascent after implantation of the TKA components.
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Passive Flexion Stair Ascent

Native

CR/CS

PS

Figure 7. Projection of the flexion axis and the MFC and LFC for specimen S1, showing the individual
condylar motion during passive flexion (0°-90° flexion) and stair ascent (16°-93° flexion) for the
native condition and after implantation of the CR/CS and PS TKA designs. The colors represent the
respective flexion angle in 5° intervals, from dark blue (0°) through green and yellow to red (90°).

In Figure 8, the condylar motion of specimen S2 is presented for various conditions
and loading profiles. As for specimen S1, the medial condyle showed approximately
the same kinematic pattern for both loading profiles in the native condition, whereas the
lateral condyle was positioned more posteriorly during stair ascent. With the CR/CS TKA
design, the medial condyle shifted approximately 0.1 anteriorly in extension during both
loading profiles compared to the native condition and showed almost no change in position
throughout the range of flexion. During passive flexion, the lateral condyle was located
approximately in the same position as in the native condition in extension, but exhibited
less posterior femoral rollback in flexion. During stair ascent, the lateral condyle shifted
approximately 0.15 anteriorly in extension, and it also exhibited considerably less posterior
femoral rollback in flexion compared to the native condition. After the implantation of the
PS TKA design, the medial and lateral condyles in extension were located almost in the
same position as with the CR/CS TKA design for both loading profiles. In flexion, both
condyles showed a considerably higher femoral rollback compared to the CR/CS TKA
design, but less femoral rollback than in the native condition. The most posterior position
of the medial condyle was similar for both loading profiles, but more posterior for the
lateral condyle during stair ascent.

For this specimen, the PS TKA design was superior in recreating the posterior femoral
rollback as observed in the native kinematic pattern. Furthermore, comparable kinematic
patterns were observed between passive flexion and stair ascent after implantation of the
TKA components.
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Passive Flexion Stair Ascent

Native
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PS

Figure 8. Projection of the flexion axis and the MFC and LFC for specimen S2, showing the individual
condylar motion during passive flexion (0°-90° flexion) and stair ascent (16°-93° flexion) for the
native condition and after implantation of the CR/CS and PS TKA designs. The colors represent the
respective flexion angle in 5° intervals, from dark blue (0°) through green and yellow to red (90°).

Figure 9 shows the condylar motion of specimen S3 at various conditions and loading
profiles. In the native condition, the medial condyle showed approximately the same
kinematic pattern for both loading profiles, whereas the lateral condyle was positioned
more posteriorly and exhibited less femoral rollback during stair ascent. This resulted
in a medial pivoting characteristic for passive flexion and a more parallel rollback for
stair ascent. With the CR/CS TKA design, the medial condyle shifted approximately 0.1
anteriorly during both loading profiles compared to the native condition. In extension, the
lateral condyle showed the same position as in the native condition during passive flexion
and was shifted approximately 0.1 anteriorly during stair ascent. Furthermore, the medial
and lateral AP ROM during passive flexion was slightly reduced compared to the native
condition, whereas the AP ROM during stair ascent remained almost the same. As for the
other specimens, with the PS TKA design, in extension, the medial and lateral condyles
were in the same position for both loading profiles as with the CR/CS TKA design. In
flexion, both condyles showed a considerably higher femoral rollback compared to the
CR/CS TKA design and a slightly higher femoral rollback compared to the native condition.
As for specimen S1, the most posterior position of the medial and lateral condyles was
similar for both loading profiles.

In this specimen, the native kinematic pattern was intermediate between the kinematic
patterns of the two different TKA designs. Therefore, both TKA designs are suitable and
do not alter the native kinematic pattern substantially.
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Passive Flexion Stair Ascent

CR/CS

PS

Figure 9. Projection of the flexion axis and the MFC and LFC for specimen S3, showing the individual
condylar motion during passive flexion (0°-90° flexion) and stair ascent (16°-93° flexion) for the
native condition and after implantation of the CR/CS and PS TKA designs. The colors represent the
respective flexion angle in 5° intervals, from dark blue (0°) through green and yellow to red (90°).

4. Discussion

The main objective of the present study was to compare the AP range of motion and
position of the medial and lateral femoral condyles during passive flexion and a complex
activity of daily living, in the native condition, after resection of the cruciate ligaments
and after implantation of the CR/CS and PS TKA designs. Passive knee flexion and stair
ascent did not result in the same AP range of motion for each condition, but showed
comparable condylar motion patterns, especially after TKA. As a secondary objective, we
investigated whether differences in AP translation between the two different TKA designs
can be detected during passive flexion and a complex activity of daily living, and if one
design is superior in recreating the AP translation of the native knee. We found significant
differences between the TKA designs with both loading profiles, with the PS TKA design
showing a higher posterior translation of the femur in flexion. As expected, no design
was superior in restoring the mean native AP translation throughout the range of motion.
However, when looking at individual specimens, we found that either one of the TKA
designs was superior in recreating the individual native kinematic pattern, or that both
TKA designs were suitable and did not substantially alter the native kinematic pattern.

To our knowledge, this is the first study that has compared the kinematic patterns
of different loading scenarios before and after total knee arthroplasty in the same knees
with the same measuring technology in a highly controlled setting. Comparing the same
knees at different conditions eliminates the problem of differences between cohorts. In
addition, the controlled application of forces along reliable axes is an important aspect to
ensure a valid comparison of different conditions in the same knees. Furthermore, using the
same definitions while describing kinematics is essential to eliminate potential variations
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in the results and interpretation of movement [23,24]. This study projected the flexion facet
centers (FFCs) of the native femur onto the tibial plane and thereby visualized the kinematic
pattern at different conditions. The projection of the FFCs is a widely used method for
approximating the tibiofemoral contact situation and is valid for describing the kinematic
behavior of the knee [25,26]. However, the projection of the native FFCs after implantation
does not reflect the contact situation but the motion that the patient may feel. Another
important aspect is the use of the same flexion angle range to compare the AP range of
motion and the general kinematic pattern between the loading profiles. This overcomes the
influence of the flexion angle on the AP translation, and therefore, only the influence of the
loading situation is evaluated [27,28].

The hypothesis that passive and complex loading scenarios show a comparable range
of motion in the AP direction, especially after TKA, could not be completely confirmed. In
the native condition, the medial condyle showed a comparable AP range of motion and
position with both loading profiles. In contrast, the AP range of motion of the lateral condyle
revealed significant differences between passive flexion and the stair ascent loading profile
in the native condition. Furthermore, the projection of the flexion facet centers showed that
the tibiofemoral contact situation also differed between the loading profiles. The lateral
condyle was located more posterior during stair ascent than during passive flexion. After
cruciate ligament resection, the medial AP range of motion was significantly greater during
stair ascent than during passive flexion. In addition, the projections of the MFC and LFC
revealed large differences between the general kinematic patterns. During passive flexion,
many of the projected points were clustered in one spot, meaning that the condyles were
barely moving. This is probably due to the loss of the natural femoral rollback following
cruciate ligament resection [29]. Therefore, the AP range of motion was considerably
smaller than in the native condition. In contrast, during stair ascent, the projected points
showed a large variance. This could be due to the varying degrees of destabilization of
the specimens after cruciate ligament resection in combination with the complex loading
scenario [20,30,31]. After implantation of the CR/CS TKA design, there were significant
differences in the AP range of motion between the loading profiles, both medially and
laterally. In contrast, no differences between the loading profiles were found after the
implantation of the PS TKA design. This might be due to the higher guidance of the PS
TKA design. A previous study of Belvedere et al. also found fewer differences between
passive movement and complex activities with a more constraining TKA design [16]. The
projection of the MFC and LFC with both TKA designs showed a comparable condylar
motion pattern between passive flexion and stair ascent. In addition, a stabilization of
the joint with a more anterior position of both condyles during the entire range of flexion
was observed during stair ascent compared to the condition after resection of the cruciate
ligaments. This demonstrates the generally good performance of the TKA designs and
the ability to compare the general motion patterns between passive and complex loading
scenarios after TKA. The reason for the large differences in the motion patterns between
the loading profiles before TKA could be the high native slope of the specimens and the
geometry of the lateral tibial plateau under the influence of the load situation. During stair
ascent, the load is considerably higher than during passive flexion, even with load reduced
loading profiles. Giffin et al. showed that axial loading in combination with a high tibial
slope resulted in a more posterior position of the femoral condyles on the tibia plateau [32].
Furthermore, the complex loading scenarios including AP shear forces combined with the
tibial slope may also influence the AP position of the femoral condyles on the tibial plateau.
This could explain the more posterior position of the femoral condyles during stair ascent
compared to passive flexion before the implantation of the TKA components. However,
when looking at the individual specimens, it could be observed that despite the differences
between passive and complex loading scenarios, the same TKA design would be chosen to
closely mimic the native kinematic pattern.

The hypothesis that with the post-cam TKA design, the femoral posterior translation
is higher compared to the TKA design without a post-cam mechanism could be confirmed.
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At flexion angles above 60°, the PS TKA design induced significantly more posterior
femoral rollback for both loading profiles, showing the impact and function of the post-
cam mechanism. This demonstrates that both loading profiles were capable of revealing
differences between the two TKA designs.

As expected, neither TKA design was superior in restoring the mean native AP
translation of both condyles over the entire range of motion. In contrast, when looking at the
individual specimens, the CR/CS TKA design was superior in restoring the overall native
kinematic pattern in specimen S1, whereas the PS TKA design was superior in specimen
S2. This indicates the necessity for individual kinematic analyses and the possibility to
select a TKA design out of a comprehensive knee platform to address subject-specific
functional needs and thereby restore the physiological knee function. However, neither
the exact AP position of the native femoral condyles nor the exact AP translation was
restored in these specimens. Given the still relatively high rate of 80% of patients who are
satisfied with the results of their TKA, we believe that it is not necessary to exactly restore
the native kinematics, but to avoid large differences and restore the general kinematic
pattern as observed in the individual specimens. For example, a patient with no femoral
rollback in the native condition, but a high femoral rollback after implantation, may not
feel comfortable. This is particularly important for characteristic kinematics, such as those
in specimens S1 and S2. For specimen S3, both TKA designs may be appropriate as they
do not substantially alter the native kinematics. However, as these are only assumptions,
further research and clinical studies are needed to identify the relevant parameters that are
essential for the restoration of function and patient satisfaction. Furthermore, the extent to
which native kinematics should be mimicked needs to be clarified, as they may already be
altered due to osteoarthritis. Future studies should also consider the influence of different
alignment techniques, soft-tissue balance, tibial slope, and physiological muscle loading to
gain a better understanding of the differences in knee kinematics before and after TKA.

The main strength of the present study is the precise measurements of the kinematics
under different conditions and loading scenarios in the same knees, which eliminates the
problem of large individual and technical differences. However, several limitations should
be considered when interpreting the results of this study. First, this study investigated
only a small number of human cadaveric specimens that may show variations in soft tissue
properties compared to living patients. However, the comparison of passive and complex
activities with different implant designs in the same knees is not possible in vivo due to
ethical reasons. Second, the applied loading profile used to simulate the complex activity
was based on published data on instrumented knee implants [22,33]. This loading profile
is also used in complex wear testing and is considered to realistically simulate patient
movement under load conditions encountered during daily activities [34]. However,
the data were recorded using an ultra-congruent implant design, which may limit their
applicability to the intact knee. Therefore, although the applied loading profile resembles
an activity of daily living, it does not fully represent the knee movement in all its complexity.
However, in the absence of alternatives, the proposed standardized loads appear to be the
most appropriate. In addition, the loads were reduced by 75% to avoid specimen damage
considering the absence of muscle activity. This is a practice that has been used by others
in previous cadaver studies [31,35]. Third, physiological muscle loading was not present
and the patellar mechanism was only partially simulated. However, it is assumed that the
weight-bearing rather than the muscle contraction has an influence on the tibiofemoral
kinematics [18]. Fourth, only flexion angles until 90° were investigated, and kinematic
patterns at higher flexion angles may differ. However, the majority of activities of daily
living are performed at flexion angles below 90° [36]. Fifth, it was not possible to change
the order of the different test conditions. Therefore, time-dependent effects cannot be
completely eliminated. Nevertheless, the limited number of tests and the resulting short
test duration should minimize these effects [37]. Finally, this study was conducted using a
specific TKA design and the results may not be applicable to other TKA designs.
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5. Conclusions

This study showed that neither TKA design was superior in restoring the mean native
AP translation of both condyles throughout the complete range of passive flexion and stair
ascent, but that both CR/CS and PS TKA designs may be suitable to restore the individual
native kinematic pattern. Moreover, it was shown that passive and complex loading
scenarios do not result in exactly the same kinematic pattern, but lead to the same choice
of implant design if one design is superior in restoring the general kinematic behavior of
the native individual knee. Therefore, this study highlights the importance of individual
kinematic analyses to select the appropriate TKA design for a specific patient.
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Abstract: Instability remains one of the most common indications for revision after total
knee arthroplasty. To gain a better understanding of how an implant will perform in vivo
and support surgeons in selecting the most appropriate implant design for an individual
patient, it is crucial to evaluate the implant constraint within clinically relevant ligament
and boundary conditions. Therefore, this study investigated the constraint of three different
implant designs (symmetrical implants with and without a post-cam mechanism and an
asymmetrical medial-stabilized implant) under anterior—posterior shear forces and internal—
external rotation moments at different flexion angles in human cadaveric knees using
a six-degrees-of-freedom joint motion simulator. Both symmetrical designs showed no
significant differences between the anterior—posterior range of motion of the medial and
lateral condyles. In contrast, the medial-stabilized implant exhibited less anterior—posterior
translation medially than laterally, without constraining the medial condyle to a fixed
position. Furthermore, the post-cam implant design showed a significantly more posterior
position of the femoral condyles in flexion compared to the other designs. The results
show that despite the differences in ligament situations and individual implant positioning,
specific characteristics of each implant design can be identified, reflecting the different
geometries of the implant components.

Keywords: knee; biomechanics; cadaveric study; anterior-posterior stability; TKA design

1. Introduction

In total knee arthroplasty (TKA), various implant designs are available which gen-
erate different kinematic profiles and envelopes of stability [1]. Symmetrical implants
with different conformities, with or without a post-cam mechanism, are most commonly
used and have been established for decades, with promising long-term results [2,3]. In
comparison, the medial-pivot implant design is a more recent innovation and has not been
studied in depth. With this design, the motion is guided by a highly congruent medial
compartment, which behaves similarly to a ball in socket and creates a fixed medial pivot
point [4]. In addition, there is a new generation of medial-stabilized implants with less
medial conformity that have been designed to closely mimic the kinematic pattern of the
healthy knee, with no fixed pivot point [3,5-7].
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To date, many in vivo and in vitro studies have focused on comparing the resulting
kinematics of different implant designs [8-16]. However, since instability remains one of the
most common indications for revision after total knee arthroplasty [2,17-20], it is important
to select the implant design for each patient individually, not only to meet the individual
patient’s needs in terms of kinematics [9], but also to ensure an adequate envelope of
stability. For this reason, it is important to understand how much stability a particular
implant design provides at different flexion angles to select the appropriate design for each
individual patient in a more personalized approach. To accurately compare the anterior—
posterior constraint of different implant designs, it is essential to have a highly controlled
environment and precise application of forces. Additionally, it is crucial to test not only
the implant itself but also its behavior under clinically relevant boundary conditions that
the surrounding ligament conditions will provide. While some in vivo studies allow for
controlled application of forces by arthrometers [21-26], others are conducted by applying
manual force [27], which has limited reproducibility. Moreover, in vivo studies do not
provide the opportunity to test different implant designs within the same ligamentous
situation [21-26,28]. In contrast, biomechanical in vitro studies offer a high degree of
accuracy and control, as well as the ability to measure the constraint of different implant
designs within the same ligamentous situation [9,29,30]. However, no studies to date have
thoroughly investigated the anterior—posterior position and range of motion of the femoral
condyles under anterior—posterior shear forces and internal-external rotational moments
with various implant designs in the same knees [30-32]. Furthermore, each TKA design
exhibits unique characteristics, and not all cruciate-retaining (CR), cruciate-sacrificing (CS),
medial-stabilized (MS), or posterior-stabilized (PS) designs share the same properties. For
this reason, it is imperative to conduct detailed analyses of each newly developed design
to assist surgeons in selecting the most appropriate implant design to address the specific
needs of individual patients.

Therefore, the objective of this study was to investigate the constraint of symmetrical
implants with and without a post-cam mechanism, as well as an asymmetrical medial-
stabilized implant design during anterior-posterior shear forces and internal-external
rotational moments at various flexion angles in human cadaveric knees. The hypothesis
was that the symmetrical TKA designs have the same anterior—posterior range of motion
medially and laterally despite the differences in the individual ligamentous situations. We
anticipated that, with the medial-stabilized TKA design, the medial condyle would exhibit
less anterior—posterior translation compared to the lateral condyle, without constraining the
medial condyle to a fixed position. Furthermore, we hypothesized that, with the post-cam
TKA design, the femoral condyles would be located more posterior in flexion compared to
the other TKA designs.

2. Materials and Methods
2.1. Specimen Preparation

Thirteen fresh-frozen human cadaveric lower right extremities (three females and ten
males) were used in this study. The donors had a mean age of 67 + 10 years and a mean body
mass index of 23.3 + 8.0 kg/m?. The specimens were screened for pre-existing knee disorders,
surgical interventions, and other relevant pathologies. Ethical approval was obtained from
the ethics committee of the Ludwig Maximilian University of Munich (No. 20-0856).

Before the experiment, each specimen was thawed for 24 h at 7 °C and then prepared
for testing based on a methodology recently published by Brendle et al. [29]. The proximal
and distal segments of the joint were skeletonized, while care was taken to preserve soft
tissue surrounding the knee joint capsule. GOM measuring points (1.5 mm, Carl Zeiss GOM
Metrology GmbH, Braunschweig, Germany) were attached to the skeletonized parts of the
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bones, and 3D fittings of femur and tibia were performed by aligning segmented CT scans
(Mimics 24.0, Materialise, Leuven, Belgium) to 3D point clouds of each bone (ARAMIS 12M,
Carl Zeiss GOM Metrology GmbH, Braunschweig, Germany). Afterwards, the 3D fitting
information, containing the 3D point cloud to CT scan information, was saved and the bones
were cut and embedded in custom-made aluminum pots for mounting in a six-degrees-of-
freedom joint motion simulator. For this purpose, the femur was aligned with the axes of the
upper actuator of the joint motion simulator and the tibia was embedded at 0° flexion.

After initial preparation, the specimens underwent cruciate-sacrificing total knee
arthroplasty [9] by an experienced knee surgeon using the oneKNEE® TKA system (Aes-
culap AG, Tuttlingen, Germany), which allows the use of a femoral component with or
without a post-cam mechanism (PS or CR/CS) with the same bone cuts. Furthermore, the
system has the option to utilize a symmetrical tibial inlay with medium conformity without
a post-cam mechanism (CR/CS), a symmetrical tibial inlay with medium conformity and a
post-cam mechanism (PS), or an asymmetrical medial-stabilized tibial inlay with higher
conformity medial and lower conformity lateral (MS) fixed to the same tibial component
(Figure 1). The components were implanted using mechanical alignment and 0° tibial slope.
After implantation, the position of the implants in relation to the bones was measured
(ARAMIS 12M, Carl Zeiss GOM Metrology GmbH, Braunschweig, Germany) [9].

a

b medial lateral

Figure 1. (a) Illustration of the total knee arthroplasty (TKA) components. The CR/CS femoral
component (left) can be used with a symmetrical inlay with medium conformity without a post-
cam mechanism (CR/CS, green) or an asymmetrical medial-stabilized inlay with higher conformity
medial and lower conformity lateral (MS, blue). The PS femoral component (right) can be used with
a symmetrical inlay with medium conformity and a post-cam mechanism (PS, red). All inlay designs
can be fixed to the same tibial component, which is not illustrated in this Figure. (b) Schematic
illustration of a cross-section through the dwell point of the medial and lateral compartments of the
CR/CS (green) and MS (blue) inlay designs. The medial compartment of the MS design has steeper
anterior and posterior ramps compared to the CR/CS design. The lateral compartment of the MS
design has a flatter posterior ramp compared to the CR/CS design. In the shown cross-sections, the
PS design has the same characteristics as the CR/CS design and is therefore not presented separately.

2.2. Experimental Testing

Testing was performed on a six-degrees-of-freedom joint motion simulator (VIVO,
Advanced Mechanical Technologies Inc., Watertown, MA, USA), which allows independent
control of each degree-of-freedom in either force or displacement mode. The forces and
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motions are expressed in accordance with the Grood and Suntay conventions [33]. After
mounting the specimen, the absolute joint position of the specimen was transferred to the
joint motion simulator by projecting the previously generated 3D fitting information of
the segmented CT scans onto the residual bones using the remaining measuring points. In
this way, the 3D information of the complete femur and tibia were available even after the
bones were cut. Subsequently, each specimen was subjected to dynamic testing. In order to
characterize the constraint of the implant designs in each knee, cyclic anterior—posterior
shear forces of £80 N and internal-external rotation moments of =5 Nm were sequentially
applied as a ramp profile for four cycles at 0, 30, 45, 60, and 90° of flexion while maintaining
an axial compression force of 200 N and all other forces and moments at 0 N/Nm. The
applied loads were chosen to reflect those used in clinical assessment of joint laxity [34]
and were within the range of forces used in comparable studies [35-37]. Each loading
protocol was applied to the CR/CS, MS, and PS TKA designs. Thereby, the CR/CS and
MS implant designs were tested in a randomized order in each specimen. The PS implant
design was always tested last. For all conditions, the knee capsule was opened using a
medial parapatellar approach and closed with surgical sutures (Number 1 Vicryl, B. Braun,
Melsungen, Germany). During testing, the relative position of femur and tibia were tracked
by the joint motion simulator. The passive tension of the patella tendon was simulated by a
spring sutured to the quadriceps tendon with an increasing force of up to 50 N at 90° flexion.
Furthermore, the specimens were kept moist with sodium chloride solution to mitigate the
effects of tissue drying during testing. Figure 2 illustrates the entire testing process.

Specimen Preparation

l

( Transfer of the absolute joint position to the
joint motion simulator

~

* Mount the specimen in the joint motion simulator
« Measure the position of the tibial coordinate
system relative to the femoral coordinate system
by using the 3D fitting information
( Transfer information to the joint motion simula(or)

0«\'\12“ "angp,
o Mizey
[ CR/CS TKA design MS TKA design \
* Insert the CR/CS TKA design * Insert the MS TKA design
« Close the knee capsule with surgical sutures « Close the knee capsule with surgical sutures
« Apply anterior—posterior shear forces at 0, 30, 45, « Apply anterior—posterior shear forces at 0, 30, 45,
60 and 90 flexion 60 and 90 flexion
« Apply internal-external rotation moments at 0, 30, + Apply internal-external rotation moments at 0, 30,
45, 60 and 90" flexion ) k 45,60 and 90" flexion
MS TKA design ) ( CR/CS TKA design
+ Insert the MS TKA design + Insert the CR/CS TKA design
« Close the knee capsule with surgical sutures « Close the knee capsule with surgical sutures
« Apply anterior—posterior shear forces at 0, 30, 45, « Apply anterior—posterior shear forces at 0, 30, 45,
60 and 90 flexion 60 and 90° flexion
* Apply internal-external rotation moments at 0, 30, * Apply internal-external rotation moments at 0, 30,
\_ 45, 60 and 90" flexion Y, k 45, 60 and 90 flexion

PS TKA design

* Insert the PS TKA design

* Close the knee capsule with surgical sutures

« Apply anterior-posterior shear forces at 0, 30, 45,
60 and 90° flexion

* Apply internal-external rotation moments at 0, 30,
45,60 and 90° flexion

Figure 2. Illustration of the key steps of the testing process. TKA = total knee arthroplasty. CR/CS =
symmetrical TKA design without a post-cam mechanism. MS = asymmetrical medial-stabilized TKA
design. PS = symmetrical TKA design with a post-cam mechanism.
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2.3. Data Analysis

The data from a single cycle of each experiment were evaluated with custom MATLAB
scripts (Version R2023a, MathWorks Inc., Natick, MA, USA) [29]. The flexion axis and the
centers of the medial and lateral condyles of the femoral component were projected onto
the tibial plane at various flexion angles (0, 30, 45, 60, and 90°) at the first time reaching the
maximum or minimum force or moment, representing the positions of the femoral condyles
on the tibial plateau (Figure 3). The positions were normalized to the anterior—posterior
width of the implanted tibial plateau of the respective tibia to minimize the effect of the
implant component size. Thus, irrespective of the different tibia size, 0 and 1 correspond
to the most posterior and most anterior position on the tibial plateau, respectively, as
illustrated in Figure 3. Furthermore, the normalized anterior-posterior range of motion
of the medial and lateral condyles was calculated for all implant designs as the difference
between the positions at maximum and minimum force or moment.

»e

—

-

1
\ N -5
. ) o )
Anterior directed force Posterior directed force
on the tibia on the tibia

Figure 3. Illustration of the projections of the flexion axis (green) and the centers of the medial and
lateral condyles of the femoral component on the tibial plane at 45° flexion under maximum anterior
(blue) and posterior (orange) directed force on the tibia. Red errors indicate the direction of shear
force applied on the tibia. The projections represent the positions of the medial and lateral femoral
condyles on the normalized tibial plateau. Irrespective of the different tibia sizes, 0 and 1 correspond
to the most posterior and most anterior position on the tibial plateau, respectively.

Statistical analyses were performed in Minitab (Version 21.2, Minitab GmbH, Munich,
Germany). Wilcoxon-signed rank tests [38] were used to compare the position at maximum
anterior/posterior shear force and internal /external rotation moment, respectively, between
the different TKA designs pairwise at various flexion angles. Furthermore, the normalized
anterior—-posterior range of motion was compared between the medial and lateral condyles,
as well as between the different TKA designs at various flexion angles during anterior—
posterior (AP) shear forces and internal-external (IE) rotation moments. The level of
significance was set at p < 0.05. Some specimens exceeded the range of motion of the joint
motion simulator during testing and were therefore excluded from data analysis (1 = 2 for
AP shear forces and n = 3 for IE rotation moments).

54



Publications

Bioengineering 2025, 12, 87

60of 17

3. Results
3.1. Anterior—Posterior Shear Forces

Figure 4 shows the projection of the flexion axis and the centers of the medial and
lateral condyles of the femoral component onto the tibial plane during anterior—posterior
shear forces applied on the tibia at 45° flexion with a CR/CS, MS, and PS TKA design
exemplary for one specimen. The posterior translation of the femoral condyles at maximum
anterior directed force (positive) is colored in blue, whereas the anterior translation of the
femoral condyles at maximum posterior directed force (negative) is colored in orange. With
the CR/CS and the PS TKA designs, the femoral condyles exhibited a parallel translation
with less anterior displacement for the PS TKA design at maximum negative force. In
contrast, with the MS TKA design, the medial condyle showed less posterior translation
than the lateral condyle, due to the higher constraint of the medial compartment.

| A 4\ & e

(T (T, (A
b b 550

CR/CS PS

Figure 4. Projections of the flexion axis and the centers of the medial and lateral condyles of the
femoral component onto the tibial plane with +80 N anterior (+) and posterior (—) shear force applied
on the tibia at 45° flexion, showing the condylar motion with a CR/CS, MS, and PS TKA design
exemplary for one specimen. The colors represent the respective force on the tibia. Blue =80 N;
orange = —80 N.

Figure 5 shows the normalized medial and lateral anterior-posterior range of motion
during anterior—posterior shear forces with the CR/CS, MS, and PS TKA designs for all
specimens. Furthermore, it illustrates the anterior-posterior positions of the medial and
lateral femoral condyles at maximum anterior and posterior shear forces, respectively, with
the different TKA designs at various flexion angles for all specimens with boxplots on a
normalized tibia. Boxplots include the median AP positions, the first and third quartiles,
and the range. Outliers are displayed as dots, and significant differences between the
values (p < 0.05) are marked with an asterisk. In addition, median values and statistical
significances are presented in Table A1 for the AP range of motion, and in Table A2 for the
AP positions at maximum anterior and posterior shear forces, respectively.

As already observed for the exemplary specimen, the CR/CS design demonstrated a
greater medial AP range of motion compared to the MS and PS designs, with significant
differences at all flexion angles. Furthermore, the MS and PS designs significantly differed
at 0, 30, and 90° flexion, with a smaller medial AP range of motion for the PS design at 90°.
Laterally, the PS design had the smallest AP range of motion compared to the other designs
and significantly differed from the CR/CS design at all flexion angles. For all designs, the
smallest medial and lateral AP ranges were observed at 0° flexion, with the MS design
showing a significantly smaller medial AP range of motion than the symmetrical designs.
For the MS design, the medial AP range of motion was generally smaller than the lateral
AP range of motion with significant differences at 45, 60, and 90° flexion. The CR/CS and
PS designs also exhibited a smaller medial AP range of motion at 30 and 45° flexion but
showed almost identical medial and lateral ranges at 60 and 90° flexion. Furthermore, the
variance between the individual specimens was greatest in mid-flexion.
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Figure 5. Anterior—posterior range of motion during anterior-posterior shear forces at different flexion
angles and anterior-posterior positions of the medial and lateral femoral condyles at maximum
anterior and posterior shear forces, respectively, at different flexion angles on a normalized tibia
(n =11). The anterior-posterior range of motion and the positions are normalized to an anterior—
posterior tibia width of 1. Significant differences are marked with an asterisk (p < 0.05). Posterior
femur translation = anterior directed force on the tibia; anterior femur translation = posterior directed
force on the tibia. Green = CR/CS; blue = MS; red = PS.

During anterior directed force on the tibia, the medial condyle was positioned sig-
nificantly more anterior with the MS design than with the CR/CS and PS designs at all
flexion angles. From 30° of flexion, the medial and lateral condyles were positioned at
approximately the same height with the symmetrical designs. In contrast, with the MS
design, the medial condyle was positioned more anteriorly than the lateral condyle. For all
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TKA designs, the position of the condyles shifted posteriorly at higher flexion angles. At
90° flexion, the femoral condyles were positioned significantly more posterior with the PS
design than with the CR/CS and MS designs.

During posterior directed force on the tibia, the lateral condyle was positioned more
anterior than the medial condyle with all TKA designs at 0 and 30° of flexion, and were
approximately at the same height at 45° flexion. From 30°, both femoral condyles were
positioned significantly more posterior with the PS design than with the CR/CS design.
In addition, from 45° of flexion, the femoral condyles were positioned significantly more
posterior with the PS design compared to the MS design. Furthermore, the position of the
CR/CS and MS designs revealed significant differences at 30, 45, and 60° flexion, with a
more posterior position of the MS design. With the PS design, the femoral condyles shifted
posteriorly with flexion. In contrast, the median position of the femoral condyles remained
approximately the same throughout the range of flexion with the CR/CS and MS designs.

3.2. Internal-External Rotation Moments

Figure 6 shows the projection of the flexion axis and the centers of the medial and
lateral condyles of the femoral component onto the tibial plane during internal-external
rotation moments applied on the tibia at 45° flexion with a CR/CS, MS, and PS TKA design
exemplary for one specimen. The internal rotation of the femoral condyles at maximum
external rotation moment (positive) is shown in blue, whereas the external rotation of the
femoral condyles at maximum internal rotation moment (negative) is shown in orange.
With the CR/CS and the PS TKA designs, the medial and lateral condyles exhibited ap-
proximately the same anterior-posterior range of motion during internal-external rotation
moments, resulting in a rotation around the center of the tibia with a small medial offset.
In contrast, with the MS TKA design, the medial condyle showed less anterior-posterior
translation compared to the lateral condyle, resulting in a rotation around the medial
compartment of the tibia.

Figure 6. Projections of the flexion axis and the centers of the medial and lateral condyles of
the femoral component onto the tibial plane with £5 Nm internal (—) and external (+) rotation
moment applied on the tibia at 45° flexion, showing the condylar motion with a CR/CS, MS, and PS
TKA design exemplary for one specimen. The colors represent the respective moment on the tibia.
Blue = +5 Nm; orange = —5 Nm.

Figure 7 shows the normalized medial and lateral anterior-posterior range of motion
during internal-external rotation moments with the different TKA designs for all specimens.
In addition, it presents the anterior—posterior positions of the medial and lateral femoral
condyles at maximum internal and external rotation moments, respectively, with a CR/CS,
MS, and PS TKA design at various flexion angles for all specimens with boxplots on a
normalized tibia. Boxplots include the median AP positions, the first and third quartiles,
and the range. Outliers are displayed as dots, and significant differences between the
values (p < 0.05) are marked with an asterisk. Additionally, median values and statistical
significances are presented in Table A3 for the AP range of motion and in Table A4 for the
AP positions at maximum internal and external rotation moments.
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Figure 7. Anterior—posterior range of motion during internal-external rotation moments at different
flexion angles and anterior-posterior positions of the medial and lateral femoral condyles at maximum
internal and external rotation moments, respectively, at different flexion angles on a normalized tibia
(n = 10). The anterior—posterior range of motion and the positions are normalized to an anterior—
posterior tibia width of 1. Significant differences are marked with an asterisk (p < 0.05). Internal
femur rotation = external rotation moments on the tibia; external femur rotation = internal rotation
moments on the tibia. Green = CR/CS; blue = MS; red = PS.

As observed for the exemplary specimen, the symmetrical designs exhibited approxi-
mately the same AP range of motion medially and laterally, whereas the MS design showed
smaller ranges medially with significant differences at 60 and 90° flexion. Furthermore,
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the MS design showed a significantly smaller medial AP range of motion compared to the
CR/CS design at all flexion angles. In contrast, the lateral condyle showed a significantly
larger AP range of motion with the MS design compared to the CR/CS and PS designs at
30, 45, 60, and 90° flexion. For all designs, the smallest medial and lateral AP ranges were
observed at 0° flexion.

During external rotation moment, the medial condyle was positioned significantly more
anterior with the MS design than with the CR/CS and PS designs at all flexion angles.
Furthermore, with the PS design, the position of the medial condyle differed significantly
from that obtained with the CR/CS design at 0, 45, 60, and 90° of flexion, with a more anterior
position at 0° flexion and a more posterior position at 45, 60, and 90° of flexion. The lateral
condyle was located more posterior with the PS design and differed significantly from the MS
(all flexion angles) and the CR/CS (45, 60, and 90° flexion) designs. In addition, the median
position of the medial condyle shifted posteriorly through the range of flexion with all TKA
designs, whereas the median position of the lateral condyle stayed nearly unchanged with the
CR/CS and MS designs and was considerably more posterior with the PS design.

During internal rotation moment, both femoral condyles were positioned significantly
more posterior with the MS design compared to the CR/CS design at 45, 60, and 90° flexion.
Furthermore, the median position of the lateral condyle shifted posteriorly through the
range of flexion for all TKA designs. In contrast, the median position of the medial condyle
remained almost the same with the CR/CS and MS designs but was considerably more
posterior with the PS design. At 60° flexion, both femoral condyles were significantly more
posterior with the PS design compared to the CR/CS design. In addition, at 90° flexion, the
femur was positioned significantly more posterior with the PS design compared to both
the CR/CS and MS designs.

4. Discussion

To gain a better understanding of how an implant will perform in vivo and select
the most appropriate implant design to address a patient’s individual needs, it is crucial
to evaluate the differences in constraint not only for isolated implant components, but
within clinically relevant ligament and boundary conditions [39]. Therefore, the objective
of this study was to investigate the constraints of three different implant designs out of a
newly developed comprehensive knee platform during anterior-posterior shear forces and
internal-external rotation moments at various flexion angles in human cadaveric knees. We
confirmed the first hypothesis that the symmetrical TKA designs have the same anterior—
posterior range of motion medially and laterally. During both anterior—posterior shear
forces and internal-external rotation moments, the medial and lateral anterior—posterior
ranges showed no significant differences for the CR/CS and PS TKA designs, despite
the differences in the individual ligamentous situations. In contrast, with the medial-
stabilized TKA design, the medial condyle exhibited significantly less anterior—posterior
translation compared to the lateral condyle, but still allowed sliding and did not constrain
the medial condyle to a fixed position when subjected to anterior—posterior shear forces,
confirming the second hypothesis. In addition, as expected, the femoral condyles were
located significantly more posterior with the post-cam TKA design compared to the other
TKA designs in flexion.

Each implant design has a different constraint based on its geometry and associated
behavior when subjected to different forces and moments. In this study, the constraint under
anterior—-posterior shear forces and internal-external rotational moments was investigated.
This constraint comprises several aspects: the anterior-posterior range of motion and the
maximum possible anterior and posterior translation of the medial and lateral femoral
condyles on the tibial plateau. Clinically, it is important to understand the constraint of
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different implants, as it essentially defines the envelope for kinematics. However, the
individual kinematics of different patients may vary within this envelope [9]. Ideally, the
implant design should allow the individuals physiological kinematics while providing
stability. An excessive highly constrained implant may compromise the physiological
kinematics of a particular patient, whereas a constraint that is too low may cause variations
in translation, resulting in an unstable situation in some patients. Thus, each patient has
individual needs, and greater stability does not necessarily correlate with higher patient
satisfaction [22,24-26]. In the following paragraphs, the various aspects of the implant
constraints are discussed.

For all designs, the smallest anterior—posterior range of motion was found in extension,
with a considerable increase at 30° flexion. Due to the normalized anterior-posterior range
of motion and the specific implant designs used in this study, the results cannot be directly
compared with those of other studies. However, previous studies also found a significant
increase in AP laxity between 0° and 30° of flexion in the native condition, as well as
with different CR, CS, and ultracongruent (UC) designs [27,30]. Furthermore, Shalhoub
et al. [40] and Minoda et al. [41] showed that the tibiofemoral gaps significantly increase
until 30° of flexion, which also represents an increase in laxity. Therefore, these findings
reflect the influence of the natural ligamentous situation of the knee in mid-flexion and
demonstrate the importance of evaluating the differences in constraint not only for isolated
implant components but within real ligamentous supported conditions. In motion, mid-
flexion instability can lead to phenomena such as paradoxical anterior sliding of the femur.
However, this was not observed for the TKA designs of the present study [9].

For both symmetrical designs, there were no significant differences between the medial
and lateral AP range of motion. However, during AP shear forces, both femoral condyles
exhibited a considerably higher AP range of motion with the CR/CS design than with the PS
design at all flexion angles, but comparable ranges until 45° flexion during internal-external
rotation moments. With the MS design, the AP range of motion of the lateral condyle
was similar to the CR/CS design during anterior-posterior shear forces but was higher
during internal-external rotation moments. In contrast, the medial condyle exhibited a
smaller AP range of motion with the MS design than with the CR/CS design during both
anterior—posterior shear forces and internal rotation moments. This is attributed to the
greater conformity provided by the steeper anterior and posterior ramps of the medial tibial
compartment in the MS design. Nevertheless, the MS design still allowed sliding of the
femoral condyle on the tibial plateau. This is a major difference to previous medial-stabilized
and medial-pivot designs, which show almost no movement of the medial condyle during
various activities and therefore create a fixed medial pivot point with minimal variation
between patients due to the high conforming medial compartment of the tibia [28].

When analyzing the maximum posterior translation of the femoral condyles under
various conditions, it could be observed that, during both anterior shear forces and external
rotation moments, the MS design allowed less posterior translation of the medial condyle
compared to the CR/CS and PS designs, and was therefore positioned more anteriorly
at all flexion angles. This can be explained by the steeper posterior ramp of the medial
compartment of the MS inlay. In contrast, as a result of the flatter posterior ramp of
the lateral compartment of the MS design, the lateral condyle showed a higher posterior
translation compared to the CR/CS design during internal-external rotation moments. In
flexion, both femoral condyles achieved the most posterior position with the PS design, due
to the intervention of the post-cam mechanism. Furthermore, it can be observed that the PS
design showed the smallest variation. This is probably due to the higher guidance of the
PS design compared to the CR/CS and MS designs. For one specimen, the lateral femoral
condyle was generally positioned more posteriorly than observed for the other specimens,
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during both anterior and posterior shear forces and internal and external rotation moments
with all implant designs. Therefore, outliers exist for the maximum anterior and posterior
positions, but not for the anterior—posterior range of motion.

Analysis of the maximum anterior translation of the femoral condyles showed that the
CR/CS design allowed the greatest anterior translation of the medial condyle during both
posterior shear forces and internal rotation moments. In comparison, with the MS design,
the medial condyle showed considerably less anterior translation and was therefore located
more posterior than with the CR/CS design at all flexion angles. In a previous study, Kour
et al. [28] investigated the positions of the medial and lateral condyles of three different
TKA designs (CR, MS, and PS) on the tibial plateau during activities of daily living using
mobile biplane fluoroscopy. In addition to the high constraint of the medial compartment
of the tibia in the MS design, they found that the lateral condyle shifted more anterior with
the MS design compared to the PS and CR designs during some of the activities. This is not
expected with the MS design tested in this study. The most anterior position of the lateral
condyle was similar for the CR/CS and MS designs during external rotation moments, and
slightly more posterior for the MS design when subjected to posterior shear forces. Thus,
the lateral compartment of the MS design has the same constraint as the CR/CS design
in the anterior direction and therefore provides the same stability. A similar behavior is
expected during activities of daily living, since the envelope of kinematics is prescribed by
the constraint. With the PS design, the femoral condyles were positioned more posterior
compared to the other designs, especially in flexion, as the post-cam mechanism forces the
femur to translate posteriorly with flexion and prevents anterior translation when subjected
to posterior shear forces or internal-external rotation moments. A study by Scott et al. [23]
revealed a greater mid-flexion laxity characterized by a higher anterior translation of the
femur in patients with PS implants than in patients with MS implants, as the post-cam
mechanism used for stabilization in PS implants usually only intervenes at flexion angles
beyond 45° [42] and does not prevent anterior translation of the femoral component prior
to that. However, this could not be observed in the present study due to an earlier post-cam
intervention as for most of the PS designs. This demonstrates that not every design of
the same type has identical characteristics. Consequently, it is crucial to characterize each
newly developed design, as each one has a unique geometry and therefore specific features
that are essential to understand. To gain a broader understanding of the different implant
designs and the influence of various factors on the overall performance and stability, future
studies should also investigate the constraint when using different alignment techniques,
soft-tissue balance, and tibial slope.

To the best of our knowledge, this is the first study that has compared the constraint of
different implant designs in the same knees in a highly controlled environment. By examin-
ing the different TKA designs in the same knees, the variability between different cohorts
can be eliminated. Furthermore, precise application of forces along reliable axes avoids
false conclusions due to variations in the treatment of the different conditions and ensures
a valid comparison of the different TKA designs [9,29]. Nevertheless, several limitations
should be taken into account when interpreting the results of the present study. First, this
study investigated only a small number of human cadaveric specimens, which may have
different soft tissue characteristics from living patients. However, comparing different
TKA designs in the same knees under highly controlled conditions is not possible in vivo.
Second, physiological muscle loading was not applied, and the patellar mechanism was
only passively simulated. Third, the constraint of the TKA designs was only investigated
until 90° of flexion, and the results at higher flexion angles may differ. However, most of
the activities of daily living are covered with flexion angles of up to 90° [43]. Fourth, the
projection of the centers of the medial and lateral femoral condyles onto the tibial plane
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was used to analyze the anterior-posterior position and range of motion. This is a valid
and widely used method to approximate the tibiofemoral contact pattern, especially for
single-radius implant designs such as the CR/CS femoral component in the present study.
However, the PS femoral component slightly changes its radius of curvature in flexion.
For a better comparison of the position of the femoral condyles between the different
implant designs in the same ligamentous situation, we chose to always project the CR/CS
centers onto the tibial plane. This results in small inaccuracies when approximating the
tibiofemoral contact pattern of the PS design in flexion. However, since the present study
only investigated flexion angles up to 90°, the error should be limited and not change the
general characteristic behavior [44]. Fifth, the PS TKA design was always tested last since
the femoral component had to be replaced. For this reason, time-dependent effects cannot
be completely excluded. However, the limited number of tests and the short test duration
should mitigate these effects [45]. Finally, this study was performed using oneKNEE® TKA
components, and the results may not be applicable to other TKA designs.

5. Conclusions

This study investigated the constraints of three different implant designs from a
newly developed comprehensive knee platform during anterior-posterior shear forces and
internal-external rotation moments at various flexion angles in human cadaveric knees.
It was found that, despite the differences in ligament situations and individual implant
positioning, specific characteristics of the individual implant designs can be identified, re-
flecting the different geometries of the implant components. The results help to understand
how much stability a particular implant design provides at different flexion angles under
clinically relevant conditions and may therefore assist in selecting the most appropriate
implant design to address the specific needs of individual patients.
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Appendix A

Table A1l. Median values and statistical significance of the normalized medial and lateral anterior—
posterior range of motion during anterior—posterior shear forces at various flexion angles (1 = 11).
CR/CS = symmetrical implant design without a post-cam mechanism; MS = asymmetrical medial-
stabilized implant design; PS = symmetrical implant design with a post-cam mechanism; * p < 0.05.
Bold indicates statistical significance.

Flexion Condvl Median p-Value p-Value Medial vs. Lateral
ondyle

Angle CR/CS MS PS CR/CSvs.MS CR/CSvs.PS MS vs. PS CR/CS MS PS
N A Medial 0.10 0.07  0.09 0.005 * 0.037 * 0.005 *

0% flexion  yiteral 007 006 007 0.563 0.037 * 0.824 075 084 1.000
5 R Medial 0.20 0.14 0.15 0.004 * 0.004 * 0.045 *

30°flexion  pateral 025 019 018 0.056 0.009 * 0.197 0505 0.056 0505
o A Medial 0.21 0.14 0.16 0.004 * 0.004 * 0.197

45° flexion  poreral 027 022 045 0.037 * 0.007 * 0.045 * 0398  0.029%  0.625
5 . Medial 0.23 0.15 0.14 0.004 * 0.004 * 0.505

60° flexion  oteral 026 024 0.3 0.266 0.005 * 0.004 * 0.351  0.005%  0.563
o . Medial 0.28 0.21 0.11 0.004 * 0.004 * 0.004 *

0% flexion j ot 028 028 008 0.756 0.004 * 0.004 * 095 0.004% 0266
Table A2. Median values and statistical significance of the normalized medial and lateral anterior—
posterior position during maximum anterior and posterior shear forces, respectively, at various
flexion angles (n = 11). CR/CS = symmetrical implant design without a post-cam mechanism;
MS = asymmetrical medial-stabilized implant design; PS = symmetrical implant design with a post-
cam mechanism; * p < 0.05. Bold indicates statistical significance.

Flexion Condvl Median p-Value
Position ondyle
Angle v CR/CS MS PS CR/CS vs. MS CR/CS vs. PS MS vs. PS
A ior f Medial 0.24 0.29 0.26 0.005 * 0.023 * 0.009 *
, nterior force Lateral 034 033 0.32 0.965 0.505 0.824
0° flexion
P or Medial 0.37 0.36 0.38 0.120 0.197 0.100
osterior force Lateral 041 041 0.40 0.756 0.398 0.100
A ior f Medial 0.22 0.30 0.23 0.004 * 0.168 0.007 *
_ nterior force Lateral 025  0.28 0.25 0.563 0.756 0.563
30° flexion
P ior f Medial 0.43 0.42 0.40 0.045 * 0.018 * 0.056
osterior force Lateral 048 046 041 0.037 * 0.005 * 0.007 *
A o f Medial 0.23 0.29 0.22 0.004 * 0.689 0.005 *
o nterior force Lateral 022 026 0.23 0.625 0.625 0.266
45° flexion
P ior f Medial 0.46 0.42 0.36 0.014 * 0.007 * 0.011 *
osterior force | ateral 046 044 0.36 0.011 * 0.004 * 0.011 *
A or f Medial 0.22 0.29 0.20 0.004 * 0.142 0.004 *
, nterior force Lateral 022 023 0.20 0.625 0.068 0.056
60° flexion
P or f Medial 0.45 0.42 0.31 0.029 * 0.004 * 0.005 *
osterior force Lateral 048 044 031 0.142 0.005 * 0.005 *
A ior f Medial 0.15 0.20 0.08 0.005 * 0.004 * 0.004 *
_ nterior force Lateral 014 015 0.06 0.894 0.005 * 0.007 *
90° flexion
P ior f Medial 0.43 0.42 0.16 0.083 0.004 * 0.004 *
osterior force Lateral 044 043 0.14 0351 0.004 * 0.004 *
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Table A3. Median values and statistical significance of the normalized medial and lateral anterior—
posterior range of motion during internal-external rotation moments at various flexion angles (1 = 10).

CR/CS = symmetrical implant design without a post-cam mechanism; MS = asymmetrical medial-
stabilized implant design; PS = symmetrical implant design with a post-cam mechanism; * p < 0.05.

Bold indicates statistical significance.

Flexion Condvl Median p-Value p-Value Medial vs. Lateral
ondyle

Angle y CR/CS MS PS CR/CSvs.MS CR/CSvs.PS MSvs.PS  CR/CS MS PS
N . Medial 0.09 0.04 0.08 0.006 * 0.041 * 0.006 *

0%flexion yiteral 005 005 005 0.067 1.00 0.154 0476 0308 1.000
. . Medial 0.17 0.04 0.14 0.006 * 0.541 0.019 *

30° flexion [ oteral 023 023 022 0.032* 0.308 0.011 * 0.308 0083 0308
. R Medial 0.17 0.05 0.17 0.006 * 0.919 0.053

45% flexion  yoteral 026 027 020 0.014 * 0.053 0.011 * 0.185 0067 0262
o A Medial 0.17 0.07 0.19 0.006 * 0.919 0.006 *

60° flexion  yoeral 026 029 020 0.006 * 0.041 * 0.008 * 0154 0014 =" 0308
. . Medial 0.21 014 023 0.006 * 0.541 0.067 .

0% flexion [ oteral 025 029 021 0.006* 0.041 * 0.008 * 0126 0.025%  0.541
Table A4. Median values and statistical significance of the normalized medial and lateral anterior—
posterior position during maximum internal and external rotation moments, respectively, at various
flexion angles (n = 10). CR/CS = symmetrical implant design without a post-cam mechanism;
MS = asymmetrical medial-stabilized implant design; PS = symmetrical implant design with a post-
cam mechanism; * p < 0.05. Bold indicates statistical significance.

Flexion Median p-Value
Position Condyle
Angle CR/ICS MS PS CR/CSvs.MS  CR/CSvs.PS  MS vs. PS
External Medial 0.25 0.31 0.27 0.006 * 0.032 * 0.006 *
0° flexion moment Lateral 0.41 0.41 0.40 0.760 0.221 0.032 *
Internal Medial 0.33 0.34 0.34 0.683 0.541 0.683
moment Lateral 0.33 0.32 0.32 0.541 0.185 0.760
External Medial 0.23 0.29 0.23 0.008 * 0.221 0.006 *
30° flexion moment Lateral 0.47 0.47 0.44 0.610 0.083 0.025 *
Internal Medial 0.37 0.36 0.37 0.041 * 0.919 0.083
moment Lateral 0.28 0.27 0.29 0.053 1.000 0.041 *
External Medial 0.21 0.29 0.21 0.011 * 0.041 * 0.006 *
. moment Lateral 0.48 0.48 0.45 0.683 0.011 * 0.006 *
45° flexion
Internal Medial 0.39 0.38 0.39 0.006 * 0.262 0.359
moment Lateral 0.26 0.25 0.27 0.011 * 0.760 0.083
External Medial 0.20 0.29 0.15 0.008 * 0.006 * 0.006 *
. moment Lateral 0.49 0.49 0.40 0.185 0.006 * 0.006 *
60° flexion
Internal Medial 0.41 0.38 0.36 0.006 * 0.019 * 0.610
moment Lateral 0.24 0.22 0.22 0.006 * 0.019 * 0.308
External Medial 0.14 0.19 0.00 0.008 * 0.006 * 0.006 *
90° flexion moment Lateral 0.43 0.43 0.24 0.067 0.006 * 0.006 *
Internal Medial 0.41 0.37 0.22 0.014 * 0.006 * 0.008 *
moment Lateral 0.16 0.13 0.04 0.006 * 0.006 * 0.011 *
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5 Additional content

The new methodology developed within this dissertation allows the exploration of additional
aspects, beyond those covered in the three publications of this thesis, to gain a more
comprehensive understanding of the biomechanics of the native knee. In order to highlight the
advantages and importance of the new methodology, some of these aspects are briefly

presented in the following sections.

5.1 Additional content I: Tibiofemoral gaps of human cadaveric knees

before and after sacrificing both cruciate ligaments

Presented at the congress of the ‘European Society of Biomechanics’ in Maastricht, 2023 (71).
Introduction

Implant alignment and the resulting knee stability are crucial factors that affect short- and long-
term outcomes of total knee arthroplasty (TKA) (72). While the goal of gap balancing is to create
equal and symmetric flexion and extension gaps to obtain correct soft tissue balance, it was
shown that gaps in the native knee are neither equal nor symmetric through the arc of flexion
(73). However, tibiofemoral gaps of native knees are so far measured after tibial-cut and
resection of the anterior cruciate ligament (ACL), while the “true” native gaps are mostly
unknown. Therefore, the objective of this study was to quantify the tibiofemoral gaps of native
knees at different flexion angles prior to tibia and ACL resection and to investigate changes after

sacrificing both cruciate ligaments.
Materials and methods

Eleven fresh-frozen human cadaveric knees were tested on a six-degrees-of-freedom joint
motion simulator (Advanced Mechanical Technologies Inc., Watertown, USA) by applying 100 N
distraction force for 25 s at different flexion angles (0°, 30°, 45°, 60° and 90°) and different stages
of resection (native knee and after resection of the cruciate ligaments) with all other
forces/moments maintained at 0 N/Nm. Before testing, femur and tibia of each specimen
underwent a complex 3D fitting process (ARAMIS 12M, Carl Zeiss GOM Metrology GmbH,
Braunschweig, Germany) using segmented CT scans containing landmark-based femoral and
tibial coordinate systems (Figure 5a). During testing, the relative position of femoral and tibial
coordinate systems was tracked by the joint motion simulator. This allowed subsequent

positioning of the segmented CT scans relative to each other to measure the tibiofemoral gaps
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medially and laterally along the mechanical axis of the tibia (Figure 5b). Measured gaps were

normalized to the native medial gaps at 0° flexion to enable comparison of the specimens. Mean

standardized gaps and standard deviations were calculated across the eleven specimens.

R
L

Figure 5. (a) Specimen with 3D fitted segmented CT scans. (b) Exemplary gap measurement within the

positioned CT scans.

Results

Native medial and lateral gaps were tightest in extension, increased mostly until 30° flexion,

then only showed a small increase until 60° and a slight decrease again at 90° (Figure 6). The

lateral native gap was larger than the medial gap throughout the complete range of flexion.

After resection of the cruciate ligaments, the gaps increased on both, the medial and lateral

sides. In contrast to the native knees, the gaps continued increasing until 90° flexion.
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Figure 6. Mean standardized (a) medial and (b) lateral gaps (n = 11) and standard deviations throughout

the range of flexion (0° to 90°) in the native (green) and cruciate sacrificed (ACL & PCL, blue) knees.

Discussion

It was shown that the tibiofemoral gaps in native knees, prior to tibia-cut and ACL resection, are
neither equal nor symmetric with a markable increase until 30° flexion. This may affect knee
stability in mid-flexion after gap balanced TKA. Furthermore, sacrificing both cruciate ligaments

resulted in a greater flexion-extension mismatch than in native knees.

5.2 Additional content ll: Condylar motion of human cadaveric knees

before and after sacrificing both cruciate ligaments

Presented at the congress of the ‘International Society for Technology in Arthroplasty’ in New

York, 2023 (74).
Introduction

Even though knee prostheses have improved greatly and became one of the most reliable joint
replacements, numerous studies point out that only approximately 80% of patients are satisfied
with the results of their total knee arthroplasty (TKA) (25). It is hypothesized that recreating
native knee kinematics is beneficial regarding patient satisfaction after TKA (36). However, it is
not clear whether all native knees show the same kinematic pattern and would therefore be
suitable for the same TKA design. For this reason, the aim of this study was to characterize the

condylar motion of native knees and to investigate changes after sacrificing the anterior cruciate
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ligament (ACL) and posterior cruciate ligament (PCL), respectively, in order to identify different

implant requirements.
Materials and methods

In this in vitro study, nine fresh-frozen human cadaveric knees were tested on a six-degrees-of-
freedom joint motion simulator (Advanced Mechanical Technologies Inc., Watertown, USA). The
neutral path of motion of each knee was recorded by applying continuous knee flexion and
extension from 0° to 90° with 50 N compression force at different stages of resection (native,
after resection of the ACL and after resection of both cruciate ligaments), with all other
forces/moments maintained at 0 N/Nm. Prior to each resection stage, the knee capsule was
opened using a medial parapatellar approach and closed by sutures. In order to track the relative
position of femur and tibia during testing, each specimen underwent a complex 3D fitting
process (ARAMIS 12M, Carl Zeiss GOM Metrology GmbH, Braunschweig, Germany) using
segmented CT scans containing landmark-based femoral and tibial coordinate systems.
Knowledge of the relative positions of femoral and tibial coordinate systems and their according
bone geometries allowed the projection of the flexion axis and medial and lateral flexion facet
centers (MFC and LFC) onto the tibial plane at different flexion angles and therefore the
measurement of condylar motion throughout the arc of flexion. Anterior-posterior (AP)
translation of the MFC and LFC of each specimen was calculated and normalized to the native

medial AP position at 0° flexion.
Results

AP translation of the MFC and LFC and consequently condylar motion varied between the
specimens and stages of resection. Specimen P08, for example, showed similar AP translation of
the MFC and the LFC, resulting in a symmetrical femoral rollback in the native condition
(Figure 7a). Femoral rollback decreased after sacrificing the ACL and disappeared mostly after
sacrificing both cruciate ligaments (Figure 8). In contrast, specimen P12 showed almost no
posterior translation of the MFC, whereas a large posterior translation was observed for the LFC
(Figure 7b). Consequently, a medial pivot was present in the native condition and was

maintained after sacrificing the cruciate ligaments (Figure 9).
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anterior anterior

posterior b posterior

Figure 7. Projection of the flexion axis and medial and lateral flexion facet centers onto the tibial plane at
different flexion angles showing condylar motion throughout the arc of flexion of (a) specimen P08 and
(b) P12 in the native condition. The colors represent the respective flexion angle in 5° intervals, from dark

blue (0°) through green and yellow to red (90°).
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Figure 8. AP translation of the MFC and LFC of specimen P08, normalized to the native medial AP position
at 0° flexion. Specimen P08 showed similar AP translation of the MFC (green line) and the LFC (dashed
green line), resulting in a femoral rollback in the native condition. Femoral rollback decreased after

sacrificing the ACL (blue) and disappeared mostly after sacrificing both cruciate ligaments (red).
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Figure 9. AP translation of the MFC and LFC of specimen P12, normalized to the native medial AP position
at 0° flexion. Specimen P12 showed almost no AP translation of the MFC (green line), whereas a large AP
translation was observed for the LFC (dashed green line). Consequently, a medial pivot was present in the
native condition (green) and was maintained after sacrificing the cruciate ligaments (without ACL — blue,

without ACL/PCL — red).

Discussion

It was shown that the condylar motion of native knees and the effect of ACL and PCL resection
varies greatly and therefore each knee has individual requirements regarding implant design
and alignment to mimic native knee kinematics. A further study will investigate which implant

designs best replicate the specimens’ native knee kinematics.

5.3 Additional content lll: Condylar motion patterns during passive knee
flexion are not only a results of osteoarthrosis

Presented at the congress of the ‘Orthopaedic Research Society’ in Long Beach, 2024 (75).

Introduction

Although total knee arthroplasty (TKA) has improved considerably and became one of the most

reliable joint replacement procedures, numerous studies indicate that approximately 20% of
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patients are dissatisfied with the results of their TKA (25). It has been hypothesized that
restoration of the native knee kinematics may improve patient satisfaction following TKA (36).
However, it is not clear whether all native knees show the same kinematic behaviour and,
therefore, would be suitable for the same type of TKA design. In addition, it is currently unknown
whether specific kinematic patterns are the result of a particular level of osteoarthrosis. For this
reason, the aim of this study was to characterize the condylar motion of native knees and to

investigate whether the kinematic behavior is related to the osteoarthrosis level.
Materials and methods

Within the scope of this in vitro study, thirteen fresh-frozen human cadaveric knees were tested
on a six-degrees-of-freedom joint motion simulator (Advanced Mechanical Technologies Inc.,
Watertown, USA). To record the neutral path of motion of each knee, the knees were
continuously flexed and extended from 0° to 90° with a compressive force of 50 N, while all
other forces/moments were maintained at 0 N/Nm. Before testing, the femur and tibia of each
specimen underwent a complex 3D fitting process (ARAMIS 12M, Carl Zeiss GOM Metrology
GmbH, Braunschweig, Germany) using segmented CT scans containing landmark-based femoral
and tibial coordinate systems. Tracking the relative positions of the femoral and tibial coordinate
systems and their corresponding bone geometries during testing allowed the projection of the
flexion axis and the medial and lateral flexion facet centres (MFC and LFC) onto the tibial plane
at different flexion angles. The resulting condylar motion is characterized by the anterior-
posterior (AP) translation of the MFC and the rotation of the projected flexion axis when flexing
the knee from 0° to 90°. After testing, the knee capsule was opened using a medial parapatellar
approach and the osteoarthrosis level was determined by an experienced knee surgeon. To
better visualize cartilage distributions and defects on the femoral condyles, 3D scans of each

femur were acquired and matched to the segmented CT scans.
Results

The condylar motion which is described by the AP translation of the MFC and the rotation of the
projected flexion axis varied between the specimens (Figure 10). However, two main kinematic
pattern groups could be identified. In group 1, the posterior translation of the MFC was
associated with a small rotational movement (< 5°), resulting in a symmetrical femoral rollback
(Figure 11a). In contrast, group 2 showed a posterior translation of the MFC combined with a
higher rotation (> 5°, Figure 11b). This pattern can be described as medial pivoting. In two
specimens, the medial pivot was more prominent than in the main group (P10 and P12).

Furthermore, four different osteoarthrosis levels of the femoral condyles were determined
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based on the experienced knee surgeon’s assessment and evaluation of the 3D scans: 1. Slight
degeneration medial and lateral (Figure 12), 2. Moderate degeneration medial and lateral,
3. More medial than lateral degeneration, 4. More lateral than medial degeneration. Neither

group of kinematic patterns is associated with a specific osteoarthrosis level.
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Figure 10. Posterior translation of the MFC vs. rotation of the projected flexion axis of different specimens
during passive knee flexion from 0° to 90° based on level of osteoarthrosis and kinematic pattern group.

Group 1 shows a symmetrical femoral rollback, whereas group 2 displays a medial pivot.

anterior anterior —-0°
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Figure 11. Projection of the flexion axis and flexion facet centers onto the tibial plane at different flexion

angles resulting in (a) a symmetrical femoral rollback and (b) a medial pivot.
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A\
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a. b.

Figure 12. (a) Femoral condyles and (b) matched 3D scan of femoral condyles of specimen P11 showing
slight degeneration medial and lateral with cartilage swelling on the medial distal condyle. The thickness

of the cartilage layer decreases from green to red.

Discussion

It has been shown that the condylar motion of native knees can be divided into two main groups,
with no kinematic pattern associated with a specific level of osteoarthrosis. This suggests that
different kinematic patterns are not only a result of osteoarthrosis. Consequently, each knee
has unique implant design and alignment requirements to mimic native knee kinematics.
However, severe progredient osteoarthrosis was not investigated in this study. Therefore, no
conclusions can be drawn about the kinematic behavior in this condition. A further study will
investigate which implant designs best replicate the specimens’ individual native knee

kinematics.
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