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ABSTRACT 

 

 

Total knee arthroplasty (TKA) is an established and successful procedure with 

increasing numbers performed each year. In the US alone, an increase from 611000 

operations annually to as many as 3.5 million is estimated for the year 2030. However, 

the patients’ high expectations of the functional and clinical outcome are not always met. 

Considering the current 10-year failure rates of as much as 12% and the projected 

number of cases in the future, a significant increase in revision TKA must be expected. 

One of the possible causes that lead to failure of the TKA is a sub-optimal placement of 

the femoral component, which can occur in six degrees of freedom (DOF) and is also 

referred to as a femoral component malalignment (FCM). While specific malalignment in 

a single DOF, such as frontal plane malalignment (varus-valgus malalignment), has 

been clinically associated with post-operative complications, knowledge of the effects of 

complex FCMs on the knee’s biomechanics is limited. However, such knowledge is 

essential to identify and to avoid FCMs, which can cause unfavourable biomechanical 

conditions, possibly contributing to a negative post-operative result. 

Therefore, the aim of this study was to analyse the biomechanical consequences of 

femoral component malalignment on the joint’s biomechanics during the activities of 

daily living. 

After basic investigations of the biomechanical conditions in the healthy knee, validated 

musculoskeletal models were adapted to simulate a post-TKA condition. A cranial-

caudal malalignment of the femoral component, which has been associated with clinical 

complications, was then simulated, and its effect on the tibio- and patellofemoral contact 

forces and on the function of the collateral ligaments was characterized. While an 

elevated joint line was shown to lead to increased patellofemoral contact forces and 

thus, can contribute to failure-related complications such as pain and wear, a direct 

effect of joint line elevation on the function of the ligamentous stabilizers, specifically in 

mid-flexion, was not seen. Surprisingly, the data was indicative of increased loading in 

the ligaments, which has been previously associated with the development of 

arthrofibrosis, which can lead to a limited capacity in joint motion. 
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More complex FCM in all six DOFs was then simulated to represent situations more 

likely to occur in a clinical scenario. Calculating the contact forces for more than 160000 

malalignment conditions revealed that the influence of a specific FCM is dependent on 

the joint analysed and the activity performed. The most influential parameters were 

found to be the internal-external rotation of the femoral component, the location of the 

joint line and the varus-valgus alignment. The analyses showed that, in 28% of the 

simulated malalignment conditions, FCM led to a 10% or greater increase in joint 

contact forces, relative to the optimally reconstructed joint. More incidences were found 

in the patello- than in the tibiofemoral joint. Such contact force increases can be caused 

by every type of malalignment. Even if an individual DOF was kept in its reference 

condition, malalignment in the remaining DOFs could lead to contact force increases of 

10% or more, indicating that monitoring of a single DOF is not sufficient to detect a 

possible contact force increase. 

In some DOFs, individual levels of malalignment were involved in more than 50% of all 

observed cases of increased contact forces, reaching a share of up to 92% (e.g. internal 

rotation >5°, patellofemoral joint, stair climbing). In the clinic, this would give only few 

options to avoid a load increase by the targeted manipulation of the remaining DOFs. 

More significant load increases of 50% and more were found primarily when varus 

malalignment was combined with an internal rotation (each 5° or above). In the clinic this 

FCM should therefore be avoided.  

The intra-operative identification of FCMs causing smaller load increases is almost 

impossible for the surgeon without assistance, especially since there is also a 

dependency on the activity and the analysed joint. Enhancing orthopaedic navigation 

systems with a database similar to the one presented in this study, which contains a 

matrix of malalignment in all DOFs and the resulting contact forces, would allow for the 

intra-operative detection of increased load conditions. 

This study emphasises that it is not sufficient to analyse only individual DOFs of femoral 

component malalignment to draw a conclusion on its biomechanical effects, as the 

presence of malalignment in the remaining DOFs can have a significant impact on the 

joint’s biomechanics. The approach presented in this study to biomechanically assess 

malalignment in all six DOFs is an essential step towards an intra-operative and patient-

specific analysis of the femoral component placement. Ideally this can help to minimize 

the risk of creating overloading conditions, possibly also reducing the incidences of 

implant failure after TKA. 
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KURZFASSUNG 

 

 

Der totale Ersatz des Kniegelenks ist ein etabliertes und erfolgreich angewandtes 

operatives Verfahren mit zunehmenden Fallzahlen. Allein in den USA wird ein Anstieg 

von derzeit jährlich etwa 611.000 auf 3,5 Millionen Operationen im Jahr 2030 

prognostiziert. Schon jetzt können die hohen Erwartungen der Patienten an das 

postoperative klinische und funktionelle Ergebnis nicht immer erfüllt werden. Ausgehend 

von den aktuellen 10-Jahres Revisionsraten von bis zu 12% und den prognostizierten 

Fallzahlen ist ein erheblicher Anstieg von Revisionseingriffen zu erwarten. Eine der in 

klinischen Studien identifizierten möglichen Ursachen, die zum Versagen einer 

Knieendoprothese führen können, ist eine suboptimale Ausrichtung der femoralen 

Prothesenkomponente. Bisher wurde jedoch noch keine umfassende Studie 

durchgeführt, welche die Auswirkung der Fehlorientierungen der femoralen Komponente 

auf die Biomechanik des Kniegelenks untersucht und die beobachteten klinischen 

Probleme möglicherweise erklärt. Die Ergebnisse einer solchen Studie sind weiterhin 

eine wichtige Voraussetzung, um perioperativ unvorteilhafte biomechanische 

Bedingungen zu identifizieren und gegebenenfalls zu vermeiden. 

Ziel dieser Arbeit war es daher, die Auswirkungen einer Fehlorientierung der femoralen 

Komponente auf die Biomechanik des Kniegelenks während der Ausübung von 

Aktivitäten des täglichen Lebens zu analysieren.  

Nach der Durchführung von grundlegenden Untersuchungen zur Biomechanik des 

gesunden Kniegelenks wurden validierte muskuloskeletale Modelle modifiziert und eine 

klinisch oft mit Komplikationen assoziierte cranial-caudal Fehlpositionierung der 

femoralen Komponente simuliert. Die Auswirkung dieser Fehlpositionierung auf die 

Kontaktkräfte im patello- und tibiofemoralen Gelenk sowie auf die Funktion der 

Seitenbänder wurde anschließend untersucht. Die Ergebnisse zeigten, dass eine 

erhöhte Gelenklinie zu erhöhten Kontaktkräften führt und somit versagensrelevanten 

Komplikationen wie Schmerz und verstärkter Abrasion zuträglich sein kann. Ein 

vermuteter Zusammenhang zwischen einer erhöhten Gelenklinie und Instabilität in 

mittleren Kniebeugewinkeln konnte hingegen nicht bestätigt werden. 
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Zur Untersuchung eines kliniknaheren Szenarios wurde angenommen, dass von den 

sechs möglichen Arten einer Fehlorientierung der femoralen Komponente mehrere 

gleichzeitig in einer klinisch repräsentativen Variationsbreite auftreten können. Die 

Berechnung der Gelenkkontaktkräfte für mehr als 160.000 simulierte Fehlorientierungen 

zeigte, dass der Einfluss eines Orientierungsparameters von der durchgeführten 

Aktivität und dem betrachteten Gelenk abhängig ist. Die einflussreichsten Parameter 

waren die interne-externe Rotation der femoralen Komponente, die Lage der Gelenklinie 

und eine varus-valgus Fehlorientierung. 

In 28% aller untersuchten Fälle wurde eine Kontaktkrafterhöhung von 10% und mehr 

registriert, wobei die Häufigkeit im Patellofemoralgelenk höher war als die im 

Tibiofemoralgelenk. Diese Fälle erhöhter Kontaktkräfte traten bei allen Varianten von 

Fehlorientierung auf. Selbst bei optimaler Orientierung eines Parameters kann es zur 

Kontaktkrafterhöhung kommen. Es ist daher nicht ausreichend nur einen Parameter zu 

überwachen um Kontaktkrafterhöhung zu identifizieren.  

Fehlorientierungen in bestimmten Ausprägungen können in bis zu 92% aller Fälle mit 

Kontaktkrafterhöhung vorherrschend sein (z.B. interne Rotation >5°, 

Patellofemoralgelenk, Treppesteigen). Dies limitiert die Möglichkeiten, die Kontaktkräfte 

durch eine gezielte Manipulation der anderen Orientierungsparameter zu verringern. 

Erhebliche Belastungsanstiege von 50% und mehr wurden bei der Kombination von 

varus Fehlstellungen mit einer internen Rotation gefunden (bei beiden 5° und mehr). 

Diese Fehlstellung sollten daher in der Klinik vermieden werden.  

Die intraoperative Identifizierung der häufiger auftretenden Fälle mit geringeren 

Kontaktkraftanstiegen ist für den Operateur kaum möglich, da ein komplexer 

Zusammenhang zwischen den einzelnen Orientierungsparametern, dem analysierten 

Gelenk und der Aktivität besteht, der ohne die Zuhilfenahme von computergestützten 

Assistenzsystemen schwer zu erfassen ist. 

Die Ergebnisse dieser Arbeit unterstreichen, dass es nicht ausreicht, nur einzelne 

Orientierungsparameter zu betrachten, da zusätzlich auftretende Fehlorientierungen die 

Kontaktkräfte im Gelenk stark beeinflussen können. Der beschriebene Ansatz 

ermöglicht es patientenbezogen die postoperative Biomechanik abzuschätzen und die 

Implantation der femoralen Komponente hinsichtlich der Kontaktkräfte zu optimieren. 

Somit kann das Risiko von auftretenden Überlastungsbedingungen minimiert und 

postoperative Komplikationen möglicherweise verringert werden. 
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1 INTRODUCTION 

 

 

The knee joint is one of the most complex joints in the human body and its proper 

function is an integral part of human locomotion. But the knee is also more likely to be 

injured than any other human joint, resulting in functional loss. Besides injury, 

degenerative processes can also create conditions that significantly reduce the joint’s 

functionality. Even in the ancient world, efforts had already been made to face this 

functional loss in the lower limb with prosthetic devices. The pioneer in the field of 

replacing the injured or degenerated joint with alloplastic implants was Themistocles 

Gluck (1853-1942) (Figure 1). 

In the year 1890 he implanted the first knee endoprosthesis made of ivory. Despite this 

revolutionary work, his implants were subjected to early failure, mostly caused by 

unmanageable infections and mechanical failure of the prosthesis’ material. But even 

today, 120 years after Gluck’s first attempts, the field of total knee arthroplasty (TKA) is 

still subject of extensive research. While today the share of implant failures due to 

infections is down to 20%, the sometimes suboptimal biomechanics of the replaced joint 

and its surrounding structures remain a principal reason to revise an implant 

(Robertsson 2009).  

Figure 1: Sketches of first ivory implants to replace the knee joint. Themistocles Gluck (1853 – 

1942) was a pioneer of modern total knee replacement (image source: (Eynon-Lewis et al. 

1992) & Wikipedia). 
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This study will present a detailed analysis of a specific aspect of this broad field of 

biomechanically related failures of the reconstructed joint. The effect of a variation in the 

positioning of the femoral part of the total knee prosthesis system on specific 

biomechanical parameters of the post-operative joint will be investigated. Conditions that 

are identified to be biomechanically unfavourable may then be avoided during TKA.  

To approach this topic, the first chapter gives an introduction to anatomical and 

functional aspects of the knee joint, its motion, and methods to determine its loading 

conditions. Furthermore, the reasons why a replacement of this joint might be necessary 

are outlined. Total knee arthroplasty is introduced in more detail and the literature 

reviewed with respect to factors that can affect the success of the procedure and thus, 

may also lead to complications. Based on still unresolved issues, the goal of this study is 

derived and its significance presented. 
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1.1 The healthy knee 

 

In order to analyse the loading conditions in the joint after TKA, it is necessary to 

understand the basic anatomy of the knee and the function of its individual structures. 

The knee joint is the largest joint in the human body. It is a synovial joint that connects 

the thigh (femur) and shank (tibia) in the lower limb and consists of three functional 

compartments: the femoropatellar articulation and the medial and lateral femorotibial 

articulations. Complex interactions of a number of active and passive stabilizers enable 

a large range of motion in the joint while also providing the stability needed throughout 

the large spectrum of human daily activities. 

The passive stabilizers are the bony structures such as femur, tibia and patella along 

with soft tissues such as femoral, tibial and patellar cartilage, the menisci and the 

ligaments (Figure 2). The 

main function of the 

passive stabilizers is to 

constrain the joint’s 

motion and to absorb 

forces. The two cruciate 

ligaments are the knee’s 

internal ligaments and 

mainly limit the anterior-

posterior translation, but 

also resist rotation of the 

femur on the tibia. 

Passive stabilization of 

the extended knee is also 

provided by the medial 

and lateral collateral 

ligaments and the articular 

capsule. While the lateral 

collateral ligament primarily resists varus instability in extension, the medial collateral 

ligament is thought to resist valgus instability, external tibial rotation and anterior–

posterior translations throughout flexion (Brantigan and Voshell 1941; Gardiner et al. 

2001; Harfe et al. 1998). 

Figure 2: Posterior view of the knee showing the bony 

structures, the ligaments, menisci and the cartilages (Gray 

1918). 
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Selected muscles of the lower limb control knee motion and also function as active 

stabilizers of the joint (Figure 3). These muscles can be subdivided into two main groups 

according to their function: joint extensors and flexors. The joint’s extension is controlled 

by the musculus quadriceps femoris, consisting of four heads which are the musculus 

vastus lateralis, the musculus vastus intermedius, the musculus vastus medialis and the 

musculus rectus femoris. Distally these four heads combine in the quadriceps tendon 

and transmit their force via the patella and the ligamentum patellae into the anterior tibia. 

The hamstring group controls knee flexion and is formed by the musculus 

semimembranosus, musculus biceps femoris caput longum, musculus biceps femoris 

caput breve and musculus semitendinosus. Together with the joint rotators – the 

musculus popliteus, musculus gracilis and musculus sartorius – the hamstrings insert 

circumferentially in the distal side of the joint, i.e. on the medial tibial condyle, the caput 

fibulae (lateral) and the pes anserinus (antero-medial), as well as the posterior tibia. 

During activities of daily living, the structures of the knee are exposed to high loads 

(D'Lima et al. 2006; D'Lima et al. 2005b), mostly created by muscular activity (Pauwels 

1951). Especially in reflex situations, significant peak loads can occur in joints 

(Bergmann et al. 1993), indicative of the stabilizing role of the muscles, achieved for 

example by co-activation (Baratta et al. 1988; Draganich et al. 1989; Li et al. 1999). 

 

Figure 3: The muscles of the knee from an anterior (left) and a posterior view (right) 

(Gray 1918). 
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1.2 Loading conditions in the knee 

 

Knowledge of the loading conditions in the healthy and also in the post-operative knee 

after TKA is essential to evaluate the impact of the joint replacement procedure on the 

knee’s biomechanics. It is known that the mechanical boundary conditions in the joint 

are defined by the external loads on the body and their corresponding internal 

counterparts. In 1870, Julius Wolff described for the first time the interrelationship 

between loading, stress and strain in anatomical structures, which he later manifested in 

the so-called Wolff's Laws (Wolff 1892). Based on Wolff’s investigations, Koch published 

the first analytical determination of the loading conditions in long bones (Koch 1917). 

The remarkable role that muscles play in the loading scenario of long bones was 

described later by Pauwels (Pauwels 1951). Using the abductors and the iliotibial tract, 

Pauwels illustrated the effect of the muscles in minimising the internal loading within the 

bone. In numerous examples, Pauwels described how muscles and tendons reduced 

the bending moments at the hip that were induced by the body weight, by examining 

areas of tensile and compressive strain within cross-sections of long bones (Pauwels 

1973). 

While it is now known that the contribution of the muscles is essential to describe the 

mechanical loading of bones, the actual loading conditions occurring in vivo are scarcely 

accessible. To date, direct measurement of the coordinated action of all muscle forces in 

vivo is still impossible. Ethical considerations discourage the use of invasive methods to 

determine muscle forces in humans. Therefore, the only opportunity to estimate the 

complex distribution of muscle forces is offered by computer analysis. A precondition to 

determining the muscle forces and the resulting loading conditions in the bones and the 

joints is the knowledge of the external loads, as well as the kinematics of the bony 

segments of the lower limb. Such data – the ground reaction forces in the foot, and the 

spatial positions of the pelvis, femur, tibia, fibula and of the foot – can be collected in a 

clinical gait analysis (Andriacchi et al. 1998; Brand et al. 1986; Heller et al. 2001b; Heller 

et al. 2007b). Based on these individually captured kinetics and kinematics, an inverse 

dynamics approach can be used to determine the joint forces and moments (Chao and 

Rim 1973). 

To obtain a condition of equilibrium, the internal structures such as muscles and tendons 

must compensate these external moments. The capacity to compensate these moments 

is determined by the forces transmitted through the muscles and tendons, as well as by 



Chapter 1 

 

 

6 

their lever arms relative to the joint. Anatomical models which include the origins and 

insertions of muscles and ligaments can be used to approximate the lever arms during 

motion (Heller et al. 2007b). 

However, there are a significant number of muscles and tendons that span the knee. On 

the femur, for example, more than 26 force-transmitting muscular or ligamentous 

insertions are present, which allow a specific motion to be achieved by several muscular 

activation patterns. Therefore no mathematically explicit solution for the calculation of 

muscle forces exists. Since the reduction of equations as a possible approach to this 

problem (Ghista et al. 1976; Pierrynowski 1982) will not allow conclusions to be drawn 

on the complex distribution of muscular activation, an alternative method is the 

identification of those solutions, from the infinite pool of solutions, which seem to be 

“reasonable” (Crowninshield 1978; Seireg and Arvikar 1973). The main challenge in 

such optimization processes is to define adequate optimization criteria.  

An approach to validate the calculated muscle activation patterns obtained from such 

musculoskeletal models was to compare the simulation with measured muscle activities 

as determined by electromyography (EMG) (Winter 1991). Even though it was found 

that non-linear optimization strategies result in a better agreement with the EMG signals 

than a linear approach (Thunnissen et al. 1992), this validation method does not allow 

for a quantitative validation of the musculoskeletal loading conditions. 

An additional method of validating the predicted musculoskeletal loading conditions is to 

compare the calculated joint contact force, which is the sum of all calculated joint and 

muscle forces acting in the joint, with forces measured in vivo. While instrumented 

implants, which give access to in vivo joint contact forces for the different activities of 

individual patients, were introduced several decades ago (Rydell 1966) and have been 

continuously enhanced (Bergmann et al. 1993; Bergmann et al. 1995; Bergmann et al. 

1988; Brand et al. 1994; Davy et al. 1988; English and Kilvington 1979; Rydell 1966), in 

vivo measurements in the tibiofemoral joint have been only recently reported (D'Lima et 

al. 2006; D'Lima et al. 2005b; Heinlein et al. 2007; Heinlein et al. 2009). 

In the first in vivo measurements of axial forces acting in the tibiofemoral joint, D’Lima 

and co-workers (D'Lima et al. 2006; D'Lima et al. 2005b) showed that in a 12 month 

follow-up, the contact forces increased during walking from magnitudes of 1.2 times the 

patient’s bodyweight (BW) (after 3 months) to an average 2.8xBW with peak forces of 

more than 3xBW (D'Lima et al. 2006; D'Lima et al. 2005b). The instrumented prosthesis 

developed by Heinlein and colleagues additionally measured shear force components 
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and the three moments (Heinlein et al. 2009). In their preliminary study, they found the 

highest mean values of the peak load components during level walking of 2.8xBW in the 

axial, 0.2xBW in the medio-lateral and 0.3xBW in the antero-posterior directions. During 

other activities such as stair climbing and stair-descending, axial forces of as much as 

3.5xBW were observed.  

Despite these first promising results in determining the in vivo loading conditions in the 

tibiofemoral joint, further measurements in a larger patient cohort are required before 

general conclusion about the loading conditions in the knee can be drawn. So far, 

musculoskeletal loading conditions in the knee are determined with musculoskeletal 

models, which were validated against the hip joint contact forces measured in vivo 

(Heller et al. 2001a; Heller et al. 2001b; Heller et al. 2005; Heller et al. 2007b; Heller et 

al. 2003; Taylor et al. 2004). 

Utilizing such musculoskeletal models, Taylor and co-workers (Taylor et al. 2004) 

reported average maximum axial contact forces of 3.3xBW in the tibiofemoral joint 

during normal walking. Here, the reported inter-individual contact force variation was 

larger than the intra-individual. In an averaged normal walking trial, peak loads of 

2.8xBW occurred. During stair climbing, average peak loads as high as 5.9xBW were 

calculated. A first comparison to the in vivo data revealed reasonable agreement during 

walking, but also indicated that the calculated forces are higher during stair climbing. 

However, as a larger inter-individual variability was observed, more patients need to be 

measured before further conclusions on typical loads can be drawn (Kutzner et al. 

2010). 

 

1.3 Joint kinematics 

 

Pathologies in tibiofemoral kinematics, caused for example by degenerative processes, 

trauma or even surgical interventions, can significantly disturb the complex interplay 

between the joint’s active and passive stabilizers. This disturbed interplay can ultimately 

lead to functional deficits and pain. Besides its importance for implant design and 

assessing surgical procedures, the knowledge of tibiofemoral kinematics is also 

essential in the use of musculoskeletal models of the lower limb.  

Fundamental research on tibiofemoral kinematics was published as early as 1836 by the 

Weber brothers (Weber and Weber 1836). For the first time, the kinematics of the knee 
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joint were described as a motion comprising rolling and gliding. To determine the knee 

kinematics in vivo, a number of more invasive techniques have been developed in 

recent decades, including Roentgen stereophotogrammetric analysis (Valstar et al. 

2001), fluoroscopy (Banks and Hodge 1996; Dennis et al. 2005; Komistek et al. 2003; 

von Eisenhart-Rothe et al. 2007) and pin-based tracking of bone kinematics 

(Reinschmidt et al. 1997). To assess knee kinematics in a non-invasive manner, 

methods such as skin marker-based techniques (Andriacchi et al. 1998) and MRI-based 

procedures (Freeman and Pinskerova 2003) have been used. Even though MRI-based 

techniques provide a high degree of precision (von Eisenhart-Rothe et al. 2004), they 

are restricted by long acquisition times and spatial limitations. Skin marker techniques 

are limited by the accuracy of reproducing the positions of the underlying bones 

(Cappozzo et al. 1996; Heller et al. 2007b; Taylor et al. 2005), leading to inaccuracies in 

the estimation of the loading conditions at the tibiofemoral joint. However, there have 

been promising attempts to reduce the skin marker artefacts, allowing the determination 

of axes and centres of rotation in the knee with a sufficient precision (Ehrig et al. 2007). 

While thus far, tibiofemoral kinematics have been generally described as a combined 

rolling and gliding motion of the femur on the tibial plateau, recent in vivo studies give a 

more detailed insight into the motion of the knee joint.  

During knee flexion, the medial femoral condyle does not ‘roll back’, at least from hyper-

extension to 90°, but the lateral condyle does (Dennis et al. 2005; P. Johal  et al. 2005; 

von Eisenhart-Rothe et al. 2007). This results in an internal rotation of the tibia, which 

increases in higher knee flexion and reaches up to 24°±10° in 120° flexion. The majority 

of this internal tibial rotation is 

observed during the first 20-

30° of flexion, with an average 

of 9° (Dennis et al. 2005). The 

main drawback in most of 

these studies that quantified 

tibiofemoral motion was that, 

due to limited space in the 

experimental setups such as 

MRI scanners and 

fluoroscopes, the range of 

analysed activities was limited rather to quasistatic positions or squatting activities.  

Figure 4: Schematic representation of knee kinematics 

as a four-bar linkage system, displaying the posterior 

displacement of tibiofemoral contact (Dye 1987). 
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To describe the complex motion of the knee, as it is required to drive musculoskeletal 

models, a number of modelling concepts have been proposed in the literature 

(Blankevoort and Huiskes 1996; Caruntu and Hefzy 2004; Churchill et al. 1998; 

O'Connor et al. 1989). However, these have been limited to two-dimensional analysis 

(O'Connor et al. 1989), describe passive motion only (Blankevoort and Huiskes 1996), 

or lack validation against in vivo data from a larger population (Caruntu and Hefzy 

2004). The concept of the four-bar linkage mechanism (Figure 4) has been used for 

several studies (Imran et al. 2000; Menschik 1974; O'Connor et al. 1989) and was 

developed from a planar 2D representation to a 2.5D model (Toutoungi et al. 1997; 

Zavatsky and O'Connor 1994), which considered the complete 3D shape of the 

ligaments in a simplified model. The description of the kinematics in this model was still 

based on the planar four-bar linkage system, however, which may not be capable of 

describing the complex three-dimensional in vivo knee kinematics (Smith et al. 2003; 

Zavatsky and O'Connor 1994). A validated kinematic model that is capable of 

reproducing the three-dimensional motion of the joint has not yet been developed. 

 

1.4 Patellofemoral joint 

 

The patellofemoral joint is the third joint 

compartment of the knee. The patella is a 

complex sesamoid bone within the quadriceps 

unit, where, similar to a pulley, the patella can 

change the quadriceps' direction of force (Figure 

5). The patella also serves as a leverage system: 

the moment arm of the quadriceps is increased by 

the patella, especially in the earlier degrees of 

flexion. From 30% near extension to 15% at 30° 

flexion, it enhances the effects of the quadriceps 

muscles with respect to knee extension (Kaufer 

1971). Besides this lever type, where increased 

moment arms reduce the required force, in certain 

activities and stages of the knee’s flexion-

extension cycle, the patella is also acting as the 

other side of the lever, where more displacement 

Figure 5: Anteromedial aspect of 

the knee with the patella, the 

patellar ligament and the tendon 

of the quadriceps muscle (Gray 

1918). 
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is achieved by a high force on a shorter lever arm (Grelsamer and Weinstein 2001).  

To date, the loading conditions within this biomechanically complex patellofemoral 

system are not fully understood. However, it has been observed that if this system is 

disturbed, patellofemoral pain can often occur, especially during challenging activities 

such as stair climbing (Doucette and Goble 1992; Dye 2005; Ficat et al. 1975). 

Analysing the patellofemoral loading conditions in the healthy knee may help to explain 

the observed phenomena and is important in understanding the loading conditions after 

TKA. 

 

1.5 Total knee arthroplasty (TKA) 

 

As a result of injury or progressive joint degeneration, the complex interplay and the 

balance between active and passive stabilizers in the knee becomes substantially 

disturbed, causing loss of function and pain, ultimately requiring a replacement of the 

joint. 

Three main indications to replace the knee joint have been identified over recent 

decades, making up more than 98% of all such procedures: osteoarthritis, rheumatoid 

arthritis and trauma (Robertsson 2009). The most common indication for TKA is 

osteoarthritis (Mancuso et al. 1996; Quinet and Winters 1992), which is a chronic 

degenerative joint disease that leads to the degradation of the cartilage and the 

subchondral bone. 

There are several factors that can contribute to the development of osteoarthritis. While 

age is the most important risk factor, genetic predisposition, obesity, female gender, 

greater bone density, joint laxity and mechanical loading beyond a level at which the 

joint can repair itself have also been identified (Buckwalter et al. 2004; Felson and 

Zhang 1998). Such mechanically challenging conditions can be created, for example, by 

joint injury, post-traumatic joint incongruity, instability or malalignment, joint dysplasia 

and the lifelong use of the joint (Buckwalter et al. 2004). 

Rheumatoid arthritis accounts for far fewer knee replacements. Here, new types of 

medical treatment have advanced during the last few years, reducing the number of 

cases. Also the number of knee replacements performed due to post-traumatic 

situations is small in comparison to those necessitated by osteoarthritis (Robertsson 

2009). 
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Whilst a partial, unicompartmental replacement of the knee is used in some cases of 

mainly younger patients, with local degeneration affecting only one side of the joint, the 

total replacement of the knee is becoming widely accepted by patients who have a 

pathologic knee, expecting pain reduction and a restoration of their normal knee 

function. The numbers of cases are constantly increasing and are expected to reach an 

estimated 3.5 million in 2030 in the US alone (Kurtz et al. 2007), where the annual 

number currently stands at about 611000 (HCUP-Databases 2007). 

Several types of implants can be used for a total knee replacement (Figure 6). The main 

categorization criterion is the degree of mechanical stability offered by the implant. In 

non-constrained implants, the tibial and femoral components are not linked to each 

other. This type of implant requires sufficient stability provided by muscles and 

ligaments. The posterior cruciate ligament is not sacrificed when this implant type is 

used. Semi-constrained implants offer increased stability, chiefly by replacing the 

function of the sacrificed posterior cruciate ligament. This is usually achieved by a “cam / 

post” design where a post on the tibial insert engages in flexion with a cam on the 

femoral component, preventing anterior femoral translation. If a standard femoral 

component is chosen, an ultra-congruent (deep dish) tibial inlay can also be used to 

create a semi-constrained condition. The highest degree of mechanical stability is 

achieved by constrained or hinged implant types, which are used to compensate for 

severe insufficiencies of the patient’s collateral ligaments. 

 

Figure 6: Implants can offer different degrees of mechanical stabilization: non-constrained (left, 

Aesculap Columbus), posterior stabilized (middle, Smith&Nephew JOURNEY™ BCS) and 

constrained or hinged (right, Aesculap Blauth Total Hinge Knee). 
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Several manufacturers offer a rotating platform / mobile bearing design of the interface 

between the tibial component and the polyethylene insert, which additionally allows 

internal–external rotation, possibly reducing the wear rate and the risk of implant 

loosening in younger and more active, as well as obese, patients. There is an ongoing 

discussion in the literature on the pros and cons of each design and the correct 

indication for their use (Breugem et al. 2008; Hasegawa et al. 2009; Kessler et al. 2008; 

Kim et al. 2009; Pietsch and Hofmann 2007), where the benefit of one over the others 

has not been demonstrated clinically. 

In general, a replacement of the knee joint is, for the majority of patients, a successful 

intervention, not only leading to improved clinical results, but also creating a higher 

patient satisfaction and improved quality of life (Dorr and Chao 2007; Hawker et al. 

1998; Noble et al. 2006).  

 

1.6 Complications after TKA 

 

Despite the undoubted success of the procedure in general, TKA is also subject to 

failure. The current 10-year failure rates have been reported to be as high as 12% 

(Burnett et al. 2004; Hardeman et al. 2006; Ishii et al. 2005; Mangaleshkar et al. 2002; 

Mayman et al. 2003). If related to the previously mentioned predicted growth in numbers 

of TKAs performed in the coming years, this will also lead to significant numbers of 

revision surgeries worldwide (Kurtz et al. 2007). To identify the reasons for an early 

prosthesis failure, the established Swedish Knee Arthroplasty Register (SKAR) and 

other institutions documented the main indications for revision surgery: aseptic 

loosening (>20%), infections (~20%), wear (~5%), fracture (~2%), patella problems 

(~20%, excluding loosening and wear), instability (~10%) and progression of femoro-

patellar arthritis (~10%) (Robertsson 2009). Thus it seems that, with aseptic loosening, 

instability, wear, fracture, and patella-related problems, more than 50% of the revisions 

are related to non-optimal biomechanics in the reconstructed joint. This suggests that 

the complex interplay between the remaining soft-tissue stabilizers and the new artificial 

joint geometry is not optimally restored. 

Clinical studies have indicated that an altered joint geometry can have a negative 

influence on the outcome of a TKA. Besides the circumstance that an individual joint is 

replaced by a rather generic implant, these geometrical alterations are also caused by a 
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surgical malalignment of the implant relative to the pre-operative condition. Such 

malalignment has been related to post-operative pain, instability, limited range of motion 

and additional functional deficits, which in severe conditions can all lead to revision 

(Akagi et al. 1999; Barrack et al. 2001; Berger et al. 1998; Catani et al. 2006; Choong et 

al. 2009; Dennis et al. 2001; Eckhoff et al. 1995; Hofmann et al. 2003; Insall et al. 2002; 

Jeffery et al. 1991; Lewis et al. 1994; Liau et al. 2002; Nagamine et al. 1995b; Romero 

et al. 2003; Sharkey et al. 2002; Takahashi et al. 1997; Wasielewski et al. 1994; 

Zihlmann et al. 2005). 

While tibial malalignment was also clinically identified in the context of compromised 

post-operative results (Bellemans et al. 2005; Kansara and Markel 2006), a significant 

share of post-operative complications is related to malaligned femoral components. A 

malrotation of the femoral component in the axial plane, either isolated or in combination 

with a malrotated tibial component, can be linked to anterior knee pain, limited flexion 

capability, patellar maltracking and patellofemoral instability (Akagi et al. 1999; Barrack 

et al. 2001; Berger et al. 1998; Hofmann et al. 2003). A cranial malplacement of the 

femoral component, which leads to an elevation of the joint line, can be associated with 

patellofemoral problems (Laskin 1998), lower knee scores (Figgie et al. 1986; Partington 

et al. 1999; Porteous et al. 2008) and limited knee flexion capability (Chiu et al. 2002). 

 

1.7 Restoring joint geometry 

 

Even though the importance of restoring the joint’s geometry – especially on the femoral 

side – is known, this aim is not always achieved in TKA. A fundamental limitation in 

achieving this aim is that an individually proportioned natural joint is replaced by a 

relatively limited variety of available prostheses. The non-symmetrical natural shape of 

the articulating joint surfaces is often replaced by symmetrical prosthesis designs, and 

the stabilizing function of either one or both cruciate ligaments, and sometimes also of 

the collateral ligaments, is replaced by alternative mechanisms.  

In addition to the difficulties that might be involved with the prosthesis design, the 

acquisition of anatomical references for a correct alignment of the femoral component is 

difficult. Firstly, the field of view and available operating space is limited, as it is aimed to 

keep the soft tissue trauma and the number of required transfusions as small as 

possible. Furthermore, the clear identification and palpation of most of the anatomical 

references is difficult, as they are often covered by soft tissues, and their definition does 
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not always allow a highly reproducible acquisition (Jenny and Boeri 2004; Laskin 2002; 

Mason et al. 2006). 

Malalignment can also be induced by certain situations in the surgical workflow, where a 

compromise between an optimal alignment and other factors is required. For example, 

to achieve a balanced interaction with the soft tissue stabilizers in flexion, the femoral 

component may be adapted in its internal-external rotation (Whiteside 2002). To achieve 

a stable joint in flexion in the case of distal femoral bone loss, a common compromise is 

the elevation of the joint line by using a higher inlay and a smaller femoral component 

(Bellemans 2004; Scuderi and Insall 1992).  

In some cases, where the knee is severely diseased and exhibits bony deformities and 

adapted soft tissues, a restoration of the pre-operative joint condition is not always 

desired, as the native joint was exposed to unfavourable biomechanical conditions. 

These cases are not specifically analysed in this study, since they require an individual 

modelling approach, reflecting the native deformed condition of the joint in order to 

assess an optimal reconstruction. 

 

1.8 Evaluating the impact of malalignment on the joint’s 
biomechanics 

 

Loading conditions 

The possibilities to estimate the effects of a change in the joint’s geometry on the 

biomechanics of the joint are limited and often do not allow us to understand and explain 

the clinical observations. While the in vivo measurement of moments and forces in the 

tibiofemoral joint has been achieved (Heinlein et al. 2007; Zhao et al. 2007), the number 

of patients that can be measured is very limited. Collecting data which cover a broad 

spectrum of femoral malalignment in this manner is therefore unlikely. While in vitro 

setups would generally allow the simulation of altered joint geometry, the adequate 

application of loading conditions remains challenging, especially in the tibiofemoral joint. 

The large number of possible variations in joint geometry that need to be simulated is 

another limiting factor in the use of an experimental in vitro setup. 

Another established method to investigate musculoskeletal interactions is the use of 

analytical musculoskeletal models (Heller et al. 2001b). Besides the novel capability to 

determine a patient’s loading conditions, such as internal loads, muscle forces and joint 
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contact forces, non-invasively and by external measurements only, such models also 

offer the possibility to study the effects of anatomical variation on loading conditions 

(Heller et al. 2001a; Heller et al. 2007a). 

Adapting and utilizing such tools opens the possibility of answering clinical questions by 

systematically analysing the effects of femoral component malalignment, caused by 

either imprecise anatomical referencing or surgical compromises, on the joint’s 

biomechanics. The knowledge gained can then help to identify and ultimately avoid 

overloading conditions that may compromise the performance and survival of the 

implant. 

 

Function of collateral ligaments 

Post-operative complications after TKA are often stability-related (Robertsson 2009), i.e. 

joint instability or joint stiffness. A possible reason for these stability-related problems is 

an imbalance in the system of the passive stabilizers, which could be caused by the 

implantation of the prosthesis. An approach to identify stability-related problems is the 

functional analysis of the collateral ligaments in the healthy knee, as well as in the knee 

after TKA. Assessing the function of the collateral ligaments after TKA in vivo is, 

however, difficult due to their restricted accessibility. Modern imaging systems now allow 

the visualization of the structures in the knee during even weight-bearing activities. A 

possible method to characterize ligament function is to analyse the distance between 

the ligaments’ bony insertions (Park et al. 2005; Van de Velde et al. 2007). 

Park (Park et al. 2005) used a combined MRI and fluoroscopy approach to investigate 

the distance between the proximal and distal collateral ligament insertion sites, and 

analysed the length-change patterns of the collateral ligaments during knee flexion. In a 

similar study, Van der Velde (Van de Velde et al. 2007) analysed the effect of an ACL 

insufficiency on the collateral ligaments during weight-bearing knee flexion. Applying this 

proposed technique to investigate post-TKA collateral ligament function might help to 

identify possible reasons for joint instability or stiffness. 
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1.9 Goals / Significance 

 

The purpose of this study is to enhance the understanding of the effects of femoral 

component malalignment on the knee’s biomechanics, specifically on the tibio- and 

patellofemoral contact forces, and the function of the collateral ligaments. 

The specific aspects of this goal are to: 

• Establish a 3D anatomical reference of the musculoskeletal structures of the 

knee 

• Achieve a better understanding of the biomechanics of the intact joint in terms of 

tibio- and patellofemoral contact mechanics 

• Investigate the impact of a cranial / caudal malalignment of the femoral 

component (joint line suppression or elevation) on the joint contact forces in the 

knee 

• Investigate the effect of joint line elevation on the function of the collateral 

ligaments 

• Analyse the effect of a complex malalignment in multiple orientations on the joint 

contact forces in the knee, to identify most influential aspects of malalignment 

 

 

These investigations can help to provide a better understanding of how malalignment of 

the femoral component can affect the loading conditions and the ligament function after 

TKA. The knowledge gained can be beneficial in better assessing planned TKAs with 

the aim of avoiding such implantations as are likely to create increased loading 

conditions or may lead to stability-related complications. This study delivers a basis to 

ultimately make such biomechanical information available to the surgeon in the various 

steps of the surgical procedure: the pre-operative planning, the intraoperative alignment 

and the post-operative assessment. 

 



 

 

 

2 BIOMECHANICAL ANALYSES OF THE INTACT KNEE 

 

In this chapter, work is presented that aimed to extend the currently available data 

regarding the healthy knee’s anatomy and contact mechanics. The knowledge gained 

from these studies of the healthy knee can then serve as a basis for analysing the knee 

after TKA. 

As a first step, the currently available and quite simplified 3D representations of active 

and passive soft tissue structures in the lower limb were modelled at a higher precision 

level and integrated in the musculoskeletal model developed by Heller and co-workers 

(Heller et al. 2001b).  

In the next step, the tibiofemoral kinematics of the healthy joint were analysed in passive 

as well as active knee flexion. Based on these investigations, a kinematic model of 

tibiofemoral motion was developed. Such a model may be used to augment the often 

imprecise gait analysis data that is currently used to simulate tibiofemoral kinematics in 

musculoskeletal models. 

To gain more information about the contact mechanics of the patellofemoral joint, an in 

vitro setup was adapted to investigate the kinematics and loading in the patellofemoral 

joint under in vivo loading conditions. 

The last section of this chapter presents a model to analyse the function of the collateral 

ligaments during the flexion of the healthy knee. 
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2.1 3D representation of active and passive soft tissue 
structures in the lower limb 

 

To date, most musculoskeletal models use simplified straight line elements to 

approximate the 3D path of muscles and ligaments (Brand et al. 1982; Duda et al. 1997; 

Heller et al. 2001b; Scheys et al. 2006) (Figure 7). This simplification in the 

musculoskeletal model may lead to an over- or underestimation of the lever arm with 

which a muscle can act at the joint (Brand et al. 1982). Therefore the calculated muscle 

forces may in some conditions deviate from those acting in vivo. 

While the calculations of the total joint contact forces using the musculoskeletal models 

with such simplified muscle representation are still of sufficient accuracy (Heller et al. 

2001b), a more detailed modelling of the 3D muscle paths may allow the more reliable 

estimation of the 

contribution of the 

individual muscles to 

these forces. 

Furthermore, a more 

detailed description of 

the collateral ligaments 

and their bony insertions 

is an essential pre-

condition for analysing 

collateral ligament 

function during knee 

flexion. Figure 7: anterior, lateral and posterior views (from left) of the 

musculoskeletal model developed by Heller and co-workers 

(Heller et al. 2001b). 
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Methods and results 

3D models of muscles and ligaments 

The basis for the 3D modelling of the muscles and ligaments was the Visible Human 

Male dataset (Spitzer et al. 1996), which was also used by Heller et al. to develop their 

musculoskeletal model (Heller et al. 2001b). While the model of Heller and co-workers 

was based on the CT data of the Visible Human dataset, the present 3D modelling of 

muscles and ligaments was performed using the high-resolution colour images of the 

same dataset (Figure 8). These images provided an in-plane resolution of 

0.144x0.144mm and allowed a good differentiation of the various tissues.  

For a better handling of 

this large dataset, which 

was about 6.1GB in size, 

the amount of data was 

reduced before further 

use. A direct comparison 

of the individual colour 

channels of the RGB 

image showed that the 

green channel alone 

provided sufficient 

contrast to reliably 

identify the individual 

structures.  

The modelling process, which was performed on the greyscale images of the green 

colour channel, was conducted using the AMIRA visualization and volume modelling 

software (Mercury Computer Systems Inc., MA, USA). In the beginning, the images 

containing the origins and insertions of the analysed muscle or ligament were identified 

and located in the dataset, using anatomy textbooks as a reference (Frank. 1992; 

Rohen et al. 2002). To segment the individual structures within the images, the 

corresponding image voxels were marked and assigned to a material index (Figure 9). 

After the complete segmentation of a structure, a 3D surface model was generated from 

the set of marked voxels using a marching cube algorithm implemented in AMIRA 

(Figures 10, 11, 12). 

Figure 8: Cross sectional colour image of the 

knee region taken from the Visible Human 

Project (Spitzer et al. 1996) (top). Coronal 

reconstruction of the whole colour image 

data set (right) 



Chapter 2 

 

 

20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Process of combining the bony structures used by Heller and co-workers in 

their musculoskeletal model (Heller et al. 2001b) with a 3D representation using the high-

resolution colour images of the Visible Human dataset (Spitzer et al. 1996). 

Figure 9: The soft tissue structures were 

segmented in the green channel, which 

was displayed as a greyscale image, 

using a segmentation editor. The specific 

structures were marked and assigned to 

a material ID (left). Three-dimensional 

surface models were then reconstructed 

from this data (top). 
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Figure 11: Three-dimensional representation of the muscles (including their tendons) that 

determine motion and stability in the knee joint (Moewis 2007). Muscles that are labelled in the 

anterior view (left image) are involved in joint extension, while muscles labelled in the posterior 

view (right image) mainly contribute to joint flexion. 
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Figure 12: The main passive joint stabilizers: collateral and cruciate ligaments, both 

menisci, as well as femur and tibia. Not displayed are the tibial and femoral articular 

cartilage and the capsule. 
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Muscle origin and insertion sites 

To define the bony muscle insertion sites, the areas of minimum distance 

between the 3D muscle surface and the surface of the bone were determined in 

the attachment region (Moewis 2007). To do so, the two surfaces were combined 

and the Hausdorff Distance calculated and mapped onto the bone as a colour 

field (Figure 13). The attachment areas were then defined as the areas of 

minimum distance. 

 

Muscle centroid lines 

For smaller muscle surfaces that did not show 

significant variation in their direction, the 3D surface 

model of the muscle was intersected with planes. 

The planes were oriented orthogonally to the line 

spanning between the muscle origin and insertion, 

and with intersections performed at equal spacing 

relative to the total distance between origin and 

insertion. The line that contained the geometric 

centres of all muscle intersection surfaces defined 

the centroid line of the muscle. In those cases where 

the the muscles showed a large variation in direction, 

this method did not deliver adequate results. A 

manual procedure was then applied for these 

muscles (Figure 14). The planes that created the 

intersections were defined perpendicular to the muscle fibres that were identified and 

Figure 13: Hausdorff Distance between 

the surface of the muscle and the 

surface of the bone, projected as colour 

map onto the bone. The colour indicates 

the distance ranging from 0 mm (blue) to 

2 mm and more (red). 

Figure 14: Example of a larger 

muscle with changing direction 

(Gluteus Maximus) in which the 

planes for the surface intersection 

were defined orthogonal to the 

direction of the muscle fibres. 
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marked in the colour images of the Visible Human dataset. Being directly derived from 

the 3D muscle anatomy, these centroid lines could be used to define the lines of action 

in the musculoskeletal model (Figure 15). 

 

 

Discussion 

The modelling of the lower limb’s 

muscular and ligamentous 

structures gave access to a more 

detailed and precise anatomical 

description than previously 

available. Specifically, the 

modelling of the collateral 

ligaments offers the possibility for 

a functional analysis of these 

structures. Deriving the muscular 

lines of action from a complex 3D 

representation of the muscles in 

the lower limb may contribute to 
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Comparison of Biceps Femoris Lever Arm 

Figure 16: The lever arm length of the Biceps 

Femoris in the axial plane for the straight line (left 

bar) and the centroid line (right bar) muscle 

representation. 

Figure 15: Musculoskeletal structures of the lower limb visualized as 3D surface models (left) and 

the muscular structures visualized as centroid lines (right). 
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a further enhancement of the musculoskeletal model. A change in the lever arms of 

specific muscles as a result of the new muscle representation (Figures 16, 17) can affect 

the contribution of individual muscles to the total joint contact force. However, it remains 

a challenge to include a dynamic wrapping of these new muscle lines during knee 

flexion, as these muscle lines are derived from the straight knee only.  

 

 

 

medial lateral 

posterior 

anterior 

Figure 17: The diagram shows the relative difference (%) between the lever arms derived from 

the centroid line and the straight line models. 
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2.2 Kinematic models to describe tibiofemoral motion 

Heller MO, König C, Graichen H, Hinterwimmer S, Ehrig RM, Duda GN, Taylor WR. 2007, J 

Biomech, 40 Suppl 1:S45-53 

 

Kinematic models to simulate tibiofemoral kinematics on the basis of the four-bar linkage 

have been briefly described in the introduction. To date, these models are limited, as 

they do not consider internal/external rotation and ab/adduction. A further limitation of 

this four-bar linkage concept is that it so far relies on localizing an area within the 

ligament attachment zone where ligament fibres remain isometric throughout flexion. 

The existence of such isometric fibres has been brought into question due to an 

observed inter-patient variation in the location of the tibial ligament attachment zone 

relative to the bone, as well as variation in the knee’s kinematics with different loading 

conditions (Amis and Zavras 1995). 

It was therefore aimed to develop a new three-dimensional model of knee kinematics, 

based on a modified four-bar linkage that does not rely on isometric fibres, but considers 

the cruciate ligament lengthening characteristics, as well as reflecting tibiofemoral 

internal/external rotation. A further aim was to assess whether such a kinematic model is 

capable of simulating tibiofemoral kinematics during unloaded and loaded in vivo knee 

flexion. With parameter sets of the kinematic model that can reconstruct the known 

kinematics of a number of individuals, it may then be possible to create a predictive 

model for tibiofemoral kinematics that can be used to drive musculoskeletal models. 

 

Materials and methods 

Acquisition of in vivo reference kinematics  

As reference data, MRI images from Bringmann and colleagues (Bringmann et al. 2000) 

were used and the knee joints of 12 healthy volunteers with no history of pain or injury 

were examined. Kinematic analysis was performed in an open MR system (0.2T; 

Magnetom-Open, Siemens, Erlangen, Germany) using a T1-weighted 3D gradient echo 

sequence (TR 16.1ms, TE 7.0ms, FA 30°)(Bringmann et al. 2000). Sagittal plane 

images (slice thickness: 1.875mm, in plane resolution: 0.86mm) were taken with an 

acquisition time of 4min 26s. The volunteers were placed on their side and the knee 

flexion angle (0°, 30°, 90°) was controlled by a special positioning device (Siemens, 
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Erlangen, Germany). Scans were taken with the knee either unloaded, or with the 

application of a weight of 3kg to the lower third of the shank to produce a torque of 

10Nm at the knee joint. This torque was initiated in a flexing direction, leading to 

activation of the knee extensors. Isometric muscle activity over the entire acquisition 

period was verified by surface electromyography (Bringmann et al. 2000). 

After image acquisition, semi-automated segmentation of the femur, tibia, ACL and PCL 

was performed, based on a grey-value oriented region-growing algorithm (Bringmann et 

al. 2000). Using a marching cube algorithm implemented in the visualization and volume 

modelling software, AMIRA (Mercury Computer Systems Inc., MA, USA), surface 

models of the bony structures and the cruciate ligaments were created (Figure 18) to 

derive in vivo joint kinematics and to determine attachment areas of the cruciate 

ligaments. 

Figure 18: Reconstructed bone surfaces and cruciate ligaments from MRI images at 0°, 30° 

and 90° knee flexion. Top: The movement of the femur relative to the tibia was analysed by 

registering the surface models of the tibiae at 30° and 90° knee flexion onto the tibia at 0° 

flexion. Bottom: Sagittal view of the tibia and the PCL as reconstructed from the MRI data. A 

shift from a lax concave shape at 0° to a taught ligament at 30° and 90° can be seen, posing 

the question as to whether a linear four-bar linkage model is capable of simulating the 

kinematics of the knee. 
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Definition of local coordinate systems 

The first axis (x) of the femoral coordinate system was defined by using a 

transepicondylar axis, as suggested by the International Society of Biomechanics (Wu et 

al. 2002). In order to establish this axis, cylinders were fitted to the medial and lateral 

posterior condylar surfaces using a comprehensive quasi-Newton (least squares fit) 

algorithm (NAG routine e04jbc, Numerical Algorithms Group Ltd, England).  

The transepicondylar (TE) axis then passed through two landmarks, placed at the 

intersection of the centre line of the medial cylinder with the medial epicondylar surface 

and the intersection of the centre line of the lateral cylinder with the lateral epicondylar 

surface. The distance between these landmarks was defined as the femur width and the 

origin of the coordinate system was defined at the midpoint between these two 

landmarks. A plane was defined normal to the transepicondylar axis that passed through 

the origin. A contour describing the intersection of this plane and the femoral surface 

was then cut with a radius of 0.75 times the subject-specific femur width. The vector 

from the origin to the centroid of this contour then defined the second axis (y) of the 

coordinate system. The third axis (z) was calculated as the cross product of the x- and 

y-axes (Figure 19). 

The proximal tibia was cut using a 

cylindrical clipping tool about the 

femoral TE-axis (radius of 0.75 times 

femur width). Using a least square 

optimization method, a plane was fitted 

to the sectioned proximal tibia that 

defined the axial plane. The x-axis of 

the femoral coordinate system was 

projected onto this plane, creating the x-

axis of the tibial coordinate system. The 

y-axis was defined by a 90° rotation of 

the x-axis on this plane, describing the 

anterior-posterior direction. The z-axis 

was the cross product of x and y. 

 

 

 

Figure 19: Definition of the femoral 

coordinate system. Left: A cylinder fitting 

technique was used to define the TE-axis. 

Right: A third proximal point was placed at 

the centre of the contour that was created by 

cutting the femoral surface orthogonal to the 

TE-axis through its centre. 
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Determining in vivo kinematics and ligament attachments 

The reference for describing the kinematics during flexion was defined as the tibial 

position at 0° knee flexion (Patel et al. 2004). By registering the tibial surfaces using an 

iterative closest point transform (ICP) algorithm (Besl and McKay 1992) implemented 

within AMIRA, rigid transformation matrices were computed for the femur between each 

pair of poses (0° – 30° and 30° – 90°). The surface models of the femur at 30° and 90° 

flexion were then transformed into the reference system for registration of the ligament 

insertion sites. 

In vivo internal/external rotation was calculated with reference to the transepicondylar 

axis of the femur (von Eisenhart-Rothe et al. 2004). Here, the axes were projected onto 

the tibial plateau represented by the x-y plane of the tibia coordinate system and the 

angle of their intersection was computed to define the internal/external rotation.  

The cruciate ligament attachment sites at the femur and tibia were approximated by 

computing a proximity map between the reconstructed bone and the ligament surfaces 

at 0° knee flexion. Based on these maps, the bony attachment areas of the ACL and 

PCL were defined as elliptical grids containing a total of 37 grid points for each 

attachment site (Figure 20).  

Appropriate proportions of the overall attachment areas were assigned to the antero-

medial (AM) and postero-lateral (PL) bundles of the ACL, as well as the antero-lateral 

(AL) bundle of the PCL (Amis et al. 2005; Giron et al. 2005). Identification of the 

relatively small PM bundle of the PCL in the T1-weighted MR image was difficult, due to 

the low intensity of the signal of the PCL (Servant et al. 2004). As a result, information 

regarding the insertion site was augmented using high-resolution colour images of the 

visible human (VH) (Spitzer et al. 1996), by determining the vector from the centre of the 

AL bundle to the centre of the PM bundle. In the subject’s knees, this vector was 

Figure 20: Surface models of the 

cruciate ligaments were used to create 

proximity maps on the bony surface. 

Left: Elliptical attachment regions were 

defined by 37 landmarks, here 

demonstrated for the PCL’s AM 

bundle. Right: Attachment regions 

(landmarks) for the ACL and PCL, 

shown as transparent structures, as 

reconstructed in one subject. 
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transferred into the local femoral coordinate system, normalized to the width of the VH 

femur (length of the TE-axis) and then scaled to the femoral width of the subject. 

To characterize the laxity / extension of the cruciate ligaments during knee flexion, the 

relative change in the distances between the grid points representing the tibial and 

femoral attachment zones of the cruciate ligaments were calculated (Friederich et al. 

1992; Li et al. 2004; Nakagawa et al. 2004) throughout the 30° and 90° positions in each 

subject. 

 

Kinematic model 

The original four-bar linkage models required that the tibial and femoral insertion points 

of the cruciate ligaments were projected on the sagittal plane as a model input (Imran et 

al. 2000; Lu and O'Connor 1996; Menschik 1974; Muller 1993; O'Connor et al. 1989; 

Zavatsky and O'Connor 1994) and remained isometric, i.e. constant in length (O'Connor 

et al. 1989). The proposed kinematic model deviates from these archetypal models in 

that all possible three-dimensional ligament attachments served as an input to the 

model, as well as each subject’s internal/external (i/e) rotation, which was superimposed 

onto the planar movement described by the four-bar linkage. Between the measured 

values at 0°, 30° and 90° flexion angle, the i/e rotation was interpolated linearly. 

Furthermore, to allow for possible laxity of the ligaments, the fibre lengths were not 

isometrically constrained, but were allowed to vary within values determined by 

Friederich and co-workers (1992). Thus, a range of fibre lengths were covered, from 0% 

to -25% for the ACL and 0% to 31% for the PCL from the reference 0° position, applied 

linearly between flexion angles of 0° and 30°, but remaining isometric from 30° to 90°. 

This was justified, as the gradient in the ACL strain, and thus its length change, is 

reportedly highest in this range of flexion angles (Beynnon et al. 1992). The slack–taut 

transition of the PCL is also reported to occur in this region of flexion angles (Makris et 

al. 2000). 

The accuracy of the four-bar linkage mechanism was assessed for every possible 

combination of points in each cruciate ligament attachment grid, along with every 

possible ligament lengthening configuration, that modelled the correct i/e rotation for 

each subject (Figure 21). 
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In this manner, the model set out to determine the specific set of parameters that 

minimized the deviation between the pose of the femur predicted by the kinematic model 

and the pose derived directly from the in vivo MR data at 30° and 90° knee flexion, as 

described by the three femoral landmarks. 

Once this optimal parameter set was determined for each subject, it was aimed to then 

use these parameters to create a predictive model for joint kinematics and assess its 

efficacy against the known in vivo positions. By averaging the five best parameter sets 

(combinations of i/e rotation and the ligament extension / laxity characteristics) for each 

subject, a generic four-bar linkage model was constructed for general prediction of knee 

joint motion. The efficacy of this new model was then assessed by predicting the motion 

of the tibiofemoral joint for each subject and comparing against the known positions at 

30° and 90°. 

 

Statistics 

Statistical analysis was performed to investigate the effect of including i/e rotation in the 

model, by comparing the distances between the femoral reference points (Student’s t-

test, level of significance 0.05). Whether the remaining distance between the reference 

points was influenced by muscle activity was investigated with the Wilcoxon test using 

the same level of significance. Whether the kinematic model was capable of reproducing 

the differences in ligament lengthening throughout knee flexion caused by muscle 

activity was investigated with an ANOVA for repeated measures (Brunner et al. 2002). 

 

Figure 21: The four-bar linkage model (solid bars) for describing the movement of the femur 

relative to the tibia. Here, the reconstructed surface of the tibia is overlaid on the in vivo MR 

images at 0°, 30° and 90° flexion angle. 
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Results 

In vivo kinematics 

The in vivo kinematics of the tibiofemoral joint were derived from open MRI for 12 

healthy subjects for knee flexion under both passive and active neuromuscular patterns. 

An average tibial internal rotation of 1.8°±0.9° was observed for the unloaded knee at 

30° and 7.1°±4.6° at 90° knee flexion. When loaded, an average tibial internal rotation of 

4.0°±2.5° occurred at 30° and 5.6°±3.6° at 90°. 

  

Subject-specific models 

In passive knee flexion, the average distances between the predicted and the in vivo 

femoral TE-axis reference points, using the archetypal planar four-bar linkage 

mechanism (i.e. with no internal/external rotation), were medial: 1.8±0.9mm and 

5.5±2.6mm, and lateral: 1.8±0.8mm and 5.6±3.0mm (Figure 22) at 30° and 90° flexion 

respectively. When the kinematics were determined using the new model that includes 

i/e rotation, the average distances were 1.8±1.2mm and 2.5±1.4mm on the medial side 

and 1.7±1.2mm and 2.4±1.2mm on the lateral side. The consideration of subject-specific 

i/e rotation in the new model therefore resulted in a greatly improved positional 

correlation at 30°, as well as a significant decrease in the error at 90° flexion (Student’s 

t-test, p<0.004). 

When active knee flexion was considered, deviations between the predictions and the 

known poses were 3.5±2.1mm and 2.9±1.2mm on the medial side and 3.2±1.6mm and 

2.8±1.1mm on the lateral side at 30° and 90° flexion respectively. As with passive 

flexion, the inclusion of i/e rotation led to a significant improvement at 90° (Student’s t-

test, p<0.05) and improved the calculated positions at 30°, compared to the archetypal 

model (medial: 3.3±1.4mm and 4.7±2.5mm lateral: 3.4±1.8mm and 4.8±2.6mm). 

When the influence of neuromuscular activity on the reconstructed positions was 

considered, a higher accuracy was observed in reconstructing knee kinematics for 

passive knee flexion at 30° (Wilcoxon, p<0.05). At higher flexion angles (90°), however, 

the model was able to predict passive and active kinematics equally (Wilcoxon, p>0.05). 

These conditions were not influenced by i/e rotation. 
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Figure 22: Effect of the considering internal / external rotation in the four-bar linkage 

model on the deviation between the predicted and the in vivo pose of the femur at 30° 

& 90° during passive (top) and active (bottom) knee flexion. The box plots show the 

median (bold line), the 25% quartiles (box dimensions) and the extreme (vertical 

lines) deviations of the predicted positions against the in vivo measured positions of 

the medial (grey) and the lateral (white) femoral reference TE-axis points. 
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Ligament lengthening 

Whilst the new kinematic model predicted a relative shortening of the ACL, the PCL was 

predicted to lengthen with flexion (Figure 23). The unloaded kinematics were best 

reconstructed using almost isometric behaviour of the AM bundle of the ACL. Shortening 

of the PL bundle of the ACL was more pronounced, however, under both loaded and 

unloaded conditions, with changes in length of approximately 20% required. In the PCL, 

little change in length was required in the PM bundle. The largest lengthening was 

observed in the loaded AM bundle (26%) during loaded flexion, with the majority of the 

change in length occurring within the first 30° of flexion. 

Loading led to significantly different lengthening patterns in both the ACL and the PCL 

(ANOVA, p<0.02) over the whole flexion cycle, compared to the unloaded knees. When 

the functional bundles of the ligaments were considered, the AM and PL bundles of the 

ACL, as well as the AL bundle of the PCL, showed a significant difference when 

applying muscle forces (ANOVA, p<0.03). Muscle activity, however, led to no significant 

difference in lengthening the PM bundle (ANOVA, p>0.05). 
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Figure 23: Extension characteristics of the AM and PL bundles of the ACL (top) and AL 

and PM bundles of the PCL (bottom) under loaded (solid lines) and unloaded (broken 

lines) conditions throughout a full flexion cycle, as determined by the kinematic model. 

Standard deviations are indicated for the unloaded conditions. 
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Generic predictive models 

Generic four-bar linkage models were constructed for passive and active neuromuscular 

activity using the average lengthening and i/e characteristics. When applied to predicting 

each subject’s kinematics, the model determined similar errors in both the axial and 

coronal planes for the unloaded knees (Table 1). The maximum average error of 4.9mm 

was found at the lateral reference points at 90° flexion. When these models were 

applied to the active knee kinematics, the errors were greater, reaching an average of 

6.7mm in the axial plane, also at the lateral reference point at 90° flexion. In nearly all 

cases, the predictions were better at 30° than 90°. 

 

Table 1: Deviation of the predicted and in vivo locations of the femoral reference points in the 

axial plane and in the coronal plane at both 30° and 90°. The deviation is shown for the model 

using the average i/e rotation of all subjects as an input. The deviations for passive and active 

knee motion are shown. 

  30° 90° 

  medial point lateral point medial point lateral point 

Passive 

knee flexion 

axial plane 2.3±1.4mm 1.9±0.9mm 4.4±2.4mm 4.9±3.1mm 

coronal 

plane 
2.4±0.9mm 1.8±1.1mm 3.2±1.8mm 3.4±1.8mm 

Active knee 

flexion 

axial plane 3.7±2.1mm 3.8±1.6mm 6.4±3.6mm 6.7±3.3mm 

coronal 

plane 
2.4±0.9mm 1.7±0.6mm 3.5±2.0mm 4.1±1.9mm 

 

Discussion 

 

The aim of this study was to analyse whether a new kinematic model, based on a 

modified version of the four-bar linkage that accounted for laxity or lengthening 

characteristics of the ligaments and internal/external rotation of the tibiofemoral joint, 

could predict the tibiofemoral kinematics of healthy subjects for passive and active 

neuromuscular activity during knee flexion. Although the efficacy of this model could 

only be assessed at certain positions throughout the flexion cycle, validation of these 
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subject-specific models at known positions enables confidence in the movement 

patterns for the remainder of the flexion-extension cycle, for use in e.g. musculoskeletal 

models. Furthermore, the augmentation of these data into generic models for prediction 

of kinematics has been demonstrated. 

Even though knee kinematics have long been a research focus, there is still no 

commonly accepted standard for describing and modelling knee kinematics (Smith et al. 

2003). A number of approaches have been proposed, ranging from computationally 

demanding models based on the complex description of the anatomy and mechanics of 

the knee (Caruntu and Hefzy 2004), to more simple models that describe knee 

kinematics as a series of rotations about fixed axes (Blankevoort et al. 1990; Churchill et 

al. 1998; Hollister et al. 1993; Shaw and Murray 1974) or instantaneous centres of 

rotation (Menschik 1974; O'Connor et al. 1989; Strasser 1917). Until now, none of these 

proposed models have been validated against in vivo data in a larger subject cohort. 

The kinematic model of the four-bar linkage is an established model and has often been 

used to describe the movement of the tibiofemoral joint (Imran et al. 2000; Menschik 

1974; Muller 1993; O'Connor et al. 1989). However, this model is also criticised for 

oversimplifying the complex in vivo kinematics (Smith et al. 2003). It is argued that the 

concept, based on instant centres of rotation, assumes planar knee joint movement and 

therefore neglects the offset of the flexion axis to the sagittal plane (Hollister et al. 1993), 

as well as assuming isometry of the cruciate ligaments (Butler et al. 1980). By including 

subject-specific i/e rotation and by allowing non-isometric ligament fibre lengths, this 

study has, for the first time, been able to validate a four-bar linkage model of the human 

knee against in vivo data. The model was validated for passive motion, but more 

importantly, also for joint motion caused by physiological like neuromuscular-like 

activation patterns in a larger group of 12 healthy subjects (Bringmann et al. 2000). 

The introduction of i/e rotation to the model had a significant effect on the accuracy of 

reproducing subject-specific kinematics, with the largest differences at 90° knee flexion 

for passive motion (Figure 22) – the conditions for which maximum tibial internal rotation 

was observed. The translation into a predictive model produced an average error 

between 4.4mm and 6.7mm in the anterior-posterior direction at 90° flexion – a great 

improvement on the error expected, e.g. due to measurements that are subject to soft-

tissue artefacts (Stagni et al. 2005). A flexion angle-dependent model that does not 

assume i/e rotation about a fixed axis (Matsumoto et al. 2000) might therefore be able to 

further improve the overall performance of the kinematic model, particularly in respect to 

the i/e rotation. 



Biomechanical Analyses of the Intact Knee 

 

 

37 

The laxity and lengthening characteristics of the ligaments seem to play an important 

role in not only the functioning of the knee, but also in the kinematics predicted by the 

proposed models. It has been suggested that the AL bundle of the PCL straightens from 

its concave shape to become active at flexion angles above 40° (Amis et al. 2003), very 

much in agreement with the findings of this study (Figures 18, 23). This presupposition 

is also supported by the study of in Friederich and co-workers (Friederich et al. 1992), in 

which the length of the PCL is described as increasing with flexion as well as decreasing 

within the ligament itself from the AL to the PM region, a behaviour also reproduced by 

the kinematic model in this study. Furthermore, for flexion angles from 40° to 90°, the 

kinematic model predicted an increase in strain of 1.8% for the AL bundle, which 

concurs with the maximum strain of 2% reported by Nakagawa et al. (Nakagawa et al. 

2004). The PM bundle has been reported to be tense throughout the whole flexion cycle, 

unfolding its load-bearing capacity in higher flexion angles (Amis et al. 2003). Our 

findings of a 3.9% increase in the bundle’s length are in agreement with the 5% found by 

Ahmad et al. (Ahmad et al. 2003). In a similar manner, the isometric behaviour of the AL 

bundle of the ACL seen in this study has been reported at angles of up to 30° flexion (Li 

et al. 2004). For the PM bundle, a shortening of 14% was reported, compared to the 

13% derived in this study. Again, the majority of the shortening characteristics for this 

bundle occur within the first 30 – 40° flexion, consistent with the functioning of the 

model. 

The development of the existing models has assumed localisation of the ligament 

attachment sites. Small differences in the location of the chosen point within the 

attachment areas may, however, lead to a considerable change in ligament’s strain 

behaviour (Amis and Zavras 1995). The method introduced in this study has directly 

linked the ligaments’ attachment sites to each subject’s anatomy and therefore allowed 

an inter-individual comparison of the ligament length change. 

The four-bar linkage models presented here were able to reproduce individual knee 

kinematics, not only for passive, but also for active neuromuscular flexion, and were 

validated against a group of 12 subjects. The levels of accuracy achieved have shown 

that kinematics may be accurately reconstructed and integrated into e.g. subject-specific 

musculoskeletal models (Heller et al. 2001b; Taylor et al. 2004), allowing a better 

understanding of the load distribution within the structures of the knee. The generic 

predictive models, created by taking the average parameters from all the subject-

specific models, further provide a predictive capacity for augmenting models used in, for 

example, clinical gait analysis, where artefacts associated with skin movement etc. can 
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limit the accuracy of reconstructing individual models. As such these models may be a 

valuable tool for pre-operative planning, by intra-operatively providing information on the 

expected biomechanical loading conditions in the joint after reconstruction surgery. 
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2.3 Contact mechanics in the patellofemoral joint 

Goudakos IG, König C, Schottle PB, Taylor WR, Singh NB, Roberts I, Streitparth F, Duda GN, 

Heller MO. 2009, J Biomech, 42: 2590 

 

In vitro testing allows simultaneous measurement of kinematics and forces and has 

often been used to quantitatively assess the biomechanics of the patellofemoral joint 

(Beck et al. 2007; Lee et al. 1997; Ostermeier et al. 2007; Ramappa et al. 2006; Wilkens 

et al. 2007; Zavatsky et al. 2004). In vitro testing of this joint, however, has typically 

been performed under simplified uniaxial quadriceps muscle loading (Powers et al. 

1998) and/or has been criticized for using arbitrarily chosen force magnitudes (Mason et 

al. 2008), considerably lower than those occurring during the demanding activities of 

daily living, which can reach multiples of body weight (Sakai et al. 2000; Taylor et al. 

2004). This has made extrapolation and transfer of the findings to the in vivo condition 

questionable (Heino Brechter and Powers 2002). The analysis of patellofemoral 

biomechanics under demanding physical activities (Besier et al. 2005) and the 

determination of the pressure distribution in vivo (Zhao et al. 2007) remain, however, 

challenging. Whilst it seems likely that the contribution of the muscles to the mechanics 

and stability of the joint is most critical at early knee flexion, when the bony geometry 

provides only limited stability (Powers 2000), whether and how the muscle forces that 

occur during demanding activities influence patellofemoral biomechanics remain to be 

established. 

Validated musculoskeletal models can provide the muscle forces that occur during 

activities of daily living (Heller et al. 2001b; Taylor et al. 2004). Furthermore, a recently 

developed muscle fixation technique was shown to be competent in transmitting loads of 

a physiological magnitude to the muscle-tendon complex (Schöttle et al. 2009), without 

tearing the muscles at the fixation interface – a common problem in cadaveric studies 

(Farahmand et al. 1998; Huberti and Hayes 1984; Sakai et al. 1996; Sakai et al. 2000). 

The use of these recently developed techniques would therefore offer the opportunity to 

investigate the effect of more demanding physical activities on patellofemoral 

biomechanics in an in vitro set-up. 

Demanding physical activities, such as stair climbing, have also been identified as a risk 

factor for both patellofemoral pain (Dye 2005) and the onset of osteoarthritis (Felson 

2004). Besides investigating the patellofemoral contact mechanics during normal 

walking, it was therefore also hypothesized that loading conditions of stair climbing 
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induce a higher patellofemoral pressure, a more lateral force distribution on the trochlea 

and a more lateral shift and tilt of the patella compared to walking. The aim was to 

investigate the interaction between musculoskeletal loading and patellofemoral contact 

mechanics and kinematics in the healthy joint at early knee flexion. 

 

Materials and methods 

Specimen preparation 

Eight fresh-frozen, non-arthritic, left cadaveric knees, with non-dysplastic trochleae and 

no signs of previous surgery, were sectioned, ensuring preservation of the joint capsule 

and the surrounding retinaculum. The distal 8 cm of the tendinous attachments of four 

muscle groups – a) the rectus femoris with the vastus intermedius, b) the vastus 

medialis c) the vastus lateralis and d) the two hamstrings (semimembranosus and 

semitendinosus) – were instrumented with a specially developed fixation technique 

(Schöttle et al. 2009). The trans-epicondylar axis (TEA), a standardized anatomical 

reference (Blaha et al. 2002; Churchill et al. 1998; Yau et al. 2005; Yoshino et al. 2001), 

was drilled with a tibial drill guide for ACL reconstruction (KARL STORZ GmbH & Co. 

KG, Tuttlingen, Germany) and both femur and tibia were sectioned transversely, 14.8 

cm distant from the TEA. The proximal end of the femur and the distal end of the tibia 

were then potted into cylindrical casts using polymethylmethacrylate (Beracryl, Bauers 

Handels GmbH, Adetswil, Switzerland). 

 

Joint loading and muscle force model 

Based on a validated musculoskeletal model (Heller et al. 2001b; Taylor et al. 2004), 

muscle forces for four subjects (median body weight 839 N, median height 167.5 cm) 

were determined for gait cycles of both walking and stair climbing. Models were created 

for each subject by scaling a reference model of bony and muscular anatomy 

(represented by 95 individual muscle lines of action) to fit the individual segment 

lengths. Although the contribution of the inertial forces to the overall loading conditions 

was small, owing to the moderate speed of the activities, the model still accounted for 

their contribution within the inverse dynamics approach (Deuretzbacher and Rehder 

1995) to further improve the overall accuracy of the model’s predictions (Heller et al. 

2001b). Quasi-static optimization procedures, which minimized the sum of the squared 

muscle stresses (Taylor et al. 2004), used the intersegmental resultant forces and 
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moments to determine the muscle and bone-on-bone joint contact forces. The results 

from two representative instances of the gait cycles for each activity, averaged over the 

four subjects, were selected and used to realize a load profile that represented the in 

vivo conditions. The selection was based upon the knee flexion angle and the 

magnitudes and directions of the forces of the quadriceps components, as well as of the 

forces of the hamstrings (Table 2). To apply the numerical data from the 

musculoskeletal model to the in vitro set-up, the TEA was used as a location and 

orientation reference. 

 

Table 2: Load profiles for each load case 

Load profiles for the different load cases 

Knee 

Flexion (°) 
Load case 

Muscle loads (N) 

rectus femoris / 

vastus intermedius 
vastus lateralis vastus medialis 

semimembranosus / 

semitendinosus 
Total Load 

12 
Walking 630 122 0 0 752 

Stair climbing 507 380 51 51 989 

30 
Walking 670 302 184 8 1164 

Stair climbing 1499 981 555 474 3509 

 

 

Mechanical test set-up 

Mechanical testing was performed using a previously described set-up (Kassi et al. 

2005), which was modified to apply the different load cases to the knee joint (Figure 24). 

Four servo-electric actuators (PowerCube Drive Unit 70-100, AMTEC GmbH, Berlin, 

Germany) generated the muscle forces that were transmitted to the muscles through 

synthetic fibre ropes (LIROS-Hiload, Rosenberger Tauwerk GmbH, Lichtenberg, 

Germany). The ropes were passed through pulleys attached to a custom-made traverse 

platform, to allow precise configuration of the three-dimensional directions of the muscle 

forces, the magnitudes of which were measured with force sensors (OCDZ-3kN, Wazau 

GmbH, Berlin, Germany). By controlling the size and position of the pulleys relative to 

the TEA, the moment arms of the muscles were also replicated in the set-up, facilitated 

by a 3D CAD model. The actuator, rope and sensor for each muscle force were 

configured in an independent closed-loop control unit. The lax muscle attachments were 

symmetrically loaded until the patellar tendon showed no apparent slack, so as to 
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provide a pre-loading tension. Regulated by the control unit, the actuators 

synchronously increased the muscle forces up to the target levels in a linear fashion, 

sustained them for a period of 5 s and then returned them back to initial levels. 

 

 

Figure 24: Experimental set-up: a) at 12°, b) at 30° knee flexion in a CAD environment, and c) the 

cadaver knee with attached optical markers, pressure sensor and muscle loading devices. 

 

Assessment of patellofemoral biomechanics  

Patellofemoral contact mechanics were assessed using an electronic pressure 

measuring sensor (K-Scan #4000, TekScan Inc., South Boston, MA). A new sensor foil 

was used for each knee. The sensors were conditioned and calibrated in a material 

testing machine (Zwick 1455; Zwick GmbH, Ulm, Germany) according to a published 

protocol (Wilson et al. 2003). The two pads of the sensor – one each for the medial and 

lateral facets of the trochlea – were then inserted into the joint and positioned onto the 

trochlea. The proximal and distal flaps of the pads were reinforced with transparent 

adhesive tape and then firmly pinned onto the femur. Care was taken to ensure optimal 

coverage of the joint surface, avoiding wrinkling and overlapping. The acquired raw data 

were processed with MATLAB (The MathWorks Inc, Natwick, MA) to calculate 

patellofemoral peak and mean pressure, contact area and the medial-lateral position of 

the centre of the force on the trochlea (CoF). 

The femur, tibia and patella were all instrumented with markers (Taylor et al. 2006) to 

measure joint kinematics with a motion capture system (Vicon, Oxford Metrics, UK) 

using three infrared cameras. After testing, CT scans of the samples were performed 

and surface reconstructions of the bones and markers were obtained, with the help of 

3D visualization software (AMIRA, Mercury Computer Systems Inc., MA, USA). After 

coordinate systems were defined for the femur and patella, patellar kinematics were 
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evaluated with the help of in-house software. Patellar motion was defined in terms of 

femoral and patellar body fixed axes, as previously suggested (Bull et al. 2002). Patellar 

shift was defined as the change in position of the patellar origin along the TEA. 

Consistent with radiographic evaluation (skyline view), patellar tilt was defined as the 

angle between the patellar medial-lateral axis and the projection of the TEA onto the 

transverse plane of the patella. 

Data analysis 

A Wilcoxon signed-rank test (p<0.05) was used to detect statistical differences between 

walking and stair climbing loads at 12° and 30° knee flexion (SPSS 14.0, SPSS Inc., 

Chicago, IL). 

 

Results 

Stair climbing vs. walking 

At 12° knee flexion, stair climbing loading resulted in no significant differences in mean 

pressure (p=0.069), contact area (p=0.123) and shift (p=0.093) compared to walking 

loads (Figure 25, Table 3). At this flexion angle, however, a significantly higher peak 

pressure (p=0.012) and a more lateral tilt (p=0.012) and CoF (p=0.012) were recorded 

for stair climbing loads compared to walking. At 30° knee flexion, stair climbing loads 

resulted in a significantly higher peak (p=0.012) and mean (p=0.012) pressure, a higher 

contact area (p=0.025) as well as a higher tilt (p=0.017). However, the medial-lateral 

CoF (p=0.674) and shift (p=0.575) did not differ significantly (Figure 26). 

 

12° vs. 30° knee flexion 

At 30° knee flexion, a significant increase of contact area (p=0.012) and a more medial 

CoF (p=0.012) and tilt (p=0.012) were observed for the walking loads compared to 12° 

knee flexion. Neither the peak (p=0.093) nor mean (p=0.575) pressure, however, nor the 

shift (p=0.123), differed significantly. For the stair climbing loads, both increased peak 

(p=0.012) and mean (p=0.012) pressures, as well as increased contact area (p=0.012), 

were found for the higher knee flexion angle. Furthermore, a more medial CoF (p=0.012) 

and tilt (p=0.012) were observed for stair climbing in higher flexion, while the values for 

shift (p=0.093) did not differ significantly between 12° and 30° knee flexion. 
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Figure 25: Comparison of patellofemoral mean and peak pressures, contact area, joint force, 

medial-lateral position of the centre of force on the trochlea (CoF), patellar shift and tilt between a 

walking and a stair climbing load case at 12° knee flexion. Representative data of pressure 

distribution, contact area and medial-lateral CoF on the trochlea are presented graphically for 

each load case. 
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Figure 26: Comparison of patellofemoral mean and peak pressures, contact area, joint force, 

medial-lateral position of the centre of force on the trochlea (CoF), patellar shift and tilt between a 

walking and a stair climbing load case at 30° knee flexion. Representative data of pressure 

distribution, contact area and medial-lateral position CoF on the trochlea are presented 

graphically for each load case. 
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Table 3: Results of patellofemoral contact mechanics and kinematics analysis: Median (Range) 

 

Results of patellofemoral contact mechanics and kinematics analysis: Median (Range) 

Knee Flexion 

(°) 

Load case Patellofemoral contact mechanics Patellar kinematics 

Mean pressure 

(MPa) 

Contact area 

(cm²) 

Joint Force 

(N) 

Peak pressure 

(MPa) 

CoF med./lat.α  

(mm) 

Lateral shift 

(mm) 

Lateral tilt 

(°) 

12 Walking 2.39 (1.63, 2.89) 1.48 (1.19, 

2.82) 

343  (242, 483) 6.19 (4.47, 7.21) 40.6 (33.3, 48.9) 6.0 (1.8, 16.1) 7.5 (-0.8, 11.8) 

Stair climbing 2.56 (1.51, 3.33) 1.52 (1.14, 

2.62) 

360 (229, 537) 7.05 (5.26, 9.54) 41.8 (34.6, 49.4) 6.4 (1.5, 16.2) 9.2 (-0.5, 13.1) 

30 Walking 2.28 (1.79, 3.39) 2.87 (2.19, 

5.16) 

735 (487, 925) 5.54 (3.29, 6.53) 35.7 (32.0, 46.4) 4.4 (0.9, 9.4) 1.9 (-1.9, 4.6) 

Stair climbing 5.40 (3.34, 6.89) 3.42 (2.22, 

6.00) 

1657 (1088, 2665) 11.85 (6.98, 

12.95) 

35.9 (33.2, 45.9) 4.5 (1.2, 10.0) 2.7 (-1.8, 8.0) 

α CoF: medial-lateral  position of the centre of force on the trochlea - higher values indicate a more lateral CoF 

 

Discussion 

 

This study aimed to investigate the contact mechanics in the intact patellofemoral joint, 

and specifically the interaction between musculoskeletal loading and patellofemoral 

biomechanics in healthy joints. It was hypothesized that, compared to level walking, stair 

climbing – an activity that places higher demands on the knee (Andriacchi et al. 1980; 

Costigan et al. 2002; Mason et al. 2008; Taylor et al. 2004) and that is associated with 

anterior knee pain (Dye 2005) – would deliver not only higher patellofemoral pressure, 

but also a more lateral force distribution on the trochlea and a more lateral shift and tilt 

at early knee flexion. Using an in vitro set-up to apply physiological-like quadriceps 

loading for walking and stair climbing, this study was able to verify these hypotheses for 

all parameters except for patellar shift. 

The results demonstrated that the mean patellofemoral pressure and contact area did 

not differ significantly between the walking and stair climbing loads at the initial 

engagement of the patella in the trochlea (12°) (Figure 25). Although this is reflected in 

the similar patellofemoral joint reaction forces for walking and stair climbing loads, the 

peak pressure was significantly higher for the stair climbing loads, indicative of a 

different force distribution. At the same time, stair climbing resulted in a more lateral 

force distribution on the trochlea and a more lateral tilt. This emphasises that the contact 

mechanics during stair climbing, characterized by the force distribution across the joint 



Biomechanical Analyses of the Intact Knee 

 

 

47 

and the kinematics of the patella, present a mechanically more challenging environment 

for the soft tissue structures of the joint. 

In further knee flexion (30°), with the patella completely engaged in the trochlea, the 

mean and peak patellofemoral pressures, the contact area and the tilt were higher for 

the stair climbing loads (Figure 26). This is attributable to the fact that the total muscle 

load applied in stair climbing was considerably higher – approximately three times as 

high as that for walking. Interestingly, the medial-lateral CoF did not differ. This suggests 

that the patellofemoral force distribution is less sensitive to changes in muscle loading 

after complete patellar engagement in the trochlea occurs. 

At initial patellar engagement in the trochlea, the sensitivity of both the patellar 

kinematics (tilt) and the force distribution (peak pressure and medial-lateral CoF) to 

changes in the muscle loading patterns under similar patellofemoral joint forces (Figure 

25) indicates the key role of muscle activity in determining patellofemoral biomechanics 

at early knee flexion. In cases of patellar instability, when the ability of the ligaments 

(Bicos et al. 2007) and the bony anatomy (Powers 2000) to stabilize the joint is reduced, 

muscle activity might be of even greater importance in the determination of 

patellofemoral contact mechanics and kinematics. The findings of this study therefore 

highlight the importance of considering functionally demanding physical activities, such 

as stair climbing, for clinically relevant analyses of patellofemoral biomechanics. 

A previous study reported, however, no statistical difference for the patellar position 

among three different loading patterns (sitting, squatting and constant load) at the same 

knee flexion angle (Sakai et al. 1996). Another study, comparing axial to multi-plane 

loading of the quadriceps, reported no differences in the induced tilt between the two 

loading conditions (Powers et al. 1998). A third study, which examined the influence of 

changing the direction of the axial quadriceps force, reported no impact on patellar 

movement (Nagamine et al. 1995a). In each of these studies, however, relatively low 

quadriceps forces (<300 N), were applied, due to the inability to transmit higher forces to 

the joint. This limitation of previous set-ups might explain the inability to differentiate the 

joint mechanics between different activities. Therefore, adequate loading of the 

patellofemoral joint seems to be a mandatory prerequisite for identifying pathological 

kinematic patterns associated with the patellofemoral pain syndrome, as also suggested 

in a recent in vivo study (MacIntyre et al. 2006). To provide adequate joint loading 

(Farahmand et al. 1998; Huberti and Hayes 1984; Sakai et al. 2000) a new muscle-

tendon fixation technique (Schöttle et al. 2009) was used in this study to ensure 

sufficient transmission of high force magnitudes.  
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Contact area was previously found to increase progressively with knee flexion (Eilerman 

et al. 1992; Hungerford and Barry 1979; Patel et al. 2003; Salsich et al. 2003) and with 

higher patellofemoral forces (Besier et al. 2005; Matthews et al. 1977; Mesfar and 

Shirazi-Adl 2005). The findings of the current study agree with both findings (Table 3). 

However, in the case of two knees (knees 3 and 6, Figure 26), only a marginal change 

in contact area was observed for stair climbing compared to walking, at 30° knee flexion 

(0.03 and -0.09 cm², respectively). Although the loads for stair climbing were 

approximately three times higher than for walking at this flexion angle, the unchanged 

contact area indicates that its maximum was already achieved in those two knees under 

walking loads. This can be attributed to the fact that the walking loads were already 

substantial, with a total muscle force of over 1100 N. A previous study in the feline 

patellofemoral joint suggested that there is a lower rate of increase in contact area in the 

high load spectrum (Clark et al. 2002). The current findings might further indicate that 

above a specific load level, a further increase in contact area is no longer possible. The 

change of patellofemoral contact area at the high end of the force spectrum should thus 

be further investigated to elucidate this interaction. 

The previously described general pattern of medialisation of the patellar tilt with early 

knee flexion (Katchburian et al. 2003) was corroborated by the results of the current 

study. A novel aspect revealed in our study was that this pattern was evident for both 

walking and stair climbing between 12° and 30° knee flexion, with a similar range of tilt 

medialisation in both activities (Table 3). Furthermore, this change in motion was 

accompanied by a medialising trend in the patellofemoral kinetics in the form of a more 

medial CoF, which was again observed in both activities. A general pattern of medial 

patellar shift, as described earlier (Ahmed et al. 1999; Amis et al. 2006; Nagamine et al. 

1995a; van Kampen and Huiskes 1990), was not evident from the results of this study. 

Our findings therefore indicate that a change in the medial-lateral CoF, even if 

accompanied by a change in patellar tilt, is not necessarily linked to a medial-lateral 

translation of the patella. 

Although physiological-like muscle loading was achieved in the current study, certain 

limitations should be mentioned concerning the loading conditions used, the test set-up 

and the sample size. The muscle loading was obtained from a numerical model which 

itself was based upon certain assumptions (Heller et al. 2001b). However, the muscle 

activity predicted by the model was shown to be in general agreement with typical 

muscle activity profiles (Sutherland 2001). Furthermore, validation of the contact forces 

calculated at the hip using this model against in vivo measured forces (Heller et al. 
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2001b) lends further credibility to the model’s prediction. Although muscle activation 

during a complete gait cycle is complex, and forces in hamstring muscles other than the 

semimembranosus and semitendinosus were also predicted by the model, only the latter 

muscles were modelled in vitro, since they provided the largest contribution to the knee 

joint forces. 

In order to safely and reproducibly apply the high loads with peak quadriceps forces in 

excess of 3000 N to the knee, the set-up enabled the computer-controlled, synchronous 

application of the muscle forces (Kassi et al. 2005; Schöttle et al. 2009). 

Whilst the contact mechanics of the patellofemoral joint certainly depend on the specific 

boundary conditions imposed upon the joint, the set-up accurately replicated the pose of 

the knee as measured during the gait analysis and the muscle loading to exert the 

extension forces acting at this instance of the cycle. Here, the precise application and 

regulation of the muscle forces in a quasi-static manner was favoured over allowing 

dynamic equilibrium to be obtained in a fully unconstrained manner. Even though such a 

set-up would be more physiological, the test protocol employed in the current study was 

considered to be both a crucial and necessary adaptation for the safe and reproducible 

application of muscle forces representative of the in vivo magnitudes experienced during 

walking and stair climbing. Whilst a major aim of this work was to provide realistic 

muscle loading conditions to the patellofemoral joint, the aim was not to fully reproduce 

the dynamics and kinematics of the entire knee joint for a complete gait cycle. The set-

up rather simulated pre-determined instances of the cycles as quasi-static, independent 

events. Furthermore, the set-up was not designed to allow a detailed analysis of the 

tibiofemoral joint load distribution, and the regulation of additional external forces was 

not part of the test protocol. Although under these high forces, the influence of further 

external forces was considered to have only a limited effect on the biomechanics of the 

patellofemoral joint, future studies should examine their additional influence. 

This study focused on the analysis of the conditions close to knee extension. However, 

not only did the peak forces during walking occur at early knee flexion, but also 

approximately 95% of the peak forces during stair climbing were reached at 30° of 

flexion (Taylor et al. 2004). Thus, the comparison at identical flexion angles of both 12° 

and 30° allowed the influence of challenging muscle loading conditions to be better 

isolated, minimized experimental error and, most importantly, represented two key 

instances of both the walking and stair climbing cycles. 
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A possible drawback of TekScan sensors is that the periphery of the contact area may 

not be recorded if the pressure is below the working threshold of the sensor. This did not 

limit comparisons between conditions within our study. The two pads of the pressure 

sensor (medial and lateral) enabled a conforming coverage of the concave surface of 

the trochlea. A possible minor overlapping of the pads in the central trochlea could thus 

have resulted in a slight overestimation of the contact area and forces. Furthermore, 

whilst a small proximal-distal alignment error between the two pads could not be 

excluded, this did not affect the medial-lateral CoF (Fig. 25 and 26). 

Due to the small sample size (n=8), ad hoc adjustments for multiple comparisons were 

not applicable, providing a descriptive character to the reported p values. In all but two 

cases where significant changes were observed, however, all eight knees followed a 

consistent trend, which was also reflected in the lowest possible p value for the given 

sample size (p=0.012). 

This study has demonstrated that stair climbing, as a more demanding activity, results in 

more challenging patellofemoral contact mechanics and kinematics compared to level 

walking at early knee flexion, as characterized by significantly higher patellofemoral 

pressure, a more lateral force distribution on the trochlea and a more lateral tilt of the 

patella. Higher patellofemoral pressure (Dye 2005; Felson 2004), more lateral force 

distribution (Doucette and Goble 1992) and higher tilt (Fulkerson 2002; Grelsamer 2000) 

have all been previously associated with patellofemoral pathologies. Not only did the 

findings of this study provide a possible biomechanical explanation for the association of 

stair climbing with patellofemoral pain, they also indicate that the use of in vitro set-ups 

that are capable of simulating physiological-like musculoskeletal loading seems to be of 

key importance for assessing surgically induced changes in patellofemoral joint 

kinematics and contact mechanics under clinically relevant conditions. These findings 

further indicate that the loading conditions in the patellofemoral joint, specifically under 

challenging activities such as stair climbing, should be included in analyses that aim to 

investigate the effects of femoral component malalignment in TKA.  

 



Biomechanical Analyses of the Intact Knee 

 

 

51 

2.4 In vivo assessment of collateral ligament function in the 
healthy knee 

König C, Matziolis G, Taylor WR, Sharenkov A, Graichen H, Hinterwimmer S, Duda GN, Heller 

MO. 2007, DGfB Jahrestagung 

 

Many post-operative complications in TKA are related to joint stability. However, there is 

little knowledge to date on the effects of femoral component malalignment on the 

function of the collateral ligaments. A suggested approach is to analyse the distance 

between the ligaments’ bony insertions (Park et al. 2005; Van de Velde et al. 2007). This 

initial analysis aims to characterize in vivo collateral ligament function in the healthy 

knee joint. 

 

Materials and methods 

 

MRT scans of the knee joints of 12 healthy volunteers were acquired at flexion angles of 

0°, 30° and 90°, under both passive and active muscle conditions (von Eisenhart-Rothe 

et al. 2004). After image acquisition, semi-automated segmentation of the femur and 

tibia was performed, based on a grey-value oriented region-growing algorithm 

Figure 27: Collateral ligament 

function was derived using 3D 

models of the ligaments 

reconstructed from the Visible 

Human dataset (upper left). 

Landmarks were placed to 

define the proximal (blue) and 

distal (yellow) insertion sites of 

the lateral (upper middle) and 

the medial (upper right) 

collateral ligaments. Joint 

kinematics were obtained from 

MRI images at 0°, 30° and 90° 

knee flexion (bottom) 
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(Bringmann et al. 2000). Using a marching cube algorithm, surface models of the bony 

structures were created, to derive in vivo joint kinematics. Landmarks were placed at the 

insertion sites of both the lateral (LCL) and the medial (MCL) collateral ligaments, using 

data augmented by high-resolution colour images of the Visible Human dataset (Spitzer 

et al. 1996). These landmarks were transferred to each subject, using the individual 

length of the transepicondylar axis as a patient-specific scaling factor. The landmarks 

were then transformed from the 0° tibial datum into the 30° and 90° flexed positions, 

using transformation matrices obtained by registering the femur using an iterative 

closest point transform algorithm (Besl and McKay 1992) implemented within the 

visualization and volume modelling software, AMIRA (Mercury Computer Systems Inc., 

MA, USA) (Figure 27). In the anterior and posterior regions of the MCL and the LCL, the 

distance between the ligament attachment sites (DA) was evaluated for the 30° and 90° 

positions relative to the straight knee. A Wilcoxon test was performed to detect 

significant differences in DA during flexion and to find differences in DA characteristics 

between the regions of the ligament.  

 

Results 

 

A significant difference (p<0.05) was observed in the DA between the anterior and 

posterior regions of the LCL and the MCL throughout flexion (Figure 28). The LCL DA 

progressively decreased for both active and passive knee flexion. Whilst no difference 

was observed in the anterior region until 30°, a statistically significant decrease was 
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Figure 28: Average change in 

the distance between the 

ligament attachment sites (DA 

in %) of the LCL (black) and 

the MCL (green) relative to the 

straight-legged (0°) datum. 

Circles indicate the anterior 

portions of the ligament, 

triangles the posterior portions. 

Dashed lines represent the 

passive and solid the active 

knee flexion. 
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seen between 30° and 90°. For active flexion, the DA change for the anterior portions  

(-0.8±2.7% and -8.1±5.4% at 30° and 90° respectively) was less than for the posterior 

portions (-7.1±3.4% and -20.7±8.5%) 

 

Discussion  

The in vivo data for healthy knees presented in this study define a reference for ligament 

characteristics during both passive and active flexion. Their accepted role as stabilizers 

in the extended knee was underlined by a reduced DA in most of the ligament regions 

with increasing flexion. The anterior parts of the MCL, however, showed an increased 

DA with increasing flexion, possibly resisting anterior tibial loads (Sakane et al. 1999). 

The application of the methodology presented in this study can help provide a better 

understanding of the conditions in patients undergoing TKA. 
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3  THE EFFECT OF JOINT LINE ELEVATION ON JOINT 

CONTACT FORCES 

König C, Sharenkov A, Matziolis G, Taylor WR, Perka C, Duda GN, Heller MO. 2010, J Orthop 

Res. 2010 Jan;28(1):1-5. 

 

 

This chapter describes the adaptation of the musculoskeletal models to the conditions 

after a total knee replacement is described. These models are then utilized to analyse 

the effects on the joint contact forces of the elevation of the joint line – a specific 

malalignment of the femoral component that has been associated with post-operative 

complications. 
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3.1 Introduction 

 

The influence of an elevated joint line on the post-operative outcome of total knee 

arthroplasty (TKA) remains a controversial topic. Although several studies have found 

no correlation between joint line elevation and clinical outcomes (Bellemans 2004; Ritter 

et al. 1999; Selvarajah and Hooper 2009), others have linked an elevated joint line to 

inferior clinical and functional results (Chiu et al. 2002; Figgie et al. 1986; Laskin 1998; 

Martin and Whiteside 1990; Partington et al. 1999; Porteous et al. 2008). In particular, it 

was found that joint line elevation can be associated with patellofemoral problems 

(Laskin 1998), lower knee scores (Figgie et al. 1986; Partington et al. 1999; Porteous et 

al. 2008), limited knee flexion capability (Chiu et al. 2002) and mid-flexion joint instability 

(Martin and Whiteside 1990) – all factors that can lead to revision surgery. Even though 

restoration of the joint line in primary and revision TKA seems to be possible within an 

accuracy of 5 mm (Mahoney and Kinsey 2006; Rouvillain et al. 2008; Wyss et al. 2006), 

recent studies have shown that, despite the possible clinical complications associated 

with a joint line elevation, the joint line remains elevated by more than 5mm in over 36% 

of revised TKAs (Laskin 2002; Porteous et al. 2008). Besides difficulties in estimating 

the physiological location of the joint line (Laskin 2002) and an overly cautious tibial 

resection (Grelsamer 2002; Laskin 2002), a common reason for an elevated joint line is 

the way in which distal femoral bone loss is managed in revision situations (Bellemans 

2004; Laskin 2002; Porteous et al. 2008). While the joint line can be restored using 

femoral augments (Bellemans 2004; Laskin 2002), this procedure produces additional 

implant costs, for the augments as well as the associated stem. Addressing distal and 

posterior femoral bone loss with a proximalization and undersizing of the femoral 

component is therefore common (Bellemans 2004; Scuderi and Insall 1992). However, 

the necessity to fill the resulting larger flexion or extension gaps with a thicker insert 

leads to an elevated joint line (Laskin 2002; Porteous et al. 2008). 

To date, the effect of an either intended or unintended joint line elevation on knee 

biomechanics, and in particular on the loading conditions at the joint, has received little 

interest. Increased joint loading is thought to have an influence on the development of 

osteoarthritis (Wu et al. 2000), and has been related to both pain (Dye 2005; Dye et al. 

1998; Grana and Kriegshauser 1985; Heino Brechter and Powers 2002) and the wear 

rate of polyethylene inserts (Estupinan et al. 1998) after TKA. Altered contact forces that 

are induced by changing the joint line position in TKA are therefore likely to have an 
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effect on the post-operative outcome. In the broad spectrum of human motion, these 

altered contact forces would have the largest effect during activities that are physically 

challenging and frequently performed. Stair climbing is such an activity that already 

exposes the knee to considerable contact forces (Costigan et al. 2002; D'Lima et al. 

2005b; Taylor et al. 2004). Any further increase to the contact forces may lead to 

overloading conditions in the joint, possibly contributing to the increased incidence of 

post-TKA patellofemoral pain during this activity (Mayman et al. 2003). In addition, 

prevalent daily activities such as normal walking (Morlock et al. 2001) may be subject to 

the risk of permanent overloading, which can increase polyethylene wear and contribute 

to aseptic loosening of the implants. 

Understanding the biomechanical situation after joint line elevation, in walking and stair 

climbing activities, is an important step towards comprehending the role that restoration 

of the joint line plays in the clinical outcome, and for determining whether surgical 

procedures that cause a joint line elevation should be avoided. The aim of this study 

was therefore to analyse the effects of an elevation of the joint line on the tibio- and 

patellofemoral joint contact forces during stair climbing and normal walking. 
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3.2 Methods 

 

Musculoskeletal model 

To calculate joint contact forces, we used a previously validated musculoskeletal model 

of the human lower limb (Bergmann et al. 2001; Bergmann et al. 1988; Heller et al. 

2001b). Locations of the joint contact forces and muscle attachments were determined 

by scaling a computer model of the human lower limb to match each subject’s anatomy. 

Muscles were modelled as straight lines spanning between the origin and insertion, and 

bony wrapping points were introduced where necessary to represent a more realistic 

curved path of the muscle. The physiological cross-sectional area of each muscle was 

obtained from the literature (Brand et al. 1986; Duda et al. 1996) and scaled to the 

patients’ body weights (Heller et al. 2001b). Intersegmental resultant forces were 

calculated by an inverse dynamics approach using measured ground reaction forces 

and gait data from four subjects. Since tracking of the patella was not possible during 

gait analysis, the motion of the patella was derived from an in vitro simulation of a 

complete flexion-extension cycle (Durselen et al. 1995) of an intact knee joint and 

integrated into the musculoskeletal model. 

To calculate the joint contact forces, quasi-static optimization was performed with the 

goal of minimizing the sum of the square of the muscle stresses (Taylor et al. 2004). The 

sum of all muscle forces acting on a joint, 

together with the intersegmental resultant forces 

from the inverse dynamics analysis, defined the 

joint contact forces. Specifically at the patella, the 

patellofemoral joint contact forces were the sum 

of the forces of the patellar ligament and the 

muscle forces that were calculated for the vastus 

medialis, vastus lateralis, vastus intermedius and 

the rectus femoris. Instrumented femoral 

prostheses in the same four subjects gave 

access to in vivo hip contact forces during normal 

walking and stair climbing activities, allowing the 

validation of the calculated joint contact forces at 

the hip (Bergmann et al. 2001; Bergmann et al. 

1988; Heller et al. 2001b). 

Figure 29: CAD model of the 

assembled ultra-congruent implant 

used in the study consisting of the 

femoral component, the tibial insert 

and the tibial component (Aesculap 

Columbus UC) 
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A TKA with an ultra-congruent, fixed bearing and cruciate sacrificing implant design 

(Figure 29) (Columbus UC, Aesculap AG, Tuttlingen, Germany) was virtually performed 

on the musculoskeletal models of the same four subjects, to simulate the post-operative 

anatomy and allow surgical variation to be investigated. CAD models of the tibial and 

femoral components were orientated in the sagittal, coronal and axial planes according 

to standard surgical procedures (Figure 30) using visualization and volume modelling 

software (AMIRA, Mercury Computer Systems Inc., MA, USA). The correct sizing and 

positioning of the components was supervised by an experienced orthopaedic surgeon 

(GM). 

 

Kinematic adaptation 

In the original study, a clinical gait analysis was performed to capture the lower limb 

kinematics for walking and stair climbing activities (Heller et al. 2001b). To adapt this 

kinematic data to a post-TKA situation, a generic kinematic model of tibiofemoral motion 

based on the geometry of the ultra-congruent prosthesis’ articulating surfaces was 

developed in the sagittal plane.  

Tibiofemoral kinematics were modelled using three flexion angle-dependent rotation 

axes. The locations of these axes were determined by creating sagittal cross-sections of 

the femoral component in the centre of each condyle. Three arcs were fitted in each the 

medial and lateral articulating contour (NX3, Siemens PLM Software) (Figure 31). The 

axis connecting the corresponding medial and lateral centres of these arcs defined the 

flexion axes. The first axis defined the component rotation from hyperextension up to 

17° knee flexion, at which point the radius of the second took over from 17° to 52°, and 

likewise the third from 52° to maximum flexion. To determine the complete tibiofemoral 

kinematics during walking and stair climbing, this kinematic model was then driven using 

Figure 30: Virtual TKA surgery 

using 3D surface models of the 

tibia and the femur, as well as 

CAD models of the tibial and 

femoral components. 
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the knee flexion angles determined from the gait analysis data. For both activities, 

adaptations in tibiofemoral kinematics were reflected in the hip joint, whilst the ankle 

joint was not affected.  

 

  

The virtual TKA aimed to provide an optimal anterior-posterior position of the femoral 

component and to avoid varus-valgus or internal-external rotation errors. Under these 

conditions, the trochlear groove of the femoral component with a sulcus angle of 7° was 

considered to closely approximate the natural trochlea. The patellar kinematics of the 

intact knee was therefore considered to provide a good first approximation of the post-

operative situation. 

 

Variation of the joint line 

Loss of bone stock in the distal femur, a too-small tibial resection, or the use of a too-

thick inlay – all situations resulting in joint line elevation – were simulated by modifying 

the cranial-caudal position of the femoral and tibial prosthesis components and the size 

of the inlay. The anatomical femoral and tibial axes were used as a reference for the 

respective component translations. A joint line distalization was also simulated by 

distalizing both the femoral and tibial components. Leg length was not altered in the 

process. 

Figure 31: Cross-sectional view of a femoral 

component (Columbus UC, Aesculap AG, 

Tuttlingen, Germany). Centres of circles that were 

fitted to the articulating surfaces on the medial and 

lateral condyle defined the flexion axes of the 

femoral component. 
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The joint line was distalized 5 mm from its anatomical location, as well as being elevated 

by 10 and 15 mm (Figure 32). The length of the ligamentum patellae remained 

unchanged, thus creating a pseudo patella baja in the case of an elevated joint line 

(Grelsamer 2002). 

 

Figure 32: The joint line level was simulated between a 5 mm distalization (left), the anatomical 

reconstruction (centre) and up to 15 mm elevation (right). 

 

Joint contact forces 

Patellofemoral and tibiofemoral joint contact forces were calculated for repeated trials of 

Figure 33: Joint contact forces after 

total knee arthroplasty were 

calculated using a validated 

musculoskeletal model for instances 

of stair climbing (displayed) and 

normal walking. 

-5mm anatomical reconstruction +15mm 
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normal walking and stair climbing for all four subjects and all joint line variations, using 

inverse dynamics and optimization algorithms incorporated in the musculoskeletal model 

(Heller et al. 2001b; Heller et al. 2007b) (Figure 33).  

Using the condition of an anatomically reconstructed joint line as a reference for the 

situations with an altered joint line, the time-point at which the peak contact force 

occurred was identified within each activity cycle and the maximal deviations in contact 

force were determined for all subjects at all altered joint line levels. A Student’s t-test 

was performed to verify the reproducibility of the calculated contact force deviations 

within the repeated trials of each individual subject. Significance was assumed at 

p<0.05. 
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3.3 Results 

 

Elevating the joint line increased the contact forces in both the patello- and tibiofemoral 

joints in almost all cases (Figures 34, 35). The patellofemoral joint was more affected 

than the tibiofemoral joint, and in both joints, stair climbing caused a larger increase in 

contact force than walking.  

A joint line elevation of 10mm caused an increase in the patellofemoral joint contact 

force of 60% of the subject’s body weight (BW) during stair climbing and 30% BW during 

normal walking. At the tibiofemoral joint, only a slight increase of less than 10% BW was 

observed in both activities. A further elevation of the joint line from 10mm to 15mm only 

minimally affected the tibiofemoral joint in either activity, with an additional increase in 

the contact force of less than 6% BW. In the patellofemoral joint, however, this additional 

joint line elevation further increased the contact forces by about 30% BW during stair 

climbing, resulting in a total increase of 90% BW relative to the anatomically 

reconstructed joint line. During normal walking, the additional joint line elevation 

increased the patellofemoral contact forces by about 10% BW, resulting in a total 

increase of 40% BW.  

 

Figure 34: Exemplary patellofemoral joint contact force pattern during a cycle of normal walking, 

calculated for one patient (thick solid line). The contact forces were recalculated after simulating 

joint line elevations of 10 and 15mm (dashed lines) and a joint line distalization of 5mm (thin solid 

line). 
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Distalizing the joint line by 5mm reduced the contact forces in both the tibio- and 

patellofemoral joints. The tibiofemoral contact forces during normal walking and stair 

climbing, however, were only minimally affected, being reduced by less than 6% BW. A 

larger effect was seen in the patellofemoral joint, where a 5mm joint line distalization 

resulted in a reduction of contact forces of 11% BW during normal walking and up to 

30% BW during the stair climbing activity. 

At the same joint line levels, there were consistent findings for contact forces in all 

repeated trials of the individual subjects and between the individual subjects (p<0.05). 

 

 

Figure 35: The average changes and the respective standard deviations in the patellofemoral and 

tibiofemoral contact forces of four subjects, caused by a distalization (green bars) or elevation 

(yellow and red bars) of the joint line, shown in multiples of body weight (BW) relative to the 

contact forces in the situation of an anatomically reconstructed joint line. 
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3.4 Discussion 

 

Recent studies have shown that in more than 36% of all revision TKAs, the joint line 

remains elevated by more than 5mm (Laskin 2002; Porteous et al. 2008). Although 

clinical observations have indicated that an elevation of the joint line is associated with 

inferior clinical results (Figgie et al. 1986; Laskin 1998; Laskin 2002; Partington et al. 

1999; Porteous et al. 2008), the effects of joint line elevation on knee biomechanics 

remain relatively unknown. However, this knowledge is essential for understanding the 

observed inferior clinical results. For the first time, we have shown that elevating the 

joint line can lead to an increase in joint contact forces in both the tibio- and 

patellofemoral joints during walking and stair climbing – activities prevalent in daily living 

(Morlock et al. 2001) and known to expose the knee to considerable internal loading 

(Costigan et al. 2002; D'Lima et al. 2005b; Taylor et al. 2004). 

The patellofemoral joint was particularly affected during stair climbing activities, in which 

the contact forces increased by more than half of a patient’s body weight (60% BW) at 

10mm of joint line elevation – a displacement that can commonly occur in revision 

surgery (Partington et al. 1999). An even more pronounced increase in contact forces 

was observed when the joint line was further elevated to 15mm: during stair climbing, 

our calculations showed patellofemoral joint contact forces of up to 90% BW more than 

the contact forces that occur in an anatomically reconstructed knee. Thus, a patient of 

85kg could experience an increase in patellofemoral contact forces of up to 750N. 

Increased forces at the patellofemoral joint were also observed during walking, although 

the contact force increase was always less than during stair climbing. However, due to 

the prevalence of walking (Morlock et al. 2001), even the 30% BW increase calculated 

at 10mm joint line elevation further contributes towards a considerable and constant 

overloading situation in the load-bearing structures. Overloading of the patellofemoral 

joint can increase the risk of patellar degeneration and can also put a patellar 

replacement at risk of early failure due to an increased wear rate of the polyethylene 

insert (Estupinan et al. 1998). 

Overloading conditions have also been associated with pain in several studies (Dye 

2005; Dye et al. 1998; Grana and Kriegshauser 1985; Heino Brechter and Powers 

2002). While a number of other factors, such as instability or patellar overstuffing can 

also contribute to anterior knee pain, the results of our analyses indicate that the 

clinically observed complications in patients with an elevated joint line (Chiu et al. 2002; 
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Figgie et al. 1986; Martin and Whiteside 1990; Partington et al. 1999; Porteous et al. 

2008) may well be linked to the increase in patellofemoral contact forces. Specifically, 

Porteous and co-workers (Porteous et al. 2008) reported that patients with a joint line 

elevated by more than 5mm had a lower Bristol Knee Score – a score that has a high 

sensitivity to pain levels. A study by Figgie and co-workers (Figgie et al. 1986) showed 

that joint line elevation correlated with lower functional knee scores, patellofemoral pain 

and the need for revision. Avoiding an elevation of the joint line and thus avoiding an 

overloading of the load-bearing structures in the knee may therefore be crucial for 

further improving the post-operative outcome in revision TKA.  

Even though direct measurements of in vivo loading conditions in the knee have been 

performed previously (D'Lima et al. 2005a; Heinlein et al. 2007; Wallace et al. 1998; 

Wasielewski et al. 2005; Zhao et al. 2007), a study of anatomical variation such as the 

elevation or distalization of the joint line in an individual is not possible in vivo. The 

approach used in this study, utilizing validated musculoskeletal models, is an 

established procedure to gain information about the loading conditions in structures that 

are barely accessible for in vivo measurements, and also to investigate the effects of 

anatomical variations (Heller et al. 2001a; Heller et al. 2003). 

Several studies have investigated tibiofemoral kinematics after TKA (Dennis et al. 2003; 

Dennis et al. 2004; Nilsson et al. 1990; Zihlmann et al. 2006). However, no general 

kinematic patterns have been identified so far. Dennis et al. (Dennis et al. 2003; Dennis 

et al. 2004) showed that post-operative kinematics depend upon the implant type used 

and on the surgeon performing the surgery. To allow standardization and comparative 

results, a geometric approach was chosen for this study, to derive a generic kinematic 

pattern for the ultra-congruent, fixed bearing prosthesis design. Whilst this modelling 

approach of describing tibiofemoral kinematics in the sagittal plane reflects the guiding 

characteristics of this specific prosthesis design, a certain variation of this generic 

kinematic pattern is likely to occur in vivo (Dennis et al. 2004). 

The sensitivity of the patellofemoral joint contact forces to the joint line location, as 

shown in this study, highlights the importance of carefully considering joint line 

reconstruction, especially in revision TKA. The results from this study indicate that an 

elevated joint line, creating a pseudo patella baja (Grelsamer 2002), can expose the 

patient's patellofemoral joint to unphysiologically high contact forces, and thus expose 

the patient to a high risk of developing clinical and functional problems. Orthopaedic 

surgeons should therefore be aware of the procedures in TKA that may lead to an 

elevated joint line (Bellemans 2004; Figgie et al. 1986; Scuderi and Insall 1992). Our 
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data suggests that distal femoral defects should be addressed with augmentation 

(Bellemans 2004) rather than proximalizing and undersizing the femoral component and 

using a thicker tibial insert. Since errors in joint line reconstruction have a significant 

impact on joint contact forces, the correct level of the tibial resection (Grelsamer 2002; 

Laskin 2002) should be verified using robust methods to identify the location of the 

natural joint line (Mason et al. 2006; Rouvillain et al. 2008). Especially in revision 

situations, navigation systems could be of great benefit in assisting the surgeon to 

restore the natural joint line. 

In conclusion, the contact forces in the knee, particularly in the patellofemoral joint, are 

sensitive to joint line reconstruction. Elevating the joint line in revision TKA can increase 

the joint contact forces and should be therefore avoided where possible, in order to 

minimize the risk of biomechanically induced post-operative complications. 
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4 THE EFFECT OF JOINT LINE ELEVATION ON 

COLLATERAL LIGAMENT FUNCTION IN MID-FLEXION 

AFTER TKA 

König C, Matziolis G, Sharenkov A, Perka C, Duda GN, Heller MO 2010. Med Eng Phys (cond. 

accepted) 

 

 

In addition to the complications in TKA that might be associated to with increased joint 

contact forces, a large proportion of TKA revisions are stability-related. With the 

collateral ligaments as the main remaining soft-tissue stabilizers in the post-operative 

joint, successful total knee replacement with non- or semi-constrained implants depends 

on the ligaments’ functional integrity after joint replacement. A model to evaluate 

ligament function in the joint after total knee arthroplasty is introduced in the following 

chapter.  

To specifically address “mid-flexion” instability – an instability phenomenon with 

speculated links to an elevation of the joint line – this model is then used in combination 

with the model established in chapter three, allowing the simulation of femoral 

component malalignment. 
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4.1 Introduction 

 

Careful balancing of the soft tissue stabilizers is essential for the success of total knee 

arthroplasty (TKA) (Pape and Kohn 2007; Peters 2006; Whiteside 2002). Particularly in 

non- or semi-constrained implants, the lateral collateral ligament (LCL) and the medial 

collateral ligament (MCL) ensure the knee’s varus / valgus stability, while the MCL also 

resists external rotation and anterior–posterior translation (Gardiner et al. 2001; Harfe et 

al. 1998). Even though gap- and ligament balancing techniques have been established 

to create a stable joint in extension and flexion (Dorr and Boiardo 1986; Insall et al. 

1985; Krackow and Mihalko 1999; Peters 2006; Whiteside 2002), joint stability-related 

problems account for a significant portion of TKA revisions (Fisher et al. 2007; Gioe et 

al. 2004; Yercan et al. 2005). 

The instability in mid-flexion (MFI) is one of these problems and it has not been fully 

understood so far. Even knees that have been carefully balanced in extension and at 

90° flexion can exhibit MFI. An elevation of the joint line (JLE) in the course of TKA is 

one of the reasons that have been discussed to cause MFI (Martin and Whiteside 1990; 

Parratte and Pagnano 2008). 

An interesting approach towards a better understanding of MFI is the work of Amis and 

co-workers (Amis and Zavras 1995). In the context of the length change patterns of the 

cruciate ligaments during knee flexion they reported that the location of the cruciate 

ligaments’ femoral attachment sites relative to a femoral flexion axis significantly 

influences the length change patterns of these ligaments (Amis and Zavras 1995). 

Since JLE is altering the knee’s flexion axis relative to the location of the collateral 

ligaments’ femoral attachment sites, it is therefore likely that JLE can induce an altered 

lengthening or shortening characteristics of the collateral ligaments throughout flexion as 

well (Churchill et al. 1998; Nietert 1977).  

Computer modelling opens the possibility to systematically study the influence of 

selected parameters and has the advantage that it can further be applied to a number of 

subjects. Specific musculoskeletal models can thus be utilized to investigate whether 

JLE results in a distance decrease between the femoral and tibial collateral ligament 

attachment sites in mid-flexion relative to the reconstructed joint. Such a finding could 

then indeed provide an explanation for MFI.  
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We hypothesised that JLE and the subsequent change in the position of the femoral 

collateral ligament attachment sites relative to the femoral articulating surface alters the 

length change patterns of the collateral ligaments during knee flexion, specifically in mid-

flexion. The aim of this study was therefore to analyze the length change patterns of the 

collateral ligaments during knee flexion for situations of JLE after TKA in order to assess 

whether JLE can indeed contribute to mid-flexion instability. 
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4.2 Methods 

 

Musculoskeletal model 

The computer model that formed the basis for this study was derived from the Visible 

Human (VH) CT dataset (Spitzer et al. 1996) and data from the literature (Duda et al. 

1996), containing bony structures, muscles and simplified representations of the 

ligament insertion sites of the lower limb (Heller et al. 2001b).  

To analyse the length change 

patterns of the collateral ligaments 

during knee flexion, the 

musculoskeletal model now needed 

to be complemented with a more 

detailed description of the collateral 

ligaments. We therefore used the 

high resolution colour images 

(resolution 0.32 x 0.32 x 1 mm) from 

the same VH dataset that was used 

to create the reference 

musculoskeletal model. In these high-

resolution colour images, soft tissue 

structures were identified (Amis et al. 

2003; Otake et al. 2007; Putz et al. 

2007; Robinson et al. 2004a; 

Robinson et al. 2004b; Seebacher et 

al. 1982), allowing the 3D modelling 

of the medial and lateral collateral ligaments by using 3D visualization and volume 

modelling software (Amira, Visage Imaging, Inc., San Diego, CA) (Figure 36). In the 

combined 3D models of the tibia, femur and the collateral ligaments, the bony 

attachment sites of the medial and lateral collateral ligaments were each modelled as 

five portions, to better characterize their functional behaviour throughout knee flexion. 

The origin and insertion of each portion was marked with landmarks (Figure 37)(Amis et 

al. 2003; Otake et al. 2007; Park et al. 2005; Putz et al. 2007; Robinson et al. 2004a; 

Figure 36: The medial and lateral collateral 

ligaments (here displayed together with the 

cruciate ligaments) were modelled using high-

resolution cross-sectional images of the Visible 

Human dataset. 



The Effect of Joint Line Elevation on Collateral Ligament Function 

 

 

73 

Robinson et al. 2004b; Seebacher et al. 1982). For the MCL, additional static wrapping 

points were defined at the proximal tibia.  

This now more detailed reference model was then adapted to match the anatomy of the 

four participating subjects by linear scaling (Heller et al. 2001b; Taylor et al. 2004). As a 

result of adapting the reference models’ femur and tibia using subject-specific scaling 

parameters, variation in the insertions of the knee ligaments across the four subjects 

was captured in the models. Subsequently, a virtual total knee arthroplasty, using an 

ultra-congruent, fixed bearing and cruciate-sacrificing implant design (Columbus UC, 

Aesculap AG, Tuttlingen, Germany), was performed on the same four musculoskeletal 

models (König et al. 2010). While the bone sizes of the four subjects varied somewhat 

as a result of the subject-specific scaling factors, a single implant size was found to be 

adequate for all four subjects when the virtual implantation was performed and verified 

by an experienced surgeon. 

 

 

 

Variation of the joint line 

JLE can result from a number of different conditions, for example, in the case of distal 

femoral bone loss, a too-small tibial resection, the use of a too-thick inlay, or 

combinations of these. For the current study, it was assumed that the tibial cut was 

adequate and JLE was a result of modifying the cranial-caudal position of the femoral 

component and the height of the inlay (König et al. 2010). According to the 

manufacturer’s recommendation, the femoral component was downsized with JLE. 

Figure 37: The medial and lateral collateral 

ligaments were each modelled as five portions, to 

better characterize their functional behaviour 

throughout flexion. To this end, the femoral origin 

and tibial attachment sites of the medial (left) and 

the lateral (right) collateral ligaments were marked 

with landmarks. For the MCL, static wrapping 

points were introduced at the proximal tibia. The 

current study focussed on the analyses of the 

most anterior and posterior ligament regions 

(thick lines). 



Chapter 4 

 

 

74 

Thus, the component’s anterior-posterior dimension was reduced by the same amount 

as the JL was elevated, in order to avoid the tightening of the flexion gap that would 

otherwise result from JLE. In this study, JLE of 5 mm and 10 mm were simulated. The 

leg length remained unchanged in all simulations. 

 

Kinematic adaptation 

To adapt the tibiofemoral kinematics of the four subjects to the post-operative situation, 

the motion of the implanted knee joint was driven by a kinematic model that reflected the 

geometry of the ultra-congruent prosthesis’ articulating surfaces (König et al. 2010). This 

model used three distinct axes of rotation to describe the relative positions of the 

components throughout the range of knee flexion and was constrained to motion in the 

sagittal plane. However, as a result of using three distinct flexion axes, the model also 

included the anterior-posterior motion that occurred with flexion. 

 

 

Collateral ligament length change 

To assess the length change in the anterior and posterior regions of the MCL and LCL, 

the distances between the landmarks representing these individual regions were 

analysed in both ligaments (Park et al. 2005; Van de Velde et al. 2007). Initially, in the 

anatomically reconstructed knee, the distance between the attachment sites (DA) was 

computed for all four subjects during knee flexion from 0° to 90°, using an increment of 

15°. The change in this distance relative to the extended knee (0°) position was then 

calculated. These calculations were repeated for all modifications of the JL as described 

above, resulting in a simulation of 12 cases in total (four subjects, three conditions 

each). Furthermore, at every analysed flexion angle, the DA changes that occurred 

during flexion with an elevated JL were compared to the DA changes in the anatomically 

reconstructed knee. 
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4.3 Results 

 

Anatomical reconstruction 

If the JL was anatomically reconstructed, the distance between the femoral and tibial 

attachments in the anterior MCL increased by 13.5±0.4%, compared to its reference 

length at extension, when flexing the knee from 0° to 90° (Figure 38). During the same 

knee flexion cycle, the MCL’s posterior regions experienced a distance decrease of 

8.1±1.1% relative to the reference length at full extension. In the anterior region of the 

LCL, the DA remained approximately constant, while the posterior LCL experienced a 

14.6±2.2% decrease in distance, compared to its reference length at full extension, 

when the knee was flexed to 90°. 

 

 

 

Figure 38: Length change patterns of the anterior (left) and posterior (right) regions of the medial 

(top) and lateral (bottom) collateral ligaments, as observed from extension to 90° of knee flexion. 

The dashed curve represents the anatomical reconstruction of the joint line, while the yellow and 

the red curve represent joint line elevations of 5 and 10 mm respectively. 
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Effect of JLE on DA relative to the anatomical reconstructed condition 

In the anterior MCL at 90° flexion, elevating the JL lead to a DA decrease in both, the 

5mm and 10mm JLE condition. Compared to the anatomical reconstructed condition at 

this flexion angle the DA decreased about 2.0±0.2% at 5mm JLE and 2.8±0.5% at 

10mm JLE. In the posterior MCL JLE also decreased the DA relative to the anatomical 

reconstructed condition. At 90° flexion this decrease was 1.2±0.4% at 5mm JLE and 

1.0±0.9% at 10mm JLE. 

In the LCL JLE also caused a DA decrease relative to the anatomically reconstructed 

conditions, but only at smaller flexion angles. Knee flexion beyond 60° caused a DA 

increase. At 90° flexion, the DA increase in the anterior LCL was 2.3±0.7% at 5mm and 

6.3±1.5% at 10mm JLE. In the posterior LCL at the same flexion angle a DA increase of 

3.7±1.0% and 9.1±2.1% was observed in the posterior LCL at 5 and 10mm JLE. 

In mid-flexion JLE resulted in a reduced DA in the anterior and posterior regions of both 

collateral ligaments relative to the anatomically reconstructed knee. In the anterior MCL 

the DA decreased about 4.0±0.1% at 10mm JLE and 45° knee flexion and was thus 

larger than the DA decrease observed at 90° flexion. In the posterior MCL the DA 

decrease was also more pronounced in mid-flexion than at higher flexion angles  

(-4.2±0.1% at 10mm JLE and 45° flexion). 

JLE in the anterior LCL resulted in a slight DA decrease in mid-flexion of 2.6±0.1% at 

10mm JLE and 45° flexion. The DA in the posterior regions of the LCL also decreased in 

mid-flexion (1.9±0.03% at 5mm and 3.0±0.1% at 10mm JLE, both at 45° flexion). 

 

Effect of JLE on DA relative to the extended knee 

Despite in mid-flexion the DA in the anterior MCL was reduced by JLE in comparison to 

the DA in the reconstructed condition, the DA did not get below the DA observed in the 

extended knee. In the anterior LCL the DA in mid-flexion at 10mm JLE got below the DA 

in extension (-2.1±0.6% at 30° and -1.0±1.1% at 45° flexion), while the DA at 5mm JLE 

was the same as in extension at 45° and -0.9±0.6% at 30°. 

In the posterior regions of the MCL and the LCL the DA was always found to be below 

the DA in the extended knee in both conditions: the anatomical reconstructed knee and 

after JLE. JLE however caused a further decrease in DA specifically in mid-flexion. 
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4.4 Discussion 

 

Even though gap and ligament balancing techniques are established elements in TKA, 

to create a stable joint in both static and dynamic conditions (Dorr and Boiardo 1986; 

Insall et al. 1985; Krackow and Mihalko 1999; Peters 2006; Whiteside 2002), stability-

related problems are still a major reason for a revision TKA (Fisher et al. 2007; Gioe et 

al. 2004; Yercan et al. 2005). It has been speculated that an elevated JL might 

contribute to mid-flexion instability (Martin and Whiteside 1990; Parratte and Pagnano 

2008). However, little is known on whether the elevation of the JL has an effect on the 

collateral ligaments – key passive stabilizers of the knee – specifically in mid-flexion. 

Using four musculoskeletal models of the lower limb in post-TKA condition (König et al. 

2010), we have demonstrated for an ultra-congruent implant design that an elevation of 

the JL resulted in a reduced distance between the attachment sites of the anterior and 

posterior regions in both collateral ligaments during mid-flexion, in comparison to the 

conditions observed for an anatomically reconstructed knee joint. However, despite this 

generally observed distance decrease in DA as a result of JLE, the anterior MCL still 

exhibited a distance increase between the attachment sites if compared to its reference 

length in extension. In the intact knee, the MCL is known to be tensed throughout flexion 

and to become tighter with progressive flexion (Van de Velde et al. 2007). The data of 

our study suggested that even in conditions of JLE after TKR, the MCL still displayed the 

characteristics of a tensed ligament in mid-flexion. The anterior LCL, which is taut 

throughout flexion in the intact knee (Gardiner et al. 2001), was also affected by JLE and 

experienced a distance decrease in mid-flexion, compared to the conditions of the 

anatomically reconstructed JL. But in contrast to the result for the anterior MCL, we 

found that the DA in the anterior LCL decreased even below the reference DA in the 

extended knee. However, even if the anterior LCL was just taut and not pre-tensioned in 

extension, and would therefore become slack as a result of the observed 2.1% DA 

decrease, a simplified calculation using an average ligament length of 60 mm and a 

knee width of 55 mm would suggest that such a small DA decrease would result in a 

potential increase in varus / valgus laxity of less than 1.5°. Our model further predicted 

that the posterior regions of both the MCL and LCL slacken with increasing knee flexion 

for an anatomically reconstructed knee – a finding that is consistent with the results of 

previous studies on the function of the collateral ligaments (Gardiner et al. 2001; Harfe 

et al. 1998; Robinson et al. 2004b; Van de Velde et al. 2007). In JLE conditions, this 
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effect of collateral ligament slackening was intensified in mid-flexion. However, as those 

fibres are already slack in the anatomically reconstructed joint, it is rather unlikely that 

an increased slackening of the posterior fibres would contribute to mid-flexion instability. 

JLE therefore did not seem to be a major contributor to mid-flexion instability when using 

the Columbus ultra-congruent prosthesis design. Nevertheless, while the observed 

alterations in collateral ligament length change patterns in cases of JLE could not be 

related to mid-flexion instability, they still may have an impact on the overall ligament 

function, and should therefore be the subject of further investigation. The generally 

observed decreased DA at lower flexion angles, and the additional decreased DA found 

in case of the MCL at higher flexion angles, may imply that fewer regions of the 

ligaments can contribute to load sharing, possibly increasing the risk of overloading 

within those remaining structures carrying the load. The anterior fibres of the LCL are 

thought to be taut in extension. Therefore, the DA increase observed as a result of JLE 

in the anterior LCL at higher flexion angles, with DAs that were even larger than the 

reference DA of the extended knee, may offer a possible cause for soft tissue 

complications. 

Further complications may also arise when the JL is moderately elevated and the 

femoral component is not downsized accordingly. Compared to the anatomically 

reconstructed joint, the DA in 90° for a JLE of 5mm increased in the anterior MCL by 

4.7±0.5% to a total of 18.2±0.5% and to a total of 9.9±0.8% in the anterior LCL (Figure 

39). Considering that the collateral ligaments are taut in extension (Gardiner et al. 2001; 

Harfe et al. 1998; Putz et al. 2007; Robinson et al. 2004b), it seems safe to assume that 

any further increase in DA would be linked to an increase in the ligament strain. It is 

therefore reasonable to assume that the DA increase observed in this study, specifically 

in the anterior MCL, is indicative of a strain increase in this portion of the ligament. While 

the absolute ligament strain cannot be determined with the methods presented here, it is 

very likely that, as a result of DA increases as large as 18%, JLE may cause strains in 

the ligaments that approach the magnitude of the maximum tensile strain of ligaments, 

reported to be between 13 and 17% (Butler et al. 1986; Quapp and Weiss 1998). 

Even though pre-operative lower limb kinematics for walking, stair climbing and knee 

bend activities were originally captured for the same four subjects using a gait analysis 

system (Heller et al. 2001b), no general post-operative in vivo kinematic patterns have 

yet been presented in the literature, allowing for an individual modelling of post-

operative kinematics (Dennis et al. 2003; Dennis et al. 2004; Nilsson et al. 1990; 

Zihlmann et al. 2006). Therefore the current study used a kinematic model that was 
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constrained to sagittal plane motion. By considering the specific geometry of the 

prosthesis components, the model also captured the anterior-posterior motion that 

occurred with flexion. While internal-external rotation was not included, preliminary 

fluoroscopic analyses performed in our lab indicate that there might indeed be only very 

little internal-external rotation occurring in vivo with such an ultra-congruent fixed 

bearing design. An isolated axial rotation of 5° would e.g. result in a DA increase of only 

approximately 0.3% (assuming an average ligament length of 60 mm, a knee width of 55 

mm and an eccentric rotation axis), and therefore considering full 3D motions would not 

seem to have a substantial effect on the results. 

While the knee kinematics were thus generic to the implant rather than subject-specific, 

the individual scaling of the musculoskeletal models reflected the anatomical variation in 

the relative positions of the ligament attachment sites with respect to the femoral 

component across the four subjects. Therefore, the models included essential subject-

specific variations in those musculoskeletal structures that were key for the present 

study. 

Observing the distance between ligament attachment sites to characterize the function 

of the ligaments (Park et al. 2005; Van de Velde et al. 2007) has the limitation that the 

zero-strain conditions of the ligaments are difficult to obtain (Harfe et al. 1998) and 

neither any initial strain within the ligament nor the condition of a slack ligament are 

considered. However, since the extended knee, in which the collateral ligaments are taut 

or strained (Gardiner et al. 2001; Harfe et al. 1998; Putz et al. 2007; Robinson et al. 

2004b) is used as a reference in this study, any assumptions on ligament strains would 

be under- rather than overestimated. 

Amis and co-workers (Amis and Zavras 1995) already emphasized the importance of 

the location of the ligament attachment sites relative to the femoral flexion axes, as the 

length change patterns of the ligaments are dependent on this relative position. Implant 

designs with different condyle radii and different sizing of the implant, as well as patient-

specific variation in the locations of ligament attachment zones, may further alter the 

ligament length change patterns in mid-flexion and warrant further investigation. 

The influence of the dynamics of the tibial wrapping points was not further analyzed in 

this study, since the main influence of JLE on the ligaments’ DA is the changing position 

of the femoral ligament attachments relative to the rotation axis of the femoral 

component. 
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In this study, we assumed that a well balanced knee was achieved for the reference 

implantation in all subjects, without requiring excessive soft-tissue management. 

Furthermore, in the specific cases of 5 and 10 mm JLE, the tightening of the flexion gap 

can be exactly compensated by an equivalent reduction of the femoral components’ 

anterior-posterior dimension through the implantation of a smaller prosthesis. In real life, 

the amount of JLE would not always exactly match the available implant sizes, and 

would thus most likely necessitate some additional soft tissue balancing. In practice, a 

surgeon would try to balance the soft tissues in both extension and 90° flexion during 

TKA by appropriate release techniques. However, the possibilities to accurately simulate 

these finer details of the surgical release techniques in silico are certainly limited.  

 

 

Figure 39: Length change patterns of the collateral ligaments for the conditions of joint line 

elevation and no downsizing of the femoral component. The graphs show the length change 

patterns for the anterior (left) and posterior (right) regions of the medial (top) and lateral (bottom) 

collateral ligaments, as observed from extension to 90° flexion. The dashed curve represents the 

anatomical reconstruction of the joint line, while the solid curve represents a joint line elevation of 

5mm. The horizontal dotted line represents an average value for the maximum tensile strain of 

the collateral ligaments as reported in the literature. 
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The conditions analyzed here therefore represent a rather specific situation for which no 

additional soft tissue balancing is required. However, by focusing the study on JLE 

values that could be matched by appropriate changes in the anterior-posterior implant 

dimension, the number of unknown parameters was minimized. This facilitated the study 

of the influence of JLE on the behaviour of the collateral ligaments under well controlled 

conditions, and was therefore considered an acceptable approximation of the clinical 

situation. 

In conclusion, our findings indicate that JLE, as hypothesised, did alter the length 

change patterns of the collateral ligaments during knee flexion. However, analysing the 

Columbus UC implant design, our findings did not support the idea that JLE is a major 

contributor to mid-flexion instability. 
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5 THE EFFECT OF COMBINED FEMORAL COMPONENT 

MALALIGNMENT ON JOINT CONTACT FORCES 

König C, Matziolis G, Sharenkov A, Taylor WR, Perka C, Duda GN, Heller MO. 2010, The Knee 

(manuscript in preparation) 

 

 

In chapter three it was shown that the cranial-caudal position of the femoral component, 

which defines the location of the joint line, has a significant influence on the contact 

forces acting at the knee. These findings provide a biomechanical explanation for the 

clinical observations that patients with an elevated joint line are likely to experience post-

operative complications. In a preliminary approach to assess stability-related 

complications it was shown in the previous chapter that a manipulated joint line alone 

does not seem to be a major contributor to such complications – specifically not in mid-

flexion, where instability is often clinically encountered but not yet fully explained.  

Having established the musculoskeletal models, which are now capable of analysing the 

effects of femoral component cranial-caudal malalignment on joint contact forces and 

ligament function, this chapter sets out to investigate a clinically more likely scenario, i.e. 

combined malalignment in all six degrees of freedom and its effect on the contact forces 

in the joint. Such a comprehensive analysis may help to understand which of the six 

malalignment parameters most strongly influence the contact forces and therefore 

require careful intra-operative monitoring. The knowledge gained from such analyses 

can then be used to identify more complex malalignment conditions that can lead to 

critically increased contact forces and should thus be avoided. 
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5.1 Introduction 

 

There is great interest in understanding the mechanisms leading to unsatisfactory 

clinical and functional results after total knee arthroplasty (TKA), with revision rates of up 

to 12% of all performed TKAs in a 10-year, and up to 18% in a 15-year follow-up (Attar 

et al. 2008; Burnett et al. 2004; Dixon et al. 2005; Hardeman et al. 2006; Ishii et al. 

2005; Mangaleshkar et al. 2002; Mayman et al. 2003). Several studies have shown that 

malalignment of the femoral component affects the post-operative outcome and can 

ultimately lead to revision (Akagi et al. 1999; Barrack et al. 2001; Berger et al. 1998; 

Catani et al. 2006; Choong et al. 2009; Dennis et al. 2001; Eckhoff et al. 1995; Hofmann 

et al. 2003; Insall et al. 2002; Jeffery et al. 1991; Lewis et al. 1994; Liau et al. 2002; 

Nagamine et al. 1995b; Romero et al. 2003; Sharkey et al. 2002; Takahashi et al. 1997; 

Wasielewski et al. 1994; Zihlmann et al. 2005).  

From the six degrees of freedom (DOF) in which femoral component malalignment can 

occur, it is known that e.g. an internal rotation of the femoral component of more than 3° 

can cause patellofemoral complications such as instability, limited range of motion and 

pain (Barrack et al. 2001; Berger et al. 1998; Hofmann et al. 2003)(Figure 40). Moderate 

external rotation is, however, not considered critical (Berger et al. 1998; Nagamine et al. 

1995b). The influence of flexion errors 

during femoral component placement have 

received little attention, while coronal plane 

malrotation (varus–valgus malalignment) 

has also been associated with poorer 

implant survival (Choong et al. 2009; Jeffery 

et al. 1991) and increased joint loading 

(Heller et al. 2003). A cranio-caudal 

malpositioning of the femoral component, 

which determines the location of the joint 

line, is observed relatively often, particularly 

in revision TKA (Partington et al. 1999), and 

was shown to contribute to post-operative 

functional and clinical deficits (Figgie et al. 

1986; König et al. 2010; Laskin 2002; 

Porteous et al. 2008).  

Figure 40: Post-operative radiological 

assessment of femoral component 

placement showing an internal rotation of 

6° relative to the transepicondylar axis 

(green line). Internal rotations of more than 

3° may led to complications (Barrack et al. 

2001; Berger et al. 1998; Hofmann et al. 

2003).  
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In most of these studies, however, only the effects of a single factor, i.e. malalignment in 

only one DOF, has been analysed. As yet, little is known of how clinically more likely 

scenarios of femoral component malalignment in more than one DOF affect the knee 

joint’s biomechanics – particularly the joint contact forces, which have been shown to 

affect the post-operative outcome (Dye 2005; Dye et al. 1998; Estupinan et al. 1998; 

Grana and Kriegshauser 1985; Heino Brechter 

and Powers 2002; Shelbourne et al. 1996; 

Skutek et al. 2001; Wu et al. 2000). Especially 

during physically challenging activities, such as 

stair climbing, the knee is exposed to significant 

contact forces (Costigan et al. 2002; D'Lima et al. 

2005b; Taylor et al. 2004) and any further contact 

force increase caused by femoral component 

malalignment could lead to overloading 

conditions in the joint (Figure 41). Understanding 

the effects of femoral component malalignment 

on the loading conditions in the knee is a basis to identify the most influential alignment 

parameters. The precise perioperative acquisition and monitoring of these parameters 

may then help to identify and also avoid possible overloading conditions. 

It was hypothesized that analysing individual femoral component malrotations or 

translations in just one DOF is insufficient to assess the effect of malalignment on the 

post-operative joint contact forces, and that a more extensive analysis of malalignment 

in all six DOF is necessary. Furthermore, it was hypothesized that the negative effect of 

an individual malalignment on joint contact forces can, in certain conditions, be 

compensated by the manipulation of the remaining alignment parameters. 

By investigating the effect of femoral component malalignment in more than one DOF on 

the joint contact forces in the tibio- and patellofemoral joints, during stair climbing and 

normal walking, the aim of this study was to determine the malalignment parameters 

that have the greatest influence on the joint contact forces. It was further sought to 

identify combinations of malalignment that can lead to critical contact force increases 

and which parameters should therefore be carefully monitored. 

Figure 41: Failed tibial polyethylene 

insert showing signs of intense 

mechanical destruction, indicative of 

an overloading condition in the knee. 
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5.2 Methods 

 

Musculoskeletal model 

Validated musculoskeletal models of four subjects, as described in more detail in the 

previous chapters, were used for the calculation of the tibio- and patellofemoral contact 

forces for walking and stair climbing. Prior to the calculations, these models were 

adapted to a post-TKA condition, by virtually performing a TKA with an ultra-congruent, 

fixed bearing and cruciate sacrificing implant design (Columbus UC, Aesculap AG, 

Tuttlingen, Germany), using visualization and volume modelling software (AMIRA, 

Mercury Computer Systems Inc., MA, USA). The prosthesis’ components were 

orientated in the sagittal, coronal and axial plane according to standard surgical 

procedures. An experienced orthopaedic surgeon (GM) supervised the correct sizing 

and implantation of the components. 

 

Simulation of femoral component malalignment 

Using the optimal TKA implantation as a reference, femoral component malalignment 

was simulated in the musculoskeletal model of each subject. The position and the 

orientation of the implant were varied in all six DOF within a clinically likely range, which 

was defined with reference to the literature (Bankes et al. 2003; Barrack et al. 2001; 

Berger et al. 1998; Catani et al. 2006; Figgie et al. 1986; Hofmann et al. 2003; Jeffery et 

al. 1991; Laskin 2002; Partington et al. 1999; Porteous et al. 2008; Zihlmann et al. 2005) 

and confirmed by a group of experienced surgeons. 

Joint line variation was simulated by modifying the cranial-caudal position of the femoral 

and tibial prosthesis components relative to the anatomical femoral and tibial long axes 

defined in the musculoskeletal model (Heller et al. 2001b). The size of the inlay was 

adjusted accordingly. To avoid a too-tight flexion gap under elevated joint line 

conditions, the femoral component was downsized according to the manufacturer’s 

recommendation. The joint line was modified from the reference position to 10 mm 

distalization and 10 mm elevation using a step size of 1 mm. The leg length and the 

length of the ligamentum patellae remained unchanged. The medio-lateral and the 

antero-posterior variations of the femoral component placement were simulated by 

varying the position of the component in these directions, alongside the corresponding 

femoral axes, by up to 5mm in each direction, in steps of 2.5 mm. 
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The flexion-extension of the femoral component was altered by 5° towards extension 

and 5° towards a more flexed orientation. Here, the component was rotated in the 

sagittal plane about the prosthesis’ medio-lateral axis. A malalignment in the frontal 

plane was simulated by rotating the femoral component 10°, in varus and valgus 

directions, about the component’s antero-posterior axis. The rotation of the femoral 

component in the axial plane was varied up to 5° external and 10° internal rotation 

relative to its orientation in the reference TKA. Here the femoral component’s superior-

inferior axis was used as rotation axis. All rotations were simulated using a step size of 

2.5°. The range of the simulated femoral component placement is summarized in table 4 

and illustrated in figures 42a and 42b. 

 

Table 4: Simulated femoral component malalignment ranges and increments. 

 

Cranial- 

Caudal 

Position 

Medio-

Lateral 

Position 

Antero-

Posterior 

Position 

Flexion–

Extension 

Valgus-

Varus 

External-

Internal 

Rotation 

Simulated 

Range 
±10mm ±5mm ±5mm ±5° ±10° -5° to 10° 

Increment 1mm 2.5mm 2.5mm 2.5° 2.5° 2.5° 
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Figure 42b: Exemplary visualization of a simulated femoral component malalignment. The 

rotation in the axial plane was varied between 5° external rotation (left), the anatomical 

reconstruction (centre) and up to 10° internal rotation (right). 

 

Kinematic adaptation 

Lower limb kinematics for walking and stair climbing activities were captured in a clinical 

gait analysis by Heller and co-workers (Heller et al. 2001b). In chapter three, a reference 

kinematic model was introduced which - based on the geometry of the ultra-congruent 

prosthesis’ articulating surfaces - adapted this gait data to a post-TKA situation (König et 

al. 2010). In brief, three individual flexion axes were defined by the centres of three 

circles that were fitted to sections of the femoral component's articulating surface on the 

medial and lateral condyles. According to the flexion angles derived from gait analysis, 

the femoral component kinematics were now described by using the component’s 

flexion axes. Here it was assumed that the femoral component always achieved 

complete contact with the ultra-congruent tibial inlay.  

Figure 42a: The variation of femoral 

component placement was simulated 

in six degress of freedom (DOF): 3 

translational DOFs (green) and 3 

rotational DOFs (blue). 
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In the initial simulation of an optimal TKA, the groove of the femoral component was 

orientated with a sulcus angle of 7° and represented a close reconstruction of the 

natural trochlea. Therefore the patellar kinematics obtained for the intact knee (Durselen 

et al. 1995) were considered to provide a good approximation of the patellofemoral 

kinematics in the anatomically reconstructed joint.  

 

Joint contact forces 

The anatomically reconstructed joint served as a reference to calculate the patello- and 

tibiofemoral joint contact forces for repeated trials of normal walking and stair climbing in 

all four subjects, using inverse dynamics and optimization algorithms (Heller et al. 

2001b; Heller et al. 2007b). The peak contact forces were identified within each activity 

cycle. These calculations were repeated for all possible implant positions defined by the 

combination of all malalignment parameter values. For further processing, the calculated 

contact forces were stored in a database, which contained the subject identification 

number, the activity, the trial, the values of each of the six malalignment DOF and the 

resulting patello- and tibiofemoral contact forces. 

 

Data analysis 

To investigate whether femoral component malalignment can cause potential 

overloading situations, the analysis tested for a contact force increase above a fixed 

threshold in the patello- and tibiofemoral joints. 

Using the previously established contact force database, the relative influence of each 

malalignment DOF on the total joint contact force was then further analysed. The 

contact force F  is a function of the six malalignment parameters 
6..1

P . For each entity of 

the database, the difference in contact force was calculated relative to the entity in which 

the observed parameter was set to “0”, i.e. remaining in its original state of the 

anatomically reconstructed joint.  
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For each observed parameter, 
6..1

P , these differences were then summed, representing 

the error-sum for this parameter, i.e. for ( )
1

P  this error sum would be:  

 

 

The contribution of each individual parameter’s error-sum to the total error-sum of all 

parameters then defined the relative influence of a specific alignment parameter on the 

joint contact forces. 

 

 

The magnitude at which an individual malalignment DOF contributes to increased 

loading conditions was further assessed. For every simulated magnitude of each 

malalignment DOF, it was calculated how often a variation of the remaining DOFs 

across their ranges would lead to a contact force increase of more than 10%. 

Finally, all malalignment combinations that led to contact force increases of 50% and 

above were extracted. 
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5.3 Results 

 

165375 different placements of the femoral component were simulated for each patient, 

and the patello- and tibiofemoral contact forces were calculated for both activities and all 

trials.  

 

The relative influence of individual malalignment parameters on total contact 

forces 

Patellofemoral joint 

During normal walking the malalignment DOF with the largest relative error-sum – 

hence, the most influential DOF on the total joint contact forces in this joint – was the 

internal-external rotation of the femoral component. Here, the relative error-sum was 

46% (Figure 43). Of large relative influence were also the varus-valgus malalignment 

(20%), the antero-posterior location (14%) and the location of the joint line (13%). The 

flexion-extension and the medio-lateral position were not as influential (6% and below).  

In the stair climbing activity, the joint line had the strongest influence (29%), which was 

16% higher than the joint line’s influence in normal walking (Figure 43). The antero-

posterior position (24%), the varus-valgus malalignment (20%) and the internal-external 

rotation (18%) were each ranked similarly, while the flexion–extension and the medio-

lateral position were DOFs in which a deviation from the targeted reconstruction had a 

smaller influence on the loading conditions (5% and below). 

 

Tibiofemoral joint 

The most influential malalignment DOF during normal walking was varus-valgus rotation 

(35%)(Figure 44). The internal-external rotation (19%), the joint line (18%) and the 

antero-posterior location of the implant (16%) were also of substantial influence. The 

relative error sum of the medio-lateral position was 10%, while that of the flexion-

extension was 2%. 

During stair climbing, varus-valgus alignment had again the greatest impact on the 

tibiofemoral contact forces (28%)(Figure 44). The joint line also had a significant 

influence (27%) on the contact forces, as well as the internal-external rotation (21%). 
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With values of 12% (antero-posterior location) and below (medio-lateral position 10%, 

flexion-extension 2%), the other parameters’ influence was rather small. 

 

Malalignment scenarios that caused contact force increases of 10% and more 

Femoral component malalignment caused contact force increases of 10% and more in 

both joints and during both activities (Figures 43 and 44). Maximum joint contact forces 

with magnitudes of 70% higher than in the anatomically reconstructed joint were found 

to occur in the simulated malalignment. The number of incidences in which 

malalignment caused such extreme contact force increases of 50% or more varied 

between the subjects analysed, reaching a maximum of 1.2% of all simulated 

malalignment conditions. Interestingly, in 95% of these cases, an internal rotation above 

5° was present in combination with a varus malalignment above 5°. 

The 10% contact force increase threshold was exceeded in at least one joint in an 

average of 28±1% of all analysed cases, with more incidences in the patellofemoral joint 

(36±9%) than in the tibiofemoral joint (20±1%). Such contact force increases of 10% or 

more can be caused by every type of malalignment. Even if an individual DOF was kept 

in its reference condition, malalignment in the remaining DOFs can increase contact 

forces beyond the threshold. The share of these cases in all identified cases of 

increased contact forces ranged from 6% to 45%. Some kinds of malalignment were 

found in more than 50% of the cases of increased contact forces; the most influential 

parameter was present in 92%. 

 

Patellofemoral joint 

During normal walking, the patellofemoral joint experienced, in 33±1% of all analysed 

cases, a contact force increase of 10% or more, which was not quite as often as in stair 

climbing (39±6%). An internal rotation of the femoral component of 5-10° was present in 

92% (normal walking) and 65% (stair climbing) of all cases of increased contact forces 

(Figure 43). An overly anterior placement of the femoral component (5mm) had a 58% 

share in these cases during stair climbing.  

 

Tibiofemoral joint 

In the tibiofemoral joint, fewer cases of contact force increases of 10% or more were 

observed during normal walking (19±1%) than during stair climbing (21±1%). A varus 
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malalignment between 5° and 10° was present in 83% of all cases of a 10% contact 

force increase during normal walking (Figure 44). Similarly to the patellofemoral joint, an 

internal rotation of the femoral component between 5° and 10° had a large share in the 

increased contact forces during both activities (stair climbing 72%, normal walking 75%). 

A distalization of the joint line of 5 to 10 mm was present in 64% of all cases where a 

10% contact force increase was observed in the tibiofemoral joint. 
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Patellofemoral 

Normal Walking Stair Climbing 

Relative Influence on Joint Contact Force (JCF) 

Conditions with 10% JCF Increase – Relative Share 

Figure 43: The relative influence of individual malalignment parameters on patellofemoral contact 

forces (top). Histograms show the share of the specific levels of the individual malalignments in the 

total number of cases in which the contact forces increased 10% or more. Values are given for 

normal walking (left) and stair climbing (right). 
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 Tibiofemoral 

Normal Walking Stair Climbing 

Relative Influence on Joint Contact Force (JCF) 

Conditions with 10% JCF Increase – Relative Share 

Figure 44: The relative influence of individual malalignment parameters on tibiofemoral contact 

forces (top). Histograms show the share of the specific levels of the individual malalignments in the 

total number of cases in which the contact forces increased 10% or more. Values are given for 

normal walking (left) and stair climbing (right). 
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5.4 Discussion 

 

It is known that malalignment of the femoral component can be linked to unfavourable 

post-operative results in TKA and can ultimately lead to revision (Akagi et al. 1999; 

Barrack et al. 2001; Berger et al. 1998; Catani et al. 2006; Choong et al. 2009; Dennis et 

al. 2001; Eckhoff et al. 1995; Hofmann et al. 2003; Insall et al. 2002; Jeffery et al. 1991; 

Lewis et al. 1994; Liau et al. 2002; Nagamine et al. 1995b; Romero et al. 2003; Sharkey 

et al. 2002; Takahashi et al. 1997; Wasielewski et al. 1994; Zihlmann et al. 2005). Most 

of these studies dealing with the influence of femoral component malalignment on the 

TKA outcome assessed malalignment in an individual DOF only. The interactions with 

the remaining DOFs are poorly understood to date, and the relative importance of each 

malalignment DOF remains uncertain. 

Using a validated musculoskeletal model, we analysed for the first time the interaction of 

all six DOFs in femoral component placement. The tibio- and patellofemoral contact 

forces during normal walking and the more challenging activity of stair climbing were 

calculated for a range of clinically relevant malalignment conditions (Bankes et al. 2003; 

Barrack et al. 2001; Berger et al. 1998; Catani et al. 2006; Figgie et al. 1986; Hofmann 

et al. 2003; Jeffery et al. 1991; Laskin 2002; Partington et al. 1999; Porteous et al. 2008; 

Zihlmann et al. 2005). We were able to show that malalignment increased joint contact 

forces by at least 10% in 28% of all simulated cases, reaching a maximum contact force 

increase of 70% higher than that in the reference implantation. 

Avoiding femoral component placements that are likely to result in overloading seems a 

reasonable strategy, especially since increased joint loading has been related to pain 

(Dye 2005; Dye et al. 1998; Grana and Kriegshauser 1985; Heino Brechter and Powers 

2002; Mayman et al. 2003) and the wear rate of polyethylene inserts (Estupinan et al. 

1998), as well as being discussed in the context of osteoarthritis progression (Wu et al. 

2000) and the development of arthrofibrosis (Shelbourne et al. 1996; Skutek et al. 

2001). 

However, analysing the relative effect of a variation in each malalignment parameter on 

the overall contact forces revealed that there is no specific parameter that is always and 

alone causing a contact force increase. The malalignment parameters that lead to 

increased contact forces are rather dependent on the joint and the activity performed. 
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The main contributors to altered contact forces in the patellofemoral joint are the 

internal-external rotation during normal walking and the joint line during stair climbing. In 

the tibiofemoral joint varus-valgus malalignment has the greatest impact on joint contact 

forces during both activities, in stair climbing being just marginally more influential than 

the joint line. Considering the distribution of the cases where the contact forces 

exceeded a 10% increase, it was apparent that even if the alignment of an individual 

parameter is perfectly achieved, a malalignment of the other parameters within the 

analysed boundaries will lead, in at least 6% and up to 45% of all these cases, to a load 

increase of 10% or more. 

An internal rotation of the femoral component was identified as putting both joints at risk 

of increased contact forces. In all of the cases where a contact force increase of 10% or 

more occurred, up to 92% were caused by a 5° to 10° internally rotated femoral 

component. Our results revealed that, in such cases, an overloading can be scarcely 

avoided, no matter how the femoral component is positioned and orientated otherwise. 

These findings could be an explanation for the clinical complications often associated 

with an internal rotation of the femoral component (Barrack et al. 2001; Berger et al. 

1998; Hofmann et al. 2003). This biomechanical data therefore emphasizes the need for 

careful control of the femoral component’s rotation. 

Varus-valgus malalignment has been clinically associated with poor implant survival 

(Choong et al. 2009; Jeffery et al. 1991). Our data showed that, specifically in the 

tibiofemoral joint during normal walking, a varus malalignment of 5° and above (limited 

to 10°) was present in 83% of the cases where a contact force increase of 10% or more 

was calculated. A previous computational analysis predicted a contact force increase in 

both a varus and a valgus malalignment, with a greater impact from a valgus alignment 

(Heller et al. 2003). While the study of Heller and co-workers (Heller et al. 2003) 

simulated an isolated varus-valgus deformity only, it is now apparent that the additional 

malalignment in the remaining DOFs increased the impact of a varus malalignment on 

the joint contact forces. 

Our results also indicate that the joint line influences the joint contact forces, particularly 

during stair climbing. Joint line-related clinical complications have been typically 

associated with joint line elevations of 5mm and above (Figgie et al. 1986; Porteous et 

al. 2008). While a joint line elevation in the otherwise well aligned femoral component 

was indeed shown to increase joint contact forces, especially in the patellofemoral joint 

during stair climbing (König et al. 2010), the joint line may be even more influential when 

distalized in combination with malalignment in any other DOF. These findings 
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emphasize the necessity to consider the whole spectrum of femoral component 

malalignment in biomechanical analyses. 

A too-anterior placement of the femoral component can also increase the risk of higher 

contact forces, indicating that special care should be taken to avoid an anterior 

overstuffing during TKA.  

The analyzed moderate contact force increases of 10% can lead to small but permanent 

overloading conditions, and may rather have long-term effects on the post-operative 

results, such as the complications related to implant wear and debris. However, the 

observed increases of 50% or more may directly put the primary fixation of the implant 

at risk, which can lead to a failure of the TKA. We found that these peak forces can 

occur when a larger varus malalignment is combined with an internal rotation. Such 

combinations should therefore be avoided. 

The approach chosen in this study was to use validated musculoskeletal models (Heller 

et al. 2001a; Heller et al. 2003). Even though direct measurements of the in vivo loading 

conditions in the knee have been performed previously (D'Lima et al. 2005a; Heinlein et 

al. 2007; Wallace et al. 1998; Wasielewski et al. 2005; Zhao et al. 2007), analysing the 

biomechanical effects of complex malalignment in all six DOFs is not possible in vivo. 

The modelling approach used in this study also comes with certain limitations. The 

analyses performed were limited to one implant type only – an ultra-congruent cruciate 

sacrificing, fixed bearing prosthesis design. The relative importance of the individual 

malalignment parameters might differ when using different implant types, but it is 

unlikely that the results would be completely different. Nonetheless, other implant 

designs should be the subject of further studies. Using the ultra-congruent implant 

design in this study had the advantage that a geometric approach could be chosen for 

simulating the tibiofemoral kinematics. A generic sagittal plane kinematic model was 

used, reflecting the guiding characteristics of this specific prosthesis design. Even 

though several studies have investigated tibiofemoral kinematics after TKA (Dennis et 

al. 2003; Dennis et al. 2004; Nilsson et al. 1990; Zihlmann et al. 2006), no general 

kinematic patterns have yet been identified that could have been applied in this study. 

The kinematic model used in this study therefore reflected only a limited spectrum of the 

kinematic variation that is likely to occur in vivo (Dennis et al. 2004). 

Our data revealed that, during TKA surgery, it is not a simple task to minimize the risk of 

overloading conditions. We showed that it is not sufficient to accurately monitor only a 

single but influential DOF, such as the location of the joint line, to avoid the risk of 
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overloading, as there is a considerable risk remaining that an overloading condition is 

induced by additional malalignment in the remaining DOFs. The complex interactions 

between the individual DOFs of femoral component malalignment are also dependent 

on the observed joint and the activity performed, which makes it very difficult to evaluate 

the effect of malalignment on the post-operative loading conditions.  

Navigation systems that are capable of an accurate and reproducible monitoring of the 

most influential parameters could identify, and possibly help to avoid, complex 

malalignments that cause overloading. Furthermore, integrating intra-operative 

biomechanical assessments in the navigation workflow can directly assist the surgeon to 

biomechanically evaluate and optimize the planned placement of the femoral 

component. Even if the optimal alignment of an influential DOF cannot be achieved 

surgically, the remaining DOFs could then be manipulated to compensate for the 

resulting negative biomechanical effects. 

In conclusion, we were able to confirm our hypothesis that it is not sufficient to analyse 

malalignment DOFs individually, since a complex interplay exists between all six DOFs, 

which are also activity- and joint-dependent. Even though our simulations revealed that 

there are compromise options available to avoid overloading conditions, internal rotation 

combined with varus malalignment should be avoided, as they leave limited possibilities 

to avoid excessive contact force increases, possibly compromising short-term survival of 

the implant. Internal-external rotation, joint line and varus-valgus alignment strongly 

influence the joint loading conditions and should be monitored to minimize the risk of 

overloading conditions that could reduce the survival time of the implant in the long term. 
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6 SUMMARY AND CONCLUSIONS 

 

 

Improving the overall function and survival time of a knee endoprosthesis is a 

challenging and also multidisciplinary task. In addition to, for example, minimizing the 

risk of peri-operative infections (Berbari et al. 1998) and optimizing the implant’s design 

and mechanical stability (Wang and Wang 2000), an optimal placement of the implant is 

essential for the success of the TKA (Rousseau et al. 2008). Malalignment of the 

femoral component was identified in several studies as being related to post-operative 

complications and early failure of the implant (Akagi et al. 1999; Barrack et al. 2001; 

Berger et al. 1998; Catani et al. 2006; Choong et al. 2009; Dennis et al. 2001; Eckhoff et 

al. 1995; Hofmann et al. 2003; Insall et al. 2002; Jeffery et al. 1991; Lewis et al. 1994; 

Liau et al. 2002; Nagamine et al. 1995b; Romero et al. 2003; Sharkey et al. 2002; 

Takahashi et al. 1997; Wasielewski et al. 1994; Zihlmann et al. 2005). However, the 

underlying biomechanical reasons – especially in conditions of complex femoral 

component malalignment in several DOFs – remain relatively unknown. Such 

knowledge is essential, to identify and possibly avoid unfavourable biomechanical 

conditions resulting from femoral component malalignment. 

The aim of this study, therefore, was to enhance the understanding of the effects of 

femoral component malalignment on knee biomechanics after TKA, specifically on the 

tibio- and patellofemoral contact forces and on the function of the collateral ligaments.  

A mathematical approach was chosen in this study, which set out to utilize 

musculoskeletal models in which large numbers of malalignment conditions could be 

simulated. In the first stages of this study, preliminary work was performed to adapt the 

musculoskeletal models for such a task. A novel 3D representation of the lower limb’s 

active and passive soft tissue stabilizers was created, allowing detailed spatial modelling 

of the muscular lines in the musculoskeletal model and a precise description of the knee 

ligaments’ bony insertion sites.  

To drive the musculoskeletal model, the availability of a reliable reference for 

tibiofemoral kinematics is required. In vivo tibiofemoral kinematics were determined for 

various muscular activation patterns and a kinematic model developed, which was 

capable of predicting complex kinematic patterns (Heller et al. 2007a). The analysis of 

an ultra-congruent implant design later in the study allowed the use of a more simplified 
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geometric approach to describe tibiofemoral kinematics. However, the new kinematic 

model may also allow simulation of the more complex kinematic patterns of other 

implant designs. The newly developed techniques by Ehrig and colleagues (Ehrig et al. 

2007) are promising for obtaining the necessary kinematic reference data. Their 

methods reduce the effects of soft tissue artefacts in gait analysis data and may thus 

allow for the precise and non-invasive acquisition of tibiofemoral reference kinematics. 

Besides the healthy tibiofemoral joint, the patellofemoral joint was also investigated, 

using a novel in vitro setup. This setup allowed the application of in vivo loading 

conditions, which has not been achieved before (Goudakos et al. 2010; Goudakos et al. 

2009). Analysing the patellofemoral contact mechanics revealed the importance of 

including different activities when looking at the loading conditions in the joint. Stair 

climbing led to more challenging contact mechanics than normal walking. Additional load 

increases caused by TKA could cause patellofemoral pathologies.  

Subsequently, the musculoskeletal models that were originally developed to represent 

an intact knee joint were adapted to reflect the conditions after a TKA. A cranial-caudal 

malalignment of the femoral component, which has been clinically reported to be 

relevant to the post-operative outcome (Laskin 2002; Porteous et al. 2008), was then 

simulated in this model. 

Our analyses showed that an elevated joint line can indeed lead to increased contact 

forces, especially in the patellofemoral joint during stair climbing. Clinically, an elevation 

of the joint line should thus be avoided, as it can expose the patient to unphysiologically 

high joint contact forces, increasing the risk of developing clinical and functional 

problems. Specific procedures in TKA that may lead to an elevated joint line (Bellemans 

2004; Figgie et al. 1986; Scuderi and Insall 1992), such as managing distal femoral 

defects (Bellemans 2004) or defining the level of tibial resection (Grelsamer 2002; 

Laskin 2002), should be handled with extra caution. 

The representation of the collateral ligaments, newly integrated into the model, allowed 

the study of the effect of this cranial-caudal malalignment of the femoral component on 

the function of the collateral ligaments. A possible link to instability in mid-flexion (Martin 

and Whiteside 1990; Parratte and Pagnano 2008) was not found. However, an elevated 

joint line influences the function of the collateral ligaments in a manner that suggests a 

constant condition of increased loading in the anterior portions of the ligaments, possibly 

contributing to overloading-related soft tissue complications such as the development of 

arthrofibrosis (Shelbourne et al. 1996; Skutek et al. 2001). 
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Clinically it is more likely that malalignment occurs not only in one DOF, as simulated 

previously, but rather in several DOFs at the same time. Understanding the effects of a 

complex malalignment on joint contact forces, and how influential a malalignment DOF 

is in comparison to the other DOFs, is of specific interest. This knowledge is a basis for 

the perioperative planning and the intraoperative placement of the femoral component in 

a biomechanical context. The musculoskeletal model was therefore adapted to allow the 

simultaneous simulation of femoral component malalignment in all six DOFs. 

More than 165000 malalignment conditions were simulated and the patello- and 

tibiofemoral contact forces calculated for for subjects performing two activities. The 

relative influence of a variation of an individual malalignment parameter on the total 

contact forces was found to be dependent on the activity performed and the specific 

joint. Furthermore, our data indicated that even keeping an individual malalignment 

parameter in its reference condition could not always prevent the joint from being 

exposed to contact forces increased by 10% or above. The careful intraoperative 

monitoring of only a single parameter seems therefore not sufficient to prevent 

overloading conditions. However, according to our data, the risk of increased loading 

can be significantly reduced if specific alignment parameters, such as the internal 

rotation, are kept within certain limits. 

Our results showed that examining malalignment in an individual orientation only, does 

not allow conclusions on the joint’s biomechanics to be drawn if malalignment in other 

orientations is present. Even though our results earlier in this study suggested that a 

joint line distalization will decrease contact forces, it was apparent now that this was not 

always a valid conclusion and needed to be refined. A distalization of the joint line is 

therefore likely to decrease the joint contact forces, but may, in combination with 

malalignment in other orientations, also cause a contact force increase.  

Interestingly, the contact force increase observed in the simulation of an isolated joint 

line elevation can be partially compensated by the presence of other malalignment. This 

highlights that no biomechanical conclusions can be drawn from assessing an individual 

malalignment alone, but rather, that at least those parameters that have been identified 

as highly influential should be included. 

Another clinically relevant finding of this study was the identification of malalignment 

conditions that can lead to significantly increased loading conditions. According to our 

data, an internal rotation above 5° combined with a varus malalignment above 5° can 

result in a load increase of 50% or more. Such overloading may put the joint at risk of 
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early failure and should therefore be avoided. Since smaller increases of contact forces 

(10% and above), caused by femoral component malalignment, were found in 28% of all 

examined cases, possibilities should be investigated to clinically avoid these conditions 

as well, as they could affect the implant survival in the long term. 

An intensive discussion has been held in the literature about the necessity of using 

navigation systems in total knee replacement (Kim et al. 2007; Lutzner et al. 2008; 

Matziolis et al. 2006; Matziolis et al. 2007; Spencer et al. 2007). According to our 

findings, a great benefit of these systems is the option to intra-operatively monitor the 

femoral component placement process for possible malalignment. Critical conditions 

such as the combination of varus and internal rotation could then be identified. However, 

it remains to be proven that navigation systems allow for the accurate and reproducible 

acquisition of FCM (Jenny and Boeri 2004).  

Navigation systems may also be the key to intra-operatively identifying malalignment 

conditions where smaller load increases may occur. Due to the complex interplay 

between the six malalignment parameters, identifying such conditions is almost 

impossible for the surgeon without assistance. Enhancing orthopaedic navigation 

systems with a database such as the one created in this study, which contains a matrix 

of malalignment in all DOFs and the resulting contact forces for both joints and the most 

common activities, would allow for the intra-operative detection of increased loads. Such 

systems could also assist in situations when a specific malalignment is required as a 

surgical compromise. If, for example, the femoral component is internally or externally 

rotated in order to achieve a balanced flexion gap, these systems then could guide the 

manipulation of the remaining alignment parameters to reduce the joint contact forces.  

To fully facilitate the possibility of intra-orperative optimization of femoral component 

placement from a biomechanical point of view, in the future, routines should be 

integrated in the TKA procedure to reliably acquire the individual anatomy of the 

patient’s whole lower limb. The biomechanical assessment of the planned implant 

placement would then advance from rather generic assumptions to a patient-specific 

determination of the internal loading conditions, increasing the options to individually 

optimize the surgical intervention. 

In conclusion, this study presented enhanced musculoskeletal models to assess the 

effect of femoral component malalignment on collateral ligament function and the tibio- 

and patellofemoral contact forces in the post-TKA knee joint. The contact forces in the 

knee were found to be determined by a complex interplay of several alignment 
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parameters, also depending on the analysed joint and the performed activity. This 

indicated that it is not sufficient to asses only an individual malalignment parameter if 

biomechanical conclusions are to be drawn. The excessive contact force increases 

identified at higher varus and internal rotation malalignments were of particular clinical 

relevance. The use of the presented database of femoral component malalignments and 

their biomechanical consequences, or a real-time assessment of patients’ individual 

loading conditions, are important steps towards intra-operatively minimizing the risk of 

increased contact forces. Avoiding excessive peak loading or a long-term smaller load 

increase may promote both primary stability and long-term survival of the implant.  
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8 INDEX OF TABLES AND FIGURES 

 

 

8.1 Index of Figures 

Figure 1: Sketches of first ivory implants to replace the knee joint. Themistocles Gluck 

(1853 – 1942) was a pioneer of modern total knee replacement (image source: 

(Eynon-Lewis et al. 1992) & Wikipedia). 

Figure 2: Posterior view of the knee showing the bony structures, the ligaments, menisci 

and the cartilages (Gray 1918). 

Figure 3: The muscles of the knee from an anterior (left) and a posterior view (right) 

(Gray 1918). 

Figure 4: Schematic representation of knee kinematics as a four-bar linkage system, 

displaying the posterior displacement of tibiofemoral contact (Dye 1987). 

Figure 5: Anteromedial aspect of the knee with the patella, the patellar ligament and the 

tendon of the quadriceps muscle (Gray 1918). 

Figure 6: Implants can offer different degrees of mechanical stabilization: non-

constrained (left, Aesculap Columbus), posterior stabilized (middle, 

Smith&Nephew JOURNEY™ BCS) and constrained or hinged (right, Aesculap 

Blauth Total Hinge Knee). 

Figure 7: anterior, lateral and posterior views (from left) of the musculoskeletal model 

developed by Heller and co-workers (Heller et al. 2001b). 

Figure 8: Cross sectional colour image of the knee region taken from the Visible Human 

Project (Spitzer et al. 1996) (top). Coronal reconstruction of the whole colour 

image data set (right) 

Figure 9: The soft tissue structures were segmented in the green channel, which was 

displayed as greyscale image, using a segmentation editor. The specific 

structures were marked and assigned to a material ID (left). Three-

dimensional surface models were then reconstructed from this data (top). 
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Figure 10: Process of combining the bony structures used by Heller and co-workers in 

their musculoskeletal model (Heller et al. 2001b) with a 3D representation 

using the high-resolution colour images of the Visible Human dataset (Spitzer 

et al. 1996). 

Figure 11: Three-dimensional representation of the muscles (including their tendons) 

that determine motion and stability in the knee joint (Moewis 2007). Muscles 

that are labelled in the anterior view (left image) are involved in joint extension, 

while muscles labelled in the posterior view (right image) mainly contribute to 

joint flexion. 

Figure 12: The main passive joint stabilizers: collateral and cruciate ligaments, both 

menisci, as well as femur and tibia (König 2004). Not displayed are the tibial 

and femoral articular cartilage and the capsule. 

Figure 13: Hausdorff Distance between the surface of the muscle and the surface of the 

bone projected as colour map onto the bone. The colour indicates the distance 

ranging from 0 mm (blue) to 2 mm and more (red). 

Figure 14: Example of a larger muscle with changing direction (Gluteus Maximus) in 

which the planes for the surface intersection were defined orthogonal to the 

direction of the muscle fibres. 

Figure 15: Musculoskeletal structures of the lower limb visualized as 3D surface models 

(left) and the muscular structures visualized as centroid lines (right). 

Figure 16: The lever arm length of the Biceps Femoris in the axial plane for the straight 

line (left bar) and the centroid line (right bar) muscle representation. 

Figure 17: Change in muscle lever arms in the axial plane of the knee. The change (%) 

in the lever arm derived from the centroid line is displayed relative to the 

straight line model. 

Figure 18: Reconstructed bone surfaces and cruciate ligaments from MRI images at 0°, 

30° and 90° knee flexion. Top: The movement of the femur relative to the tibia 

was analysed by registering the surface models of the tibiae at 30° and 90° 

knee flexion onto the tibia at 0° flexion. Bottom: Sagittal view of the tibia and 

the PCL as reconstructed from the MRI data. A shift from a lax concave shape 

at 0° to a taught ligament at 30° and 90° can be seen, posing the question as 

to whether a linear four-bar linkage model is capable of simulating the 

kinematics of the knee. 
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Figure 19: Definition of the femoral coordinate system. Left: A cylinder fitting technique 

was used to define the TE-axis. Right: A third proximal point was placed at the 

centre of the contour that was created by cutting the femoral surface 

orthogonal to the TE-axis through its centre. 

Figure 20: Surface models of the cruciate ligaments were used to create proximity maps 

on the bony surface. Left: Elliptical attachment regions were defined by 37 

landmarks, here demonstrated for the PCL’s AM bundle. Right: Attachment 

regions (landmarks) for the ACL and PCL, shown as transparent structures, as 

reconstructed in one subject. 

Figure 21: The four-bar linkage model (solid bars) for describing the movement of the 

femur relative to the tibia. Here, the reconstructed surface of the tibia is 

overlaid on the in vivo MR images at 0°, 30° and 90° flexion angle. 

Figure 22: Effect of the considering internal / external rotation in the four-bar linkage 

model on the deviation between the predicted and the in vivo pose of the 

femur at 30° & 90° during passive (top) and active (bottom) knee flexion. The 

box plots show the median (bold line), the 25% quartiles (box dimensions) and 

the extreme (vertical lines) deviations of the predicted positions against the in 

vivo measured positions of the medial (grey) and the lateral (white) femoral 

reference TE-axis points. 

Figure 23: Extension characteristics of the AM and PL bundles of the ACL (top) and AL 

and PM bundles of the PCL (bottom) under loaded (solid lines) and unloaded 

(broken lines) conditions throughout a full flexion cycle, as determined by the 

kinematic model. Standard deviations are indicated for the unloaded 

conditions. 

Figure 24: Experimental set-up: a) at 12°, b) at 30° knee flexion in a CAD environment, 

and c) the cadaver knee with attached optical markers, pressure sensor and 

muscle loading devices. 

Figure 25: Comparison of patellofemoral mean and peak pressures, contact area, joint 

force, medial-lateral position of the centre of force on the trochlea (CoF), 

patellar shift and tilt between a walking and a stair climbing load case at 12° 

knee flexion. Representative data of pressure distribution, contact area and 

medial-lateral CoF on the trochlea are presented graphically for each load 

case. 
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Figure 26: Comparison of patellofemoral mean and peak pressures, contact area, joint 

force, medial-lateral position of the centre of force on the trochlea (CoF), 

patellar shift and tilt between a walking and a stair climbing load case at 30° 

knee flexion. Representative data of pressure distribution, contact area and 

medial-lateral position CoF on the trochlea are presented graphically for each 

load case. 

Figure 27: Collateral ligament function was derived using 3D models of the ligaments 

reconstructed from the Visible Human dataset (upper left). Landmarks were 

placed to define the proximal (blue) and distal (yellow) insertion sites of the 

lateral (upper middle) and the medial (upper right) collateral ligaments. Joint 

kinematics were obtained from MRI images at 0°, 30° and 90° knee flexion 

(bottom) 

Figure 28: Average change in the distance between the ligament attachment sites (DA 

in %) of the LCL (black) and the MCL (green) relative to the straight-legged 

(0°) datum. Circles indicate the anterior portions of the ligament, triangles the 

posterior portions. Dashed lines represent the passive and solid the active 

knee flexion. 

Figure 29: CAD model of the assembled ultra-congruent implant used in the study 

consisting of the femoral component, the tibial insert and the tibial component 

(Aesculap Columbus UC) 

Figure 30: Virtual TKA surgery using 3D surface models of the tibia and the femur, as 

well as CAD models of the tibial and femoral components. 

Figure 31: Cross-sectional view of a femoral component (Columbus UC, Aesculap AG, 

Tuttlingen, Germany). Centres of circles that were fitted to the articulating 

surfaces on the medial and lateral condyle defined the flexion axes of the 

femoral component. 

Figure 32: The joint line level was simulated between a 5 mm distalization (left), the 

anatomical reconstruction (centre) and up to 15 mm elevation (right). 

Figure 33: Joint contact forces after total knee arthroplasty were calculated using a 

validated musculoskeletal model for instances of stair climbing (displayed) and 

normal walking. 

Figure 34: Exemplary patellofemoral joint contact force pattern during a cycle of normal 

walking, calculated for one patient (thick solid line). The contact forces were 
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recalculated after simulating joint line elevations of 10 and 15 mm (dashed 

lines) and a joint line distalization of 5 mm (thin solid line). 

Figure 35: The average changes and the respective standard deviations in the 

patellofemoral and tibiofemoral contact forces of four subjects, caused by a 

distalization (green bars) or elevation (yellow and red bars) of the joint line, 

shown in multiples of body weight (BW) relative to the contact forces in the 

situation of an anatomically reconstructed joint line. 

Figure 36: The medial and lateral collateral ligaments (here displayed together with the 

cruciate ligaments) were modelled using high-resolution cross-sectional 

images of the Visible Human dataset. 

Figure 37: The medial and lateral collateral ligaments were each modelled as five 

portions to better characterize their functional behaviour throughout flexion. To 

this end, the femoral origin and tibial attachment sites of the medial (left) and 

the lateral (right) collateral ligaments were marked with landmarks. For the 

MCL, static wrapping points were introduced at the proximal tibia. The current 

study focussed on the analyses of the most anterior and posterior ligament 

regions (thick lines). 

Figure 38: Length change patterns of the anterior (left) and posterior (right) regions of 

the medial (top) and lateral (bottom) collateral ligaments, as observed from 

extension to 90° of knee flexion. The dashed curve represents the anatomical 

reconstruction of the joint line, while the yellow and the red curve represent 

joint line elevations of 5 and 10 mm respectively. 

Figure 39: Length change patterns of the collateral ligaments for the conditions of joint 

line elevation and no downsizing of the femoral component. The graphs show 

the length change patterns for the anterior (left) and posterior (right) regions of 

the medial (top) and lateral (bottom) collateral ligaments, as observed from 

extension to 90° flexion. The dashed curve represents the anatomical 

reconstruction of the joint line, while the solid curve represents a joint line 

elevation of 5 mm. The horizontal dotted line represents an average value for 

the maximum tensile strain of the collateral ligaments as reported in the 

literature. 

Figure 40: Post-operative radiological assessment of femoral component placement 

showing an internal rotation of 6° relative to the transepicondylar axis (green 
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line). Internal rotations of more than 3° may led to complications (Barrack et al. 

2001; Berger et al. 1998; Hofmann et al. 2003).  

Figure 41: Failed tibial polyethylene insert showing signs of intense mechanical 

destruction, indicative of an overloading condition in the knee. 

Figure 42a: The variation of femoral component placement was simulated six degrees of 

freedom (DOF): 3 translational DOFs (green) and 3 rotational DOFs (blue). 

Figure 42b: Exemplary visualization of a simulated femoral component malalignment. 

The rotation in the axial plane was varied between 5° external rotation (left), 

the anatomical reconstruction (centre) and up to 10° internal rotation (right). 

Figure 43: The relative influence of individual malalignment parameters on 

patellofemoral contact forces (top). Histograms show the share of the specific 

levels of the individual malalignments in the total number of cases in which the 

contact forces increased 10% or more. Values are given for normal walking 

(left) and stair climbing (right). 

Figure 44: The relative influence of individual malalignment parameters on tibiofemoral 

contact forces (top). Histograms show the share of the specific levels of the 

individual malalignments in the total number of cases in which the contact 

forces increased 10% or more. Values are given for normal walking (left) and 

stair climbing (right). 

. 

 

8.2 Index of Tables 

 

Table 1: Deviation of the predicted and in vivo locations of the femoral reference points 

in the axial plane and in the coronal plane at both 30° and 90°. The deviation 

is shown for the model using the average i/e rotation of all subjects as an 

input. The deviations for passive and active knee motion are shown. 

Table 2: Load profiles for each load case 

Table 3: Results of patellofemoral contact mechanics and kinematics analysis: Median 

(Range) 

Table 4: Simulated femoral component malalignment ranges and increments. 
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