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Zusammenfassung 

Die Patella ist von zentraler Bedeutung für die Kraftübertragung der Kniegelenksextensoren. 

Eine bestmögliche Funktion setzt eine präzise Positionierung innerhalb der Trochlea voraus, 

wobei die Stabilität der Patella durch eine Kombination aus ligamentären Strukturen, 

knöchernen Elementen und neuromuskulären Faktoren sichergestellt wird. Instabilitäten in 

diesem System können, besonders bei jungen, aktiven Personen, zu Luxationen und 

funktionellen Beeinträchtigungen führen. Die komplexe Ätiologie erschwert dabei die in-vivo 

Analyse gelenksstabilisierender Faktoren. Fortschritte in computergestützter Modellierung 

haben die Untersuchung dieser Faktoren mittels muskuloskelettaler Simulationen erleichtert. 

Obwohl die Auswirkungen verschiedener morphologischer Parameter auf die Stabilität des 

patellofemoralen Gelenks bereits erforscht wurden, bleibt der Einfluss eines veränderten 

Gangmusters und anderer morphologischer Faktoren, wie der Torsion der unteren Extremität, 

weitgehend ungeklärt. Ziel dieser Dissertation ist es, diese Forschungslücken zu schließen. 

Hierzu wurden drei Studien durchgeführt, die sich mit den Auswirkungen von (i) Gangmustern, 

(ii) Torsionen der unteren Extremität und (iii) femoralen Derotationsosteotomien auf die 

Belastung des patellofemoralen Gelenks auseinandersetzten. 

Die erste Studie widmete sich der Untersuchung der Auswirkungen patientenspezifischer 

Gangmuster auf die Gelenkbelastung bei Personen mit einer patellofemoralen Instabilität. Zu 

diesem Zweck wurden muskuloskelettale Simulationen basierend auf 3D Ganganalysedaten 

von 21 Personen mit patellofemoraler Instabilität und 17 Kontrollpersonen mittels eines 

Modells mit 12 Freiheitsgraden im Kniegelenk durchgeführt. Die Ergebnisse zeigten, dass die 

Gruppe mit patellofemoraler Instabilität trotz gleicher Ganggeschwindigkeit mit reduzierter 

Knieflexion ging, was zu reduzierten Beuge- und Abduktionsmomenten im Vergleich zur 

Kontrollgruppe führte. Dieses veränderte Gangmuster erforderte eine geringere Kraft des 

Quadrizeps, was wiederum zu geringeren Gelenkskräften im tibiofemoralen und 

patellofemoralen Gelenk führte.  

Die zweite Studie widmete sich dem Einfluss der knöchernen Torsionen der unteren Extremität 

auf die Belastung des patellofemoralen Gelenks. Zu diesem Zweck wurden, basierend auf 

den Daten von 40 Personen mit patellofemoraler Instabilität, muskuloskelettale Simulationen 

durchgeführt. Für alle Probandinnen und Probanden wurden drei Modelle erstellt: ein Modell 

mit generischer Femurversion und Tibiatorsion, ein Modell mit personalisierter Femurversion 

und Tibiatorsion und ein Modell mit personalisierter Femurversion. Die Analyse ergab eine 

signifikante Korrelation zwischen Tibiatorsion und den medio-lateralen patellofemoralen 

Kräften, während die Femurversion keine signifikante Korrelation zu diesen Kräften aufwies. 

Bei Vernachlässigung der individuellen Tibiatorsion, wie üblicherweise in Studien praktiziert, 
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zeigte die Femurversion jedoch eine moderate Korrelation mit lateralisierenden Patellakräften. 

Dies unterstreicht die Relevanz Tibiatorsion und Femurversion gemeinsam zu evaluieren. 

In der dritten Studie wurden die Auswirkungen der femoralen Derotationsosteotomie auf die 

patellofemorale Stabilität und Belastung analysiert. Zu diesem Zweck wurden retrospektive 

Ganganalyse- und Magnetresonanzdaten Daten von 16 Personen mit patellofemoraler 

Instabilität und einer Femurversion größer 30 Grad verwendet, um muskuloskelettale 

Simulationen durchzuführen. Für jede Person wurden zwei Modelle vorbereitet: eines mit der 

präoperativen Femurversion und Tibiatorsion und ein weiteres, das postoperative 

Bedingungen mit einer angepassten Femurversion auf 12 Grad simulierte. Die Ergebnisse der 

Studie zeigten, dass die Derotationsosteotomie bei 14 der 16 Personen zu einer 

Medialisierung der patellofemoralen Kräfte führte, was potenziell die patellofemorale Stabilität 

erhöht. In zwei Fällen konnte keine Verbesserung festgestellt werden, was auf deren 

spezifische Gangmuster zurückgeführt wurde, die eine dynamische Belastung der Patella 

vermieden.  

Zusammenfassend erweitern die Ergebnisse dieser Arbeit unser Verständnis patellofemoraler 

Instabilität, indem sie die Bedeutung personenspezifischer Faktoren wie Gangmuster und 

Torsion der unteren Extremitäten hervorheben. Es konnte gezeigt werden, dass eine 

umfassende biomechanische Analyse, die sowohl statische morphologische Faktoren als 

auch dynamische Aspekte der Bewegung umfasst, entscheidend ist, um die Biomechanik des 

patellofemoralen Gelenks zu beurteilen und wirksame Behandlungsstrategien zu entwickeln. 

Der Einsatz personalisierter muskuloskelettaler Modellierung stellt einen vielversprechenden 

Ansatz dar, um die Ursachen patellofemoraler Instabilität besser zu verstehen und 

Behandlungsergebnisse zu optimieren. 
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Abstract  

The patella plays a critical role in enhancing power transmission within the extensor system 

of the lower extremity. Best possible functionality necessitates precise alignment of the patella 

within the trochlear groove. Patellofemoral stability is supported by ligaments, bony structures 

and neuromuscular factors. Instability in this system can lead to dislocations and impairments, 

particularly affecting young, active individuals. The complex etiology of patellofemoral 

instability complicates the in vivo assessment of confounding factors affecting joint stability. 

Recent advancements in computational models have facilitated the study of these factors 

through musculoskeletal simulations. Although the impact of several morphological 

parameters on the stability of the patellofemoral joint has been explored, substantial gaps 

remain in understanding the specific influences of altered gait patterns and other 

morphological variations, such as lower limb torsion. This thesis aims to address these gaps. 

Three studies were conducted to examine the impacts of (i) gait pattern, (ii) lower limb torsion 

and (iii) femoral derotation osteotomies on patellofemoral joint loading. 

The first study addressed the impact of patient-specific gait patterns on joint loading in 

individuals with patellofemoral instability. Utilizing a model with twelve degrees of freedom in 

the knee joint, musculoskeletal simulations based on three-dimensional motion capture data 

from 21 individuals with patellofemoral instability and 17 healthy controls were performed. 

Findings indicated that the patellofemoral instability group walked with a less flexed knee joint, 

exhibiting reduced knee flexion and abduction moments compared to the control group despite 

similar gait velocity. This altered gait pattern required less quadriceps muscle force, which in 

turn resulted in lower tibiofemoral and patellofemoral joint contact forces.  

The second study examined the influence of lower limb torsion on patellofemoral joint loading. 

Musculoskeletal simulations were conducted using data from 40 individuals with 

patellofemoral instability. Three models for each participant were created: one with generic 

lower limb torsion, one with personalized torsion of both the femur and tibia, and one with 

isolated personalization of femoral version. The analysis revealed that tibial torsion was 

significantly correlated with differences in medio-lateral patellofemoral forces, whereas the 

femoral version showed no significant correlation to these forces. However, when individual 

tibial torsion was neglected, as usually practiced in studies, femoral version exhibited a 

moderate correlation with lateralizing forces on the patella. This underlines the relevance of 

evaluating tibial torsion and femoral torsion conjointly. 

The third study investigated the effects of femoral derotation osteotomy on patellofemoral 

stability and loading. Retrospective data from 16 participants with recurrent patellofemoral 

instability and femoral version higher than 30 degrees, were used to personalize in-silico 

musculoskeletal models based on gait analysis and magnetic resonance data. Two models 
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were prepared for each participant: one with the pre-surgery femoral version and tibial torsion, 

and another simulating post-surgery conditions with an adjusted femoral version to 12 

degrees. The results showed that the derotation osteotomy significantly shifted the medio-

lateral patellofemoral joint contact force to the medial side in 14 of 16 participants, which 

potentially leads to increased patellofemoral stability. However, two cases showed no 

improvement, which was attributed to specific gait patterns that avoided dynamic patella 

loading.  

In conclusion, these studies collectively advance our understanding of patellofemoral 

instability by highlighting the significance of patient-specific factors such as gait patterns and 

lower limb torsion. They demonstrated that a comprehensive biomechanical analysis, which 

includes both static morphological factors and dynamic aspects of movement, is essential for 

accurately assessing the biomechanical environment of the patellofemoral joint and for 

devising effective treatment strategies. The use of personalized musculoskeletal modelling is 

a promising approach to better understand the causes of patellofemoral instability and 

optimize treatment outcomes. 
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1 Introduction 

The patella plays a crucial role in the extensor system of the lower extremity, enhancing power 

transmission through an improved lever arm (2,3). Optimal functionality in power transmission 

requires precise alignment of the patella within the trochlear groove throughout the knee's 

range of motion. This so-called patellofemoral stability is maintained through a combination of 

ligaments, bony structures, and neuromuscular factors (4). A deficiency in any of these 

components can lead to an instability of the patellofemoral joint, characterized by the partial 

or complete displacement of the patella from the trochlear groove under displacing forces (5). 

Patella instability and associated dislocations have an incidence ranging from 23 to 69 per 

100,000 population (6–8) and predominantly affect young, active females during physical 

activity (9,10). Symptoms commonly include a sensation of instability and/or anterior knee 

pain, which can significantly impair function and restrict participation in sports and exercise 

(11). Prolonged patellofemoral instability may also result in altered gait patterns and recurrent 

patellar dislocations (6). 

The etiology of patellar instability is multifaceted, encompassing factors, such as an 

insufficiency of medial patellofemoral ligament, lateralized tibial tuberosity, patella alta or baja, 

trochlear and patellar dysplasia, axial deviation or torsional deformities of the lower extremities 

(e.g. genu valgum, femoral anteversion, external tibial torsion etc.) as well as vastus medialis 

insufficiency/dysplasia (5). The relative significance of these variables and their impact on gait 

patterns remains unclear. Additionally, current methodologies do not permit the in vivo 

assessment of these factors' effects on the patellofemoral joint, such as altered contact 

pressures on the patellar cartilage or lateralizing forces on the patella during functional 

movement, in a non-invasive manner. 

Over recent decades, the deployment of computational physics-based models that represent 

the musculoskeletal system has gained widespread prominence across various domains of 

clinically oriented research, particularly in studies of the locomotor apparatus (12–14). These 

musculoskeletal models provide a mathematical representation of the human musculoskeletal 

system, delineating its segments, joints, and muscles, along with functional aspects such as 

joint movements, muscle geometry, and force generation capacities (15,16). The application 

of musculoskeletal modelling and simulation techniques facilitates the analysis of 

musculoskeletal biomarkers, including muscle and joint contact loads (17,18). 

Several simulation-based studies have explored the influence of different morphological 

factors (19–22) and surgical intervention strategies (23,24) on the loading dynamics within the 

patellofemoral joint and the patellofemoral stability. Currently, there remain certain 

morphological factors, such as lower limb alignment, which have not yet been thoroughly 

investigated in cohorts with patellofemoral instability. Additionally, the majority of these studies 
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have neglected patient-specific movement patterns, instead relying on gait patterns derived 

from healthy individuals (19–21,25). Given that individuals with patellofemoral instability often 

modify their gait as a compensatory strategy (26), such alterations could significantly affect 

the patellofemoral joint loads. Therefore, this work aims to address these limitations by 

examining how specific gait patterns and lower limb torsions influence the stability of the 

patellofemoral joint. 

 

1.1 Knee joint 

The knee joint is the largest joint in the human body (27). It is optimized to forces acting upon 

and through the joint, whereby the complex interaction of bony and ligamentous structures 

plays an important role (28). While encapsulated within a shared joint capsule, the knee joint 

can anatomically be separated into two distinct joints: the tibiofemoral and the patellofemoral 

joint (27). The tibiofemoral joint is classified as a trochoginglymos, which is a type of gliding 

hinge joint that primarily allows flexion and extension movements (28). In flexion, additionally 

rotational movements are possible (27). The patellofemoral joint guides the movement of the 

patella, the largest sesamoid bone in the human body (29). The primary functions of the patella 

are to enhance the lever arm of the quadriceps muscle and to offer protection to the 

tibiofemoral joint (4).  

 

1.1.1 Anatomy of the tibiofemoral and patellofemoral joint 

The tibiofemoral joint consists of the articulation between the femur and the tibia (Figure 1) 

(27). The articulating surface of the femur is constituted by the femoral condyles, while the 

articulating surface of the tibia is formed by the tibial plateau (30). The menisci are critical in 

compensating for the incongruence of these joint surfaces, thereby augmenting the contact 

area within the joint (31,32). The stability of the tibiofemoral joint is passively maintained by 

several ligaments, including the medial and lateral collateral ligaments, as well as the anterior 

and posterior cruciate ligaments (33).  
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Figure 1: Anatomy of the knee joint. Knee seen from anterior. Figure reproduced from (34) with the permission of 
Springer Nature. © 2016 Jagodzinski, Friederich and Müller. 

 

The patellofemoral joint comprises the trochlear groove of the femur and the patella as its 

bony components (29,35). Positioned between the femoral condyles, the trochlear groove is 

characterized by a vertical sulcus, which facilitates the guidance of the patella during knee 

flexion and extension (29,30). The morphology of the trochlear groove varies among 

individuals; variations such as a shallower trochlear groove or discrepancies in the height of 

the femoral condyles can diminish the guidance provided to the patella, potentially impacting 

its stability (36). 

The patella articulates within the patellofemoral joint via its posterior surface (3,30). The 

articular surface of the patella, known as the facies articularis patellae, possesses the thickest 
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cartilage in the human body, with a thickness reaching up to 7 mm in its central region (3). The 

upper two-thirds of the patella's surface is covered in cartilage, whereas the lower third, termed 

the apex patellae, is covered by the ligamentum patellae (27,30). A vertical ridge, situated 

approximately in the center of the articular surface, divides it into a medial and lateral facet 

(27,29). Additionally, an extra articular surface, often referred to as the Odd facet, is located 

on the outer aspect of the medial facet (29).  

The patellofemoral joint is stabilized by several ligaments. The ligaments located on the medial 

side can be separated into three layers. The superficial layer consists of the retinaculum 

patellae. The mid layer includes the medial patellofemoral ligament and the superficial part of 

the medial collateral ligament. The profound layer incorporates the joint capsula, the profound 

layer of the medial collateral ligament as well as the meniscopatellar ligament (11,35,37,37). 

The ligaments on the lateral side include the retinaculum patellae, the lateral patellofemoral 

ligament, the patellotibial ligament, parts of the tractus iliotibialis and the lateral collateral 

ligament (35). 

The musculus quadriceps femoris is of paramount importance to the patellofemoral joint, as it 

is directly connected to the patella (27,29,30). The quadriceps muscle is composed of four 

distinct heads: the vastus medialis, vastus lateralis, vastus intermedius, and the rectus femoris 

(30). The three vasti originate from the ventral surface of the femur, while the rectus femoris, 

a biarticular muscle, originates from the spina iliaca anterior superior (27). The four heads of 

the quadriceps converge to form the quadriceps tendon a few centimeter above the patella 

(27,30). The quadriceps tendon extends to form the retinaculum patellae and attaches to the 

proximal part of the patella (27). The ligamentum patellae can be considered as an extension 

of the of quadriceps tendon and connects the apex patellae with the tibial tuberosity (27,30). 

Due to the patella being embedded within the tendon of the quadriceps muscle, this muscle 

exerts a significant influence on the patella's tracking within the trochlear groove (38). 

 

1.1.2 Biomechanics of the tibiofemoral and patellofemoral joint 

During flexion and extension movements in the tibiofemoral joint, the articulating surfaces 

execute a combination of rolling and gliding motions (28). The translational component of this 

movement results in either a dorsal displacement of the femur or a ventral displacement of the 

tibia during flexion, contingent upon which joint partner remains stationary (27). The ratio 

between rolling and translational movement is dictated and regulated by the anterior and 

posterior cruciate ligaments (28,33). These ligaments constrain the translational movement 

and maintain the correct alignment of the femur and tibia throughout flexion and extension 

(28). Additionally, the cruciate ligaments play a role in determining the shape of the femoral 

condyles (33). The medial and lateral collateral ligaments provide stability in the frontal and 
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transverse planes. At full extension, the tibiofemoral joint undergoes a terminal rotation of 

approximately 5 degrees, manifesting as an external rotation of the tibia, induced by the 

tension in the anterior cruciate ligament (27,33). When the knee is flexed, the collateral 

ligaments are relaxed and thereby allowing a certain level of rotational movement around the 

tibial axis.(27). 

A relevant structure in terms of pressure distribution in the tibiofemoral joint are the medial and 

lateral menisci (33). The inherent incongruence between the tibial plateau and the femoral 

condyles would typically result in a limited contact area within the joint. By augmenting this 

contact area, the menisci effectively distribute the load over a larger surface, thereby mitigating 

high stress on small regions of cartilage (32). Without this increased contact area, peak 

pressures could precipitate cartilage degradation (31).  

 

 
Figure 2: Contact area of the patella cartilage during knee flexion. The images present the contact area of the 
patellofemoral joint in progressive knee flexion (from extension on the left side to deep flexion on the right side). 
The first row of subfigures shows the knee joint in sagittal plane. The second row of subfigures shows the patella 
from dorsal. The third row of the figure shows the patellofemoral joint in transversal plane. Numbers 1 to 4 describe 
the patella cartilage contact area in certain flexion positions (highlighted areas). In deep flexion, the medial and 
lateral patella cartilage is in contact with the trochlea (4a and 4b). Figure reproduced from (34) with the permission 
of Springer Nature. © 2016 Jagodzinski, Friederich and Müller. 

 

During the flexion and extension movements of the tibiofemoral joint, the patella undergoes a 

vertical displacement of several centimeters within the trochlear groove (34). The contact 

between the patella and the femur varies depending on the patella's position, with different 

portions of the patella's articular surface engaging with the femur (Figure 2) (4). In full 

extension, the contact is minimal, with only a small distal region of the patella in contact with 

the femur. In conditions such as hyperextension or with an increased height of the patella 
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(patella alta), it is possible that there is no contact between the joint surfaces (34). As flexion 

in the tibiofemoral joint increases, the contact area on the patella shifts from the distal to the 

proximal end. Upon reaching a flexion angle of approximately 90 to 120 degrees, the 

quadriceps tendon also makes contact with the trochlear groove. At a flexion range of 130 to 

135 degrees, the Odd facet of the patella comes into contact with the femur (34,35). 

The forces exerted on the patella in the sagittal plane are highly dependent of the current 

flexion angle of the tibiofemoral joint (39). Whereas there is low contact pressure on the patella 

cartilage in extension during quadriceps contraction, the pressure significantly increases with 

a more flexed position of the tibiofemoral joint (40). This increase in pressure is attributed to 

the reduction in the angle between the force vectors of the quadriceps tendon and the 

ligamentum patellae, resulting in a greater cumulative force impacting the patella cartilage 

(Figure 3) (41,42).  

 

 

Figure 3: Force acting on the patella in sagittal plane. The patellofemoral reaction force (PRF) is defined as the 
resultant vector deriving from the quadriceps tendon strain force (QTF) and the patellar tendon strain force (PTF). 
Additionally, the tendo-femoral reaction force (TRF), which represents the force interaction between the quadriceps 
tendon and the trochlea, is also depicted. The center of gravity is denoted as CG, and the instant center of rotation 
is represented as ICR. D1 is the normative distance between the ICR and the force PTF. D2 is the normative 
distance between the ICR and the weight force. Figure reproduced from (42). © 2011 Schindler and Scott. The 
figure was published in an open-access article distributed under the terms of the Budapest Open Access Initiative 
(https://www.budapestopenaccessinitiative.org/).  

 

In the frontal plane, the forces exerted by the quadriceps muscle and the patellar ligament 

have the potential to laterally or medially displace the patella (11). The magnitude and direction 

of these forces depend on the angle between their respective force vectors, known as the Q-
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angle (4). The Q-angle is defined by two hypothetical lines: one extending from the spina iliaca 

anterior superior through the center of the patella, and the other from the center of the patella 

to the center of the tibial tuberosity (Figure 4) (43). Typically, this angle predisposes the patella 

to lateral displacement. Normative values for the Q-angle are approximately 15-17 degrees in 

females and 10-13 degrees in males (35). An increased lateralizing force leads to an heighten 

of the contact pressure on the lateral facet (44,45). In cases where the facet is flat or the 

trochlea is shallow, an increase in lateralizing force may compromise the stability of the 

patellofemoral joint. 

 

 

Figure 4: Q-angle. The Q-angle is the angle between a line through the center of the patella to the spina iliaca 
anterior superior (ASIS) and a line through the center of the patella and the tibial tubercle. Reproduced from (46). 
© 2019 Khasawneh et al.. The figure was published in an open-access article distributed under the terms of the 
Creative Commons CC BY license 4.0 (http://creativecommons.org/licenses/by/4.0/). 

 

 

1.2 Patellofemoral instability 

Optimal functioning of the patellofemoral joint necessitates accurate guidance of the patella 

within the trochlear groove, as this ensures effective load transfer from the quadriceps tendon 

to the patellar ligament. Patellofemoral stability is maintained by a variety of structural and 

neuromuscular factors, whereas a lack in guidance of the patella in the trochlea groove is 
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called patellofemoral instability (5). Patellofemoral instability is a prevalent knee condition 

among adolescents and children, often leading to patellar dislocations (7). The incidence of 

such dislocations ranges from 23 to 69 per 100,000 population (6–8).  

 

1.2.1 Etiology and Symptoms 

In clinical practice, patellar instability and dislocations are predominantly evaluated through 

the analysis of medical history and clinical examination (7). To further investigate the stability 

of the patellofemoral joint, specific tests have been developed, including the J-sign and the 

Apprehension test (47). Additionally, different scales such as the Fulkerson Knee Instability 

scale (41) or the Kujala Anterior Knee Pain scale (48) are employed to assess the stability of 

the knee. Moreover, it is advisable to utilize radiographic or magnetic resonance (MR) imaging 

techniques to examine factors that may influence the stability of the patellofemoral joint (7).  

Patellofemoral instability predominantly affects young, active females (9,10). Insufficient 

stability in the patellofemoral joint may manifest a spectrum of symptoms, from sensations of 

instability to anterior knee pain (6). Additionally, chronic patellofemoral instability can lead to 

decreased levels of physical activity and sports participation (11). Over the long term, 

patellofemoral instability has been recognized as a contributory risk factor for the development 

of patellofemoral osteoarthritis (8).  

Another consequence of patellofemoral instability are patella dislocations, characterized by 

complete displacement of the patella from the trochlea groove. Patella dislocations typically 

happen to the lateral side and often occur spontaneously during physical activity (6,7).  

The precise pathomechanism of patella dislocations remains incompletely understood. 

However, it is generally acknowledged that patella dislocations frequently occur when the knee 

is flexed up to 30 degrees, the tibia is externally rotated, and the quadriceps muscle is 

contracted (49). Additionally, one study indicated that approximately 80 % of dislocation cases 

involve a combined movement of valgus, flexion, and external rotation of the knee joint under 

load (50). 

Patella dislocations result in acute pain, functional impairment, and potentially cartilage 

damage (51). In some cases flake fractures may occur as a consequence of patellar 

dislocation (11). If left untreated, patella dislocations can restrict participation in strenuous 

activities and may contribute to long-term cartilage degradation. Moreover, individuals 

experiencing recurrent patellofemoral instability and patella dislocations often alter their 

movement patterns, such as gait, to compensate for their instability (26).  
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1.2.2 Gait pattern of individuals with patellofemoral instability 

As patellofemoral instability is apparent under dynamic movement, studying patellofemoral 

instability under dynamic conditions is essential. In the domain of functional analysis, the 

analysis of gait is of paramount importance due to its integral role as a fundamental movement 

pattern essential for daily activities (52). One of the benefits of analyzing gait patterns is their 

comparability across a wide range of healthy individuals, which establishes a uniform baseline 

(53). This baseline facilitates the examination of deviations attributable to diseases and the 

strategies individuals employ to manage their conditions (52,54).  

The dynamic process of walking can be dissected into successive gait cycles. A single gait 

cycle is defined by the contact of one foot with the ground, continuing until the subsequent 

contact of the same foot (52). Each cycle is further delineated into two phases: the stance 

phase and the swing phase (54). The stance phase pertains to the period during which the 

foot remains in contact with the ground, whereas the swing phase occurs when the foot is not 

in contact with the ground. The stance phase is further divided into two double supported 

phases, the loading response phase at the beginning and the pre swing phase at the end of 

the stance phase (53), interspersed by a period of single support (52). 

Currently, optoelectronic motion capturing represents the gold standard in three-dimensional 

gait analysis and is extensively utilized in both clinical and research settings (54). This method 

employs a combination of infrared cameras and markers. Markers are placed on the 

participant using a predefined configuration known as a marker set (55). Some markers are 

affixed to anatomical landmarks to identify specific body parts and bone segment alignment, 

while others facilitate the tracking of the segments (54–57). During the data collection process, 

the cameras emit infrared light, which is reflected by the markers and subsequently captured 

by the cameras (54). By calibrating the cameras to allocate their positions within three-

dimensional space, it becomes feasible to determine the spatial coordinates of a marker when 

it is detected by at least two cameras (58). Reconstructing captured marker data and 

reassembling the marker set, enables to reconstruct subject specific kinematic patterns 

(54,55). Frequently, this marker tracking is supplemented by the use of force plates embedded 

in the ground, which measure ground reaction forces (54,57). The integration of marker data 

with ground reaction forces enables the calculation of external joint moments and power, 

providing a comprehensive analysis of gait mechanics (54).  

Several studies have examined the gait patterns of individuals with patellofemoral instability, 

identifying deviations from those observed in typically developing children and adolescents 

(Figure 5) (26). These studies reveal that individuals with this condition exhibit a variety of gait 

patterns, complicating the understanding of compensatory strategies employed. Moreover, 

discrepancies existed among the findings of different studies. Generally, it has been observed 
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that individuals with patellofemoral instability tend to exhibit reduced gait velocity, cadence, 

and stride length (59,60). Furthermore, there is a tendency to decrease the duration of single 

stance time, consequently increasing the duration of double-supported stance phases (59). 

 

  

Figure 5: Differences in gait pattern compared to typically developing individuals. A summary of the most important 
differences in joint kinematics (left side) and joint kinetics (right side) between individuals with patellofemoral 
instability and typically developing controls presented in the literature. This figure was created by the author of this 
thesis. 

 

Regarding hip kinematics, research indicates that individuals with patellofemoral instability 

demonstrate an increased external rotation of the hip (61) and reduced hip flexion (59). 

Consistent with these findings of reduced hip flexion, one study reported decreased hip flexion 

moments (59). However, the results concerning hip abduction moments are inconsistent. One 

study reported increased hip abduction moments (61), while another observed reduced 

moments (62). 

Research comparing individuals with patellofemoral instability to a control group has 

demonstrated increased internal rotation and abduction in knee kinematics (61,62). Results 

regarding knee motion in the sagittal plane are mixed. Some studies noted reduced knee 

flexion throughout the gait cycle (59,61), with one study identifying hyperextension during the 

stance phase (60). In contrast, other studies found no differences compared to a control group 

(62), or reported slight flexion with an avoidance of knee joint extension (63).  

Subjects with patellofemoral instability exhibit an increased knee abduction moment compared 

to controls (61). Regarding the knee flexion moment, findings are similarly inconsistent as for 

sagittal knee kinematics. Compared to a control group, variations range from reduced knee 

extension moments (56,58) to no significant differences (62), to increased extension moments 

in some individuals with patellofemoral instability (64). 
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Individuals with patellofemoral instability walk with an internal rotation of the foot and increased 

external rotation of the tibia, compared to a control group (61). During the loading response 

phase, these individuals display increased plantar flexion and associated plantar flexion 

moments (59).  

The analysis of gait patterns in individuals with patellofemoral instability yields inconsistent 

results, prompting further investigation into how different morphologic factors influencing 

patellofemoral stability affect gait pattern. A particular study exploring the potential relationship 

between internal rotation of the hip and femoral anteversion in this population found no 

significant correlations between these parameters (61). Additionally, another study conducted 

by the same research group identified no significant associations between three different gait 

patterns and radiographic measurements in individuals with patellofemoral instability (64). It 

is important to note, however, that these conclusions were based on retrospective data 

analysis, indicating a deficiency in prospective studies on this matter (61,64). To date, there 

remains no established link between gait patterns and radiographic factors that may influence 

patellofemoral stability. Furthermore, none of these studies did assess the influence of gait 

pattern on joint loads in individuals with patellofemoral instability. 

 

1.2.3 Factors influencing patellofemoral stability 

The stability of the patellofemoral joint is influenced by a multitude of factors. These 

encompass active structures such as the quadriceps muscle, passive structures including 

ligaments, and bony structures that impact the patellofemoral joint (5–7). Furthermore, the 

alignment of the lower limb plays a significant role in the stability of the patellofemoral joint 

(4,5,7). 

 

1.2.3.1 Active structures 

The quadriceps muscle exerts a substantial muscular influence on the patellofemoral joint 

(38). Especially the vastus medialis and vastus lateralis are seen to directly impact the 

guidance of the patella (11). Research has demonstrated that in knee joint flexion up to 20 

degrees, a reduction in tension within the vastus medialis muscle can decrease lateral patella 

stability by approximately 30 % (65). Conversely, isolated contraction of the vastus lateralis 

results in the lateral displacement of the patella (66). Analysis of the force vectors of the vastus 

medialis and lateralis in the frontal plane reveals that these forces tend to balance each other 

in an extended knee posture, resulting in a force that is parallel to the femoral shaft (43,67). 

This leads, coupled with the position of the tibial tuberosity to a marginally lateralizing force 

during knee extension (38). Thus, a weakness or reduced muscle activation of the vastus 

medialis may lead to an increased lateralizing force on the patella, potentially causing a lateral 
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shift (68). Furthermore, the vastus medialis exhibits the most rapid strength degradation of the 

quadriceps, when the lower extremity is immobilized (69). This resulting strength degradation 

could potentially exacerbate recurrent patellofemoral instability and lead to further dislocations 

(11). 

 

1.2.3.2 Passive structures 

In the context of passive stabilization, the patella is dependent on ligamentous structures (11). 

The general laxity of these ligaments is posited as a potential risk factor for patellofemoral 

instability, although comprehensive investigations into this association remain incomplete 

(11,70–72). 

The medial patellofemoral ligament is identified as the most critical passive structure for 

maintaining the stability of the patellofemoral joint (11,73). Particularly between 0 and 30 

degrees of knee flexion, the medial patellofemoral ligament plays a crucial role in 

counteracting the lateralization of the patella, compensating for up to 60 % of lateralizing 

forces (74), whereas it exhibits the highest loading at about 20 degrees flexion (65). Notably, 

during initial incidents of patellar dislocation, the medial patellofemoral ligament is ruptured in 

approximately 90 % of cases (74,75). Given the significant role of the medial patellofemoral 

ligament as a passive stabilizer, a rupture of this ligament could exacerbate the instability of 

the patellofemoral joint following an initial dislocation. 

In addition to the medial patellofemoral ligament, the meniscopatellar ligament contributes 

modestly to patellar stabilization, compensating approximately 13 % to 22 % of the lateralizing 

forces exerted on the patella (74,76,77). The patellotibial ligament and the medial retinaculum 

are not considered to have significant roles in stabilizing the patella (74,76).  

The role of the lateral retinaculum in patellofemoral stability is controversial discussed (11). A 

potential adverse effect identified is that a constricted lateral retinaculum may cause the 

patella to tilt, potentially impeding its proper alignment within the trochlear groove (78,79). 

Contrarily, some studies have indicated that the lateral retinaculum may exert a stabilizing 

influence on the patella, contributing to its alignment in both medial and lateral directions 

(74,80–82). 

 

1.2.3.3 Bony structures 

On the femoral side, the morphology of the trochlea significantly influences the patellofemoral 

joint (36,83). A dysplastic trochlea can predispose individuals to patella dislocations (65) and 

is frequently observed in patients experiencing patellofemoral instability (84). Specifically, a 

trochlea that is excessively flat, characterized by a trochlear sulcus angle exceeding 145 

degrees, or even presenting a convex shape, detrimentally affects the guidance of the patella 
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(36). Dejour et al. (36) developed a classification scale which separates the shape of the 

trochlea in four groups, considering the severity of trochlea dysplasia. Furthermore, the 

positioning of the trochlea on the femur is crucial for patellofemoral stability, with findings 

indicating that the trochlea is often located more medially in individuals with patellofemoral 

instability compared to controls (85). 

Another relevant bony structure that impacts patellofemoral stability is the shape of the patella 

(86,87). A dysplastic patella may exhibit alterations in the shape of the cartilage surface and 

the distribution of the medial and lateral facet surfaces (86). In cases of severe dysplasia, the 

medial facet is notably smaller and more vertically oriented (88,89). 

 

1.2.3.4 Tibial tuberosity 

The positioning of the tibial tuberosity relative to the knee joint is critical for the stability of the 

patellofemoral joint (83). Its position directly influences the Q-angle, which indicates the 

direction in which the patella is drawn by the quadriceps muscle (4,35,90). Consequently, a 

lateral displacement of the tibial tuberosity results in the patella being increasingly pulled 

laterally by the ligamentum patellae and the quadriceps muscle (35). A lateralized tibial 

tuberosity, relative to the center of the trochlear groove, is associated with occurrences of 

patella dislocations (83). A study demonstrated that in 56 % of individuals with patella 

dislocations the distance between trochlea groove and tibial tuberosity was increased (83). 

 

1.2.3.5 Position of the patella 

The stability of the patellofemoral joint is significantly influenced by the relative height of the 

patella to the trochlea, as this affects the patella's guidance within the trochlear groove 

(5,6,91). A condition where the patella is positioned higher than normal in relation to the 

trochlear groove is termed patella alta (92). The etiology of patella alta remains uncertain, 

though there is speculation in the literature about potential associations with quadriceps 

dysplasia (83). In cases of patella alta, the patella engages with the trochlear groove later 

during knee flexion, resulting in diminished bony guidance and increased stress on both active 

and passive stabilizers of the joint (40,78,93). Physiologically, the contact area between the 

cartilage of the patella and the trochlear groove expands as knee flexion increases (40). 

Consequently, patella alta results in a reduced cartilage contact area at comparable degrees 

of knee flexion relative to a knee with a normally positioned patella. This diminished contact 

area, under consistent loading forces, leads to elevated pressure on the cartilage (94). 
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1.2.3.6 Lower limb alignment 

Abnormal skeletal alignments within the lower limb can detrimentally impact the stability of the 

patellofemoral joint (5). Such misalignments include excessive femoral version (6), tibial 

torsion, as well as deviations observed in the frontal plane, such as genu valgum (95). Genu 

valgum can alter the Q-angle, potentially increasing the lateralizing force acting on the patella 

(35). Moreover, excessive femoral anteversion is associated with increased pressure on the 

lateral facet of the patella (44,45) and increased lateralization of the patella (96). Beside 

femoral anteversion, tibial torsion is also recognized to influence the stability of the 

patellofemoral joint. Studies using cadaver models have indicated that increased external 

rotation of the tibia may augment the lateralizing force on the patella (44,97). 

 

1.2.4 Radiographic measurements to classify patellofemoral joint morphology 

Radiographic measurements allow an assessment of the initial morphological conditions of 

individuals with suspected patellofemoral instability (6,7). Specifically, MR imaging enables a 

comprehensive analysis of knee joint morphology using various parameters (5,6). 

One critical factor for patellofemoral stability that can be assessed via MR imaging is the shape 

of the trochlear groove (98). Given the trochlear groove's essential role in guiding the patella, 

it is prudent to assess its morphology (35,99). Several methods exist for describing its shape, 

primarily based on angle measurements and shape classification (36,83,98). The trochlear 

sulcus angle (Figure 6A), defined as the angle between the tangents of the medial and lateral 

femoral condyles forming the sulcus, serves as an indicator of the trochlea groove's shape 

(100). A trochlear sulcus angle exceeding 145 degrees indicates a flattening of the trochlea, a 

condition termed trochlear dysplasia (36,83). Another measurement technique involves 

determining the depth of the trochlear groove (Figure 6B) by measuring the average height of 

the medial and lateral femoral condyles and calculating the difference to the groove's deepest 

point (98). A study identified a significant decreased trochlear depth between individuals with 

patellofemoral instability, averaging 3.1 mm, and a control group, which averaged 5.2 mm in 

depth (99). The Dejour classification system is another method used to categorize trochlear 

shapes into four subclasses (A, B, C, D), where class A indicates a minor deformity and class 

D represents severe trochlear dysplasia (36,83). Class A is characterized by a shallow trochlea 

with a sulcus angle of at least 145 degrees, class B by a flat trochlea, class C by a lateral 

convexity with medial hypoplasia, and class D by a cliff-like formation instead of the proximal-

lateral femoral condyle (101). 

 



   

 

  19 

 

 

Figure 6: Magnetic resonance image measurements of the patellofemoral morphology. A) Trochlea sulcus angle. 
Angle between the medial and lateral face of the trochlea sulcus. B) Trochlea sulcus depth. Calculated by the mean 
of distance a and b subtracted by c. C) Patella tilt. Angle between the tangent along the dorsal femoral condyles 
(a) and the longest diameter of the patella (d). Patella tilt is calculated as the angle between those two lines. D) 
Fulkerson angle. Angle between the tangent along the proximal femoral condyles (c) and the lateral patella facet 
(d). © 2024 Jakob Holzer. Reproduced with the permission of the copyright holder.  

 

In addition to the shape of the trochlea, the morphology of the patella, particularly the medial 

and lateral facets, plays a crucial role in patellofemoral stability (86,102). The configuration of 

the medial articular surface can be quantified by the medial facet angle of cartilage, which is 

defined as the angle formed between a transverse line across the longest diameter of the 

patella and the tangent along the medial patella cartilage facet (87). Similarly, the lateral facet 

angle is measured by determining the angle between the same transverse line and the tangent 

along the lateral patella cartilage facet (87). 

Patella tilt is another relevant determinant of patellofemoral stability (Figure 6C). It can be 

assessed using the inclination angle between the dorsal femoral condyles and the transverse 

line through the longest diameter of the patella (103). Alternatively, the Fulkerson angle (Figure 

6D) can be employed to measure patella tilt, which quantifies the angle between the lateral 

patella facet and the distal femoral condyle (104). Angles that open to the lateral side are 

considered normal, while angles of 0 degrees or those opening medially are regarded as 

abnormal (104,105).  
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To assess the position of the patella relative to the femur, both lateral and vertical 

displacements can be measured (5,78,104). Lateral displacement is quantified by measuring 

the shortest distance between the lateral edge of the lateral femoral condyle and the lateral 

edge of the patella (104). A study identified a mean lateral displacement of 12.1 mm in 

individuals with patellofemoral instability, in contrast to a mean 0.2 mm displacement observed 

in a control group (106). For assessing vertical displacement, the Caton-Deschamps index 

(CDI) can be employed (Figure 7A). This index calculates the ratio of the distance from the 

apex of the patella to the anterior-superior edge of the tibial plateau relative to the vertical 

diameter of the patella (107). Normal patella height according to the CDI ranges from 0.8 to 

1.2. Values exceeding a ratio of 1.2 are indicated as patella alta (108,109). 

 

 

Figure 7: Magnetic resonance image measurements of the patella position. A) Caton-Deschamps index. Caton-
Deschamps index is calculated by dividing the distance between the apex patellae and the proximal prominence 
of the tibial plateau (a) by the height of the patella (b). B) Distance between the tibial tubercle and the trochlea 
groove (d). Two supporting lines are drawn to the tibial tubercle (b) and the center of the trochlea groove (c) 
perpendicular to the tangent between the dorsal femoral condyles (a). The parameter is measured as the distance 
between those two helping lines (indicated by the green line; d). © 2024 Jakob Holzer. Reproduced with the 
permission of the copyright holder. 

 

To ascertain a potential negative impact of the position of the tibia relative to the femur on 

patellofemoral stability, the distance between the tibial tuberosity and the trochlea groove can 

be measured (Figure 7B) (11). This measurement is conducted using two overlapping cross-

sectional images to determine the distance from the tibial tuberosity to the center of the 

trochlea groove, with lateral displacement identified as a risk factor for patellofemoral instability 

(99).  
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The overlay of MR-based cross-sectional images at different levels of a body segment 

facilitates the measurement of torsions in the lower limb (110–112). Femoral version can be 

calculated by overlaying cross-sectional images of the femoral neck and the femoral condyles 

(110). It is defined as the angle between the longitudinal axis of the femoral neck and the 

tangent line at the dorsal femoral condyles (110,112). Normative values for femoral 

anteversion, which depend on the measurement technique, typically range from 7 to 24 

degrees (113). Similarly, tibial torsion is determined by superimposing cross-sectional images 

of the tibial plateau and the lateral malleolus (110). Tibial torsion is defined as the angle 

between the tangent at the dorsal tibial plateau and a line extending through the middle of the 

tibiofibular joint surface to the middle of the lateral malleolus (110,112). An external tibial 

torsion exceeding 30 degrees is considered excessive and deviates from normal values (114). 

 

1.2.5 Treatment of patellofemoral instability 

Patellofemoral instability and associated patella dislocations can be managed either 

conservatively or through surgical intervention (5–7). Studies demonstrated favorable 

outcomes in patient-related outcome measures following both conservative and surgical 

treatments following the first dislocation (115–117). Individuals with patellofemoral instability 

who underwent either conservative or surgical treatment reported improvements in pain and 

functional levels (116,117). However, higher rates of redislocation were observed following 

conservative treatment compared to surgical interventions (115–117). Based on the positive 

findings regarding pain and function, conservative treatment is generally recommended 

initially after the first incidence of patella dislocation, except in cases involving osteochondral 

fractures (11) or severe pathologic laxity (5). Should conservative treatment fail, surgical 

intervention is recommended (5). 

 

1.2.5.1 Conservative Treatment 

Conservative treatment for patellofemoral instability and patella dislocations primarily focuses 

on pain management, initial immobilization, and physiotherapy (6,7). Within a general 

framework, conservative treatment should be planned and structured at the individual’s needs 

and any present risk factors should be considered during treatment planning (11).  

The initial phase of conservative treatment typically involves immobilizing the affected knee 

joint through the use of orthoses, posterior splints, or plaster casts (7,118). Immediate 

immobilization is crucial as it aids in the healing of the passive medial structures (70,119) and 

supports preventing redislocations (120). A study indicated that immediate mobilization of the 

knee joint after a dislocation could triple the risk of redislocation (120). Immobilization also 

facilitates pain relief and is generally recommended for approximately 2-3 weeks at a knee 
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flexion angle of 15 to 20 degrees (11). During this initial period, the focus should be on reducing 

pain, managing joint effusions, restoring range of motion, and promoting quadriceps activation 

(43).  

Following the initial treatment phase, subsequent weeks should concentrate on enhancing the 

functionality of the knee joint (10,70,119). The primary objective during this period is to 

progressively increase the load on the knee joint and achieve full range of motion (10,70,119). 

During this phase, training may include closed kinetic chain exercises (70), which are 

particularly functional and beneficial for stimulating activity in the vastus medialis (121,122). 

Additionally, proprioceptive training (i.e. vibrating plates) may be beneficial in this phase by 

aiding in the restoration of functional stability in the knee joint (6,123).  

After approximately 5 to 6 weeks, if feasible, patients may begin ergometer training and 

gradually resume running activities (124). Upon completion of the rehabilitation process, it is 

advisable to persist with coordinative and muscle strength training one to two times a week to 

mitigate the risk of patellar redislocation (11). 

 

1.2.5.2 Surgical Treatment 

The objective of surgical intervention for patellofemoral instability is to ensure optimal patellar 

tracking by rectifying abnormal morphological features and thereby preventing redislocations 

(6). Surgical strategies addressing patellofemoral instability are directed at different 

morphological structures known to affect the stability of the patellofemoral joint (5,6,11). 

Consequently, comprehensive imaging assessments are essential to identify potential 

abnormal morphologies (5). A range of isolated or combined surgical procedures is employed 

to enhance the stability of the patellofemoral joint, including reconstruction of the medial 

patellofemoral ligament, lateral release, medialization of the tibial tuberosity, and 

trochleaplasty (5–7,11). Furthermore, postoperative rehabilitation is a relevant factor for 

successful surgical treatment. Hence, surgical interventions should be complemented by a 

well-structured postoperative rehabilitation program (7). 

A critical surgical focus is the restoration of medial constraints, particularly the medial 

patellofemoral ligament (5). This structure plays a significant role as a passive stabilizer and 

is often ruptured in the majority of patellar dislocations (74,75). Several techniques have been 

developed to restore the functionality of the medial patellofemoral ligament. These include 

different anchoring methods and grafts, such as the semitendinosus tendon, segments of the 

patellar tendon, or synthetic materials like polyester to reconstruct the medial patellofemoral 

ligament (11). The reconstruction of this ligament is of crucial importance as it substantially 

decreases the risk of subsequent redislocations (7).  
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The surgical procedure lateral release is designed to mitigate the lateralizing pull exerted by 

passive lateral structures through the dissection of the lateral retinaculum (11). However, 

biomechanical studies have reported that this procedure does not confer any beneficial effect 

and may even increase the overall instability of the patellofemoral joint (80,125). 

Consequently, lateral release is not recommended as a standalone treatment technique (5) 

and is contraindicated in cases of acute dislocations (7). In specific circumstances, such as 

those involving increased negative patella tilt (126) or chronic instability, lateral release may 

be considered, but only in conjunction with other surgical interventions (7,11).  

A transfer of the tibial tuberosity may be employed to diminish the lateralizing traction exerted 

by the quadriceps on the patella (127). Given that the position of the tibial tuberosity influences 

the Q-angle (11), repositioning the tibial tuberosity medially can reduce the lateralizing forces 

within the patellofemoral joint (128), by correcting the extensor apparatus (7). This adjustment 

of the extensor apparatus aids in correcting maltracking of the patella and aligning it more 

effectively within the trochlear groove (7). In cases where an increased Q-angle or 

lateralization of the tibial tubercle procedure is considered as main factor for patellofemoral 

instability, medialization of the tibial tubercle according to Grammont (129) can be considered. 

In instances of patella alta, distalization of the tibial tuberosity is a viable surgical option (130). 

Additionally, this procedure can be augmented by tenodesing the patella tendon to effectively 

shorten it (131). Overall, distalization of the tibial tubercle is recognized as an effective method 

for preventing recurrent patella dislocations in individuals diagnosed with patella alta (130). 

Often done is a combination of distalization and medialization of the tibial tuberosity, as 

described by Elmslie and Trillat (132). 

Trochleaplasty is infrequently indicated (5) and is typically reserved for revision surgeries or 

in cases involving specifically selected patients (7). The primary objective of trochleaplasty is 

to modify the shape of the distal femur, mainly by lowering the central part of the trochlea (11). 

It is important to note that post-operative complications such as knee rigidity often occur 

following this procedure (7). Additionally, trochleaplasty carries a significant risk of cartilage 

damage and may permanently alter knee joint kinematics, both of which can elevate the 

likelihood of early onset osteoarthritis (7,133).  

If a torsional deviation of the lower limb is present and adversely affecting the stability of the 

patellofemoral joint, derotation osteotomies may be considered to correct torsional alignment 

(6,134,135). Derotation osteotomies can be performed on either the femur or the tibia and are 

aimed at adjusting excessive torsional angles to within normative values (6,136). In certain 

cases involving malalignment syndrome, a combination of femoral anteversion and tibial 

torsion abnormalities, combined femoral and tibial derotation osteotomy may be considered 

(137).  
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1.3 Musculoskeletal Modelling 

Musculoskeletal modelling is a well-established methodology that provides unprecedented 

insights into the neuromechanical dynamics of the human body. Musculoskeletal simulations 

enable researchers to examine the behavior of the musculoskeletal system without the 

necessity for complex and invasive experiments on living organisms (16). The primary focus 

of musculoskeletal simulations is to explore the interactions between joint movement, muscle 

forces, and joint loadings (16,138). 

In the medical domain, musculoskeletal simulations are utilized in several disciplines, 

including traumatology, neurology, and orthopedics. In orthopedics, musculoskeletal 

simulations are used to investigate the causes of injuries and diseases of the musculoskeletal 

system (138). Simulations can also be used for treatment planning to reduce the risk of 

complications and improve outcome (139). Additionally, musculoskeletal simulations are 

applied in the fields of sports science and sports orthopedics. In these areas, they are 

instrumental in enhancing the performance and training regimens of athletes, as well as in 

mitigating the risk of injuries (140). 

There are three principal factors that significantly influence movement-dependent joint loads: 

the execution of the movement, muscle coordination, and musculoskeletal geometry (16,141). 

Musculoskeletal simulations, which are predicated on the integration of biomechanical and 

neurophysiological modeling, incorporate these critical factors (16,138). The models 

employed describe the geometry and properties of bones, muscles, and joints (142,143). 

Information regarding movement is often sourced from motion capturing data (138). 

Subsequent simulations are designed to emulate the functioning of the motor nervous system 

(16). These simulations are utilized to analyze movements, muscle dynamics, and the forces 

and moments exerted on bones and joints (138).  

In the domain of simulation methodologies, a distinction is made between 'inverse' and 

'forward' simulations. Forward simulations aim to compute the resultant movement based on 

a musculoskeletal model and an optimization approach, which mimics the central nervous 

system (138). Consequently, forward simulations are designed to reconstruct the 

neurophysiological and biomechanical functions to investigate how a subject would move 

within predefined constraints and objectives (144). For the performance of forward 

simulations, no experimental movement data is needed. This approach can be used to 

investigate how certain impairments, e.g. spasticity in CP affects gait pattern (145). 

Conversely, inverse simulations estimate muscle forces and joint reaction loads occurring 

during a pre-captured movement (16). These simulations calculate the kinematics of body 

parts as well as the forces and moments acting on anatomical structures (138). Movement 
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sequences characterized by high reproducibility, such as walking, are frequently analyzed 

using both forward and inverse musculoskeletal simulations (138,146–148). 

One possibility to perform such musculoskeletal simulations is, by using OpenSim. OpenSim 

is an open-source software tool developed at the Stanford University, to conduct a broad range 

of musculoskeletal simulations. OpenSim can be used for rehabilitative and orthopedic 

studies, as well as for the development of new medical devices, like orthoses. Additionally, it 

is possible to simulate the outcomes of different surgical treatments in terms of what-if 

simulations. OpenSim encompasses the conduction of forward and inverse simulations with 

its toolboxes. It provides a graphical user interface and easy to use application programming 

interfaces for MATLAB and Python (16,138,149,150). Beside OpenSim, other software 

packages (e.g. AnyBody (15)) are available for musculoskeletal simulations. However, these 

are not freely available and were not used in this thesis. 

 

1.3.1 Models and Personalization 

A musculoskeletal model constitutes a mathematical framework designed to simulate the 

dynamic interplay among the muscles, bones, and joints within the human body. It comprises 

a set of differential equations that mathematically describe the movements and forces acting 

on bones and joints (138). 

Musculoskeletal models are created by recording the geometry of the body parts to be 

modelled, such as the spine or joints. This is usually done using cadaver studies and MR 

scans (142,143,147). It is feasible to construct models that encompass multiple joints, thereby 

facilitating more comprehensive simulations that may include entire limbs or the full 

musculoskeletal system (148). Furthermore, areas of particular interest, such as specific 

joints, can be modeled with enhanced details (151,152). The integration of mechanical 

characteristics, encompassing bones, muscles, ligaments, and joints, into the model is a 

critical step (Figure 8) (152). This integration is grounded in empirical evidence gathered from 

clinical observations, in vivo experiments, cadaveric studies and MR scans (142,143,152). 

Should a suitable model already exist for a particular line of inquiry, it may be advantageous 

to utilize these pre-existing models. This approach can significantly expedite the time-

consuming processes of model development and validation. Such models, often referred to 

as generic models, typically incorporate adjustments for individual variations, including a 

patient’s height, weight, and the proportions of body segments, through a process known as 

model scaling (16). Additionally, these generic frameworks offer the potential for further 

personalization, for instance, through the modification of osseous geometries, the trajectories 

of muscle fibers, or the maximum forces that muscles can exert (153). 
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Figure 8: Example of a musculoskeletal model detailing each model component. The left side shows a generic 
model, presenting bones, a marker set (pink dots) and a small selection of muscles (red lines). The right side 
represents an example for a more complex model of the knee joint incorporating ligaments (green lines) and 
cartilage surfaces. Reproduced from (139). © 2020 Killen et al.. The figure was published in an open-access article 
distributed under the terms of the Creative Commons CC BY license 4.0 
(http://creativecommons.org/licenses/by/4.0/).  

 

One possibility of further personalization of musculoskeletal models involves the incorporation 

of person-specific geometric characteristics of the lower limb bones. Recent advancements in 

computational tools have facilitated an easy and fast adaptation of femoral version, femoral 

neckshaft angle and tibial torsion (154–156). Using the Torsion Tool for OpenSim, these 

angular adjustments can be readily implemented within a MATLAB script, thereby enabling 

the generation of personalized models tailored to individual anatomical variations (155,157). 

The Torsion Tool uniformly alters femoral version and tibial torsion along the shaft of the 

corresponding bone (155). All muscle attachment points are maintained at their original 

locations on the corresponding bones. When these modified bones are incorporated into the 

models, the knee and hip joints are preserved in their neutral positions. However, the foot 

progression angle and the position of the trochanter major are altered relative to the hip joint 

(Figure 9). 
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Figure 9: Alignment of the femur and tibia before and after personalization. This figure presents how the Torsion 
Tool changes the shape and alignment of the femur and tibia (red) compared to the generic torsion model (green). 
The left side represents the personalization for the femoral torsion model, while the right side represents the 
personalization for the torsion informed model. The personalized models represent one participant with 36° femoral 

version and 38° tibial torsion. 

 

1.3.1.1 Rajagopal model 

One widely used model for musculoskeletal simulations in OpenSim is the Rajagopal model 

(Figure 10a) (143). It incorporates overall 37 degrees of freedom for joint kinematics. Further, 

it includes 80 muscle-tendon units at the lower limb, characterized by Hill-type muscle models 

(158). For the upper body 17 ideal torque actuators are implemented in the Rajagopal model 

(143). The development and validation of this model's muscle-tendon properties were 

underpinned by the analysis of data derived from 21 cadaver samples, which was augmented 

through MR scans of 24 young and healthy individuals. Initially the model was validated for 

walking and running (143).  

For the assessment of joint reaction loads, particularly within the medial and lateral 

compartments of the tibiofemoral joint as well as the patellofemoral joint, the Lerner knee 

model (151) can be integrated into the Rajagopal model (159). The Lerner model is 

distinctively designed with separate compartments for the medial and lateral tibiofemoral 

joints, thereby facilitating precise estimations of joint reaction forces exerted on both the 

medial and lateral femoral condyles and tibial plateau. Additionally, the Lerner model provides 
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methodologies for estimating patellofemoral joint reaction loads, which are influenced by the 

forces exerted by the quadriceps muscle and the patella tendon (151).  

 

 

Figure 10: Musculoskeletal models for OpenSim. a) representation of the Rajagopal model. b) representation of 
the Lenhart model. The red lines denote the defined muscles and green lines the defined ligaments. This figure 
was created by the author of this thesis. 

 

1.3.1.2 Lenhart model 

For specific tasks more complex representation of specific joints can be useful in 

musculoskeletal models (29). Lenhart et al. (152) developed a complex knee joint, which they 

incorporated into a generic musculoskeletal framework designed for use in OpenSim (Figure 

10b) (142). The base model features a hip joint with three degrees of freedom configured as 

a ball and socket joint and an ankle joint with a single degree of freedom. Additionally, it 

includes 44 muscle-tendon units on one lower limb, each defined according to Hill-type models 

(142). The knee joint of the Lenhart model comprises a six degrees of freedom tibiofemoral 

and six degrees of freedom patellofemoral joint (152). The model also includes 14 ligament 
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bundles that were reconstructed from MR scans, encompassing structures such as the medial 

patellofemoral ligament and both the anterior and posterior cruciate ligaments. The 

cartilaginous surfaces of the patellofemoral and tibiofemoral joints were similarly reconstructed 

using data from MR scans (152). Personalized ligaments and joint geometry allow the 

calculation of secondary patellofemoral and tibiofemoral kinematics, which is not measurable 

with standard three-dimensional motion capturing techniques (160,161). Specifically, this 

includes both linear and rotational movements of the patella across the frontal, sagittal, and 

transversal axes. Additionally, the defined cartilage surfaces, when used in conjunction with 

the Concurrent Optimization of Muscle Activation and Kinematics (COMAK) routine, facilitate 

the calculation of cartilage contact pressures based on an elastic foundation model (162–164). 

 

1.3.2 Common simulation workflow in OpenSim 

In the execution of inverse musculoskeletal simulations using OpenSim, adherence to a 

workflow comprising multiple stages is essential (16). Initially, a predefined or previously 

personalized model is scaled to align with the anthropometric and physiological characteristics 

of the individual under investigation. This scaling process adjusts for factors such as body 

size, segment dimensions and weights, muscle properties (e.g. maximum isometric muscle 

force), and the placement of markers on the model (153,165). Scaling of body size and 

segment dimensions within musculoskeletal simulations is conducted using a static pose 

derived from motion capturing data or segment lengths determined in radiographic 

measurements. During the scaling setup, the dimensions of each body segment are 

associated with specific markers. The body weight is adjusted to align with the weight 

distribution of the pre-scaling model and the actual weight of the participant (153,165). 

Typically, maximum isometric force of muscles are scaled in accordance with either the body 

weight or the size of the participants (165–167). Accurate scaling is crucial for reliable 

simulation results (168). 

Subsequently, inverse kinematics is employed to derive the joint coordinates (OpenSim 

nominates joint angles as coordinates) from experimental marker data (169). This involves 

performing a least squares fit for each frame to align the experimental markers with the 

corresponding model markers, with provisions to adjust the weighting of markers based on 

the reliability of experimental marker position data (16). This adjustment allows for the 

reduction in the influence of markers likely to exhibit significant soft tissue artifacts. 
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𝑚𝑖𝑛
𝑞

 [∑ 𝑤𝑖‖𝑥𝑖
𝑒𝑥𝑝

− 𝑥𝑖(𝑞)‖
2

 𝑖 ∈ 𝑚𝑎𝑟𝑘𝑒𝑟𝑠 + ∑ 𝜔𝑗(𝑞𝑗
𝑒𝑥𝑝

− 𝑞𝑗)
2

𝑗 ∈ 𝑢𝑛𝑝𝑟𝑒𝑠𝑐𝑟𝑖𝑏𝑒𝑑 𝑐𝑜𝑜𝑟𝑑𝑠 ]

𝑞𝑗 = 𝑞𝑗
𝑒𝑥𝑝

 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑝𝑟𝑒𝑠𝑐𝑟𝑖𝑏𝑒𝑑 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑠 𝑗
 (1) 

 

Equation 1 describes how coordinates are calculated by inverse kinematics, where q is the 

vector of generalized coordinates that is solved. xi
exp is the experimental position of the marker 

i. xi(q) is the position of the model marker i. qj
exp is the experimental value for the coordinate j. 

Finally, wi and ωi describe the predefined marker and coordinate weights respectively. If a 

coordinate is predescribed (e.g. by locking the joint) it follows the calculation qj = qj
exp (170). 

In the next step, inverse dynamics, external joint moments are calculated based on the joint 

coordinates and ground reaction force data (171). This procedure is executed analogously to 

the conventional three-dimensional gait analysis (54). 

A critical phase in musculoskeletal simulations is the estimation of muscle activation and 

forces, which follows the calculation of external joint moments (16,171). Given the redundancy 

in the human musculoskeletal system, where multiple muscles can perform the same 

movement, a direct calculation of muscle activation and forces is not possible. Instead, 

different algorithms (e.g. static optimization) are applied to distribute forces across synergistic 

muscles (16,172). Several mathematical approaches are available to estimate muscle 

activation and forces, taking into account muscle-specific properties such as optimal fiber 

length, maximum isometric force, and muscle fiber composition (16,172,173). These 

methodologies range from those aimed at reducing metabolic cost (174) to more sophisticated 

approaches that also incorporate electromyography data (175).  

In the final step, the outcomes from the preceding simulation phases facilitate the calculation 

of joint reaction loads based on Newtonian mechanics (171,176). The external loads and 

moments, the muscle forces and the distal joint reaction loads are used as parameters for this 

calculation, while the force directions and segment accelerations are influenced by the 

kinematics (176). The joint forces are calculated in a recursive procedure starting at the ankle 

joint and moving progressively proximal (171,176). Since one of the main input parameters for 

calculating the joint reaction loads are the muscle forces, these seem to have a major influence 

on the calculated joint forces (177). 

After performing musculoskeletal simulations, it is essential to validate the simulation results. 

The plausibility of the results can be checked by comparing them to cadaver studies (44,96), 

in vivo measurements (178), or previous simulations (19,20,23,179). 

 

1.3.2.1 Static Optimization 

Static optimization is a method to quantify muscle activations and forces based on the external 

moments applied to each joint during specific time frames (170,180). The method aims to 
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minimize a cost function (e.g. sum of squared muscle activations), thereby optimizing the 

activation pattern of muscles for each time frame of a pre-captured motion (141,174,180). As 

a prerequisite, static optimization utilizes the outputs from inverse kinematics and inverse 

dynamics, and focuses on optimizing the muscle-activation-to-force condition:  

 

 ∑ [𝑎𝑚𝑓(𝐹𝑚
0 , 𝑙𝑚, 𝑣𝑚)]𝑟𝑚𝑗 = 𝜏𝑗

𝑛

𝑚=1

 (2) 

 

while minimizing the cost function: 

 

 𝐽 =  ∑ (𝑎𝑚)𝑝

𝑛

𝑚=1

 (3) 

 

In the specified equations 2 and 3 n describes the number of muscles in the model. Further, 

am is the activation level of a specific muscle m at a time frame. 𝐹𝑚
0 is the maximum isometric 

force, lm it’s length, vm the shortening velocity and 𝑓(𝐹𝑚
0 , 𝑙𝑚, 𝑣𝑚) the force-length-velocity 

surface of the muscle m. The variable rmj is the moment arm around the joint axis j and τj is 

the generalized torque acting on the joint axis j. Finally, p is a factor which can be individually 

adapted to the goal of the optimization (e.g. minimizing the sum of squared muscle activations 

by setting p to 2) (170). When employing static optimization, it is imperative to acknowledge 

that this method presupposes an inextensible tendon and does not account for parallel elastic 

elements in muscles (170,174). 

The efficacy of static optimization can vary significantly depending on the specific movement 

being analyzed. The success of this method is contingent upon the objectives of the movement 

and the defined cost term within the static optimization process. For activities such as walking, 

static optimization has demonstrated reliability and efficiency in computation time (180). 

However, its accuracy may be compromised in scenarios where the dynamics of muscle 

activation play a critical role or when a suitable time-independent performance criterion cannot 

be clearly established (180). For instance, in activities like dancing, approaches informed by 

electromyography have yielded superior results compared to static optimization (173). 

Furthermore, static optimization aims to minimize co-contraction and thus might not lead to 

realistic results in participants with neurological impairments (181). 

 

1.3.2.2 Concurrent optimization of muscle activation and kinematics  

An alternative method for estimating muscle activation and forces is the COMAK routine, 

developed by Smith et al. (182,183). This method was developed to utilize musculoskeletal 
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simulations with more complex models incorporating additional degrees of freedom and 

implemented ligaments. The COMAK routine employs a computed muscle control algorithm, 

functioning as a feedforward-feedback controller, which facilitates the concurrent computation 

of muscle activation, ligament forces, and cartilage contact pressures (184,185). It 

concurrently solves secondary kinematics, (tibiofemoral ab-/adduction and internal/external 

rotation as well as six degrees of freedom in the patellofemoral joint), by minimizing the 

weighted sum of squared muscle activations and contact energy based on bony morphology, 

ligament properties and tibiofemoral flexion/extension (182,184). In a subsequent step these 

outcomes can be utilized in combination with inverse kinematics and dynamics results to 

calculate joint reaction loads (176). Additionally, the incorporation of a solver for elastic 

foundation models within the COMAK routine allows for the computation of cartilage contact 

pressures (162–164). Elastic foundation models define cartilage as elastic tissue and bones 

as rigid bodies. Surface meshes are used to represent the geometry of the cartilage surface. 

These cartilage geometries can overlap and penetrate each other. The pressure is then 

calculated for each point of the surface mesh, from the mechanical properties as well as the 

thickness of the cartilage and the superposition (162). Previous research has demonstrated 

the capability of the COMAK routine to calculate differences in knee joint contact forces within 

different morphologic properties in an experimental context (19,23). 

 

1.4 Biomechanic studies to investigate patellofemoral instability 

Several biomechanical investigations have been undertaken to explore the influence of 

various morphological factors on patellofemoral instability. These studies have employed 

cadaveric specimens as physical models to provide empirical insights (74,76,186–188), while 

using musculoskeletal modeling as mathematical frameworks to simulate and analyze 

biomechanical dynamics (20–23,25,189). 

 

1.4.1 Cadaver studies 

Cadaver studies provide a valuable method for examining the mechanics of the patellofemoral 

joint, as they facilitate the dissection and isolated analysis of specific structures, allowing for 

precise measurement of their mechanical properties (74,76,186–188). However, these models 

face limitations in replicating physiological muscle activations and external loading conditions. 

Additionally, cadaver studies do not account for dynamic functional movements or the 

interconnected activation patterns of muscles typically observed in vivo. Another significant 

limitation is that specimens often originate from older individuals, which poses challenges in 

researching pathologies that are predominantly relevant to younger demographics (29). 
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1.4.1.1 Quadriceps muscle 

Elias et al. (186) examined the influence of the vastus medialis obliquus on the pressure 

dynamics within the patellofemoral cartilage. The methodology involved the utilization of ten 

cadaveric knees, which were subjected to flexion angles of 40, 60, and 80 degrees. During 

these conditions, forces mimicking the action of the vastus medialis and other components of 

the quadriceps muscle group were applied. The distribution of joint pressures was 

quantitatively assessed using a thin film sensor. The findings from the study indicated that an 

augmentation in the force exerted by the vastus medialis resulted in a notable reduction in 

lateral pressure and a corresponding increase in medial pressure across all tested positions 

of knee flexion (186). 

In an in vitro investigation Lorenz et al. (190) explored the impact of asymmetric quadriceps 

force on patellar tracking. The study utilized seven knee specimens, which were assessed 

using a knee simulator during weight-bearing knee flexion scenarios. Three distinct force 

distributions within the quadriceps muscle group were applied: predominantly lateral, 

predominantly medial and equal distributed forces. The results demonstrated that 

predominantly lateral loading induced a tilt and a rotation of the patella around the 

anteroposterior axis. However, this loading condition had only a marginal effect on the 

mediolateral shift of the patella (190). 

Stephen et al. (191) investigated the effects of diminished tension in the vastus medialis 

muscle on patellar tracking, stability, and contact pressure within the patellofemoral joint. The 

experimental setup included nine fresh-frozen dissected cadaveric knees mounted in a rig, 

where the quadriceps and iliotibial band were subjected to a load of 205 N. The findings 

revealed that a reduction in the force exerted by the vastus medialis led to a significant 

increase in patellar tilt and translation. Additionally, there was a decrease in medial 

patellofemoral contact pressure, which contributed to an overall reduction in patellar stability 

(191). 

 

1.4.1.2 Medial patellofemoral ligament 

Conlan et al. (76) employed a cadaveric model to assess the role of medial soft-tissue 

structures in restraining lateral displacement of the patella. Utilizing 25 fresh-frozen knee 

specimens, the study systematically evaluated and ranked various soft tissue structures based 

on their significance in lateral restraint. The findings indicated that the medial patellofemoral 

ligament was the most critical structure for restraining lateral displacement (53 % of the 

restraining effect). This was followed by the patellomeniscal ligament (22 % of the restraining 
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effect). Conversely, the patellotibial ligament was deemed insignificant for lateral patellar 

restraint (76). 

Desio et al. (74) conducted an examination of the restraining capabilities of soft tissue 

structures on medial and lateral displacement of the patella. The study utilized nine fresh-

frozen cadaveric knees, positioning them at 20 degrees of flexion and applying a lateral force 

of 200N to the patella. The results indicated that the medial patellofemoral ligament exhibited 

the most significant restraining effect (60 %). This was followed by the medial patellomeniscal 

ligament (13 %). Notably, the lateral retinaculum also played a role (10 %). However, the 

medial patellotibial ligament and the superficial fibers of the medial retinaculum were 

determined to be functionally insignificant for patellofemoral stability (74). 

 

1.4.1.3 Patella alta 

Singerman et al. (192) conducted a study to explore the influence of patella height on 

patellofemoral contact force and its point of application. They simulated rising from a chair in 

seven cadaver knee specimens while measuring contact force with a force transducer. An 

increase in patella height resulted in a delayed onset and reduced magnitude of patellofemoral 

contact force. This delayed engagement between the lateral facet of the patella and the 

femoral condyles suggests that increased patella height may be a contributing factor to 

patellofemoral instability (192). 

 

1.4.1.4 Shape of the trochlea 

Van Haver et al. (187) assessed the impact of trochlear dysplasia on patellofemoral 

biomechanics. They altered the native trochlea in four cadaveric knees with various custom-

made trochlear implants to simulate trochlear dysplasia. The biomechanical properties of 

these modified joints were evaluated under different conditions, including open-chain and 

closed-chain loading, as well as a patellar stability test. The results indicated that knees with 

trochlear dysplasia exhibited increased internal rotation, lateral tilt, and lateral translation, 

alongside increased contact pressure and a decreased contact area, when compared to those 

with a native trochlear shape. Additionally, reduced patellar stability was observed in the 

dysplastic trochleas. Among the dysplasia implants, those categorized as Dejour type D 

demonstrated the most significant deviations from the norm (187). 

 

1.4.1.5 Position of the tibial tuberosity 

Kuroda et al. (188) investigated the effect of tibial tuberosity positioning on the stability of the 

patellofemoral joint through simulated tibial tubercle transfers. The research utilized six fresh-

frozen cadaveric knees, measuring static patellofemoral joint contact pressures both before 
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and after medialization of the tibial tubercle, employing a closed-kinetic chain test protocol. All 

specimens exhibited a normal Q-angle. Findings from the study revealed that medialization of 

the tibial tuberosity significantly increased medial patellofemoral contact pressure and also 

increased pressure within the medial tibiofemoral compartment. Consequently, the results 

suggest that tibial tubercle medialization should be approached with caution in patients who 

present a normal Q-angle (188). 

Ostermeier et al. (193) tested two different surgical techniques for stabilizing the patella 

against lateral displacement. First surgery was a medialization of the tibial tubercle. The 

second surgery incorporated an additional reconstruction of the medial patellofemoral 

ligament. They prepared five cadaver knee specimens with a normal Q-angle and simulated 

isokinetic extension motions, while applying a lateralizing force of 100 N at the patella. The 

outcomes demonstrated that tibial tubercle medialization had no significant impact on the 

stability of the patellofemoral joint. Conversely, the additional reconstruction of the medial 

patellofemoral ligament resulted in a notable stabilizing effect on the patella, indicating its 

effectiveness in enhancing patellar stability (193). 

 

1.4.1.6 Lower limb alignment 

Worlicek et al. (194) evaluated the impact of varus and valgus alignment of the knee joint on 

patellar kinematics. They investigated patellar kinematics involving 10 lower extremity cadaver 

specimens which were analyzed during passive knee flexion and extension under three 

conditions: neutral position, valgus stress, and varus stress. The findings indicated that valgus 

stress resulted in an increased lateral tilt of the patella. However, neither valgus nor varus 

stress significantly affected the medio-lateral shift of the patella (194). 

Lee et al. (45) explored the impact of fixed rotational deformities of the femur on patellofemoral 

contact pressure. The study involved an unspecified number of cadaver knees, upon which a 

quadriceps force of 200 N was applied across various knee positions featuring different 

femoral rotations. The results demonstrated that internal rotation of the femur resulted in an 

increase in peak lateral patellofemoral contact pressure (45). 

Kaiser et al. (96) studied whether internal femoral torsion could be considered as a risk factor 

for patellofemoral instability. They utilized eight fresh-frozen cadaver knees to assess patella 

motion and pressure under conditions of 0, 10, and 20 degrees increased internal torsion of 

the femur, both with the native medial patellofemoral ligament and with the medial 

patellofemoral ligament transected. The findings indicated that increased internal torsion of 

the femur resulted in elevated lateral patellofemoral contact pressure. Specifically, with an 

intact medial patellofemoral ligament, 20 degrees increase in internal femoral torsion was 

identified as a risk factor for patellofemoral instability. Conversely, with an insufficient medial 
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patellofemoral ligament, even 10 degrees increase in internal femoral torsion was considered 

a risk factor (96). 

Hefzy et al. (97) examined the impact of tibial rotation on patellar motion and patellofemoral 

contact areas under physiological loading conditions. The study involved four human cadaver 

knees, which were positioned in a tracking device to simulate movement and measure patellar 

motions. The results indicated that external tibial rotation resulted in an increase in lateral 

contact areas across the entire range of knee flexion. Additionally, external tibial rotation was 

associated with a lateral shift and lateral tilt of the patella (97). 

 

1.4.2 Computational studies  

Computational methods such as musculoskeletal simulations and finite element models are 

valuable tools to examine the effects of morphology and joint kinematics on the loading 

dynamics of specific joints (17,195–201). Besides other traumas such as ruptures of the 

anterior and posterior cruciate ligaments (202–204), musculoskeletal modeling and finite 

element models have also been employed to investigate diverse factors that influence 

patellofemoral stability (19,20,23–25). 

 

1.4.2.1 Patella alta and position of the tibial tuberosity 

Yin et al. (24) developed finite-element models for 10 individuals diagnosed with patella alta, 

to investigate the influence of tibial tubercle distalization and patella tendon tendonesis on the 

knee kinetics. The findings from these simulations indicated that performing distalization alone 

resulted in lower cartilage stress when compared to a combined approach of distalization and 

tendon tenodesis. Furthermore, an Insall-Salvati ratio of 0.95 (ratio of the patella tendon length 

to the vertical diameter of the patella) was identified as the optimal level for distalization, 

beyond which no additional benefits were observed (24). 

 

1.4.2.2 Shape of the femoral trochlea and the patella 

Jafari et al. (205) employed a two-dimensional computational transverse plane model of the 

knee joint with deformable articular surfaces to assess the impact of femoral groove geometry 

on the stability of the patellofemoral joint. The anatomical data utilized for this model were 

derived from transverse plane MR scans of a normally flexed knee at 20 degrees, 

supplemented with information from existing literature. The results demonstrated that 

modifying the sulcus angle from 139 to 169 degrees induced a lateral shift and tilt of less than 

3 mm and 4 degrees, respectively. However, a significantly greater shift and tilt (7 mm and 18 

degrees, respectively) were simulated when the quadriceps force was slightly increased and 
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following the release of the medial retinaculum. This combination of factors may contribute to 

dislocation disorders (205). 

Clouthier et al. (19) developed a statistical shape model to create different configurations of 

the tibiofemoral and patellofemoral joints. To achieve this, they utilized MR data from 14 

asymptomatic knees, which enabled the generation of 37 unique knee models based on -3 to 

+3 standard deviations of six principal components. Musculoskeletal modeling analyses of 

these different geometries revealed that a shallow trochlea leads a lateralization and increased 

tilt of the patella, as well as an increased loading of the medial patellofemoral ligament. 

Furthermore, a shallow trochlea leads to higher peak pressure on the lateral facet with a more 

lateralized center of pressure compared to a physiological trochlea shape (19). 

Wheatley et al. (20) conducted a musculoskeletal modelling study to examine the impact of 

different axial patella shapes on the biomechanics of the patellofemoral joint. To facilitate this 

investigation, a statistical shape model was employed to generate a range of patella shapes 

and heights. These morphologies were integrated into a musculoskeletal model featuring a 

knee joint with twelve degrees of freedom. The findings indicated that variations in patella 

morphology and height influenced biomechanical outcomes, specifically demonstrating 

increased patella ligament forces associated with greater patella heights and a higher 

quadriceps tendon force to patella ligament force ratio in cases where the patella had a 

sharper apex (20). 

 

1.4.2.3 Shape of the femoral trochlea and position of the tibial tubercle 

Clouthier et al. (23) utilized statistical shape modeling and musculoskeletal simulations to 

explore the effects of patellofemoral geometry and tibial tubercle location on patellofemoral 

biomechanics. Employing a Monte Carlo approach, the researchers randomly generated 750 

knee geometries featuring variations in trochlea grooves and tibial tubercle positions. The 

findings indicated that shallow trochlea geometries were particularly sensitive to medialization 

of the tubercle, leading to significant alterations in lateral position and increased contact 

pressure. Additionally, knees with a deep trochlea geometry exhibited more pronounced 

increases in medial cartilage contact pressure following medialization (23). 

In another study, Clouthier et al. (25) investigated the impact of trochlea groove depth and 

simulated tibial tubercle osteotomy using a combination of statistical shape modeling and a 

Monte Carlo approach to generate 750 musculoskeletal models. To assess patellofemoral 

stability, a 200 N lateral force was applied to the patella during early stance, and the resultant 

lateral displacement was measured. The results demonstrated that knees with a shallow 

trochlea groove experienced increased instability following either medial or lateral 

displacement of the tibial tubercle. Moreover, a greater transfer of the tibial tubercle 
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emphasized the increased importance of the medial patellofemoral ligament in maintaining 

patellofemoral stability. These findings underscore the significance of considering joint 

geometry in surgical planning (25). 

 

1.4.2.4 Femoral anteversion 

Besier et al. (21) employed finite element models of the patellofemoral joint, constructed using 

MR images from 16 individuals, to explore the effect of femoral version on patellofemoral 

loading. The subjects performed squats both in an open MR scanner and a gait laboratory. 

The study found that cartilage stress was more sensitive to external femoral version, although 

there was considerable variability among individuals. These individual differences should be 

considered when devising treatment strategies aimed at reducing cartilage load through 

alterations in femoral version (21). 

Wheatley et al. (22) conducted a study to examine the impact of femoral anteversion on the 

loading of the patellofemoral joint, utilizing musculoskeletal modeling. They created models 

featuring varying degrees of femoral version. Additionally, based on the gait pattern of a single 

healthy participant, they generated slightly varied gait patterns using a Monte Carlo algorithm 

to modify muscle activations. The findings indicated a correlation between femoral version and 

patellofemoral joint loading, particularly affecting the ratio between lateralizing forces and the 

resultant force on the patellofemoral joint. Specifically, an increase in femoral anteversion was 

associated with an increase in lateralizing force (22). 

Passmore et al. (189) conducted a study on knee joint loadings in a cohort of 12 children and 

adolescents diagnosed with an idiopathic torsional deformity of the femur. Utilizing 

musculoskeletal simulations, the research revealed that an increased femoral anteversion 

could significantly elevate lateralizing forces within the patellofemoral joint (189).  

 

1.5 Summary of gap of knowledge / Research questions 

Numerous studies employed musculoskeletal modeling to investigate variables affecting 

patellofemoral instability (19–25,205). A shared limitation among these studies is their 

omission of subject-specific gait patterns in individuals with patellofemoral instability. 

Moreover, none of these investigations have assessed the impact of overall lower limb torsion 

and related treatment strategies on the patellofemoral joint loading and stability of the 

patellofemoral joint in a cohort of patients with patellofemoral instability. In light of these gaps, 

this work focused on the following research questions. 
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1.5.1 Research question 1: Impact of gait patterns on patellofemoral joint loadings 

The first research question aimed to examine the impact of individual gait patterns on knee 

joint loading among individuals with patellofemoral instability. The hypothesis suggested that 

these individuals might modify their gait patterns as a strategic adaptation to reduce the risk 

of patella dislocations. This was hypothesized to be achieved through gait modification that 

led to alterations in the patellofemoral joint reaction forces. 

The paper related to this research question has been published in Nature Portfolio Scientific 

Reports: Guggenberger B, Horsak B, Habersack A, Kruse A, Smith CR, Kainz H, et al. Patient-

specific gait pattern in individuals with patellofemoral instability reduces knee joint loads. Sci 

Rep. 2024 Nov 18;14(1):28520. (1). 

 

1.5.2 Research question 2: Impact of femoral and tibial torsion on patellofemoral joint 

loading 

The second research question aimed to investigate the influence of lower limb torsion on 

patellofemoral joint loading in individuals experiencing patellofemoral instability. The 

hypothesis posited that internal femoral version and external tibial torsion are associated with 

an increase in lateralizing joint reaction forces within the patellofemoral joint. A secondary 

objective aimed to investigate how neglecting tibial torsion, as done in previous cadaver (96) 

and musculoskeletal simulation studies (22,189), affects the findings. 

The manuscript related to this research question is under review at Wiley Journal of 

Orthopaedic Research: Guggenberger B, Koller W, Habersack A, Kraus T, Sperl M, Svehlik 

M, Kainz H. Impact of femoral and tibial torsion on patellofemoral loading in individuals with 

patellofemoral instability. 

 

1.5.3 Research question 3: Impact of femoral derotation osteotomy on the 

patellofemoral joint loading 

The third research question focused on the effects of femoral derotation osteotomy (FDO) on 

patellofemoral joint loading in individuals with patellofemoral instability. The hypothesis was 

that the FDO will result in a reduction of medio-lateral patellofemoral joint loading. 

The manuscript related to this research question is currently under preparation for submission 

to The Joint and Bone Surgery Journal: Guggenberger B, Kainz H, Kraus T, Svehlik M. 

Femoral derotation osteotomy medially shifts patellofemoral loading in individuals with 

patellofemoral instability: insights from a simulation-based study. 



   

 

  40 

 

2 Methods 

 

2.1 General Methods 

To address the research questions of this thesis, musculoskeletal simulations were performed 

with a retrospective data set incorporating three-dimensional motion capturing data and MR 

images retrieved from the clinical databases at the Medical University of Graz. The specific 

inclusion criteria varied across the performed studies addressing the research questions. The 

ethical review board at the Medical University of Graz (IRB00002556, 34-181 ex 21/22) 

granted approval for this research.  

Optoelectronic three-dimensional gait analysis data were acquired using a ten-camera 

infrared-based motion capture system (Vicon Motion Systems, Oxford, UK) with a sampling 

rate of 120 Hz. Data collection was facilitated through the utilization of either the lower-body 

plug-in gait marker set (55,57) or the lower-body part of the modified Cleveland marker set 

(56). Those two marker sets only differ in their thigh and shank marker configurations. Both 

sets incorporate one marker at the sacrum, one marker on each spina iliaca anterior superior, 

lateral femoral condyle, lateral malleolus, head of the second metatarsal caput and calcaneus. 

Furthermore, the plug-in gait marker set incorporates one marker on the thigh and shank, 

whereas the modified version of the Cleveland marker set uses a cluster of three markers on 

each thigh and shank segment (Figure 11). Different marker sets were used due to a change 

in the gait lab routine in 2018. Marker sets were mixed in the study cohorts as the use of an 

inverse kinematics approach in musculoskeletal simulations is robust against variations in 

marker sets when calculating joint kinematics. Hence, differences in the marker set should 

only lead to neglectable differences in the simulation outcomes (1,169). 
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Figure 11: Three-dimensional motion capturing marker sets. Each pink dot represents one marker. The plugin-gait 
marker set (left) incorporates one marker on each thigh and shank. The modified Cleveland model (right) uses a 

marker cluster on each thigh and shank. This figure was created by the author of this thesis. 

 

The centers of the hip joints were determined using a modified version of the Harrington 

equation (206) with the pelvis width obtained from the marker data as an input (207). Hip joint 

centers were used to scale the length of the femur individually for each participant. Ground 

reaction forces were recorded synchronously with kinematic trajectories using four force 

plates, which operated at a sampling rate of 1080Hz (Advanced Mechanical Technology Inc., 

Watertown, MA, USA). The threshold for force plate activation was set at 15 N of vertical force, 

and gait events were automatically detected for each trial. Trials in which full foot contact on 

one force plate did not occur were excluded from analysis. 

Where available, knee MR scans were used to determine radiographic measurements to 

classify patellofemoral joint morphology. Furthermore, rotational MR scans were utilized to 

measure femoral version and tibial torsion. The femoral version was quantified based on 

methodologies outlined by Schneider et al. (110) and Guenther et al. (111). Measurement of 

tibial torsion was conducted in accordance with the technique described by Rosskopf et al. 

(112). 
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2.2 Methods study 1: Impact of gait patterns on patellofemoral joint 

loadings 

The methods described in this chapter are based on the study Guggenberger et al. (1).To 

investigate the first research question musculoskeletal simulations were performed with a 

retrospective data set to explore the effects of gait patterns on knee joint loading, and 

patellofemoral contact pressure, by comparing individuals diagnosed with patellofemoral 

instability and a control group comprising typically developing subjects.  

 

2.2.1 Participants and retrospective data 

The inclusion criteria contained an age range of 10 to 18 years and a diagnosis of unilateral 

recurrent patellofemoral instability, characterized by a minimum of three patellar dislocations. 

Individuals presenting additional lower limb injuries or neurological disorders were excluded 

from participation. Over the decade spanning 2010 to 2020, a total of 256 individuals with 

patellofemoral instability received treatment at the pediatric orthopedic center of the Medical 

University of Graz. Of these, 45 patients who had experienced three or more patellar 

dislocations were referred to gait analysis. From this subset, 24 patients were subsequently 

excluded due to reasons including bilateral involvement (N = 16), other knee injuries (N = 3), 

neurological conditions (N = 1), or suboptimal data quality (N = 4). Consequently, the study 

incorporated three-dimensional gait analysis data, specifically marker trajectories and ground 

reaction forces, from 21 individuals diagnosed with unilateral recurrent patellofemoral 

instability. 

The control group comprised 17 typically developing adolescents. Inclusion criteria for the 

control group mandated an age range of 10 to 18 years and the absence of any injuries to the 

lower extremities. Efforts were made to ensure that the sex and age distribution within the 

control group match closely with those of the participants in the patellofemoral instability group. 

Gait analysis data of the patellofemoral instability group were available captured with the plug-

in gait marker set (55,57), whereas the control group's gait analysis data were available 

captured with the modified Cleveland marker set (56).  

 

2.2.2 Musculoskeletal simulation  

A generic musculoskeletal OpenSim model developed by Lenhart et al. (152) was scaled to 

the anthropometric dimensions of each participant utilizing three-dimensional motion capture 

data (208). This model incorporated 14 ligament bundles, a tibiofemoral and patellofemoral 

joint each with six degrees of freedom, as well as cartilage surfaces for those joints (152). The 

maximum isometric muscle forces of the musculoskeletal models were scaled in proportion to 
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the square of each participant's body height (scaling factor = participant’s squared body height 

/ generic model’s squared body height) (167). 

Due to the limited number of markers placed on the foot segment in both marker sets, the 

metatarsophalangeal and subtalar joints were locked in all musculoskeletal models. This is a 

common practice that has been used in previous studies (17,209). Notably, all models 

facilitated ankle plantar- and dorsiflexion. 

 

 

Figure 12: Schematic simulation workflow. Initial input data comprised gait analysis data alongside a generic 
model. This model was subsequently adapted for each subject by scaling parameters such as height, weight, and 
maximum isometric muscle force. The concurrent optimization of muscle activation and kinematics routine was 
employed to estimate joint kinematics, joint kinetics, and muscle forces. Subsequent calculations were performed 
to determine joint contact forces and patellar cartilage pressure. Reproduced from (1). © 2024 Guggenberger et 
al.. The figure was published in an open-access article distributed under the terms of the Creative Commons CC 
BY license 4.0 (http://creativecommons.org/licenses/by/4.0/).  

 

This study involved the computation of joint angles, external joint moments, muscle forces, 

joint contact forces, and patellofemoral contact pressures. Musculoskeletal simulations were 

conducted employing scaled models of each participant alongside their respective gait data 

(Figure 12). Primary kinematics, including pelvic motion, hip flexion, hip abduction, and 

internal/external rotation of the hip, as well as knee and ankle flexion, were determined by 

inverse kinematics, which minimized the weighted sum of squared differences between the 

position of experimental and model markers. External joint moments were calculated based 

on inverse dynamics. The COMAK routine (182,183) was utilized to simultaneously estimate 

muscle activations and secondary knee kinematics, by minimizing the weighted sum of muscle 

activations and contact energy. Based on the obtained muscle forces joint reaction loadings 

were calculated (176). Cartilage contact pressures were estimated utilizing an elastic 
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foundation model (162–164). The elastic modulus and Poisson's ratio for the cartilage were 

established at 5 MPa and 0.45, respectively (210,211). Furthermore, a uniform cartilage 

thickness of 3 mm on each joint surface of the tibiofemoral and patellofemoral joint was chosen 

(152,212).  

 

2.2.3 Data analysis  

To explore the effects of gait patterns on knee joint loading, and patellofemoral contact 

pressure the following data analysis was performed. Each gait cycle was time-normalized to 

101 discrete points, ranging from 0 to 100 % of the gait cycle. Ground reaction forces, external 

moments, contact forces, and contact pressures were normalized to the body weight (body 

weight = body mass × gravitational acceleration) of each participant. A minimum of five gait 

cycles were processed and subsequently averaged for each participant. Discrete parameters 

were computed prior to the averaging of curves and were averaged separately. Statistical 

analyses of these discrete parameters were conducted using SPSS v27 (IBM, New York, USA) 

and MATLAB (The Mathworks Inc., Natick, MA, USA). To compare the waveforms between 

the patellofemoral instability group and the control group, Statistical Parametric Mapping 

(213), specifically the SPM1D package for MATLAB (available at http://www.spm1d.org), was 

employed. 

The study also included a comparison of gait kinematic and knee joint loading waveforms 

across the sagittal, frontal, and transversal planes, as well as the muscle force waveforms of 

the rectus femoris, vastus medialis, and vastus lateralis between the patellofemoral instability 

and control groups. Given the pattern of patella dislocations, which typically occur during the 

initial phase of single support stance (characterized by knee flexion up to 30 degrees and 

quadriceps contraction), additional investigations were conducted into the maximum 

tibiofemoral and patellofemoral joint forces and patellofemoral cartilage pressure at this time 

point. 

To evaluate discrete parameters, including demographic data, spatiotemporal gait parameters, 

and the peak knee joint contact forces and patellofemoral contact pressures at the onset of 

the single support stance phase, a structured analytical procedure was implemented. Initially, 

the Shapiro-Wilk test was utilized to assess the normality of distributions within each group 

(214). Depending on the outcome, data that followed a normal distribution were compared 

using independent t-tests, whereas non-normally distributed data were analyzed using the 

Mann-Whitney U tests (215,216). Additionally, Cohen’s d was calculated to estimate the effect 

size (217). 

For the analysis of ground reaction force, joint kinematics, external moments, knee joint 

contact forces, and contact pressure waveforms between individuals with patellofemoral 
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instability and the control group, normality was verified using the normality test within the 

SPM1D package. For data adhering to normal distribution, the parametric version of the two-

tailed t-test was applied, while for non-parametric data, the corresponding non-parametric test 

was employed. The significance level was set at an alpha of 0.05. To account for multiple 

comparisons, Bonferroni corrections were applied at different parameter levels (218). 

Specifically, for the comparison of patellofemoral cartilage pressure waveforms between both 

groups, resulting p-values were adjusted for three family-wise comparisons: peak pressure, 

mean pressure, and pressure area. Comparisons of the tibiofemoral and patellofemoral joint 

contact force waveforms were corrected separately for three family-wise comparisons: 

vertical, anterior-posterior, and medio-lateral forces. For the maximum values of joint contact 

forces and maximum values of patellofemoral cartilage pressure within the first 30 % of the 

stance phase, resulting p-values were adjusted in accordance with the corresponding 

waveforms for three family-wise comparisons: vertical, anterior-posterior, and medio-lateral 

tibiofemoral forces; and vertical, anterior-posterior, medio-lateral patellofemoral forces; along 

with peak pressure, mean pressure, and pressure area. 

 

2.3 Methods study 2: Impact of femoral and tibial torsion on medio-

lateral patellofemoral joint loading 

To investigate the second research question, musculoskeletal simulations were conducted 

using a retrospective dataset, which comprised three-dimensional gait analysis data and 

rotational MR scans from individuals diagnosed with patellofemoral instability. The primary 

objective was to investigate the impact of femoral version and tibial torsion on the 

patellofemoral joint loading. The secondary objective was to evaluate the influence of femoral 

version, when neglecting tibial torsion, as done in previous cadaver (96) and musculoskeletal 

simulation studies (22,189). The primary outcome measure was the medio-lateral joint 

reaction force exerted on the patellofemoral joint. 

 

2.3.1 Participants and retrospective data 

The inclusion criteria for the second research question were defined as the availability of three-

dimensional gait analysis data, rotational MR images, and a history of recurrent patellofemoral 

instability (at least three patella dislocations). Individuals presenting with additional leg injuries 

or neurological disorders were excluded from participation. Overall, 277 individuals were found 

in the clinical database of the Medical University of Graz receiving treatment for patellofemoral 

instability between the years 2010 and 2022. Of those, 66 were referred to gait analysis. 

Further, 26 were excluded due to missing rotational MR data (N = 18) other knee injuries 
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(N = 3), neurological conditions (N = 1), or suboptimal data quality (N = 4), resulting in a total 

of 40 individuals being included in the study. 

Gait analysis data of the participants were available captured with the plug-in gait marker set 

(N = 32) (55,57), or the modified Cleveland marker set (N = 8) (56). 

Retrospective available rotational MR scans were used to quantify femoral version (110,111) 

and tibial torsion (112). 

 

2.3.2 Musculoskeletal simulations  

For each participant, three distinct models were developed (Figure 13). The first model, termed 

the generic-torsion model, was a scaled modified version of the Rajagopal model (159). The 

modified Rajagopal model is a version of the Rajagopal model (143) incorporating the more 

complex multi-compartment knee joint from the Lerner model (151). This generic-torsion 

model was characterized by a femoral version of 21 degrees and tibial torsion of 24 degrees. 

The second model, the torsion-informed model, was based on the same generic framework 

but incorporated personalized femoral version and tibial torsion values derived from rotational 

MR data. The third model, referred to as the femoral-version model, was similarly based on 

the generic model but personalized only in terms of the femoral version. The Torsion Tool (155) 

was employed to customize the femoral version and tibial torsion in the second and third 

models. Each model was scaled to match the participant’s anthropometry using data from 

three-dimensional motion capture (208). Maximum isometric muscle forces were adjusted for 

each participant based on squared body weight (scaling factor = participant’s squared body 

weight / generic model’s squared body weight) (165,166). 

Due to the limited number of markers placed on the foot segment in both marker sets, the 

metatarsophalangeal and subtalar joints were locked in all musculoskeletal models. This is a 

common practice that has been used in previous studies (17,209). Notably, all models 

facilitated ankle plantar- and dorsiflexion. 
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Figure 13: Schematic simulation workflow. The workflow integrates gait analysis data and the generic modified 
Rajagopal model as inputs for all three models. Additionally, MR data were utilized for personalizing the femoral-
version and torsion-informed models. For each participant three models were processed: 1.) Generic-torsion 
model: Scaled to each participant’s anthropometry and followed by musculoskeletal simulations. 2.) Femoral-
version model: Personalized according to the femoral version derived from MR data, scaled, and subjected to 
musculoskeletal simulations. 3.) Torsion-informed model: Customized to include both femoral version and tibial 
torsion as per MR data, scaled, and then musculoskeletal simulations are conducted. Abbreviations: MSK = 

Musculoskeletal. This figure was created by the author of this thesis.  

 

Musculoskeletal simulations were performed for each participant using the three models in 

OpenSim 4.4. (Figure 13) (16). Inverse kinematics and inverse dynamics were utilized to 

determine joint angles and moments, respectively. Static optimization was applied to estimate 

muscle activations and forces. Subsequently, joint reaction loads were computed from these 

results (176). Comparative analyses of knee joint loading, muscle forces, and hip muscle lever 

arms during walking were conducted between the generic-torsion model and the torsion-

informed models for each participant. 
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2.3.3 Data analysis 

To investigate the impact of femoral version and tibial torsion on the patellofemoral joint 

loading the following data analysis was performed. For each participant, a minimum of three 

gait cycles from the affected side were simulated and subsequently averaged. In cases of 

bilateral patellofemoral instability, one leg was selected at random for simulation. The results 

of the musculoskeletal simulations were time-normalized to span the entire gait cycle duration 

(0-100 %). Additionally, patellofemoral joint contact forces and muscle forces were normalized 

to the body weight (body weight = body mass × gravitational acceleration) of each participant. 

Given the tendency for patellar dislocations to occur during early stages of knee flexion and 

under quadriceps muscle contraction (49), the analysis was concentrated on the initial 20 % 

of the gait cycle, corresponding to the loading response and first single stance phase. The 

analysis focused on three specific patellofemoral loading parameters during this phase: (i) 

maximum medio-lateral patellofemoral force, (ii) root mean square (RMS) of medio-lateral 

patellofemoral force, and (iii) maximum resultant patellofemoral joint reaction force. Individuals 

with patellofemoral instability walk with variations in their gait pattern (26,64) and this can alter 

the loading of the patellofemoral joint (1). To mitigate potential confounding factors, such as 

variability in gait patterns, differences in joint reaction forces between the generic-torsion 

model and the corresponding personalized torsion model (either torsion-informed or femoral-

version model) were calculated (Figure 14). 

Correlation analyses were conducted to explore relationships between morphological 

parameters and simulation results (differences between models). These analyses were 

performed using MATLAB 2022a (Mathworks Inc., Natick, MA, USA) and SPSS 29 (IBM, New 

York, USA), employing Spearman correlations to ascertain the robustness of the analysis. The 

level of significance was set at an alpha of 0.05. 
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Figure 14: Schematic representation of data analysis. This figure outlines the analytical framework employed in 
the study. For the primary research question, differences in patellofemoral joint reaction forces, hip muscle lever 
arms, and muscle forces between the torsion-informed model and the generic-torsion model were quantified. 
Subsequently, Spearman correlations were performed to assess the relationships between these biomechanical 
parameters and anatomical variables, specifically femoral version and tibial torsion. For the secondary research 
question, differences in patellofemoral joint reaction forces between the femoral-version model and the generic-
torsion model were computed. Following this, Spearman correlations were conducted to explore the association 
between the patellofemoral joint reaction forces and femoral version. Calculating differences between simulation 
results facilitates a targeted investigation of the influence of specific anatomical parameters on biomechanical 
outcomes. Abbreviations: PF = Patellofemoral. This figure was created by the author of this thesis.  

 

The following correlation analyses were conducted to test the hypotheses. The primary 

objective focused on examining the impact of lower limb torsion (femoral version and tibial 

torsion) on patellofemoral joint loading. For this purpose, differences in patellofemoral force 

between the generic-torsion model and the torsion-informed model were correlated with the 

femoral version and tibial torsion values. Furthermore, tibial torsion and femoral version were 

correlated to differences in hip rotation, hip flexion, knee progression, and knee flexion angles 

observed between the generic-torsion models and the torsion-informed models. The 

secondary objective aimed to assess the implications of omitting tibial torsion from the 

analysis. Here, differences in patellofemoral force between the generic-torsion model and the 

femoral-version model were correlated with femoral version values. Subsequently, results from 

the primary and secondary objectives were compared to evaluate how the exclusion of tibial 

torsion influences the conclusions of the study. 

To explore the potential relationship between femoral version, tibial torsion, and patellofemoral 

loading, a multiple linear regression analysis was conducted. This analysis assessed the 
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differences in maximum patellofemoral loading between the generic-torsion and torsion-

informed models.  

Additionally, to examine the forces exerted, the patellofemoral forces calculated in the torsion-

informed model were correlated with tibial torsion and femoral version. Furthermore, another 

multiple linear regression analysis was performed to evaluate the maximum patellofemoral 

loading in the torsion-informed model, utilizing femoral version and tibial torsion as 

independent variables.  

Previous simulation-based research has indicated that femoral version influences the lever 

arms and muscle forces of several hip muscles (22,157,189). Building on this, the current 

study also explored the effects of femoral version and tibial torsion on the lever arms of hip 

muscles. Correlations were performed between the differences in mean lever arms and RMS 

of muscle forces between the generic-torsion model and the torsion-informed model, and the 

femoral version and tibial torsion values. Previous to this analysis RMS muscle forces were 

normalized to participants’ body weight. This comprehensive analysis aims to provide a deeper 

understanding of the biomechanical interactions influenced by anatomical variations in the 

lower limbs. 

 

2.4 Methods study 3: Impact of femoral derotation osteotomy on the 

patellofemoral joint loading 

To address the third research question musculoskeletal simulations were performed based on 

the retrospective data set. For each participant two distinct musculoskeletal models were 

created: (i) a personalized model informed by torsional data derived from medical imaging, 

and (ii) an identical model that additionally incorporated a simulated FDO. The primary 

outcome measure was the medio-lateral joint reaction force exerted on the patellofemoral joint. 

 

2.4.1 Participants and retrospective data 

The participants included into the second study, which investigated the impact of femoral 

version and tibial torsion on the patellofemoral joint loading (2.3.1 Participants and 

retrospective data) were screened for their femoral version angle. All participants with a 

femoral version greater than 30 degrees were included into this study. A femoral version angle 

of 30 degrees was selected, as it was identified as a potential threshold for considering FDO 

in patients exhibiting patellofemoral instability (135,219). Following these criteria, the study 

encompassed 16 participants diagnosed with patellofemoral instability. 
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Gait analysis data of the participants were available captured with the plug-in gait marker set 

(N = 15) (55,57), or the modified Cleveland marker set (N = 1) (56). Retrospective available 

rotational MR scans were used to quantify femoral version (110,111) and tibial torsion (112). 

 

2.4.2 Musculoskeletal simulations  

For each participant, two individualized models were developed using MR and three-

dimensional motion capture data (Figure 15). The initial model, (pre-surgery model), was a 

scaled adaptation of the modified Rajagopal model (159), which is the Rajagopal model (143) 

with integrated multi-compartment knee joint structure from the Lerner model (151). 

Personalization of femoral version and tibial torsion for each participant and model was 

achieved by adjusting for the individual’s lower limb torsion, employing the Torsion Tool for 

OpenSim (154,155). The subsequent model retained the same personalization but 

incorporated a simulated FDO on the side with patellofemoral instability, setting the femoral 

version to 12 degrees (post-surgery model). This adjustment to 12 degrees reflects the mean 

femoral version post-FDO in patients with patellofemoral instability, as established in a 

systematic review (135). Additionally, the maximum isometric muscle forces for each model 

were scaled based on the square of the body weight (scaling factor = participant’s squared 

body weight / generic model’s squared body weight) (165,166). 

Due to the limited number of markers placed on the foot segment in both marker sets, the 

metatarsophalangeal and subtalar joints were locked in all musculoskeletal models. This is a 

common practice that has been used in previous studies (17,209). Notably, all models 

facilitated ankle plantar- and dorsiflexion. 

Musculoskeletal simulations were executed using OpenSim (16) for each participant utilizing 

gait analysis data and the two models (pre-surgery and post-surgery) as delineated in Figure 

15. Inverse kinematics and inverse dynamics were used to calculate joint angles and 

moments, respectively. To estimate muscle forces, static optimization was applied, which 

minimized the sum of squared muscle activations (180). Subsequently, joint reaction analysis 

was employed to determine joint contact forces (176). 
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Figure 15: Schematic representation of model generation and simulation workflow. For each participant, two 
distinct models were created. Personalization of each model was achieved by adjusting for femoral version and 
tibial torsion, utilizing the Torsion Tool depicted on the left side of the figure. At the bottom in the Torsion Tool box, 
the elements colored in blue symbolize the femur and associated musculature (represented as strings) prior to 
surgery, whereas the structures in red denote the femur and muscles post-surgery. Notably, in the post-surgery 
model, the femoral version on the affected side was adjusted to 12 degrees. Each model was then scaled to match 
the individual anthropometry of the participants. Following these adjustments, musculoskeletal simulations were 
conducted using OpenSim. This figure was created by the author of this thesis. 

 

2.4.3 Data analysis 

To investigate the effect of FDO on patellofemoral joint loading in individuals with 

patellofemoral instability the following data analysis was performed. For each participant and 

corresponding model, a minimum of three gait cycles were simulated. The waveforms derived 

from these simulations were time-normalized to the duration of a gait cycle, ranging from 0 to 

100 %, and subsequently averaged across all trials. Joint moments, muscle forces, muscle 

moments, and joint loads were normalized relative to body weight (body weight = body mass 

× gravitational acceleration). To assess differences between the pre- and post-surgery model 

waveforms, statistical parametric mapping was employed using the SPM1D package within 

MATLAB (available at http://www.spm1d.org). The Shapiro-Wilk test was utilized to verify the 

normality of data distributions (214). In instances of non-normal distribution, non-parametric 
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equivalents of the statistical tests were applied. Correlational analyses were conducted using 

Pearson correlation coefficients (220). The significance level was set at an alpha of 0.05. For 

joint force waveforms, analyzed in three anatomical directions (vertical, anterior-posterior, and 

medio-lateral), the significance threshold was adjusted using a Bonferroni correction, dividing 

the alpha level by three (218). 

The analysis focused on evaluating alterations attributed to FDO in (i) patellofemoral joint 

forces, (ii) hip muscle moments, and (iii) quadriceps force. Additionally, (iv) successful and 

unsuccessful FDO cases were comparatively assessed. A successful FDO outcome was 

defined by a reduction in the lateralizing force at the patellofemoral joint. For cases deemed 

unsuccessful, further examination was conducted to discern differences in joint kinematics, 

joint kinetics, and muscle forces in comparison to successful cases. All unsuccessful cases 

were excluded from the correlation analyses. 

In the analysis of patellofemoral joint forces, both waveforms and peak forces were evaluated. 

Waveforms were examined in the vertical, anterior-posterior, and medio-lateral directions, 

comparing pre- and post-surgery models. Peak forces were specifically analyzed during the 

initial single stance phase, which occurs between 5-20 % of the gait cycle. This phase was 

chosen based on evidence suggesting that patella dislocations frequently occur during 

scenarios of low knee flexion (0 to 30 degrees), single leg loading, and active quadriceps (49), 

conditions that are closely replicated during the first single stance phase. The peak medio-

lateral patellofemoral joint force was statistically compared between the pre- and post-surgery 

states using either a dependent t-test or a Wilcoxon test (215,221). Additionally, to explore 

whether a larger initial femoral version could potentially medialize patellofemoral forces more 

effectively, a correlation was conducted between the initial femoral version and the change in 

peak medio-lateral patellofemoral joint contact forces from pre- to post-surgery. 

Previous research presented modifications in muscle moment arms associated with internal 

femoral version, particularly affecting the gluteal muscles (157,189). Consequently, this 

investigation involved a comparative analysis of gluteal muscle moments, specifically 

examining flexion and adduction moments between pre- and post-surgery models. 

Additionally, the quadriceps forces influence the patellofemoral loading (4,157,222). To assess 

the impact of FDO on quadriceps muscle force, a correlation was conducted between the 

change in RMS forces of the rectus femoris, vastus lateralis, and vastus medialis muscles 

from pre- to post-surgery, and the alteration in peak medio-lateral patellofemoral joint force. 

Joint angle waveforms and joint moment waveforms were compared between successful and 

unsuccessful FDO outcomes to determine if variations in gait pattern influenced the success 

of the FDO. However, due to the limited sample size of unsuccessful cases (N = 2), no 

statistical comparisons were conducted between the successful and unsuccessful groups. 
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3 Results 

 

3.1 Results study 1: Impact of gait patterns on patellofemoral joint 

loadings 

The results presented in this chapter are based on the study Guggenberger et al. (1).The 

patellofemoral instability group and the control group exhibited no statistically significant 

differences in demographic and anthropometric measures such as age, sex, height, body 

weight, and body mass index, as detailed in Table 1. For the patellofemoral instability group, 

radiographic assessments were conducted on 20 participants, revealing an average Caton-

Deschamps index of 1.20 ± 0.14, a tibial tuberosity to trochlear groove distance of 

15.6 ± 3.1 mm, a femoral version of 24.5 ± 9.7 degrees, and a tibial torsion of 

34.6 ± 8.0 degrees. The classification of trochlear dysplasia among these participants 

followed the Dejour classification, distributed as type A (N = 7), B (N = 5), C (N = 6), and D 

(N = 2). 

 

Table 1: Demographic information. The demographic parameters are displayed in the format of mean values 
accompanied by standard deviations (mean (standard deviation)). Parameters that exhibited statistically significant 
differences between the groups are emphasized in bold. Given that all parameters were normally distributed, they 
were analyzed using independent t-tests. Abbreviations: PFI = patellofemoral instability Reproduced from (1). © 
2024 Guggenberger et al.. The table was published in an open-access article distributed under the terms of the 
Creative Commons CC BY license 4.0 (http://creativecommons.org/licenses/by/4.0/). 

 PFI Group Control Group p-Value Cohen’s d 

Age [years] 15.6 (1.8) 15.2 (1.2) 0.370 0.28 

Sex [male/female] 3/18 3/14   

Height [m] 1.6 (0.1) 1.7 (0.1) 0.529 0.21 

Body Weight [kg] 61.1 (11.9) 60.7 (11.2) 0.905 0.04 

Body-Mass-Index 21.4 (3.9) 21.7 (3.3) 0.867 0.06 

     

Cadence [1/min] 112.1 (9.9) 111.1 (5.8) 0.734 0.11 

Stride length [m] 127.2 (8.8) 128.7 (11.1) 0.651 0.15 

Step width [cm] 8.3 (1.8) 8.9 (1.4) 0.208 0.42 

Gait speed normalized to 
leg length [1/s] 

0.15 (0.01) 0.15 (0.02) 0.800 0.08 

     

Stance phase [%] 62.5 (1.4) 60.7 (1.4) <0.001 1.29 

Swing phase [%] 37.5 (1.4) 39.3 (1.4) <0.001 1.29 

Loading Response [%] 11.7 (1.5) 9.9 (1.3) <0.001 1.28 

Single stance phase [%] 37.8 (1.6) 40.2 (1.5) <0.001 1.55 

Pre swing phase [%] 13.0 (1.5) 10.6 (1.5) <0.001 1.56 
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Gait parameters such as cadence, stride length, step width, and gait speed, normalized to leg 

length, showed no significant differences between the groups. However, temporal aspects of 

the gait cycle differed. The patellofemoral instability group exhibited a longer stance phase, 

and a shorter swing phase compared to the control group. Furthermore, the double supported 

stance phases, loading response, and pre-swing phase durations were significantly longer, 

while the single stance phase was shorter in the patellofemoral instability group relative to the 

control group. 

 

3.1.1 Ground reaction forces  

Mediolateral ground reaction forces were significantly reduced in individuals diagnosed with 

patellofemoral instability compared to healthy controls, while no significant differences were 

observed in vertical and anterior-posterior ground reaction forces between the groups (Figure 

16). 

 

 

Figure 16: Ground reaction forces. The mean ground reaction forces are represented by the blue line for the 
patellofemoral instability group and the black line for the control group, with the accompanying one standard 
deviation for each group. Horizontal grey bars positioned at the top of the graph denote areas where significant 
differences between the two groups have been identified through statistical parametric mapping. A superscript '1' 
adjacent to the figure title indicates the non-parametric distribution of waveform data, necessitating the use of a 
non-parametric version of statistical parametric mapping. This figure was created by the author of this thesis. 
Abbreviations: BW = body weight, GRF = ground reaction force. Reproduced from (1). © 2024 Guggenberger et 
al.. The figure was published in an open-access article distributed under the terms of the Creative Commons CC 
BY license 4.0 (http://creativecommons.org/licenses/by/4.0/). 

 

3.1.2 Joint kinematics  

The maximum marker errors associated with the inverse kinematic calculations remained 

below the recommended best practice thresholds of OpenSim for all study participants (174). 

During the gait cycle, the patellofemoral instability group demonstrated reduced knee flexion 

angles during both the loading response and swing phase. Additionally, this group exhibited 

decreased pelvis and hip abduction at the end of the stance phase, coupled with increased 

hip internal rotation and knee external rotation (Figure 17).  
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Figure 17: Joint kinematics. The mean joint angles are represented by a blue line for the patellofemoral instability 
group and a black line for the control group, each accompanied by one standard deviation (SD). Horizontal grey 
bars at the top of the figure indicate regions where significant differences have been identified between the two 
groups using statistical parametric mapping. A superscript '1' next to the figure title indicates a non-parametric 
waveform distribution, necessitating the employment of a non-parametric version of statistical parametric mapping. 
Reproduced from (1). © 2024 Guggenberger et al.. The figure was published in an open-access article distributed 
under the terms of the Creative Commons CC BY license 4.0 (http://creativecommons.org/licenses/by/4.0/). 

 

3.1.3 Joint kinetics  

The patellofemoral instability group exhibited significantly lower knee flexion moments during 

the loading response compared to the control group. In the frontal plane, there were reductions 

in hip abduction and internal rotation moments, as well as knee abduction moments, relative 

to the control group. Variability in frontal plane moments, as indicated by a larger standard 

deviation, was also noted during the stance phase in the patellofemoral instability group 

(Figure 18). Furthermore, joint power was decreased in the patellofemoral instability group 

during the loading response, midstance, and late swing phase. 
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Figure 18: Joint kinetics. The mean moments and power are represented by a blue line for the patellofemoral 
instability group and a black line for the control group, each accompanied by one standard deviation (SD). 
Horizontal grey bars at the top of the figure indicate regions where significant differences have been identified 
between the two groups using statistical parametric mapping. A superscript '1' next to the figure title indicates a 
non-parametric waveform distribution, necessitating the employment of a non-parametric version of statistical 
parametric mapping. Reproduced from (1). © 2024 Guggenberger et al.. The figure was published in an open-
access article distributed under the terms of the Creative Commons CC BY license 4.0 
(http://creativecommons.org/licenses/by/4.0/). 

 

3.1.4 Muscle Forces  

Significantly lower forces were observed in the rectus femoris, vastus medialis, and vastus 

lateralis muscles during the loading response in the patellofemoral instability group (Figure 

19). Conversely, an increase in vastus medialis muscle force was noted during the early swing 

phase. 
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Figure 19: Muscle forces. The mean muscle forces are represented by a blue line for the patellofemoral instability 
group and a black line for the control group, each accompanied by one standard deviation (SD). Horizontal grey 
bars at the top of the figure indicate regions where significant differences have been identified between the two 
groups using statistical parametric mapping. A superscript '1' next to the figure title indicates a non-parametric 
waveform distribution, necessitating the employment of a non-parametric version of statistical parametric mapping. 
This figure was created by the author of this thesis. Abbreviations: BW = body weight. Reproduced from (1). © 
2024 Guggenberger et al.. The figure was published in an open-access article distributed under the terms of the 
Creative Commons CC BY license 4.0 (http://creativecommons.org/licenses/by/4.0/). 

 

3.1.5 Joint contact forces and patella cartilage pressure  

In the loading response phase, the patellofemoral instability group exhibited lower tibiofemoral 

and patellofemoral joint contact forces (Figure 20). Additionally, higher patellofemoral joint 

contact forces were observed at the onset of the swing phase in this group. Although the 

maximum and mean patellofemoral cartilage pressures, as well as the contact area during the 

loading response phase, tended to be lower in the patellofemoral instability group compared 

to the control group, these differences were not statistically significant (Figure 20). 
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Figure 20: Patellofemoral joint contact forces, cartilage pressure and contact area. The mean forces, pressure and 
areas are represented by a blue line for the patellofemoral instability group and a black line for the control group, 
each accompanied by one standard deviation (SD). Horizontal grey bars at the top of the figure indicate regions 
where significant differences have been identified between the two groups using statistical parametric mapping. A 
superscript '1' next to the figure title indicates a non-parametric waveform distribution, necessitating the 
employment of a non-parametric version of statistical parametric mapping. Reproduced from (1). © 2024 
Guggenberger et al.. The figure was published in an open-access article distributed under the terms of the Creative 
Commons CC BY license 4.0 (http://creativecommons.org/licenses/by/4.0/). 

 

3.1.6 Maximum contact forces and maximum patellofemoral contact pressure  

During the initial 30 % of the stance phase, which includes the loading response and 

midstance phases, the patellofemoral instability group showed lower maximum forces and 

pressures, as well as a reduced maximum contact area, in comparison to the control group 

(Table 2). 
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Table 2: Maximum forces and pressure within the first 30 % of the gait cycle. The data are presented in terms of 

mean values accompanied by standard deviations (mean (SD)). Parameters demonstrating significant differences 
between the groups are highlighted in bold. Parameters marked with a superscript '1' were not normally distributed 
and were thus analyzed using the Mann-Whitney U test. Abbreviations: A-P = anterior-posterior, F = force, M-L = 
medio-lateral, PFI = patellofemoral instability. Reproduced from (1). © 2024 Guggenberger et al.. The table was 
published in an open-access article distributed under the terms of the Creative Commons CC BY license 4.0 
(http://creativecommons.org/licenses/by/4.0/). 

 PFI Group Control 
Group 

p-Value Cohen’s d 

Vertical Tibiofemoral F [N/kg] 2.49 (0.43) 3.01 (0.55) 0.009 1.06 

A-P Tibiofemoral F [N/kg] 0.33 (0.13) 0.46 (0.13) 0.012 1.01 

M-L Tibiofemoral F1 [N/kg] 0.13 (0.07) 0.17 (0.05) 0.054 0.66 

Vertical Patellofemoral F1 [N/kg] 0.01 (0.04) 0.05 (0.06) 0.063 0.83 

A-P patellofemoral F [N/kg] 0.55 (0.23) 0.84 (0.26) 0.003 1.19 

M-L patellofemoral F1 [N/kg] 0.16 (0.05) 0.22 (0.06) 0.012 1.02 

Peak pressure [MPa/kg] 0.08 (0.01) 0.097 (0.02) 0.030 0.91 

Mean pressure [MPa/kg] 0.0036 
(0.0006) 

0.0043 
(0.0008) 

0.027 0.89 

Pressure area [mm²] 164.66 
(51.17) 

212.13 
(39.71) 

0.009 1.02 

 

 

3.2 Results study 2: Impact of femoral and tibial torsion on medio-

lateral patellofemoral joint loading 

The study sample comprised 40 participants, of which 37 were female and 3 were male. The 

mean age of the participants was 15.8 ± 1.6 years (Table 3). The average femoral version 

observed among the participants was 25.0 ± 10.8 degrees, and the mean tibial torsion was 

35.6 ± 7.8 degrees (Figure 21). The marker errors associated with the inverse kinematics fell 

below the best practice recommendations provided by OpenSim (174). 

 

Table 3: Demographic data. The parameters are presented as mean values followed by standard deviations (mean 
(SD)). Parameters that are marked with an asterisk were available for only 33 participants. Abbreviations: TT-TG = 

distance between the tibial tuberosity and the trochlear groove, CDI = Caton-Deschamps index. 

Demographic Data  

Age [years] 15.8 (1.6) 

Sex [male/female]      3/37 

Height [m] 1.68 (0.07) 

Body Weight [kg] 59.8 (10.6) 

Body-Mass-Index 21.3 (3.6) 

Tibial torsion [°] 35.6 (7.8) 

Femoral version [°] 25.0 (10.8) 

TT-TG41* [mm] 16.5 (4.9) 

CDI42* 1.18 (0.15) 

Dejour43* [A/B/C/D] 5/13/10/5 

Walking speed [m/s] 1.19 (0.14) 

Walking speed normalized to height [1/s] 0.71 (0.08) 
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Figure 21: Femoral version and tibial torsion measurements for each participant. Each participant is represented 
by a pair of connected dots, where the left dot indicates the tibial torsion and the right dot denotes the femoral 

version specific to that individual. This figure was created by the author of this thesis. 

 

3.2.1 Impact of lower limb torsion on patellofemoral joint loading 

The analysis revealed a mean difference of 4.0° ± 10.8° in femoral version and 11.6° ± 7.8° in 

tibial torsion between the generic-torsion and torsion-informed models. Correspondingly, the 

maximum medio-lateral and overall patellofemoral forces exhibited mean absolute differences 

of 0.09 ± 0.07 BW and 0.15 ± 0.10 BW, respectively. 

The analysis revealed that femoral version did not exhibit a significant correlation with 

differences in medio-lateral patellofemoral force between the generic-torsion and torsion-

informed models (rho = 0.01, p = 0.967 for maximum forces; rho = 0.13, p = 0.425 for RMS 

forces). Additionally, femoral version showed no significant correlation with differences in 

resultant patellofemoral forces (rho = -0.27, p = 0.087) (Figure 22a). 

Conversely, tibial torsion demonstrated a significant positive correlation with differences in 

maximum medio-lateral patellofemoral force between the generic-torsion and torsion-informed 

models (rho = 0.39, p = 0.014), suggesting that higher tibial torsion is associated with 

increased maximum lateralizing force. However, there was no significant correlation observed 

for differences in RMS medio-lateral patellofemoral force (rho = 0.15, p = 0.328). A significant 
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negative correlation was found between tibial torsion and differences in resultant 

patellofemoral loading between the models (rho = -0.42, p = 0.007) (Figure 22b). 

 

 

Figure 22: Scatterplots lower limb torsion and patellofemoral forces. The scatterplots presented illustrate the 
relationships between femoral version (a) and tibial torsion (b) with variations in patellofemoral forces when 
comparing the generic-torsion model to the torsion-informed model. In each plot, the black line represents a least 
squares fitted line, indicating the trend of the data. An asterisk marks instances where a statistically significant 
Spearman correlation was identified. Abbreviations: BW = body weight, Max = maximum, RMS = Root Mean 
Square. This figure was created by the author of this thesis.  

 

Tibial torsion demonstrated a significant correlation with variations in gait patterns between 

the generic-torsion and torsion-informed models. Specifically, tibial torsion was associated 

with changes toward a more internally rotated knee progression angle (rho = 0.81, p < 0.001), 

increased hip internal rotation (rho = 0.93, p < 0.001), reduced hip flexion (rho = -0.44, p = 

0.005), and decreased knee flexion angle (rho = -0.77, p < 0.001). Conversely, femoral version 

did not exhibit any significant correlations with kinematic changes between the two models. 

A multiple linear regression analysis identified a significant relationship between the difference 

in maximum medio-lateral patellofemoral force and both tibial torsion and femoral version, with 

an r² of 0.21 (F = 5.97, p = 0.006). While tibial torsion showed a significant association with 

the difference in maximum medio-lateral patellofemoral force, femoral version did not 

demonstrate a significant relationship (Table 4). 

 



   

 

  63 

 

Table 4: Regression coefficients and significance. Regression coefficients for a regression model between the 
difference in maximum medio-lateral patellofemoral force and both tibial torsion and femoral version. Significant 
variables are highlighted with an asterisk. 

Variable Coefficient Standard Error t-value p-value 

Constant -0.112 0.062 -1.81 0.078 

Tibial torsion* 0.005 0.002 3.34 0.002 

Femoral version 0.001 0.001 0.68 0.498 

 

 

Furthermore, femoral version exhibited no significant correlation with medio-lateral 

patellofemoral force (rho = 0.13, p = 0.469; rho = 0.08, p = 0.637 for maximum and RMS 

forces, respectively), nor was it associated with variations in resultant patellofemoral forces 

(rho = -0.21, p = 0.173) (Figure 23a). Conversely, tibial torsion demonstrated a significant 

positive correlation with both maximum (rho = 0.37, p = 0.019) and RMS (rho = 0.44, p = 

0.004) medio-lateral patellofemoral forces, indicating that higher tibial torsion is associated 

with increased maximum lateralizing force (Figure 23b). Additionally, tibial torsion was 

inversely correlated with resultant patellofemoral loading (rho = -0.37, p = 0.016). 

 

 

Figure 23: Scatterplots and Spearman correlation coefficients. Scatterplots showing the relationship between 
femoral version (a) and tibial torsions (b) and differences in patellofemoral forces between generic-torsion model 
and torsion-informed model. The black line represents a least square fitted line. A superscript asterisk represents 
a significant Spearman correlation. BW = body weight, Max = maximum, RMS = Root Mean Square. This figure 
was created by the author of this thesis. 



   

 

  64 

 

A multiple linear regression analysis identified a significant relationship between the difference 

in peak medio-lateral patellofemoral force and both tibial torsion and femoral version, yielding 

an r² of 0.30 (F = 9.26, p < 0.001). The analysis further revealed that while tibial torsion 

significantly influenced the difference in maximum medio-lateral force, femoral version did not 

exhibit a significant relationship (Table 5). 

 

Table 5: Regression coefficients and significance. Significant variables are highlighted with an asterisk. 

Variable Coefficient Standard Error t-value p-value 

Constant -0.216 0.050 -4.32 < 0.001 

Tibial torsion* 0.005 0.001 4.30 < 0.001 

Femoral version 0.000 0.001 0.21 0.839 

 

 

3.2.2 Impact of neglecting tibial torsion on correlation results 

For the secondary objective of this study, the impact of neglecting tibial torsion on the findings 

was assessed. A mean difference of 4.0° ± 10.8° in femoral version between the generic-

torsion and femoral-version models was found. The maximum medio-lateral patellofemoral 

force and the resultant patellofemoral force exhibited mean absolute differences of 

0.02 ± 0.02 BW and 0.07 ± 0.06 BW, respectively. 

When tibial torsion was not considered, significant correlations were observed between 

femoral version and differences in medio-lateral patellofemoral force (rho = 0.65, p < 0.001 for 

maximum forces; rho = 0.59, p < 0.001 for RMS forces), as well as with differences in resultant 

patellofemoral force between the generic-torsion and the femoral-version models (rho = -0.58, 

p < 0.001). Notably, a higher femoral version was associated with a lower medializing or higher 

lateralizing force (Figure 24). These results contrast with those from the primary investigation, 

suggesting a significant interaction effect of tibial torsion on the relationship between femoral 

version and patellofemoral forces. 
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Figure 24: Scatterplots femoral version. The scatterplots depicted here illustrate the relationship between femoral 
version and the differential patellofemoral forces observed between the generic-torsion model and the femoral-
version model. In each plot, the black line represents a least squares fitted line, indicating the trend of the data. An 
asterisk marks instances where a statistically significant Spearman correlation was identified. Abbreviations: BW = 

body weight, Max = maximum, RMS = Root Mean Square. This figure was created by the author of this thesis. 

 

3.2.3 Hip muscle lever arms 

Femoral version demonstrated a correlation with differences in mean gluteal muscle lever 

arms between the generic-torsion and torsion-informed models. Similarly, tibial torsion was 

correlated with differences in gluteal muscle lever arms between these models (Table 6). 

Although hip muscle lever arms are not directly influenced by tibial torsion in the model’s 

neutral pose, further investigation into potential contributing factors was conducted. A 

correlation was identified between tibial torsion and differences in hip rotation between the 

torsion-informed and generic-torsion models (rho = 0.97, p < 0.001), whereas no significant 

correlation was found between femoral version and differences in hip rotation (rho = 0.1, 

p = 0.55). It was noted that a more externally rotated tibia was associated with a more 

internally rotated hip. After controlling for hip rotation, the correlation between gluteal muscle 

lever arms and tibial torsion ceased to be statistically significant, while the correlation 

coefficient between femoral version and gluteal muscle lever arms increased (Table 6). 

 

Table 6: Spearman correlation coefficients. Quantifying the relationships between femoral version, tibial torsion, 
and the differences in hip muscle lever arms observed between the Generic-Torsion Model and the Torsion-
Informed Model. The correlations have been adjusted for variations in hip rotation. Statistical significance is denoted 

as follows: * indicates p < 0.05; ** indicates p < 0.001. Abbreviations: FV = femoral version, TT = tibial torsion 

 FV FV adjusted TT TT adjusted 

Gluteus minimus -0.78** -0.98** 0.51** 0.07 

Gluteus medius -0.78** -0.97** 0.51** 0.09 

Gluteus maximus -0.79** -0.95** 0.47* 0.09 

Psoas 0.73** 0.85** -0.39* -0.004 

Rectus femoris 0.11 0.20 -0.48* 0.23 
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3.2.4 Muscle forces 

Femoral version and tibial torsion were found to correlate with differences in the RMS of 

normalized muscle forces between the torsion-informed and generic-torsion models (Table 7 

and Appendix 1). Specifically, femoral version exhibited correlations with differences in the 

muscle forces of the gluteus medius, gluteus minimus, rectus femoris, and vastus lateralis 

between the models. Meanwhile, tibial torsion was associated with variations in the muscle 

forces of the gluteus maximus, biceps femoris, and rectus femoris between the models. 

 

Table 7: Spearman correlation coefficients. Assessing the relationships between femoral version, tibial torsion, and 
changes in RMS muscle forces between the generic-torsion model and the torsion-informed model. Statistical 

significance is indicated as follows: * denotes p < 0.05; ** denotes p < 0.001. 

 Femoral Version Tibial Torsion 

Biceps femoris long head -0.38* 0.67** 

Biceps femoris short head 0.27 0.60** 

Gastrocnemius  -0.08 0.27 

Gluteus maximus -0.21 -0.42* 

Gluteus medius -0.57** 0.46* 

Gluteus minimus 0.73** -0.19 

Rectus femoris 0.33* -0.41* 

Vastus lateralis -0.59** -0.17 

Vastus medialis -0.07 -0.19 

Tibialis anterior 0.15 0.49* 

 

 

3.3 Results study 3: Impact of femoral derotation osteotomy on the 

patellofemoral joint loading 

The participants exhibited a mean femoral version of 36.1 ± 4.9 degrees and tibial torsion of 

35.6 ± 7.2 degrees (Table 8, Figure 25 and Figure 26). None of the participants presented a 

genu varum or valgum deformity. The inverse kinematics marker tracking errors remained 

below the recommended OpenSim best practice thresholds (174). 
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Table 8: Demographic data. The parameters within this table are provided in the format of mean values 
accompanied by standard deviations (mean (SD)). Abbreviations: TT-TG = distance between tibial tuberosity and 
trochlea groove; CDI = Caton-Deschamps index. 

Demographic Data  

Age [years] 15.8 (1.9) 

Sex [male/female]     1/15 

Height [m] 1.68 (0.08) 

Body Weight [kg] 60.2 (9.6) 

Body-Mass-Index 21.4 (3.2) 

Tibial torsion [°] 35.6 (7.2) 

Femoral version [°] 36.1 (4.9) 

TT-TG [mm] 15.3 (4.3) 

CDI 1.24 (0.15) 

Dejour [A/B/C/D] 1/9/2/4 

 

 

 

Figure 25: Joint kinematics. The mean joint angles are represented by a blue line for the pre-surgery models and 
by a red line for the post-surgery model, each accompanied by one standard deviation. As joint angles did not differ 
in the simulations between both models, the data of the post-surgery models are completely overlapped. This figure 
was created by the author of this thesis. 
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Figure 26: External joint moments. The mean external joint moments are represented by a blue line for the pre-
surgery models and by a red line for the post-surgery model, each accompanied by one standard deviation. As 
external joint moments did not differ in the simulations between both models, the data of the post-surgery model 
are completely overlapped. Abbreviations: Nm/BW = Newton meter/body weight. This figure was created by the 

author of this thesis. 

 

3.3.1 Pre- and post-surgical joint contact forces 

The simulated FDO significantly influenced the contact forces at both the tibiofemoral and 

patellofemoral joints (Figure 27a and Figure 28). Specifically, the patellofemoral force 

exhibited a medial shift during the loading response and mid-stance phases of gait. Among 

the participants, fourteen individuals demonstrated a more medial patellofemoral force 

following the simulated FDO, categorizing these instances as successful interventions. 

Conversely, in two participants (12.5 %), the patellofemoral forces remained unchanged post-

FDO, indicating unsuccessful derotations, as shown in Figure 27b. 
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Figure 27: Patellofemoral joint contact forces. a) Patellofemoral joint contact forces in three anatomical planes 
before (blue waveforms) and after (red waveforms) the simulated FDO. b) Examines the medio-lateral 
patellofemoral joint contact forces, subdivided into results from individuals with successful outcomes (left subplot) 
and those with unsuccessful outcomes (right subplot) post-FDO. A colored horizontal bar beneath each subfigure 
highlights significant differences, as determined by statistical parametric mapping analysis. Abbreviations: A-P = 
anterior-posterior, M-L = medio-lateral, N/BW = Newton/body weight, PF = patellofemoral, vert = vertical. This figure 

was created by the author of this thesis. 

 

 

Figure 28: Tibiofemoral joint contact forces. Tibiofemoral joint contact forces in three anatomical planes before 
(blue waveforms) and after (red waveforms) the simulated FDO. A colored horizontal bar beneath each subfigure 
highlights significant differences, as determined by statistical parametric mapping analysis. Abbreviations: A-P = 
anterior-posterior, M-L = medio-lateral, N/BW = Newton/body weight, PF = patellofemoral, vert = vertical. This figure 
was created by the author of this thesis. 
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3.3.2 Peak medio-lateral patellofemoral joint force in single stance 

The peak medio-lateral patellofemoral joint forces during single stance exhibited a medial shift 

following FDO. The mean force prior to surgery was 0.04 times body weight, which increased 

to 0.07 body weight post-surgery (N = 16, p < 0.001) (Figure 29). Furthermore, the alteration 

in peak medio-lateral patellofemoral forces due to the FDO demonstrated a strong correlation 

with the initial femoral version angle in individuals who experienced successful FDO outcomes 

(r = 0.86, p < 0.001). 

 

 

Figure 29: Peak medio-lateral patellofemoral joint force. Each dot corresponds to the peak force recorded for one 
individual pre- and post-surgery. The values for each individual are connected by a line. Lines colored green denote 
cases where the surgery was deemed successful, whereas red lines indicate unsuccessful outcomes. This figure 
was created by the author of this thesis. 

 

3.3.3 Muscle moments and muscle forces 

The simulated FDO resulted in a decrease in the hip extension muscle moment of the gluteus 

medius. Conversely, an increase was observed in the flexion moment of the gluteus minimus 

as well as in the abduction moments of both the gluteus medius and maximus (Figure 30). 
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Figure 30: Gluteal muscle moments. The moments of gluteus minimus, medius, and maximus are depicted for 
each muscle in the sagittal plane (top row) and the frontal plane (bottom row). Beneath each subfigure, a colored 
horizontal bar is displayed, which indicates the presence of significant differences as determined through statistical 
parametric mapping analysis. Abbreviations: Nm/BW = Newton meter/body weight. This figure was created by the 
author of this thesis. 

 

The pre- to post-surgery change in RMS rectus femoris muscle force exhibited a strong 

inverse correlation with the change in peak medio-lateral patellofemoral forces (r = -0.86, 

p < 0.001) among the successful cases (Figure 31). Additionally, changes in RMS vastus 

lateralis muscle force (r = 0.67, p = 0.009) and RMS vastus medialis muscle force (r = 0.54, 

p = 0.044) from pre- to post-surgery were positively correlated with alterations in medio-lateral 

patellofemoral joint contact force in the successful cases. Nevertheless, the scatterplots 

demonstrated a spread in the data points between RMS force of the vastus medialis and the 

medio-lateral patellofemoral force. 
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Figure 31: Scatterplots muscle forces and peak patellofemoral forces of the successful cases. The scatterplots 
illustrate the relationship between the differences in root mean square muscle forces and the differences in medio-
lateral patellofemoral forces pre- and post-surgery. In each plot, the black line represents a least squares fitted line, 
indicating the trend of the data. Abbreviations: M-L = medio-lateral, RMS = root mean square. This figure was 
created by the author of this thesis. 

 

3.3.4 Successful and unsuccessful femoral derotation osteotomy 

The two individuals exhibiting unsuccessful FDO demonstrated femoral versions of 34° and 

47°, and tibial torsions of 42° and 44°, respectively. Both subjects were diagnosed with 

trochlear dysplasia, classified according as Dejour type C. All other radiographic parameters 

remained within one standard deviation of the mean values observed in the study cohort. 

Individuals who had unsuccessful FDO presented reduced knee flexion during the stance 

phase and increased hip internal rotation throughout the entire gait cycle compared to those 

with successful FDO outcomes (Figure 32a). Additionally, these individuals demonstrated a 

decreased external knee flexion moment during the stance phase (Figure 32b). The rectus 

femoris muscle forces during the stance phase were lower in individuals with an unsuccessful 

compared to successful FDO, and these forces showed minimal change following the 

simulated FDO (Figure 32c). 
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Figure 32: Differences between successful and unsuccessful cases. This figure delineates the differences in 
kinematics, kinetics, and muscle forces between successful and unsuccessful outcomes following FDO. a) Displays 
the knee flexion and hip rotation angles, comparing successful to unsuccessful cases. b) Displays the external 
knee flexion moments for both successful and unsuccessful cases. c) Displays the force exerted by the Rectus 
Femoris muscle in successful versus unsuccessful cases. Abbreviations: FDO = femoral derotation osteotomy, 
Nm/BW = Newton meter/body weight. This figure was created by the author of this thesis. 
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4 Discussion and conclusions 

4.1 Discussion study 1: Impact of gait patterns on patellofemoral 

joint loadings 

The discussion in this chapter is based on the study Guggenberger et al. (1).The first research 

question of this thesis aimed to examine the influence of altered gait pattern in adolescents 

with patellofemoral instability on knee joint loading. Individuals with patellofemoral instability 

exhibited distinct gait patterns compared to a typically developing control group. Specifically, 

altered gait kinematics and kinetics were observed in the patellofemoral instability group, 

leading to a reduction in quadriceps muscle force during the loading response. This decrease 

in quadriceps activation contributed to reduced tibiofemoral and patellofemoral joint contact 

forces. Consistent with the hypothesis, the patient-specific gait pattern resulted in decreased 

medio-lateral patellofemoral contact forces during the initial 30 % of the gait cycle. Notably, 

despite the results presented lower maximum patellofemoral cartilage pressure during this 

phase in the patellofemoral instability group, no significant differences were found between 

the groups in the corresponding waveform.  

The patellofemoral instability group demonstrated a prolonged stance phase, extended double 

supported stance phase, and shortened single stance phase relative to the control group. The 

increased duration of double support may enhance stability, allowing for gait adjustments and 

corrections (223). This observation supports the hypothesis that individuals with 

patellofemoral instability modify their gait due to perceived instability, utilizing the double 

supported phases to sustain support for the affected leg as long as possible. Another rationale, 

particularly for the elongation of the loading response phase, could be the extended time 

required for load shifting between legs. In the loading response, eccentric knee flexion serves 

as a mechanism for shock absorption (224). A prolonged loading response duration could 

facilitate a reduction in the reliance on knee joint flexion for damping, thereby lowering knee 

joint angles. This theory is corroborated by the significantly reduced knee power observed 

during the loading response phase in the patellofemoral instability participants compared to 

the control group.  

The patellofemoral instability group exhibited less knee flexion during the loading response 

compared to the control group. Previous research has indicated a correlation between reduced 

knee flexion and decreased dorsiflexion, known as the plantarflexion/knee-extension coupling 

(59). Plantarflexion/knee-extension coupling is believed to enhance knee joint stability despite 

lower quadriceps muscle activity by retracting the tibia via soleus muscle activity (225). 

Contrary to previous studies, no significant differences in ankle kinematics between the 

patellofemoral instability group and the control group were found (59).  
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The patellofemoral instability group displayed internal hip rotation and external rotation of the 

tibia, a pattern frequently observed in individuals with patellofemoral instability (26). This is 

commonly observed in individuals with increased femoral version and tibial torsion and is in 

line with the bony morphology of the participants of this study. External tibial rotation is a 

predisposing factor for patella dislocation (49). Additionally, internal rotation of the femur 

affects the Q-angle, thereby lateralizing the direction of rectus femoris muscle force (226), 

suggesting that deviations in hip and knee rotation might be inherent to the primary pathology 

rather than compensatory adaptations in gait (64). Future research should explore the effects 

of gait retraining focusing on transversal plane adjustments on the stability of the 

patellofemoral joint (154,227).  

During the loading response phase, the patellofemoral instability group exhibited reduced 

external knee flexion moments compared to the control group. The angle of knee flexion 

influences the lever arm between the knee joint and the ground reaction force (228). 

Consequently, a less flexed knee may contribute to the diminished knee flexion moment 

observed. Reduced knee moments alleviate the requirement for substantial knee extensor 

muscle forces, thereby facilitating an unloading of the knee joint.  

In the frontal plane, the patellofemoral instability group demonstrated decreased hip and knee 

joint moments. This reduction may be attributed to compensatory trunk kinematics, which 

modify the direction of the ground reaction force, thus diminishing the moments in the frontal 

plane (229). Although not directly addressed in this thesis, future research should explore the 

influence of trunk movement on the gait patterns of individuals with patellofemoral instability. 

The noted disparities in joint kinematics and medio-lateral ground reaction forces could 

account for the observed reduction in knee and hip abduction moments.  

Musculoskeletal simulations indicated that the gluteus maximus compensates for a deficiency 

in gluteus medius strength to generate the hip abduction moment (230). In addition to the hip 

abduction moment, the gluteus maximus also produces a hip extension moment. This action 

is counterbalanced by the rectus femoris, resulting in increased co-contraction and 

consequently elevated joint loads at both the hip and knee joints (157). Individuals with 

patellofemoral instability who exhibit weakened gluteus medius strength (231) may adopt an 

altered gait pattern that reduces the hip abduction moment. Therefore, the observed reduction 

in hip abduction moments could serve as a compensatory mechanism for individuals with 

patellofemoral instability to unload the knee joint. Contrasting these findings, another study 

reported increased knee abduction moments in individuals with patellofemoral instability (232). 

Furthermore, the results presented a reduction in tibiofemoral and patellofemoral joint contact 

forces during the loading response phase among participants with patellofemoral instability 

compared to the control group. The patellofemoral instability group exhibited modified gait 

kinematics and kinetics, characterized by a decreased knee flexion angle and moment, as 
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well as a reduced hip abduction moment. These changes resulted in diminished quadriceps 

muscle forces. The adoption of a less flexed knee joint to minimize quadriceps muscle force, 

termed quadriceps avoidance pattern (59), is a phenomenon also observed in other 

pathologies such as patellofemoral pain syndrome (233). This pattern effectively reduces the 

tension exerted by the quadriceps on the patella, thereby decreasing the compressive force 

on the knee joint (234).  

Alterations in joint kinematics and kinetics in the subjects with patellofemoral instability led to 

a reduction in lateral patellofemoral contact force. Lateralizing forces, particularly when 

combined with disadvantageous anatomical features such as a shallow trochlea, elevate the 

risk of patella dislocation (235). Additionally, increased femoral version and hip internal rotation 

can amplify lateralizing forces due to the altered lines of action of the rectus femoris and vastus 

lateralis muscles (226). This mechanism is particularly pertinent in individuals with 

patellofemoral instability, as elevated femoral version is commonly observed in this population 

(236) and was also noted within the cohort of this thesis.  

Another potential factor contributing to the adoption of the quadriceps avoidance gait pattern 

may be pain. A study conducted six months post-dislocation revealed load-dependent pain in 

individuals with patellofemoral instability, with 39 % of patients experiencing pain during 

running activities, while minimal pain was reported during sedentary activities (70). Given that 

the mechanical loads during walking are intermediate between running and sedentary states, 

minimal pain is anticipated in the patellofemoral instability group. A prospective study that 

observed a gait pattern in individuals with patellofemoral instability similar to the investigated 

patellofemoral instability group, reported no pain in their cohort, suggesting no direct 

correlation between pain and walking strategy (59). Future investigations should incorporate 

a comprehensive pain assessment to investigate the relationship between gait patterns and 

pain in individuals with patellofemoral instability.  

Regarding patellofemoral cartilage pressure, waveform analysis revealed no significant 

differences in pressures between the patellofemoral instability and control groups. The 

patellofemoral instability group exhibited reduced knee flexion during the loading response, 

consequently decreasing the contact area between the patella and the trochlea groove (237). 

Since the calculation of contact pressure is contingent upon both the applied force and the 

contact area, the diminished contact area could elucidate the absence of significant 

differences in cartilage pressure in the waveforms, despite the reduced joint contact force. 

Conversely, during the initial 30 % of the gait cycle, maximum pressure values were 

significantly lower in the patellofemoral instability group, indicating reduced patellar cartilage 

loading in these individuals. 
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4.2 Discussion study 2: Impact of femoral and tibial torsion on 

medio-lateral patellofemoral joint loading 

The primary aim of the second study of this thesis was to investigate the impact of lower limb 

torsion on patellofemoral joint loading in individuals diagnosed with patellofemoral instability. 

Musculoskeletal simulations were performed on an extensive cohort of 40 participants, all of 

whom had experienced recurrent patellofemoral dislocations. It was found that tibial torsion 

was significantly correlated with variations in maximum medio-lateral patellofemoral force 

between the generic-torsion and torsion-informed models. Conversely, femoral version did not 

show a significant correlation with changes in medio-lateral patellofemoral forces between the 

generic-torsion and torsion-informed models. Notably, when the musculoskeletal models were 

personalized only to the femoral version, thus excluding individual variations in tibial torsion, 

a moderate to high correlation was observed between femoral version and differences in 

medio-lateral patellofemoral force between the generic-torsion and femoral-version models. 

A mean absolute difference of 0.09 BW was observed in maximum medio-lateral 

patellofemoral force between the generic-torsion and torsion-informed models. Given the 

average participant weight of 59.8 kg, this translates to a change in the medio-lateral force of 

approximately 54 N toward a more lateralizing direction as a result of lower limb torsion. When 

compared to the maximum strain force of the medial patellofemoral ligament, which is 

approximately 208 N (238), this represents a significant alteration that could potentially impact 

the stability of the patellofemoral joint by increasing the lateralizing traction on the patella. 

The results revealed that tibial torsion was correlated with differences in maximum medio-

lateral patellofemoral force between the generic-torsion and torsion-informed models, as well 

as with the maximum medio-lateral patellofemoral force in the torsion-informed models. An 

increased tibial torsion was associated with a greater lateralizing force, a finding that aligns 

with results from cadaver studies which have shown increased pressure on the lateral patellar 

facet (44,239). Two aspects are particularly relevant when evaluating the influence of tibial 

torsion on the stability of the patellofemoral joint. First, tibial torsion may induce kinematic 

changes as a compensatory mechanism (240). This assertion is corroborated by the observed 

correlations between tibial torsion and variations in knee flexion, knee progression, hip flexion, 

and hip rotation between the generic-torsion and torsion-informed models. Second, although 

not modified and consequently not examined in this study, the position and orientation of the 

tibial tubercle are critical in determining patellar alignment in relation to tibial anatomy (241). 

Given that proximal tibial torsion can lead to a displacement of the tibial tuberosity, prior 

research has suggested that proximal tibial derotation osteotomies might be beneficial in 

stabilizing the patellofemoral joint (134,242). Drawing on the insights from previous studies 
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and the findings from the current investigation, it is evident that excessive tibial torsion should 

be considered a significant factor affecting the stability of the patellofemoral joint. 

No significant correlation was found between femoral version and changes in medio-lateral 

patellofemoral forces between the generic-torsion and the torsion-informed model. 

Furthermore, the analysis revealed no significant correlation between femoral version and the 

absolute medio-lateral patellofemoral forces in the torsion-informed models. This result 

diverges from earlier findings in both musculoskeletal simulation studies (22,189) and cadaver 

research (44,96), which have predominantly highlighted an increase in lateral patellofemoral 

loading with greater femoral version. Considering that non-traumatic patella dislocations 

commonly occur to the lateral side (6), these results are of relevance. For the secondary 

objective, the effects of isolated personalization of femoral version on joint loads were 

explored, similar to previous studies. This analysis revealed moderate to strong correlations 

between femoral version and differences in medio-lateral patellofemoral force between the 

generic-torsion and the femoral-version models, suggesting that excessive femoral version 

may destabilize the patella by increasing its lateral displacement. However, these results have 

to be interpreted with caution, as tibial torsion was neglected in these simulations. Thereby 

these simulations were not fully representing the actual biomechanical situation. When 

personalized tibial torsion was considered alongside femoral version, the influence of femoral 

version on patellofemoral joint loading was altered, indicating that findings from studies 

focusing solely on femoral version while neglecting tibial torsion should be approached with 

caution. 

Tibial torsion exhibited a strong correlation with differences in hip rotation and knee 

progression angle between the generic-torsion and torsion-informed models, potentially 

elucidating its impact on patellofemoral joint loads. Hip rotation influences the knee 

progression and thus the global orientation of the knee joint, and when the ground reaction 

force remains constant, variations in knee progression angle may lead to a redistribution of 

forces along the anatomical axes of the knee joint. An increase in internal hip rotation and 

knee progression angle might, therefore, result in a more lateralized ground reaction force 

impacting the knee. A study investigating the effects of kinematics and bony morphology on 

hip joint loading demonstrated that kinematics have a more pronounced impact on hip joint 

loading than morphology (141). Given the strong correlation between hip rotation, knee 

progression angle and tibial torsion, this may explain the more pronounced correlations 

between patellofemoral joint loading and tibial torsion compared to those between 

patellofemoral joint loading and femoral version in models with subject-specific lower limb 

torsion. 

The modification of muscle lever arms and the resultant forces may elucidate the influence of 

lower limb torsion on patellofemoral joint loads. In the torsion-informed models, the variations 
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in hip muscles' lever arms were found to correlate with both femoral version and tibial torsion. 

This correlation between femoral version and hip muscle lever arms aligns with findings from 

previous musculoskeletal simulation studies (157,243). Upon controlling for differences in hip 

rotation, it was noted that the correlations between tibial torsion and differences in gluteal 

muscle lever arms decreased, whereas those between femoral version and differences in 

gluteal muscle lever arms between the generic-torsion and the torsion-informed models 

increased. Thus, tibial torsion indirectly affected hip muscle lever arms by altering hip rotation. 

This study presented contrasting results regarding the correlations between differences in 

medio-lateral patellofemoral force and femoral version when incorporating personalized lower 

limb torsion as opposed to omitting tibial torsion. Models that included subject-specific lower 

limb torsion offered a higher degree of personalization, thereby providing a more accurate 

representation of the participants' anatomical features. Femoral version may potentially 

destabilize the patellofemoral joint. However, it is essential to consider this effect in context 

with other contributory factors, such as the individual's walking pattern and tibial torsion. These 

elements could counterbalance the destabilizing influence of femoral version on the 

patellofemoral joint and thus should be integrated into planning the therapeutic strategy. 

In addition to soft tissue procedures, femoral derotation osteotomies are employed in the 

treatment of recurrent patellofemoral instability (135). Currently, the predominant method for 

decision-making in this context relies on the use of femoral version thresholds or the 

application of individual surgeon preferences. For example, some studies suggested that a 

femoral version exceeding 30 degrees may serve as a useful criterion for undertaking a FDO 

(244,245). However, in light of the findings of the present thesis, a decision-making criterion 

based solely on the femoral version value seems insufficient, as other factors such as tibial 

torsion and individual movement patterns also significantly influence the medio-lateral stability 

of the patellofemoral joint. Overlooking these factors could potentially lead to suboptimal 

outcomes following a FDO. 

The necessity to implement functional assessments, such as three-dimensional gait analysis, 

is underscored by the findings of the regression analysis. The regression analysis showed that 

lower limb torsion alone accounted for only 21% of the variance in the changes observed in 

maximum medio-lateral patellofemoral force. This suggests that the majority of the changes 

observed in medio-lateral forces were due to gait pattern or other factors. Using functional 

assessments is particularly important in cases of malalignment syndrome characterized by 

excessive femoral version and tibial torsion. In such scenarios, both femoral version and tibial 

torsion should be considered in the development of a comprehensive treatment plan (137). In 

conjunction with the clinically established application of three-dimensional gait analysis, the 

evaluation of complex movement patterns, which could more likely predispose individuals to 

patellar dislocation, could potentially further increase the relevance of functional assessments 
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in planning treatment strategies. Future research should aim to establish a set of both 

morphological and functional criteria to determine the appropriateness of addressing 

patellofemoral instability with derotation osteotomies. 

 

4.3 Discussion study 3: Impact of femoral derotation osteotomy on 

the patellofemoral joint loading 

The third research question of this thesis aimed to examine the impact of FDO on medio-

lateral patellofemoral forces in individuals experiencing patellofemoral instability. The findings 

indicate that simulated FDO generally results in the medialization of patellofemoral forces. 

However, it is noteworthy that in two participants (12.5 % of the cohort) FDO did not lead to a 

medial shift in patellofemoral forces. This lack of change is likely attributable to differing gait 

patterns observed in these participants compared to those who experienced successful 

outcomes from FDO. 

A significant medial shift in patellofemoral joint force was observed during the single stance 

phase following the simulated FDO. Given the mean participant weight of 60.2 kg and the 

mean change in peak medio-lateral patellofemoral joint force of 0.03 body weight, the resultant 

additional peak medializing force was 17 N (range: 9 N to 46 N). When comparing this value 

to the mean maximum tensile strength of the medial patellofemoral ligament, which is 

approximately 208 N (238), the effect of the FDO constitutes less than 10 % (range: 4 % to 

22 %) of this force value. Furthermore, the changes in medializing force exhibited a strong 

correlation with the initial femoral version angle, suggesting that the influence of FDO on 

patellofemoral forces is more pronounced in individuals with a greater correction of femoral 

version. Thus, from a biomechanical perspective, additional FDO can provide benefits by 

increasing the medializing force on the patellofemoral joint in cases of excessive femoral 

version. When integrated with other therapeutic interventions, such as medial patellofemoral 

ligament reconstruction or tibial tuberosity transfer, FDO may improve treatment outcomes for 

recurrent patellofemoral instability (135). 

The present personalized simulations enhanced the understanding of the biomechanical 

alterations induced by FDO on muscle forces. Specifically, a decrease in rectus femoris force 

correlated with a shift towards a more medial peak patellofemoral joint force post-FDO. 

Supporting literature indicates that excessive femoral version may lead to increased co-

contraction of hip flexor and extensor muscles, thereby augmenting rectus femoris force (157). 

Consequently, the reduction of femoral version through FDO could result in a decreased rectus 

femoris muscle force, as found in this thesis. This finding is corroborated by the observed 

reduction in the gluteus medius hip extension muscle moment post-FDO. Given that the rectus 
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femoris is a biarticular muscle, it exerts a direct influence on the patellofemoral joint contact 

forces (29). In contrast to the rectus femoris, increases in force observed in the vastus medialis 

and vastus lateralis were correlated with changes in peak medio-lateral patellofemoral joint 

force. This relationship may originate from the reduction in rectus femoris force while the 

external knee flexion moment remained constant, necessitating a compensatory increase in 

the forces of the vasti muscles. Therefore, the post-FDO alterations in medio-lateral 

patellofemoral loading could be attributed to a decrease in rectus femoris force accompanied 

by a compensatory increase in vastus medialis force. 

In two participants (12.5 % of the cohort), FDO did not lead to an increased medializing force 

on the patellofemoral joint. An analysis comparing gait patterns between successful and 

unsuccessful cases revealed that the unsuccessful cases were characterized by reduced knee 

flexion during the stance phase and an increased internal rotation of the hip. This internal 

rotation of the hip may contribute to an increased dynamic Q-angle, potentially enhancing the 

lateralizing force exerted on the patella (246,247). Furthermore, the reduced knee flexion 

observed in the unsuccessful cases led to a diminished external knee flexion moment, which 

consequently decreased the force exerted by the rectus femoris muscle during the stance 

phase (59,234). One of the primary effects of FDO is hypothesized to be the reduction of 

rectus femoris muscle force. If the initial force exerted by the rectus femoris is already low, as 

observed in these two participants, only minimal alterations in rectus femoris forces are 

achievable through FDO. This minimal change could explain why the patellofemoral joint 

contact force remained unchanged in these two cases. 

The observed unsuccessful cases underscore the critical role of walking patterns in 

determining the effectiveness of FDO. The importance of gait patterns is further corroborated 

by another study, which revealed that the influence of femoral version on knee joint loading is 

modulated by an individual's joint kinematics (248). In the present results, the impact of FDO 

was exclusively assessed during gait. Considering the significance of movement patterns, it 

is plausible that the effects of FDO could be more pronounced if individuals engaged in 

activities that involve higher knee flexion moments. This suggests that broader evaluations 

encompassing a variety of physical activities may provide a more comprehensive 

understanding of the biomechanical outcomes of FDO. 

In this study it was assumed that FDO does not modify the participants' gait patterns. This 

assumption allowed to isolate and examine the direct impact of FDO on joint loads, eliminating 

potential confounding factors. However, recent research indicated that individuals with 

idiopathic torsional deformities exhibited reduced hip flexion, knee flexion, and hip internal 

rotation angles following FDO (249). Such alterations in gait patterns could potentially 

influence changes in medio-lateral patellofemoral joint loads. Consequently, future studies 

should explore how FDO affects gait patterns and, in turn, how these changes impact joint 
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loads in individuals with patellofemoral instability. This would be essential for a more 

comprehensive understanding of the biomechanical consequences of FDO. 

The results of the present work corroborate the prevailing understanding that FDO can 

beneficially affect the stability of the patellofemoral joint in individuals with recurrent 

patellofemoral instability (135), by increased medializing forces at the patellofemoral joint. 

However, the modest alterations observed in medio-lateral patellofemoral forces suggest that 

utilizing FDO as a standalone treatment for patellofemoral instability may not be optimal. 

Moreover, the effectiveness of FDO is significantly influenced by individual-specific movement 

patterns. Consequently, it is imperative to consider not only the femoral version but also 

functional movements, such as those assessed through gait analysis, in the planning and 

evaluation of FDO interventions. This comprehensive approach is vital for optimizing 

therapeutic outcomes. 

 

4.4 General discussion 

This thesis represents the first investigation utilizing musculoskeletal modelling, to address 

the effects of individual gait pattern and lower limb torsion on the patellofemoral loading in a 

cohort of patellofemoral instability patients. Joint loads are critical biomechanical parameters, 

which facilitate a better understanding of pathologies, their prevention and treatment 

(250,251). Measuring joint loads is currently a substantial challenge. In vivo and in vitro, joint 

loads can only be quantified through the use of instrumented implants or by examining cadaver 

specimens (74,76,178). While instrumented implants are highly invasive and costly, simulating 

physiological muscle activation in cadaver studies is challenging. Additionally, these methods 

predominantly provide data for an older population, complicating the acquisition of insights 

into biomechanical alterations in pathologies that primarily affect children and adolescents 

(29). Musculoskeletal simulations offer a methodology that estimates muscle activation and 

forces derived from movement patterns, enabling researchers to examine the musculoskeletal 

system without complex and invasive experiments on living organisms (16). These simulations 

enable to investigate the interplay between joint movements, muscle forces, and joint loads 

(16,138). Consequently, simulations facilitate the exploration of compensatory mechanisms 

across various pathologies (16,138). For example, musculoskeletal simulations have revealed 

that the increased internal rotation observed in the gait of children with cerebral palsy is not 

due to the shortening of the adductors. Instead, it results from increased femoral anteversion 

and altered mechanics of the hip joint (252). For patellofemoral instability, it was possible to 

show that a shallow trochlea increases the loading on the medial patellofemoral ligament and 

thus increases the relevance of this structure to prevent dislocation (19). 
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Within the first study of this thesis, musculoskeletal simulations were employed to investigate 

the impact of gait patterns on knee joint loading in individuals with patellofemoral instability 

(1). Alterations in gait may arise from multiple causes, such as neuromotor impairments, 

muscle weakness, restricted range of motion, or other deformities like lower limb torsion (52). 

Additional factors, including fear, pain, or a sensation of instability, can also influence gait 

patterns (253). In the first study of this thesis, notable differences in gait were observed 

between the group with patellofemoral instability and the control group of typically developing 

children and adolescents (1). It was found that these modifications contributed to a decrease 

in the load exerted on the knee joint (1). Specifically, a reduction in lateralizing patellofemoral 

forces might be indicative of an adaptation in the gait pattern aimed at stabilizing the 

patellofemoral joint. A reduction of lateralizing force could be significant for individuals with 

patellofemoral instability, as patellar dislocations occur predominantly laterally. Summarizing 

the first study highlighted that the gait pattern in individuals with patellofemoral instability 

significantly alters patellofemoral joint loading and thus functional movement should be 

accounted in studies and treatment planning aiming on patellofemoral instability (1).  

Among different morphological parameters, femoral version and tibial torsion are considered 

as risk factors for patellofemoral instability (96,97). Thus, the effect of femoral version and 

tibial torsion on patellofemoral loading was investigated in this thesis. Interestingly, femoral 

version did not correlate to changes in medio-lateral patellofemoral loading in the second study 

of this thesis. In contrast, when neglecting individual tibial torsion, femoral version correlated 

to changes in patellofemoral loading. Furthermore, tibial torsion, correlated to changes in 

patellofemoral loading, which could be explained by alterations in knee progression angle. 

These results suggest that focusing on a single morphological parameter and neglecting the 

load exerted by functional movements may be too simplistic to fully understand its 

biomechanical impact, particularly since movement patterns significantly influence joint 

loading (1,141). Hence, it appears crucial to consider all relevant morphological parameters 

and functional movement patterns to gain a more realistic insight into the biomechanical 

alterations of patellofemoral joint loading. This is especially relevant as there seems to be no 

general correlation between morphology and gait patterns in individuals with patellofemoral 

instability (61,64). Therefore, morphological parameters should be examined for each 

individual, taking into account the person-specific movement patterns. Summarizing the 

second study of the thesis, it is essential not to merely focus on single static morphological 

parameter but also to consider its biomechanical interactions with other factors, particularly 

movement patterns, to understand the multifaceted nature of biomechanical dynamics in 

patellofemoral instability. 

For optimal treatment outcomes, a deeper understanding of the surgical consequences, 

specifically, what changes occur and how various structures are affected, is imperative. 
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Musculoskeletal simulations can play a relevant role in elucidating these aspects. Parameters 

derived from such simulations have the potential to aid in clinical decision-making and 

intervention planning. Research highlighted for instance the significance of trochlea shape in 

the effectiveness of tibial tuberosity osteotomies in treating patellofemoral instability. In 

individuals with a shallow trochlea, either lateralization or medialization of the tibial tubercle 

may decrease stability, making medialization of the tibial tubercle less effective for patella 

stabilization (25). As investigated in the third study of this thesis, simulated FDO generally 

enhanced patellofemoral stability by increasing the medial component of the patellofemoral 

force. Nevertheless, FDO did not yield positive outcomes in 12.5 % of the participants, likely 

attributed to their specific gait patterns. Moreover, even in successful cases, the alterations in 

patellofemoral force were modest (mean peak force change of 17 N) between the pre- and 

post-FDO models. Summarizing, the third study highlighted that the interaction between 

movement patterns and bony morphology is crucial when devising treatment strategies for 

patellofemoral instability.  

 

4.5 Strengths and weaknesses of the thesis 

Musculoskeletal modelling-based studies often rely on small sample sizes due to the lack of 

experimental data and the time needed to personalize the models and conduct the 

musculoskeletal simulations. A strength of this work is therefore the large sample size, 

compared to other musculoskeletal modelling-based studies focusing on patellofemoral 

instability or patellofemoral joint loading (N=38-40 versus N<17 in previous studies (19,20,22–

25,189,205)). The large sample size enabled to conduct more robust statistical analysis and 

even analyze a subsample of the second study (in the third study). 

The utilization of musculoskeletal modelling to quantify biomechanical parameters in clinical 

populations offers several advantages compared to traditional experimental and cadaver 

studies. One benefit is that it enables to non-invasively estimate internal forces for a specific 

patient, taking into account a patient’s walking pattern and musculoskeletal geometry (254). 

Additionally, musculoskeletal modelling facilitates the exploration of what-if scenarios. Within 

the context of the present thesis, it was possible to assess the isolated effect of femoral 

version, and the combined effect with tibial torsion on the patellofemoral loading. Further, it 

was possible to investigate the isolated effect of FDO on patellofemoral loading and how it is 

altered by individual gait patterns (1). 

Another advantage of musculoskeletal modelling is its capability to concurrently investigate 

individual morphology and functional movement patterns (16,22,138). This aspect is 

particularly pertinent for pathologies or diseases that significantly affect the musculoskeletal 

system and thus might alter the gait pattern. Unlike cadaver studies, which typically employ 
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predefined loadings to reconstruct muscle activity, musculoskeletal simulations strive to 

estimate realistic activation patterns (29). Musculoskeletal modelling does not only facilitate 

the investigation of compensational gait strategies, as demonstrated in the first study of this 

thesis, but also enables the exploration of the interactions between morphological parameters 

and gait patterns. By applying modifications to the models, musculoskeletal modelling 

facilitates the execution of what-if simulations (138). Accordingly, within the scope of the 

second objective of this thesis, it was possible to demonstrate an interaction among medio-

lateral patellofemoral joint loading, femoral version, tibial torsion, and hip rotation. 

Furthermore, the third study showed, that the movement pattern can alter treatment outcomes 

and lead to unsatisfactory results in surgical strategies like FDO.  

One consideration when interpreting the findings of this study is the use of different generic 

models for the first study compared to the second and third study. Specifically, a generic 

version of the Lenhart model (152) was used in the first study, while the subsequent studies 

utilized the modified Rajagopal model (1,159). This decision was predicated on the ease of 

processing the modified Rajagopal model and the unnecessary additional complexity of the 

Lenhart model for the investigations pertaining to the aims of the second and third study. 

Consequently, it is important to acknowledge that there may be slight variations in the 

estimated muscle forces and joint reaction loads across the models used in this thesis 

(255,256). Beside variance in the used models, discrepancies could also arise from the 

different calculation methods employed for estimating muscle forces (173,257). Muscle forces 

in the first study were calculated using the COMAK routine (1,202,202), whereas static 

optimization was utilized for the second and third study (170,174). While static optimization is 

based solely on minimizing squared muscle activation, the COMAK routine minimizes squared 

muscle activation while concurrently solving secondary knee kinematics (e.g. translational 

movements in the knee joint). The COMAK routine as well as static optimization presented 

reliable results, when investigating gait patterns (19,23,180). However, these different 

optimization approaches could lead to slightly different muscle forces and joint loads. Notably, 

the overarching results and conclusions from each study were based on a consistent 

modelling workflow. Using different modelling approaches might change the absolute values 

of estimated muscle forces and joint loads. 

Musculoskeletal models offer several possibilities for personalization, yet addressing all 

potential modifications can be challenging. Within the framework of this thesis, each model 

was scaled to match the individual anthropometry, including size and weight, of each 

participant. Additionally, the maximum isometric muscle force for each muscle was scaled for 

each participant. However, muscle paths and other muscle-specific parameters were not 

individually recorded and adjusted. The measurement and adjustment of these individual 

muscle parameters are both time-consuming and complex (153,258), hence they are seldom 
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addressed in studies based on musculoskeletal modeling (17,23,248). Nevertheless, this 

limitation could result in variations in muscle forces and joint reaction loadings in individuals 

with patellofemoral instability. 

Slightly different scaling methods for the maximum isometric muscle forces were used in the 

first study (scaled to body height) (1) compared to the second and third study (scaled to body 

weight). Both of these methods were already used before and scale the maximum isometric 

force of all muscles with the same scaling factor (165–167). Based on the submaximal muscle 

forces exerted while walking, only minor to no deviations in simulation results originated by 

the different scaling methods are expected. 

The Torsion Tool (154,155) was employed to customize femoral version and tibial torsion, as 

well as to facilitate FDO. While the models effectively incorporated individualized femoral 

version and tibial torsion, other axial morphologies of the lower limb, such as the femoral neck-

shaft angle (157) and frontal knee alignment (259), were neglected. Even though the cohort 

did not differ in frontal plane alignment of the knee joint, compared to a norm collective, these 

individual geometries could potentially impact the simulation results (157,259). The individual 

lower limb torsion and the simulation of FDO was modified consistently along the femoral and 

tibial shaft (155), which might diverge from the real location of the bony torsion and in vivo 

application of FDO. Despite the Torsion tool's adaption of femoral version and tibial torsion, it 

delineated to the value measured in rotational MR imaging. This may lead to minor 

discrepancies between simulated and actual muscle lines and therefore estimated muscle 

forces and joint loads. 

In the present thesis, knee morphology was not individually personalized for each participant, 

leading to potential inaccuracies in joint reaction loadings and particularly in patella cartilage 

pressure (19). This limitation must be considered when interpreting the results. In the first 

study of this thesis, investigating the gait pattern of individuals with patellofemoral instability, 

this simplification allowed to solely investigate the impact of the gait pattern on the joint 

loading, even though the results might slightly differ from the real loading of the patellofemoral 

joint (1). For the second and third study, comparisons were made between two models that 

differed only in femoral version and tibial torsion. Consequently, the influence of morphological 

parameters other than femoral version and tibial torsion was likely controlled in these 

analyses. 

In all models, the metatarsal and subtalar joints were locked, a common practice in 

musculoskeletal simulations when only two markers are present on the foot segment 

(18,209,260). The clinical marker sets used in the retrospective data set had only two markers 

placed on the foot segment. While this allows the tracking of foot progression angle and ankle 

flexion, in- and eversion are not measurable. However, given the role of the subtalar joint in 

affecting the rotational alignment of the lower limb, as indicated by study (261), this locking 



   

 

  87 

 

might have impacted the joint kinematics (169) and, subsequently, the loads on the 

patellofemoral joint.  

This thesis is based on the analysis of a retrospective dataset concerning individuals with 

patellofemoral instability. Therefore, the scope of analysis was confined to the available clinical 

data. Consequently, certain pertinent information regarding the study population was absent, 

most notably patient-related outcome measures. This omission meant that comprehensive 

data concerning pain experienced in daily life was not accessible. Having information on pain 

could have provided valuable context for interpreting the results. It is conceivable that a 

number of participants experienced pain, prompting them to adjust their gait patterns to reduce 

load on the knee joint (11). However, a prospective study that only included patients without 

pain found a comparable gait pattern to the cohort investigated in this thesis (1,59). 

The gait analysis data incorporated in this thesis were collected over a period spanning from 

2010 to 2022. During this interval, a significant methodological update occurred in 2018 when 

the marker set used for gait analysis was changed from the Plugin-gait marker model to the 

Cleveland marker model, in the gait laboratory. The primary distinction between these two 

models lies in the configuration of the thigh and shank markers (55,56). The Plugin-gait model 

employs a single marker on each thigh and shank, whereas the modified Cleveland marker 

set utilizes a cluster of three markers on each thigh and shank segment. This modification 

necessitated a slightly different inverse kinematics setup due to the varying number of markers 

(one versus three) that required weighting. However, the scaling and all other setups remained 

consistent. According to a prior study that examined different marker sets, the impact of these 

changes on simulation results is generally minor (169). 

 

4.6 Future perspectives 

The presented thesis utilized musculoskeletal modelling to investigate patellofemoral joint 

loading in individuals with patellofemoral instability and provided insights into the 

biomechanical alterations associated with this condition. Based on the retrospective nature of 

this work and the simplifications made, several avenues for future research have been 

identified to enhance the understanding and treatment of patellofemoral instability. 

The integration of patient-related outcome measures into prospective clinical studies is crucial 

for evaluating the subjective aspects of patient recovery and satisfaction. By conducting long-

term follow-ups that assess both the biomechanical and subjective outcomes of treatments, it 

is possible to gain a more comprehensive understanding of the effectiveness of different 

surgical interventions. This dual-focus approach would not only support the biomechanical 

data provided by simulations but also align treatment approaches more closely with patient 

satisfaction and quality of life improvements. 
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To further enhance the precision of musculoskeletal simulations, future research should 

prioritize the development of models that incorporate highly detailed, patient-specific 

geometries of the patellofemoral joint. This approach would involve utilizing advanced imaging 

techniques to capture the subject-specific anatomical features of each patient's knee structure. 

The integration of these personalized details into simulation models would likely improve the 

accuracy of predictions regarding more realistic conditions for joint reaction force and cartilage 

pressure estimation. Further, it would enable a better insight into how different surgical 

adjustments might impact individual biomechanical function, potentially leading to more 

personalized and effective treatment plans. A recently published study presented an open-

source workflow speeding up the integration of personalized knee morphology in 

musculoskeletal models (262). Using this workflow could enable the simulation of larger 

cohorts with highly personalized knee models.  

Another step would be to develop models that can predict post-surgical movement pattern 

adaptation and therefore also estimate long-term functional outcomes. Such models would be 

invaluable in designing personalized rehabilitation programs that are optimized for the most 

favorable result, based on predicted post-surgical biomechanics. One possibility would be the 

use of the OpenSim tool MOCO, which allows the prediction of gait patterns based on a 

musculoskeletal model and a mathematical cost function describing the goal of the movement 

(144,263,264). Post-surgery gait data could then be used to validate these predictions. In the 

available retrospective data set no post-surgical gait data were available and thus it was not 

possible to investigate the change of gait pattern due to surgical intervention. Future research 

focusing on the gait changes due to surgical intervention would be of relevance, as a recent 

study presented changes in gait pattern after FDO (249). 

In the context of this thesis, FDO has been investigated as a surgical strategy for the treatment 

of patellofemoral instability. Future research could focus on the comparative analysis of 

different surgical strategies for the treatment of patellofemoral instability. Using what-if-

simulations would allow to test the efficacy of different or combined surgical strategies on the 

same individual (23,25,265). These comparisons would not only help in refining surgical 

techniques but also aid in establishing standardized protocols that maximize efficacy while 

minimizing invasive surgeries. A long-term goal could be the development of an in-silico 

simulation tool, which allows to test different surgeries on the model of a patient, to find the 

individual optimal treatment. Such a tool has already been developed for surgeries in 

individuals with cerebral palsy (266) and could potentially also be developed for patellofemoral 

instability. Challenges for such a development for patellofemoral instability could be 

determining how detailed the models need to be to obtain reliable results. Whilst bony 

interventions may be easier to implement, soft tissue interventions such as medial 

patellofemoral ligament reconstruction may be more challenging due to the nature of the 
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models. In addition, further work would be required to implement such a tool into clinical 

practice, as it would need to be validated and accepted by clinical staff.  

The continuation of research in this area has the potential to advance the treatment of 

patellofemoral instability. By focusing on prospective patient-centered studies, personalized 

simulations, and the comparative analyses of surgical interventions, future research can 

significantly contribute to the optimization of patient outcomes in patellofemoral instability 

treatment. 

 

4.7 Conclusion 

Musculoskeletal simulations were used to explore the effects of individual gait pattern, femoral 

version, tibial torsion and FDO on the loading of the patellofemoral joint in individuals with 

patellofemoral instability. Compared to a cohort of healthy controls, participants with 

patellofemoral instability demonstrated reduced knee flexion during the stance phase of 

walking, which required lower quadriceps muscle forces. This decrease in quadriceps muscle 

forces led to a reduction in both tibiofemoral and patellofemoral joint contact forces. Notably, 

the diminished lateralizing force exerted on the patella may potentially lower the risk of patellar 

dislocation and provides a plausible explanation for the altered gait patterns observed in 

individuals with patellofemoral instability. These findings underscore the significance of 

considering the patient-specific gait patterns during the analysis of knee loads in individuals 

with patellofemoral instability.  

Investigating the effects of femoral version on the patellofemoral loading showed contradictory 

results when including or neglecting individual tibial torsion. An increase in femoral version 

potentially compromises the stability of the patellofemoral joint, whereas the influence of this 

factor appears to be mitigated when tibial torsion was personalized in the models. 

Consequently, research findings that exclusively focuses on femoral version should be 

interpreted with caution. From a clinical perspective, the findings suggest that the decision for 

a FDO solely based on the morphological assessment of the femur could lead to unexpected 

and adverse outcomes. Therefore, it is imperative that clinical decisions be tailored to the 

individual, incorporating a comprehensive evaluation that includes an assessment of femoral 

version, tibial torsion, and functional movement patterns. Moreover, the results of this thesis 

underscore the necessity of considering excessive tibial torsion as a contributory factor to the 

stability of the patellofemoral joint. 

Simulated FDO resulted in a medial shift of patellofemoral forces in individuals with 

patellofemoral instability. Notably, in two participants, FDO had no effect on the medio-lateral 

distribution of patellofemoral forces, potentially due to a gait pattern that imposed minimal 

demands on the rectus femoris muscle. Combining FDO with medial patellofemoral ligament 
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reconstruction may constitute an effective strategy for addressing patellofemoral instability in 

subjects presenting with excessive femoral version. Furthermore, the findings of this thesis 

clearly highlight the importance of incorporating functional movement assessments in planning 

FDO to maximize therapeutic efficacy. 
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6 Appendix 

6.1 Supplementary material 1 – Muscle force scatterplots 

Scatterplots between lower limb torsions and changes in muscle forces in loading response. The black line 

represents a least square fitted line. BW = body weight, Max = maximum, RMS = Root Mean Square. This figure 

was created by the author of this thesis.   
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