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Abstract 

High tibial osteotomy is a joint-preserving surgical technique for realigning the lower limb in patients 

with knee osteoarthritis and varus deformity, aiming to reduce medial knee loading and slow 

osteoarthritis progression. Knee contact force predictions via musculoskeletal models are affected by 

tibiofemoral alignment and knee contact locations. However, previous models assumed the entire varus 

deformity within the knee joint, neglecting bone deformities in the tibia and femur. This thesis aimed to 

(i) assess the accuracy of modeling tibiofemoral malalignment as a whole joint varus deformity, and (ii) 

analyze the effects of real high tibial osteotomy, which corrects tibial varus only, compared to a 

hypothetical correction involving both tibia and femur, on medial and lateral knee contact forces. 

The study included 25 patients with medial knee osteoarthritis and varus deformity, as part of a larger 

project at the Rizzoli Orthopedic Institute. Available data included full weight-bearing and Rosenberg 

45° knee flexion radiographs, as well as motion capture data including 3D marker trajectories and ground 

reaction forces during walking, stair ascent and stair descent. A full-body musculoskeletal model was 

personalized for each patient and used in an inverse-dynamics optimization-based workflow in OpenSim 

to calculate knee contact forces during the three motor activities. To address the first aim, pre-surgical 

models were personalized with image-based knee contact points, along with three levels of varus 

deformity, including tibial, joint and femoral deformities. Differences in knee contact forces during 

stance were evaluated using statistical parametric mapping with a non-parametric paired t-test. For the 

second aim, a subset of 7 post-surgical patients was analyzed, by comparing real correction on the tibia 

to a hypothetical correction involving both tibia and femur to achieve a neutral tibiofemoral alignment. 

Results showed that modeling knee varus malalignment as a whole joint deformity, without considering 

bone deformities, was generally accurate for predicting medial and lateral knee contact forces, with no 

significant differences across models during daily activities and maximum difference of 0.16 body-

weight, apart from minor exceptions when the loads were low. High tibial osteotomy correcting both 

tibia and femur significantly differed from tibial correction alone only in extreme cases where high 

residual malalignment in the joint led to greater medial unloading and lateral loading shifting, with a 

maximum difference up to 1.72 body-weight for the lateral force. 

In conclusion, musculoskeletal models can reliably represent varus malalignment as a joint deformity for 

predicting knee contact force distribution. Single or double high tibial osteotomy procedures impact 

medial-lateral load distribution in specific cases. Future research should explore a larger sample and 

sensitivity analyses on bone deformity effects. 
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Chapter 1 

1 Introduction 
 

Osteoarthritis is one of the principal causes of pain, stiffness, and loss of function in the knee joint. It is 

a chronic and degenerative disease characterized by the progressive loss of articular cartilage, along with 

changes in joint structure, modifications in the subchondral bone, and alterations in the synovial 

membrane[1]. The progression of the disease can become a burden for the patient, leading to limitations 

in daily activity such as walking, as well as for the health-care system. The prevalence of the disease is 

increasing due to the aging population and the rising incidence of obesity[2]. One of the main 

biomechanical causes of knee osteoarthritis in adults is the increased load on a localized area of the joint 

due to abnormal anatomy, excessive load from injury or obesity or a combination of both[3]. In particular, 

varus malalignment, which can result from tibial deformity, joint malalignment or a combination of the 

three, increase the load of the medial tibiofemoral compartment, accelerating cartilage degeneration in 

this area[4]. Varus malalignment can be assessed via radiograph of the lower limb by calculating the 

mechanical medial proximal tibial angle (mMPTA), mechanical lateral distal femoral angle (mLDFA), 

joint line converges angle (JLCA), and, if present, the location of the center of angulation (CORA) in 

tibia and femur.  

One possible approach to slowing the progression of knee osteoarthritis in patients with medial 

compartment involvement is the High Tibial Osteotomy (HTO), a surgical procedure aimed at realigning 

the weight-bearing axis[5]. By shifting the load from the medial compartment to the lateral compartment 

of the knee, HTO can lead to improvements in cartilage and subchondral bone quality[6] [7]. There are 

two primary types of HTO procedures: opening wedge osteotomy and closing wedge osteotomy, with 

the choice depending on the severity and location of the deformity[8] [9]. The ideal candidates for HTO 

are patients aged 60 and 65 years with isolated medial compartment osteoarthritis with a varus deformity, 

a good range of motion, and without ligament instability[10]. 

The most effective approach to characterize the biomechanical environment of the knee is through 

multibody musculoskeletal modeling, which can be personalized by using subject-specific features 

obtained from clinical imaging[11][12]. Musculoskeletal modeling represents a powerful tool for 

studying knee biomechanics and allows the prediction of joint contact forces and their distribution during 

movements in a non-invasive way[13]. Advanced computational models allow prediction of medial and 

lateral knee contact forces (KFCs) in both physiological and pathological conditions, providing valuable 

information for surgical planning and the evaluation of HTO outcomes[14]. The geometric parameters 

of the knee that have the greatest influence on the prediction of medial and lateral KCF are the 

tibiofemoral alignment in the frontal plane (TFA) and the contact point (CP) location[15] [16]. 
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Previous studies that used musculoskeletal modeling include models of varus malalignment as a knee 

joint orientation, i.e. the whole varus deformity is assumed to be in the joint as relative position of the 

tibia body with respect to the femur body in the model, neglecting bone deformities that might occur in 

the tibia and the femur[17][18]. Tabey et al[19] developed a plugin that allows for accurate 

personalization of the skeletal varus-valgus deformities on OpenSim[20] models based on the magnitude 

of mLDFA and mMPTA and the location of the Center of Rotation Angulation (CORA) in the femur and 

tibia bone.  

The aim of this thesis was twofold: 

- How accurate is modeling knee varus malalignment as a joint varus deformity, compared to full 

personalization that accounts for the combined contribution of tibial, joint and femoral 

deformities, in terms of predicted knee contact forces? 

- What is the effect of HTO surgery correcting knee varus deformity solely on the tibia, compared 

to a hypothetical correction on both tibia and femur, on the predicted knee contact forces? 

Specifically, we evaluated the differences in knee contact forces during walking, stair ascending and stair 

descending calculated via multibody-dynamics modeling of the musculoskeletal system, between two 

sets of models: one representing the whole tibiofemoral alignment as joint orientation, and the other ones 

as the sum tibial deformity, joint orientation and femoral deformity based on image measurements, in a 

cohort of 25 patients with medial knee OA and varus malalignment, before HTO, i.e. at the baseline.  

In addition, we compared the knee contact forces of 7 selected patients post-surgery, i.e. at follow-up, 

with a simulated hypothetical condition that corrected the whole tibiofemoral malalignment on both tibia 

and femur. 

The patients were part of a larger project started in 2021 at the Rizzoli Orthopedic Institute in Bologna, 

aimed at evaluating the impact of HTO in preventing disease progression in medial knee osteoarthritis, 

quantifying the effects on cartilage and subchondral bone by using a combined biomechanical and 

medical imaging approach. It included a population of 52 patients at the baseline, with a follow-up period 

of 12 months. These patients were randomly subdivided into two groups. The Surgical Group underwent 

a medial open-wedge HTO technique, with hardware removal occurring approximately 12 moths after 

surgery and before the assessment at follow-up. The Conservative Group followed a non-surgical 

management plan, consisting of weight control and standard muscular reinforcement, which was 

periodically supervised at the physiotherapy department of the Rizzoli Orthopedic Institute. 
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Chapter 2 

2 Background 

 
2.1 Knee anatomy 

If is not cited elsewhere consider the book “ Anatomia Umana, volume 1 [21] “ as reference for this 

section. 

The knee is one of the largest and most stressed synovial joints in the human body. It is composed of two 

distinct parts: the tibiofemoral joint, located between the distal end of the femur and the proximal end of 

the tibia, and the patellofemoral joint, located between the distal end of the femur and the posterior aspect 

of the patella. The knee joint is lubricated by synovial fluid contained within the joint capsule, which 

reduces friction and promotes optimal functionality. Ligaments, tendons, muscles and menisci work 

together to stabilize the knee joint, while allowing for movements such as walking, running and bending.  

2.1.1 Articular bodies 

The articular surface or the knee joint bones (i.e. femur, tibia and patella) are covered by hyaline cartilage. 

This cartilage, along with synovial fluid, reduces friction between the bones and facilitates smooth 

movement. Key surface characteristics of the bones include the femoral and tibial condyles, as well as 

the V-shaped trench on the anterior femur and posterior patellar surface. All these structures are contained 

within a single articular cavity, which also contains the menisci. 

The Femur 

The femur is the longest, heaviest, and strongest bone in the human body, playing a fundamental role in 

weight bearing and gait stability. As part of the lower kinetic chain, it provides attachment points for 

large muscles involved in leg movement. Structurally, the femur consists of three main parts, the 

proximal and distal epiphyses, and a central shaft call diaphysis. The distal epiphysis includes two 

condyles, one medial and one lateral, which are convex in shape and covered with hyaline cartilage. The 

medial condyle is wider, providing a larger contact surface with the tibia, while the lateral one is more 

prominent and extends further from anterior to posterior. These condyles are separated posteriorly by the 

intercondylar fossa and are joined anteriorly, where they articulate with the patella forming the 

patellofemoral joint.  Superior to the condyles are the femoral epicondyles, which serve as attachment 

sites for the collateral ligaments, contributing to knee stability. The postero-inferior surface of the 

condyles articulates with the tibia and the medial and lateral menisci, forming the tibiofemoral joint.  
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The Patella 

The patella, also known as kneecap, is a sesamoid bone located at the front of the knee joint. It has a 

triangular shape, with the apex pointing downward, serving as the attachment site for the patellar 

ligament. In addition, the base, which is wide and thick, serves as the attachment point for the quadriceps 

tendon. The posterior surface of the patella articulates with the femur between the medial and lateral 

facets, which connect with the femoral condyles. The patella performs several functions related to the 

knee joint. For example, it improves the leverage exerted by the quadriceps tendon on the femur, 

increasing the efficiency of the muscle. It also allows for smooth knee movement during flexion and 

extension. Finally, the patella provides protection for the knee joint. 

The Tibia 

The tibia is the main bone of the lower leg, with greater circumference at its proximal and distal ends to 

articulate with the knee and ankle joints. The proximal tibia contains the medial and lateral condyles, 

which play an important role in weight bearing. Between the two condyles lies the intercondylar 

eminence, an attachment site for ligaments and menisci of the knee joint. The superior surfaces of the 

condyles form the tibial plateau, where the tibia articulates with the distal end of the femur. These 

Figure 1: Knee joint 
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surfaces exhibit a concave shape with flatter outer edges that interface with the menisci within the knee 

joint. 

 

 

 

 

 

 

 

 

 

 

The Fibula 

The fibula is a no weight bearing bone located next to the tibia, on the lateral side of the leg. It consists 

of a proximal head that articulates with the tibia, a shaft shaped like a three-side prism, and a distal end 

that forms the lateral malleolus of the ankle. The fibula plays an important role in providing attachment 

points for muscles, tendons and ligaments. For example, it contributes to the knee joint by serving as an 

attachment point for the biceps femoris and the collateral ligament. 

2.1.2 Cartilage  

The cartilage is a strong connective tissue located between bones and at the ends of bones that form 

joints. It is characterized by its flexibility and its main functions are to absorb shock, acting like cushions, 

and to reduce the friction between bones. 

In the human body there are three types of cartilage: hyaline, elastic and fibrocartilage.  

- Hyaline cartilage, the common one in the body, is a strong, flexible and smooth tissue found at 

the ends of bones that form joints. Its primary role is to reduce friction. 

- Fibrocartilage is a tough cartilage made of thick fibers that form structures like the menisci. It is 

designed to absorb impacts and provide support. 

- Elastic cartilage is the most flexible type, supporting parts of the body that need to bend and 

move. 

Figure 2: Anterosuperior view of the tibia without the patella 
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2.1.3 Menisci 

The menisci are C-shaped rings of fibrocartilage connected within the knee joint by the transverse 

ligament. The upper surface of the menisci is concave to accommodate the femoral condyle, while the 

lower surface is flat and articulates with the tibial condyles. The menisci are divided into medial and 

lateral with different sizes, shape and attachments. The medial meniscus is larger than the lateral one and 

it is linked around its edge to the knee joint capsule and the tibial collateral ligaments. Instead, the lateral 

meniscus is unattached to the capsule and is more mobile[22]. The menisci play an important role in 

reducing the stress caused by weight-bearing and forces acting on the knees.  They also work as shock 

absorbers, increasing the contact area inside the joint. They support the load by compressing and 

spreading the pressure uniformly within the knee. Additionally, they provide stability and lubrication to 

the knee joint and improve congruency between the femoral and the tibial condyles. 

2.1.4 Articular Capsule 

The articular capsule is a structure composed of two layers. The outer layer is a fibrous membrane that 

originates from ligament tissue, while the inner layer is made up of a synovial membrane. The fibrous 

layer is made of connective tissue with different thickness and encloses the articular ends of the femur 

and the tibia that form the knee joint. It is supported by extra-capsular ligaments (e.g. lateral collateral 

ligaments) and stabilized by intra-capsular ligaments (e.g. medial collateral ligament and cruciate 

ligaments).  The synovial membrane, composed of connective tissue, forms the lining of joint cavities, 

tendon sheaths, and bursae, playing a key role in joint lubrification. It is responsible for secreting synovial 

fluid, which is derived from the plasma in the body. The synovial fluid protects the joint and helps them 

move smoothly. 

2.1.5 Ligaments 

The ligaments are supportive bands made of rigid but soft tissue which played an important role in 

stabilizing the joints. Those associated with the knee can be classified into collateral, cruciate, and 

patellar ligaments. 

- Anterior and Posterior cruciate ligaments: These ligaments are located in the intercondylar region 

and have a crossed configuration, interconnecting the femur and the tibia. They play an important 

role in stabilizing the knee joint by maintaining the correct alignment between the femur and the 

tibia. The anterior cruciate ligament controls the rotation and forward movements of the tibia, while 

the posterior cruciate ligament controls its backward movement. 

 

- Medial and Lateral collateral ligament: The medial collateral ligament restricts valgus rotations 

during knee flexion and provides stability to the inner knee, while the lateral collateral ligament 

stabilized the outer knee.  

 

- Patellar ligament: This ligament can be considered an extension of the quadriceps tendon. It connects 

the patella to the top of the tuberosity of the tibia. 
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2.1.6 Muscles 

The movements of the knee joint include flexion, extension and rotation. These movements are controlled 

by the collaboration of different muscles, which apply different forces to the joint depending on the type 

and numbers of muscle fibers and the geometric characteristic of the insertion point on the bone. 

The muscles involved in flexion are called flexors and they allow the knee to move towards the hip. 

These muscles are: 

- Biceps femoris 

- Semimembranosus 

- Semitendinosus 

- Gracilis 

- Gastrocnemius 

- Sartorius 

- Popliteus 

The muscles involved in extension are called extensors and they allow the knee to be straightened. These 

muscles are: 

- Quadricep femoris (rectus femoris, vastus lateralis, vastus medialis, vastus intermedius)  

- Tensor Fascia 

The rotation of the knee is possible only when the foot is off the ground, resulting in a rotation of the 

tibia in relation to the femur. The rotation can be lateral or medial. 

The muscles involved in lateral rotation are:  

- Biceps Femoris 

The muscles involved in medial rotation are: 

- Sartorius 

- Gracilis 

- Popliteus 

- Semitendinosus 

- Semimembranosus 

 

2.2 Anatomical reference 

The anatomical position is the standard reference body posture used to describe the anatomical planes 

and axes. In anatomical position the body stands upright with the feet together, hands at the sides and 

palms facing forward. Three planes and three axes can be identified from anatomical position. 
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- Coronal (frontal) plane: It passes longitudinally through the body and is perpendicular to the 

sagittal plane, dividing the body into front (anterior) and back (posterior).  

- Sagittal plane: vertical plane that divides the body into left and right sections 

- Transverse planes: Is a horizontal plane parallel to the ground that divide the body into superior 

and inferior section 

The intersection of these planes defines different axes around which an object can rotate. 

- Sagittal axis: formed by the intersection of the sagittal and transverse planes and runs from 

posterior to anterior. 

- Frontal axis: formed by the intersection of the frontal and transverse planes and runs from left to 

right. 

- Vertical axis: formed by the intersection of the sagittal and frontal planes and runs from inferior 

to superior. 

 

 

 

 

 

 

 

 

 

 

2.3 Osteoarthritis 

Osteoarthritis (OA) is a common degenerative disease that affects weight-bearing joints. The primary 

joints commonly affected by OA include knee, hips, hand and spine[23]. OA can be categorized into two 

types: primary and secondary osteoarthritis. Primary osteoarthritis involves natural joint degeneration, 

while secondary osteoarthritis occurs due to abnormal force concentration across the joint. This disease 

is very painful and can significantly impact people’s lives. Treatment options for knee OA include 

conservative methods or surgical interventions. 

Figure 3: Anatomical planes 
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2.3.1 Pathogenesis  

Osteoarthritis is a condition influenced by a mix of mechanical stress, inflammation and metabolic 

changes that impact all joint tissues[24]. The causes of osteoarthritis can be categorized into two groups: 

mechanical factors and biological factors. 

Mechanical factors play a significant role in the onset of OA, particularly through biomechanical 

imbalances that contribute to the gradual deterioration of articular cartilage. When cartilage experiences 

chronic overloading, its elasticity and metabolism suffer, leading to degenerative changes. Other 

contributing factors include post-traumatic deformities, joint dysplasia, obesity, aging or a sedentary 

lifestyle. These elements interact with each other, creating a circle that promotes the development of knee 

OA[25]. 

Biological factors add complexity to the pathogenesis of osteoarthritis. They involve an imbalance 

between chondrocyte proliferation and apoptosis. Articular cartilage is especially susceptible to 

metabolic disturbances, such as high levels of glucose and lipids, as well as systemic conditions like 

hypertension. Hypertension makes OA worse by increasing intraosseous pressure, causing hypoxia, and 

altering the subchondral bone and osteoclast activity, which lead to bone resorption and compromise 

joint stability. There is also evidence suggesting a connection between vascular dysfunction and the 

progression of osteoarthritis[25]. 

2.3.2 Kellgren-Lawrence OA classification 

In 1957 Kellgren and Lawrence introduced criteria for the classification of osteoarthritis based on 

radiographic images[26]. This system evaluates plain radiographs of diarthrodial joints, including the 

tibiofemoral joint, and categorizes OA into 5 grades based on the severity of radiographic features: 

- Grade 0: no presence of joint space narrowing or reactive changes 

- Grade 1: doubtful joint space narrowing and possible osteophytic lipping 

- Grade 2: possible joint space narrowing and definite osteophytes 

- Grade 3: definite joint space narrowing, moderate osteophytes, sclerosis and possible bone end 

deformity 

- Grade 4: large osteophytes, marked joint space narrowing, severe sclerosis and definite bone end 

deformity 

 

 

 

 

 

 Figure 4:The Kellgren-Lawence classification 

system 
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2.3.3 Risk factors  

There are several risk factors associated with osteoarthritis, which can be divided into person level 

factors, joint level factors and malalignment. Among the person level factors we find: 

- Age 

- Gender: Research indicates that osteoarthritis is more prevalent in women than in man. 

Furthermore, the incidence tends to rise around menopause, suggesting that hormonal changes 

may play a role in variations in bone density. 

- Obesity: Studies have shown that individuals who are overweight are at a higher risk of 

developing knee osteoarthritis. This is attributed to increased biomechanical stress, as well as 

metabolic and inflammatory systemic effects. Additionally, obesity can lead to structural changes 

in the cartilage, contributing to its degradation. 

- Genetics 

On the other hand, the joint level risk factors include: 

- Injuries: A history of knee injuries, such as those requiring meniscectomy or reconstruction 

surgery, can elevate the risk of developing osteoarthritis in the future. 

- Sport: engaging in physical activities that are repetitive, intense and have a high impact can 

increase the risk of developing knee osteoarthritis.  

- Malalignment: Research has shown that malalignment is a significant factor in the progression of 

knee OA. It increases stress on specific joint compartments, accelerating structural damage and 

degeneration in areas that experience the greatest compressive load. 

2.3.4 Genu Varum 

Varus deformity is defined by a change in the lower limb axis, resulting in a greater distance between 

the knees. This is different from valgus knee deformity, which appears X-shaped. Varus deformity can 

impact one or both limbs, disrupting the normal mechanical axis of the lower limb. In healthy person, 

this mechanical axis runs through the center of the hip, knee and ankle joints, creating a straight line. 

However, varus deformity alters this alignment, leading to changes in joint force distribution and 

increased stress on the medial compartment of the knee. The severity of the deformity can be assessed 

using the hip-knee-angle[27]. The abnormal load distribution in varus deformity primarily impacts the 

medial compartment of the knee, leading to unicompartmental knee osteoarthritis (OA). This mechanical 

overload speeds up cartilage wear and contributes to degenerative joint disease. Surgical options, such 

as osteotomies around the knee, are essential for realigning the weight-bearing axis and redistributing 

the load to relieve symptoms and prevent disease progression. 

 



12 

 

 

 

 

 

 

 

 

 

 

 

2.4 Sources of knee varus malalignment    

Lower limb alignment is based on reference axes and depends on the selected reference system. In the 

femur and tibia, two different axes are considered: 

- Anatomical axes: These correspond to the diaphyseal midline of the tibia and femur. The 

anatomical axes of the femur and tibia do not form a straight line but rather an open angle, known 

as the anatomical femorotibial angle (aFTA). 

- Mechanical axes: The mechanical axis of the femur runs from the center of the femoral head to 

the center of the knee joint, while the mechanical axis of the tibia runs parallel to its anatomical 

axis but located a few millimeters medially.  

The mechanical axis of the entire leg is defined by the hip-knee-ankle line (HKA). A deviation of this 

axis results in lower limb malalignment, which can lead to an unphysiological force distribution on the 

knee and extra-articular deformities in the tibia, femur or both[27].  

This malalignment can originate from different sources: femoral deformity, tibial deformity or knee joint 

deformity. To assess the source of deformity, the lateral distal femoral angle (LDFA), the medial 

proximal tibial angle (MPTA) and the joint line converge angle (JLCA) need to be measured[28].  

 

Figure 5:Normal, varus and valgus knee 
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The mMPTA is the angle formed between the mechanical axis of the tibia and the knee joint orientation 

line. The standard value of mMPTA is 87° and a higher value indicates a tibial valgus deformity, while 

a lower value indicates a tibial varus deformity.  

The mLDFA is the angle formed between the mechanical axis of the femur and the femoral joint 

orientation line. The standard value of mLDFA is 87° and a higher value indicates a femoral varus 

deformity, while a lower value indicates a femoral valgus deformity.  

The JLCA is the angle formed between the tangent to the femoral condyles and the tangent to the tibial 

plateau. Under physiological conditions, these two lines are parallel to each other within 2°. However, 

in the presence of a valgus knee, the angle opens medially, whereas in varus knee, it opens laterally with 

an angle higher than 2°. 

 

 Table 1:Normal and abnormal angle of the lower limb[28] 

Parameter Physiological Range Valgus Varus 

mMPTA 85° - 90° > 87° < 87° 

mLDFA 85° - 90° < 87° > 87° 

JLCA 0-2°   

aFTA 173° - 175° < 173° - 175° > 173°-175° 

Figure 6:Angles in the lower limb 
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 To assess the location of the extra-articular deformities in femur and tibia, the Center of Rotation 

Angulation (CORA) is identified. The CORA point is where the proximal and distal axis lines of the 

bone intersect, forming an angle and it serve as a key reference for planning corrective osteotomies[28]. 

 

2.5 High Tibial Osteotomy 

High tibial osteotomy (HTO) is a surgical intervention with the aim of correcting knee alignment and 

redistributing weight-bearing force from arthritic areas to a healthier region of the knee[7]. This 

procedure is primarily indicated for young patients with medial knee compartment arthrosis who have 

non-advanced OA and special physical demands. Genu varum, which causes an inward curvature of the 

knee, can lead to pain, instability and difficulty walking.  

HTO is a conservative technique that allows us to preserve the total joint surface by realigning the 

tibiofemoral axis of the leg, thereby slowing OA progression and delaying the need for total knee 

arthroplasty. Additionally, HTO improves mobility, enhances quality of life, and promotes good recovery 

in terms of muscle strength.  

HTO modifies several biomechanical and functional aspects of the knee: 

- Load distribution: HTO shifts weight-bearing forces from the damaged medial compartment to 

the lateral compartment and reduce stress on the arthritic area. 

- Joint stability: Correcting the knee varus deformity is improving knee stability, reducing 

abnormal joint loading and ligaments stress 

- Cartilage protection and regeneration: HTO promotes regeneration of cartilage by offloading 

the medial compartment and slowing the progression of the OA. 

- Joint line orientation: This procedure alters the orientation of the knee joint line. However, 

excessive changes in joint obliquity (KJLO) may have clinical consequences. 

There are two main types of HTO: 

- Medial opening wedge osteotomy: This procedure involves creating an oblique cut on the medial 

side of the tibia and gradually opening the gap, which is then filled with a wedge of bone. 

- Lateral closing wedge osteotomy: This procedure involves removing a wedge-shaped section of 

bone from the lateral side while preserving the inner hinge and bringing the edges together to 

close the gap. 



15 

 

 

 

 

 

 

 

 

 

In both cases, the procedure is performed at the level of deformity, and the degree of correction is 

assessed through preoperative planning based on radiographic examination. If the bone itself is not 

deformed, the osteotomy will correct the mechanical axis but may also introduce a new deformity and a 

significant joint line obliquity[29]. 

Based on current evidence, the actual association between postoperative KJLO and clinical consequences 

after HTO for medial knee osteoarthritis cannot be ascertained. The clinical relevance of KJLO after 

HTO remains controversial[30]. Acting on the tibia only when the varus deformity originates from tibial, 

joint and femoral deformities, or correcting where the deformity occurs, even with double-level 

osteotomy, is still controversial debate. 

In some cases, a double level osteotomy, involving both femur and tibia, may be necessary to achieve 

optimal realignment. Furthermore, while HTO is commonly performed on the tibia, osteotomies can also 

be performed at the femoral level when the deformity originates from the distal femur, requiring a distal 

femoral osteotomy (DFO) as an alternative or complementary approach. 

 

2.6 Knee contact forces 

Understanding the distribution of medial and lateral knee contact forces (MCFs and LCFs) during motor 

activities like walking, stair ascent, and descent is critical for evaluating biomechanical changes 

following HTO in patients with varus knee alignment and OA. Direct measurement of KCFs is only 

possible with sensorized prostheses, a highly invasive approach reserved for patients requiring total knee 

replacements[31].  

As an alternative, musculoskeletal modeling has emerged as a state-of-the-art method to predict KCFs 

and their distribution. Musculoskeletal modelling is a computational approach used to investigate 

musculo-tendon forces and joint contact forces during movement[12]. To make an accurate prediction of 

KCFs, musculoskeletal models need to incorporate patient-specific parameters, such as frontal-plane 

Figure 7:High tibial osteotomy:  a) with closed wedge, b) with 

opening wedge 
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tibiofemoral alignment and medial/lateral compartment contact location[16], along with patient-specific 

atrophic measurements. 

To measure the load on the medial compartment the KAM, net torque around the knee joint in the frontal 

plane, is used as an indirect measure[32]. Variability in KAM’s predictive value for medial knee forces 

arises from differences in individual anatomy, OA severity, and motor tasks[33]. Studies indicate that 

KAM alone is insufficient, particularly in early OA, to fully explain medial joint loading variability[34]. 

This has led researchers to explore other parameters, such as tibiofemoral alignment (TFA) and contact 

point (CP) locations, which appear to play more direct roles in force distribution. 

TFA, defined as the angular deviation of the tibiofemoral axis from neutral alignment, is a critical 

determinant of load distribution between the knee compartments. Imaging techniques like weight-bearing 

anteroposterior radiographs are considered the gold standard for measuring TFA[35]. CPs, defined as the 

points of shortest distance between the femur and tibia in the medial and lateral compartments, are more 

challenging to determine[36]. Methods such as the Rosenberg view and advanced imaging techniques, 

including biplanar X-rays, have been employed to calculate CPs[37]. Research underscores that CP 

locations significantly influence medial and lateral force predictions, with CPs often serving as stronger 

predictors of MCFs than TFA[17]. 

Studies have demonstrated that HTO achieves redistribution of the load on the knee, leading to 

decompression of the medial compartment and improved load balance across the tibial plateau[38]. 

However, post-surgery walking speed increases total joint loading, complicating the interpretation of 

biomechanical outcomes. While previous research has evaluated changes in joint space width and knee 

kinematics following HTO, the integration of TFA and CP data into predictive models remains limited. 

Additionally, further research has investigated pre and post operative lower limb kinematic, kinetics and 

KCFs in a cohort of patients with knee OA undergoing HTO. They found significant changes in the load 

distribution at the knee, specifically they observed a lower postoperative compression load on the medial 

compartment during midstance and a higher compressive load in the lateral compartment during early 

and late stance. Moreover, the lateral shear force in midstance was significantly lower after HTO[18]. 

Recent musculoskeletal modeling efforts have emphasized the importance of subject-specific 

customization. Models incorporating both TFA and CP parameters show improved accuracy in predicting 

medial and lateral knee forces[16]. Lerner et al[16] developed a musculoskeletal model that allows these 

customizations and allows to evaluate separately the medial end lateral component of the contact force 

of the knee. In this model they added degrees of freedom for customization (TFA and CP) and 

components respected previous model, such as the Delp et al[39] model. 

However, these models do not consider bone deformities. Notably, extra articular deformities can cause 

alignment deviation and create an unbalanced force distribution through the knee. Tabey et al[19] 

developed an OpenSim plugin that enables the customization of the musculoskeletal models with tibial, 

femoral or combined deformations. Their study showed that introducing varus-valgus deformity in 

generic model reduces mark errors in the inverse kinematics and that leads to a more accurate result.  
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2.6.1 Varus-Valgus Tool 

The varus-valgus tool is a freely available MATLAB code developed by Tabey et al.[19] using the 

OpenSim Application Programming Interface (API). It allows the user to incorporate varus-valgus 

deformities into generic OpenSim models with three input parameters: the model to be modified, the 

magnitude of the mLDFA or mMPTA, and the location of the CORA in the femur and tibia.  

To define the CORA location, the user must add a new marker to the OpenSim model and specify on 

which bone the deformation needs to be applied by indicating the parent frame of the marker. Using 

different functions in the code, the tool manipulates the musculoskeletal model by generating a 

deformation pattern based on the specific angle magnitude and the CORA location. The deformation is 

then applied not only to the skeletal system but also to the joint, muscle attachment sites and marker 

location on the affected bone.  

. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8:The flow chart of the steps needed to create a semi personalized model using the varus-valgus 

tool[19] 

 

2.7 Motion Capture and Gait Analysis 

Motion Capture is a powerful technology used to record human movements, studying biomechanical 

processes, for medical rehabilitation and for diagnosing and treating injuries. Traditional motion capture 

systems include different instrumentations and allow them to capture detailed data about body segment 
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position and analyze body movements. These technologies enable the estimation of biomechanical 

quantities derived by kinematic and dynamic reconstruction, such as joint angle and moment, muscle 

forces and activation, and joint reaction forces. 

2.7.1 Gait cycle 

The activity of walking is described by the gait cycle (GB), which represents the pattern of movement. 

The gait cycle corresponds to the time between two consecutive contacts of the same foot with the ground 

and consists of two main phases: the swing and the stance phases.  The swing phase refers to the time 

during which the foot is off the ground. It starts when the foot begins to lose contact with the ground and 

ends when the same foot makes contact with it again. This phase accounts for 40 percent of the total gait 

cycle. The remaining 60 percent is occupied by the stance phase, during which the foot remains in contact 

with the ground. This phase starts when the foot makes contact with the ground and ends when the same 

foot loses contact with it. During the gait cycle, the body weight is supported by both legs for 20 percent 

of the time and by a single limb for the remaining 80 percent. Each of the two phases can be divided in 

8 sub-events, which are useful to identifying the presence of pathologies. 

 

 

 

 

 

 

 

2.7.2 Motion Capture Instrumentation 

The motion capture system is based on an optoelectronic system and in addition to its other instrument 

can be found: 

- Force platforms: A force platform is an instrument used to measure the ground reaction forces. 

When a subject walks across it, the platform’s sensor or transducer, positioned on the four 

corners, detects deformation. These transducers provide an electrical output proportional to the 

deformation and by knowing the relationship between strain and tension, it is possible to calculate 

the force applied. Force platforms can be classified as single, bi-axial or tri-axial, depending on 

the number directions in which the force is measured. 

- Electromyography: Electromyography is a technique used to record electrical activity of muscles.   

Figure 9:Phases of the gait cycle 
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- Optoelectronic system: The optoelectronic system uses a set of cameras to track markers placed 

on anatomical landmarks over time and estimate their 3D positions. There are two types of 

markers: passive and active markers, which are positioned on the body following a protocol. 

Passive markers are considered the gold standard in gait analysis. These markers are made of 

materials that reflect specific wavelength (780-820 nm), allowing them to be detected by 

specialized infrared cameras. However, for these markers to function effectively, the room needs 

to be well illuminated. In contrast, active markers are light-emitting diodes (LEDs), which do not 

require a well illuminated room. However, they require a power source to operate, which implies 

the use of cable that can interfere with the patient’s movements. 

 

 

 

 

 

 

 

 

 

2.8 Musculoskeletal modeling approach in OpenSim 

OpenSim is a powerful open-source platform used by biomechanics researchers to model, simulate and 

analyze the mechanics of human movement. Originating from SIMM (Software for Interactive 

Musculoskeletal Modeling), developed by Delp and Loan in the early 1990s, OpenSim was first 

introduced in 2007 and has since undergone continuous development. OpenSim allows the creation and 

customization of musculoskeletal models to perform detailed analyses of human movement. It enables 

researchers to study biomechanical variables that are difficult to measure in vivo, such as muscle forces, 

activations, musculotendon lengths, and joint contact forces. These models represent the human body as 

an articulated multibody system, where rigid anatomical segments are connected by joints and actuated 

by musculotendon units. The software is written in ANSI C++ and includes a graphical user interface 

(GUI) developed in Java. Through its application programming interface (API), OpenSim can integrate 

with programming languages like C++, MATLAB, and Python. This integration enables the automation 

of complex processes, reduces computational time, and minimizes errors in parameter setup. The 

OpenSim GUI provides advanced tools for musculoskeletal model analysis, simulation generation, 3D 

movement visualization, and results interpretation. Key features include the ability to customize generic 

Figure 10: Representation of a typical gait analysis laboratory 
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models to fit specific subject data, calibrate models using recorded marker data, and perform inverse 

dynamics analyses. These capabilities make OpenSim an essential resource for exploring the mechanics 

of human movement in both physiological and pathological conditions. 

2.8.1 Musculoskeletal models 

OpenSim allows researchers to focus their attention on a specific part of the body in different levels of 

detail, depending on the needs of the study. For example, if a study is focused on the lower limb, the 

upper body can be modeled with less detail to reduce computational complexity.  A musculoskeletal 

model is composed of different elements, such as body segments, joints, muscle, tendons and ligaments, 

allowing the user to generate or describe movement. The musculoskeletal model is made up of: 

- Reference frames: The motion of the body is represented within a virtual space defined by a global 

cartesian coordinate system. Furthermore, local reference frames, attached to individual body 

segments, are introduced to describe segment movements and assist in defining the geometry of 

the model. 

- Bodies: The rigid bodies are the primary building block of the model, and they represent bone 

segments. These are characterized by their mass, moment of inertia, and center of mass position. 

These segments are assumed to be non-deformable during simulations and are described using a 

Cartesian reference system. This reference system is located at the center of mass and aligned 

with standard anatomical directions (proximodistal, anteroposterior, mediolateral).  

- Joints: Joints connect adjacent rigid bodies and define the degrees of freedom (DOF) between 

them. They are modeled as frictionless and non-deformable, ensuring that forces exchanged 

between the two connected bodies are equal and opposite. Joint types include ball joints, weld 

joints, pin joints, slider joints, ellipsoid joints, free joints and custom joints, with each type 

defined by its allowable DOF. Joint files specify transformations, such as translations and 

rotations, that describe the relative position and orientation of one body segment to another. 

- Constraints: Kinematic constraints are used to limit or control joint motions and maintain the 

integrity of the model. Types of constraints include point constraints, weld constraints, and 

coordinate coupler constraints. These constraints can also be used to ensure that experimental 

markers align optimally with the body segments of a model. 

- Muscular Forces: A muscle model requires information about the muscle's geometry and its 

maximum force-generating capacity. Muscle geometry includes the coordinates of origin and 

insertion points, with the origin relative to the proximal segment and the insertion relative to the 

distal segment, and the pennation angle. Additional parameters used to describe muscle model 

are optimal fiber length, physiological cross-sectional area, and activation and deactivation times. 

- Contact geometry: In OpenSim contact geometry can be represented as analytical shape, such as 

a half-place, sphere or cube, or as a custom user-defined shape specified in a geometry file. 

- Virtual marker set: Virtual markers are used to match the experimental marker set used during 

motion capture collection. They facilitate scaling and inverse dynamics workflows. For accurate 

3D trajectory reconstruction, each experimental marker must have a corresponding virtual marker 

placed on the rigid body of interest. These virtual markers are defined based on the segment’s 
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reference system, and at least three non-aligned markers are required for each segment to ensure 

precise motion reconstruction. During experiments, markers must always remain visible to the 

motion capture system. 

- Controllers 

 

   

 

 

 

 

 

 

 

 

 

2.8.2 Experimental data 

To generate simulations must be imported into OpenSim these types of data:  

- Marker trajectory: These are .trc files that contain the positions of the markers placed on the body 

during a motion capture trial. These files begin with a header consisting of three rows, which include 

important information about the acquisition system, such as the unit of measurement, the start and end 

time of the simulation and the number of markers. This is followed by two rows of column labels that 

store the names of the markers used in the simulation and the coordinating system. After this, the data 

rows are provided. The marker trajectory files are used in the scaling and inverse kinematics (IK) steps 

of the OpenSim workflow.  

Figure 11: Musculoskeletal modeling approach 
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- External forces: These a .mot files that contain data from the force plates. Like the marker trajectory 

files, these begin with a header containing information about the acquisition, followed by rows of 

data. The first column represents time, followed by different components of ground rection forces, 

point of application and exerted torques. 

 

 

 

 

 

 

 

 

 

2.8.3 OpenSim workflow 

It is possible to follow different OpenSim workflows depending on the aim of the research. In this case, 

the objective is to determine the joint reaction forces acting on the medial and lateral compartment of the 

knee. Therefore, an inverse approach, consisting of solving an inverse kinematics and dynamics problem, 

was chosen. 

Figure 12:Example of a .trc file for the marker trajectory 

Figure 13:Example of a ground reaction force .mot file 



23 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

2.8.4 Scaling 

The first step of the OpenSim workflow is scaling. In this step the model is matched with the subject 

comparing experimental marker data to virtual markers placed on the model. During the scaling the 

anthropometric characteristics, such as mass and dimension of the rigid body of virtual model are 

modified. Additionally, the inertia tensor, lengths of muscle fibers and tendons are also adjusted. The 

dimensions of each segment are adjusted to ensure correspondence between the distances of the virtual 

markers and those of the experimental markers. For this to happen, input data from static acquisition is 

required and the subject’s mass needs to be provided as input in OpenSim. There are two techniques for 

model scaling:  

- Manual scale factors: This is based on anthropometric analysis and the scale factor is manually 

assigned by the user 

- Measurement-based scaling: This method involves comparing distance between virtual markers and 

experimental marker positions from the .trc file. The scaling factor for each segment is determined 

by averaging the scale factor computed for each pair of markers on the segment. Weight can also be 

assigned to markers to control their influence on the scaling process, with the goal of minimizing 

discrepancies between experimental and virtual markers. 

Figure 14:Schematization of the OpenSim inverse-dynamics optimization-based 

workflow 
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After this process, the markers on the model are adjusted to positions that closely resemble those used in 

the experimental setup, preparing for the next steps. 

Input and output files: To perform the scaling process using the OpenSim Scale Tool a list of input 

files and settings are needed. The easiest way to do so is to use a .xml file which contains all the setup to 

perform the scaling. In this file this information can be found:      

• The mass of the patient 

• The generic model used 

• The path to the file which contains the marker set 

• The marker pair is used to calculate the scaling factors 

• The anthropometric scaling factors 

• The weight associated with the marker 

• The path to the file which contains the static experimental recording (.trc file) 

• The start and end time of the simulation 

• The path and the name of the output model. 

Figure 15:Experimental and virtual markers 
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2.8.5 Inverse Kinematics (IK) 

After scaling, the Inverse Kinematics (IK) is computed.  The goal of this step is to determine a set of 

generalized coordinates that best align the virtual markers with the experimental markers, replicating the 

patient’s motion. Mathematically, OpenSim solves this using a weighted least square optimization 

problem to minimize the errors between the virtual and experimental markers. 

 

 

 

 

Where the coefficient wi represents the weight of the marker, xi
exp denotes the position of the 

experimental marker and xi represents the position of the corresponding model marker. Similarly, wj 

represents the weight of the generalized coordinates error, qj
exp denotes the experimental value for the 

coordinate and qj represents the virtual value of the coordinate. The variable q is the vector of generalized 

coordinates to be determined.  

There are two sources of error: 

- Markers errors: The distance between the experimental markers and the corresponding virtual 

markers when the generalized coordinates are computed by the IK solver. 

- Coordinate errors: The difference between the values of the experimental coordinates and those 

computed by the IK solver. The experimental values can be obtained from the motion capture 

system or derived from experimental data using specialized algorithms. However, their inclusion 

into the IK tool is optional. 

Figure 16:Input and output of the Scale Tool 



26 

 

For each simulation frame, OpenSim displays in the window message the total RMS (Root Mean Square) 

and the maximum errors of the markers. The optimal values should be less than 2-4 cm for the maximum 

error and below 2 cm for the RMS error. 

Input and output files: To perform the Inverse Kinematics process using the OpenSim IK Tool a list of 

input files and settings are needed. The easiest way to do so is to use a .xml file which contains all the 

setup to perform this step. In this file this information can be found: 

• The path where to save the output. These are saved in a .mot file. 

• The path of the scale model 

• The weight of the markers 

• The weight of the coordinates 

• The .trc file that contains the data recorded during the gait session 

• The start and end time of the simulation 

 

 

 

 

 

 

 

 

2.8.6 Inverse Dynamics (ID) 

Inverse dynamics is responsible for the determination of the generalized forces and at each joint 

responsible for a given moment. In this step the internal forces and torques generated by muscle are 

determined given the kinematics that describe the movements of the model, and the external forces 

applied to the model. Newton’s second law of motion F= ma is solved by the Inverse Dynamics tool to 

determine the net forces and torques at each joint responsible for generating the movements.  The 

equation to be solved can be expressed using the following one:   

 

 

 

Figure 17:Input and output of IK Tool 
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where q,q̇,q̈ are the vector of generalized position, velocities and acceleration, M the mass matrix of the 

system, C represents the vector of Coriolis and centrifugal forces, G corresponds to the vector of 

gravitational forces. All these variables are known because the movement of the model is completely 

defined by position, velocities and acceleration. Instead, the right side of the equation, where τ represent 

the vector of generalized forces that is unknown. 

Input and output files: To perform the Inverse Dynamics process using the OpenSim ID Tool a list of 

input files and settings are needed. The easiest way to do so is to use a .xml file which contains all the 

setup to perform this step. In this file this information can be found: 

• The path where to save the results. These are saved in a .sto file. 

• The path of the scale model 

• The start and end time of the simulation 

• The external loads file 

• The results of the IK 

• The low pass cutoff frequency is needed to filter the coordinates of the kinematics file before 

starting to solve the inverse kinematics problem. 

 

 

 

 

 

 

2.8.7 Static Optimization (SO) 

During Static Optimization the individual muscle forces at each instant of time are calculated. This tool 

uses the known positions, velocities and accelerations of the model to solve the equation of motion for 

the muscle activation and muscle forces. 

When muscles are modelled as ideal force generators, we have the following motion equation:                               

� ���������, 
 �  


�

���
 

Instead, when the muscles are modelled as force generator but constrained by force-length-velocity 

properties, the equation used is the one below: 

 

Figure 18: Input and output of ID Tool 
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In both equations, the variables are defined below: 

-  n is the number of muscles in the model 

- am is the activation level of the specific muscle m at a specific moment 

- Fm
0 indicates the maximum isometric force generated by the specific muscle m 

- lm is the muscle length 

- vm indicates the muscle shortening velocity 

- f(Fm
0,lm,vm) represents the muscle force-length-velocity surface 

- rm,j is the moment arm about the jth joint axis 

- τj is the generalized force acting about the jth joint axis 

During the SO the actuators are used as muscle forces and in the resolution of the problem we can 

encounter a mechanical resolution problem. This is because the number of actuators that operated around 

one joint exceeded the number of degrees of freedom of the system. Static Optimization tool resolves 

this problem by applying a minimization criterion to find the best solution that minimizes the total 

activation of muscle, a measure of metabolic cost. 

� � � ���� �
�

���
 

 

Where p is a user defined constant. This method has some limitations: the SO does not consider the 

contraction of the antagonist muscle that is necessary for stabilizing the joint, postural control and absorb 

impacts.     

 

 

 

 

 

 

 

 

Figure 19: SO muscle force solution 
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To achieve dynamic consistency between the motion and the applied force the static optimization tool 

uses residual forces that need to be low, so they do not affect the simulation. These forces should not 

exceed 5% of the maximum experimentally measured net external force, while residual moments should 

be below 1% of the center of mass (COM) height multiplied by the magnitude of the measured net 

external forces. [5] 

Input and output files: To perform the Static Optimization process using the OpenSim SO Tool a list 

of input files and settings are needed. The easiest way to do so is to use a .xml file which contains all the 

setup to perform this step. In this file this information can be found: 

• The path where to save the result. These are saved in a .sto file 

• The path to the scale model 

• The start and end time of the simulation 

• The path to the external loads file 

• The result obtained by the IK tool 

• The low pass cutoff frequency needed to filter the coordinates of the kinematics file 

• The path to the file that contains the actuators 

• The output precision 

• The maximum number of integrator steps 

• The maximum integration step size 

• The minimum integration step size 

• The integrator tolerance 

 

The SO tool generates three output files: 

- A .sto file that contains the time history of muscle activation 

- A .sto file that contains the time history of muscle force 

- A .xml file that contains the time history of muscle activation 

-  

Figure 20:Input and output of SO Tool 
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2.8.8 Joint Reaction analysis  

The last step through the OpenSim simulation is the Joint Reaction analysis. In the step the resultant 

forces and moments between consecutive bodies are calculated. The internal loads represent the influence 

of different factors not modelled but that act on the joint playing an important role in the kinematics, 

such as cartilage contact and omitted ligaments. The reaction load acts on the joint center of both bodies, 

parent and child, and they can be expressed in the child, parent or ground frames. 

 

 

 

 

 

 

 

 

 

 

 

Input and output files: To perform the Joint Reaction Analysis using the OpenSim Analyze Tool a list 

of input files and settings are needed. The easiest way to do so is to use a .xml file which contains all 

the setup to perform this step. In this file this information can be found: 

• The path to where save the result. These are stored in a .sto file 

• The path to the scale model 

• The start and end time of the simulation 

• The path to the external load file 

• The path to the IK result 

• The file containing the actuators 

• The low pass cutoff frequency needed to filter the coordinates of the kinematics file 

• The output precision 

• The maximum number of integrator steps 

• The maximum integration step size 

• The minimum integration step size 

• The list of joint names of interest 

Figure 21: Free body diagram for the KCFs estimation 
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•  The list of the bodies on which the reaction occurred (parent or child) 

• The list of the frame in which the corresponding reaction is expressed (ground, parent or child) 

The results are printed on a .sto format file that contains the time history of the three forces and 

moments components of the reaction load at each joint.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Representation of parent and child bodies of a joint 



32 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



33 

 

Chapter 3 

3 Materials and Methods 
 

The objective of this thesis was twofold. The first aim was to assess the accuracy of modelling knee varus 

malalignment as a joint varus deformity, compared to full personalization which accounts for the 

combined contribution of tibial, joint and femoral deformities, in terms of predicted knee contact forces. 

The second aim was to analyze the effect of HTO surgery correcting knee varus deformity solely on the 

tibia, compared to a hypothetical correction involving both the tibia and femur, on the predicted knee 

contact forces.  

To estimate MFCs and LCFs, customized musculoskeletal models incorporating TFA, CPs and extra-

articular deformity were used as input for the simulations, which were conducted using OpenSim’s batch 

processing, with external routines created in MATLAB to automate the process.  

3.1 Experimental data 

For the first aim of the thesis, 25 patients with medial knee OA, who had a clear indication for high tibial 

osteotomy and no signs of lateral knee OA or patellofemoral compartment symptoms, were selected from 

a cohort of 52 patients enrolled in a clinical study that began in 2021 at the Rizzoli Orthopedic Institute 

in Bologna. The study aimed to evaluate the impact of High Tibial Osteotomy on the progression of the 

knee OA.  

For the second aim of the thesis, 7 post- surgery patients were selected from the Surgical Group based 

on specific characteristics, such as patients with a persistently high grade of TFA post- surgery or an 

overcorrection of the tibia. 

In Table 2, Table 3 and Table 4 it is possible to see the main information related to the patients. 

The information required for the study was collected from: 

- Long-leg weight-bearing anteroposterior radiographs, used to determine the CORA locations 

and to define the personalization parameters of the model, including TFA, mMPTA, mLDFA and 

KJLCA, which account for tibial, femoral and joint deformities. 

- Rosenberg view radiographs (knee flexion at 45°), used to determine the contact point (CP) 

locations. 

- Marker trajectories, organized in a .trc file, used for scaling and inverse kinematics in OpenSim. 

- Ground reaction forces collected using force plates and saved in a .mot file, used to resolve the 

inverse dynamics problem. 
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Table 2: Table of pre-surgery subject characteristics 

Subject Gender Age [years] Weight [kg] Height [cm] BMI [kg/m2] Side Operated 

BAM  M 48,5 71,1 175 23,2 Right 

BC0  M 60,8 83,3 174 27,5 Left 

BCA0  F 60,2 58,0 163 21,8 Right 

BN0  M 57,2 89,6 170 31,0 Left 

BS0  M 46,5 66,2 168 23,5 Left 

BSE0 M 47,0 88,1 184 26,0 Right 

CA0  M 58,7 80,5 179 25,1 Left 

CE0  M 55,9 88,0 178 27,8 Left 

CF0  M 60,8 72,7 170 25,2 Right 

CG0  M 53,8 93,7 166 34,0 Right 

CGC  M 53,6 112,4 179 35,1 Right 

CM0  M 53,0 88,9 171 30,4 Left 

EA0  M 57,0 71,7 174 23,7 Left 

FF0  M 57,1 80,8 180 24,9 Left 

LE0 F 61,6 57,3 160 22,4 Right 

MR0  M 46,3 80,1 173 26,7 Right 

OD0  M 51,9 78,9 170 27,3 Left 

PL0  F 48,6 55,5 165 20,4 Left 

RA0  M 38,3 96,2 187 27,5 Right 

RD0  F 49,2 71,4 165 26,2 Left 

SA0  M 46,0 119,7 195 31,5 Left 

SOM0  M 56,9 77,0 180 23,8 Left 

TM0 F 58,7 67,8 170 23,5 Right 

VM0 M 55,0 80,1 173 26,9 Right 

ZL0  M 60,9 77,2 165 28,4 Right 

 

Table 3: Mean (std) of pre-surgery patients’ data 

Mean (Std) of pre-surgery subject characteristics 

Female  5 

Male  20 

Age [years]  53,7 (6,1) 

Height  [cm]  173,4 (8,1) 

Weight [kg]  80,3 (15,3) 

BMI [kg/m2]  26,6 (3,7) 

TFA [deg]   8,3 (2,8) 

MCP [mm]  33,8  (4,7) 

LCP [mm]   12,0 (2,0) 
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3.1.1 Evaluation of CPs and TFA 

For the evaluation of CP location and TFA, long-leg full weight-bearing radiographs and Rosenberg 45° 

knee flexion radiographs were used. The measures were taken with HTO-Rplus, a software developed 

in-house in the BIC lab. The evaluation of TFA required various parameters, including hip center (center 

of the circle that best fitted the femoral head), the knee joint center (midpoint of the centers of the tibial 

spine), the ankle center (mid-width of the tibia and fibula at the level of the plafond)[17]. For the 

evaluation of the medial and lateral contacts location, the points corresponding to the minimum joint 

space width in the medial and lateral knee compartments were identified. These were determined by 

measuring the minimum Euclidian distance between the two splines defined on the femoral condyle and 

tibial plateau, among the interpolated point along the two spines[17]. 

Table 6: Mean (std) of post-surgery patients’ data 

Mean (SD) of post-surgery subject 

characteristics 

Female  1 

Male  6 

Age [years]  58,1 (6,7) 

Height  [cm]  174,0 (12,1) 

Weight [kg]  92,0 (18,6) 

BMI [kg/m2]  30,4 (5,7) 

TFA [deg]   0,7 (3,4) 

MCP [mm]  32,7 (5,8) 

LCP [mm]   12,8 (1,5) 

Table 5: Table of post-surgery patient characteristics 

Subject Gender Age [years] Weight [kg] Height [cm] BMI [kg/m2] Side Operated 

CG1  M 55,1 101,6 160 39,7 Right 

CGC1  M 55,9 110,6 178 34,9 Right 

FF1 M 58,6 78,3 179 24,4 Left 

GF1  M 64,0 72,3 173 24,2 Right 

RB1  F 68,9 78,8 160 30,8 Right 

SA1 M 48,4 120,0 195 31,6 Left 

VM1  M 55,6 82,3 173 27,5 Right 
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Figure 23: Image-based measurements of the anatomical parameters[17] 

 

3.1.2 Evaluation of CORA 

For the evaluation of CORA, AlbaRT, an in-house software developed in the BIC lab, was used to 

analyze long-leg weight-bearing antero-posterior X-ray of the patient. For the evaluation of CORA point, 

both for tibia and femur, we used the book “Principles of Deformity Correction”[28] as reference. 

3.1.2.1 CORA in Tibia 

The proximal CORA in the tibia was identified as the intersection between the anatomical axis of the 

tibia and the line forming an 87° angle with the proximal tibial orientation. The first step involved 

drawing the anatomical axis as the mid-diaphyseal line. The second step was to draw the proximal tibial 

orient as a line that passing through the tibial plateau. Then, a line was drawn from the knee center, 

forming an angle of 87°, the standard mMPTA value. The intersection of this line with the anatomical 

axis marked the proximal CORA.  

For the distal CORA, the intersection was identified between the anatomical axis and a line forming a 

90° angle with the joint ankle orientation line, corresponding to the standard mLDTA value. 

Once the CORA point was determined, the distance from the knee center was calculated to define the 

exact position for placing the virtual marker used to apply the tibial deformation 
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In the simulations, we primarily used the position of the proximal CORA when present, otherwise the 

distal CORA was used. If no CORA was present, due to a not deformed tibia, the virtual marker was 

positioned in the center of the knee. 

 

 

 

 

 

 

 

 

 

 

 

3.1.2.2 CORA in Femur 

The proximal CORA of the femur was identified as the intersection between the anatomical axis of the 

femur and the line forming an 84° angle with the hip joint orientation line. The first step involved drawing 

the anatomical axis as the mid-diaphyseal line. The second step was to draw the hip joint orientation line, 

which passes through the center of the femoral head and the trochanteric point. After that, a line forming 

an 87° angle, the standard value of MPFA, and passing through the piriformis line was drawn.  

The distal CORA of the femur was identified as the intersection between the anatomical axis of the femur 

and the line forming an 81° angle, corresponding to the standard aLDFA value, with the femoral 

orientation line, which starts 1 cm medial to the center of the knee joint.   

After identifying the CORA points, the distance from the center of the knee was measured to determine 

the correct position for placing the marker for femora deformation. 

In the simulations, we primarily used the position of the distal CORA when present, otherwise the 

proximal CORA was used. If no CORA was present, the patient’s femur was non deformed. 

 

 

 

Figure 24: Example of tibia 

CORA 
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In Tables 5 and 6, the CORA distance from the knee center is shown for both for the tibia and femur in 

pre-surgery patients (Table 5) and post-surgery patients (Table 6). The absence of CORA, due to a non- 

deformed bone, is indicated as NaN. If the CORA position coincides with the knee center, the distance 

is indicated as 0 on the table. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: Example of femoral CORA  

Table 7: Distance from the center of the knee for Cora in the tibia and femur of pre-surgery patients. If no 

CORA was found, it is indicated as NaN; Instead. If the CORA point coincides with the knee center, it is 

indicated as 0 
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3.1.3 Motion Capture 

Markers trajectories were obtained using a motion capture system consisting of 8 camera (100 Hz, Vicon 

612 Motion System, Oxford, UK) and ground reaction forces were calculated using two embedded force 

plates (200 Hz, Kistler, Winterhur, Switzerland).  

For data acquisition, a total of 30 spherical passive markers with a 10 mm diameter were placed on 

specific body landmarks according to the IOR gait protocol, as described by Leardini et al[40]. This 

protocol is designed for analyzing pelvis and lower limb motion and provides a complete description of 

3D segment and joint motion based on anatomy. The markers were placed as follows: 

 Markers placed on the torso: 

- A: Acromion (both left and right) 

- C7 

- L5 

Markers placed on the pelvis: 

- ASIS: anterior iliac spine (left and right) 

- PSIS: posterior iliac spine (left and right) 

Markers placed on the lower limb: 

- GT: Great trochanter (left and right) 

- LE: Lateral epicondyle (left and right) 

- ME: Medial epicondyle (left and right) 

- HF: Proximal tip head fibula (left and right) 

- TT: Tibial tuberosity (left and right) 

- LM: Lateral malleolus (left and right) 

- MM: Medial malleolus (left and right) 

 

 

Table 8: Distance from the center of the knee for CORA in the tibia and femur of post-surgery patients. If 

no CORA was found, it is indicated as NaN; Instead, if the CORA point coincides with the knee center, it is 

indicted as 0. 

Subject 

Distance_CORA_Tibia 

[mm] 

Distance_CORA_Femur 

[mm] 

CG1  328,00 54,35 

CGC1  67,65 182,67 

FF1  98,89 51,71 

GF1  88,36 198,14 

RB1  NaN 384,07 

SA1  114,32 267,36 

VM1  NaN 417,69 
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- CA: Tendon insertion on calcaneus (left and right) 

- VM: Fifth metatarsal head (left and right) 

- FM: First metatarsal head (left and right) 

- SM: Second metatarsal head (left and right) 

 

 

  

  

  

  

  

  

  

  

  

  

 

 

 

Markers trajectories and ground reaction forces were recorded during three different motor tasks: 

walking, stair ascending and stair descending. Each task was performed five times. For the walking task, 

subjects need to walk at a self-selected speed. For stair ascent and descent, participants used a staircase 

with four steps, each measuring 16 cm in height, 28 cm in depth and 86 cm in width. The staircase had 

no railings or banisters, and two force places were embedded in the second and third steps. 

The static acquisition required for marker calibration and the scaling process was recorded in two 

different ways. For the first one, the patient placed one foot on one force plate and the other foot on the 

second platform. For the second acquisition, the subject stood with both feet on a single force plate, 

allowing the determination of the patient’s actual weight. 

3.2 Lerner musculoskeletal model 

For this thesis, the model by Lerner et al[16] was utilized. This is a freely available and validated full-

body OpenSim musculoskeletal model, based on a previous model developed by DeMers et al[41]. It 

consists of 18 body segments and 92 muscle-tendon actuators. This model can be personalized with CP 

and TFA thanks to its specific knee joint design, which allows for a more accurate estimation of medial 

and lateral tibiofemoral contact forces. The model degrees of freedom included a ball-and-socket joint 

Figure 26:  IOR gait Marker set placed on one of our scaled 

models 
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between the third and fourth lumbar vertebra, three translations and three rotations of the pelvis, a ball-

and-socket joint at each hip, and a revolute ankle and subtalar joints.  

 

 

 

 

 

 

 

 

 

 

 

 

The tibiofemoral joint was enhanced with a distal femoral component body and a tibial plateau body, 

represented by CAD geometry of the instrumented implant. Orientation parameters were included to 

configure the frontal-plane alignment of the femur (θ1) and tibia (θ2). A series of joints were defined 

between the femoral component and the tibial plateau to characterize the load distribution on the medial 

and lateral compartment of the knee, as well as the tibiofemoral kinematics. In addition to the Delp et 

al[11] knee joint, which defines the sagittal-plane rotations and translation of the knee between the 

femoral component and the sagittal articulation frame of reference, two revolute joints perpendicular to 

the frontal plane were added. These represent the medial and lateral compartments. Additionally, the 

medial and lateral compartments were joined by welding at the anteroposterior mid-point of the tibial 

plateaus, ensuring they remained fixed to the tibia while allowing articulation with the surface of the 

femoral component during flexion and extension. 

In Lerner’s model, the knee remains a single degree of freedom joint. The two revolute joints cannot 

resist frontal-plane moments individually but by acting in parallel, they share load between femur and 

tibia resolving these loads into medial and lateral contact forces. 

This model allows to be personalized with TFA and CPs. For TFA, modifications can be made by 

adjusting the orientation of the welded joint on the tibia and femur, while the CPs can be modified by 

changing the position of the weld joint on the tibial plateau. 

 Figure 27: Lerner’s Musculoskeletal model 
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3.3 OpenSim models and Simulations  

For estimating the load distribution in the medial and lateral compartments of the knee, a musculoskeletal 

model was personalized in four different ways, for the first aim, and in two ways for the second aim. 

All simulation steps were performed within the MATLAB environment, where custom routines were 

implemented to generate the required setup inputs for OpenSim. To optimize computational time, all 

steps were executed in MATLAB, bypassing OpenSim interface, using the OpenSim API. 

 

3.3.1 Data Preparation 

The motion capture data recorded by the Vicon system were provides in .c3d and .csv formats. To obtain 

the necessary input for OpenSim, which enables inverse kinematics and inverse dynamics calculation to 

estimate joint reactions forces, the data had to be processed. 

MATLAB routines were used to extract the following data from .csv files: 

- Marker trajectories, saved as a .trc file 

- Ground reaction forces, saved as a .mot fie 

 
Figure 28: Topology window of Lerner’s musculoskeletal model 
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- Gait event, saved as a .mat file 

3.3.2 Model customization 

Before starting the OpenSim workflow, the first step was to personalize the model with subject specific 

parameters, including CPs, TFA and valgus deformities. 

To customize the model with CPs and TFA, a MATLAB routine was used to modify the following 

parameters for both target and contralateral limbs: 

- Knee_joint: The first component of rotation of the parent frame was modified to adjust TFA. 

- med_cond_joint and med_cond_weld joints: The third component of translation of the parent 

frame was modified for the medial contact point. 

- lat_cond_joint and lat_cond_constraint joints: The third component of translation of the parent 

frame was modified for the lateral contact point. 

 

 

For varus deformities, the varus-valgus deformity tool[19] was used after the scaling process and it was 

applied only on the target limb. The process involved: 

- Adding a new marker (CORA) to the model in OpenSim environment at the predefined location. 

This marker needed to be linked to either the tibia or the femur, depending on which bone required 

deformation.   

 

 

Figure 29: Example of OpenSim property window where it is possible to modify the model with our 

geometric parameters of interest. 
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- Selecting the mMPTA or the mLDFA and specifying its magnitude as complement, such as 90-

mMPTA or 90+mLDFA, where mMPTA and mLDFA are in degrees.  

- Generating a new model with the applied correction. 

For the first aim, i.e. to analyze the accuracy of the modeling knee varus malalignment as a joint varus 

deformity, compared to full personalization that accounts for the combined contribution of tibial, joint 

and femoral deformities, in terms of predicted knee contact force, four different sets of simulations were 

conducted by using four progressively personalized models of pre-surgical patients, i.e. the baseline, and 

three models (M1, M2, M3) including three levels of varus deformity models (Figure 31): 

- Baseline: TFA all as joint deformity, i.e. TFA assigned as joint orientation. 

- M1: TFA all as tibial deformity, i.e. tibia deformed by the TFA, at the level of the CORA marker. 

- M2: TFA as the sum of tibial deformity and joint deformity, i.e. tibia deformed according to the 

mMPTA at the level of the CORA marker, and the rest of TFA as joint orientation. 

- M3: TFA as the sum of tibial, joint and femoral deformities, i.e. tibia and femur deformed 

according to the mMPTA and mLDFA, both at the level of the CORA markers, and the joint 

deformity as joint orientation according to the KJLCA. 

 

 

 

 

 

 

 

 

 

 

 

 

a b c d 

Figure 31: Model customization: a) Baseline; b) M1; c) M2; d) M3 

Figure 30: Example of OpenSim property window where it is 

possible to set the CORA properties 
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All models included personalization of the CPs and for M1, M2, M3 models the contralateral limbs were 

modified with the same method as the Baseline model. 

For the second aim, i.e. to analyze the effect of HTO surgery correcting knee varus deformity solely on 

the tibia (Real scenario), compared to a hypothetical correction on both tibia and femur (Ideal scenario), 

on the predicted knee contact forces, two different sets of simulations were conducted by using two 

personalized models of post-surgical patients (Figure 32): 

- Real: Tibia, femur and joint deformed by the actual post-surgery values of mMPTA, mLDFA and 

KJLCA. 

- Ideal: Joint deformed by the actual KJLCA, and both tibia and femur deformed symmetrically by 

half of the opposite KJLCA, to bring the TFA to zero, i.e. ideal neutral TFA.  

 

 

 

 

 

 

 

 

 

The patients selected for this aim were characterized by one or more of the following: a high degree of 

KJLCA post-surgery, a persistently elevated TFA angle, a valgus femur or a overcorrection of the tibia. 

b a 
Figure 32: Model customization post-surgery patients: a) Real; b) Ideal 
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Table 8:  

 Varus Angle  Contact Point Locations [mm]  

 Target Contralateral Target Contralateral 

Subject [deg] [deg] Lateral Medial Lateral Medial 

RD0  9,3 5,1 11,0 34,2 10,9 33,2 

BCA0  8,0 3,7 9,8 30,7 8,9 32,5 

BS0  7,2 3,5 11,3 39,6 20,0 20,0 

CE0  4,7 6,5 11,0 39,8 14,4 31,7 

CGC  1,3 3,3 11,8 41,3 20,0 20,0 

CG0  11,9 5,9 12,4 37,4 12,1 36,2 

CM0  5,5 5,2 13,4 32,2 12,7 29,9 

LE0 11,1 13,7 9,1 28,2 11,3 24,4 

EA0  9,3 7,7 12,5 31,7 12,4 28,2 

CA0  9,5 5,3 9,6 40,7 12,6 38,8 

CF0  6,8 1,8 11,8 33,7 11,6 41,2 

BAM0 9,4 8,5 13,6 39,6 12,4 37,0 

BC0  5,1 7,0 12,3 37,4 11,3 38,6 

SA0  13,4 6,5 12,3 31,4 9,5 38,5 

MR0  9,1 5,4 12,7 30,1 12,6 30,4 

TM0 7,1 0,2 11,2 33,0 13,1 37,4 

PL0  7,1 4,2 10,4 24,8 11,0 27,4 

ZL0  6,8 2,1 10,3 33,3 10,8 35,5 

BN0  11,0 10,1 10,4 29,4 10,5 35,3 

FF0  6,8 2,8 12,9 38,0 10,9 35,6 

RA0  9,6 3,4 13,8 31,6 12,0 39,4 

OD0  8,8 6,6 11,0 26,3 8,8 30,7 

BSE0 7,0 8,2 12,0 39,1 11,0 38,1 

SOM0  7,6 4,6 18,8 31,8 11,0 32,9 

VM0 14,3 11,9 15,2 30,4 11,4 34,0 

       
Mean 8,3 5,7 12,0 33,8 12,1 33,1 

Std  2,8 3,1 2,0 4,7 2,7 5,7 

              

 

Table 9:Table of pre-surgery subject Contact Point location and TFA for the target and 

contralateral limbs, with mean and standard deviation 
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 Varus Angle 

Contact Point Locations 

[mm] 

Subject [deg] Lateral Medial 

RD0  9,3 11,0 34,2 

BCA0  8,0 9,8 30,7 

BS0  7,2 11,3 39,6 

CE0  4,7 11,0 39,8 

CGC  1,3 11,8 41,3 

CG0  11,9 12,4 37,4 

CM0  5,5 13,4 32,2 

LE0 11,1 9,1 28,2 

EA0  9,3 12,5 31,7 

CA0  9,5 9,6 40,7 

CF0  6,8 11,8 33,7 

BAM  9,4 13,6 39,6 

BC0  5,1 12,3 37,4 

SA0  13,4 12,3 31,4 

MR0  9,1 12,7 30,1 

TM0 7,1 11,2 33,0 

PL0  7,1 10,4 24,8 

ZL0  6,8 10,3 33,3 

BN0  11,0 10,4 29,4 

FF0  6,8 12,9 38,0 

RA0  9,6 13,8 31,6 

OD0  8,8 11,0 26,3 

BSE  7,0 12,0 39,1 

SOM0  7,6 18,8 31,8 

VM0 14,3 15,2 30,4 

    
Mean 8,3 12,0 33,8 

Std  2,8 2,0 4,7 

        

 

Table 10:Table of values for customizing the Baseline model and the M1 model for 

pre-surgery patient. In the Baseline model, the TFA was considered entirely as a joint 

deformity, whereas in the M1 model, the TFA was considered entirely as a tibial 

deformity 
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Table 11: Table of values for customizing the M2 model for pre-surgery patients. For the varus-valgus 

tool it was used the complementary of the mMPTA and for the joint deformity it was used the rest of the 

TFA value (TFA – mMPTA) 

 

Total varus 

deformity Tibial deformity 

Joint 

deformity Contact Point Locations  

 TFA 90-mMPTA TFA-mMPTA Lateral Medial 

Subject [deg] [deg] [deg] [mm] [mm] 

RD0  9,3 7,1 2,2 11,0 34,2 

BCA0  8,0 8,5 -0,5 9,8 30,7 

BS0  7,2 5,9 1,3 11,3 39,6 

CE0  4,7 6,7 -2,0 11,0 39,8 

CGC  1,3 2,0 0,7 11,8 41,3 

CG0  11,9 6,2 5,8 12,4 37,4 

CM0  5,5 9,0 -3,5 13,4 32,2 

LE0 11,1 4,2 6,9 9,1 28,2 

EA0  9,3 5,5 3,8 12,5 31,7 

CA0  9,5 3,9 5,6 9,6 40,7 

CF0  6,8 6,9 -0,1 11,8 33,7 

BAM0 9,4 11,1 -1,7 13,6 39,6 

BC0  5,1 1,8 3,3 12,3 37,4 

SA0  13,4 4,5 8,9 12,3 31,4 

MR0  9,1 7,3 1,8 12,7 30,1 

TM0 7,1 3,3 3,8 11,2 33,0 

PL0  7,1 9,7 -2,6 10,4 24,8 

ZL0  6,8 5,2 1,6 10,3 33,3 

BN0  11,0 5,7 5,3 10,4 29,4 

FF0  6,8 1,8 5,0 12,9 38,0 

RA0  9,6 5,6 4,0 13,8 31,6 

OD0  8,8 5,2 3,6 11,0 26,3 

BSE0 7,0 8,9 -1,9 12,0 39,1 

SOM0  7,6 7,3 0,3 18,8 31,8 

VM0 14,3 2,1 12,2 15,2 30,4 

      
Mean 8,3 5,8 2,6 12,0 33,8 

Std  2,8 2,5 3,8 2,0 4,7 
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Table 12: Table of values for customizing the M3 model for pre-surgery patients. For the 

varus-valgus tool it was used the complementary of mMPTA and mLDFA 

  

 

Total varus 

deformity 

Tibial 

deformity 

Femoral 

deformity 

Joint 

deformity 

Contact Point 

Locations  

 TFA 90-mMPTA mLDFA-90 KJLCA Lateral Medial 

Subject [deg] [deg] [deg] [deg] [mm] [mm] 

RD0  9,3 7,1 1,6 0,7 11,0 34,2 

BCA0  8,0 8,5 -3,4 2,9 9,8 30,7 

BS0  7,2 5,9 1,5 -0,2 11,3 39,6 

CE0  4,7 6,7 -2,6 0,6 11,0 39,8 

CGC  1,3 2,0 -2,3 1,7 11,8 41,3 

CG0  11,9 6,2 -1,1 6,8 12,4 37,4 

CM0  5,5 9,0 -2,3 -1,2 13,4 32,2 

LE0 11,1 4,2 1,5 5,4 9,1 28,2 

EA0  9,3 5,5 3,8 0,1 12,5 31,7 

CA0  9,5 3,9 3,3 2,3 9,6 40,7 

CF0  6,8 6,9 -3,0 2,9 11,8 33,7 

BAM0 9,4 11,1 -0,7 -1,0 13,6 39,6 

BC0  5,1 1,8 2,1 1,2 12,3 37,4 

SA0  13,4 4,5 2,6 6,3 12,3 31,4 

MR0  9,1 7,3 1,5 0,3 12,7 30,1 

TM0 7,1 3,3 -1,8 5,6 11,2 33,0 

PL0  7,1 9,7 -2,4 -0,2 10,4 24,8 

ZL0  6,8 5,2 1,3 0,3 10,3 33,3 

BN0  11,0 5,7 0,7 4,7 10,4 29,4 

FF0  6,8 1,8 2,7 2,3 12,9 38,0 

RA0  9,6 5,6 2,0 2,0 13,8 31,6 

OD0  8,8 5,2 -0,3 4,0 11,0 26,3 

BSE0 7,0 8,9 -0,6 -1,3 12,0 39,1 

SOM0  7,6 7,3 2,4 -2,1 18,8 31,8 

VM0 14,3 2,1 -3,0 15,1 15,2 30,4 

       
Mean 8,3 5,8 0,1 2,4 12,0 33,8 

Std  2,8 2,5 2,3 3,6 2,0 4,7 
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 Table 13: Table of Contact Point location and TFA for post-surgery patients, both for 

target and contralateral limbs 
 Contact Point Locations [mm] TFA 

 Target Contralateral Target Contralateral 

Subject Lateral Medial Lateral Medial [°] [°] 

CG1 14,0 38,4 - - 3,7 6,1 

CGC1 13,2 38,5 -  -4,6 -2,6 

FF1 14,0 38,6 11,5 39,6 1,0 2,0 

GF1 14,3 28,6 13,3 32,9 -1,1 5,6 

RB1 10,0 25,0 - - 3,3 2,6 

SA1 11,8 32,0 - - -1,5 8,1 

VM1 12,4 27,6 9,1 29,9 4,7 12,7 

       
Media 12,8 32,7 11,3 34,1 0,8 4,9 

Std 1,5 5,8 2,1 5,0 3,4 4,9 

       

 

Table 15: Table of values for customizing the Real model for post-surgery patients 

 

Total varus 

deformity 

Tibial 

deformity 

Femoral 

deformity 

Joint 

deformity 

Contact Point Locations 

[mm] 

 TFA  90-mMPTA mLDFA+90 KJLCA  Target 

Subject [deg] [deg] [deg] [deg] Lateral Medial 

CG1  3,7 -2,4 -0,6 6,6 14,0 38,4 

CGC1  -4,6 -3,7 -2,7 1,3 13,2 38,5 

FF1  1,0 -3,5 3,3 1,7 14,0 38,6 

GF1  -1,1 -6,8 0,5 5,8 14,3 28,6 

RB1  3,3 -6,6 1,5 9,5 10,0 25,0 

SA1  -1,5 -7,3 3,0 2,6 11,8 32,0 

VM1  4,7 -5,8 -1,2 11,8 12,4 27,6 

       
Mean 0,8 -5,2 0,6 5,6 12,8 32,7 

Std 3,4 1,9 2,2 4,0 1,5 5,8 

              

 

Table 14: Table of values for customizing the Ideal model for post-surgery patients 

 

Total varus 

deformity 

Tibial 

deformity 

Femoral 

deformity 

Joint 

deformity 

Contact Point Locations 

[mm] 

 TFA  

90-(-

KJLCA/2) -KJLCA/2+90 KJLCA  Target 

Subject [deg] [deg] [deg] [deg] Lateral Medial 

CG1  3,7 -3,3 -3,3 6,6 14,0 38,4 

CGC1  -4,6 -0,6 -0,6 1,3 13,2 38,5 

FF1  1,0 -0,8 -0,8 1,7 14,0 38,6 

GF1  -1,1 -2,9 -2,9 5,8 14,3 28,6 

RB1  3,3 -4,7 -4,7 9,5 10,0 25,0 

SA1  -1,5 -1,3 -1,3 2,6 11,8 32,0 

VM1  4,7 -5,9 -5,9 11,8 12,4 27,6 

       
Mean 0,8 -2,8 -2,8 5,6 12,8 32,7 

Std 3,4 2,0 2,0 4,0 1,5 5,8 
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To estimate the joint reaction forces in the knee compartments, an OpenSim workflow, summarized in 

the figure below, was used, based on inverse dynamic and static optimization. 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.3 Scaling 

In the scaling step, the virtual markers file, the subject specific mass and the trajectory from the static 

acquisition were defined. To calculate the subject’s exact body mass, static acquisition with both feet 

positioned on the same force plate was used. The body mass was calculated by taking the mean value 

of the Euclidian norm of the three components measured by the force plate.  

The virtual markers set used was the one defined by the IOR gait analysis. In the Scale Factors section, 

the scaling factors, either measured-based factors or manually defined factors, used to scale each 

segment were specified. The measured-based scale factors were derived by comparing distances 

between specific landmarks on the model and the corresponding experimental marker position. For the 

tibiofemoral joint, all scale factors were set to 1 to preserve the customizations previously applied to 

the joint.     

In the final section of the Scaling tool, the Static Pose Weight panel, all markers weight were set to 1, 

with the option to disable one or more markers if necessary.   

Figure 33: Inverse dynamic and static optimization approach used to solve joint reaction 

forces in OpenSim 
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3.3.4 Inverse Kinematics 

The previously scaled model was used as input in the following steps. In the Inverse Kinematics step, 

the aim was to minimize the distance between the virtual markers and experimental markers. This step 

required the following input: the scaled subject-specific model, the trajectory of the markers obtained 

from the dynamics acquisition, the simulation interval and the marker weights. The simulation range 

was defined as the interval between the first right heel strike and the second left heel strike, calculated 

using the .mat file containing the previously extracted gait events. All marker weights were set to 1 to 

assign equal importance to all markers during the analysis. 

Figure 34: Marker pairs selected for the measurement-based scale 

factor 

Figure 35: Manual Scale factors used for scaling 
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3.3.5 Inverse Dynamics 

The output generated by the IK tool, a .mot file containing the generalized coordinate trajectories, was 

used as input for the Inverse Dynamics tool. Along with this file, the other inputs included the simulation 

time, the coordinate filter frequency and the external load file. The simulation time was the same as the 

one used in the IK step, while the coordinates filter frequency was set to 6 Hz. 

The external loads were defined as point forces applied at a specific point, such as the heel, and these 

forces were implemented for both left and right limbs. 

  

 

 

 

 

 

 

 

3.3.6 Static Optimization  

Static Optimization computes muscular forces from the moments acting on the joints. To do so, the Static 

Optimization tool required the motion file generated by the IK tool, the external load file defined during 

the ID phase and the actuator file, where the residual forces and reserve actuators were specified. Along 

with these parameters, the simulation intervale, identical to that used in the previous steps, and the 

coordinate filter frequency, set to 6 Hz, were configured. 

Figure 36: A part of the weight set used for the IK Tool 

Figure 37: GRF setting definition 
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3.3.7 Joint Reaction Analysis 

The Joint Reaction Analysis tool was used for calculating the resulting forces and moments at the model’s 

joints, considering the muscle contribution. The input for this step included the file generated by the SO 

tool, the .mot file generated by the IK tool, the GRF file and actuators file and the analysis setting. In the 

Analysis panel, it was possible to set the start and end time of the simulation, select the joints for which 

reaction forces needed to be calculated and specify the frame in which these forces were expressed. In 

our case, the joint reaction forces were evaluated for all joints in the model and expressed in the child 

frame.  

 

 

 

 

 

 

 

3.4 Post-processing  

In this section, we described the post-processing of the output file obtained from OpenSim Joint Reaction 

Analysis, which was performed in the MATLAB environment. We focused our attention only on the 

target limb, the one affected by OA, and carried out the post-processing for each task, repetition, and 

model. 

3.4.1 Joint Reaction Forces 

In the post-processing phase, the Joint Reaction Analysis output files were imported into MATLAB and 

the data were saved in a memory structure. The .sto file contains the reaction forces for each joint in the 

Figure 38: Objective function selected for our simulation 

Figure 39: JRF analysis setting 
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model, organized as a large matrix where rows represent simulation frames and columns correspond to 

the components of the acting forces and moments. 

For the target limb, we extracted the three components of the total knee joint force, the medial knee force 

and the lateral knee force, from the initial matrix. To calculate the total forces, we determined the 

Euclidean norm of the three components for each force considered. The resulting values were then 

normalized by the subject’s specific weight, allowing us to express the forces in terms of body-weight 

(BW) rather than in Newton. 

For each model, the averages and the standard deviations across the five repetitions of each task were 

computed for all patients and stored in a structure format used for statistical analysis. The analysis 

focused solely on the stance phase of the gait cycle, from the first heel strike to the toe-off. To ensure 

comparability between different repetitions of the same task and across different patients, the signals 

were resampled to contain 101 data points between the start and end of the interval. 

This process was conducted both to analyze the accuracy of the modeling knee varus malalignment as a 

joint varus deformity and to analyze the effect of HTO surgery. 

For the post-surgery patients, the KJRF values obtained were also used to understand the effects of HTO 

on load distribution of MCF and LCF between the Ideal and Real models by identifying the peaks values 

of the double bump curve. We first determined the magnitude of the total force peaks and their locations. 

The peak locations were then used to identify the corresponding force peaks on the medial and lateral 

compartments.  

 

3.5 Statistical Analysis 

After data post-processing we performed a statistical analysis to determine and quantify the difference 

between the outputs obtained from the four customized models used in the simulation. Statistical analysis 

consists of methods and techniques for collecting, organizing and interpreting data to identify trends and 

patterns. Statistical analysis also helps in transforming raw data into significant information, thereby 

enhancing the reliability and validity of the research result. 

3.5.1 Effect of varus deformity modeling on KFCs 

To quantify the differences between the models and address the first research question, we conducted 

statistical parametric mapping (SPM). SPM is a topological technique used for analyzing smooth changes 

across multiple dimensions[42]. Although primarily applied to brain imaging data and optimized for 

fMR, EEG[43], it can also be used to analyze variations in one-dimensional biomechanical data[42]. In 

our case, this corresponds to the average of repetitions obtained for each patient for every model.  

SPM was performed on averages computed during the post-processing of the joint reaction forces. At the 

end of the post-processing, we obtained an MxN matrix, where M corresponds to the number of patients 

and N to the 100 instances of time at which the joint reaction forces were sampled.  For each task, both 
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for lateral and medial forces, 3 different combinations were determined to perform the SPMs: Baseline-

M1, Baseline-M2, and Baseline-M3. In particular, we conducted a non-parametric two-tailed paired t-

test (level of significativity α = 0,05) using the SPM1D package implemented in MATLAB[44]. 

Additionally, to quantify the difference between the Baseline model and the M1, M2 and M3 models, 

the maximum difference between these curves in total, medial and lateral knee forces were calculated. 

 3.5.2 Effect of different HTO corrections on KFCs 

To address the second research question, SPM analysis was conducted for each task, both for total, lateral 

and medial forces, to compare the Ideal and Real models using the same MATLAB package as previously 

employed. To analyze the effect of the HTO on the distribution of the MCF and LCF in both the Real 

model and Ideal model, the peaks values of the typical double-bump force pattern were calculated for 

walking, stair ascending and stair descending. The differences between the same peaks in the two models 

were computed and stored in a table. Additionally, the maximum difference between the Ideal curve and 

Real curve were determined for total, medial and lateral knee forces. 

Finally, to assess the distribution of KCF during motor activity, the medial-to-total contact force ratios 

for the two models were calculated, during the stance phase of the walking task for the patient who 

exhibited difference in the Ideal and Real MCF and LCF patterns. 
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Chapter 4 

4 Results 
 

4.1 Effect of different personalization of varus deformity on KCFs 

In general, the models M1, M2 and M3 with increasing levels of knee varus personalization showed no 

significant difference compared to the Baseline model, in terms of MCFs, LCFs and total contact forces 

during all three motor activities. Across all tasks, the force distribution patterns acting on the knee 

exhibited a characteristic double-bumped trend throughout the stance phase. Walking and stair 

descending showed a second peak force greater than the first one in MFCs. Conversely, during the stair 

ascending task, this trend was reversed, with the second peak being lower than the first. 

Specifically, during the walking task, our SPM analysis revealed significant differences in the total 

contact force (Figure 41) at toe-off, but only in 3% of the stance phase for the M1 and M3 models. No 

significant differences were found for lateral and medial contact forces (Figure 40) in any of the models. 

Regarding peak values (Table 15), the maximum difference between models was observed in the lateral 

contact force between the Baseline and M3 models, reaching up to 0.15 BW. For the M2 and M1 models, 

the highest differences were also found in the lateral contact force, reaching 0.10 BW for M2 and 0.11 

BW for M1. 

During the stair ascending task, significant differences were observed in the total contact force (Figure 

43) in 23% of the stance phase, concentrated at the first peak, across all models. For the lateral contact 

force (Figure 42), significant differences were found in 4% of the stance phase for M1, and in 6% for 

M2 and M3. No significant differences were found in the medial contact force (Figure 42) for any model. 

In terms of peak differences (Table 15), the maximum variation was observed in the lateral contact force 

between the Baseline and M1 models, reaching up to 0.18 BW. For the M2 and M3 models, the largest 

differences were 0.14 BW and 0.16 BW, respectively. 

During the stair descending task, our SPM analysis revealed significant differences in the total contact 

force (Figure 45) in 10% of the stance phase for the M2 model. For the medial contact force (Figure 44), 

no significant differences were found in any model, while for the lateral contact force (Figure 44), 

differences were observed in 4% of the stance phase for M1 and in 8% for M2, both concentrated at toe-

off. Regarding peak values (Table 15), the maximum difference between models was observed in the 

lateral contact force between the Baseline and M1 models, reaching up to 0.12 BW. For M2 and M3, the 

largest differences were found in the medial contact force, reaching 0.10 BW and 0.09 BW, respectively. 
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Walking 

  

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 40: Predicted MCFs and LCFs (mean ± SD) for the target limb during the stance 

phase of the walking task: Baseline (blue), M1 (black), M2 (red), M3 (red). SPM analysis 

during the stance phase of the walking task for the target limb between the Baseline and the M1, 

M2, M3 models. 
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Figure 41: Total knee force (mean ± SD) and SPM for the target limb during the stance 

phase of the walking task: Baseline (blue), M1 (black), M2 (red), M3 (red).  SPM analysis 

during the stance phase of the walking task for the target limb between the Baseline and the 

M1, M2, M3 models. 
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Stair ascending 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 42: Predicted MCFs and LCFs (mean ± SD) for the target limb during the stance 

phase of the stair ascending task: Baseline (blue), M1 (black), M2 (red), M3 (red).  SPM 

analysis during the stance phase of the stair ascending task for the target limb between the 

Baseline and the M1, M2, M3 models. 
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Figure 43:Total knee force (mean ± SD) and SPM for the target limb during the stance phase 

of the stair ascending task: Baseline (blue), M1 (black), M2 (red), M3 (red).  SPM analysis 

during the stance phase of the stair ascending task for the target limb between the Baseline 

and the M1, M2, M3 models. 
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Stair descending 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44:Predicted MCFs and LCFs (mean ± SD) for the target limb during the stance phase of 

the stair descending task: Baseline (blue), M1 (black), M2 (red), M3 (red).  SPM analysis during the 

stance phase of the stair descending task for the target limb between the Baseline and the M1, M2, 

M3 models. 
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Figure 45:Total knee force (mean ± SD) and SPM for the target limb during the stance phase of the 

stair descending task: Baseline (blue), M1 (black), M2 (red), M3 (red).  SPM analysis during the 

stance phase of the stair descending task for the target limb between the Baseline and the M1, M2, 

M3 models 
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4.2 Effect of different HTO corrections on KCFs 

For the second aim of this thesis, we investigated whether personalizing the model using real varus 

deformities—derived from radiographic measurements of patients who underwent HTO, which corrects 

only the tibia—would yield similar results to those obtained by simulating an osteotomy correcting both 

tibial and femoral deformities to achieve neutral alignment. 

Our SPM analysis across all motor tasks showed no significant differences in force distribution between 

the Ideal model and the Real model. However, for two patients, VM1 and RB1, who retained a marked 

residual varus malalignment (4.76° for VM1 and 4.37° for RB1), we observed differences in force 

distribution during the walking task (Figures 49 and 50). 

In general, total knee contact force remained unchanged across all motor tasks, but the distribution of 

force between the medial and lateral compartments varied slightly, with the Ideal model showing a 

reduction in medial knee force and a corresponding increase in lateral knee force compared to the Real 

model. 

Specifically, for the walking task (Table 16), the largest difference between the two models was found 

in the lateral compartment, reaching up to 0.47 BW (averaged across all patients), while the maximum 

difference for total force and medial force reached only 0.05 BW and 0.33 BW, respectively. 

 

 

Baseline Vs M1: Maximum difference 

  Walk Stair_Ascending Stair_Descnding 

Total_Force 0,06 0,11 0,06 

Medial_Force 0,11 0,10 0,12 

Laeral_Force 0,11 0,18 0,09 

Table 16: Maximum difference between the Baseline curve and 

the M1, M2 and M3 curves in total knee force, medial and 

lateral knee forces 

Baseline Vs M2: Maximum difference 

  Walk Stair_Ascending Stair_Descnding 

Total_Force 0,07 0,08 0,09 

Medial_Force 0,09 0,08 0,10 

Laeral_Force 0,10 0,14 0,10 

 Baseline Vs M3: Maximum difference 

  Walk Stair_Ascending Stair_Descnding 

Total_Force 0,12 0,09 0,08 

Medial_Force 0,07 0,08 0,09 

Laeral_Force 0,15 0,16 0,09 
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For the stair ascending task, the maximum difference in the lateral compartment was 0.10 BW, which 

was lower than in the walking task since VM1 and RB1 did not perform this task; the difference for total 

force reached 0.04 BW, while for medial force, it was 0.09 BW. 

In the stair descending task, the largest difference in the lateral compartment was 0.15 BW, again lower 

than in walking for the same reason, while the maximum difference for total force and medial force 

reached 0.14 BW and 0.10 BW, respectively. 

When considering only VM1 and RB1 (Table 17), the maximum discrepancy between the two models 

in the lateral compartment reached 1.72 BW during walking for VM1 and 1.16 BW for RB1, whereas 

the differences in total force reached 0.14 BW for VM1 and 0.09 BW for RB1. 

From the medial-to-lateral force ratio analysis, we found that, in general, the force distribution during 

the three motor tasks was similar for both the Ideal and Real models (Figure 51), except for VM1 and 

RB1 (Figure 52). In these two patients, the medial-to-total force ratio during walking was lower in the 

Ideal model than in the Real model, indicating a reduced medial compartment load in the Ideal model. 
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Walking 

Figure 46: Predicted MCFs, LCFs and total contact force (mean ± SD) during the stance phase of the 

walking task: Real (red), Ideal (blue). SPM analysis during stance phase of the walking task between the 

Real model and Ideal model 
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Stair ascending 

Figure 47: Predicted MCFs, LCFs and total contact force (mean ± SD) during the stance phase of 

the stair ascending task: Real (red), Ideal (blue). SPM analysis during stance phase of the walking 

task between the Real model and Ideal model 
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Stair descending 

Figure 48: Predicted MCFs, LCFs and total contact force (mean ± SD) during the stance 

phase of the stair descending task: Real (red), Ideal (blue). SPM analysis during stance 

phase of the walking task between the Real model and Ideal  
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Ideal Vs Real: Max difference  

  Walk 

Stair 

Ascending 

Stair 

Descnding 

Total_Force 0,05 0,04 0,14 

Medial_Force 0,33 0,09 0,10 

Lateral_Force 0,47 0,10 0,15 

 

Table 18: Maximum difference between the Ideal curve and the 

Real curve in total knee force, medial and lateral knee forces 

VM1_Ideal Vs VM1_Real: Max 

difference  

  Walk 

Total_Force 0,14 

Medial_Force 1,14 

Lateral_Force 1,72 

 

RB1_Ideal Vs RB1_Real: Max 

difference  

  Walk 

Total_Force 0,09 

Medial_Force 1,07 

Lateral_Force 1,16 

 

Table 17: Maximum difference between the Ideal curve and Real curve, 

for the two patients with significant difference, in total knee force, 

medial and lateral knee forces 

Figure 49: Predicted MCFs, LCFs and total contact force for RB1 during the stance 

phase of the walking task: Real (red), Ideal (blue). 
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Figure 50: Predicted MCFs, LCFs and total contact force for VM1 during the stance 

phase of the walking task: Real (red), Ideal (blue). 
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Table 19: Peaks differences between the Real and Idea Models (First table); Values of first and second 

peaks for the Real model (Second table); Values of first and second peaks for the Ideal model (Third 

IDEAL MODEL 

    Total Knee Force Medial Knee Force Lateral Knee Force 

Subject Peak Walk Stair 

Ascending 

Stair 

Descending 

Walk Stair 

Ascending 

Stair 

Descending 

Walk Stair 

Ascending 

Stair 

Descending 

GF1 First 2,320 3,377 2,258 0,656 0,946 0,703 1,672 2,540 1,554 

  Second 2,763 3,227 3,516 1,566 0,925 1,143 1,208 2,356 2,403 

VM1 First 1,595 - - 0,727 - - 2,260 - - 

  Second 2,696 - - 0,804 - - 1,959 - - 

RB1 First 0,000 - - 0,000 - - 0,000 - - 

  Second 3,017 - - 1,757 - - 1,279 - - 

SA1 First 1,699 2,783 1,793 1,226 1,097 0,608 1,028 1,764 1,214 

  Second 2,886 2,539 3,755 1,984 1,442 1,365 2,152 1,107 2,431 

CG1 First 1,699 2,686 1,751 1,007 1,017 1,207 0,695 1,797 0,545 

  Second 2,886 2,645 2,615 1,668 1,498 0,812 1,220 1,160 1,834 

CGC1 First 1,667 2,761 1,953 0,744 1,013 0,867 0,925 1,765 1,090 

  Second 3,207 2,671 3,399 1,630 1,776 1,079 1,585 1,910 2,343 

FF1 First 2,786 3,671 2,140 1,326 1,349 0,977 1,466 2,357 1,169 

  Second 3,179 3,144 4,412 1,482 1,501 1,623 1,729 1,657 2,816 

                       

REAL MODEL 

    Total Knee Force Medial Knee Force Lateral Knee Force 

Subject Peak Walk Stair 

Ascending 

Stair 

Descending 

Walk Stair 

Ascending 

Stair 

Descending 

Walk Stair 

Ascending 

Stair 

Descending 

GF1 First 2,294 3,345 2,239 1,053 0,961 0,968 1,247 2,479 1,277 

  Second 2,675 3,162 3,539 1,655 1,209 1,115 1,037 2,009 2,448 

VM1 First 1,563 - - 1,028 - - 0,546 - - 

  Second 2,659 - - 1,862 - - 0,811 - - 

RB1 First 0,000 - - 0,000 - - 0,000 - - 

  Second 2,944 - - 2,281 - - 0,676 - - 

SA1 First 2,198 2,729 1,824 1,227 1,060 0,660 0,973 1,731 1,190 

  Second 4,189 2,450 4,164 1,832 1,405 1,414 2,372 1,063 2,783 

CG1 First 1,709 2,686 1,748 1,142 1,063 1,326 0,568 1,743 0,422 

  Second 2,875 2,644 2,606 1,753 1,585 0,834 1,124 1,071 1,802 

CGC1 First 1,651 2,748 1,954 0,713 0,951 0,868 0,941 1,811 1,094 

  Second 3,291 2,664 3,490 1,567 0,747 1,050 1,738 1,943 2,458 

FF1 First 2,769 3,706 2,240 1,295 1,335 0,996 1,479 2,404 1,250 

  Second 3,244 3,151 4,550 1,457 1,494 1,604 1,824 1,675 2,980 

                       

Peaks Difference 

    Total Knee Force Medial Knee Force Lateral Knee Force 

Subject Peak Walk Stair 

Ascending 

Stair 

Descending 

Walk Stair 

Ascending 

Stair 

Descending 

Walk Stair 

Ascending 

Stair 

Descending 

GF1 First 0,026 0,032 0,018 0,396 0,014 0,265 0,425 0,061 0,277 

  Second 0,088 0,065 0,023 0,090 0,284 0,028 0,172 0,347 0,045 

VM1 First 0,032 - - 0,300 - - 1,714 - - 

  Second 0,037 - - 1,058 - - 1,148 - - 

RB1 First 0,000 - - 0,000 - - 0,000 - - 

  Second 0,074 - - 0,524 - - 0,603 - - 

SA1 First 0,499 0,053 0,031 0,001 0,038 0,052 0,055 0,034 0,024 

  Second 1,303 0,088 0,409 0,153 0,037 0,048 0,220 0,045 0,352 

CG1 First 0,009 0,000 0,004 0,136 0,046 0,119 0,127 0,054 0,123 

  Second 0,011 0,000 0,009 0,085 0,087 0,022 0,096 0,089 0,033 

CGC1 First 0,016 0,013 0,001 0,031 0,062 0,001 0,016 0,046 0,005 

  Second 0,083 0,007 0,091 0,063 1,029 0,029 0,154 0,033 0,116 

FF1 First 0,016 0,034 0,100 0,030 0,015 0,019 0,013 0,047 0,081 

  Second 0,065 0,007 0,137 0,025 0,007 0,020 0,094 0,018 0,164 
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Figure 51: Medial-to-total force ratio distribution during stance phase of the three 

motors task. Force ratio is reported for both Real model (red) and Ideal model 

(blue) 

Walking 

Stair Ascending Stair Descending 

Figure 52: Medial-to-total force ratio distributions during stance phase of the 

walking task for RB1 (left) and VM1 (right). Force ratio is reported for both Real 

model (red) and Ideal model (blue) 
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Chapter 5 

5 Discussion 
 

Previous studies[45] [17] [46] have shown that customizing the model using subjects-specific parameters 

can improve the accuracy of force prediction. However, these studies relied solely on geometric 

parameters, such as TFA and CPs, assuming that all varus malalignment originate from the knee joint 

deformity while neglecting the bone deformities in the tibia and femur. 

In this thesis, we used musculoskeletal modeling with an inverse dynamics approach to assess the 

accuracy of modeling varus malalignment as a joint varus deformity compared to full personalization, 

that accounts for the combined contribution of tibial, joint and femoral deformities in a group of 25 

patients, randomly selected from a cohort of 52 patients, with medial knee OA and varus malalignment. 

Additionally, we investigated the effect of HTO surgery correcting varus deformity solely on the tibia, 

compared to hypothetical correction on both tibia and femur in a cohort of 7 chosen patients, from the 

Surgical Group, based on specific characteristics. Both aims were examined in terms of predicted knee 

contact forces during three motors tasks: walking, stair ascending and stair descending.  

To evaluate the knee contact forces for the first aim, four different models per patients were created using 

the Lerner’s validated full-body model [16]:  

• Baseline model: TFA all as joint deformity 

• M1 model: TFA all as tibial deformity 

• M2 model: TFA as the sum of tibial and joint deformities 

• M3 model: TFA as the sum of tibial, joint and femoral deformities 

All the models were also personalized with CP.   

To address the second aim, two different models per patient were made:  

• Real model: tibia, femur and joint deformed according to the actual post-surgery values 

• Ideal model: joint deformed by the actual value, and both tibia and femur deformed symmetrically 

by half of the opposite of KJLCA.   

For the personalization of the tibial and femoral deformities, the Tabey et al [19] varus-valgus MATLAB 

tool was utilized, which required the scaled musculoskeletal model, the magnitude of the deformity and 

the CORA location. The CORA position for each patient was determined using AlbaRT, a software 

developed by the IT team of the BIC laboratory, where weight-bearing anteroposterior radiographs in 

static condition were imported. The estimation of MCFs and LCFs was performed within the OpenSim 

environment by solving an inverse workflow using the data obtained during the gait analysis sessions. 

For each model, 15 simulations were executed, 5 repetitions for each of the three tasks. Each simulation 
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involved multiple steps in OpenSim: scaling, inverse kinematics, invers dynamics, static optimization 

and joint reaction analysis. After completing this workflow, the joint reaction forces were postprocessed 

using MATLAB to obtain MCF and LCF distribution. 

Regarding the first aim, i.e. to analyze the accuracy of the modeling knee varus malalignment as a joint 

varus deformity, compared to full personalization that accounts for the combined contribution of tibial, 

joint and femoral deformities, our results show no important significant differences in the distribution of 

MCF and LCF during the stance phase between the four models with a progressive level of 

personalization. Additionally, the significative differences, when present, were observed only in the LCF 

and total contact forces, never in the MCF. This is an important finding because the focus of the study 

was to analyze the load on the medial compartment, given that our patients were affected by varus 

malalignment and medial compartment OA. This indicates that it is sufficiently accurate to personalize 

the model as the Baseline, assuming all the varus malalignment as a joint deformity and neglecting tibial 

and femoral deformities.  

For the second aim, to analyze the effect of HTO surgery, our results suggest that, in general, there are 

no differences between correcting the varus malalignment only on the tibia or on both the tibia and femur 

to achieve neutral tibiofemoral alignment. This indicated that performing the correction solely on the 

tibia is a valid approach. However, in cases where the patient retained a high degree of tibiofemoral 

alignment on the joint post-surgery, difference in MCF and LCF distributions were observed between 

the two models. Specifically, the force ratio distribution for the Real model was higher than the Ideal 

one, indicated that the Ideal model further unloads the medial compartmented and shifts the load toward 

the lateral one. This suggests that in cases where patients exhibited a high degree of KJLCA , a significant  

TFA remained in the joint and an overcorrection of the tibia occurred, performing a double osteotomy 

instead of a single osteotomy on the tibia may lead to a better load distribution in the knee. 

Prior to this work, several studies customized models using geometric parameter, TFA and CPS, but they 

did not incorporate varus malalignment due to tibial and femoral deformities in the modeling. Overall, 

we observed a consistent pattern, a double bump curve, in total, medial and lateral contact forces. 

Additionally, the magnitude of the forces was comparable to those reported in the literature. [18] [17] 

[14]. 

Although we implemented different levels of customization, including image-based TFA and CPs 

location, as well as tibia, joint and femoral deformities, our analysis was limited to a relatively small 

sample size. Further investigation could aim to include a lager cohort to improve the generalizability of 

the findings. Furthermore, incorporating subject-specific muscle attachment in the model could enhance 

the accuracy of predicting knee joint contact forces. 
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Chapter 6 

6 Conclusion 
 

In summary, we used a multibody musculoskeletal modeling system with an inverse approach to analyze, 

first the effect of different levels of varus malalignment personalization on medial and lateral knee 

contact forces during walking, stair ascending and descending in pre-surgery patients. Second, we 

evaluated the effect of HTO in post-surgery patients, by comparing correction only on the tibia versus 

correction on both tibia and femur, on the knee contact forces. The present study demonstrated that 

personalizing the model by assuming varus malalignment only at the joint is a valid assumption, as we 

found no significant difference between this model and the models incorporating varus deformity in the 

tibia, joint and femur. We also found that correcting the varus deformities solely by operating on the tibia 

is appropriate for most patients. However, in patients with a high degree of tibiofemoral malignment 

post-surgery, a high JLCA degree and an overcorrection on the tibia, we observed differences in the 

medial and lateral force distribution. 

Potential future developments may include: 

• Using a larger sample size.  

• Incorporating subject-specific muscle attachment in the generic OpenSim model with the goal of 

enhancing the accuracy of knee joint contact force predictions. 
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