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Abstract

Osteoarthritis (OA) is a common joint disease characterized by the degeneration of
articular cartilage, resulting in pain, stiffness, and reduced joint function. For knees af-
fected with unicompartmental OA, High Tibial Osteotomy (HTO) is an effective surgical
procedure to manage symptoms and slow disease progression. The surgery is performed
by making an angled cut in the tibia and creating a wedge to realign the joint, shifting
the load-bearing axis away from the affected compartment. For more severe deformities, a
Double Osteotomy is performed, involving corrections in both the tibia and femur. These
joint-preserving surgeries extend the life of the native knee and can often delay or prevent
the need for partial or total knee replacement. Research indicates that the Medial Collateral
Ligament (MCL) is strained during the osteotomy opening, which may lead to abnormal
pressure distributions across the tibial plateau and affect the correction. However, it is
unclear which osteotomy parameters influence this strain or the impact of additional or
residual strain in the MCL on pressure distribution.

This study aims to develop knee finite element models to simulate various osteotomy
correction angles, including uncorrected, optimal correction, and over-correction, for open-
wedge HTO and double-level osteotomy to treat medial compartment OA. The primary
goal is to investigate the contact force and pressure distribution across the tibial plateau
at different simulated correction angles. Additionally, the study examines the strain in the
MCL under various corrections to assess the effects of under-correction, optimal correction,
and over-correction. A secondary objective is to evaluate the impact of partial and total
release of the superficial MCL on force and pressure distributions across the tibial plateau.
Finally, a double osteotomy procedure is simulated to determine contact parameters, with
the results compared to those from HTO.

The osteotomy cuts were modeled on 3D models of the tibia and femur using Solid-
Works, then exported and meshed in Hypermesh. The models were subsequently trans-
ferred to Abaqus CAE, where they were assembled with the other knee components. A
distributed load of 800N at the proximal surface of the femur was applied and boundary
conditions were provided at the hip and ankle joints. Non-linear static simulations were
performed to determine the contact forces, pressures, and stress distributions across the
tibial plateau. The superficial MCL was modeled as non-linear spring elements in Abaqus,
and the force in the MCL was quantified for various corrections. Additionally, a gradual
release of the superficial MCL was simulated by removing the spring elements from the
model, and the resulting contact parameters were determined.

The results showed that the contact force on the medial compartment decreased by
3% for a 5° correction, while the contact force on the lateral compartment increased by
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37%. A 20% rise in the contact force was observed on the medial tibial cartilage in the 7°
correction model. Contact pressures in the medial compartment decreased with increasing
correction angles and increased in the lateral compartment. A balanced distribution was
noted at a 5° correction. The total MCL force increased from 187N in an uncorrected tibia
to 410N in an overcorrected model, marking a 120% increase and causing a spike in the
medial contact force for the overcorrected model. Reduction in medial compartment load
distribution was observed after partial and total MCL release, suggesting that MCL release
is a viable surgical option. For large corrections, double-level osteotomy offers a method
to mitigate excessive stress on the medial compartment compared to a single osteotomy.
The study demonstrated that FE models can be a useful tool for pre-planning procedures
and predicting post-surgical outcomes.
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Chapter 1

Introduction

1.1 Motivation

Osteoarthritis (OA) is a prevalent degenerative joint disease characterized by the break-
down of cartilage, leading to pain, stiffness, and reduced joint function. The socioeconomic
impact of OA is significant, contributing to escalating healthcare costs due to medical in-
terventions and affecting workplace productivity. According to the National Report on
the Status of Arthritis of Canada (2019), about 6 million people were affected with os-
teoarthritis, representing 20% of the Canadian population [8]. The numbers are estimated
to increase to 8.8 million by 2040. As of 2020, the total economic burden of OA was ap-
proximately $405 billion [12]. The knee accounts for 83% of the total OA disability burden
and is by far the most incapacitating type of OA [47].

Contrary to the traditional understanding of OA as a wear and tear disease, it is now
understood to be multi-factorial, and the biomechanics of the knee joint is among the
most critical factors in its pathogenesis [35]. A significant contributor to the aberrant
loading of the knee joint is the malalignment of the tibia and femur [19]. The knee joint
alignment is defined by the load-bearing axis of the lower limb — a line drawn from the
center of the femoral head to the center of the talus. On average, the load-bearing axis
passes through a point approximately 4 + 2 mm lateral to the center of the knee joint
[49]. In a varus deformity (bow-legged), the load-bearing axis crosses medial to this point,
while falling laterally in a patient with valgus deformity (knock-knees). A shift in the load-
bearing axis leads to abnormal pressure distributions across the tibial plateau resulting in
uni-compartmental osteoarthritis.



For knees affected with medial compartment OA progression, an opening wedge high
tibial osteotomy (HTO) can be an effective intervention to manage symptoms of OA [83].
Knee osteotomies are performed by making an angulated cut in the tibia and creating
a wedge that realigns the joint and shifts the load-bearing axis away from the affected
compartment. For more severe deformities, a Double Osteotomy is suggested, involving
corrections in both the tibia and femur [7, 60]. Research suggests that the Medial Collateral
Ligament (MCL) is strained and pressure is abnormally distributed on the tibial plateau
[86]. However, there is a lack of consensus on the parameters that affect this strain and its
relationship with contact parameters over the articular surface.

Knee osteotomies have a multi-factorial etiology making it complex to research with
traditional clinical methods. Computational tools, such as Finite Element Models, can be
highly effective for planning surgical procedures and predicting outcomes. Several studies
have highlighted the importance of simulating osteotomy procedures to analyze load and
pressure patterns on the knee joint. Despite this, many computational methods haven’t
yet produced better outcomes than traditional techniques due to their lack of outcome
prediction and consideration of biomechanical characteristics. The present study employs a
more clinically relevant approach to develop finite element models to simulate the surgical
procedure. Moreover, the procedure adopted emulates a healed knee after HTO, which
is crucial for the analysis of post-operative conditions. In a healed state, the bone at
the osteotomy site has fully integrated, with its mechanical properties restored, and the
mechanical properties of the graft emulate those of the bone. This accurately represents
the long-term outcomes and stability of the correction. The study aims to determine
the effects of the surgery on articular surface contact parameters, specifically the contact
forces, pressures, and stress distributions across the articular surface. The study also aims
to quantify the influence of the MCL on the surgical procedure and its implications, which
is yet to be investigated computationally. Studies have yet to computationally quantify the
efficacy of double osteotomy compared to single osteotomy, and this study aims to address
that gap.

1.2 Objectives

The primary objective of this study is to investigate the contact force and pressure dis-
tribution across the tibial plateau at various simulated osteotomy correction angles. The
specific objectives were:

1. Develop knee finite element models at various osteotomy correction angles for open-
wedged high tibial osteotomy and double osteotomy.



2. Determine the tibiofemoral contact force and pressure distribution across the tibial
plateau and MCL strain for under-correction, optimal correction, and over-correction.

3. Investigate the effect of the release of the superficial MCL on the pressure distribution
across the tibial plateau.

4. Investigate contact parameters for a double-level osteotomy and compare the results
with a single-level osteotomy.

1.3 Thesis Overview

The thesis is organized into the following chapters. Chapter 1 (Introduction) sets the
premise for the research conducted, including the motivation and objectives. Chapter
2 (Background and Literature Review) provides an overview of the lower limb anatomy,
mechanics of osteoarthritis and clinical interventions, past and current clinical and biome-
chanical studies of the human knee, clinical and biomechanical studies conducted on high
tibial osteotomy including FE models. The chapter concludes with a brief description of
the gap in current studies and hypotheses for the current research. Chapter 3 (Methodol-
ogy) is divided into two primary sections. The first section discusses the development of a
FE model of the human knee to emulate HTO and double osteotomy surgical procedures,
including mesh generation. The second section focuses on the overall FE study of the
current research, encompassing FE model setup, material property definition, and analy-
ses performed to meet the aforementioned objectives. Chapter 4 (Results) discusses the
results of the study, which comprises mesh quality, articular surface contact parameters,
MCL strain, consequences of the release of MCL, and results of double osteotomy. Chap-
ter 5 (Discussion) analyzes the results in comparison to existing studies in the literature.
Chapter 6 (Conclusions) presents the primary conclusions of the research, discusses the
study’s limitations, and suggests potential directions for future research.



Chapter 2

Background and Literature Review

2.1 Anatomical Background

A thorough comprehension of the human lower limb and knee anatomy serves as a foun-
dational prerequisite for the application of engineering principles. This facilitates a com-
prehensive understanding of the complex mechanics underlying the pathogenesis and pro-
gression of osteoarthritis. The subsequent sections provide an overview of anatomical
nomenclature, lower limb, and knee-specific anatomy.

2.1.1 Nomenclature

The anatomic planes are based on three primary planes: the sagittal, frontal, and transverse
planes. The sagittal plane divides the body into left and right halves, with movements
within this plane typically characterized as flexion or extension. The frontal plane bisects
the body into front and back halves, with movements described as abduction or adduction.
The transverse plane separates the upper and lower body segments, and movements within
this plane are often classified as internal/external rotation or pronation/supination.

In addition, a series of directional pairs are utilized to denote the relative position
of anatomical structures. These include anterior-posterior (towards the front or back),
superior-inferior (towards the head or feet), medial-lateral (towards or away from the
body’s midline), prozimal-distal (closer to or further from the torso), and superficial-deep
(towards or away from the skin surface) (Figure 2.1).



Figure 2.1: Anatomical Planes and Directional Pairs

(Adapted from [75])

A joint is a region where the ends of two bones meet. Joints can be categorized based
on the nature of the union between the constituent bones and can be classified as synowvial,
fibrous, or cartilaginous in nature [57].

In the case of synovial joints, the entire articulation is encapsulated within a specialized
joint capsule. The end surfaces of the adjoining bones are covered with a layer of articular
cartilage, and the interior of the joint capsule is lubricated by synovial fluid. Synovial joints
exhibit an extensive range of motion compared to other joint types, with their movement
constrained by the presence of ligaments within the joint capsule. Examples of the synovial
joints include the shoulder, knee, hip, hand, wrist, C1 and C2 vertebrae.

Fibrous and cartilaginous joints are distinguished by the presence of fibrous or carti-
laginous tissue connecting the bones, resulting in either no movement or a limited range of
motion. Fibrous joints are found between the bones of the skull, while cartilaginous joints
are found between intervertebral discs.



2.1.2 Lower Limb Anatomy

The lower limb comprises four parts: hip, thigh, leg, and foot as shown in Figure 2.2. The
hip is formed by the articulation of the femoral head (hip bone) and acetabulum of the
pelvic girdle (socket). The hip joint serves as the primary connection between the lower
limb and the vertebral column, facilitating weight transfer from the trunk to the lower
limb. Thigh comprises the femur (thigh bone), which connects the hip and knee joints;
and the patella (knee cap) on the anterior surface of the knee. Leg, the region between the
knee and ankle consists of two bones, the tibia and fibula. Foot is the distal part of the
lower limb connected to the leg by an ankle joint consisting of the tarsal bones. The foot
includes metatarsals and their respective phalanges.
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Figure 2.2: Lower Limb Anatomy
(Adapted from [59])



The lower limb is specialized to support body weight, maintain equilibrium, and loco-
motion [57]. Among its key roles, the lower limb supports the body’s weight and transfers
the gravitational load to the axial skeleton. The weight-bearing function is augmented by
the pelvic girdle, which anchors the lower limb to the axial skeleton. The robust frame-
work of the bony structures, in conjunction with the stability of hip, knee, and ankle joints
enables efficient transmission of forces from the trunk to the ground.

2.1.3 Knee Anatomy

The knee joint is the largest synovial joint in the body and facilitates flexion, extension,
and small rotations when flexed [33]. The musculoskeletal components that make up the
knee joint are categorized into three groups: bones, ligaments, and cartilage, as shown in
Figure 2.3.

The union of three bones forms the knee joint: femur, tibia, and patella. The ends of
each of these bones are layered by articular cartilage, creating a lubricated, low-friction
environment for load transmission between bones. The fibula is not involved in the knee
joint and is laterally attached to the tibia.

The knee joint is composed of two main articulations: the tibiofemoral joint, the joint
between the tibia and the femur, and the patellofemoral joint, the joint between the patella
and the femur. The patellofemoral joint acts as an additional moment arm for the quadri-
ceps muscles, allowing them to generate greater forces to extend the knee. The patella
functions as a lever, enabling the quadriceps tendon to exert pulling forces on the tibia
more effectively. The patellar tendon connects the distal end of the patella to the tibial
tuberosity, a bony prominence on the tibia. The tibiofemoral joint supports the axial (verti-
cal) loads experienced due to ground reaction forces (GRF) during activities like walking,
running, and jumping. This joint helps absorb the impact and stress of these dynamic
movements.

Knee Ligaments

The ligaments of the knee joint can be divided into two groups: eztracapsular and intra-
capsular [57]. These ligaments connect the femur and tibia, providing stability to the knee
joint, and preventing dislocation.

Five extracapsular ligaments strengthen the joint capsule: the patellar ligament, fibular
(lateral) and tibial (medial) collateral ligaments, and oblique and arcuate popliteal liga-



Figure 2.3: Knee Joint Anatomy
(Adapted from [1])



ments. Intracapsular ligaments, the anterior and posterior cruciate ligaments, are found
inside the joint capsule.

Extracapsular Ligaments

The patellar ligament is a strong, thick fibrous band that is the distal part of the quadriceps
tendon. It is found anterior to the infrapatellar bursa and extends from the apex of the
patella to the tibial tuberosity. Along its outer margins, the patellar ligament blends with
the medial and lateral patellar retinacula, which are extensions of the vastus medialis and
lateralis muscles, and the overlying fascia. The patellar ligament plays a major role in
stabilizing the patella and preventing its displacement.

The fibular (lateral) collateral ligament (LCL) is a strong ligament that extends inferi-
orly from the lateral epicondyle of the femur and extends distally to attach to the lateral
surface of the head of the fibula. The LCL is found deep to the lateral patellar retinaculum,
and superficial to the tendon of popliteus muscle, which separates the ligament from the
lateral meniscus. The ligament also splits the tendon of the biceps femoris muscle in two.

The tibial (medial) collateral ligament (MCL) is a strong, flat ligament of the medial
aspect of the knee joint that extends from the medial epicondyle of the femur to the medial
condyle of the tibia. The MCL, in addition to its lateral counterpart, secures the knee joint
and prevents excessive sideways movement by restricting external and internal rotation of
the extended knee. The MCL is divided into superficial and deep parts:

The superficial part originates proximal to the medial epicondyle of the femur. This
ligament has two attachment points: a proximal attachment on the medial condyle of the
tibia, and a distal attachment on the medial shaft. Anteriorly, the superficial part blends
with the medial patellar retinaculum and the medial patellofemoral ligament, which courses
from the medial femoral condyle to attach onto the medial border of the patella. The deep
part is found underneath the superficial part of the MCL and is a vertical thickening of
the knee joint capsule. It originates from the area of the distal femur, then attaches to the
medial meniscus, and terminates on the proximal tibia.

The oblique popliteal ligament is a thickening of the posterior capsule of the knee joint.
It originates from the posterior aspect of the femur, above the articular surface, and inserts
on the posterior aspect of the proximal tibia. This ligament helps to reinforce the posterior
aspect of the knee joint capsule.

The arcuate popliteal ligament, also known as the arcuate ligament, is a U-shaped band
of fibers that originates from the posterior aspect of the proximal tibia, lateral to the



insertion of the posterior cruciate ligament. It then courses superolaterally around the
posterior aspect of the knee joint, inserting on the styloid process of the fibula. This
ligament helps to reinforce the posterolateral corner of the knee joint.

Intracapsular Ligaments

The knee joint contains two main intracapsular ligaments - the anterior cruciate ligament
(ACL) and the posterior cruciate ligament (PCL). These ligaments are located within the
knee joint capsule.

The anterior cruciate ligament is the weaker of the two cruciate ligaments and origi-
nates from the posterior aspect of the anterior intercondylar area of the tibia and courses
superiorly, posteriorly, and laterally to insert on the medial aspect of the lateral femoral
condyle. The ACL helps prevent anterior translation of the tibia relative to the femur and
limits hyperextension of the knee.

The posterior cruciate ligament originates from the posterior intercondylar area of the
tibia and courses anteriorly, superiorly, and medially to insert on the lateral aspect of the
medial femoral condyle. The PCL restrains posterior displacement of the tibia and limits
excessive flexion of the knee joint.

Articular Cartilage

Articular cartilage is a highly specialized form of hyaline cartilage that covers the articu-
lating surfaces of bones in diarthrodial joints [15]. This tissue plays a critical role in joint
function, providing a smooth, slippery surface that facilitates the efficient transmission of
mechanical loads with minimal friction during articulation. The knee joint consists of three
primary cartilages. The femoral cartilage, tibial cartilage, and the patellar cartilage. The
femoral cartilage rests on the femoral condyle, the tibial cartilage covers the tibial plateau,
and the patellar cartilage lies on the posterior surface of the patella.

The thickness of articular cartilage typically ranges from 2 to 4 millimeters [29] and
unlike most other tissues, they do not have blood vessels, nerves, or lymphatics. The
extracellular matriz (ECM) of articular cartilage is the primary structural and functional
component of this tissue. ECM is composed primarily of water, collagen, and proteogly-
cans, as well as a variety of other non-collagenous proteins and glycoproteins [14]. The
collagen fibrils, which are predominantly type II collagen, provide the tissue with its tensile
strength and resistance to shear forces, while the proteoglycans, such as aggrecan, confer
its ability to withstand compressive loads.
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Figure 2.4: Structure of Articular Cartilage
(Adapted from [91])

Chondrocytes are specialized cells found in articular cartilage that are crucial for main-
taining the structure and function of cartilage by producing and regulating ECM compo-
nents. These cells originate from mesenchymal stem cells and undergo a series of differ-
entiation steps to become mature chondrocytes. Chondrocytes are highly responsive to
biomechanical signals and play a role in cartilage repair and homeostasis. However, they
have a limited capacity for regeneration, which can be prone to degenerative joint diseases
such as osteoarthritis when the cartilage is damaged [35].

Articular cartilage exhibits a distinct zonal organization, with four identifiable layers
or zones: the superficial/surface zone, the middle zone, the deep zone, and the calcified
zone, as shown in Figure 2.4. Each zone possesses unique characteristics in terms of
collagen fiber orientation, proteoglycan content, and chondrocyte morphology, all of which
contribute to the tissue’s overall mechanical properties. The superficial zone, which is in
direct contact with the joint cavity, protects the deeper layers from shear stresses and
provides tensile properties. The middle zone resists compressive forces, while the deep
zone offers the greatest resistance to compression. The calcified zone serves to anchor the
articular cartilage to the underlying subchondral bone.
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2.2 Knee Osteoarthritis

Knee osteoarthritis (OA) is characterized by the breakdown and progressive deterioration
of the articular cartilage causing pain, stiffness, and impaired function. As the disease pro-
gresses, the knee joint is prone to uneven cartilage erosion, subchondral bone remodeling,
and osteophyte formation [39, 90] (Figure 2.5). OA has a multi-factorial etiology and can
be considered the product of an interplay between systemic and local factors [92]. Key risk
factors include aging, gender, obesity, previous joint-related injuries, genetics, and chronic
mechanical stress from physical activities [20, 48].

Figure 2.5: Normal knee vs Knee with OA
(Adapted from [39])

The biomechanics of OA is amongst the most critical factors in the pathogenesis of the
disease [35]. The mechanical properties of the articular cartilage depend on the extracellu-
lar matrix components organized into an ordered molecular framework by the chondrocytes.
Chondrocytes are highly responsive to biomechanical signals and are crucial for cartilage
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repair and homeostasis. Their survival depends on optimal chemical and mechanical envi-
ronments. Due to their limited potential for healing, failure of chondrocytes in homeostasis
triggers OA progression [29, 35]. Factors such as joint instability, malalignment, and exces-
sive or aberrant mechanical loading disrupt the normal mechanotransduction pathways in
chondrocytes, making them unable to sense and adequately respond to abnormal biome-
chanical stimuli. This disrupts homeostasis, increasing matrix-degrading enzymes and
decreasing structural matrix components. This progressive cartilage degeneration worsens
chondrocyte dysfunction, accelerating OA progression.

2.2.1 Varus and Valgus malalignment

Malalignment of the lower limb significantly contributes to the onset and progression of
OA [19], by significantly impacting the load distribution on the knee joint. Knee joint
alignment is quantified by the hip knee angle (HKA), which is the angle formed at the
knee joint center between the mechanical axes of the femur (FM) and tibia (TM) (Figure
2.6). The mechanical axis of the femur is a line drawn from the center of the hip joint to
the knee joint center, and the mechanical axis of the tibia is drawn from the knee joint
center to the center of the talus. The mechanical or load-bearing axis (LBA) of the lower
limb is drawn from the center of the femoral head to the center of the talus. For a healthy
knee, the load-bearing axis passes through a point approximately 4+2 mm lateral to the
center of the knee joint [49], or 2°— 3° of varus compared with the mechanical axis [77].

Lower limb malalignment refers to a deviation from the normal alignment of the phys-
iological axes. Malalignment can manifest in the frontal plane as varus (bow-legged) or
valgus (knock knee) deformities (Figure 2.6). Frontal plane alignment plays a role in deter-
mining the severity of the progression of OA, and the directions varus or valgus determines
which compartment (medial or lateral) of the knee joint is affected [79].

Valgus malalignment shifts the mechanical axis laterally, increasing the load on the
lateral compartment of the knee. The lateral shift in the mechanical axis causes excessive
stress on the lateral compartment, accelerating cartilage degeneration and contributing to
the progression of lateral compartment OA [78, 79]. Varus malalignment occurs when the
mechanical axis deviates medially, and is typically associated with medial compartment
OA [56, 78]. The shift in the mechanical axis results in disproportionate stress on the
medial side, accelerating the wear and tear of the articular cartilage and leading to a rapid
progression of medial compartment OA. Research has demonstrated that varus alignment
results in a higher load on the medial compartment of the knee [58]. The impact of valgus
alignment on load distribution may not be comparable to that of varus alignment. In a
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Figure 2.6: Lower Limb Alignment
(Adapted from [88])

normally aligned, ambulating knee, the load is disproportionately transmitted to the medial
compartment [80]. This means that even in the absence of any malalignment, the medial
side of the knee experiences more load. Varus alignment would have a stronger effect on
the risk of medial compartment progression compared to the effect of valgus alignment on
the risk of lateral compartment progression. A study by Hsu et al [36] showed that when
simulating a one-legged weight-bearing stance by shifting the upper-body gravity closer
to the knee joint, 75% of the knee joint load passed through the medial tibial plateau.
Therefore, it is reasonable to assume that medial compartment OA occurs more frequently
than lateral compartment OA due to mechanical loading. The incidence of varus or valgus
malalignment may impair joint repair and maintenance, indicating a need to design and
evaluate interventions that alter the knee’s loading pattern.

2.2.2 Clinical Interventions

Currently, there is no cure for OA, and treatment options are aimed at symptom manage-
ment, which depends on the severity of OA in addition to radiological evidence. Various
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criteria have been established to determine the severity of OA based on radiological as-
sessment. For example, Kellgren and Lawrence [41] developed a widely used five-point
rating scale (0 — No OA, 4 — Severe OA) based on radiographic assessment of joint space
width, the presence or absence of osteophytes, and subchondral bone sclerosis. Altman et
al. [5] outlined criteria for diagnosing knee OA, which include knee pain and at least one
of the following: age over 50 years, morning stiffness lasting no longer than 30 minutes, or
crepitus (cracking or popping sounds or sensations) during active motion. Depending on
the severity, treatment options can be categorized into surgical and non-surgical interven-
tions. Non-surgical techniques include physical therapy, weight reduction, non-steroidal
anti-inflammatory drugs, intra-articular injections, and bracing [24, 82]. Non-surgical op-
tions have shown to be effective but pose some limitations in treating severe cases of OA
and are best when used in conjunction.

Surgical treatment options for OA are considered when conservative measures fail to
provide sufficient relief from symptoms. Primary surgical options include arthroscopic
lavage and debridement, cartilage repair techniques, osteotomies, and partial or total knee
arthroplasty [74, 82]. The choice of surgery is individualized taking into account the
patient’s unique clinical scenario, overall health, activity level, and the severity of the OA.

2.3 High Tibial Osteotomy

For knees affected by medial compartment OA, Opening Wedge High Tibial Osteotomy
(HTO) is an effective surgical intervention for interrupting disease progression [22, 64,
83]. HTO is performed by making an angulated cut in the tibia and creating a wedge
that realigns the joint and shifts the load-bearing axis towards the lateral compartment,
effectively unloading the affected medial compartment [64, 76]. HTO is a joint-preserving
surgery that extends the life of the native knee and often delays, or avoids, the need for
a partial (PKA) or total knee arthroplasty (TKA). The surgery is typically performed on
young-active patients under 60 years of age with unicompartmental OA who require high
knee function and wish to postpone the need for a total knee replacement.

2.3.1 Surgical Technique
Precise preoperative planning is one of the most important steps in HTO. Patient selection

and radiological assessment of OA are crucial for preoperative planning [13]. Detailed
imaging, including weight-bearing X-ray, MRI, or CT scan, is essential to assess the extent
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of OA, bone quality, and knee alignment. Preoperative planning for HTO is typically
performed on an anteroposterior long-leg view radiograph [52] using several methods [21,
26, 55|, in conjunction with software like PACS to determine the optimal realignment.
Radiographic limb alignment analysis is first done to determine the load-bearing axis by
drawing a line from the center of the hip to the center of the ankle. The crossing point
of the load-bearing axis at the tibial plateau is expressed as a percentage of the total
length of the tibial plateau, with 0 % at the most medial edge and 100 % at the lateral
edge [52] (Figure 2.7). The magnitude of the correction is typically aimed at shifting the
weight-bearing axis from the medial to the lateral compartment, ideally passing through
the Fujisawa point (Figure 2.7), which is about 62.5 % of the tibial plateau from medial to
lateral [31]. An axis is drawn from the hip joint center to the ankle level, passing through
the Fujisawa point to mark the optimal load-bearing axis. Another line is drawn to the
hinge point, and a line of the same length is extended to reach the optimal load-bearing
axis. For OWHTO, the lateral cortex of the tibia, adjacent to the tip of the fibular head, is
chosen as the hinge point. The angle formed by these two lines is measured as the optimal
correction angle, as suggested by Miniaci et al [55].

Figure 2.7: Fujisawa point
(Adapted from [66])
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The patient is positioned supine on a radiolucent operating table. The surgery is
typically performed under fluoroscopic guidance. A 5-cm vertical incision is made between
the medial tibial tuberosity and the posteromedial tibia below the joint line. Two guide
wires are inserted 3.5-4 cm below the medial joint line towards the fibular head, confirmed
by fluoroscopy. A tibial osteotomy is performed below the guide wires with an oscillating
saw, extending from the tibial tuberosity to 1 cm medial to the lateral tibial cortex. The
osteotomy is opened with a valgus force, and a calibrated wedge is inserted to the desired
extent. Once the correction is verified with fluoroscopy, internal fixation is achieved using a
metal plate, and the defect is grafted with appropriate bone graft materials [28, 43] (Figure
2.8).

Figure 2.8: Opening Wedge High Tibial Osteotomy. A) A guide wire is placed 3.5-4 cm

below the medial joint line to about 1 cm below the lateral articular margin of the tibia

B) Osteotomy performed with an oscillating saw C) Medial tibia opened with a wedge
(Adapted from [43])

2.3.2 Clinical Outcomes

Osteotomies are usually performed in mid-aged patients under 60 years who engage in
high-demand activities and delay the need for a knee replacement. Short and long-term
outcomes of HTO are typically assessed through a follow-up evaluation system targeting
survivorship, return to sport, and patient-reported outcomes. Failure of the procedure is
defined as conversion to arthroplasty or revision HTO [38]. Treatments have shown suc-
cessful short-term survivorship, but long-term outcomes deteriorate with time. A summary
of survivorship of HT'O reported in current literature is provided in Table 2.1.
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Table 2.1: Studies reporting survivorship of HTO

Study Year 5 years | 10 }iﬁ"\:vall;?;rs 20 years
Coventry et al [23] 1993 | 90% 65% - -
Naudie et al [61] 1999 | 73% 51% 39% 30%
Billings et al [9] 2000 | 85% 53% - -
Koshino et al [42] 2004 | 97.8% 96.2% 93.2% -
Fletcher et al [27] 2006 | 94.8% 92.8% 89.7% 85.1%
Azukuzi et al [4] 2008 | 97.6% | 90.4% - -
Hiu et al [38] 2010 | 95% 79% 56% -
Niinimiki et al [62] 2012 | 89% | 73% - -
Polat et al [70] 2017 | 93.4% | T1.2% - -
van Wulfften Palthe et al [87] | 2018 - 75% 55% 40%
Song et al [81] 2019 | 100% | 91% | 63.4% | 48.3%
Constantin et al [18] 2024 | 85% 7% 63% 44%

The long-term success of HTO declines over time, with some studies reporting failures
that required revision HTO or arthroplasty for patients. The study by Billings et al [9]
reported that twenty-one out of the sixty-four knees that underwent HTO were treated
with a subsequent TKA. Fletcher et al [27] reported survival rates of 313 knees and forty-
three knees (14%) underwent knee arthroplasty at an average of 8.5 years post-surgery.
Hiu et al [38] reported that 84% would undergo revision HTO at a mean of 12 years of
follow-up. Polat et al [70] reported 16% of the patients studied required TKA at a mean
of 8.9 years after HTO.
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Factors affecting success of HTO

Several factors can impact the long-term success and failure of HTO, including native
and post-surgical biomechanical factors. The biomechanical environment of the knee joint
post-surgery is crucial for the long-term viability of the procedure. Among the various
complications associated with HTO, the most common include loss of correction, fractures
of the lateral cortex and articular cartilage, joint-line obliquity, implant failure, inadver-
tent increases in the tibial slope leading to abnormal pressure distributions, MCL strain,
under-correction or over-correction, and neurovascular injuries [30, 53, 63]. Many such
complications can be mitigated through adequate patient selection and preoperative plan-
ning procedures. There is ongoing debate about the ideal candidates for HTO and the
appropriate degree of correction. While patients with severe bony deformities are clear
candidates, many fall into a gray area with milder deformities. Another debated issue is
how best to shift the load-bearing axis, i.e., if the correction be made to the tibia alone,
the femur alone (distal femoral osteotomy) [85], or through a double osteotomy of both the
tibia and femur to maintain joint line obliquity [7]. In addition, intraoperative decisions
can influence the success of the osteotomy. These include the placement and trajectory of
the cortical hinge, hardware selection, soft tissue involvement, and the use of grafts to fill
osteotomy gaps. The effectiveness of these factors continues to be debated.

Among the preoperative planning factors, determining the optimal correction angle is
among the most critical for the long-term clinical success of HTO. Yet, deciding on the
optimal angle has been a source of much debate. Failing to target the ideal alignment can
lead to poor outcomes, such as progressive OA, failure of HTO, and patient dissatisfaction.
Literature also suggests that the MCL becomes strained during osteotomy opening and
may create abnormal pressure distributions across the tibia plateau [86]. The MCL is
a critical stabilizing structure within the knee joint, and any disruption to its normal
function could have significant implications for the joint’s load-bearing characteristics.
However, it is unclear what specific parameters of the osteotomy influence this strain, and
the implications of additional or residual strain within the MCL on pressure distribution.
The subsequent sections provide an overview of past and current biomechanical studies on
the HTO procedure.

2.4 Experimental Studies

In-vitro mechanical testing methods have been conducted to assess and evaluate HTO
and the biomechanical factors associated with it. In-vitro studies typically involve test-
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ing on cadaveric specimens to quantify knee joint mechanics including correction angle
optimization, tibiofemoral pressure distributions, and MCL strain.

A study by MacDonald et al [50] evaluated the effectiveness of a synthetic bone insert
and a fixation plate in improving the integrity of opening wedge HTO and reducing tensile
strains in response to post-surgical loading. Twelve knee specimens were used, in which six
knees had a synthetic bio-absorbable wedge and were secured with fixation plates (Figure
2.9a), and the remaining six knees were secured only with a fixation plate (Figure 2.9b).
The knee specimens were subjected to a cyclical loading between 100N and 800N until
failure. Peak strains were found in the fixation plates and compared in both conditions.
The study found that the inclusion of the wedge insert had a significant impact on the strain
patterns observed on the fixation plate and lateral cortex during the HTO procedure. With
the wedge insert, the fixation plate experienced compressive strains, whereas without the
wedge, the plate transitioned to tensile strains. The strains measured at the lateral cortex
were significantly impacted by the inclusion of an insert, increasing from a compressive
strain of -55.6 to 23.7 when only the plate was used. The author concluded that the
addition of a synthetic insert limited the tensile strains at the plate and lateral cortex,
suggesting that the wedge insert plays an important role in load distribution and protection
around the osteotomy site.

(a) (b)

Figure 2.9: (a) Synthetic insert with fixation plate (b) Fixation plate only
(Adapted from [50])
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Mina et al [54] investigated the correlation between correction angles and knee joint
loading patterns using electronic pressure sensors in cadaveric knee specimens. Eight cadav-
eric specimens underwent testing with 10 different adduction angles using an osteotomy
spreader to mimic HTO treatment. Force, contact area, and pressure distribution were
recorded at each alignment. The study showed that as the tibiofemoral alignment was
shifted, the medial compartment contact pressure and contact area decreased and were
shifted to the lateral compartment. They recommended a valgus alignment of 0°— 4° for
optimal stress distribution between the medial and lateral compartments, regardless of
condylar width, baseline tibiofemoral alignment, body weight, or chondral defect size.

Effect of MCL release on Cartilage pressures

Agneskirchner et al [2] evaluated the effects of a valgus open wedge high tibial osteotomy
on the articular cartilage pressure distributions on six human knee cadavers. The knee
specimens were tested with a load of 1000N in a material testing machine using a specially
designed fixture (Figure 2.10) while simulating different loading alignments (varus, straight,
and valgus). Articular cartilage pressures were measured using pressure-sensitive films in
the medial and lateral compartments. The study had two major aspects. The first aspect
of the study had measurements performed with an intact MCL. The second aspect of the
study had measurements performed while gradually dissecting the MCL (50% release and
100% release).

The study found a significant correlation between the load distribution and the position
of the loading axis, with the medial compartment predominantly loaded in the varus setting.
The opening wedge HTO without MCL release resulted in a significant increase of pressure
medially, while only after complete release of the MCL was a significant decrease of pressure
medially observed.

Egmond et al [86] investigated the impact of a medial open wedge HTO and the release
of the superficial MCL on tibiofemoral cartilage pressure, MCL tension, and valgus laxity
in human cadaveric knees. Seven fresh-frozen knees were used, with medial and lateral
mean contact pressure, peak contact pressure, and contact area measured using a pressure-
sensitive film, and MCL tension measured with a custom device. Measurements were
recorded for a 10° correction over 5 minutes and 24 hours for one knee. The superficial
MCL was then released, and the same measurements were taken. Following a 10° OWO,
MCL tension decreased by 10.7% in 5 minutes and by 24.2% in 24 hours. After the
osteotomy, medial compartment mean contact pressure, peak contact pressure, and contact
area increased, while lateral compartment values decreased. After releasing the superficial
MCL, the medial compartment mean contact pressure, peak contact pressure, and contact
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Figure 2.10: Cadaveric knee specimen, mounted into the testing fixture
(Adapted from [2])

area decreased, while lateral compartment values increased. Additionally, valgus laxity
increased by a mean of 7.9°. The study concluded that releasing the superficial MCL helps
reduce medial cartilage pressure following an osteotomy but significantly increases valgus
laxity, potentially impacting knee stability.

Pape et al [65] aimed to evaluate the effect of partial and complete release of the superfi-
cial MCL during open wedge HTO on medial joint opening under valgus stress. The article
hypothesized that partial MCL release would not significantly impact valgus stability. A
cadaveric study of 10 knee specimens was performed where the superficial and deep MCL
were sectioned and the medial joint opening was measured with a standardized valgus load.
The results showed no significant differences in medial joint opening between complete and
partial release of the superficial MCL. The authors concluded that the anterior fibers of the
superficial MCL play an important role in maintaining valgus stability, and therefore the
release of the superficial MCL during open-wedge HTO should be minimized, especially
in patients with small wedge sizes and pre-existing laxity, to reduce the risk of late valgus
instability.
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2.5 Finite Element Studies of HTO

The complexities associated with knee osteotomies are owed to their multi-factorial nature,
making it difficult to research using traditional clinical methods and in vitro testing. While
in vitro mechanical testing offers some insights into the pressure and load distribution
at the knee joint, it has limitations that hinder detailed quantitative investigation into
knee joint mechanics. Computational approaches, like finite element (FE) models, can
be an effective biomechanical tool to plan surgical procedures and predict patient-specific
outcomes. Development of three-dimensional (3D) FE models of biological systems is
typically performed through CT or MRI techniques that can precisely capture patient-
specific geometries [83]. FE models of the knee joint can provide valuable insights into
several crucial factors in the pathogenesis of OA such as contact forces and stresses in the
joint, ligament mechanics and injury, geometric and material behavior of articular cartilage
and menisci, and patient-specific post-surgical outcomes. The subsequent sections provide
an overview of existing literature on knee joints and HTO-specific FE models.

2.5.1 FE studies of HTO procedure

Articular cartilage contact pressure studies

Trad et al [84] carried out 3D FE analyses to investigate the effects of varying correction
angles on stress distribution in the knee joint. The analyses were performed by varying
the correction angles from 0° to 10° valgus. The developed models were validated against
experimental and numerical results. The study found that an increase in correction angles
shifted the loading from the medial to the lateral compartment. The Von Mises and shear
stresses decreased in the medial compartment and increased in the lateral compartment.
A balanced distribution of stresses between the two compartments was noticed at 4.5°
correction.

In a study by Zhang et al [93], 3D FE models of the knee joint were developed from
MRI images to simulate medial open wedge HTO to determine the compressive and shear
stress distributions on the articular cartilage for varying correction angles. Corrections
were varied from 2.5° valgus to 10° degree valgus with an increment of 2.5°. The results
showed the peak compressive and peak shear stresses in the medial compartment decreased
as the loading axis shifted laterally but the lateral compartment increased the peak stresses.
The FE analysis also demonstrated that a correction of 7.5° effectively reduced the loads in
the medial compartment and achieved a more ideal situation with stresses most uniformly
distributed between these two compartments.
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Nakayama et al [60] analyzed the resultant stress induced by joint-line obliquity after
HTO for varus knee deformity using a 3D FE model analysis. Axial loads of 1200 N were
applied on models with corrections of 2.5°, 5°, 7.5°, and 10° simulated to the mechanical
environment of a knee with obliquity. The results showed a significant increase in shear
stress in the medial compartment at obliquity angles of 5° or more, with stress values
rising from 1.6 MPa (normal knee) to 7.2 MPa at 10° obliquity. The study concluded that
joint-line obliquity greater than 5° results in excessive shear stress in the tibial cartilage,
suggesting that double-level osteotomy should be considered to avoid detrimental stress in
cases of significant correction.

2.6 Summary

The studies reviewed offer significant insights into the impact of high tibial osteotomy HTO
on knee joint contact parameters. Studies have shown that FE models can be an effective
biomechanical tool to predict contact behaviors of soft tissues after an HTO procedure.
However, several gaps and limitations have been identified. Investigations into the strain
in the medial collateral ligament (MCL) post-surgery and its effects on knee joint contact
parameters are yet to be addressed computationally. Additionally, the feasibility of MCL
release to reduce joint contact pressures has not been explored computationally. Current
FE models in the literature often do not include the hip and ankle joints, which are essential
for determining the optimal correction for an HTO procedure. In addition, the presence
of hip and ankle joints in the models offers a more accurate representation of lower limb
mechanics by providing appropriate boundary conditions. Furthermore, the efficacy of a
double osteotomy procedure for larger corrections has not been addressed computationally
in the literature. Addressing these gaps would enhance the understanding and application
of HTO in clinical practice.

2.7 Hypothesis
The hypotheses for the current research are as follows:

1. The contact and load distribution in the medial compartment of the knee will decrease
following HT'O and increase in the lateral compartment, thereby reducing the stress
on the medial cartilage.
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. Larger corrections achieved through HTO will result in increased strains in the MCL
that will subsequently overload the medial compartment.

. By releasing the MCL, the pressure distribution on the medial compartment will be
reduced.

. Implementing a double osteotomy for cases requiring large corrections will produce
a more even distribution of loading across the knee joint.
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Chapter 3

Methodology

The methodology of the current study can be broken into four major phases. Figure 3.1
shows an overview of the steps involved in the development of the FE model.

Figure 3.1: Overview of steps involved in the development of FE model

3.1 Development of Finite Element Model

3.1.1 Finite Element Knee Model Origin

The FE model to simulate different osteotomy corrections was built using an existing 3D
model of the knee joint developed by Rao [71]. The modeling process adopted by Rao
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began with obtaining CT and MRI images of a knee joint cadaver of a 50th-percentile
male. The images when stacked on each other in sagittal, frontal, and transverse planes
produced a solid geometry of the knee. 3D geometries of the bones, cartilages, and menisci
were identified and extracted with a combination of automatic and manual segmentation
processes in an open source software called 3D slicer, as shown in Figure 3.2. The extracted
geometries were then imported to SolidWorks for further smoothing and post-processing.

Figure 3.2: Knee segmentation from MRI scans on 3D Slicer
(Adapted from [71])

Attachment sites of the ligaments were identified and marked on the cadaver to digi-
tize anatomical landmarks in the knee. The internal surfaces of the knee joint were first
exposed by cutting through the mid-lengths of the cruciate and collateral ligaments. Bony
landmarks were identified and referenced as the ligament attachment sites. A coordi-
nate measuring device, MicroScribe-G2XTM (Immersion Corporation, USA), was used to
record the locations of the ACL, PCL, MCL, and LCL attachment sites relative to these
bony landmarks. The coordinates of these locations were then matched to the 3D model in
3D Slicer and later imported into Abaqus CAE 2022 (Dassault Systemes, Johnston, RI),
the selected FE software package for the study. An overview of this process is provided in
Figure 3.3.

Ligaments were modeled using Abaqus’ non-linear axial connector elements by in-
putting force versus displacement curves. The pre-strain in each ligament bundle was

27



Figure 3.3: Digitization process of ligament insertion
(Adapted from [71])

specified through their respective zero-load lengths, L. Stiffness values for all ligaments,
except for the ACL, were obtained from Blankevoort et al [10, 11]. The ACL stiffness
parameters were derived from Chandrashekar et al [17] and modeled as two parallel non-
linear springs representing the anteromedial (AMACL) and posterolateral (PLACL) bun-
dles. Only the superficial MCL was modeled in the current study, the deep MCL was
ignored. A list of stiffnesses of the major ligaments is given in Table 3.1. In addition
to the major ligaments of the knee joint, meniscal ligaments were defined to secure the
ends of the menisci to the tibial plateau. The ligaments were defined at the anterior and
posterior ends of both the lateral and medial menisci as linear springs with a stiffness of
180 N/mm each [34]. A small rigid body was connected to the ends of the menisci using
TIE constraints to prevent instabilities that could arise from stretching a single node.
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Table 3.1: Ligament bundles used in the FE model (Adapted from [72])

. Ligament Stiffness Strain at
Ligament Bgundle Parameter, k£ extension, € Referenced Study
ACL Anteromedial NA 0.06 Chandrashekar et al [17]
Posterolateral 0.10 Blankevoort et al [11]
Posteromedial 9000 -0.15
PCL Anterolateral 9000 -0.03 Blankevoort et al [10]
Anterior 2750 0.04
Superficial MCL  Intermediate 2750 0.04 Blankevoort et al [11]
Posterior 2750 0.03
Anterior 2000 -0.25
LCL Intermediate 2000 -0.05 Blankevoort et al [11]
Posterior 2000 0.08

Bones were modeled with stiffer material properties and were meshed using tetrahedral
elements in Hypermesh, then assigned as rigid bodies in the FE model. The meniscus and
cartilage, being softer tissues with lower material stiffness, were modeled using hexahedral
mesh elements in IA-FEMesh. These meshed geometries were subsequently imported into
Abaqus and assembled. The cartilage was constrained to their respective bones using TIE
constraints, ensuring no relative motion between them. A frictionless contact was defined
between the cartilage and meniscus to allow smooth sliding. The material property data
for bones and soft tissues are shown in Table 3.2.

Table 3.2: Material property data for bones and soft tissues

Model component Young’s Modulus Poisson’s Ratio Referenced Study

Bone and Graft 8 GPa 0.3 [25]
Cartilage 20 MPa 0.45 3]
Menisci 59 MPa 0.49 [44]

3.1.2 Pre-planning procedure

To accurately simulate the pre and post-surgical environments of HTO, the model devel-
oped by Rao [71] was further modified to meet the objectives of the current study. The
development of a FE model emulating the surgical procedure required a comprehensive pre-
planning procedure. The pre-planning procedure mentioned in Section 2.3.1 was adopted
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for the current study, based on Miniaci et al [55]. The procedure is typically done on imag-
ing software like PACS on a long-standing anteroposterior (AP) radiograph of the lower
limb that includes the hip, knee, and ankle joints to mark the load-bearing axis which is
crucial for determining the severity of OA and the optimal correction required. Although
the model developed by Rao (Figure 3.4b) accurately represents the anatomy of the knee
joint, it does not include the hip and ankle joints since the cadaver specimen (Figure 3.4a)
contained only the knee joint.

(a) (b)
Figure 3.4: (a) Cadaver specimen (Adapted from [72]) (b) 3D model of the knee joint

Further steps were taken to address this limitation since accuracy in determining the
optimal correction is one of the most crucial steps in the HTO procedure. To accurately
plan the surgical procedure, a long-standing radiograph of the lower limb that best fits the
model was necessary to determine the optimal correction angle. A long-standing radiograph
in Lus et al [49] was utilized by aligning an image of the model consisting of the tibia
and femur onto the radiographic image. Using imaging tools, the load-bearing axis and
the joint line were marked on the image to determine whether or not there was a deviation
of the axis from the center of the knee joint. As shown in Figure 3.5, the axis did not
pass through the center of the knee joint but was rather passing medially to the knee
joint, indicating a varus deformity. To address this, the optimal load-bearing axis was
marked from the hip joint passing through the Fujisawa point [31] (Figure 2.7). Using
the pre-planning procedure by the Miniaci method [55], the degree of varus deformity was
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measured and the optimal correction angle was determined to be 5 degrees. The accuracy
of this procedure was validated with the help of Dr Sebastian Tomescu, an orthopedic
surgeon at Sunnybrook Hospital, Toronto.

Figure 3.5: Pre-planning procedure for HTO
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3.1.3 Surgical Simulation of HTO

Combining the modeling efforts by Rao and the pre-planning procedure, models with differ-
ent osteotomy correction angles (under-correction, optimal correction, and overcorrection)
were constructed using CAD software package Solidworks (v2020, Dassault Systemes).
This process aimed to simulate the osteotomy cut, remove a bone wedge, and subsequent
realignment of the tibia to achieve the desired correction angles.

The modeling process began with opening the pre-existing 3D model of the tibia in
SolidWorks. The tibia model was split into two distinct parts, as shown in Figure 3.6.
This was accomplished by defining a cutting axis that passes through the osteotomy hinge
point, starting from the site where the osteotomy cut is to be made. The site of the
osteotomy cut and the hinge point were precisely marked on the model with the help of
the orthopedic surgeon. This step is essential for creating a realistic simulation of the
osteotomy procedure, as it sets up the tibia for the subsequent realignment.

Figure 3.6: Tibia split into two parts by defining cutting axis

The osteotomy cut was simulated by removing a small wedge of bone on the lateral side
of the tibia, extending up to the hinge point (Figure 3.7). The removal of the wedge on
the lateral side was crucial, as the wedge’s angle directly represented the desired correction
angle. Removing the wedge exposed two distinct surfaces on the tibia model: one on the
upper segment and one on the lower segment. The exposure of these surfaces is a key step
in the modeling process, as it allows for the realignment of the tibial segments.
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Figure 3.7: Removal of the wedge on the lateral side of the tibia

The next step involved rotating the distal part of the tibia around the osteotomy hinge.
This rotation was achieved by mating the two exposed surfaces using Solid Works mating
tools. The mating process ensured that the two surfaces aligned correctly, simulating the
realignment of the tibia as performed during the surgical procedure. As the tibia segment
was rotated, an opening on the medial side of the tibia was created which represents the
wedge formed by the opening of the osteotomy cut and the realignment of the tibia in a
real surgical scenario. Finally, the osteotomy cut and the resulting opening were filled with
a graft to stabilize the tibial segments in their new alignment. An overview of the process
for a 5° correction is shown in Figure 3.8.

Figure 3.8: (a) Uncorrected tibia model (b) Tibia with an osteotomy wedge cut and opening
(c) Wedge filled with graft

33



The modeling process was conducted for three different correction angles: 4 degrees
(under-correction), 5 degrees (optimal correction), and 7 degrees (over-correction). This
variation in correction angles allowed for a comprehensive analysis of the impact of different
degrees of correction on the articular cartilage contact pressures and MCL strain.

3.1.4 Double Osteotomy model generation

In addition to modeling single-level HT'O procedures, the bone geometries for double-level
osteotomy procedures were also created. This involved both the tibia and the femur to
address more significant deformities that cannot be corrected adequately with a single
osteotomy. For the femur, a lateral distal closing wedge osteotomy was performed using
the femur model in SolidWorks. The lateral distal closing wedge osteotomy on the femur
model involved similar steps to those used for the tibial osteotomy. The femur was split
into two parts along a defined cutting axis, and a wedge of 3° was removed from the lateral
distal part. The distal segment of the femur was then rotated to close the wedge, ensuring
the two new surfaces were mated correctly to simulate the realignment. The same modeling
procedure was applied to the tibia as described previously and was corrected to 4°.

The overall correction for the double-level osteotomy was considered to be 7°, a typical
value for medium to larger deformities that may require the combined effect of corrections
in both the tibia and femur [60]. This procedure effectively shifts the load-bearing axis and
corrects the deformity by realigning both the tibia and femur. An overview of the process
is shown in Figure 3.9.

Figure 3.9: (a) Uncorrected femur model marked with correction angle (b) Removal of
wedge from the lateral side (c) Wedge closed to simulate distal femoral osteotomy
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3.1.5 Meshing of the bones and soft tissues

In the FE model, the knee joint bones (tibia and femur) were treated as rigid bodies due
to their relatively higher stiffness compared to soft tissues. This approach is commonly
employed in FE studies focusing on soft tissue behavior [25, 45, 67, 69]. Treating the
bones as rigid bodies reduces computational time, as the elements within a rigid body do
not deform but only display rigid body motions. Therefore, the bones were meshed using
first-order tetrahedral elements in HyperMesh (Figure 3.10). The meniscus and cartilages
were softer tissues with lower material stiffness, hence they were modeled by Rao using
hexahedral mesh elements in a software called IA-FEMesh. These meshed geometries were
then imported to Abaqus and assembled.

(a) Meshed Femur (b) Meshed Tibia

Figure 3.10: Tetrahedral meshes of the bones
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3.2 Finite Element Analysis

The individual meshes of the bones were imported and assembled with the soft tissues in
Abaqus CAFE. Appropriate material properties were assigned to the assembly components.
Contacts and constraints were defined to accurately emulate the interactions between the
components, based on [71]. The following section explains in detail the steps involved in
the analyses for various conditions to meet the specific objectives.

3.2.1 Loading and Boundary conditions

To simulate realistic physiological conditions, a distributed load equivalent to 800N was
chosen and applied to the proximal surface of the femur in each model. The 800N load was
gradually applied using a ramp magnitude, ensuring a realistic application of force. This
represents the typical force exerted during weight-bearing activities, providing a relevant
stress scenario for the knee joint. Nonlinear static analyses were carried out to capture the
contact behavior of soft tissues under loading. The loading application is shown in Figure
3.11.

Figure 3.11: Distributed load of 800N on femur

36



The boundary conditions were established at the reference points of the hip and ankle
joints, allowing for motion in the frontal and sagittal planes while constraining axial ro-
tation, based on the methodology described by Agneskirchner [2]. This approach differs
from existing knee FE studies that typically fix the distal end of the tibia and apply a
force on the femur without considering the hip and ankle joints. The position of the ankle
joints was varied for each model based on the rotation of the tibia after correction. By
incorporating these additional boundary conditions, the model offers a more comprehen-
sive representation of the biomechanical environment of the knee joint and the lower limb,
and the effect of shifting the loading axes after corrections. This distinction is critical as
existing literature often overlooks the contributions of the hip and ankle joints, potentially
limiting the accuracy of simulations. Through this approach, the current analysis provides
deeper insights into the biomechanical impacts of various HTO procedures, ultimately in-
forming better clinical decision-making. The boundary conditions applied at the hip and
ankle joints are shown in Figure 3.12.

(a) (b)

Figure 3.12: Frontal and Sagittal plane motion allowed at hip and ankle joints based on
Agneskirchner et al [2]
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3.2.2 Validation of FE model

To validate the FE model, a non-linear static simulation was performed by applying an
800N distributed load on the proximal surface of the femur on an uncorrected model. This
load mimics the typical axial load experienced by the knee joint during activities such
as standing or walking. In line with most contact studies on knee joints, the focus was
on the pressure distribution at the articular surface under pure axial loading conditions.
Boundary conditions were provided at the hip and ankle joints, as mentioned in 3.2.1.

Articular cartilage properties can vary significantly, impacting the simulation outcomes
[46]. For validation, two different moduli of elasticity for the articular cartilage were
considered for validation purposes: 5 MPa [68] and 20 MPa [3]. The stress and pressure
distributions across the articular surface were examined for both cartilage conditions. The
simulation results for each modulus of elasticity were then compared with findings from
existing literature to validate the model.

3.2.3 MCL Release

Another objective of this study was to investigate the effects of the release of the superficial
MCL to evaluate its viability as a surgical technique for reducing medial contact forces and
pressures. The release procedure was performed on a model that had been corrected by 5°.

The process for releasing the superficial MCL involved specific adjustments within the
finite element model. The superficial MCL was represented using linear spring elements
with defined stiffnesses, organized into three distinct springs positioned anteriorly (aMCL),
intermedially (iMCL), and posteriorly (pMCL). The release sequence began with the in-
termediate MCL, followed by the anterior and posterior MCLs. This order was chosen
arbitrarily to facilitate a stepwise release.

This stepwise approach allowed for a systematic comparison of the impact on the articu-
lar surface, as the release of each component of the MCL could be evaluated independently.
The aim was to understand how releasing different parts of the MCL affected the distri-
bution of forces and pressures across the knee joint. By doing so, the study sought to
determine whether this surgical technique could effectively reduce medial contact forces
and alleviate pressure, potentially offering a viable intervention for patients requiring me-
dial compartment unloading. The process of partial and total release of MCL is shown in
Figure 3.13.
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(a) Model with intact MCL (b) Release of iMCL

(c) Release of iMCL and aMCL (d) Complete release of MCL

Figure 3.13: Partial and total release of Superficial MCL

Similar loading and boundary conditions were applied to the models with released
MCL. The results obtained were compared with the results of the model with intact MCL,
evaluating key contact parameters, and providing a comprehensive understanding of the
changes in knee joint mechanics due to the release of the MCL.

3.3 Contact Outputs and Summary

For all the FE models generated, detailed analyses were performed to evaluate the contact
forces (CF), contact pressures (CP), and von Mises stress (VMS) distributions across the
articular surfaces of the knee joint. These parameters were crucial in understanding the
biomechanical behavior of the knee joint under specific loading and boundary conditions,
particularly in the context of the HTO procedure. The contact forces were determined at
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the interfaces between the femoral cartilage and both tibial cartilages, as well as between
the femoral cartilage and the menisci. This was accomplished by defining contact pairs
in Abaqus CAE, specifically: femoral cartilage with medial tibial cartilage (FC-MTC),
femoral cartilage with lateral tibial cartilage (FC-LTC), femoral cartilage with medial
meniscus (FC-MM), and femoral cartilage with lateral meniscus (FC-LM). The results from
these simulations were compared against each other to identify variations and similarities
in response among the different correction models, namely uncorrected, under-correction,
optimal correction, overcorrection, and double osteotomy. Additionally, the findings were
validated against existing literature to ensure their accuracy.

A key focus of this study was the strain experienced by the MCL, as it plays a vital
role in knee stability and function. The strain in the MCL was determined by quantifying
the total force within the spring elements that represented the ligament in the FE models.
This approach allowed for an accurate representation of the MCL’s mechanical response
under different simulated surgical corrections. By analyzing the MCL strain, the study
aimed to provide insights into the implications of various osteotomy corrections on ligament
behavior, and the effects on force and pressure distribution across the articular surface. A
summary of all the models developed and the outputs generated is shown in Table 3.3.

Table 3.3: Summary of FE models developed

Outputs generated

FE Models MCL | MCL
CF | CP | VMS
Strain | Release
Uncorrected (0°) v |V v v -
Under-correction (4°) v |V v v -
Optimal Correction (5°) | v/ | Vv v v v
Overcorrection (7°) v |V v v -
Double Osteotomy (7°) | v/ | v v - -
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Chapter 4

Results

This chapter presents the results of all FE analyses conducted in this study. The chapter
begins by assessing the mesh quality of the tibia models and the femur model used in
double osteotomy. This is followed by detailed results of the cartilage and meniscus contact
outputs and the MCL strain outputs, with a comparative analysis between the uncorrected
model and various HTO corrections. The contour plots for contact parameters and stress
distribution on the femoral cartilage and tibial cartilage are reported. The orientations
of the contour plots are shown in Figure 4.1. Furthermore, the outcomes of partial and
total release of the superficial MCL are examined, comparing them with the intact MCL
condition. Finally, the results of double osteotomy are compared with the results of the
overcorrected model. The chapter provides a quantitative analysis of all the simulations
run, setting the premise for Chapter 5.

(a) (b)

Figure 4.1: Orientation of Contour plots (a) Orientation of femoral cartilage (b) Orientation
of medial and lateral tibial cartilages
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4.1 Mesh Quality Assessment

An overview of the mesh metrics for all the tibia models and the femur model is shown in
Table 4.1.

Table 4.1: Mesh Metrics

Part Number of elements | Element size (mm)
Tibia - 4° 370186 1
Tibia - 5° 367154 1
Tibia - 7° 371108 1
Femur - DO 316226 1

Table 4.2 shows a summary of the shape metrics.

Table 4.2: Shape Metrics

Avg Minimum | Avg Maximum | Aspect
Part
Angle Angle Ratio
Tibia - 4° 38.86 87.86 1.63
Tibia - 5° 41.30 85.30 1.52
Tibia - 7° 38.94 87.84 1.61
Femur - DO 38.19 89.01 1.66

As mentioned in Section 3.1.5, the bones were modeled as rigid bodies, a common
approach taken in contact analysis of the knee joint. This is done since the material
behavior of bones is much stiffer than soft tissues. Hence, the bones were meshed using
first-order tetrahedral elements in Hypermesh software. Although the shape metrics of the
bones show that the elements are of good quality, the quality of the meshes of bones wasn’t
of the highest importance for this study since the bones were kept rigid throughout the
simulations.

42



4.2 Effect of Correction Angle on Articular Surface
Contact Forces

The contact forces are calculated at the contact surfaces between soft tissues. Table 4.3
shows the values of contact forces at surface pairs (Section 3.3) and Figure 4.2 shows the
plots of the contact forces for different correction angles. The distribution of contact forces
on the surfaces of the femoral cartilage, medial, and lateral tibial cartilages are shown in
Figures 4.3 - 4.5.

Table 4.3: Contact forces between articular surface pairs for different corrections

Surface pairs Contact forces (N)
Uncorrected (0°) | 4° 5° 7°
FC-MTC 041.7 528.9 | 525.5 | 647.3
FC-LTC 248.6 322.2 1 339.9 | 386.9
FC-MM 199.8 122.1 | 96.4 | 90.3
FC-LM 5.1 45.3 | 55.8 | 84.9
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Figure 4.2: Contact forces results at surface pairs for different correction angles
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(a) Uncorrected (0°) (b) 4°

(c) 5° (d) 7°

Figure 4.3: Contact force distribution on the femoral cartilage

(a) Uncorrected (0°) (b) 4°

(c) 5° (d) 7°

Figure 4.4: Contact force distribution on the proximal surface of medial tibial cartilage
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(a) Uncorrected (0°) (b) 4°

(c) 5° (d) 7°

Figure 4.5: Contact force distribution on the proximal surface of lateral tibial cartilage

4.3 Effect of Correction Angle on Articular Surface
Peak Contact Pressures

Results of the peak contact pressure outputs on the soft tissues are shown in Table 4.4,
and plotted in Figures 4.6 and 4.7. The distribution of contact pressures on the femoral,
medial tibial, and lateral tibial cartilages are shown in Figures 4.8 - 4.10.

Table 4.4: Contact pressures on the articular surface for different corrections

Component Contact pressures (MPa)
Uncorrected (0°) | 4° 5° 7°
Medial Tibial Cartilage (MTC) 6.383 5.697 | 5.467 | 5.430
Lateral Tibial Cartilage (LTC) 3.673 4.489 | 4.74 | 5.312
Medial Meniscus (MM) 5.116 4.208 | 2.867 | 2.747
Lateral Meniscus (MM) 1.063 2.519 | 2.825 | 3.439
Femoral Cartilage (FC) - Medial 6.210 5.657 | 5.446 | 5.362
Femoral Cartilage (FC) - Lateral 3.551 4.462 | 4.602 | 5.203
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Figure 4.6: Contact Pressures at the medial compartment for different correction angles
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Figure 4.7: Contact Pressures at the lateral compartment for different correction angles
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(a) Uncorrected (0°) (b) 4°

(c) 5° (d) 7°

Figure 4.8: Contact Pressure distribution on the femoral cartilage
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(a) Uncorrected (0°) (b) 4°

(c) 5° (d) 7°

Figure 4.9: Contact Pressure distribution on the proximal surface of lateral tibial cartilage
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(a) Uncorrected (0°) (b) 4°

(c) 5° (d) 7°

Figure 4.10: Contact Pressure distribution on the proximal surface of medial tibial cartilage
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4.4 Effect of Correction Angle on the stress distribu-
tion across the articular surface

The Von Mises equivalent stresses were obtained to observe the stress distribution across
the articular surface The results are shown in Table 4.5, and plotted in Figures 4.11 and
4.12. The distribution of stress on the femoral, medial tibial, and lateral tibial cartilages

are shown in Figures 4.13 - 4.15.

Table 4.5: Stress distribution across the articular surface for different corrections

Component Von Mises Stresses (MPa)
Uncorrected (0°) | 4° 5° 7°

Medial Tibial Cartilage (MTC) 2.976 2.632 | 2.571 | 2.479
Lateral Tibial Cartilage (LTC) 1.986 2.321 | 2.427 | 2.694
Medial Meniscus (MM) 3.410 3.034 | 2.782 | 2.308
Lateral Meniscus (MM) 0.876 1.960 | 2.155 | 2.884
Femoral Cartilage (FC) - Medial 2.979 2.608 | 2.568 | 2.455
Femoral Cartilage (FC) - Lateral 1.723 1.967 | 2.030 | 2.233
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Figure 4.11: Von Mises stresses at the medial compartment for different correction angles
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Figure 4.12: Von Mises stresses at the lateral compartment for different correction angles

(a) Uncorrected (0°) (b) 4°

(c) 5° (d) 7°

Figure 4.13: Von Mises stress distribution on the femoral cartilage
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(a) Uncorrected (0°) (b) 4°

(c) 5° (d) 7°

Figure 4.14: Von Mises stress distribution on the proximal surface of lateral tibial cartilage

(a) Uncorrected (0°) (b) 4°

(c) 5° (d) 7°

Figure 4.15: Von Mises stress distribution on the proximal surface of medial tibial cartilage

o2



4.5 Effect of Correction Angle on MCL Strain

The impact of varying the correction angle on the strain experienced by the MCL is an-
alyzed and documented. The strain in the MCL is represented by the force exerted on
the spring elements. 4.16 illustrates the strain distribution across each MCL element as
well as the overall force exerted. This detailed representation allows for a comprehen-
sive understanding of how different correction angles affect the mechanical response of the
MCL, providing insights into the optimal correction strategies for minimizing strain and
enhancing joint stability.
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Figure 4.16: Effect of Correction Angle on Force in MCL
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4.6 Effect of Release of the Superficial MCL on the
Articular Surface Contact Force, and Pressure
distributions

In this study, partial and total releases of the superficial MCL were performed on a 5° cor-
rection model to evaluate its viability as a surgical technique for reducing medial contact
pressures. The release sequence began with first deleting the spring element of the inter-
mediate MCL, followed by the anterior and posterior MCLs. The results are summarized
in Tables 4.6 and 4.7. Corresponding plots are presented in Figures 4.17 - Figures 4.19.

Table 4.6: Contact forces between articular surface pairs due to partial and total MCL
release. The numbers represent contact forces in Newtons (N).

Surface pairs | MCL Intact | Part‘ial release . Total release
iMCL | iMCL+aMCL | iMCL+aMCL+pMCL
FC-MTC 525.5 455.7 385.3 290.6
FC-LTC 339.9 357.8 374.5 408.4
FC-MM 96.4 ]1.1 68.7 48.8
FC-LM 55.8 60.9 63.6 71.7

Table 4.7: Contact pressures on the articular surface as a result of partial and total MCL
release

Contact pressures (MPa)

Component MCL Intact | iMCL | iMCL+aMCL | Total release
Medial Tibial Cartilage (MTC) 5.467 5.031 4.660 4.165
Lateral Tibial Cartilage (LTC) 4.740 4.929 5.062 5.364
Medial Meniscus (MM) 2.867 2.366 1.981 1.603
Lateral Meniscus (MM) 2.825 2.875 2.897 3.131
Femoral Cartilage (FC) - Medial 5.446 4.992 4.531 3.955
Femoral Cartilage (FC) - Lateral 4.602 4.778 4.908 5.204
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Figure 4.17: Effect of MCL release on Contact Force between surface pairs
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Figure 4.18: Effect of MCL release on Contact Pressure distribution across the medial
compartment for 5° correction
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Figure 4.19: Effect of MCL release on Contact Pressure distribution across the lateral
compartment for 5° correction
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4.7 Results of Double Osteotomy

FE analysis for a double osteotomy procedure was carried out for 7° overall correction to
determine articular surface contact and stress parameters. The model development process
included a combination of lateral closing wedge osteotomy at the femur and an opening
wedge high tibial osteotomy. The results were compared with the HTO model with 7°
correction. The results obtained are shown in Tables 4.8 - 4.10. The plots for the same are
shown in Figures 4.20 - 4.24.

Table 4.8: Contact Force comparison between HT'O at 7° correction and Double Osteotomy

. Contact Force (N)
Surface Pairs

HTO at 7° | Double Osteotomy
FC-MTC 647.3 270.7
FC-LTC 386.9 405.1
FC-MM 90.3 41.5
FC-LM 84.9 80.6

Table 4.9: Contact Pressure comparison between HTO at 7° correction and Double Os-
teotomy

Component Contact Pressure (MPa)
HTO at 7° | Double Osteotomy

Medial Tibial Cartilage (MTC) 5.43 2.82
Lateral Tibial Cartilage (LTC) 5.312 5.249
Medial Meniscus 2.747 1.385

Lateral Meniscus 3.439 3.523
Femoral Cartilage (FC) - Medial 5.362 2.741
Femoral Cartilage (FC) - Lateral 5.203 5.115
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Table 4.10: Von Mises Stress comparison between HTO at 7° correction and Double Os-
teotomy

Component Von Mises Stress (MPa)
HTO at 7° | Double Osteotomy

Medial Tibial Cartilage (MTC) 2.479 1.360
Lateral Tibial Cartilage (LTC) 2.694 2.667
Medial Meniscus 2.308 1.019

Lateral Meniscus 2.884 2.936
Femoral Cartilage (FC) - Medial 2.455 1.251
Femoral Cartilage (FC) - Lateral 2.233 2.215
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Figure 4.20: Contact Force comparison between HTO at 7° correction and Double Os-
teotomy
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Figure 4.21: Contact Pressure comparison between HTO at 7° correction and Double
Osteotomy on the medial compartment

Figure 4.22: Contact Pressure comparison between HTO at 7° correction and Double
Osteotomy on the lateral compartment
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Figure 4.23: Von Mises Stress comparison between HTO at 7° correction and Double
Osteotomy on the medial compartment

Figure 4.24: Von Mises Stress comparison between HTO at 7° correction and Double
Osteotomy on the lateral compartment
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Chapter 5

Discussion

The study aimed to develop finite element models of the knee joint to simulate the HTO
surgical procedure. The primary objective of this study was to investigate how the change
in knee alignment affects the contact forces and pressures on the articular surface of the knee
joint, for under-correction, optimal correction, and overcorrection. In addition, the study
aimed to quantify the MCL strain at different osteotomy corrections and the implications of
MCL release on the articular surface of the knee joint. A double osteotomy procedure was
also simulated to analyze its efficacy against a single osteotomy procedure. The chapter
aims to comprehensively analyze all the results generated by comparing and validating
with existing literature.

5.1 Development of FE Model

Surgical Simulation of HTO

The models for tibia generated for HTO are based on a completely novel procedure that
takes into account key aspects of lower limb mechanics. As mentioned in Section 3.1.3, the
corrections at the tibia were made by splitting the tibia about a cutting axis, removing a
small wedge at the lateral side, and subsequently rotating the distal end of the tibia to
achieve the desired correction. Although this procedure is typically not how the surgery is
performed in a clinical scenario, it allows for the shift in the mechanical axis of the lower
limb, which is an integral part of unloading the knee joint during an osteotomy procedure.
Moreover, the procedure adopted emulates a healed HTO, which is crucial for the analysis
of post-operative conditions. A long-standing anteroposterior radiograph was utilized in
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combination with the model developed by Rao [72] to determine the desired correction of
5°, based on a pre-planning procedure by Miniaci et al [55]. This method was adopted
due to the unavailability of the MRI of the entire length of the lower limb. With the
optimal correction angle determined, the remaining models were developed based on the
same procedure and were termed as under correction and overcorrection.

A common approach adopted by researchers [16, 32, 40, 51] to model the tibia for HTO
is by removal of a wedge on the medial side of the tibia without performing the opening
of the osteotomy. An approach like this, although could save computational time and
could be used for analysis targeting aspects like hinge stress and fractures, and fixation
plate stresses, is not a feasible approach for articular surface contact analysis. This is
because this procedure does not emulate the clinical scenario of HTO since it does not
shift the mechanical axis of the tibia, which is crucial for investigating contact and loading
parameters.

5.2 Finite Element Analysis

5.2.1 Validation of FE model

The FE knee model was validated by comparing the tibiofemoral contact pressure results
for the uncorrected model with existing literature on contact forces and pressures. The
validation process involved using two different material properties for the cartilage: one
with a modulus of 20 MPa [3], and the other with a modulus of 5 MPa [68]. Both models
were subjected to a load of 800N as described in Section 3.2.1 and the same boundary
conditions were maintained.

The maximum contact pressure results for the model with higher cartilage modulus of
elasticity was found to be 6.383 MPa. The results for the first model lie within the range
reported by Huang et al [37], where the peak contact pressure on the knee joint was reported
to be 7.31 +2.41MPa. The peak contact pressures generated for the model with the lesser
modulus of elasticity for cartilage were found to be 2.325MPa on the medial compartment
and the peak lateral compartment contact pressure was 2.581MPa. The results are within
the range of results generated by Donahue et al [25], where the maximum pressure on
the medial compartment was 2.50MPa and 2.26 MPa on the lateral compartment. The
difference in the results between the first model and Danoahue et al could be due to a
difference in cartilage thickness, or a difference in the material property used. A study by Li
et al [46] shows that a 10% alteration in the cartilage layer thickness led to a corresponding
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10% variation in surface pressure within a tibiofemoral joint model. It was also stated that
the variation in material properties significantly affects the stress distribution across the
tibial plateau. However, the consistency between the contact pressure results in this study
and the literature data indicates that the FE model can produce reasonable results.

5.2.2 Effect of varying correction angle on the articular surface
and MCL strain

Contact forces

Determining contact forces on the articular surface provides crucial information on how
the joint loading is affected as the load-bearing axis is shifted. The primary purpose of
an open wedge HTO surgery is to effectively unload the affected compartment, typically
the medial compartment in cases of medial knee OA, and to shift the loading laterally.
Optimal corrections could create a more balanced distribution of load across the knee
joint, alleviating symptoms and potentially slowing the progression of OA. The findings of
this study reported in Section 4.2 provided crucial information on how the joint is unloaded
as the load-bearing axis is shifted laterally. Specifically, the redistribution of forces helps in
understanding how the altered alignment influences the load distribution on the cartilage.

The contact force on the medial compartment decreased by 2% for a 4-degree correc-
tion and 3% for a 5-degree correction. On the contrary, the contact force on the lateral
compartment increased by 29%, 37%, and 55% for 4, 5, and 7 degrees of correction, respec-
tively. It was hypothesized that increasing the correction angle would lead to a decrease
in medial compartment forces and a corresponding increase in the load distribution across
the lateral compartment. Figures 4.3, 4.4, and 4.5 illustrate contour plots of the load dis-
tribution across the femoral cartilage, medial tibial cartilage, and lateral tibial cartilage.
The red areas in these figures represent regions of high load intensity.

What is evident from these images is that the areas with higher intensity on the medial
side of the femoral cartilage and the medial tibial cartilage gradually decrease and shift
laterally with increasing correction angles. In contrast, the load distribution on the lateral
side of the femoral cartilage and the lateral tibial cartilage intensifies and also shifts laterally
as the correction angle increases. This distribution pattern supports the initial hypothesis
that the intensity of loading would decrease on the medial side and increase on the lateral
side. Therefore, the results effectively demonstrate the efficacy of HT O surgery in unloading
the medial compartment.
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However, a 20% rise in the contact force was observed on the medial tibial cartilage in
the 7° correction model. One explanation is possible due to the geometry of the cartilage
itself. As shown in Figure 5.1b, the lateral aspect of the medial tibial cartilage has an
elevated surface, creating a ridge where the load intensity is higher. The increase in contact
force on the medial tibial cartilage for the 7° correction could be due to the increase in
contact area between the femoral cartilage and the medial tibial cartilage. This change in
the contact area is not as evident in the 5° model but spikes in the 7°, as plotted in Figure
5.2, potentially explaining the increased contact loading.
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(a) Load distribution on MCL for 7° (b) Elevated surface creating a ridge on
correction the MTC where loading is higher

Figure 5.1: Geometry of medial tibial cartilage and load distribution on 7° correction
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Figure 5.2: Change in contact area in medial and lateral compartments
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However, this abnormal force distribution may indicate the implications of overcorrec-
tion. As shown in Figure 4.16, the total force in the MCL spikes in the overcorrected
model. This increase in MCL strain creates a region of abnormal force distribution on the
medial compartment, suggesting that overcorrection leads to uneven pressure distributions
across the tibial plateau. Therefore, it is critical to maintain the correction angle within
an optimal range to achieve the best clinical outcomes and avoid potential complications
associated with overcorrection.

Contact pressures and stress distributions

It was hypothesized that the peak contact pressure would decrease medially and increase
laterally in the knee joint by shifting the load-bearing axis. Section 4.3 reported the peak
contact pressures in the knee joint, and the findings of this study supported the hypothesis.
The peak contact pressure in the medial tibial cartilage decreased from 6.383 MPa in
the uncorrected tibia to 5.43 MPa in the overcorrected (7°) model, representing a 15%
reduction. The optimal correction angle of 5° resulted in a peak contact pressure of 5.467
MPa in the medial tibial cartilage, a 14% reduction. Conversely, the peak contact pressure
in the lateral tibial cartilage increased from 3.673 MPa to 5.312 MPa in the overcorrected
(7°) model, a 45% increase, and 4.74 MPa in the optimal correction model (29% increase).
On the medial side of the femoral cartilage, there was a decrease from 6.21 MPa to 5.446
MPa for optimal correction (12% decrease), and for the overcorrection, a 14% decrease
was observed. The lateral side of the femoral cartilage saw a decrease The model with
under-correction (4°) showed an 11% decrease in medial tibial cartilage pressure and a
9% decrease in medial femoral cartilage pressure. The pressure distributions across the
articular surface are shown in Figures 4.8, 4.9, and 4.10. The distribution indicates a
lateral shift in the high-pressure regions as the corrections increase.

The Von Mises stress variations across the articular surface showed a similar trend in
distribution across the articular as the correction angle increased. The stress reduction
across the medial tibial cartilage were 11%, 13%, and 17% for 4°, 5°, and 7° corrections,
respectively. The reductions across the medial side of the femoral cartilage were 12%, 14%,
and 17.50%. On the lateral compartment, the stress on the lateral cartilage increased by
17% for 4°, 22% for 5°, and 35% for 7°, and 14%, 18%, and 30% on the lateral side of the
femoral cartilage.

These results suggest that varying degrees of correction angles can significantly impact
the distribution of contact pressures within the knee joint, thereby affecting the mechan-
ical environment of the knee joint post-surgery. The correction angle of 5° emerged as
the balanced optimal correction, offering a substantial reduction in medial pressure while
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avoiding excessive increases in lateral pressure. This balance is crucial for maintaining
joint homeostasis and preventing new areas of degeneration. The decrease in femoral carti-
lage pressure across different correction models further supports the notion that HTO can
beneficially alter joint mechanics.

The findings of this study are in line with the reported literature targeting contact
pressures and stresses on the articular surface as a result of shifting the load-bearing axis.
The results obtained for contact pressures are very comparable to the study by Mina et al
[54], who also reported that as the correction angle increases, the contact pressures decrease
on the medial compartment and shift laterally. The study suggested that a correction
of 4° was recommended for optimal pressure distribution across the medial and lateral
compartments. The stress distribution reported in this study correlates with Trad et al
[84]. Although their study performed a lateral closed wedge osteotomy on the tibia, the
objective was similar: shift the load-bearing axis laterally. The study reported a shift in
Von Mises stress distribution towards the lateral compartment, and suggested that at a
correction of 4.5°, a balanced distribution of stresses between the two compartments was
noticed. Zhang et al [89] reported similar trends in the variation of stresses across the
articular surface. The optimal results for their model were seen at 7.5°, with stresses most
uniformly distributed between these two compartments at this correction. The choice of
optimal correction, although different than the ones reported, lies well within the range
reported in the literature.

MCL Strain

While the contact force and pressure distributions across the medial compartment decrease
after osteotomy, the strain in MCL increases. Clinically, this occurs because the superficial
MCL, which overlies the osteotomy site, gets stretched during the opening of the osteotomy.
This stretching happens as the bone cut during the procedure creates a gap, leading to an
elongation of the MCL, thus increasing its strain.

In the study, the strain in the MCL was quantified as a function of the force in ligament
spring elements. Specifically, three spring elements were modeled to represent the superfi-
cial MCL: the anterior (aMCL), intermediate (iMCL), and posterior (pMCL) portions.

The primary objective was to measure the force in the MCL, and the results are depicted
in Figure 4.16. The findings indicate that with increased correction achieved through
osteotomy, the force, and consequently the strain, in the superficial MCL significantly
rises. Specifically, the total MCL force escalates from 187N in an uncorrected tibia to
410N in an overcorrected model, marking a 120% increase. For an optimally corrected
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tibial model, the total force increases to 225N, still reflecting a notable rise in MCL strain.
Egmond et al [86] reported in their cadaveric study that the MCL tension increases by an
average of 203N after osteotomy, and relaxes over time but remains in a constant state of
stress which ultimately leads to increased contact pressures. The results from this study
align with these findings, showing similar trends in MCL force. The tensile strength of the
MCL is reported to be 534N approximately [73], so an increase of this magnitude in the
MCL after correction is substantial and could lead to potential complications.

The increase in MCL force and strain can be attributed to the biomechanical changes
introduced by the osteotomy opening. As the alignment of the tibia is achieved, the me-
dial compartment, which previously absorbed a greater portion of the load, experiences a
reduction in contact force and pressure. However, this load reduction in the medial com-
partment shifts the strain to the MCL, causing it to bear more force. Although the medial
tibial cartilage experiences reduced contact force and stress, this reduction is insufficient to
offset the abnormal loading of the MCL. A more significant reduction in contact force and
pressure in the medial compartment could be achieved by partially or fully releasing the
MCL. This release could help distribute the load more evenly across the joint and reduce
the strain on the MCL.

5.2.3 Effect of MCL Release on articular surface force and pres-
sure distributions

There is an ongoing debate among researchers and clinicians regarding the efficacy of
releasing the MCL after osteotomy to reduce joint loading in the medial compartment.
This debate focuses on whether releasing the MCL is a viable option to reduce medial
compartment contact forces and pressures and, if so, whether a partial release is sufficient
or if a complete release is necessary. The study aimed to quantify the effects of both partial
and total release of the superficial MCL on the articular surface contact force and pressures
for a 5° correction. These findings are detailed in Section 4.6. For the sake of discussion,
the release of only the iMCL will be termed as condition 1, the release of iMCL and aMCL
will be termed as condition 2, and total release as condition 3.

The results indicate that the contact force on the medial tibial cartilage was reduced
by 13% for condition 1, 27% for condition 2, and 48% for condition. Similarly, the contact
pressures on the medial tibial cartilage showed reductions of 8%, 15%, and 24% for condi-
tions 1, 2, and 3 respectively. On the lateral tibial cartilage, the contact forces increased
by 5%, 10%, and 20% for the release conditions when compared with results with intact
MCL. The contact pressures on the lateral tibial cartilage increased by 4%, 7%, and 13%.
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On the femoral cartilage, the medial side saw a decrease of 8%, 17%, and 27% in the con-
tact pressures, and on the lateral side, the pressures increased by 4%, 7%, and 13%. The
comparison between the medial and lateral side contact pressures is shown in Figure 5.2.

\

IN

Contact Pressure (MPa)
N w

MCL intact Release of iMCL Release of iMCL and Total Release
aMCL
| TC ==——MTC FC (Lateral) FC (Medial)

Figure 5.3: Comparison between contact pressure on the medial and lateral compartments
for MCL release conditions

The results indicate that the force and pressure distributions across the medial com-
partment substantially decrease with the total release of the MCL. The effect of the MCL
release on the medial side is much greater than on the lateral side. These findings suggest
that the release of the MCL can be an effective surgical intervention to further reduce
pressures on the medial compartment, potentially improving patient outcomes by slowing
the progression of medial compartment OA. The choice of whether to release the MCL
partially or completely could be made through appropriate patient selection and degree of
deformity. In Figure 5.2, the balance of load between the medial and lateral compartments
is noticed after releasing the intermediate MCL, and the gap between the pressure increases
with subsequent release conditions. In situations like this, the increase in force and pres-

68



sure on the lateral side must be taken into account, as they could lead to complications
such as valgus laxity in the lateral compartment over time.

The results obtained are comparable with Agneskirchner et al [2] and Egmond et al
[86]. Both works of literature reported a decrease in the mean contact pressure and peak
contact pressures in the medial compartment and a significant increase in the mean and
peak contact pressures in the lateral compartment with the release of MCL. Agneskirchner
et al’s [2] findings reported a 27% decrease in the peak contact pressures in the medial
compartment for 50% release of MCL and a 62% decrease in the peak contact pressures
for 100% release of the MCL. Egmond et al [86] reported that a complete release of the
superficial MCL results in a significant decrease of the mean contact pressures, and peak
contact pressures in the medial compartment, and a significant increase in the lateral
compartment. They also reported that a complete release of the superficial MCL results in
valgus laxity. Pape et al [65] reported that the release of superficial MCL should be kept
to a minimum to decrease the potential of valgus laxity.

5.2.4 Double Osteotomy

Nakayama et al [60] suggested that for large corrections, it is viable to consider a double-
level osteotomy to avoid detrimental stresses. The double osteotomy procedure was per-
formed for a 7° correction, and results were compared with a single-level osteotomy. From
the results, it is evident that the double osteotomy procedure significantly reduces the
forces and pressures across the medial compartment when compared with the results of a
single osteotomy. Contact pressures in the medial side of femoral cartilage decreased by
48%, 49% in the medial meniscus, and 48% in the medial tibial cartilage. The contact
force on the medial compartment was reduced by 58% at the contact between the femoral
cartilage and the medial tibial cartilage. The stress distribution saw a decrease of 49% in
the medial side of femoral cartilage, 56% in the medial meniscus, and 45% in the medial
tibial cartilage.

Interestingly, the study found that the changes in the lateral compartment were not as
profound. This suggests that the double osteotomy does not significantly affect the lateral
side of the knee, which typically remains the unaffected compartment in most osteotomy
procedures. The stability and function of the lateral compartment are maintained, which
is important for overall knee joint function and patient mobility.

These findings highlight the potential benefits of a double osteotomy procedure in
reducing the pressures on the knee joint, thereby promoting better clinical outcomes for
patients undergoing high tibial osteotomy for larger corrections. Nakayama et al’s findings
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support the use of double-level osteotomy for large corrections, as it offers a method to
achieve the necessary angular correction while mitigating the risk of excessive stress on
the medial compartment. This makes it a potentially viable option for patients requiring
significant correction without compromising the integrity of the lateral compartment and
to prevent complications such as joint line obliquity [7].

5.3 Significance of current study

The study has a multifaceted significance, which includes biomechanical insights, and clini-
cal implications. The FE models developed for this study address key aspects of the biome-
chanical effects of the HTO procedure on knee joint mechanics. The study researches the
impacts of varying the correction angles on the articular surface contact parameters and
stress distribution, specifically for under-correction, optimal correction, and overcorrection.
Key findings highlight the importance of selecting the appropriate correction angle for HTO
for optimal and balanced distribution of load between the medial and lateral compartments,
which could be affected if the knee is either undercorrected or overcorrected. Specifically,
overcorrecting the knee joint by as little as 2° could potentially increase the risk of com-
plications such as excessive MCL strains leading to damage of the ligament, and further
progression of OA even after correction due to abnormal loading patterns. The increase in
loading and pressures on the lateral side by overcorrecting could potentially lead to lateral
compartment OA. The overall joint stability of the knee could potentially be worsened by
compromising the integrity of the MCL. Optimizing the methodology for determining the
optimal correction angle is a crucial step to prevent or minimize complications associated
with the surgery.

In addition to optimizing correction angles, the study provides insights into modifying
the surgical procedure for a better understanding of patient-specific outcomes. The study
delves into assessing whether releasing the MCL is a viable option during surgery to further
manage symptoms. Depending on the severity of the OA, surgeons could potentially assess
the feasibility of releasing the MCL, and if they decide to do so, a decision could be made
whether to partially release it or completely release it. The study also provides evidence of
the feasibility of a double osteotomy over a single osteotomy for larger corrections. This is
particularly valuable for patients with complex deformities and for those who do not achieve
satisfactory results with a single osteotomy. Targeting key aspects such as these could help
surgeons decide if modifying the procedure is beneficial for better patient outcomes and
reduced likelihood of revision surgeries.

Overall, the study provides a non-invasive method to quantitatively assess the biome-
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chanical impacts of the surgery and could be used as a potential pre-operative planning
tool that extends beyond just the determination of optimal correction. The study could
also help optimize postsurgical rehabilitation to help patients achieve improved long-term
outcomes.
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Chapter 6

Conclusions

6.1 Summary

In this study, FE models were developed to investigate the impact of varying correction
angles on the knee joint following a medial opening wedge HTO procedure. The models
were constructed based on a clinically relevant approach to determine the optimal surgical
correction, building upon previous modeling efforts by [72]. The FE analyses quantified
knee contact parameters and stress distributions across the articular surface for scenarios
of under-correction, optimal correction, and overcorrection. Additionally, MCL strain was
measured to assess its relationship with correction angles and its effects on load and pressure
distributions across the articular surface. The potential intervention of MCL release was
also examined. Finally, the outcomes of single-level osteotomy were compared with those
of double osteotomy for a large correction.

The osteotomy cuts were modeled on 3D models of the tibia and femur using Solidworks,
then exported and meshed in Hypermesh. The models were subsequently transferred to
Abaqus CAE, where they were assembled with the other knee components. Appropriate
loads and boundary conditions were applied to determine the contact parameters. The
results showed that contact forces and pressures decreased in the medial compartment
and increased in the lateral compartment as the correction angles increased. The stress
distribution across the articular surface exhibited a similar trend, and the results were
verified against published literature. A balanced distribution of load and pressure between
the medial and lateral compartments was observed with a 5° correction, validating the
preplanning procedure.
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The strain in the MCL was quantified as a function of force in the spring elements.
The model confirmed the hypothesis that MCL strain increases with an increase in cor-
rection angles. The total force in the MCL spiked in the overcorrected model, resulting
in abnormal load distributions on the medial side. An effective method to unload the
medial compartment was to release the MCL. With the partial and total release of the
superficial MCL, the medial compartment experienced a decrease in load and pressure dis-
tributions, demonstrating that MCL release can be an effective option for unloading the
medial compartment.

A comparison between the results of single osteotomy and double osteotomy was made
on a 7° correction. For larger corrections, a double osteotomy procedure proves to be a
viable option to unload the medial compartment, without altering the mechanics of the
lateral compartment.

The study highlights the impact of a medial opening wedge HTO on knee joint me-
chanics following the procedure. A detailed approach to emulate a clinical scenario was
adopted to predict and investigate the implications and outcomes. The study shows that
FE models can accurately predict the outcomes of surgical procedures, allowing for appro-
priate pre-planning and post-surgical rehabilitation to minimize complications and improve
patient outcomes.

6.2 Limitations and Future Work

Several limitations were identified in this study, which can pave the way for future work,
including;:

1. The FE models were developed on a 3D model of the knee joint that does not include
the hip and ankle joints. The pre-planning procedure for determining the optimal
correction was done using a radiograph that does not belong to the knee joint. The
involvement of hip and ankle joints in pre-planning procedures and developing a
model is crucial for HTO procedures. Future models could be developed by mod-
eling the hip and ankle joints to better predict the knee joint behavior for varying
corrections.

2. The material behaviors of soft tissue components like cartilage and menisci are as-
sumed to be linear isotropic. While this assumption has yielded promising results,
the accuracy of tibiofemoral contact forces and pressures could be enhanced by ac-
counting for their non-linear behavior. To further improve this study, incorporating
non-linearity in FE models for biological systems could produce more realistic results.
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. In addition to the previous limitation, the contact parameters of the articular surface
were determined by considering only a single value of Young’s modulus for the carti-
lage. Studies have reported varying values for the elastic behavior of cartilage. The
response in the cartilage models could significantly vary by considering different val-
ues. Future research could include a comparative analysis of these varying material
behaviors to better predict outcomes.

. Another limitation also concerns the material behavior of cartilage. The current
model uses the material properties of healthy knee cartilage. The study’s accuracy
could be improved by considering the material behavior of an arthritic knee, providing
a better understanding of the behavior of the diseased knee.

. A non-linear static simulation was performed on the knee joint by only applying a
single load. The study does not consider the involvement of muscle forces in inves-
tigating the knee joint mechanics. This may underestimate the knee joint behavior,
particularly the cartilage stresses. The involvement of muscle forces could play an
important role in the mechanics of the knee by accurately predicting the cartilage
behavior.

. Although a static simulation does predict the behavior of the knee joint quite ac-
curately, future work could include a dynamic simulation. This could include in-
vestigating the articular surface contact parameters for activities such as walking,
running, and jumping post-surgery. This would provide a better understanding of
the knee joint and can help optimize post-surgical rehabilitation procedures.
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