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Resumo

A osteoartrite é responsável pela degradação progressiva da cartilagem articular do joelho. Em

casos de degradação acentuada, a Artroplastia Total do Joelho é usada para restaurar a função e

alinhamento da articulação do joelho. Esta é uma das cirurgias com maiores taxas de sucesso atu-

almente, com resultados notáveis a longo prazo. Ainda assim, complicações pós-operatórias podem

ocorrer, resultando em cirurgias de revisão em que os componentes danificados são removidos e subs-

tituídos. Nas cirurgias de revisão, hastes intramedulares são introduzidas juntamente com os compo-

nentes prostéticos primários, de forma a aumentar a sua fixação e estabilidade. O uso de modelos

computacionais pode melhorar o desenho do implante e o planeamento pré-operatório da cirurgia, e

consequentemente melhorar os resultados pós-operatórios.

O objectivo deste trabalho é analisar os efeitos que a introdução de uma haste endomedular tem

nas forças e tensões a que o osso complementar fica sujeito, após uma cirurgia de revisão, com recurso

a modelos computacionais e a análise de elementos finitos. Para tal, quatro modelos foram criados, com

diferentes configurações de inserção de hastes. Foram aplicadas forças musculares, com o intuito de

replicar o carregamento a que a prótese está sujeita. Vários casos de carga foram considerados, de

acordo com as diferentes fases do ciclo de marcha.

Os resultados obtidos demonstram que a inserção de uma haste tibial afecta de forma insignifi-

cante a distribuição de tensões no fémur. Verificou-se também que, nos casos de inserção de haste

femoral, as tensões a que o fémur está sujeito diminuíram, confirmando assim o efeito de stress shield-

ing esperado.

Palavras-chave: Artroplastia Total do Joelho, cirurgia de revisão, haste intramedular,

Análise de Elementos Finitos, Stress de Von Mises
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Abstract

Knee osteoarthritis is responsible for the progressive degradation of the knee articular cartilage. In

serious cases, total knee arthroplasty is used to restore the function and alignment of the knee joint. TKA

is one of the most successful and cost-effective surgeries in modern medicine, with remarkable long-

term surgical outcomes. Nevertheless, it is possible for postoperative complications to occur, resulting

in revision surgeries, where the damaged components are removed and replaced. In revision surgeries,

intramedullary stems are introduced, along with the primary prosthetic components, in order to increase

fixation and stability. The use of computational models can improve the design and preoperative planning

of the TKA, and consequently improve the surgical outcome.

The main goal of this work is to analyze how the introduction of an intramedullary stem during

revision surgery affects the forces and stresses acting on the complementary bone, through the use of

computational models and finite element analysis. Therefore, four models were created, with different

stem insertion configurations. Muscle forces were applied, so as to mimic the loading the prosthesis is

subjected to. Several loading cases were considered, according to different phases of the walking gate

cycle.

Results wise, the main conclusion of this study is that the insertion of a tibial stem, affects in-

significantly the stress distributions in the femur. Furthermore, in the cases where a femoral stem was

inserted, the femur stresses lowered, thus confirming the expected stress shielding effect.

Keywords: Total knee arthroplasty, revision surgery, stem, Finite Element Analysis, Von

Mises stress
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Chapter 1

Introduction

In this introductory chapter, the subject matter behind the development of this work is presented.

Furthermore, the main questions this work will address and the methodology chosen for that purpose

are succinctly mentioned.

1.1 Motivation and Goals

Over the past half century, the total knee arthroplasty (TKA) has evolved into one of the most

successful surgical procedures in modern medicine. The knee is the largest and most complex joint in

the human body, and can often be subjected to great amounts of stress during physical activities, such

as running or jumping. In addition, knee condition can also deteriorate with age. Osteoarthritis, a dis-

ease characterized by the deterioration of cartilage over time due to prolonged wear, is one of the most

common chronic conditions affecting adults today. Knee osteoarthritis causes a great deal of pain to the

patient, as well as directly decreasing their quality of life. When the deterioration is too severe, TKA is

performed so that proper knee joint function is restored, making osteoarthritis the main indication for the

procedure. Over the last decades, the number of patients undergoing TKA has considerably and consis-

tently increased. In the United States alone, the number of TKAs performed each year increased from

31.2 per 100 000 person-years between 1971 and 1976, to 220.9 per 100000 person-years between

2005 and 2008 [Eidel et al., 2020]. In 2012 alone, more than 700000 TKAs were performed in the US,

with a projected 143% increase in TKA volume by the year 2050 [Inacio et al., 2017]. Not only has TKA

proven to be successful in restoring knee functionality, it also provides satisfactory long-term results. In

2010, the survival rate at 10 years for primary TKA was 92% [Putman et al., 2018]. Nevertheless, no

surgical procedure is without the possibility of postoperative complications. In the case of TKA, infection

and loosening of the prosthetic components are the most common sources of implant failure. Postoper-

ative complications, along with the �nite lifespan of 10 to 15 years of the implants, the increasing number

of primary TKAs and the expanding indication of the procedure to younger patients, are all collectively

responsible for an increased number of revision TKA procedures being performed.

In revision TKA, prosthetic components are removed and replaced, with the goal of reinstating the
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desired stability and functionality of the knee joint. Revision TKA must deal with bone loss, in�ammatory

processes and stress shielding effects, as a consequence of the initial surgical intervention. Further-

more, femoral and tibial components used for primary TKA may no longer provide necessary stability,

on their own. As a result, revision TKA may require the use of revision speci�c components, such as

stems, as a complement to the primary components. Stems improve the mechanical stability of the com-

ponents, by providing load transmission to diaphyseal cortical bone and away from implant interfaces

[Shannon et al., 2003], at the cost of stress shielding along their length. This may result in decreased

bone density and higher risks of loosening and fracture, hindering long-term implant �xation. However,

in revision surgeries where bone loss and instability is already present, increased stability provided by

stems is desired [Scott and Biant, 2012]. Undeniably, revision TKA results are promising, with over 70%

success rates at 3.5 years. However, these are still inferior to the results of primary TKA, due to the

complicated nature of the procedure and the restrictions caused by bone loss, as previously mentioned

[Completo, 2006].

Modern imaging methods and CAD-software allow the reconstruction and design of biological

structures, suitable for computational �nite element analysis (FEA). FEA is used to solve biomechanical

problems involving the study of tissues, such as bones, as well as their mechanical behaviour, under

different conditions [Kluess, 2010]. In particular, joint replacement surgeries can be assessed pre-

operatively, making the procedure more personalized to the speci�c needs of each patient. This way,

the outcome of surgical procedures can be improved. In that sense, the main goal of this study is to un-

derstand how the introduction of an intermedullary stem, during revision TKA, affects the stresses acting

on the complementary bone. Four different computational models for FEA were created, representing

the knee joint after primary surgery, without any stem, and three possible knee joint con�gurations after

revision surgery, with the insertion of only a femoral or a tibial stem, or both. Comparing the four, the

goal is to determine if, indeed, one stem in�uences the stresses on the complementary bone.

1.2 Thesis Outline

In order to present all the information in a cohesive and organized manner, this work has been

divided into �ve main chapters. Firstly, the subject matter of this study is introduced, as well as concepts

considered relevant to its full comprehension. Following that, the methodology used for the analysis

performed is described. Finally, the obtained results and main conclusions are presented, as well as

suggestions for future works. Starting with chapter 1, the subject that led to this work is introduced, and

the main motivations and goals are presented.

Ensuing, in Chapter 2, an introduction to the main topics concerning the comprehension of the

developed study is provided. This information includes an initial description of the knee joint anatomy

and biomechanics. Then, the total knee arthroplasty is described, including the possible indications and

contraindications for this kind of surgery, as well as the complications that can occur. Furthermore, the

type of prosthesis used for this particular study is also described, as well as the technique used in these

surgeries. Revision surgery is also mentioned, as a result of the possible complications. In this case,
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the surgical technique is also described.

In chapter 3, the methodology used to achieve the numerical models is described. Initially, the

image acquisition and segmentation process is described, followed by the computational modelling of

the 3D knee joint models, with resource to CAD software. Finally, the models created are used to

obtain the numerical models with which the �nite element analysis is performed. All implementation

decisions made for the numerical models, including the mechanical properties, the contact and boundary

conditions, the load conditions and mesh generation, are thoroughly explained. In chapter 4, the results

obtained are stated and analyzed. In chapter 5, the main conclusions drawn from the study and possible

future improvements are presented.
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Chapter 2

Background

The information presented in this chapter is intended to provide insight on the theoretical basis

behind the work developed in this study. Firstly, a thorough introduction to the knee joint anatomy is

provided. Furthermore, as the proper functioning of prosthetic joint components heavily relies on the

understanding of joint kinematics, relevant concepts of knee alignment and knee biomechanics are

also explained. Ensuing, an overview of the total knee arthroplasty is also provided, including possible

indications for surgery, as well as complications that may occur. Epidemiological data on TKA is also

mentioned. Additionally, the prosthesis choosen for this study and accompanying surgical techniques

are also described, for both primary and revision surgeries. Finally, revision total knee arthroplasty is

also mentioned, as the inclusion of stems in TKA is to be studied and discussed in future chapters.

Figure 2.1: Knee Joint Representation

2.1 Knee Joint

The knee joint (Figure 2.1) is the largest and most complex joint in the human body. It is com-

prised of two distinct joints: the tibio-femoral joint and the patella-femoral joint. The tibio-femoral joint

refers to the joint formed by the proximal tibia and the distal femur. It is responsible for �exion and ex-

tension movements of the leg, crucial for activities such as walking or running. The patella-femoral joint,
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formed by the patella and femur, stabilizes and protects the knee joint, with the former gliding over the

latter. In addition, various stabilizers act simultaneously, in order for the knee joint to move correctly and

with proper stability. The stabilization is guaranteed, primarily, by the ligaments located around the knee,

while secondary stabilization is provided by the surrounding muscles. In addition, the menisci, two �bro-

cartilaginous discs located above each tibial condyle, act as shock absorbers. These are responsible for

providing protection and increasing the stability of the knee [Affatato, 2015, Abulhasan and Grey, 2017].

The knee joint can tolerate considerable stress without damage. Nonetheless, when subjected

to sudden forceful stresses, injuries can occur. As a result, surgery may be necessary [Graaff, 2001].

Furthermore, poor knee alignments damage the articulation, and may also be corrected through surgical

intervention. Knee interventions are complex procedures, and the lack of vascularity of the cartilaginous

tissue dif�cults healing. Thus, knowledge of the knee's anatomy and biomechanics is important for

medical professionals, as it provides insight regarding the joint's limitations [Graaff, 2001]. The knee

joint and its anatomical components will be further described in the following subsections.

2.1.1 Descriptive Terminology

When referring to anatomical structures, it is standard practice to use precise relational terminol-

ogy. As this terminology will be used extensively throughout this work, it is relevant to brie�y summarize

the directional terms used when referring to the different anatomical structures that comprise the knee

joint. These are all relative to the anatomical reference position, in which the person stands erect looking

forward. The upper limbs hang to the sides, with palms facing forward and thumbs facing away from the

body, while the feet are parallel to each other, facing forward and �at on the �oor [Van Putte et al., 2016].

Three main anatomical planes section the human body, the sagittal, frontal and transverse planes,

shown in Figure 2.2. The sagittal or longitudinal plane divides the body into left and right halves; the

frontal or coronal plane divides the body in anterior and posterior halves; while the transverse or hori-

zontal plane divides it into superior and inferior halves. Additionally, three anatomical axes exist, around

which the body or body parts can rotate. These are perpendicular to each other and to the anatomical

planes already mentioned. There is the transverse axis, perpendicular to the sagittal plane; the sagittal

or anteroposterior axis, perpendicular to the frontal plane; and �nally, the longitudinal axis, perpendicular

to the axial plane.

The directional terms used to describe the halves divided by each plane can also be used to

describe anatomical structures, as shown in Figure 2.3. Furthermore, the terms medial and lateral are

used to describe the proximity to the body's midline. For example, at the knee joint level, each distal

femoral end is divided into two condyles, a medial one, closest to the midline, and a lateral one, which

is further away. When referring to the limbs, one can also use the terms proximal and distal. Using the

example of the femur once more, the proximal end of the femur is at the hip joint while the distal end is

at the knee joint.
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Figure 2.2: Anatomical reference planes [Graaff, 2001]

Figure 2.3: Directional terms used for anatomical description in the anatomical position [Van Putte
et al., 2016]

2.1.2 Synovial Joint

A joint, or articulation, is a junction of two bones, which can exhibit different ranges of motion.

While many move in a limited manner, others are almost, or completely, immovable. Thus, the degree

of movement allows the joint to be classi�ed, functionally, as a synarthrosis (non-movable), an am-

phiarthrosis (slightly movable) or a diarthrosis (freely movable) [Van Putte et al., 2016]. Joints can also

be classi�ed structurally, according to the type of connective tissue that binds the bones together and

whether it is surrounded by a �uid-�lled joint capsule. The three major structural classes of joints are

�brous, cartilaginous, and synovial [Van Putte et al., 2016] .

The knee is classi�ed as a synovial joint (Figure 2.4(a)), as it contains an articular capsule, which
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encloses the joint bones. Inside the capsule is the joint cavity, �lled with synovial �uid. This �uid,

responsible for the lubrication of the joint, is rich in hyaluronic acid and is secreted by a thin synovial

membrane that lines the inside of the joint capsule [Graaff, 2001]. The articular surfaces of the bones

comprising the synovial joint are covered with a smooth layer of hyaline cartilage, called the articular

cartilage. In addition to the internal synovial membrane, the capsule is covered externally with a �brous

membrane, which in certain parts thickens to form ligaments that support the joint. In certain synovial

joints, such as the knee, small sacs lined with synovial membrane and �lled with �uid can be found in

locations where friction might occur. A structure of this nature is called a bursa, and is responsible for

cushioning the contact between certain muscles or tendons over bones or ligaments [Graaff, 2001]. As

for the knee joint, in particular, pads of �brocartilage called menisci are also present, in order to cushion

the contact between femoral and tibial articular surfaces (Figure 2.4(b)).

(a) (b)

Figure 2.4: Frontal view of a typical synovial joint [Derrickson and Tortora, 2017] (a) and Knee joint, an
example of a synovial joint, shown in a sagital view [Graaff, 2001] (b).

Synovial joints are the most freely movable type of joints. Most of the joints in the appendicular

skeleton are classi�ed as synovial joints, providing the limbs with great mobility compared to the axial

skeleton [Van Putte et al., 2016]. The synovial joint can be classi�ed on the shape of the articulating

surfaces. The knee, in particular, is classi�ed as a hinge joint, since movement is allowed, for the most

part, in one plane only. The articulation between the femoral and tibial condyles allows �exion and

extension, with limited rotation and gliding.

2.1.3 Knee Joint Anatomy

As previously mentioned, the knee is a complex joint which requires various anatomical structures

to function with proper mobility without sacri�cing stability. In the following subsections, these structures,

including bones, muscles, ligaments, tendons and menisci are described in detail.
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