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Abstract 

Total Knee Arthroplasty is a surgical procedure that constitutes one of the solution treatments for 

osteoarthritis of the knee. It is an extremely common procedure, with a very high rate of success, 

especially during the first years after implantation. However, the main concern regarding this surgery is 

the aseptic loosening of the components, which can occur later on, due to the reduction in the proximal 

tibia’s bone mass. The tibial components currently used include the metallic tibial tray, the polyethylene 

insert and the standard stem (polyethylene tip). Additionally, other components can also be used, such 

as long stems, that provide better prosthesis fixation and alignment, and metaphyseal sleeves, which 

promote the mechanical support when the tibial defects are more significant. The aim of this study was 

to analyse the bone remodelling process after a total knee arthroplasty, using six different implant 

configurations, which include three different stem lengths, with or without the presence of a metaphyseal 

sleeve. 

A three-dimensional model of the tibia was obtained from CT images and the prosthesis 

components were modelled in Solidworks. The bone remodelling model used maximizes the bone’s 

structural stiffness, taking into account the metabolic cost associated with bone maintenance. The 

applied loads included the knee joint reaction forces and muscle tendon forces at six different time 

instances of the walking gait. The results obtained after the bone remodelling simulations were analysed 

and their density distributions were qualitatively and quantitatively compared. 

The results showed that the density distribution of the implanted tibia depends on the prosthesis 

geometry. The models with the standard stem showed relatively low values of bone mass change, 

whereas long stems lead to bone apposition in the diaphysis and significant bone resorption in the 

proximal regions. The presence of the metaphyseal sleeve increased the values of bone resorption.  
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Resumo 

A artroplastia total do joelho é um procedimento cirúrgico que constitui uma das principais 

soluções para a osteoartrite do joelho. É um procedimento bastante comum, com uma taxa de sucesso 

bastante elevada, especialmente durante os primeiros anos após a cirurgia. Ainda assim, a principal 

preocupação relativamente a esta cirurgia é o eventual loosening dos componentes, que pode ocorrer 

devido à perda óssea na zona proximal da tíbia. Os componentes tibiais da prótese costumam incluir o 

prato tibial metálico, o polietileno tibial e a haste standard (ponta de polietileno). Outros componentes 

podem também ser usados, nomeadamente hastes longas, capazes de incrementar a fixação e o 

alinhamento da prótese, e a sleeve, que promove o suporte mecânico quando a qualidade óssea na 

metáfise da tíbia é pior. O objetivo deste estudo foi analisar o processo de remodelação óssea depois 

de uma artroplastia total do joelho, usando seis configurações de implantes diferentes, que incluem três 

tamanhos de hastes diferentes, com ou sem a presença de uma sleeve. 

Um modelo tridimensional da tíbia foi obtido a partir de imagens de uma TAC e os componentes 

das próteses foram modulados no Solidworks. O modelo de remodelação óssea usado maximiza a 

rigidez estrutural do osso, tendo em conta o custo metabólico associado à manutenção óssea. Os casos 

de carga incluíram as forças de reação da articulação do joelho e as forças musculares, em seis 

instantes diferentes do ciclo de marcha. Os resultados obtidos depois das simulações de remodelação 

óssea foram analisados e as distribuições de densidades foram comparadas qualitativa e 

quantitativamente. 

Os resultados mostraram que as distribuições da tíbia implantada estão dependentes da 

geometria da prótese usada. Os modelos com a haste standard obtiveram valores baixos de variação 

da massa óssea, enquanto que as hastes longas levaram à formação óssea na diáfise e perda óssea 

significativa nas zonas proximais da tíbia. A presença da sleeve aumentou os valores de reabsorção 

óssea.  
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1. Introduction 

1.1. Motivation and Goals 

The knee joint has an extremely intricate three-dimensional geometry and, consequently, a very 

complex mechanical response under physiological loads. The stability of this joint is provided by the 

menisci, ligaments and muscle forces, and it is essential for daily activities, such as walking, running, 

stair climbing, among others (Bendjaballah et al., 1995). The knee is very susceptible to injuries, with 

osteoarthritis being the most common pathology that leads to total knee arthroplasty (TKA), a surgical 

procedure in which the damaged cartilage and bone tissues are removed and replaced by artificial 

(femoral, tibial and patellar) components. TKA is one of the most common orthopaedic procedures 

performed and its number is set to grow by 673% between 2005 and 2030, in the United States of 

America (Kurtz, 2007).  

Arthroplasty registers over the years have noted aseptic loosening as the most common cause 

of failure. One of the causes of the component loosening may be the fact that component implantation 

leads to alterations in the tibial load transfer (Cawley et al., 2012). More specifically, the load is partially 

transferred through the prosthesis, unloading the periprosthetic bone and resulting in stress shielding 

(Jaroma et al., 2016). Bone loss in the proximal tibia after implantation is one of the concerns regarding 

the TKA prosthesis and, therefore, studying the mechanical behavior of the assembly of the tibia with 

the implant is extremely important, in order to predict the prosthesis’ performance.  

After acquiring the solid model of a tibia, the finite element method (FEM) is used and appropriate 

material properties are attributed, as well as specific loading and boundary conditions that mimic the 

actual mechanical condition of the implanted tibia and allow for the determination of its response after a 

TKA. 

Typically, a primary TKA uses a metallic tibial tray, a polyethylene insert and a polyethylene 

standard stem as a prosthesis, however, in some cases, a metallic long stem can be used to provide 

better fixation, in addition to a metaphyseal sleeve, to increase mechanical stability. In this work, six 

different configurations of TKA prosthesis are used, which include three different stem lengths, with or 

without the presence of a sleeve. The main goal is to evaluate the bone adaptation in these six cases, 

using a bone remodelling model to simulate the dynamic behaviour of the bone tissue, and make 

conclusions about the optimal design of the TKA prosthesis. 

 

1.2. Thesis Outline 

This work is divided into 8 chapters. The first chapter, in which this section is included, comprises 

a brief introduction and motivation for the work, as well as its main objectives. 

In Chapter 2, the anatomical characteristics of the knee and the bone remodelling process of the 

bone tissue are described. The main pathological conditions are also enumered. 
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Chapter 3 reviews the history and evolution of the total knee arthroplasty, the types of prosthesis 

used and the several steps of the surgical technique. It ends with a section on the state of the art, 

regarding the study of the implanted bone behaviour after a TKA. 

Chapter 4 describes the bone remodelling model used in this work. 

Chapter 5 comprises all the detailed methodology and computational work, from the geometric 

modelling of the tibia and prosthesis components, to the development of the finite element model, 

including the contact and boundary conditions, applied loads and mesh generation. It ends with the 

description of the result analysis method. 

Chapter 6 is where the results are presented. In the first section, the bone remodelling model 

parameters are chosen and the second one includes the qualitative and quantitative results of the bone 

adaptation after the implantation of the six combinations of prosthesis.  

In Chapter 7, the obtained results are discussed, as well as the strengths and limitations of this 

work. 

Finally, in chapter 8, the main conclusions and suggestions for future work are presented.  
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2. Knee joint 

The knee joint is the largest and one of the most important joints of the human body, since it is 

essential to several basic everyday activities, such as sitting, standing, walking or running. It is also the 

most complex and vulnerable joint since the cartilage, the ligaments, the large synovial membrane and 

the overlying patella, which are designed for protection and stability, are all frequent sources of knee 

pathologies (Herzmark, 1938). The knee is a synovial and, more specifically, a hinge joint. It operates 

primarily in only one plane and it is constantly being subjected to stress associated with supporting the 

body weight and with absorbing shock from the daily activities (Darrow, 2002). It consists of two 

articulations: the patellofemoral – between the posterior patella and the femur - and the tibiofemoral – 

between the distal femur and the proximal tibia, the latter being the weight-bearing joint of the knee. 

2.1. Basic Anatomical Concepts 

The location of all the structures in the body is described in reference to the anatomical position, 

in which the body is standing in an upright position with feet together, face looking forward and hands 

by the side, also looking forward (Figure 2-1). 

There are three main planes that pass through the body in this position: the coronal plane, which 

is vertical and divides the body into anterior and posterior parts; the sagittal plane, which is vertical as 

well and divides the body into right and left parts; and the axial plane, which is horizontal and divides 

the body into superior and inferior parts. In addition, there are a few pairs of terms used when describing 

the location of structures relative to these planes: anterior and posterior are used for structures relative 

to the front and back of the body, respectively; medial and lateral are used to describe structures toward 

the midline or away from it, respectively; superior and inferior are used relative to the axial plane; and, 

finally, proximal and distal can be used within the same structure, for instance, the proximal extremity of 

the femur articulates with the hip, whereas the distal extremity of the femur articulates with the tibia in 

the knee joint. These directional terms are also represented in Figure 2-1 (VanPutte et al., 2016). 

 

Figure 2-1 - Directional terms in relation to the body in the anatomical position (from VanPutte et al., 2016). 
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2.2. Anatomy of the knee joint 

As it can be seen in Figure 2-2, the knee joint is formed by hard tissue (bone) and soft tissue 

(ligaments, tendons, muscles and cartilage). The hard tissue includes the distal end of the femur, the 

proximal end of the tibia and the patella. Regarding the soft tissues, the ligaments interconnect different 

bone ends, the tendons attach muscle to bone and the cartilage smoothly covers the bones’ surfaces 

without binding them together. Additionally, articular cartilage covers the distal end of the femur, the 

proximal end of the tibia and the posterior side of the patella, and the menisci lie between the surfaces 

of the femur and the tibia (Darrow, 2002; Tortora et al., 2011). 

The following sections describe the basic anatomical and physiological aspects of the knee, which 

are very important in order to understand the biomechanical behaviour of this joint. 

 

Figure 2-2 - Anterior lateral view of the knee joint (Darrow, 2002). 

2.2.1. Bones of the knee joint 

The knee joint is composed of three different bones: the femur, the tibia and the patella. The 

fibula, which is also shown in Figure 2-2, despite being connected to the tibia, does not articulate with 

the femur and thus is not part of the knee joint. 

The femur is the longest and heaviest bone of the human body (Tortora et al., 2011). The distal 

femur, composed of the lateral and medial condyles seen in Figure 2-3B, corresponds to the proximal 

articular surface of the knee joint. Figure 2-3 also shows that the shaft of the femur has a certain oblique 

orientation, causing the condyles not to lie directly below the femoral head, but slightly medial to it 

instead. The condyles that articulate with the tibia are rounded posteriorly and flatter inferiorly (Figure 

2-3C). They are separated inferiorly by an intercondylar fossa, but are joined anteriorly by the patellar 

groove which, like the name indicates, is where they articulate with the patella. Additionally, the cross-

section of the femur is triangular (Figure 2-3D) (Drake et al., 2010; Levangie at al., 2005). 

The tibia is the second largest bone of the body (Tortora et al., 2011). Its proximal end, consisting 

of the asymmetrical medial and lateral condyles or plateaus represented in Figure 2-4B, constitutes the 

distal articular surface of the knee joint, which is flattened in the horizontal plane. The proximal tibia is 

larger than the shaft and is slightly inclined posteriorly. Also in Figure 2-4B, it is possible to see the two 
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tubercles of intercondylar eminence, which separate the condyles and constitute the attachment sites 

for the cruciate ligaments and the menisci. This intercondylar region together with the articular surfaces 

of the lateral and medial condyles form a “tibial plateau”, which articulates with the distal end of the 

femur. This “tibial plateau” is predominantly flat (with only a slight convexity at the posterior and anterior 

margins) and along with the convexity of the femoral condyles, that suggests a certain lack of stability 

improved by the presence of the menisci (Drake et al., 2010; Levangie et al., 2005). 

 

Figure 2-3 - Shaft and distal end of the femur. A. Lateral view. B. Anterior view C. Posterior view D. Cross-Section 
through shaft (from Drake et al., 2010). 

 

Figure 2-4 - Proximal end of the tibia. B. Anterior view. C. Posterior view. D. Cross-section through the shaft (from 
Drake et al., 2010). 
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The patella, shown in Figure 2-5, is the largest sesamoid bone in the body. A sesamoid bone is a 

bone that is formed within the tendon of a muscle and it not only protects the tendon from excessive 

wear, but it also improves the mechanical advantage of the joint (Tortora et al., 2011). The patella is 

triangular and is located anteriorly to the knee joint, embedded in the quadriceps femoris muscle and 

maintaining its position when the knee is bent. The distal end of the patella (the apex) is attached to the 

patellar ligament, which connects it to the tibia. The posterior surface of the patella and the patellar 

surface of the femur form the patellofemoral joint (Drake et al., 2010; Levangie at al., 2005). 

 

Figure 2-5 - Patella. A. Anterior view. B. Posterior view. C. Superior view (from Drake et al., 2010). 

2.2.2. Menisci 

The menisci, present in Figure 2-6, are two C-shaped pads of fibrocartilage (the medial meniscus 

and the lateral meniscus), which lie between the articular surfaces of the femur and the tibia (Tortora et 

al., 2011). The medial meniscus insertion sites are larger than those of the lateral meniscus and 

therefore the lateral meniscus is more mobile (Caldwell et al., 1994). The shape of these accessory 

structures and the orientation of the collagen fibres make them essential in distributing weight-bearing 

forces and in reducing friction between the femur and the tibia by distributing synovial lubricant across 

the surfaces of the joint. The menisci are also important in shock absorption and its surfaces are very 

adaptable to different types of movements (Drake et al., 2010; Levangie et al., 2005). Furthermore, 

studies have shown that without the presence of the menisci, the average stress increases significantly 

over that of the intact knee (Kurosawa et al., 1980). 

2.2.3. Joint Capsule 

The joint capsule encloses the tibiofemoral and patellofemoral joints and it is reinforced by 

capsular ligaments. The capsule is composed of two layers: the outer fibrous membrane, which consists 

of dense connective tissue and enables considerable movement within the joint and provides support; 

and the inner synovial membrane, which consists of a less dense connective tissue with elastic fibres, 

responsible for providing nutrition to avascular structures, such as the menisci (Drake et al., 2010; 

Tortora et al., 2011). The capsule along with the joint ligaments are vital when it comes to controlling 

excessive joint motions, in order to maintain the stabilization of the knee (Levangie et al., 2005). 
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Figure 2-6 - Superior view of the menisci (from Drake et al., 2010). 

2.2.4. Ligaments 

The ligaments are extremely important when it comes to the knee joint stability. They are flexible, 

but they are strong as well, controlling the motion of the tibia beneath the femur (Levangie et al., 2005). 

The main ligaments associated with the knee joint are the tibial/medial and fibular/lateral collateral 

ligaments (MCL and LCL) and the anterior and posterior cruciate ligaments (ACL and PCL).   

The collateral ligaments are positioned one at each side of the joint (see Figure 2-7) and thus 

control the sideways motion of the knee. The tibial collateral ligament (MCL) is a broad, flat ligament 

attached to the fibrous membrane of the joint capsule and the medial meniscus. It extends from the 

medial condyle of the femur to the medial condyle of the tibia, behind the attachment of the sartorius, 

gracilis and semitendinous tendons. The fibular collateral ligament (LCL) is strong and rounded and it 

extends from the lateral condyle of the femur to the lateral surface of the fibula’s head, joining the biceps 

femoris tendon (Drake et al., 2010; Tortora et al., 2011). On the one hand, the MCL is essential in 

avoiding valgus deformities, in which the tibia is angled laterally, away from the body’s midline and 

rotation stresses at the knee. The LCL, on the other hand, is responsible for avoiding varus deformities, 

in which the tibia is angled medially (Levangie et al., 2005). 

The cruciate ligaments both connect the tibia and the femur within the joint capsule (see Figure 

2-7) and they control the front-to-back motion of the knee (Darrow, 2002). Their name (“cruciate”) is due 

to the fact that they cross each other between the tibial and femoral attachments (Drake et al., 2010). 

The anterior cruciate ligament (ACL) extends posteriorly and laterally from the intercondylar area of the 

tibia to the posterior side of the medial surface of the lateral condyle of the femur. The posterior cruciate 

ligament (PCL) extends anteriorly and medially from the posterior intercondylar area of the tibia to the 

anterior part of the lateral surface of the medial condyle of the femur. The ACL prevents the anterior 

displacement of the tibia relative to the femur, whereas the PCL prevents the posterior displacement 
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when the knee is flexed. The ACL has a very high rate of injury and that makes it the most known 

ligament of the human body (Levangie et al., 2005; Tortora et al., 2011).  

 

Figure 2-7 - Anterior deep view of the knee joint (from Tortora & Derrickson, 2011). 

2.3. Functional Anatomy of the Knee Joint 

The main motion of the tibiofemoral joint is flexion/extension. However, medial/lateral rotations 

and valgus/varus motions can also occur, to a lesser extent. 

 

2.3.1. Kinematics 

The axis for the tibiofemoral flexion and extension is horizontal and it passes through the femoral 

condyles. Knee flexion consists in a joint bend, resulting in a decrease of angle (the lower leg 

approaches the back of the thigh), whereas knee extension is when the angle increases, straightening 

the joint. In normal walking gait, the knee flexion is of approximately 60° to 70°. As for the medial and 

lateral rotations, they occur around a longitudinal axis, that passes through the intercondylar region of 

the tibia. For both of these types of rotations, the menisci are very important, because they reduce the 

friction and allow for the distribution of the forces without restricting the motion. Finally, valgus/varus 

motions can occur to a minimal extent. Excessive frontal plane motion can indicate a ligament 

insufficiency (Levangie et al., 2005).  

 

2.3.2. Muscles 

Given the primary motions occurring at the knee joint, the muscles are categorized into flexors or 

extensors. The knee flexor group has seven muscles: popliteus, gracilis, sartorius, semimembranosus, 

semitendinosus, biceps femoris and gastrocnemius. The first five muscles have the ability to medially 

rotate the tibia with a fixed femur, whereas the last two can rotate the tibia laterally. The semitendinosus, 

semimembranosus and the biceps femoris are known as the hamstrings and, as a group, they flex the 

leg at the knee joint and extend the thigh at the hip joint. The gastrocnemius muscle is the only one that 
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crosses not only the knee joint, but also the ankle joint. It acts more like a joint stabilizer, by increasing 

its stiffness during gait, than a mobility muscle (Drake et al., 2010; Levangie et al., 2005; Tortora et al., 

2011). Figure 2-8 depicts the origin and the insertion sites of some of the knee muscles. 

The knee extensor group consists of four muscles (vastus intermidius, vastus lateralis, vastus 

medialis and rectus femoris), which are known collectively as the quadriceps femoris, the largest muscle 

in the body. The tendon associated with this muscle is the quadriceps tendon, which inserts into the 

patella and continues as the pattelar ligament, attaching to the tibia tuberosity (Drake et al., 2010; 

Levangie et al., 2005; Tortora et al., 2011). 

 

 

Figure 2-8 - Insertions of the knee muscles (from Netter, 2014). 

2.4. Bone tissue 

Macroscopically, a typical long bone can be divided in several parts, represented in Figure 2-9: 

the diaphysis, which is the shaft or the body of the bone; the epiphysis, which constitutes both ends of 

the bone; the metaphysis, which is where the diaphysis meets the epiphysis; the articular cartilage, that 

covers the epiphysis of the bone (forming a joint with another bone); the periosteum, which also covers 

the bone when there is no articular cartilage; and the medullary cavity within the diaphysis (Tortora et 

al., 2011). 

Microscopically, the bone tissue contains abundant extracellular matrix, which is about 15% water, 

30% collagen fibres and 55% crystallized mineral salts, surrounding separated cells. The crystallized 

salts combine with each other to form several types of crystals, which are responsible for the hardness 

of the bone tissue, whereas the bone’s flexibility depends on the collagen fibres. The main cells present 

in bone tissue are the osteogenic cells, the osteoblasts, the osteoclasts and the osteocytes (Figure 

2-10). The osteogenic cells are unspecialized stem cells that, afterwards, differentiate into osteoblasts. 

The osteoblasts (bone-building cells) are responsible for synthesizing collagen fibres and some 

components needed for the production of the extracellular matrix. After being surrounded by 

extracellular matrix, the osteoblasts become osteocytes (mature bone cells), controlling the daily 
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metabolism of the bone. Finally, the osteoclasts induce the breakdown of the extracellular matrix (bone 

resorption) (Tortora et al., 2011). 

 

 

Figure 2-9 - Partially sectioned humerus, with the macroscopic parts emphasized (from Tortora et al., 2011). 

 

 

Figure 2-10 - Different bone cell types (from Tortora et al., 2011). 

The bone has many small spaces between the cells and the extracellular matrix. These spaces 

can be filled by blood vessels, that supply nutrients for the cells or they can also serve as storage areas 

for red bone marrow. It is the size and distribution of these spaces that dictates whether the bone can 

be classified as compact or spongy.  On the one hand, compact bone (about 80% of the skeleton) is 

very dense and strong (Drake et al., 2010) and, therefore, provides protection and supports the stresses 

that result from the weight and movement. It is present on the outer shell of every bone. On the other 

hand, spongy bone is always located on the inside of a bone. It consists of trabeculae, an irregular 

pattern of bone columns with spaces in between them, which are filled with bone marrow. This 

microscopic structure makes the spongy bone extremely light and porous (Tortora et al., 2011).  
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2.4.1. Bone remodelling 

Despite its hard nature and relatively static proportions, the bone is a very dynamic tissue, which 

is repetitively renewed through the bone remodelling process. Bone remodelling is the constant 

replacement of old bone tissue by new bone tissue. More specifically, in bone resorption the osteoclasts 

remove the minerals and the collagen fibres from the skeleton and, in bone formation, the osteoblasts 

add new minerals and collagen fibres to the bone (Figure 2-11). This way the extracellular matrix is 

always being renewed (Tortora et al., 2011). Bone remodelling has the purpose of shaping the skeleton 

during growth and of repairing microdamage to the bones, associated with everyday stress. The 

mechanical loading to which the person is subjected also influences bone remodelling: bone is added 

where it is needed and removed where it is not (Ochsner, 2010). 

 

Figure 2-11 - Bone remodelling. Osteoclasts removing bone from the endosteal (inner) surface and osteoblasts 
adding it to the periosteal (outer) surface (from Ochsner, 2010). 

During the first year of life, almost 100% of the skeleton is replaced. However, after that, 

remodelling occurs at different rates in different areas of the skeleton. For instance, the renewal rate for 

spongy bone tissue is of approximately 20%, whereas for compact bone tissue is of 4% per year (Tortora 

et al., 2011). The remodelling evolves more rapidly in young people and it is slower in adults (Chamay 

et al., 1972). 

Bone remodelling is essential for proper bone functioning in both physiological and pathological 

conditions, however a disturbance in the remodelling equilibrium of the bone can lead to several 

problems, such as osteoporosis, which is a metabolic bone disease characterized by low bone density 

and abnormal bone structure (nat Verheyen et al., 2013). This low bone density occurs when the 

osteoclasts are removing the old bone’s extracellular matrix faster than the osteoblasts are forming new 

one. The bone removal by the osteoclasts, on the one hand, can be induced by some hormonal change 

(associated with menopause, for instance) or, on the other hand, it can also be due to a decrease in the 

mechanical loading to which the bone is subjected. According to Wolff’s law, without the necessary 

stimulus the cells need, the bone becomes weaker, less dense (Ochsner, 2010) and more exposed to 

fractures.  

The decrease in mechanical loading is a common problem when a bone implant is present. In 

this case, a part of the stresses to which the bone is subjected become supported by the implant, leading 
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to a decrease in bone mass. This phenomenon is called the stress shielding effect and it is greater for 

stiffer prosthesis (Ochsner, 2010). 

 

2.5. Pathological Conditions 

The knee is a very vulnerable joint, subject to injuries and several pathologies, because, unlike 

other joints, it is responsible for supporting the body weight as well as providing enough mobility and 

stability, due to all its associated muscles and ligaments (Levangie et al., 2005; Tortora et al., 2011). 

Besides traumatic injuries, such as fractures and dislocations that can occur around the knee or 

even ligament ruptures, the most common cause of chronic knee pain is arthritis, which results from the 

degeneration of the articular cartilage, leading to possible contact between the bones of the knee. 

Osteoarthritis (OA) is the main form of arthritis and it begins when the ligaments become looser, 

unrestricting the joint movements, increasing the instability and inducing the gradual deterioration of the 

cartilage that covers the surfaces of the bones. The inevitable bone contact causes a great amount of 

pain and it can even result in small pieces of articular cartilage floating around the knee, causing 

inflammation and swelling. This disease can be considered a part of the aging process, since it mainly 

manifests in older adults. However, there are other factors that may contribute to the development of 

osteoarthritis, such as obesity, trauma or heavy exercise (Darrow, 2002).  

Rheumatoid arthritis (RA) is another form of arthritis, with symptoms similar to OA but with a 

different origin.  Even though its nature has not been yet established, RA is believed to be either an 

autoimmune disease (in which the body reacts to its own tissue as if it were a threat) or an infection. RA 

involves a constant amount of pain and it can affect not only joints but many organs throughout the body 

(Darrow, 2002; Levangie et al., 2005). 

When a joint is damaged by arthritis, one of the main solutions is to perform an arthroplasty, a 

procedure in which the ends of the bones are replaced by artificial components (Tortora et al., 2011). 

Total knee arthroplasty (TKA) has proven to be an effective treatment of chronic knee pain and knee 

hypertrophy (Wylde et al., 2007). Alternatively, unicompartmental knee arthroplasty (UKA) is another 

possible procedure for patients with a smaller affected area. There are some non-surgical treatments, 

like medications and physical therapy, however after a certain stage, only surgery can allow the patient 

to painlessly resume his/her daily activities. These two types of surgeries are the main focus of the next 

chapter. 
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3. Artificial Knee Replacements 

Knee replacement surgery is a very effective and safe procedure, through which a mechanic 

structure is inserted in the joint to reproduce the exact functions of a healthy knee, while relieving pain, 

correcting leg deformities and helping the patient resume normal activities. The first total knee 

replacement was performed in 1950 and, since then, many improvements in the prosthesis components, 

as well as in the surgical techniques, have been made. This chapter includes the historical evolution of 

this procedure, the biomechanical characteristics of the implants used, a brief description of the surgery 

itself and, finally, a section regarding the biomechanical modelling background of the tibia after a total 

knee arthroplasty. 

3.1. History and Evolution 

The history of the total knee arthroplasty began in the late 19th and early 20th century. In 1860, the 

French surgeon Verneuil proposed interposition arthroplasty, in which the joint surface was 

reconstructed with soft tissues such as skin, fat, muscle, pig bladder and several other materials (Shetty 

et al., 2003; Song et al., 2013). In 1861, Ferguson completed the first successful soft tissue interposition 

knee arthroplasty. Even though this method prevailed for many decades, several problems arised 

regarding infection, inflammatory response and reankylosis (stiffness and immobility of the joint) (Shetty 

et al., 2003). 

Due to the disappointing results, the use of other materials, such as metals and plastic, began 

being investigated. In 1940, after having obtained successful results for the hip joint, Willis Campbell 

and Smith Peterson attempted the use of vitallium (a trademark for cobalt-chrome) in an interpositional 

arthroplasty of the knee. However, the rate of failures was high and the results were unsatisfactory in 

terms of minimizing pain and amount of motion obtained (Campbell, 1940). 

In 1950, Walldius developed the total knee arthroplasty by using a prosthesis consisting of a tibial 

and a femoral part, joined together by a stainless steel rod to form a hinged joint (Figure 3-1). Walldius 

managed to achieve sufficient stability without the need for the ligaments, which were all removed, along 

with the articular surfaces of the femur and the tibia. Even though this procedure presented satisfactory 

results for a long period of time, it could not be widely used due to early loosening of the prosthesis 

caused by overloading, infection and rigidity (Shetty et al., 2003; Walldius, 1957). 

Since then, new materials have been developed and used to make designs that provide maximum 

stability and motion, as well as minimize pain and rigidity. Therefore, nowadays, there are many types 

of prosthesis used for both unicompartmental and total knee arthroplasty, depending on the patient’s 

condition.  

3.2. UKR and TKR 

Joint arthroplasty is the main procedure used to treat arthritis, in which the articular surfaces of 

the bones are replaced with prosthetic components, minimizing pain and restoring bone function. The 

unicompartmental knee arthroplasty (UKA) or partial knee replacement is used when the arthritis the 

patients suffer from is confined to only one compartment of the knee. In this case, the surgeon removes 
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the damaged cartilage and bone tissue and inserts the prosthetic components, which are specifically 

sized to the patient’s affected area of the joint. The advantages of this surgery are the small incision 

size, the preservation of the cruciate ligaments, improved range of motion, faster recovery and 

decreased cost and blood loss. Therefore, if the patients are selected properly, it is a good surgical 

option because it is less invasive. However, it is not an appropriate procedure for patients with significant 

angular deformities (varus/valgus) or patients who suffer from rheumatoid arthritis, which can involve 

the entire joint (Bert, 2005; Borus & Thornhill, 2008; Song & Seon, 2013). 

 

Figure 3-1 - Lateral views of the Walldius hinge prosthesis (from Walldius, 1957). 

In the Total Knee Arthroplasty (TKA), the damaged cartilage and bone tissue are removed from 

the distal end of the femur, the proximal end of the tibia and (sometimes) the back of the patella. The 

ends of the bones are then covered with the metal components and a plastic liner is placed between 

them to mimic the cartilage, allowing a frictionless movement (Darrow, 2002). Despite all the advantages 

associated with UKA, studies have indicated a larger longevity for the TKA, as well as less complicated 

revision surgeries. This means that, if not chosen carefully, the patients subjected to UKA can suffer 

from early failures, followed by difficult revision surgeries to TKA. Therefore, in some cases, performing 

TKA in the first place provides better clinical results (Chou et al., 2012). An example of TKA and UKA is 

shown in Figure 3-2. 

 

Figure 3-2 - An example of TKA (on the left) and UKA (on the right) (from Bert, 2005). 
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3.3. Knee Prosthesis 

Nowadays, there are several types of prosthesis available. The suitable prosthesis is chosen 

taking into account the patient’s specific anatomy, the amount of deformity and the quality of the cartilage 

and the bones’ surface tissue. Moreover, the knee replacement accounts for the complexity of the knee 

joint and allows for its normal motion.   

The materials used for orthopaedic implant devices are biocompatible, having the ability to 

interact with biological tissues without causing adverse reactions, responsive, since they can be shaped 

in different ways, low cost and accessible. In addition, they have excellent corrosion resistance and 

strength to endure the loads to which the joint is exposed, as well as a relatively low young modulus in 

order to minimize stress shielding and avoid excessive bone resorption (Davis, 2003). 

Both the femoral and the tibial components are made of metal alloys. Titanium and Cobalt-

Chromium are mostly used due to their superior biocompatibility, relatively light weight and low cost and 

stiffness. The femoral component (implanted at the lower end of the femur) has a coronal geometry, 

which is similar to the distal surface of the femur itself, and its design maximizes the contact area on the 

polyethylene insert, therefore reducing contact stress. The tibial component (implanted at the upper end 

of the tibia) covers the entire surface of the resected tibia. There are different designs for this component: 

the fixed-platform tray (presented in Figure 3-3), which experiences shear stress at the interface 

between the tibial insert and the femoral component; and the rotating-platform tray, which reduces the 

shear stress (Munro et al., 2010). In this case, the rotational freedom allowed between the tray and the 

insert leads to the neglection of the torsional forces, thus protecting tibial fixation (Buechel et al., 2015; 

“Sigma Rotating Platform System,” 2012) and, consequently, more closely reproducing normal knee 

kinematics. Titanium is usually used for the fixed-platform tray, however the metal alloy used for the 

rotating-platform is typically cobalt-chrome, due to the fact that it is more wear resistant and allows for 

the free articulation of the tray with the polyethylene insert, while avoiding abrasive wear. 

 The insert is made of UHMWPE, known for being chemically inert, having a low friction coefficient 

and also for having high abrasion resistance. It is fully supported by the tibial tray and has a coronal 

shape on its top, which fits the femoral component. Long term success of these components show that 

bearing rotation can effectively reduce wear and loosening forces (DePuy Orthopaedics Inc, 2010). The 

shape and the material used are crucial for the insert to play the role of the cartilage, reducing friction 

between the components, absorbing shock and preventing the increase of stress in the knee joint by 

permitting smoother movements. 

A patellar component can also be included in the prosthesis, even though in some cases the 

patella is not resurfaced. This component is also made of UHMWPE and it mimics the dome-shape of 

the patella. Since the thickness of the patella is very small, the failure of this component is one of the 

major problems in TKA. It is very important that the implant has the original patellar thickness in order 

to achieve normal patella-femoral kinematics (Ikezawa et al., 1999). All of the described components 

are presented in Figure 3-3. 

The cemented procedure of TKA uses polymethyl methacrylate (PMMA), commonly known as 

bone cement. When the components of PMMA (a liquid monomer and a co-polymer) are mixed, heat is 

generated through an exothermic reaction. The cement fills the space between the prosthesis and the 
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bone and penetrates the interstices of the cancellous bone, leading to a perfect fit between the bones 

and the components (Vaishya et al., 2013; Webb et al., 2007).  

 

Figure 3-3 – Global view of a Total Knee Prosthesis, composed of the femoral, tibial (fixed-platform tray and 

polyethylene insert) and patellar components (adapted from ROBODOC®). 

When a primary Total Knee Replacement surgery fails, a revision surgery is recommended. In 

this more complicated and longer procedure, other components are used to substitute for the prosthesis 

that was used in the first place. These components include longer and thicker stems that fit deeper into 

the bone, providing more stability and support, as well as a sleeve, that decreases the risk of aseptic 

loosening, contributes to the stability of the prosthesis and to its fixation and structural support, 

especially in patients with significant metaphyseal bone loss. The length of the stems used depends on 

the patient’s anatomy. The right size is the one that preserves as much of the native bone as possible 

and that achieves the desired mechanical stability (Agarwal et al., 2013; Patel et al., 2015). These 

components can be seen in Figure 3-4. 

 

Figure 3-4 - Global view of a revision TKA prosthesis (including a long stem and a metaphyseal sleeve) (on the 

left) and global view of a metaphyseal sleeve (on the right) (“P.F.C.® SIGMA® TC3TM Knee System” ). 
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3.4. Surgical Procedure 

TKA is one of the most successful orthopaedic surgical procedures, having good long-term 

outcomes. The incision and exposure of the joint, as well as choosing the right implants and positioning 

their components correctly are decisive factors to an ideal outcome (Sanna et al., 2013).  

To start the surgery, a midline incision is made over the patella (Figure 3-5A), which is afterwards 

everted laterally to expose the entire tibio-femoral joint. At this stage, the patient’s knee is bent to 90 

degrees, to improve the surgeon’s ability to expose the joint. The resection of the patella (Figure 3-5B), 

which is often not needed, can be performed at any time during the surgery. The tibia is then resected 

(Figure 3-5C), after the confirmation of the alignment of the lower leg. The height of the resection is 

usually from 8mm to 10mm from the less damaged side of the tibial plateau. The femur’s surface is also 

carefully resected (Figure 3-5D) to fit the femoral component. In addition, a mobile spacer is used to 

measure the flexion and extension gaps, in order to determine the appropriate size of the tibial insert. 

After some intermediate trialling steps, the femoral and tibial components are assembled into the 

respective bones (Figure 3-5F). Bone cement is commonly used to seal the components in place, as it 

can compensate for differences in bone quality (Li et al., 2000). On the other hand, if the patient’s bones 

have good stability, a press-fit technique can be used. To finalize, the patellar implant is evaluated and 

put into its original place. The surgeon bends and flexes the knee to check if it is functioning correctly 

and closes the incision (“Sigma ® Primary Knee System,” 2014).  

 

 

Figure 3-5 - Surgical Procedure of the Total Knee Replacement. A. Incision and exposure. B. Patellar resection. 
C. Tibial Resection. D. Femoral resection. E. Tibial preparation. F. Final component implantation (“Sigma ® 

Primary Knee System,” 2014). 
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In the case of a revision surgery, the surgeon follows the scar from the primary procedure and 

everts the patella once again. Then, the previous implant is extracted while all present bone cement is 

cleared and bone is as much preserved as possible. The joint is afterwards evaluated regarding the 

alignment of the bones as well as the extension and flexion gaps’ thickness. The tibia is prepared: a drill 

is introduced into the medullary canal and resection is based on the tibial deficiencies, which can be 

compensated with sleeves and bone grafts. These stages also apply to the preparation of the femur. 

After some trialling steps, the components are assembled into the joint (“Sigma ® Revision and M.B.T. 

Revision Tray,” 2009). A revision TKA surgery, despite this very brief and broad description, is much 

longer and complicated than a primary TKA, since it involves more prosthesis components and the 

resection of a bigger amount of bone tissue. Therefore, revision surgery is associated with a higher risk 

when compared to primary surgery and higher difficulty regarding component alignment and fixation, 

because of the poor quality of the bone that remains (Barrack et al., 1999). 

The revision surgery is necessary when the primary TKA performed leads to complications (even 

though this is normally unlikely). These complications can come from anaesthesia, infection, wound and 

bleeding problems or even allergy to the metallic components. Knee stiffness due to excessive scar 

tissue and loss of motion can also be a problem (although it can often be fixed with prosthesis 

adjustments or specific knee exercises associated with physical therapy) as well as graduate 

components’ loosening and long term wear. However, another problem that leads to revision surgery is 

when the implant is incorrectly placed or fails. Sometimes these problems are due to poor evaluation of 

the tibia or the femur prior to implantation. Regarding the femoral component, ideally, the flexion and 

extension spaces should be matched so that during flexion the collateral ligament can remain stable. If 

this does not happen and the flexion space is too small, this leads to poor range of motion and, 

consequently, wearness of the tibial insert. On the other hand, if the flexion space is too big, it can result 

in posterior instability (Incavo et al., 2004). To finalize, the size of the components is one of the most 

important aspects when it comes to the success of the TKA. The correct size obviously depends on the 

anatomy of the patients, however the number of implant sizes is limited and so the fit is not always 

perfect. The higher the magnitude of the mismatch, the higher the probability of complications, such as 

soft tissue irritation, poor ligament balance, limitation of the range of motion and pain (Thilak et al., 

2016). 

 

3.5. Background on biomechanical studies  

The number of total knee replacements performed per year continues to increase and, despite 

the high reported percentage of survivorship (Cawley et al., 2012), it has been reported that failure after 

TKA occurs with increased frequency after ten years, with the majority of the occurrences taking place 

in the tibia. Because the survivorship of TKA is excellent during the first years after implantation, long-

term studies are extremely valuable when it comes to the evaluation of the changes in bone density 

below the tibial component (Levitz et al., 1995). That is why many clinical studies have been conducted 

over the years, in which different implantation techniques have been assessed, as well as the influence 

of the implant design and material on the tibial bone density. Petersen et al. (1995) and Levitz et al. 

(1995) both measured the changes in bone mineral density in patients who underwent uncemented 
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primary TKA, because of primary arthrosis (3-year follow up) and rheumatoid arthritis or osteoarthritis 

(8-year follow up), respectively. Small et al. (2013) performed a 10-year follow up study in TKA patients, 

in which they compared the differences in bone density changes between the cemented and 

uncemented component fixation. Munro et al. (2010) compared bone density changes in cemented 

components with different bearing designs: rotating and fixed platform TKA (which mainly differ when it 

comes to load transmission). Finally, the effect of cemented and uncemented long stems of different 

materials on the end-of-stem pain has also been tested (Barrack et al., 1999; Barrack et al., 2004). 

The finite element method (FEM) is a computerized and non-invasive tool that has widely been 

used to study the biomechanics and the stress and strain analysis in the intact and implanted bone. 

Even though this numerical method cannot replicate the exact clinical conditions, it has several 

advantages over clinical studies, since there are no ethical considerations, the component designs can 

be altered relatively easily and the simulations can be performed a repetitive number of times. Recently, 

it has even become possible to extrapolate subject specific data (from CT and MRI) to a FEM, allowing 

for the creation of very accurate models with truthful properties and density distributions (Trivedi, 2014). 

Moreover, the fact that the bone is a very dynamic tissue, resulted in the development of different 

mathematical models that aim to mimic its behaviour. By including bone remodelling simulations in the 

FEM, it became possible to predict bone adaptation after a prosthetic implantation and consequent 

loading variation (Garcı́a et al., 2002). In light of this, Cawley et al., (2012) and Chong et al. (2011) both 

investigated bone remodelling in the proximal tibia through computational finite element simulations, 

using different cemented and uncemented tibial fixation cases. Quílez et al. (2015) take on a wider 

variety of implant components, including metaphyseal sleeves, which are used in revision TKA. Zhang 

et al. (2016) study the effect of implant material, design and alignment on the stress shielding felt in the 

tibia and Jia et al. (2017) test different stem lengths and materials, taking bone remodelling into account. 

Apart from the previously mentioned studies, very few bone remodelling  ones have been conducted, 

being that the changes in the tibia after TKA have mainly been adressed by stress and strain analysis 

(Bendjaballah et al., 1995; Completo et al., 2013; Completo et al., 2007; Miyoshi et al., 2002; Taylor et 

al., 1998). 

This work focuses on the analysis of the density distribution of the tibia, after being implanted with 

six different configurations of prosthesis (three different stem lengths with and without sleeve), using a 

bone remodelling model that improves the accuracy of the bone adaptation after a primary or revision 

TKA. Unlike the previously described studies, this work includes not only the tibiofemoral articulation 

reaction forces but also muscular forces, approaching the real biomechanical environment of the knee 

joint. 
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4. Model of Bone Remodelling 

Bone is a very dynamic tissue, subjected to processes of apposition and resorption, which depend 

on the local mechanical environment, more specifically on the applied loads. Under adverse conditions, 

such as in the presence of an orthopaedic implant, a redistribution of stresses occurs and that may 

favour the process of bone resorption, resulting in a weaker bone, with a higher probability of fracture, 

as well as the loosening of the implant. Many mathematical models have been proposed in order to 

understand the process of bone remodelling. The bone remodelling model used in this work was 

developed in 1999 by Fernandes et al., (1999), in which a global optimization procedure is applied to 

simulate the bone remodelling process. For this purpose, the bone apparent density and its orientation, 

i.e. the internal architecture of the bone, are altered when there are external changes that affect the 

distribution of stress in bones (Wolff’s law). The details regarding the material model of the bone and 

the mathematical formulation taken into account for the numerical simulation are briefly described in this 

chapter. 

4.1. Material Model 

In this bone remodelling model, bone is considered a periodic porous material, with variable 

density, equivalent linear elastic properties and orthotropic symmetry. The periodicity of the bone is 

obtained by the repetition of an open unit cell, that mimics the structure of trabecular bone. The unit cell 

is cubic, with rectangular holes with dimensions 𝑎1, 𝑎2 and 𝑎3. As it can be seen in Figure 4-1, at each 

point of the microstructure, bone is not only defined by these parameters, but also by the unit cell 

orientation given by the Euler angles 𝜽 = {𝜃1, 𝜃2, 𝜃3}
𝑇. The relative density of bone is, therefore, given 

by  

 𝜌 = 1 − 𝑎1𝑎2 − 𝑎1𝑎3 − 𝑎2𝑎3 + 2𝑎1𝑎2𝑎3, 4-1 

with 𝑎𝑖 ∈ [0,1], 𝑖 = 1,2,3. The extreme values 𝑎𝑖 = 0 and 𝑎𝑖 = 1 correspond to compact bone and void, 

respectively, whereas intermediate values correspond to trabecular bone (Fernandes et al., 2002; 

Folgado et al., 2004; Quental et al., 2014). 

The effective material properties for this trabecular bone model are computed using the 

homogenization method, in which the bone is considered a continuous material and its macroscopic 

properties can be obtained from the previously described microstructure. Therefore, considering 

compact bone as the homogeneous base material, the homogenized elastic properties (𝐸𝑖𝑗𝑘𝑙
𝐻 ) are given 

by 

 
𝐸𝑖𝑗𝑘𝑙
𝐻 (𝜌) = 𝐸𝑖𝑗𝑘𝑙𝜌 −

1

|𝑌|
∫ 𝐸𝑖𝑗𝑝𝑚
¥

𝜕𝑋𝑝
𝑘𝑙

𝜕𝑦𝑚
𝑑𝑌, 

4-2 

where |𝑌| is the volume of the unit cell, ¥ is the solid part of the unit cell and 𝑋𝑘𝑙 is a group of periodic 

functions that result from the equilibrium equations 4-3, which are defined within the microstructure: 
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∫ 𝐸𝑖𝑗𝑝𝑚
¥

𝜕𝑋𝑝
𝑘𝑙

𝜕𝑦𝑚

𝜕𝜐𝑖(𝑦)

𝜕𝑦𝑗
𝑑𝑌 = ∫ 𝐸𝑖𝑗𝑘𝑙

¥

𝜕𝜐𝑖(𝑦)

𝜕𝑦𝑗
𝑑𝑌, ∀𝜐𝑖  Y − Periodic 

4-3 

in which 𝜐𝑖 represents the virtual displacement field. Finally, it is also worth mentioning that, besides 

depending on the local relative densities, the elastic material properties also depend on the orientation 

𝜽 of the unit cells, like so 

 (𝐸𝑖𝑗𝑘𝑙
𝐻 )𝜃 = 𝑅𝑖𝑚𝑅𝑗𝑛𝑅𝑘𝑝𝑅𝑙𝑞𝐸𝑚𝑛𝑝𝑞

𝐻 , 4-4 

where (𝐸𝑖𝑗𝑘𝑙
𝐻 )𝜃 is the homogenized material properties tensor and 𝑹 = 𝑹(𝜽) is the transformation tensor 

associated to cell orientation 𝜽 (Folgado et al., 2004). 

 

Figure 4-1 - Material model for the bone (adapted from Quental et al., 2014). 

4.2. Optimization problem and Mathematical 

formulation 

The remodelling model assumes that bone adapts to the local mechanical environment, obtaining 

the stiffest structure possible for the loads it is being subjected to (Folgado et al., 2004). Therefore, the 

mathematical solution for the problem is derived from the minimization of the combination of the 

structural compliance (inverse of the structural stiffness) and the metabolic cost of the organism when 

maintaining bone tissue. Considering that the bone occupies a volume Ω, with boundary Г and is 

subjected to a set of load conditions, defined by the surface loads 𝒕𝒑, and the respective displacement 

fields 𝒖𝒑, as well as the design variables 𝒂 and 𝜽, the optimization problem can be stated as: 

 
𝑚𝑖𝑛 {∑𝑎𝑝

𝑁𝐶

𝑃=1

(∫ 𝑡𝑖
𝑝

Г

𝑢𝑖
𝑝
𝑑Г) + 𝑘∫ 𝜌(𝒂)𝑚

𝛺

𝑑𝛺}, 
 

4-5 

subjected to  

 0 ≤ 𝑎𝑖 ≤ 1 , 𝑖 = 1,2,3 

∫ 𝐸𝑖𝑗𝑘𝑙
𝐻 (𝒂, 𝜽)

𝛺

𝜀𝑖𝑗(𝒖
𝒑)𝜀𝑘𝑙(𝒗

𝒑)𝑑𝛺 = ∫ 𝑡𝑖
𝑝

Г

𝑢𝑖
𝑝
𝑑Г, 

 

4-6 

where 𝑁𝐶 is the number of load cases with the respective load weight factors 𝑎𝑝, satisfying ∑ 𝑎𝑝𝑁𝐶
𝑃=1 = 1. 
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There are two terms in the cost function (equation 4-5): the first one is a weight average of the 

structural compliance for each load case, whereas the second one represents the metabolic cost 

associated with bone maintenance. The parameters 𝑘 and 𝑚 are very important, since they control the 

value of the second term of the cost function and, ultimately, the total amount of bone mass. The former 

parameter may include biological factors, like age, gender, disease status, namely osteoporosis, and 

hormonal state, which vary a lot from subject to subject, whereas the latter is a corrective factor for the 

preservation of the intermediate densities. In qualitative terms, the higher the value of 𝑘, the lower the 

bone mass, because the maintenance cost is higher. Additionally, the higher the value of 𝑚, the higher 

the emphasis on intermediate densities (Fernandes et al., 1999; Quental et al., 2014). Equation 4-6 

refers to a set of equilibrium equations, in which 𝜀𝑖𝑗 is the strain field and 𝒗𝒑 the set of virtual 

displacements. The optimization problem (equations 4-5 and 4-6) is solved through a Lagrangian 

method. The stationary conditions, once again with respect to the design variables 𝒂 and 𝜽 are 

 
∑{−𝛼𝑝∫

𝜕𝐸𝑖𝑗𝑘𝑙
𝐻 (𝒂, 𝜽)

𝜕𝒂
𝜀𝑖𝑗(𝒖

𝒑)𝜀𝑘𝑙(𝒗
𝒑)

𝛺

𝑑𝛺}

𝑁𝐶

𝑃=1

+ 𝑘∫ 𝑚𝜌𝑚−1
𝜕𝜇

𝜕𝒂
= 0

𝛺

 
4-7 

and 

 
∑{−𝛼𝑝∫

𝜕𝐸𝑖𝑗𝑘𝑙
𝐻 (𝒂, 𝜽)

𝜕𝜽
𝜀𝑖𝑗(𝒖

𝒑)𝜀𝑘𝑙(𝒗
𝒑)

𝛺

𝑑𝛺}

𝑁𝐶

𝑃=1

= 0, 
4-8 

and the displacements 𝒖𝒑 and 𝒗𝒑 are obtained from the solution of the equilibrium condition. Equations 

4-7 and 4-8 express the law of bone remodelling (4-7 for the bone densities and 4-8 for the optimal bone 

orientation), in the sense that, whenever they are satisfied, remodelling equilibrium occurs. (Fernandes 

et al., 2002). 

 The problem is numerically solved through the Finite Element Method (FEM) and the solution 

can be computed at the centre of the elements or at the nodes. In this work, instead of computing the 

bone density at the element centroid and assuming it is constant throughout the element, the approach 

used was node-based, meaning that the density values were computed at the nodes. The required 

densities and other material properties at the integration points result from the interpolation of the nodal 

density values using the element shape functions (Jacobs et al., 1995). For details regarding the 

equations that complement the node-based approach, see Quental, C. (2013). 

 

4.3. Numerical Simulation 

Computationally, equations 4-7 and 4-8 are satisfied in a few steps, which are summarized in 

Figure 4-2. Firstly, the homogenized elastic properties are computed for the initial solution. Then, the 

displacements 𝒖𝒑 and 𝒗𝒑 are computed, using the finite element method in ABAQUS®. If the optimal 

conditions are satisfied, the iterative process stops, if not, the process restarts with new and improved 

values of design variables. The formulas used to update the variables at the 𝑘𝑡ℎ iteration are:  
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(𝑎𝑖
𝑒)𝑘+1 =

{
 

 
max[(1 − 𝜁)(𝑎𝑖

𝑒)𝑘, 𝑎𝑚𝑖𝑛] , 𝑖𝑓 (𝑎𝑖
𝑒)𝑘 + 𝑠(𝐷𝑎 )𝑘 ≤ max[(1 − 𝜁)(𝑎𝑖

𝑒)𝑘, 𝑎𝑚𝑖𝑛] 

(𝑎𝑖
𝑒)𝑘 + 𝑠(𝐷𝑎 )𝑘 , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

min[(1 + 𝜁)(𝑎𝑖
𝑒)𝑘, 𝑎𝑚𝑎𝑥] , 𝑖𝑓 (𝑎𝑖

𝑒)𝑘 + 𝑠(𝐷𝑎 )𝑘 ≥ min[(1 + 𝜁)(𝑎𝑖
𝑒)𝑘, 𝑎𝑚𝑎𝑥]

 

(𝜃𝑖
𝑒)𝑘+1 = (𝜃𝑖

𝑒)𝑘 + 𝑠(𝐷𝜃
𝑒)𝑘 

4-9 

where  𝑎𝑚𝑖𝑛 and 𝑎𝑚𝑎𝑥 correspond to the minimum and maximum values for 𝑎 , 𝑠 is the step length for 

the optimization procedure, 𝐷𝑎 and 𝐷𝜃 are the descent directions of 𝒂 and 𝜽 (obtained using 4-7and 4-

8), respectively, at the 𝑘𝑡ℎ iteration, and the parameter ζ defines the upper and lower bound constraints 

in density (Fernandes et al., 2002; Fernandes et al., 1999). 

 

Figure 4-2 - Computational model flow diagram (adapted from Fernandes et al., 2002). 
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5. Methodology 

In this chapter, the process of obtaining a solid model of the tibia following image segmentation 

will be described, as well as the geometric modelling of the TKA components, based on real models. 

The creation of the finite element (FE) model will be explained in detail, from the attribution of material 

properties, to contact formulation, boundary conditions, applied loads and mesh generation. Additionally, 

the CT density values will also be obtained and the different chosen approaches used to analyse the 

results will also be described. 

5.1. Geometric modelling 

5.1.1. Geometric modelling of the tibia 

This section includes all the steps that result in the solid model of the tibia. It starts with the image 

acquisition from medical imaging data, then the image segmentation to obtain the region of interest only, 

the surface mesh adjustments to improve the surface shape of the model and, finally, the solid model 

generation. 

5.1.1.1. Image acquisition 

The first step to obtain a solid model of the tibia was to resort to medical images. In this case, CT 

images are more suitable since hard tissue has a high contrast signal relative to soft tissue. More 

specifically, the pixels in a CT image are associated with tissue density or the tissue’s attenuation 

coefficient. Given that bones are hard tissues, they appear in the image with a much higher signal than 

their surroundings (Ribeiro et al., 2009). The slices containing the data associated with the tibias of a 

female subject were imported to the freeware program ITK-SNAP (version 3.6, 2016), where the region 

of interest was selected, in this case, the right tibia (University of Iowa Health Care). 

5.1.1.2. Image Segmentation 

The image segmentation facilitates the delineation of the anatomical structure of interest, taking 

into account a specific characteristic of this structure, such as its intensity or texture, which is 

homogeneous throughout the region. The segmentation step is one of the most difficult when obtaining 

the solid model of the tibia and it involves a lot of precision on behalf of the user, so that the result is as 

accurate as possible. To solve this segmentation problem, three different techniques were used: global 

thresholding, active contour method and manual segmentation. Global thresholding is a technique in 

which the user defines the bottom and top intensities that identify the tissue. In this case, the soft tissues 

that surround the tibia, as well as undesired signals, such as artefacts or blurred edges, were cancelled 

out. To be more specific, the values of the threshold vary from -1 to 1 (where the background and 

foreground pixels correspond to the extremities) and by adjusting these values, the user can enhance 

the image contrast (Ribeiro et al., 2009), as can be seen in Figure 5-1, facilitating the segmentation 

techniques that follow global thresholding.  
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Figure 5-1 - Sections of the right tibia obtained in ITK-SNAP. A,B,C. Original CT slices relative to the axial, sagittal 
and coronal planes, respectively. D,E,F. CT slices relative to the axial, sagittal and coronal planes, respectively, 

after global thresholding. 

The active contour method is a semi-automatic process in which the user positions spherical 

surfaces inside the region of interest and then they proceed to grow and fill it as the number of iterations 

increases. These surfaces have physical properties and they deform under the influence of internal and 

external mechanical forces, which are calculated in each iteration, t. Whereas the internal forces 

guarantee smooth surface variations, the external forces make the model adjust to the boundaries of 

the object (Ribeiro et al., 2009). Figure 5-2 shows the evolution of the active contour process, starting 

with t=0, where the model is not yet perceptible, and ending with t=150, where the model is much closer 

to the solution, even though it still needs to be corrected, since it already includes regions outside the 

area of interest, such as the talus and the distal femur.  

The final and very important step to obtain the 3-D model of the tibia was the manual 

segmentation. This step was necessary because after the active contour method the solution is not 

totally accurate, due to segmentation errors and CT limitations. More specifically, the cortical bone in 

the epiphysis of the tibia is very thin, and so the signal intensity is extremely poor, as well the signal of 

other interfaces between bone and soft tissue. Additionally, the medullary canal of the tibia has also very 

low values of density and it could only be included in the model through manual segmentation. The final 

3-D solution, containing frontal, sagittal and axial views of the segmented tibia, is present in Figure 5-3. 

ITK-SNAP automatically generated a surface mesh of the segmented model, which was afterwards 

imported to another freeware program called MeshLab (version 2016.12). 

A B C 

D E F 
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Figure 5-2 - Evolution of the active contour method, from the iteration t=0 to the iteration t=150, shown for A. 

Sagittal section. B. Coronal section. C. Axial section. D. 3-D model. 
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Figure 5-3 - A,B,C. Axial, sagittal and coronal views, respectively, after manual segmentation. D. Final 3-D model. 

5.1.1.3. Surface Mesh adjustments 

After the segmentation, the tibia presented a stair-case shape surface, which did not match the 

surface of a real tibia, and an excess number of nodes with irrelevant information that would only 

increase the computational cost during simulations (Ribeiro et al., 2009). MeshLab is, therefore, 

responsible for filtering the imported model and for applying smoothing and decimation operations that 

are essential for surface mesh adjustments. In Figure 5-4, it is possible to see the result of applying the 

Laplacian (low-pass) filter to the tibia. 

 

Figure 5-4 - A. Imported model from ITK-SNAP. B. the same model after the surface mesh adjustments. 

5.1.1.4. Model creation 

In this step, the solid model was finally generated. The surface mesh previously obtained was 

imported into SolidWorks® (version SP0, 2013) and, there, the ScanTo3D® toolbox was used to 

automatically create the solid tibia and the initial surface mesh. This surface mesh (represented in Figure 

5-5) was the starting point for the more intricate mesh created in ABAQUS® (version 2016). Finally, it is 

important to mention that the distal end of the tibia was cut out and not taken into account in the 

simulation. This is obviously associated with a much lower computational cost, since a lower number of 

finite elements is generated, and so it takes less time to model. 

B 

A 
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Figure 5-5 - Solid model of the tibia, comprising the surface mesh obtained in the end of the segmentation 
process. 

 

5.1.2. Geometric modelling of the tibial components 

After the modelling of the tibia, the models of each of the tibial components of the TKA prosthesis 

were created using the Solidworks® software, taking real models into account. The obtained geometries, 

provided by Ângela Chan (Chan, 2014), include: 

 P.F.C. Sigma Stabilized insert (size 4) - Figure 5-6; 

 P.F.C. M.B.T. Tray (size 4) - Figure 5-7; 

 Polyethylene standard stem - Figure 5-8A; 

 P.F.C. Sigma Universal Stem Attachment: 115 mm×14 mm and 75 mm×14 mm - Figure 

5-8B and C, respectively; 

 Metaphyseal sleeve: 37 mm - Figure 5-9D. 

 

Figure 5-6 - Stabilized tibial insert. A. Anterior view. B. Lateral view. C. Top axial view. 

 

Figure 5-7 - M.B.T. tray. A. Anterior view. B. Lateral view. C. Top axial view. 
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Figure 5-8 - Isometric views of the stem attachments. A. Standard stem. B. 75 mm stem. C. 115 mm stem. 

All the components above were combined into six different models, which aim to mimic the six 

different combinations of prosthesis that can be used whether in a primary TKA or in a revision TKA, 

depending on the bone quality of the patient’s tibia and on his/her specific anatomy. For instance, larger 

bone defects imply the possible use of a longer stem and/or a metaphyseal sleeve. The modelled sleeve 

can be seen in Figure 5-9, which also includes several views of two of the total six prosthesis assemblies 

used in this work: the model of the standard stem and the model of the standard stem with sleeve. The 

polyethylene standard stem is represented in a black colour, the tibial tray in orange, the insert in grey 

and the sleeve in blue. This figure aims mainly to illustrate the placing of the sleeve. In annex A, the 

assemblies of the models with the 75 mm and 115 mm stems, with and without sleeve, are presented. 

 

Figure 5-9 - Models of the prosthesis assemblies. Model with the standard stem: A. Isometric view; B. Anterior 
view; C. Lateral view. D. Isometric view of the sleeve. Model with the standard stem and sleeve: E. Anterior view; 

F. Lateral view.  

 

A B C 

D E F 
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5.1.3. Geometric modelling of the assembly 

The final step of the geometric modelling was to assemble the six groups of components into the 

intact tibia. In order to do that, to simulate the proximal resection of the damaged tibia, a horizontal cut 

was made with a height of, approximately, 10 mm with reference to the high side of the tibia (Schnurr et 

al., 2011). In addition, cement was modelled under the tibial tray in all six models. Finally, the bone was 

accurately cut into a shape matching the surface of the tibial components, using the Cut Geometry tool 

in ABAQUS®. Figure 5-10 contains the six different models assembled into the tibia, ready for the 

preparation of the finite element analysis, described in the upcoming section 5.2. The components are 

represented with the same colours as the ones used in Figure 5-9, with the addition of the cement, which 

can been seen in green, under the tray. 

 

Figure 5-10 - Isometric views of a coronal cut of the six different final assemblies. A. Standard stem. B. 75 mm 

stem. C. 115 mm stem. D. Standard stem with sleeve. E. 75 mm stem with sleeve. F. 115 mm stem with sleeve.  

5.2. Finite element model 

5.2.1. Material properties 

The two material properties necessary for the FEM were the Young’s modulus and the Poisson’s 

coefficient. The Young’s modulus is a measure of the elasticity of an object. It is defined as the ratio of 

the stress to the strain and, the higher it is, the stiffer the material, which means that for the same 

deformation (strain), a higher force (stress) is needed. On the other hand, the Poisson’s ratio is also a 

material constant, that relates the stress in one direction with the elastic strain in another. 

The mechanical properties of bone are very hard to mimic in modelling softwares such as 

ABAQUS®, and that is why even though bone has been demonstrated in previous studies to have an 

anisotropic behaviour, the finite element simulations usually consider the bone to have isotropic material 

properties (Wirtz et al., 2000). However, in this work, the bone density varies according to the 

computational model already described, which takes into account the remodelling process of the bone 

tissue. The model used considers dense compact bone a linearly elastic isotropic material, which was 

modelled with a Young modulus of 17GPa and a Poisson’s coefficient of 0.3 (Quental et al., 2014). All 
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the remaining materials were considered to be homogeneous, isotropic and linear elastic and their 

properties are shown in Table 5-1. 

Table 5-1 - Material properties of the components used in the FE simulations: cement (Darwish, 2008); tibial tray 

(Kluess et al., 2010); stem/sleeve (Darwish, 2008); and tibial insert (Completo et al., 2008). 

Model Component Material Young’s Modulus (GPa) Poisson’s coefficient 

Cement PMMA 2,5 0.38 

Tibial Tray Co-Cr 210 0.3 

Stem/Sleeve Titanium 110 0.36 

Tibial Insert UHMWPE 0.5 0.3 

 

5.2.2. Contact formulation 

Firstly, the interactions between the bone and the cement, the tray and the tibial insert, the tray 

and the cement and the bottom of the tray and the stem were considered as fully bonded, using the Tie 

option (Dassault Systèmes Simulia, 2012). However, the interactions bone-stem, tray-bone and sleeve-

bone were all modelled as a contact with a coefficient of friction associated (Table 5-2). The Small Sliding 

(Dassault Systèmes Simulia, 2012) option was activated, meaning that limited sliding between these 

components was allowed to a certain extent.  

 

Table 5-2 - Friction coefficients associated with the contacts Stem-Bone (Rancourt et al., 1990; Shirazi-Adl 
et al., 1993), Tray-Bone (Taylor et al., 1995), Sleeve (smooth surface)-Bone (Rancourt et al., 1990; Shirazi-Adl et 

al., 1993) and Sleeve (Rough Surface)-Bone (Shirazi-Adl et al., 1993). 

Contact Friction Coefficient 

Stem-Bone 0.3 

Tray-Bone 0.4 

Sleeve (smooth surface)-Bone 0.3 

Sleeve (rough Surface)-Bone 0.6 

 

5.2.3. Boundary conditions and applied loads 

Regarding the boundary conditions, the distal end of the tibia was fixed, using the Encastre 

(Dassault Systèmes Simulia, 2012). The applied loads can be divided into two groups: the loads 

associated with the muscle tendons and the joint reaction forces in the tibiofemoral articulation.  

The muscles considered in the finite element analysis were the biceps femoris (BF), the 

semimembranosus (SM) and the TRIPOD (sartorius, gracialis and semitendinosus), as well as the 

patellar tendon (PT). Their insertion sites were created taking into account Figure 2-8, and their finite 

element representation can be seen in Figure 5-11. The forces were computed based on the work of 
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Adouni et al. (2012), who performed a finite element analysis at six different time instances of the walking 

gait: 0%, which corresponds to heel strike (short period which begins the moment the foot touches the 

ground – first phase of double support), 5%, 25%, 50%, 75% and 100%, which corresponds to toe-off 

(when the foot leaves the ground). These six time instances correspond to the six steps used in the finite 

element analysis. The orientation of the muscles (Aalbersberg et al., 2005) and the ratio to body weight 

values (Adouni et al., 2012) presented in Table 5-3 and Table 5-4, respectively, were used to compute 

the muscle tendon forces, which can be seen in Table 5-5. 

   

Figure 5-11 - Muscle insertion sites created in ABAQUS®. A. Anterior view. B. Posterior view. 

 

Table 5-3 - Orientation of the muscle tendons (Aalbersberg et al., 2005). 

Muscle tendon Frontal Orientation Sagital Orientation 

Patellar Tendon (PT) 15.9° medial 32° anterior 

Semimembranosus (SM) 7° lateral 16.1° posterior 

Biceps Femoris (BF) 11.8° medial 7.3° anterior 

Gracilis (GR)   

TRIPOD                Semitendinosus (ST) 7.1° medial 18.6° posterior 

Sartorius (SR)   
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Table 5-4 - Ratio to body weight values for the six time instances of the walking gait (Adouni et al., 2012). 

 

Muscle tendon 

Stance Phase (%) 

0 5 25 50 75 100 

PT 0.33 0.32 1.56 0.16  0.28 

SM  0.37 0.09   0.28 

BF 0.16 1 0.53 0.35 0.6  

TRIPOD  0.37 0.18  0.1 0.29 

 

The reaction forces were collected from a public database (“Database « OrthoLoad,”). In this 

case, the chosen subject was male and measurements were made during approximately four seconds 

while he performed the walking activity. The six walking gait instances of interest were identified and 

selected taking into account the work of Heinlein et al. (2009) and were afterwards converted to new 

values, considering the average weight for women of 70Kg. The final load values used in the finite 

element analysis are in Table 5-5. Finally, it is very important to mention that the forces’ components are 

oriented according to the coordinate system in Figure 5-12. Its centre coincides with the centre of the 

distal end of the tibia and it was used both for the intact tibia and for all the six combinations of prosthesis 

components previously shown in Figure 5-10. 

 

 

Figure 5-12 - Coordinate system used in the FEM for the applied loads. 
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Table 5-5 - Muscle tendon forces and reaction forces for each of the six instances of the walking gait. 

Stance 

Phase 

(%) 

 

Component 

Muscle tendon forces Reaction forces 

PT (N) SM (N) BF (N) TRIPOD 

(N) 

Forces 

(N) 

Moments 

(Nm) 

 

0 

x 

y 

z 

-54.24 

118.99 

190.42 

 -22.73 

13.94 

108.78 

 59.88 

2.43 

-159.51 

-1.20 

-2.05 

0.53 

 

5 

x 

y 

z 

-52.60 

115.38 

184.65 

30.34 

-71.33 

247.13 

-142.04 

87.10 

679.88 

-30.36 

-82.04 

243.78 

65.34 

20.68 

-195.24 

-0.92 

-3.23 

0.27 

 

25 

x 

y 

z 

-256.42 

562.49 

900.17 

7.38 

-17.35 

60.11 

-75.28 

46.16 

360.34 

-14.77 

-39.91 

118.60 

64.47 

76.98 

-685.19 

1.78 

-5.96 

1.11 

 

50 

X 

y 

z 

-26.30 

57.69 

92.33 

 -49.71 

30.48 

237.96 

 138.92 

-197.17 

-1382.28 

9.94 

-26.95 

7.00 

 

75 

x 

y 

z 

  -85.22 

52.26 

407.93 

-8.21 

-22.17 

65.89 

97.23 

-105.72 

-1184.59 

5.97 

-23.85 

1.84 

 

100 

x 

y 

z 

-46.02 

100.96 

161.57 

22.96 

-53.98 

187.02 

 -23.80 

-64.30 

191.07 

89.78 

24.15 

-1461.51 

7.00 

-29.82 

-1.06 

 

All the loads were applied in Reference Points (RP1 to RP6). In the intact tibia, the reaction forces 

and moments were all applied in RP1, which was constrained, using the option Coupling – Continuum 

Distributing (Dassault Systèmes Simulia, 2012), to the proximal surface of the tibia (Figure 5-13A). In 

the assembly of the tibia with the prosthesis, the reaction forces were also applied in RP1 and, in this 

case, RP1 was coupled to the proximal surface of the tibial insert (Figure 5-13B). However, the 𝑧-

component of the reaction moments could not be applied in this reference point, because the tibial insert 

has full rotational freedom over the tibial tray and, since that kind of freedom is not possible in the knee 

joint, this component was distributed to the ligaments and the articular capsule. In order to do this, the 

moment’s z-component was applied in RP6, a reference point with the exact same coordinates as RP1, 

except that it was constrained to a lateral surface of the tibia, below the tray (Figure 5-13B). This way, 
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the insert was not subdued to torsional moments, but the moments were still applied to the tibia and the 

reaction forces felt in the fixed distal end of the tibia were the same in the intact tibia and in the assembly 

with the prosthesis. Additionally, both in the intact tibia and in the tibia with the prosthesis, the reference 

points RP2 to RP5 were attributed to the centroids of the insertion sites of the muscle tendons (SM, BF, 

PT and TRIPOD, respectively), already shown in Figure 5-11. All four of them were constrained to these 

surfaces in the same way as RP1 and RP6 (Coupling – Continuum Distributing) and in them were 

applied the respective muscle tendon forces. Figure 5-13 also shows the Encastre option used to fix the 

distal end of the tibia. 

 

 

Figure 5-13 - Constraints and boundary conditions for the models of the intact tibia and the tibia with the 

prosthesis. A. Proximal surface of the tibia. B. Proximal surface of the tibial insert and lateral surface of the tibia. 

 

5.2.4. Mesh generation 

The elements chosen for the mesh were tetrahedral and linear (four-noded). The hexahedral 

mesh was not used because of the extremely complex geometry of the solid model of the tibia. 

Nonetheless, according to Completo et al. (2007), linear tetrahedral elements are appropriate in FE 

models of the proximal tibia because they minimize computational cost, since the results are strongly 

influenced by the nonlinear nature of the contact between the different assembly components.  

For the model of the intact tibia (Figure 5-14A), the size of the elements used was of 2mm, which 

was shown in a previous convergence study to be sufficient to obtain the desired solution, associated 

with a lower computational cost than more refined meshes, and without jeopardizing the precision of the 

result. For the model of the assembly with the prosthesis (Figure 5-14B), the size of the elements used 

for the tibia was of 1.8mm, 1mm for the cement (small enough for the cement part to have two elements 

in thickness), 2mm for the tray and insert, 2.2mm for the stem and 2.5mm for the sleeve, when used. 

The meshed components are shown in Figure 5-14C, D, E, F and G and Table 5-6 contains the element 

size as well as the number of elements and nodes of all the parts for both the model of the intact tibia 

and the models of all six assemblies of the tibia with the prosthesis. 
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Table 5-6 – Element size and number of nodes and elements for the model of the intact tibia and the models of 
the six assemblies of the implanted tibia. 

Model Part Element Size 
(mm) 

Number of elements/ 
Number of nodes 

Intact tibia ____ 2 127011/ 24794 

 Tibia 1.8 170477/ 33251 

 Cement 1 45527/ 11067 

Standard Stem Standard Stem 1 4655/ 1049 

(without sleeve) Tray 2 36922/ 8249 

 Insert 2 44108/ 8905 

 Tibia 1.8 169988/ 33738 

 Cement 1 45527/ 11067 

75 mm Stem 75 mm stem 1 11095/ 2737 

(without sleeve) Tray 2 36922/ 8249 

 Insert 2 44108/ 8905 

 Tibia 1.8 166687/ 33484 

 Cement 1 45527/ 11067 

115 mm Stem 115 mm stem 1 15035/ 3870 

(without sleeve) Tray 2 36922/ 8249 

 Insert 2 44108/ 8905 

 Tibia 1.8 163248/ 32201 

 Cement 1 45527/ 11067 

Standard Stem 115 mm stem 1 15035/ 3870 

 (with sleeve) Tray 2 36922/ 8249 

 Insert 2 44108/ 8905 

 Sleeve 1.8 6191/ 1735 

 Tibia 1.8 160418/ 32203 

 Cement 1 45527/ 11067 

75 mm Stem 75 mm stem 1 11095/ 2737 

(with sleeve) Tray 2 36922/ 8249 

 Insert 2 44108/ 8905 

 Sleeve 2.5 6191/ 1735 

 Tibia 1.8 153746/ 31345 

 Cement 1 45527/ 11067 

115 mm Stem 115 mm stem 1 15035/ 3870 

(with sleeve) Tray 2 36922/ 8249 

 Insert 2 44108/ 8905 

 Sleeve 2.5 6191/ 1735 
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Figure 5-14 - Linear tetrahedral finite element mesh of A. the intact tibia. B. assembly of the tibia with the 

prosthesis. C. 75mm stem. D. Standard Stem. E. Sleeve F. Tibial Tray. G. Tibial Insert. 

5.3. Bone remodelling of the intact tibia 

In this section, the steps to obtain the CT density distribution of the tibia are described. This 

distribution is afterwards used as the starting point for the bone remodeling simulations of the intact 

tibia. 

5.3.1. Computation of the bone’s apparent density 

A CT image is composed of a square image matrix of picture elements or pixels. Each of these 

pixels represent a small volume element or a voxel and each voxel is assigned to a CT number, 

measured in Hounsfield units (HU), which is the average of all the attenuation coefficients within the 

corresponding voxel. This CT number is given by  
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 𝐻𝑈𝑥 = 1000 × 
𝜇𝑥 − 𝜇𝑤
𝜇𝑤 − 𝜇𝑎

 5-1 

where 𝐻𝑈𝑥 is the CT number of a material 𝑥 and 𝜇𝑥,  𝜇𝑤 and 𝜇𝑎 are the linear attenuation coefficients of 

the material 𝑥, water and air, respectively (Bai et al., 2003). 

In order to find the density values associated with each of the nodes of the finite element mesh, 

the first step was to use the Bonemapy plug-in in ABAQUS®, which automatically assigned them the HU 

values from the CT data. The second step was to establish a relation between the HU values and the 

bone apparent density (𝜌𝑎𝑝). According to Gupta et al. (2004), by choosing two different points of the 

CT, it is possible to perform a linear calibration given by 

 𝜌𝑎𝑝 = 𝑎 + 𝑏𝐻𝑈. 5-2 

The first point chosen was the HU value of air, which represents the non-bone condition and the second 

one was the cortical bone, which corresponds to the maximum HU value. By knowing the HU and the 

apparent density values of both of these points (Table 5-7) it is easy to compute 𝑎 and 𝑏 (𝜌 = 0.6289𝐻𝑈) 

and, consequently, obtain the 𝜌 values for each node of the bone mesh. The CT image involves more 

tissues besides the bone and, due to resolution limitations, there are imprecisions in the density values 

associated with the boundary region nodes. Therefore, the last step was to make a correction to all the 

nodes in the exterior surface of the bone through a Matlab® routine, which assigned them the maximum 

density value, corresponding to the cortical bone. Figure 5-15 shows the bone density distribution 

obtained. 

Table 5-7 - HU and 𝜌
𝑎𝑝

 values (Bai et al., 2003) for the two points used for the linear calibration. 

 HU value 𝝆𝒂𝒑 (Kg/m3) 

Air 0 0 

Cortical Bone 2862 1800 

 

 

Figure 5-15 – Original bone density distribution. A. Global view. B. Anterior view of a coronal cut. C. Lateral view 
of a sagittal cut. 
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5.3.2. Validation of the simulations  

The parameters 𝑘 and 𝑚, which correspond to the cost of bone maintenance per bone volume 

and the correction factor for the intermediate densities, respectively, were determined from a quantitative 

and qualitative analysis of the bone remodelling model (described in Chapter 4)  applied to the intact 

tibia, using the obtained CT density values as the initial density distribution.  

To assess the performance of a model, a set of metrics is often required. In this case, four different 

types of errors were calculated. The root mean square error (RMSE) and the mean absolute error (MAE) 

have both been used for years to assess model performance. The RMSE is, by definition, never smaller 

than MAE, mainly because MAE gives the same weight to all errors, whereas the RMSE gives more 

weight to errors with larger absolute value. Therefore, RMSE is better at revealing model performance 

differences (Chai et al., 2014). To relate the absolute errors with the magnitude of the CT density values, 

the respective relative errors of RMSE and MAE were also calculated. Equations 5-3 and 5-4 represent 

the absolute and relative differences, referred to as ∆𝜌𝑎 and ∆𝜌𝑟, respectively, and the formulas for the 

RMSE and the MAE, which were used for both of these two differences, are shown in equations 5-5 and 

5-6, respectively. 

 
∆𝜌𝑎 = |𝜌𝑅𝐸𝑀

𝑖 − 𝜌𝐶𝑇
𝑖 |, 5-3 

 ∆𝜌𝑟(%) =
|𝜌𝑅𝐸𝑀
𝑖 − 𝜌𝐶𝑇

𝑖 |

𝜌𝐶𝑇
𝑖

, 
5-4 

 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑∆𝜌𝑖

2

𝑛

𝑖=1

, 

5-5 

 𝑀𝐴𝐸 =
1

𝑛
∑|∆𝜌𝑖|

𝑛

𝑖=1

, 
5-6 

where 𝑛 is the total number of nodes of the tibia, 𝜌𝑅𝐸𝑀
𝑖  are the bone densities for node 𝑖, which resulted 

from the bone remodeling simulation and 𝜌𝐶𝑇
𝑖  are the bone densities for node 𝑖 from the CT scan images 

(Quental et al., 2014).  

5.4. Bone remodelling of the implanted tibia 

After determining the value of the parameters 𝑘 and 𝑚, the bone remodelling model was applied 

to the models with implant. In all six models, only the part of the bone is subjected to bone remodelling 

and its initial density distribution corresponds to the final solution obtained in the simulations for the 

model of the intact tibia. However, since the meshes of the two models are different, a Matlab® routine 

was used to map the densities of the nodes of one mesh to the other. More specifically, the routine starts 

by reading all the nodes of both meshes (the intact tibia – initial mesh – and the implanted tibia – final 

mesh) and saving the respective coordinates and the (𝑎1, 𝑎2, 𝑎3, 𝜃1, 𝜃2, 𝜃3) parameter values associated 

with each node. Then, for each node of the final mesh, it is checked if it belongs to the exterior surface 

of the part. If not, the routine proceeds to look for the nodes of the initial mesh that exist within a sphere 

with a radius that is provided as input. The radius starts with a very small value. If only one node of the 



41 
 

initial mesh is found, the final mesh node adopts the parameter values of that node. If none of the nodes 

are found, the radius of the sphere is increased by a step value until at least four nodes of the initial 

mesh are found. The weighted average of each of the parameters of these four nodes is then attributed 

to the final mesh node. The density value at each node is then computed according to equation 4-1. 

Finally, if the node of the final mesh is a surface node, the routine goes through the surface nodes of 

both meshes only and then proceeds the same way as described for the interior nodes. Figure 5-16 

contains a flowchart that complements this brief description. 

 

 

Figure 5-16 - Flowchart of the Matlab® routine used to map the densities of the mesh of the intact tibia to the 
mesh of the implanted tibia. 

 

5.5. Results analysis method 

5.5.1. Validation of the bone remodelling model for the intact tibia 

Starting with the bone relative density distribution obtained when using Bonemapy in Section 

5.3.1, several combinations of values of 𝑘 and 𝑚 were tested: 𝑚 ranged from 2 to 6 and to each of these 

values, a 𝑘 between 2,5 × 10−2 and 5 × 10−4 was assigned. The RMSE and the MAE, relating the bone 

densities that resulted from the bone remodelling simulations with the bone densities from the CT 

images, were calculated. After a quantitative and a qualitative analysis, the desired solution was the one 

closest to the original bone density distribution (from the CT images). 
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5.5.2. Bone remodelling analysis after a TKA 

To analyse the results obtained after the bone remodeling process, two different approaches were 

taken into account. The first is a qualitative approach, in which figures are presented, that include a two-

dimensional view of the tibia, where the regions of bone equilibrium, apposition and resorption are 

depicted. To complement this approach, a quantitative one was also used, in which the tibia was divided 

into 15 regions (Figure 5-17) and the change in bone mass (in percentage) was calculated for each one 

of these regions. In order to do this, seven transversal planes were used to divide the tibia horizontally 

and an eighth plane was used to divide it into the medial and lateral sides. Regions 1 and 2 are 

positioned immediately below the tibial component, regions 5 and 6, 9 and 10 and 13 and 14 surround 

the standard, 75 mm and 115 mm stems’ end, respectively, and regions 3 and 4, 7 and 8 and 11 and 12 

are adjacent to the tibial tray, the 75 mm stem and the 115 mm stem, respectively. The even regions are 

on the medial side of the tibia, whereas the odd regions are on the lateral side, except for region 15, 

which includes the distal end of the tibia. It is also relevant to mention that regions 5, 6, 9, 10, 13 and 

14, which are all positioned at the tip of one of the three stems, have the same height. 

The change in bone mass, computed for each region, is given by: 

 

∆𝑚(%) =
∑ (𝜌𝑖

𝑓𝑖𝑛𝑎𝑙
− 𝜌𝑖

𝑖𝑛𝑖𝑡𝑖𝑎𝑙)
𝑛𝑣
𝑖=1 × 𝑉𝑖

∑ 𝜌𝑖
𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑛𝑣

𝑖=1 × 𝑉𝑖
× 100, 

5-7 

where 𝑛𝑣 is the number of nodes in each region, 𝜌𝑖
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 and 𝜌𝑖

𝑓𝑖𝑛𝑎𝑙
 are the tibia’s density values before 

and after the simulation, respectively, and 𝑉𝑖 is the volume associated with each node 𝑖. 

 

Figure 5-17 - Division of the tibia into regions (1-15). Anterior view of a coronal cut. A. Standard stem. B. 75 mm 
stem C. 115 mm stem.  
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6. Results 

In this chapter, the results regarding the bone remodelling simulations with different values of 

parameters 𝑘 and 𝑚 are presented and the most suitable values are carefully chosen after a qualitative 

and quantitative analysis. In addition, the results of the bone remodelling analysis for the six prosthesis 

configurations are presented. 

6.1. Bone remodelling parameters 𝒌 and 𝒎 

Only the results with the parameter 𝑚 of 4, 5 and 6 are present in Table 6-1 for the sake of 

briefness. Figure 6-1 depicts the values of 𝑅𝑀𝑆𝐸𝑎, present in Table 6-1, where it is easier to observe 

that, in a very general way, the error values decrease with 𝑚 and increase if the value of 𝑘 is too low or 

two high, which is shown in the parabolic shape of the column chart for each value of 𝑚. The error 

values associated with the parameter 𝑚 of 2 and 3 (which were much higher than the values in Table 

6-1), as well as the graphics for the metrics 𝑀𝐴𝐸𝑎, 𝑅𝑀𝑆𝐸𝑟 and 𝑀𝐴𝐸𝑟, are in Annex B. 

 

Figure 6-1 - Root mean square values for the absolute difference between the bone's densities of the CT images 
and the bone remodelling simulations. 

In more qualitative terms, i.e. after analysing the ABAQUS® .odb files of the density distribution 

obtained from the remodelling simulations in ABAQUS®, the main observations were that, for the same 

value of 𝑘, the higher the 𝑚, the higher the bone density in the tibia’s epiphysis and the lower the 𝑚, the 

smoother the transition in bone density from the tibia’s epiphysis to the diaphysis. Additionally, the 

thickness of the medullary canal throughout the entire diaphysis is very similar. On the other hand, for 

the same 𝑚, the lower the 𝑘, the higher the bone density in the head of the tibia and the higher the 

amount of cortical bone densities on the exterior surface of the tibia. The higher the 𝑘, the larger the 

medullary canal’s thickness throughout the diaphysis. 
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Table 6-1 - Values of RMSE and MAE for both the relative and absolute differences ∆𝜇 (for 𝑚 ranging from 4 to 6 

and all the values of 𝑘). The lower value observed for the results of each metric is marked green. 

𝒎 𝒌 𝑹𝑴𝑺𝑬𝒂 𝑴𝑨𝑬𝒂 𝑹𝑴𝑺𝑬𝒓 𝑴𝑨𝑬𝒓 

 2,5 × 10−2 0,2162 0,1585 0,3246 0,2436 

 1 × 10−2 0,2155 0,1580 0,3252 0,2435 

 7,5 × 10−3 0,2021 0,1469 0,3185 0,2305 

 5 × 10−3 0,1873 0,1352 0,3187 0,2192 

4 2,5 × 10−3 0,1750 0,3437 0,2182 

 1 × 10−3 0,1866 0,1276 0,4093 0,2444 

 7,5 × 10−4 0,1950 0,1321 0,4345 0,2584 

 5 × 10−4 0,2081 0,1402 0,4706 0,2809 

 2,5 × 10−2 0,2398 0,1801 0,3215 0,2573 

 1 × 10−2 0,1960 0,1412 0,2935 0,2134 

 7,5 × 10−3 0,1861 0,1340 0,2949 0,2085 

 5 × 10−3 0,1763 0,1280 0,3057 0,2090 

5 2,5 × 10−3 0,1721 0,1253 0,3457 0,2230 

 1 × 10−3 0,1892 0,1327 0,4205 0,2581 

 7,5 × 10−4 0,1981 0,1376 0,4459 0,2728 

 5 × 10−4 0,2112 0,1455 0,4809 0,2945 

 2,5 × 10−2 0,2174 0,1599 0,2895 0,2250 

 1 × 10−2 0,1830 0,1332  

 7,5 × 10−3 0,1761 0,1290 0,2915 0,2059 

 5 × 10−3 0,1266 0,3098 0,2128 

6 2,5 × 10−3 0,1731 0,1289 0,3581 0,2352 

 1 × 10−3 0,1936 0,1385 0,4353 0,2734 

 7,5 × 10−4 0,2024 0,1432 0,4596 0,2870 

 5 × 10−4 0,2150 0,1504 0,4926 0,3068 

 

Lower values of the parameter 𝑚, such as 𝑚 = 2 and 𝑚 = 3 were excluded from the solution 

because, even though the exterior surface of the tibia presented higher values of density (indicating the 

presence of cortical bone), the epiphysis of the tibia had low density values. Moreover, the medullary 

canal of the tibia’s diaphysis was practically inexistent. The results for 𝑚 = 4 were also excluded from 

the solution because when comparing them with the results for 𝑚 = 6 (for the same 𝑘 = 5 × 10−3), i.e. 

when comparing Figure 6-2 with Figure 6-3, even though the exterior surface of the tibia and its 

medullary canal are very similar in both cases, there were much lower density values in the tibia’s 

epiphysis for 𝑚=4. Furthermore, by opting for a solution with 𝑚=6, the quantitative analysis is respected, 

being that 𝑀𝐴𝐸𝑎 was the only metric for which the lowest error value did not correspond to 𝑚 = 6. Finally, 

when analysing Figure 6-4, with 𝑚 = 6 and 𝑘 = 1 × 10−2, which corresponded to the lowest error values 

of 𝑅𝑀𝑆𝐸𝑟 and 𝑀𝐴𝐸𝑟 (calculated for the relative difference ∆𝜇𝑟) it is also possible to see the extremely 

low density values in the epiphysis.  

Therefore, the final values of the parameters 𝑚 and 𝑘 chosen for the bone remodeling model 

simulations of the assembly of the tibia with the prosthesis, were 6 and 5 × 10−3, respectively. By going 
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for this solution, more importance is being attributed to the high density values in the epiphysis, despite 

the slightly less defined medullary canal. The quantitative analysis is also being respected, since the 

solution is associated with the lowest error value for the 𝑅𝑀𝑆𝐸𝑎. Taking all these decisions into account, 

it is very important to note the few limitations of the solution, such as the exaggerated thickness of the 

cortical bone in the medullary canal of the diaphysis, the slightly low density values in the epiphysis, as 

well as the absence of the thin layer of cortical bone coating the surface of the epiphysis, which is easily 

seen in Figure 5-15. 

 

 
Figure 6-2 - Density distribution resulting from the bone remodelling model simulation, for 𝑚=4 and 𝑘=0,005.  

A. Global view. B. Anterior view of a coronal cut. C. Lateral view of a sagittal cut. 

 

 

 
Figure 6-3 - Density distribution resulting from the bone remodelling model simulation, for 𝑚=6,and 𝑘=0,005.  

A. Global view. B. Anterior view of a coronal view. C. Lateral view of a sagittal cut. 
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Figure 6-4 - Density distribution resulting from the bone remodelling model simulation, for 𝑚=6 and 𝑘=0,01. 
 A. Global view. B. Anterior view of a coronal cut. C. Lateral view of a sagittal cut. 

 

Figure 6-5 shows the bone density distribution for the tibia implanted with the prosthesis with the 

standard stem and no sleeve, which when compared with the distribution of Figure 6-3, is obviously 

extremely similar. This distribution was obtained using the Matlab® routine described in Section 5.4 and 

was the starting point for the simulation of the respective assembly. The initial density distribution of the 

remaining five implanted tibia assemblies were computed analogously. 

 

 

 

Figure 6-5 – Bone density distribution for the implanted tibia after the Matlab® routine. A. Global view. B. Anterior 
view of a coronal cut. C. Lateral view of a sagittal cut. 
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6.2. Density distributions 

6.2.1. Assemblies without sleeve 

The results of the bone remodelling for the case of the standard, 75 mm and 115 mm stems 

(without sleeve) are shown in Figures 6-6, 6-7 and 6-8, respectively. When compared with the initial 

distribution, the bone adaptation was categorized into bone apposition, bone resorption and equilibrium, 

which was defined for a percentage of change in bone mass between -4% and 4% (Quental et al., 2013). 

In Figure 6-6, which shows the model of the standard stem, it is possible to identify a decrease in 

bone mass (BM) in the proximal regions (1 and 2) immediately under the tibial tray (this is more evident 

in Figure 6-6C, which is a top view of the implanted tibia). On the other hand, an increase in BM can be 

observed around the tibial tray and standard stem, in regions 3 to 6. Regions 7 to 15 show no significant 

alterations in BM.  

In the case of the 75 mm stem, the decrease in BM in the proximal regions (1 and 2) is more 

evident than in the previous model, as can be seen especially in Figure 6-7A and B. Figure 6-7 also 

shows significant bone apposition in the regions adjacent to the entire length of the 75 mm stem and its 

tip. Regions 11 to 15 show no significant changes. 

Finally, Figure 6-8, which shows the model of the 115 mm stem, indicates that the loss of BM in 

the proximal regions is even higher, since the resorption (blue colour) can now be seen in the beginning 

of the tibia’s diaphysis and not just only in its epiphysis and metaphysis (from regions 1 to 6). Bone 

apposition around the stem is, once again, noticeable (although less evident than the apposition around 

the 75 mm stem in Figure 6-7), as well as at its tip.  

 

Figure 6-6 - Bone density changes of the implanted tibia with the standard stem, after the bone remodelling 
simulation. A. Posterior view of a coronal cut. B. Anterior view of a coronal cut. C. Top axial view of the tibia’s 

surface D. Top axial view of a cut through regions 3 and 4 
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Figure 6-7 - Bone density changes of the implanted tibia with the 75 mm stem, after the bone remodelling 

simulation. A. Posterior view of a coronal cut. B. Anterior view of a coronal cut.  C. Top axial view of the tibia’s 
surface D. Top axial view of a cut through regions 3 and 4. 

 

Figure 6-8 - Bone density changes of the implanted tibia with the 115 mm stem, after the bone remodelling 
simulation. A. Posterior view of a coronal cut. B. Anterior view of a coronal cut. C. Top axial view of the tibia’s 

surface D. Top axial view of a cut through regions 3 and 4 
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Table 6-2 contains the percentage of BM variation for each of the regions, except for the region 

15, which did not undergo any significant changes in any of the models, and the BM change total for 

both the medial and the lateral sides of the tibia. Additionally, Table 6-3 shows the BM change for the 

proximal regions (1 plus 2), the tip regions (different for each model) and the global BM variation for the 

entire tibia. From these values, it can be seen that the bone loss was higher on the lateral side of the 

tibia and also on the proximal regions of all the models. Moreover, the loss in the proximal regions 

increases with the increase of the stem length. The same can be said about the global BM variation: a 

small loss was obtained for the model of the standard stem (-0,26%), a slightly higher loss was obtained 

for the model of the 75 mm stem (-0,93%) and a more significant loss was obtained for the model of the 

115 mm stem (-2,58%). 

 

Table 6-2 - Bone mass variation, in percentage, for regions 1 to 14 (both from the lateral and medial sides of the 
tibia) for the cases of the standard, 75 mm and 115 mm stems without sleeve, after the bone remodelling 

simulations. 

 Lateral side    Medial side  

Regions  Stem  Regions  Stem  

 Standard 75 mm 115 mm  Standard 75 mm 115 mm 

1 -3,01 -6,18 -7,56 2 -1,49 -2,57 -6,03 

3 1,29 -2,59 -5,77 4 2,75 0,59 -3,08 

5 1,02 -0,44 -4,09 6 0,79 1,31 0,80 

7 -0,07 2,18 0,90 8 -0,36 2,96 1,32 

9 -0,14 1,42 1,46 10 0,18 2,00 2,41 

11 -0,17 0,13 1,50 12 -0,11 -0,14 1,39 

13 0,04 -0,13 1,06 14 0,01 0.49 0,54 

Side BM 

variation 

-0,43 -1,61 -3,06 Side BM 

variation 

-0,06 -0,10 -1,98 

 

 

Table 6-3 - Bone mass variation, in percentage, for the proximal regions (1 and 2), the tip regions and for the 
entire tibia (global) for the cases of the standard, 75 mm and 115 mm stems without sleeve, after the bone 

remodelling simulations. 

 
 Stem  

 Standard 75 mm 115 mm 

Proximal regions 
(1 and 2) -2,26 -4,41 -6,80 

Tip regions 0,93 1,67 1,20 

Global -0,26 -0,93 -2,58 
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6.2.2. Assemblies with sleeve 

The changes in bone density with respect to the initial distribution are shown in Figures 6-9, 6-10 

and 6-11 for the case of the standard, 75 mm and 115 mm stems (with sleeve), respectively. Again, the 

bone adaptation was categorized into bone apposition, bone resorption and equilibrium, which was 

defined for a percentage of change in bone mass between -4% and 4% (Quental et al., 2013). 

Figure 6-9 contains the results for the model of the standard stem with sleeve. Similarly to the 

three models without sleeve presented in the section, a decrease in BM in the proximal regions can be 

seen, right under the tibial tray. Bone formation can also be seen in the interface of the tibial tray and 

sleeve with the tibia. By comparing Figure 6-9D with Figure 6-6D, it is possible to conclude there is 

significantly more bone resorption after including the metaphyseal sleeve in the prosthesis. Regions 7 

to 15 show no significant alterations in BM.  

In Figure 6-10, bone resorption is evident not only in the proximal regions but also in the interface 

of the sleeve with the tibia, where it is slightly more substantial than in the model with the standard stem. 

Bone formation around the 75 mm stem and its tip occurs, as it also did in the model without sleeve 

(Figure 6-7). Regions 11 to 15 show no significant changes. 

In Figure 6-11, bone resorption in the proximal regions and at the interface between the sleeve 

and the tibia can be seen, similarly to Figure 6-10, and bone densification continues to occur around the 

the 115 mm stem and at its tip, although it is less evident than the bone formation around the 75 mm 

stem in Figure 6-10. 

 

Figure 6-9 - Bone density changes of the implanted tibia with the standard stem and sleeve, after the bone 
remodelling simulation. A. Posterior view of a coronal cut. B. Anterior view of a coronal cut. C. Top axial view of 

the tibia’s surface D. Top axial view of a cut through regions 3 and 4. 
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Figure 6-10 - Bone density changes of the implanted tibia with the 75 mm stem and sleeve, after the bone 

remodelling simulation. A. Posterior view of a coronal cut. B. Anterior view of a coronal cut. C. Top axial view of 
the tibia’s surface D. Top axial view of a cut through regions 3 and 4. 

 

 
Figure 6-11 - Bone density changes of the implanted tibia with the 115 mm stem and sleeve, after the bone 

remodelling simulation. A. Posterior view of a coronal cut. B. Anterior view of a coronal cut. C. Top axial view of 
the tibia’s surface D. Top axial view of a cut through regions 3 and 4. 
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Table 6-4 contains the percentage of BM variation for each of the regions, except for the region 

15, which did not undergo any significant changes in any of the models, and the BM change total for 

both the medial and the lateral sides of the tibia. In addition, Table 6-5 shows the BM change for the 

proximal regions (1 plus 2), the tip regions (different for each model) and the global BM variation for the 

entire tibia. From these values, it can be seen that the bone loss was higher on the medial side of the 

tibia and also on the proximal regions of all the models. Moreover, the loss in the proximal regions 

increases with the increase of the stem length, except for the 115 mm stem, which showed a slightly 

lower value of BM decrease than the 75 mm stem.  

 

Table 6-4 - Bone mass variation, in percentage, for the regions 1 to 14 (both from the lateral and medial sides of 
the tibia) for the cases of the standard, 75 mm and 115 mm stems with sleeve, after the bone remodelling 

simulations. 

 Lateral side     Medial side  

Regions  Stem  Regions  Stem  

 Standard 75 mm 115 mm  Standard 75 mm 115 mm 

1 -0,24 -7,70 -5,72 2 -10,41 -13,11 -11,79 

3 1,55 -6,21 -4,60 4 -0,71 -6,42 -3,48 

5 0,88 -2,95 -3,62 6 0,99 -2,02 -1,45 

7 0,08 1,71 0,30 8 -0,32 2,12 0,73 

9 -0,08 1,65 1,49 10 -0,03 2,39 2,59 

11 0,01 0,21 1,48 12 -0,25 -0,11 1,39 

13 0,20 0,04 1,22 14 -0,02 0,33 0,90 

Side BM 

variation 

0,26 -2,72 -2,27 Side BM 

variation 

-2,64 -4,15 -3,71 

 

Table 6-5 - Bone mass variation, in percentage, for the proximal regions (1 and 2), the tip regions and for the 
entire tibia (global) for the cases of the standard, 75 mm and 115 mm stems with sleeve, after the bone 

remodelling simulations. 

  Stem  

 Standard 75 mm 115 mm 

Proximal regions 
(1 and 2) -5,19 -10,33 -8,67 

Tip regions 0,92 1,96 1,31 

Global -1,04 -3,35 -2,90 

 
 

Tables 6-6, 6-7 and 6-8 show the percentage of BM variation for each of the regions of the 

assemblies with the standard stem, the 75 mm stem and the 115 mm stem, respectively. The three 

tables contain values that were already presented, but this time the results with and without sleeve for 

the same stem are displayed in the same table, allowing a better comparison. 
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Table 6-6 - Bone mass variation, in percentage, for regions 1 to 14 for the case of the standard stem with and 
without sleeve, after the bone remodelling simulations. 

 Lateral side  Medial side  

Region Without sleeve With sleeve Region Without sleeve With sleeve 

1 -3,01 -0,24 2 -1,49 -10,41 

3 1,29 1,55 4 2,75 -0,71 

5 1,02 0,88 6 0,79 0,99 

7 -0,07 0,08 8 -0,36 -0,32 

9 -0,14 -0,08 10 0,18 -0,03 

11 -0,17 0,01 12 -0,11 -0,25 

13 0,04 0,20 14 0,01 -0,02 

Side BM 

variation 
-0,43 0,26 

Side BM 

variation 
-0,06 -2,64 

 
 
Table 6-7 - Bone mass variation, in percentage, for regions 1 to 14 and for the case of the 75 mm stem with and 

without sleeve, after the bone remodelling simulations. 

 Lateral side  Medial side  

Region Without sleeve With sleeve Region Without sleeve With sleeve 

1 -6,18 -7,70 2 -2,57 -13,11 

3 -2,59 -6,21 4 0,59 -6,42 

5 -0,44 -2,95 6 1,31 -2,02 

7 2,18 1,71 8 2,96 2,12 

9 1,42 1,65 10 2,00 2,39 

11 0,13 0,21 12 -0,14 -0,11 

13 -0,13 0,04 14 0.49 0,33 

Side BM 

variation 
-1,61 -2,72 

Side BM 

variation 
-0,10 -4,15 

 
Table 6-8 - Bone mass variation, in percentage, for regions 1 to 14 and for the case of the 115 mm stem with and 

without sleeve, after the bone remodelling simulations. 

 Lateral side  Medial side  

Region Without sleeve With sleeve Region Without sleeve With sleeve 

1 -7,56 -5,72 2 -6,03 -11,79 

3 -5,77 -4,60 4 -3,08 -3,48 

5 -4,09 -3,62 6 0,80 -1,45 

7 0,90 0,30 8 1,32 0,73 

9 1,46 1,49 10 2,41 2,59 

11 1,50 1,48 12 1,39 1,39 

13 1,06 1,22 14 0,54 0,90 

Side BM 

variation 
-3,06 -2,27 

Side BM 

variation 
-1,98 -3,71 
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From Tables 6-6, 6-7 and 6-8, it can be said that, despite a few inconsistencies regarding the 

lateral and medial sides, the addition of the metaphyseal sleeve to the prosthesis induced an increase 

in bone loss for all the models with the three different stems. 

Tables 6-9, 6-10 and 6-11 show the percentage of BM variation for the proximal and tip regions, 

as well as the entire tibia, for the assemblies with the standard stem, the 75 mm stem and the 115 mm 

stem, respectively. The three tables contain values that were already presented, but once again, the 

results with and without sleeve for the same stem are displayed in the same table, for a better 

comparison. 

 

Table 6-9 - Bone mass variation, in percentage, for the proximal regions (1 and 2), the tip regions and for the 
entire tibia (global) for the case of the standard stem with and without sleeve, after the bone remodelling 

simulations. 

 Standard  Stem 

 Without Sleeve With sleeve 

Proximal 
regions (1 

and 2) 

-2,26 -5,19 

Tip regions 0,93 0,92 

Global -0,26 -1,04 

 
Table 6-10 - Bone mass variation, in percentage, for the proximal regions (1 and 2), the tip regions and for the 

entire tibia (global) for the case of the 75mm stem with and without sleeve, after the bone remodelling simulations. 

 75 mm  Stem 

 Without Sleeve With sleeve 

Proximal 
regions (1 

and 2) 

-4,41 -10,33 

Tip regions 1,67 1,96 

Global -0,93 -3,35 

 
Table 6-11 - Bone mass variation, in percentage, for the proximal regions (1 and 2), the tip regions and for the 

entire tibia (global) for the case of the 115mm stem with and without sleeve, after the bone remodelling 
simulations. 

 115 mm  Stem 

 Without Sleeve With sleeve 

Proximal 
regions (1 

and 2) 

-6,80 -8,67 

Tip regions 1,20 1,31 

Global -2,58 -2,90 
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From these tables, the increase in bone resorption in the proximal regions in the presence of the 

metaphyseal sleeve is clear in all three stem cases. There was also a slight increase in bone density at 

the tip of the 75 mm and the 115mm stems when the sleeve was introduced. On the other hand, the BM 

variation at the tip of the standard stem was similar between the cases with and without sleeve.  

Finally, the global BM variation was much higher for the models with sleeves than for the models 

without sleeves: a -1,04% BM change was obtained for the model of the standard stem, the 75 mm stem 

model suffered the highest global bone loss (-3,35%) and the model of the 115 mm had a BM variation 

of -2,90%. 
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7. Discussion 

The objective of this work was to examine the density distributions of the implanted tibia after a 

TKA, using a bone remodelling model to mimic the behaviour of the tissue, and study the differences in 

bone adaptation between six different prosthesis, the effects of the stem length and the use of the 

metaphyseal sleeve. 

Firstly, all the models experienced a global reduction in bone mass (BM). In all the models, the 

tibial implant is mainly supported by trabecular bone. According to Wolff’s law, bone remodelling is 

affected in response to changes in the applied loads, which is what happens when an implant is inserted 

into the tibia: the load is partially transferred through the prosthesis, unloading the (less stiff) tibia. This 

phenomenon is called stress shielding and it translates into bone resorption (Jaroma et al., 2016; Zhang 

et al., 2016). According to Zhang et al. (2016), under the normal physiological loading conditions, the 

stresses are at their maximum immediately under the surface of the joint, which means that the proximal 

regions of the tibia are the most affected by the introduction of the implant. Figures 6-6 to 6-11 show 

bone resorption in these regions, since the blue colour is extremely evident under the top surface of the 

tibia. Additionally, the values in Table 6-2 and Table 6-4 confirm that, in fact, regions 1 and 2 of all the 

models have the most negative values of percentage of BM change when compared to the values of 

the other regions for the same model. 

Regarding the assemblies without sleeve (Figures 6-6, 6-7 and 6-8), not only the qualitative, but 

also the quantitative results show an increase in bone resorption in the proximal regions, that extend to 

the beginning of the tibia’s diaphysis when the length of the stem increases. Furthermore, the results 

also indicate bone formation in the regions surrounding the three stems. The proximal bone resorption 

and the distal bone formation are related, since the load acting on the tibial tray can be transferred to 

the bone distally, along the bone-stem interfaces. The longer the stem, the higher the load transfer to 

the diaphysis, resulting in a higher decrease in BM in the proximal regions (Cawley et al., 2012; Chong 

et al., 2011; Munro et al., 2010; Small et al., 2013) and, consequently, in the global tibia. On the one 

hand, the purpose of using shorter stems is to help centre the implant in the canal, rather than support 

the load. On the other hand,  in spite of the higher values of bone resorption, longer stems are known 

for providing additional fixation and ensuring more consistent component alignment. Therefore, they are 

routinely used in revision TKA, because they unload the epiphysis of the tibia, where the bone quality is 

particularly poor (Barrack et al., 2004; Quílez et al., 2015). However, longer and uncemented stems are 

commonly associated with end-of-stem pain, known to be due to stress concentration or stress transfer 

to the tip of the stem (Barrack et al., 1999). This stress transfer leads to bone formation, which can 

especially be seen in Figure 6-7 and Figure 6-8, at the tip of the 75 mm and 115 mm stems, and in 

Tables 6-9, 6-10 and 6-11. 

According to Table 6-3, the global quantitative results were: a small BM loss of 0,26% for the 

model with the standard stem; a BM reduction of 0,93% for the model with the 75 mm stem; and a more 

significant BM reduction of 2,58% for the model with the 115 mm stem. Additionally, for the proximal 

regions, a BM loss of 2,26% was obtained for the model of the standard stem, a loss of 4,41% for the 

model of the 75 mm stem and, finally, a BM reduction of 6,80% for the model of the 115mm stem. These 
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values are within the very wide range of results obtained in clinical studies, in which the regions of 

interest are mainly in the epiphysis and metaphysis of the tibia. Small et al. (2013) registered a mean 

reduction of bone mineral density (BMD) in all regions of interest of 10,9%, after 10 years, the proximal 

regions reaching a loss of 13,9%. Munro et al. (2010) reported an overall BMD loss between 5,7% and 

10,5% at 3 years and Petersen et al. (1995) observed a progressive decrease in BMD, as well, reaching 

22% at 3 years follow-up. Levitz et al. (1995) reported small variations during the first year after TKA, 

but overall decrease in BMD of 36,4% at 8 years follow up. Finite element studies, such as Cawley et 

al. (2012) and Chong et al. (2011) obtained a BM reduction of 29% and 11% for surface cementation 

models, respectively. These extremely diverging values are due to the fact that, as described in Section 

3.5, the studies have different aims and, therefore, use different fixation techniques, prosthesis models 

and materials, and even different ways of analysing the data. In addition, the tibia’s morphology and 

bone quality obviously varies from patient to patient. 

Regarding the assemblies with sleeve, in all cases, there was a reduction in BM mainly in the 

proximal regions and there was densification in the diaphysis, around the stem and at its tip. Sleeves 

are usually a good long-term option for biological fixation, since they allow the filling of severe defects 

in the tibia’s epiphysis, providing the necessary mechanical support for the implant (Quílez et al., 2015). 

Figures 6-9, 6-10 and 6-11 and the values in Tables 6-4 and 6.5 show a higher bone resorption in the 

proximal regions, as well as at the interface of the sleeve with the tibia, when compared to the 

assemblies without sleeve. This was somewhat expected, since the prosthesis became a lot stiffer with 

the introduction of the metaphyseal sleeve, leading to an increase in the stress shielding phenomenon 

and, consequently, an increase in load transfer to the prosthesis. 

Comparing the global BM variation values of the assemblies with sleeve with the values of the 

assemblies without sleeve in all cases (Tables 6-6, 6-7 and 6-8), it is possible to see that the bone 

resorption felt in the former assemblies is much severe than the bone resorption felt in any of the latter 

cases. However, unlike the assemblies without sleeve, in this case, the bone resorption did not increase 

with the length of stem. More specifically, from Figure 6-9 to Figure 6-10, that is, from the standard stem 

to the 75 mm stem, it is possible to verify a significant increase in bone resorption. Nevertheless, Figure 

6-11,  i.e. the model with the 115 mm stem, does not show a higher bone resorption than the model with 

the 75 mm stem, as would have been expected according to Quílez et al. (2015), which is confirmed by 

the values in Tables 6-4 and 6-5.  Additionally, Quílez et al. (2015) registered the lowest bone resorption 

values for the prosthesis with sleeve and no stem. Even though the global BM variation value obtained 

in this work was not lower than the ones obtained for the prosthesis with the standard and 75 mm stems 

without sleeve, it was, in fact, lower than the BM variation obtained for the 115 mm stem without sleeve. 

Although some studies have defended that when using a sleeve, a longer stem should always be used 

(Haidukewych & Service, 2012), the combination of a sleeve with a standard stem has been growing 

over the last years and it has proven useful when a better metaphyseal fixation (and not diaphyseal) of 

the implant is needed. This prosthesis effectively fills metaphyseal defects, while being considerably 

simple to place with freedom of rotation, without exceeding the tibial plate and without the need for 

cement, regardless the diaphyseal deformity. By not using a long stem, there is no need to prepare the 

canal, reducing the risk of intraoperative fissures. 
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According to Table 6-5, the global quantitative results for the assemblies with sleeve were: a BM 

reduction of 1,04% for the model with the standard stem; a BM reduction of 3,35% for the model with 

the 75 mm stem; and a reduction of 2,90% for the model with the 115 mm stem. Additionally, for the 

proximal regions, a BM loss of 5,19% was obtained for the model of the standard stem, a loss of 10,33% 

for the model of the 75 mm stem and, finally, a BM reduction of 8,67% for the model of the 115mm stem. 

These values are, once again, within the very wide range of results obtained in the clinical studies 

already brought up, though to the author’s knowledge there are no clinical or finite element studies that 

tested the BMD variation when using a metaphyseal sleeve. 

According to several studies (Cawley et al., 2012; Chong et al., 2011; Jia et al., 2017; Small et 

al., 2013; Zhang et al., 2016) the medial side of the tibia was expected to experience a larger amount 

of bone resorption, mainly due to the larger portion of the joint load acting on this side, which after the 

TKA starts being shielded by the metallic prosthesis. Table 6-2 indicates that, the assemblies without 

sleeve experienced the opposite of what was expected regarding the medial and the lateral sides, since 

the latter was the one that registered higher values of bone resorption. On the other hand Table 6-4 

shows that the assemblies with sleeve indeed suffered from higher bone resorption on the medial side 

than on the lateral side. These dissimilar results may be due to the few limitations of this work, which 

are carefully described further on in this section. 

To summarize, the results confirmed the occurrence of stress shielding after prosthesis 

implantation, being that in all cases the largest amount of bone resorption was observed in the proximal 

regions of the tibia, under the tibial tray component. Proximal and global BM variation increased when 

the length of the stem increased for the assemblies without sleeve. For the assemblies with sleeve, the 

model with the 75 mm showed higher bone resorption values than the model with the 115 mm stem. 

Bone apposition occurred at the tip of the 75 mm and 115 mm stems in both assemblies, due to stress 

concentration. The assemblies with sleeves registered higher values of bone resorption than all the 

assemblies without sleeves, indicating that the sleeve increased the stress shielding phenomenon. The 

assembly of the standard stem with sleeve suffered less bone resorption than the assembly of the 115 

mm stem without sleeve. Finally, the assemblies without sleeve had more bone resorption on the lateral 

side, whereas the assemblies with sleeve had more bone resorption on the medial side. A part of the 

results goes in accordance with the literature, however some of them do not.  

Therefore, the limitations of this work must be addressed. Firstly, all of the simulations were 

performed on a single geometry of the tibia and the prosthesis material properties were always the 

same. Therefore, the variability in tibia morphology, implants and material properties could not be tested. 

The applied loads were underestimated in some regions of the tibia, because of the lack of biological 

conditions. There is not a single study that includes all of the joint reaction forces, as well as the load 

components of all of the muscle insertions. In this case, not all of the muscle insertions were included, 

nor was the articular cartilage, the menisci or the ligaments, which may explain a few bone resorption 

areas on the exterior surface of the tibia.  

Due to the modelled geometry of the 75 mm and the 115 mm stems, there was a small space 

between them and the wall of the tibia’s diaphysis, which can also influence the density distribution of 

the bone surrounding the stem. Lastly, there could have been user positioning errors when inserting the 
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prosthesis into the tibia and, according to Zhang et al. (2016), tibial malalignment can be associated 

with abnormal medial/lateral force distribution, which may explain the unusual higher bone resorption in 

the lateral side of the tibia for the assemblies without sleeve. The same study reported that this 

component malalignment also seemed to reduce stress shielding in the bone, which may explain the 

lower bone resorption values felt in the model with the 115 mm stem with sleeve when compared to the 

model of the 75 mm stem with sleeve. 

 All in all, despite the limitations associated with this study, the results obtained included the 

stress shielding phenomenon and local stress concentrations, as reported in the literature. In addition, 

the knowledge regarding the mechanical behaviour and bone adaptation after the insertion of the 

prosthesis is of the utmost importance when choosing a certain fixation technique or prosthesis design 

or material. The bone quality varies from patient to patient and so the surgeons performing TKA should 

be able to anticipate the bone changes and make appropriate decisions to accommodate for the 

inevitable loss of bone.  
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8. Conclusions and future work 

In this work, the bone remodelling of the tibia after a TKA was analysed, using the finite element 

method and a bone remodelling model first developed by Fernandes et al. (1999). The goal was to 

evaluate the bone adaptation when in the presence of six different configurations of prosthesis. 

The solid model of the tibia was obtained from CT images and the several prosthesis components 

were modelled according to real models. After creating the six assemblies and assigning the material 

properties, the boundary conditions and applied loads, the bone remodelling model was used for the 

intact tibia, in order to discover the adequate bone remodelling parameters. The density distribution 

obtained for the intact tibia was used as the initial density distribution for all the six assemblies. Bone 

adaptation was then analysed and compared between all cases. 

The results obtained in this study show that the bone density distribution after a TKA is clearly 

dependent on the prosthesis geometry. Unlike the unstemmed implants, which did not experience 

significant bone loss, the assemblies with 75 mm or 115 mm stems caused more substantial values of 

BM variation. This suggested that the load transfer to the cancellous bone surrounding the distal stem, 

that resulted in bone apposition around it, lead to bone resorption in the proximal regions, which were 

load deprived. The BM changes in the tibia influence the outcome of the TKA, i.e. patients with a high 

postoperative bone loss are expected to have an increased risk of fractures or loosening of the tibial 

component, which is the main cause of failure of the TKA (Petersen et al., 1995). The assemblies with 

the 75 mm or 115 mm stems also presented bone apposition at the tip, confirming the load transfer 

capability of the stem and indicating stress concentration. Studies have shown that the stress 

concentration at the tip of the stem commonly results in end-of-stem pain (Barrack et al., 1999, 2004), 

however there is general agreement that they should be used when there is an extremely low bone 

quality, which requires improved diaphyseal fixation. The addition of the metaphyseal sleeve to the 

prosthesis resulted in an overall BM decrease in all assemblies, due to the increase of the stress 

shielding phenomenon, still they are known for providing mechanical support when the metaphyseal 

defects of the tibia are severe.  

Despite the less coherent results regarding the assemblies with the 75 mm stem, that could be 

caused by the (already listed) limitations of this work, it can be observed that the two assemblies with 

the standard stem are associated with relatively low values of BM change, making it seem like the best 

option for a long-term successful TKA. Nonetheless, the priority when choosing the prosthesis 

components is not their biomechanical effect on the tibia, but the patient’s clinical status, which includes 

age, level of activity, diaphyseal or metaphyseal defects (quality of the bone), bone geometry, surgeon’s 

experience and surgical technique used. 

To complement this work, further studies with different methodologies are needed in order to 

analyse the bone adaptation process after a TKA. For instance, all of the assemblies used in this work 

were developed using a hybrid cementing fixation, meaning that a layer of PMMA was positioned 

beneath the tibial tray, but not around the stem (Chong et al., 2011). Other fixation techniques, such as 

a fully cemented or a cementless case,  could be modelled, although several studies have reported that 

both cemented and uncemented fixation methods are both equally viable (Small et al., 2013). Secondly, 
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another suggestion for future studies would be to include the ligaments in the finite element method. 

The change in the applied loads would consequently change the stimulus to the bone, possibly 

influencing the density distributions of the tibia after the bone remodelling simulations. Another option 

would be to model a different prosthesis design or assign different materials to the components. Jia et 

al. (2017), besides titanium and cobalt-chromium alloys, also used functionally graded materials 

(FGM’s), defined as “inhomogeneous materials, consisting of two (or more) different materials, 

engineered to have a continuously varying spatial compositions profile” (Udupa et al., 2014), and 

concluded that the effects of the materials had a much more pronounced effect on the tibia’s stress 

shielding than the stem length. Finally, the use of a greater number of tibias would also increase the 

credibility of the results. 
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Annex A 

 

Figure A-1 - Models of the prosthesis assemblies. Model with the 75 mm stem: A. Isometric view; B. Anterior view; 
C. Lateral view. Model with the 75 mm stem and sleeve: D. Isometric view. E. Anterior view; F. Lateral view. Model 

with the 115 mm stem: A. Isometric view; B. Anterior view; C. Lateral view. Model with the 115 mm stem and 

sleeve: D. Isometric view. E. Anterior view; F. Lateral view. 
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Annex B  
Table B-1 - Values of RMSE and MAE for both the relative and absolute differences ∆μ (for m=2 and m=3 and all 

the values of k).  

𝒎 𝒌 𝑹𝑴𝑺𝑬𝒂 𝑴𝑨𝑬𝒂 𝑹𝑴𝑺𝑬𝒓 𝑴𝑨𝑬𝒓 

 2,5 × 10−2 0,3578 0,2877 0,5825 0,4825 

 1 × 10−2 0,2810 0,2209 0,5056 0,3931 

 7,5 × 10−3 0,2615 0,2045 0,4864 0,3705 

 5 × 10−3 0,2382 0,1848 0,4630 0,3426 

2 2,5 × 10−3 0,2098 0,1573 0,4337 0,2996 

 1 × 10−3 0,1991 0,1356 0,4330 0,2622 

 7,5 × 10−4 0,2023 0,1349 0,4458 0,2632 

 5 × 10−4 0,2105 0,1381 0,4716 0,2743 

 2,5 × 10−2 0,3086 0,2457 0,4629 0,3856 

 1 × 10−2 0,2438 0,1855 0,3917 0,3020 

 7,5 × 10−3 0,2265 0,1707 0,3762 0,2819 

 5 × 10−3 0,2062 0,1533 0,3625 0,2591 

3 2,5 × 10−3 0,1851 0,1320 0,3641 0,2341 

 1 × 10−3 0,1883 0,1265 0,4086 0,2401 

 7,5 × 10−4 0,1951 0,1296 0,4305 0,2510 

 5 × 10−4 0,2069 0,1363 0,4648 0,2710 

 

 

 

Figure B-1 – Mean absolute error values for the absolute difference between the bone's apparent densities of the 
CT images and the bone remodelling simulations. 
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Figure B-2 - Root mean square values for the relative difference between the bone's apparent densities of the CT 

images and the bone remodelling simulations. 

 

 

Figure B-3 – Mean absolute error values for the relative difference between the bone's apparent densities of the 
CT images and the bone remodelling simulations. 
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