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Abstract

Total hip replacement is one of the most successful practiced orthopaedic treatments,
restoring hip function and relieving patients of pain. During the surgery the femoral head and
the bearing surface of the acetabulum are removed and replaced with a prosthetic stem and a
socket respectively. There are two types of total hip replacement; one uses bone cement to fix
the components (cemented) and one uses a press-fitting technique without cement
(cementless).

Cementless stems are preferred for two reasons. First, they induce bone growth and
make permanent bond with bone. Second, when the stems ultimately fail, the cementless
stems are far easier to remove and the success of revisions is better. However, not everyone
can handle the cementless procedure. Amongst the important criteria to choose the implant
type are age and gender. Today there are no quantitative pre-operative procedures to choose
the correct implants for patients.

Thirty-nine total hip replacement patients were enrolled in this study which introduces
a novel procedure relying on computer tomography image aquisition to measure bone mineral
density of patients and create finite element models used to calculate a fracture risk index.
The goal is to answer the question whether the femur can handle the press-fitting surgery.

The results indicate that although the bone mineral density tends to decrease with age,
there are some patients that deviate from this trend; they have to be identified and the correct
implant selected for them. The fracture risk index results indicate that fracture risk is not
dependent on bone mineral density, age or type of implant. However, bone mineral density
measurements are able to indicate bone quality of patients.

Although the fracture risk index does not reflect real risk of failure, the results indicate
that all patients are different. The bone mineral density measurements demonstrate bone

quality beyond age and gender.

Keywords: Bone Mineral Density, Fracture Risk, Total hip Replacement, Finite Element
Analysis, Bone Cement



Urdrattur

Heildarmjadmalidskipti eru medal farseelustu baeklunaradgerda sem gerdar eru, en hun hjalpar
sjuklingum med lidhrérnum ad endurheimta hreyfigetu og linar verki i mjédm. Adgerdin felur
i sér ad skera hofud lerleggsins af og fjarleegja eydilagt brjosk augnkarls mjadmarinnar og
koma igraedlingi fyrir i lerleggnum og bolla i augnkarlinum. bad eru tveer typur af
heildarmjadmalidskiptum, énnur notar beinsement til pess ad festa ihlutina en hinni er pryst
inn med hamarshdggum an beinsements.

Pad eru tveer astaedur fyrir pvi ad betra er ad nota ekki beinsement. I fyrsta lagi ytir st
adferd undir innvoxt beins og veldur pad fastri tengingu milli igraedlings og beins. 1 68ru lagi,
begar igraedlingurinn losnar og pad parf ad skipta um hann, er talsvert audveldara ad skipta ef
ekki var notad beinsement. PO eru ekki allir sem geta fengid igraedling an beinsements, pvi
bad reynir & lerlegginn ad koma honum fyrir. Leeknar velja hentugari typuna fyrir adgerdina
en aldur og kyn hafa mikil ahrif. | dag eru engar magnbundnar adferdir i notkun til ad velja
rétta tegund igraedlings.

Prjatiu og niu heildarmjadmalidskiptasjuklingar toku patt i pessari rannsokn sem
kynnir adferd sem byggir & télvusneiomyndum af sjuklingum til pess ad mala beinpéttleika
og bua til batalikén sem notud eru til pess ad reikna brothaettustudul lerleggs fyrir adgero.
Markmidid er ad svara pvi hvor gerdin af igreedlingi hentar betur fyrir hvern sjakling.

Nidurstddurnar syna ad beinpéttni minnkar med aldri, en pé eru nokkrir sjuklingar
fravik. Pessa sjuklinga parf ad finna og tryggja ad peir fai réttan igraedling.
Brotheettustudullinn sem reiknadur var virdist ekki gefa til kynna tengls vid beinpéttleika,
aldur eda typu igraedlings. Beinpéttnimalingarnar gefa hins vegar géda mynd af gaedum
beins.

P& brotheettustdullinn endurspegli ekki raunverulega mynd af brothaettunni, gefa
nidrustédurnar til kynna fjélbreytni sjuklinga. Beinpéttnin sem reiknud var gefur visbendingar

um astand beinsins umfram aldur og kyn.

Lykilord: Heildarmjadmalidskipti, Beinpéttni, Brothaettustudull, Butalikdn, Beinsement.
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1. Introduction

1.1. Motivation and Clinical Background

Total Hip Replacement (THR) is one of the most successful practiced orthopaedic treatments,
restoring hip function and relieving patients of pain by replacing pathological hip joints with
artificial ones. There are two components in THA, femoral and acetabular. During surgery,
the femoral head is removed and a prosthetic stem is inserted into the femoral canal (the
femoral component). Additionally, the articular surface of the acetabulum is removed to hold
a metal cup with a plastic liner (acetabular component) where the head of the femoral stem
goes into. There are two types of THR: One that fixes the femoral and acetabular components
with cement (cemented THR), and one that uses no cement (Cementless).

In cemented THR, the stem and the acetabular cup are held in place with acrylic bone
cement but cementless prosthetic components use the tensile elasticity of the bone as a
method of fixation. There are two reasons why cementless stems should be the first choice for
patients. First, eventually all THR will fail, usually after more than 10 years. When they fail,
loosening of the stem is amongst the most prevalent causes. The quality of fixation of
cemented stem tends to degrade over time [1] while cementless stems on the other hand, are
press-fitted into the femoral canal, causing expansion of it. This introduces high tensile
stresses on the femur that hold the stem in place. With time, cementless stems induce bone
growth and make permanent bond with bone, which is the main cause for why cementless
stems often perform better on the long-term than cemented stems [2, 3]. Secondly, when the
stems fail, they have to be replaced. Removing cementless stems is very easy in comparison
with cemented stems. When the bone cement is removed, some amount of bone tissue can
follow, further weakening a weak bone but also, the stem-bone interface is less capable of
receiving another implant. However, not all femurs can handle the press-fitting surgery of
implanting cementless stems; the bone has to be strong enough. This has to be examined
before surgery to choose the correct implant.

Eventually, if people live long enough, everyone will need a THR surgery. The hip
joint is a load-bearing joint, which is constantly receiving high loads. These loads lead to
gradual degradation of articular surfaces, causing functional impairment and pain. This
degradation is termed arthrosis and at 65 years of age, ~80% of people have recognizable hip
arthrosis on x-ray image, of which 25-30% shows symptoms [4]. In 2012, 264 patients
underwent primary THR in Landspitali Hospital [5]; that means five hip joints are replaced

1



every week of the year on average. The cost of every operation is close to one million ISK so
it is manifest that a lot of expenses lie in THR. In 2012, 27 revision THRs were made in
Iceland. The average cost of revision surgeries is at least double the cost of primary ones.

Currently there are no absolute criteria on how to choose the correct type of prosthesis
for THR. Despite the plethora of techniques available it is still the feeling of physicians that
plays the big role in the decision, along with female gender, age (the indicators of bone
quality) and visual x-ray analyses. There is a clear need for quantitative methods to securely
choose the correct implant for individual patients.

This study introduces a method relying on computed tomography (CT) images to build
three-dimensional models of femoral bones and performing Finite Element Analysis (FEA) to
calculate a Fracture Risk Index. Additionally, Bone Mineral Density (BMD) is calculated on
the proximal femur to increase the depth of the evaluation of bone quality. This way, the risk
of fracture can be estimated pre-operatively and the question answered if individual patients
are likely to tolerate the press-fitting surgery of cementless stems.

This work is part of a larger study on fracture risk analysis in THA patients also based
on spatial and temporal gait data, electromyography (EMG), bone- and muscle density and
quality of life (QOL) questionnaire. The aim is to use measured parameters to create a
clinical evaluation score system for THA planning and monitoring recovery of patients after
surgery. Figure 1 shows the events of the project on a time axis.

Time

axis I Pre-Op Post-Op 6-weeks 52 weeks
* (CT-scan Gait Analvei * CT-scan
* Gait Analysis * CT-scan I * Gait Analysis

Figure 1: Project timeline. Before surgery, patients are CT-scanned and undergo a gait assessment with EMG. Soon
after the operation, they are CT-scanned again. Then 6 weeks later they are called in for gait analysis again. 52
weeks later they are CT-scanned and undergo a gait analysis with EMG.

1.2. Objective of the Thesis

The objective of this study is to design a novel approach to provide a quantitative tool to
choose the type of implant before THR surgery. The goal is to import these methods into
clinical use and optimize pre-operative decision-making of implant type, and thereby reduce
the rate of revisions followed by a cemented implant, which are highly complicated, very

expensive procedures and have limited success.



1.3. Thesis Overview

In chapter 2.1 the anatomy and biomechanical properties of bones and the hip joint will be
described. Chapter 2.2 will then take on the nature of total hip replacements, the main
differences between cemented and cementless techniques and introduce the main prosthetic
components. Chapter 2.3 will cover the currently employed pre-operative planning of THR.
Chapter 2.4 includes an introduction to the finite element method and how it is used in THR
applications. Chapter 3 is the materials and methods employed in the present study and
chapter 4 displays the results. Chapters 5 and 6 consist of discussions and conclusion

respectively. At the end, the future directions of the project are discussed.



2. Theoretical Framework

2.1. Bones and the Hip Joint

2.1.1. Introduction

Bone is a quite complex and dynamic connective tissue. It has two major roles: first, together
all the bones in the body form the skeleton, which provides mechanical support and protects
neural structures. Secondly, they store important minerals, particularly Ca2+, necessary to
maintain mineral homeostasis and vital organ function.

Bone tissue is composed of (on a weight basis) inorganic- (60%) and organic (30%)
phases and water (10%) [6]. On a volume basis the proportions are 40, 35 and 25%
respectively. The inorganic part of bones are an impure form of naturally occurring calcium
phosphate, usually referred to as hydroxyapatite: Ca;o(PO4)s(OH), [7]. The organic part is
collagen.

Bones differ from other connective tissues in the way that they are very stiff and
strong. They work in a very small range of strain, yet they are very sensitive to strain level.
They respond to strain by adapting their structure to be more able to receive the loads causing
the strain. Bone is viscoelastic, meaning the mechanical properties depend on deformation
grade, and anisotropic, meaning the displacement depends on direction of applied forces. The
material properties stem from the fact that they are a composite; hydroxyapatite in a collagen
lattice. Bones also differ in the way that they grow by adding layers of bone tissue on a cell-
laden surface, unlike other connective tissues that grow interstitially.

In this chapter the properties of bones will be described. The discussion of different
bone types and hierarchical levels will start at nanoscale and work towards macroscopic
structures. From there the bone cells will be covered, continuing to how they are involved
with bone building and remodelling. At last bone mechanical properties will be discoursed on,
with the focus on long bones and especially the human femur. The objective of this chapter is
to introduce functional structure and anatomy of bones and how they remodel themselves
when put under load. With this knowledge and the important terminology laid down in this
chapter, comprehension of the next chapters, on total hip arthroplasty and prosthetic

technology will be easier.



2.1.2. Hierarchical Levels of Bone

Bone has many hierarchical levels and it is essential to be familiar to the properties and shape
of the different component phases to understand the mechanical properties of bone tissue. On
the smallest phase (sub-nanostructure) there are collagen molecules and bone crystals
(hydroxyapatite mineral crystals) arranged in collagen fibrils (figure 2). On a nanostructural
scale, those collagen fibrils comprise collagen fibres, synchronized to make up lamellae in
lamellar bone (sub-microstructure). In each lamella, collagen fibres are arranged in parallel
with each other in layers that are aligned alternately. The lamellae are concentric around the
Haversian canal which confine vessels and bone nerves. The concentric layers of lamellae
form a microstructure called osteon. These osteons are cylindrical with a diameter of 10-500
um and 1-3 mm in length and they are aligned in quasi-parallel to the long axis of bones [8].
The highest hierarchical level of bones divides into two main bone types: cortical- and
trabecular bone. Cortical bone is dense and consists of aligned osteons while trabecular bone
is highly porous with spongy appearance in which lamellae arrange in small struts called

trabeculae.

OSTEON COLLAGEN

FIBERS

CONCENTRIC APATITE
g:xﬂsmu LAMELLA MINERAL CRYSTALS
(3-7 um) (200-400 A LONG)

Figure 2: Structure of bone tissue from nano to microscale. Adapted from [9]

The Structure of Trabecular Bone

Trabecular bone, which is usually in the confines of cortical coverings, is more metabolically
active then cortical bone and is remodelled more often. It consists of trabeculae that are
similar in shape as osteons of cortical bones, consisting of concentric lamellae. The functional
units of trabecular bone are called packets and they are semilunar in shape. Trabecular bone is

made of a meshwork of rods, 0.08-0.14 mm in diameter and ~1 mm in length, and plates, up



to 0.5 mm thick and several millimetres in their long dimension [10]. There rarely are blood
vessels inside the trabeculae; they instead thread in and out of the large spaces between
individual trabeculae. Figure 3 displays three different types of trabecular bone meshwork,

differentiating on the ratio and structure of rods and plates.

Figure 3: Different types of trabecular bone. A) Meshwork consisting entirely of rods. This is the most delicate type of
trabecular bone and is typically found in the deeper parts of long bone ends. B) Meshwork of plates separated by
rods. This type has a various density and is typically found in the lower end of the femur. C) Meshwork consisting
entirely of plates. The plates form a mesh and enclose tubular spaces orientated along the direction of stress. This

arrangement is distributed in the skeleton found for example adjacent to articular surfaces in the lower tibia.
Adapted from [10]

The Structure of Cortical Bone
Cortical bone is dense and solid and as the name suggests it forms a cortex around the bone
marrow. Osteons of cortical bones are called Haversian systems. Cortical bone can be divided

into three types: lamellar-, osteonal- and woven bone.

Lamellar bone

Lamellar bone consists of laminae; small units that are about 200 um thick and arranged
concentrically [11] (figure 4). Between the laminae is a system of vessels that are essentially
two-dimensional. Every lamina is divided into three zones. The first zone is a very dense and
well organized bone tissue. This zone reaches from the surface of the inter-laminae vessels
and about one-third the length across the lamina to the next one. The second zone is equal in
range as the first one, and is badly organized bone tissue. This zone is split in two by the third

zone, called the bright line. The lamina is symmetrical about this line.
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Figure 4: Typical layer-structure of lamellar bone. Adapted from [12]

Osteonal Bone

Osteonal bone essentially consists of cylindrical elements called osteons. There are two types
of osteons: primary and secondary osteons. Primary osteons are the structure around vessels
that are developed when the bone is initially formed. Secondary osteons are formed after the
tissue has mineralised; they are more of interest than primary osteons because in human adult
bone, osteons are primarily made up of secondary osteons. Osteons which are about 200
micrometres in circumference and 1-2 cm long are organised to house a system of small
arteries, arterioles and capillaries (figure 5). The blood in the osteonal canals is transported
along the long axis of long bones. So-called Volkmann canals connect the osteonal canals and
in them blood is transported perpendicular to the long axis. The Volkmann canals are named
after the German physiologist Alfred W. Volkmann (1800-1877) who discovered them [13].
Osteons, of osteonal bone, and lamellae, of lamellar bone, are the same material, only

arranged in a different way.
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Figure 5: Basic structure of cortical bone. Adapted from [14]

lamellae

Woven Bone

Woven bone is found in both cortical- and trabecular bones in young, growing animals and in
adults after bone injuries. Bones of new-borns are mostly made of woven bone but it
transforms into lamellar bone during maturation, and at maturation a part of lamellar bone
transforms into osteonal bone. What distinguishes woven bone from the other bones is the
ratio of collagen to mineral. This ratio is almost fixed in lamellar and osteonal bone but varies
greatly in woven bone; hyper-mineralization can often be observed in woven bone. Woven

bone can form very quickly when it does, with no uniform orientation of collagen fibres.

2.1.3. Anatomy of the Femur

As mentioned before, there are two main types of bones on a macroscopic level: cortical and
trabecular bone. The smooth outer layer of the cortical bone is called periosteum (figure 6)
which consists of active cells that enlarge the girth of bones in remodelling; it is laminated,
vascularized and forms bone's outer coating. On the periosteum, bone formation typically

exceeds resorption, so diameter of long bones tends to increase with age. The top layer of
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periosteum consists of collagenous fibres and fibroblasts. This fairly impermeable fibre-film
sticks to bone and is always under tension. The canal in the middle of long bones is called the
medullary canal. The surfaces of these canals are called endosteum, which mainly consists of
laminated cells. In the endosteum, bone resorption typically exceeds formation so the
medullary canal normally expands with age. The mid-shaft of long bones is called diaphyseal
region and the epiphyseal region is at the ends, where trabecular bone is inside the cortical
shell. The metaphysis connects the epiphysis and diaphysis. Longitudinal bone growth occurs
at growth plates, where cartilage proliferates, in the epi- and metaphyseal areas [13]. In the

mid diaphysis, the narrowest part of the femur is called the isthmus.

Trabecular bone

Growth plate
Lesser trochanter
Cortical bone

[ Periosteum

oWt

Diaphysis

Figure 6: Gross anatomy of the femur.

2.1.4. Anatomy of the Hip Joint

The hip joint is a synovial ball-and-socket joint with the properties of one: as a joint cavity,
the touching surfaces are covered with articular cartilage; it has a synovial membrane

producing synovial fluid and it is covered with a ligamentous capsule [15].



The acetabulum consists of three bones, ilium, ischium and pubis. Those three bones
are connected with cartilage until they fuse together between 13-23 years of age [16]. When
looking inside the "cup" of the acetabulum, a horseshoe-like cartilage can be observed, called
labrum (figure 17). The head of the femur, fitting into the cup, is also covered with articular
cartilage, providing extremely low friction and is held in the socket by a ligament, the
ligamentum of Teres. Connecting the shaft and the head of the femur is the femur neck,
forming an angle of 125° +- 5° in the average individual [17].

Labrum ;
\

Ligamentum

teres
oy
‘ \

-

.

Transverse
acetabular
ligament

Figure 7: Articular surfaces of the hip joint. Adapted from [18]

2.1.5. Bone Cells

Bone cells within the bone tissue work together to keep the skeleton intact. Their work
includes, new bone development, bone maintenance and regulation of minerals. The five
kinds of bone cells found both in growing and grown skeleton will be covered in the
following sub-chapters.

Osteoprogenitor Cells

There are two types of osteoprogenitor cells, preosteoblasts and preosteoclasts.
Preosteoblasts are mesenchymal cells which can differentiate into osteoblasts through the
process of mitosis. Similarly, preosteoclasts differentiate into osteoclasts. These daughter
cells will be covered in the next paragraphs. The osteoprogenitor cells usually lie in the inner
layers of periosteum, endosteum, osteonal canals and Volkmann canals. Preosteoblasts are
most active during bone growth but some parts of them also reactivate after bone fracture

during repair. They also differentiate into osteoblasts during the perpetual remodelling of
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bone [19]. Preosteoclasts have relatively newly discovered functions, besides giving rise to

osteoclasts, for example hinder the activity of osteoblasts [20].

Osteoblasts

Osteoblasts are specialized mesenchyme-derived cells that have the functions of adding and
maintaining bone tissue. They secrete un-mineralized collagenous bone matrix, called
osteoids. The osteoids then mineralize into new bone. Osteoblasts also work on calcification
of bone by regulating calcium and phosphate flux in and out of bone [21]. In figure 7

osteoblasts (and osteocytes) can be seen on a microscopic image.

Figure 8: Image showing osteoblasts and osteocytes with canaliculi canals also visible. Adapted from [22]

Osteoclasts

Osteoclasts are cells that destroy bone tissue to precipitate bone remodelling or cause bone
loss in pathological cases. Their range of function reaches beyond removing bone tissue; they
also secrete cytokines that have various regulating-abilities in bone remodelling [23].
Osteoclasts are most often found in so called Howship's lacunae (figure 9) which are,
according to Encyclopaedia Britannica, pits on the bone surface, formed after bone resorption
[24].

11
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Figure 9: A pie-shaped section of an osteon. Adapted from [13]

Bone-Lining Cells

Bone lining cells draw their name from the fact that they are thin and long as they line up to
cover most bone surfaces. They are assumed to be derived from osteoclasts and preosteoclasts
[13]. Bone lining cells play a big role in modulating formation of osteoclast and preparing the

bone surface so the bone eating cells can attach to it [25].

Osteocytes

Osteocytes are converted osteoblasts that are left behind when the bone surface grows
outwards, encased in the mineralised matrix from their own secretion [13]. According to
Encyclopedia Britannica, osteocytes can both deposit and resorb bone tissue. They also
participate in bone remodelling by sending signals to other osteocytes via cytoplasmic
processes within canaliculi (figure 7), as a response to even slight deformation caused by
skeletal muscles [26]. Through this mechanism, bone gets stronger when it is properly loaded
(as in physical exercising) or weaker when it is under-stressed (by inactivity). The next sub-

chapter will cover bone remodelling in more detail.

2.1.6. Bone Remodelling

Bone remodelling is the process of continuous bone shape changes as a response to
physiological influences or mechanical forces. The skeleton gradually adjusts its structure to

be better able to receive frequent loads.
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Continuous degradation from bone-eating osteoclasts and adding from bone-building
osteoblasts prevents and removes fatigue induced micro-damages and adapt the structure of
bones. The function of osteoblasts and osteoclasts are controlled by various factors such as
hormones and cytokines along with local signalling molecules which respond to stress tensors
[27, 28].

Taking the femur as an example, during walking, forces act on it; for example
compressive hip contact ground reaction forces and tensile forces from the muscles attached
to the femur. The applied forces do not solely build up and maintain the bone mass but they
also control structural adaptation of the bone. The structural adaptation of bone as a response
to loads is described by Wolff's law, articled by the German anatomist and surgeon Julius
Wolff in but in 1892 he wrote: "every change in form and function of a bone, or in its function
alone, is followed by certain definite changes in its internal architecture and equally definite
secondary alteration in its mathematical laws" [29]. This simply means that bone changes its
structure to be better able to withstand frequently applied forces. Similarly, we lose bone
mass in under-stressed situations, as is sometimes the case when a prosthesis is introduced to
the human body. Normal stresses are then substituted for synthetic material-induced stresses
that can lead to under-stressed areas around the prosthetic implant. This phenomenon is called
stress shielding. In the case of total hip replacement, where the femur head is replaced with a
prosthetic stem which is inserted into the medullary canal, stress shielding can for example
occur on the proximal femur when the stresses bypass that part and are carried down to the

isthmus, the narrow part of the femur [30].

2.1.7. Biomechanics of Bone

When materials are put under stress they respond with deformation. Strength and hardness of
materials tell us how they deform. Due to its combination of inorganic and organic materials,
bone is amongst the strongest and most rigid structures of the body; the organic material
provides bone with flexibility and the inorganic provides resilience. Bones have some
behavioural properties worth mentioning: They are anisotropic, which means that their
deformation depends on the direction of the applied load. Bone can for example receive
higher loads in the longitudinal direction then transversely, as a result of structural adaptation.
Bones are also viscoelastic; their behaviour depends on the speed and length of applied loads.

This sub-chapter will discuss the biomechanical properties of cortical and trabecular

bone separately, but first, important mechanical terminology will be introduced.
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Stress

Consider a body B (figure 9). It has a closed surface S within B. Let AS be a small surface
area element onS. The direction of this small element is indicated by a unit normal
vector v. The side orientated in the same direction as the normal is often referred to as the
positive side and the other side negative. The part lying on the positive side exerts a
force AF on the other part. Introducing the assumption that 4S5 tends to an infinitesimally
small size, the ratio AF/AStends to the definite limit dF/dSwith an acceptable
variability. Since 4S tends to a very small size, the moment of the force acting on it vanishes

in the limit. The limiting vector can be written as

T, = dF/dS 1)

The transcript v is used to denote that the normal v indicates the direction of the surface. T is

called traction or the stress vector and represents force per unit area.

e

X3

Figure 10: Traction on a surface element. Force T acting on an infinitesimal surface element in body B, with normal v.
Adapted from [31]

In continuum mechanics stress indicates the inner forces that particles in a body react
on each other. Macroscopic stress on a body is really a sum of inner forces and collisions of
particles in the body. If we take a rod, with cross-sectional area of A [m?] and F [N] as the

force that is applied at the ends of it, then the stress is calculated as:

o = Z [Pa] (2)

The unit N/m? is called Pasqual and is denoted Pa. The general notation of stress components

is as figure 10 demonstrates; there the stresses for each direction in the 3D Cartesian space are
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shown, acting on the surfaces of the cube. t11, T2 and 133 are called normal stresses which
can be either compressive or tensile. The other stress vectors are shear stresses. Shear
stresses change the angle of objects, while normal stresses change their extent. Compressive
stresses reduce extent of bodies in the direction they work in while tensile stresses elongate
bodies in their working direction. It can be shown that knowing the component of a stress
tensor ¢ with respect to Cartesian coordinates, the stress vector acting on a surface element

with unit outer normal vector v (figure 8), can be written:

T =vo (3)

Besides surface tractions, body forces act on the total volume of the element. They may be
applied to the bulk material, like gravity, or to the surface of the element like contact forces or
external pressure. In figure 11, a body force acting in the direction of x; is drawn. Body
forces can be divided into three components depending on direction. It can be shown that for

a body in equilibrium, the stress components must satisfy:

81’13

0711 0712

— 4
6x1 + Oxz + aX3 bl ( )
6T21 6‘:22 6T23 _
axl + axz + aX3 - b2 (5)
67,'31 61'32 6T33 _
ax1 + axz + 6x3 - b3 (6)

where by b, andbs are Cartesian components of body forces, per unit volume, acting on the
body.
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Figure 11: General notation of stress components.

Figure 12: Body force acting inside an infinitesimal element.

Strain
Strain is a measure of deformation caused by stresses; it indicates the displacement of
particles in a body. The ratio of the change in length of a body to its original length is

called stretch ratio:

£=— (7)
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and is a measure of strain. For most engineering materials subjected to uniaxial infinitesimal

stretching, the equation

oc=E-¢ (8)

is valid for a certain range of stress, specifically until reaching the yield stress. In this
relation, E is called Young's modulus. The equation is called Hooke's law and the materials
that obey it are called Hookean materials. Similarly to equation 8, for a Hookean material

subjected to an infinitesimal shear strain, the relationship

T = Gtan(6) 9

is valid until yield is reached. It is important to note that the yield strain is different for
compression, tension and shear.

These situations describe simple deformation, but in nature, most deformations are
much more complex. Therefore a general method of strain treatment of bodies is needed. It is
achieved through so-called Cauchy's infinitesimal strain tensor, and it is written:

_1fow oy
gij - 2 [an + axi] (10)

where €11, €22 and &33 are normal strains while the others are shear strains. For an example, in

the case of shear strain, where the angle of the object is changed, the angle change in each 2D

direction can be divided into two parts (for each 2D axis), resulting in the infinitesimal strain

equation above:
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Infinitesimal shear strain means that the change in angle is very small. Therefore the notation
B~ tan S can be considered valid. This is a simple example, when dealing with complicated
structure can be simplified by dividing whole bodies into small element like the rectangle in

this example. This method is called the finite element method.

Strength and Hardness

When investigating behaviour of materials under stress, a graph where stress is plotted against
strain is often used to record the relationship. Figure 13 shows a typical stress-strain graph;
these graphs are different for the same material depending on direction of loading. In the
elastic region of the stress-strain curve there is a linear relationship between strain and stress,
and the slope is the modulus of elasticity or Young's modulus. When bone, or any material, is
deformed inside this region it is recovered fully when it is relieved of load. If the bone is
deformed beyond the yield limit the tissues start to cede, introducing micro-breaks. Beyond
the yield point materials will not fully recover and if the load is persisted it eventually breaks.
Material strength indicates how much load it can receive before it breaks. It is often measured
in energy storage before fracture; that is the area under the stress-strain curve [32]. The elastic
modulus is a measure of material hardness. Hard materials respond to load with small
deformation and tend to be fragile, that is, they break at the end of the elastic region. When

materials over-deforms beyond yield point into the plastic region, it is said flexible.
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Figure 13: A stress-strain curve with the most important readings labelled. Adopted from [31]

Poisson’s Ratio

Another important measure of behaviour of materials is the Poisson's ratio, named after
Simeéon Poisson (1781-1840), a French mathematician and physicist. Poisson's ratio describes
how materials change their extent when loaded. It is the negative ratio of transverse to axial

strain:

v=— Eaxial (1 1)

Etransverse

For example, if a load is put on a cube and it is compressed in one direction it tends to expand
in the other directions. Similarly if materials are stretched in one axis, they become narrower

along the other axis (figure 14).
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Figure 14: Interpretation of Poisson‘s ratio. When a body compressively stressed in one direction, it tends to expand
in the other direction. The behaviour can be mapped with Poisson‘s ratio.

Modes of Loading

After covering the most important mechanical terms used in this study, the types of
macroscopic loading modes serves as a summary. There are various loads which the skeletal
system can be subject to. Figure 12 shows these types of loading on a human femoral bone.
The equation in the chapters above can basically be implemented in ways to describe these

types of loadings.

a-Compression b-Tension ¢ -Shear d - Torsion e - Bending

Figure 15: Different loading modes shown on a human femoral bone. a) Compression causes shortening and
extension. b) Tensile strength causes narrowing and elongation. c¢) Shear strength, causes change in angle before
fracture. d) Torsion creates angular distortion. €) Bending includes all the changes seen in compression, tension and
shear. Adapted from [33]

As stated before, compression and tension are results of normal stresses that reduce or
increase the extent of bodies in the direction they work in, respectively. Shear stresses change
the angle of bodies; shear forces work parallel to the cross section. Torsion is the twisting of

objects due to applied torque. During torsion shear stresses emerge perpendicular to the
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radius. When a long bone is bent, one side will compress, while the other will elongate due to

tension.

Mechanical Properties of Cortical Bone

As already stated, bones are anisotropic, so strength and elasticity are different depending on
the direction of applied forces. Cortical bone has more strength and stiffness along the
longitudinal axis than along the transverse axis, because it is more used to receive high
vertical loads that apply in normal activities such as gait (table 2 and 3). Additionally,
cortical bone is stronger in compression than in tension. The Poisson's ratio for cortical bone
is in the range 0.2-0.5 with average value around 0.3 [34]. Figure 16 manifests the anisotropy
of cortical bone, where a stress-strain curve is plotted for four different loadings on the
femoral shaft. These graphical interpretations indicate that the femoral shaft is more flexible
in the longitudinal direction than in the transverse, howbeit, it indicates more stiffness in the

longitudinal direction.

Table 1: Anisotropic properties of human femoral cortical bone. Adapted from [35]. * Standard deviations are in
parenthesis.

Longitudinal Modulus (MPa) 17.900 (3900)*
Transverse Modulus (MPa)  10.100 (2400)

Shear Modulus (MPa) 3.300 (400)
Longitudinal Poisson's ratio  0.40 (0.16)
Transverse Poisson's ratio 0.62 (0.26)

Table 2: Anisotropic ultimate stresses of human cortical bone. Adapted from [35]. * Standard deviations are in
parenthesis.

Longitudinal (MPa)

- Tension 135 (15.6)*
- Compression 205 (17.3)
Transverse (MPa)

- Tension 53 (10.7)

- Compression 131 (20.7)
Shear (MPa) 65 (4.0)
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Figure 16: Anisotropy of the femoral shaft in tension. The stress-strain curve indicates more stiffness and flexibility
along the longitudinal direction and less stiffness and more brittle fracture transversely. Adapted from [36]

Cortical bone is linearly elastic until reaching yield point and fails at low strains. If it is
loaded close to yield, then unloaded and reloaded again there will be some residual permanent
strain, so load cycles of high enough value (or enough cycles) can produce fatigue damages.

Unlike ultimate stress, which is higher in compression then tension, ultimate strain is
higher in tension then in compression. Table 2 reflects that shear strength of cortical bone is
low, but it is weakest in transverse tension. An example of transverse tension is when a hip
stem of too large size is press-fitted to far into the diaphysis of the femur.

Often the average properties of cortical bone are presented, however there are many
things that can affect its behaviour. Although not very variable between individual humans,
small increment in mineralization can increase Young's modulus and strength (figure
17). Ageing also has a considerable impact on cortical bone properties. Tensile ultimate
stress has been reported to decrease around 2% per decade [37]. Tensile ultimate strain shows
10% decrease per decade; it alters from being as high as 5% for people in their thirties to
being as low as 1% for people over 80 years. So the energy that cortical bone can receive
before failing is quite dependent on age.
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Figure 17: Young‘s Modulus plotted against calcium content of cortical bone, taken from 18 different species.
Adapted from [38].

As mentioned earlier cortical bone is viscoelastic, howbeit, the rate of loading only has a
moderate effect on modulus and strength. For a change of six orders of magnitude in load rate
the modulus changes by a factor of two and strength by a factor of three [39]. Since most
physiological activities occur in a narrow strain range the strain rate effects can often be
neglected.

The behaviour of cortical bone also depends on level of damage. If the bone is loaded
past its yield point, the load released and then reapplied, the Young's modulus is lower than
before [40]. Furthermore, fatigue decreases the Young's modulus of cortical bone due to
increase in energy dissipation in each load cycle [41]. Histological damage in cortical bone
increases with age and is more pronounced in women than men [42]. Histological damages on
bone are often pooled under the name microdamage. The term microdamage covers the
damage patterns of longitudinal and transverse microcracks, diffuse damage and cross-
hatched shear band patterns [43]. When the cortical bone matrix suffers from permanent
microdamage it induces physiological response and bone cells fix the matrix before the lead
to unrecoverable damage.

A lot of micromechanical models for elastic and strength properties of cortical bone
have been developed. What drives the ambition behind those studies is the fact that the
properties of bone are anisotropic and change with age and under pathological
conditions. Thus these conditions have to be mapped from proper mathematical modelling of

bone.
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Mechanical Properties of Trabecular Bone
Trabecular bones are usually linearly elastic until yield point although being nonlinearly
elastic even at short strain range [44, 45].

Trabecular bone is a highly porous cellular solid and its mechanical properties depend
on porosity and architecture of trabeculae. This porous solid can absorb substantial quantity
of energy before failure; in compression the yield is about 1%, but beyond that limit it can
reach strain values of 50% while keeping its ability to receive loads [43].

Elastic and strength properties of trabecular bone vary with age and health, anatomic
site and loading direction and mode. Young's modulus can range from 10 MPa - 20 GPa [43,
46] and the values can vary 100-fold on a single epiphysis and three-fold depending on
direction [47, 48]. Diseases such as osteoporosis and osteoarthrosis are known to have
considerable impact in behaviour of trabecular bone, due to decrease in bone mineral density.
Bone mineral density influences strength and Young's modulus [49].

Anisotropy in trabecular bone strength and stiffness increases with age and decreasing
density [50, 51] but the strength is also dependent on load direction, being highest in
compression and lowest in shear [52]. In this context it is interesting to note that density has
little effect on the yield and ultimate strains of trabecular bone [53, 54].

Recent development in imaging techniques, such as micro-CT, has increased the
knowledge on mechanics of bone tissue. With the ability of 3D structural indices the Poisson
ratios for trabecular bone have recently been reported to be variable between 0.01 - 0.35
[55]. For femoral heads the ratio is usually little above 0.3 [56].

When trabecular tissue is loaded, unloaded and loaded again, the elastic modulus is
decreased, as is the case with cortical bone [57].

Concerning time-depending properties of trabecular bone, strain rate has only
moderate effect; the behaviour is only slightly viscoelastic when tested in vitro [58].

Otherwise, little is known about time-dependent properties of trabecular bones.

2.1.8. Conclusion

In this chapter, structure of bone at micro- and macroscopic levels has been discussed.
Additionally the biomechanical properties of bones have been introduced and how bones
respond to different types of loading. With this information collected, along with the
terminology introduced, the focus will move towards total hip replacement and how bones

react to THR implants.
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2.2. Total Hip Replacement and Prosthetic Technology

2.2.1. Introduction

During THR, metallic, polymeric and/or ceramic components are used to replace pathological
femoral heads and the bearing surfaces of the acetabulum. THR is widely used in treatment of
advanced hip joint damages and pain. For decades it has provided a very successful
symptomatic and functional treatment for pathologies such as osteoarthrosis, inflammatory
arthritis, fracture etc.

The success of primary THR is well documented in literature and has been reported
with survival rates of around 90% at 15-year follow-up [59, 60, 61]. However, unfortunately
not all THR surgeries are successful and eventually have to be replaced, arguably sooner than
they should be.

Hip arthrosis is one of the most common orthopaedic diseases and the leading cause
for need of THA [62]. At 65 years of age, 80% of people have recognizable hip arthrosis in an
x-ray image but only 25-30% show symptoms [4].

Advances in the field of THRs are taking place at a constantly accelerating rate. As the
understanding of the diseases leading to the need of THR increases, improvements in implant
design, materials and surgical techniques can be expected.

The most common complications of THA are hip joint dislocation, fractures, wound
infection, stem loosening, phlebothrombosis and embolism, periarticular calcification,
malposition of components and leg length discrepancy [63]. Most of these complications can
directly lead to premature revisions; however, the focus of this study will be on intra-
operative fractures.

This section will discourse upon the challenges of total hip replacement, the
differences between types and the main types of prostheses used in THR.

2.2.2. Components and Configurations of Total Hip Replacement

Components of Total Hip Replacement
In figure 18, all the components used in THR are shown and then the following text describes

those components. Table 4 then summarises them with respect to materials used for each one.
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Figure 18: Components of total hip replacement. Adapted from [64]
Stem

The damaged head of the femur is replaced with a metal stem. The stem is most often
Cobalt-Chromium- or a Titanium alloy and can be fixed inside the medullary canal

either with use of cement or press-fitting technique.

Ball
On top of the stem, a metal or ceramic ball is placed. This ball serves as replacement
for the femoral head.

Socket
The damaged articular surface of the acetabular cup is removed and replaced with a
metal socket and similar to the stem, this component can be fixed with or without bone
cement. When a proper fixation is hard to achieve, screws can be used to hold it in
place.

Liner
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Between the prosthetic socket and the ball at the end of the stem, a cup liner is placed.
The only movement allowed is at the interface between the ball and the liner. The
most used liner is made of Ultrahigh Molecular Weight Polyethylene (UHMWPE).

For convenience, from now on, it will be referred to as polyethylene.

Table 3: The most common materials components in THR are made of. Adapted from [65]

Component Material class Most used material

Femoral stem | Metal CoCrMo and Ti-alloys
Metal CoCrMo and stainless steel

Femoral head Alumina (pure or zirconia-toughened) and
Ceramic zirconia
Polymer UHMWPE

Acetabular Metal CoCrMo

liner Alumina (pure or zirconia-toughened) and
Ceramic zirconia

Acetabular

socket Metal Titanium and stainless steel

Articular Surfaces in THR
Below are descriptions of the most used articulation configurations of THR. The list is not

exhaustive, as many different configurations have been (and are) under investigation.

Metal or Ceramic Ball on Polyethylene Liner

This is the most common configuration of the sliding interface in THR. The adoption
of polyethylene by Charnley (after bad experience with other materials) truly marks
the beginning of the great success of THR still experienced today. Polyethylene is a
very tough material, has a good chemical and abrasion resistance and a very low
friction. Despite the qualities polyethylene possesses, wear is a big issue. It is now
known that particulate debris generated from hard-on-soft articulating surfaces
initiates adverse tissue responses leading to bone resorption [66, 67]. This can cause
osteolysis and loosening of components. Ceramic ball on polyethylene liner has been
reported with better survivorship and less wear than metal ball on polyethylene [68,
69].

Metal or Ceramic Ball on Crosslinked Polyethylene Liner
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Radiation crosslinking coupled with thermal treatment of polyethylene has recently
been proved to increase wear resistance of polyethylene and thus decreasing the rate of
loosening of the stem [70, 71, 72]. Understanding the mechanism of crosslinking is not

of great importance and will therefore not be detailed here.

Metal Ball on Metal Cup

Generation of wear debris caused by polyethylene has renewed the interest in metal-
on-metal hip prosthesis. Second generation metal-on-metal articulation in THR were
reported to have considerably lower wear than metal ball on polyethylene liner
articulation [17, 72]. The earliest types of metal-on-metal prostheses used in THR
were made of stainless steel; however due to high rate of prosthesis fracture, Cobalt-
Chromium has taken its place. Despite the advances in wear that metal-on-metal
offers, great concerns have risen over this configuration. There is no way to fully
avoid metal debris and in recent years Co-Cr particles have been speculated to cause
adverse reaction is some patients, damaging bone and causing pain [73, 74].

Ceramic Ball on Ceramic Liner
Ceramic ball used with a ceramic liner has likely the best wear resistance of all the
configurations. There are three types of ceramic material used in THR: Alumina, with
high compression strength, high hardness, high resistance to abrasion and chemical
attacks; Zirconia, exhibiting lower hardness than alumina but higher fracture
toughness; and Alumina-Zirconia composite, with improved ageing behaviour and
reduced brittleness of zirconia and alumina individually. Despite the advantages that
ceramic-on-ceramic offers, they have become less interesting due to reports indicating
that audible squeaking can occur [75]. Additionally they are very hard, and offer little
shock absorption and can experience unexpected mechanical failures [76]. The failures
may stem from the fact that ceramic materials have lower strength and toughness
under tension and bending, but those are the loading modes in which cracks initiate

and propagate [77].

2.2.3. Total Hip Replacement

There are two types of THR; one of them uses bone cement as a method of fixation and is
referred to as cemented THR. Cemented hip replacements date back to 1960s when Sir John

Charnley introduced a low-friction hip component for THR, using bone cement [78]. In the
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1980s another type of THR emerged, without cement. This cementless type relies on the
elastic properties of the proximal femur as a method of fixation. This method was supposed to
prevent stem loosening in active patients by inducing bone growth instead of shielding the
femur from natural stresses. The remainder of this sub-chapter will be dedicated to the two
types of THR.

Cemented Total Hip Replacement
Sir John Charnley first introduced the cemented total hip arthroplasty in 1960. The technology
included acrylic bone cement to fix prosthetic stems inside the femur (figure 19). Through the
years, this method has proved itself as a very successful treatment for pathological hip
joints. In cemented THA, a bone cavity is created by reaming trabecular bone from inside the
medullary canal of the femur. Then a plug is inserted into canal, down to the isthmus to keep
the bone cement from flowing towards the knee. When the stem is inserted, the bone cement
is pressurised to flow into the trabecular bone, helping to provide a strong cement-bone
interface. The fixation relies on a stable interface between stem and cement as well as a solid
biomechanical bond between bone and cement. The cement has no adhesion properties, it
only forms a micromechanical interlock with bone. The cement provides stability of the stem
and stresses acting on the femur are transmitted down the metal prosthesis through the cement
mantle [78]. Optimal thickness of the cement mantle between stem and bone is at least 2 mm
[79]. Additionally, the acetabulum is reamed with circular reamers of a predefined outer
diameter. This way the articular surface is removed and the acetabulum deepened enough to
be able to securely fix the acetabulum cup with bone cement. Finite element studies of
cemented stems have shown that the highest stresses occur at the bottom of the stem and
around the calcar (the remaining femur neck at the medial side) [780, 81]. In the early
generations of cemented stems, there was a concern about the fixation, because loosening was
a big issue. Since then, fixation has improved, but up to this day, evidence indicates that it is
still a problem in younger, more active patients [82].

Bone cement is usually made of polymethylmethacrylate (PMMA). It is rather ductile,
with elongation of 0.8-2.5% and a modulus between 1.1 and 4.1 GPa (Hip replacement,

2002). PMMA is weakest in shear and tension but strongest in compression.
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Bone cement

Figure 19: Image of implanted cemented THR components. Adapted from [83]

Cementless Total Hip Replacement

In the early 1990s, concerns over the fixation of cemented stems intensified. The main interest
was improved cementing techniques and cementless fixation (figure 20). Fixation, thigh pain
and wear were early problems of the young cementless stems. These concerns have greatly
decreased up to day, as several cementless techniques are proving to be as good if not better
than its cemented counterpart [18]. In the chapter ,,Press-Fit Femoral Components* in the
Adult Hip [84] there are three stages of fixation: primary- secondary- and intermediate
fixation.

e Primary fixation is achieved in the operation, with press-fitting. In press-fitting the
femoral cavity is made a little narrower than the stem. When the stem is press-fitted,
the cross-sectional area of the femur increases. This change in cross-section is
called assembly strain and is the reason for why the stem stays in place immediately
after the surgery. If the assembly strain is too low, the stem will be loose, and if it is
too high, the femur can break.

o Secondary fixation: The fracture of trabecular bone around the stem during surgery
induces a healing response, which leads to the adjacent trabecular bone to grow onto

(and into if the stem is porous coated) the stem. This solid fixation is
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called osseointegration. Twelve weeks after the surgery, it is likely that no press-
fitting remains and the osseointegration replaces the primary fixation.

o Intermediate fixation: During the period between press-fitting and osseointegration, a
relaxation of the press-fitting is happening. This can lead to loss of fixation or
apposition of new bone leading to osseointegration. The design of the implant will
determine the fate of the fixation during this period. Coating the stem will induce the
rate of osseointegration. Cementless stems tend to migrate in the intermediate period,
but the stem design must ensure a stable enough fixation so osseointegration can
occur.

For the acetabular components, the acetabular cup is reamed to be a bit smaller in diameter
than the prosthetic component, so elastic properties of the bone hold it in place. The surgeon
chooses how much press-fit is necessary; if the reamer is too small or the acetabular

component too large, pelvic fracture can occur.

Acetabular
cup implant

Sliding contact
surfaces

Hip stem

Figure 20: Image of implanted cementless THR components. Adapted from [83]

Hybrid Total Hip Replacement

Hybrid configuration in THR refers to when one component has cemented fixation and the
other cementless. Until recently, hybrid THR usually included a cemented stem and
cementless acetabular cup, thus the inverse configuration is referred to as reverse-hybrid

THR. The reason for why reverse-hybrid THR was less frequently used was the well
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documented success of cemented femoral stem while cementless stems have only recently
been documented as good or better. However, according to recent reports, reverse hybrid
THR has been performing well and in the future it might become more popular than hybrid
THR [85, 86].

2.2.4. Cemented- or Cementless Total Hip Replacement?

Studies have shown that rapid, substantial and constant improvements in health-related
quality-of-life can be achieved with both cemented and cementless THR [87, 88]. However,
there are some documented differences between the two.

In 2012, 264 primary THAs were performed in Landspitali University Hospital; 159
cemented and 105 cementless. Table 5 shows the number of THRs performed with respect to
implant type and their average therapy- and department costs. The therapy cost consists of
operation theatre costs, surgeon salary, emergency room costs, research costs and outpatient
department costs. The department cost consists of doctors’ and nurses’ salaries, medication
and meals [5]. The therapy cost was similar; around 500.000 ISK per patient, but the
department cost was a little higher for the cemented ones (351.000 ISK vs. 255.000). In 2013,
until June, 119 THR operations have been performed (72 cemented and 47 cementless). The
costs are in similar format as in 2012. In 2012, 27 revisions were made (16 cemented, 5
cementless, 6 hybrid), and in 2013, until June, 7 revisions (6 cemented, 1 cementless). As the
table shows, the cost of revision surgeries is two times more expensive than the primary ones.

Table 4: Therapy and department cost (in ISK) of total hip replacements for 2012 and half of 2013. Numbers from [5]

Cem 72 575.526 313.542
. 288.291
P rimary uUnc 47 550.470
Mixed
- - Total 119
2013 (jan-june)
Cem <] 1.390.132 450,736
Revislon unc 1 1.750.555 503.552
Mixed
Total 7
Cem 159 517.230 351.139
= Unc 105 500.415 255.362
Primary
Mixed 0
|
2012 e s
Cem 16 1.264.650 631.468
- uUnc 5 922.617 263.780
Revision
Mixed ] 1.645.090 383.020
Total 27
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The differences between the outcomes of cemented and cementless THR have been studied
extensively. Cementless stems have been reported to be more frequently revised due to
periprosthetic failure during surgery and the first two post-operative years [89], which might
be explained by some minor fissures produced during the surgery [90]. However, the
acetabular components appear to be the reason for most revisions of cementless prostheses.
According to recent studies, cemented cups show superior results compared to cementless
cups [85]. Revisions of cementless stems are, on the other hand, much easier than for
cemented; the bone cement tends to stick to the bone and tear parts of it out of the medullary
canal when removed. This further weakens the bone. Cementless stems generally appear to
have slightly superior survival rates to cemented ones, especially for patients under 75 years
[82, 91]. Survival rates for some cementless stems have been reported to be close to 99% after
20 years [2, 3]. Stress shielding is one of the reasons for premature revisions, it describes the
redistribution of stresses that occur when the femoral head is replaced with a synthetic
material; the load then bypasses the proximal femur and is carried through the stem into the
diaphysis [30]. Stress shielding on the proximal femur is more frequent with cemented stems,
since the only fixation of cementless stems is in the proximal femur they induce bone
ingrowth, especially when they are porous-coated [1].

The recommendation for cementless THA depends on the patient's bone quality; the
femur has to be able to tolerate the stresses derived from the press-fitting method of the
surgery. Thus cementless stems are implanted in younger and more active patients while
cemented prostheses are used in older patients with weaker bone. Therefore it should not
surprise that cementless stems have been found to show superior outcomes in younger
patients [82, 92, 93].

Looking at short term clinical outcome, most studies favour cemented stems [94] and
the cementless type has been associated with slightly more thigh pain [95]. However, some
studies conclude that cementless prostheses quality tends to gradually diminish with time and
one of the advantages of cementless stems is its potential to permanently bond with the femur
bone [96]. Table 6 gives a summary of the comparison between cemented and cementless
THR discussed in this section.

Currently there are no an absolute criteria for choosing between the cemented and
cementless THR. Orthopaedic surgeons decide between the two types and since women have
lower BMD and it tends to decrease with age, those are the important criteria today. Although
age and gender are known to give a good idea about the quality of bone and muscle quality,

individual differences can be vast [97].
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Table 5: Summary of comparison between cemented and cementless THR.

Advantages Advantages
Better short-term outcomes Better long-term outcomes
Cemented cups perform better. Bone in-growth — permanent fixation

Easier to remove

Disadvantages Disadvantages
Quality tends to gradually decline with time More often revised due to periprosthetic fracture
Harder to remove Inferior survival rates of acetabular cups

Inferior survival rates of stems

Revision of Total Hip Components

Despite the success of THR, there are some that fail, requiring revision surgery. Outcomes of
revision surgeries are far worse than for primary revisions [98] with corresponding increase in
cost.

The removal of cementless stems is most often easy while cemented stems can be
more difficult. During extraction of cement from the femoral cavity, parts of the bone can be
loosened. Further bone loss can be devastating when the bone quality is already of bad
quality.

PMMA is cohesive rather than is adhesive, so it must interdigitate with trabecular
bone to obtain appropriate fixation. When cemented stems loosen, migration of the stem
within the canal leads to smoothening of the endosteal surface. This inhibits interdigitation
and subsequently leads to weaker bond between stem and bone, thus cemented revision
surgeries have a limited survival rate [99].

Due to the aforementioned problems with cemented revision stems, cementless are
usually preferred. Several possibilities for cementless revision stems are available when the
bone stock is poor; extensively porous coated stems with isthmus fixation are popular
[18]. Since, most often, conditions for proximal fixation after failures are unfavourable,

longer stems are often used to achieve distal fixation instead.
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2.2.5. Prosthetic Technology

The design goal of all total hip arthroplasty prosthesis should be to relief patients from pain
and restore hip joint function through restoration of load-bearing ability of articular
surfaces. Other qualities all prosthesis should possess are:
e Biocompatibility — they should not cause adverse responses of surrounding tissues
e Resistance to wear, degradation and corrosion — they should keep their initial state for
best service
e Similar properties to the structures they are intended to replace — if their properties are
very different from the structure they replace, it can have negative effects on the

surrounding tissues

There are three types of total hip replacement implants used in Iceland at the moment; two
types of cemented stems (CPT Hip Stem and Spectron EF Hip Stem) and one cementless

(Spotorno Hip Stem).

Cementless (CLS) Spotorno Hip Stem

The Spotorno stem was launched in Italy in 1984, based on the idea of proximal anchorage
and long lasting stability due to osseointegration. It has maintained most of its original design,
although it has been technically improved through the years. As of 2007, roughly 500,000
implants have been documented world-wide with the CLS hip system [100]. The stem can be

seen in figure 24.

Figure 21: The Spotorno CLS stem. Adapted from [100].
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The CLS Spotorno stem is made of a titanium alloy, more precisely Ti-6Al-4V,
consisting of 88-91% titanium, 5.5-6.5 Aluminium, 3.5-4.5 Vanadium and less than 1%
Carbon, Hydrogen, Iron, Nitrogen and Oxygen [101]. This roughly blasted titanium alloy
prosthesis is largely osteophilic, meaning it induces osseointegration. Some of the mechanical

properties of the Ti-6Al-4V alloy are shown in table 7.

Table 6: Material properties of Ti-6Al-4V alloy [102]

Density 4.43 g/cm3
Ultimate Tensile strength 950 MPa
Tensile Yield Strength 880 MPa
Elongation at break 14%
Young's modulus 113.8 GPa
Compressive yield strength 970 MPa
Poisson's ratio 0,342
Shear strength 550 MPa

The main advantages of Titanium alloys in orthopaedics are [103]

e They have a relatively low modulus of elasticity compared to others

« They have superior biocompatibility and corrosion resistance

e Their wear and fatigue attributes are positive
However they report some disadvantages, the most significant being low shear
strength. Aldinger et al. [104] reported an average 15-year follow-up of 240 patients with 257
CLS implants. The survival was 88% at 17 years. Survival with femoral revision for aseptic
loosening as an end point was 94%. Proximally small osteolytic lesions were found on 15% of
femurs with no incident of distal osteolysis. Miuller et al. [2] followed 94 patients with 107
CLS stems for a mean of 17 years. Stable fixation was observed in 98.5% hips, and the stem
survival (with non-traumatic loosening) after 17 years was 100%. High-grade stress shielding
was seen in 14% of the hips and thigh pain in 20 hips. CLS was concluded to allow excellent

long-term results in THA.

Collarless Polished Tapered (CPT) Cemented Hip Stem

The collarless, polished tapered cemented stem was introduced into clinical practice in
England in the late 1980s [105]. The CPT stem is double-tapered, with a highly-polished
surface and has a rectangular geometry proximally (figure 25). The design of the stem is
based on the fact that the bone cement is a viscoelastic material and under constant load,

deforms. The polished, tapered design ensures that the stem sits firmly when the cement
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deforms, and optimizes the transfer of compressive stresses rather than shear forces [106,
107].

Figure 22: Three Collarless Polished Tapered stems with different offset values. Adapted from [107]
The CPT stem is made of Co-28Cr-6Mo; 58-59% Cobalt, 26-30% Chromium, 5-7%

Molybdenum, 1% Manganese, 1% Silicon, 1% Nickel, 1.5% Iron and less than 1% of Carbon

and Nitrogen. Some of the material properties of Co-28Cr-6Mo are listed in table 8.

Table 7: Material properties of medical grade Co-28Cr-6Mo. [101]

Young's modulus 210 GPa
Tensile strength 1399-1586 MPa
Yield Strength 896-1200 MPa
Elongation at break 12%

According to Long and Rack [103] the main advantages of using Co-18-Cr-6Mo for implants
are the excellent corrosion- and wear resistance, additionally fatigue strength is high.

The disadvantages are that they have a high Young's modulus (almost twice that of
Titanium-based alloys), meaning it is very different from the modulus of bone. [108]
conducted a research where 191 CPT stems were followed for average of 15.9 years in 175
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patients. 11% of the patients needed some sort of revision procedure, of which 4%
stems. Mean subsidence of 2.1 mm was noted. [105] did a clinical follow-up of 111 patients
(122 hips) for at least 10 years. The mean subsidence was 1.95 mm and only three patients
stem loosening occurred. However there was a high incidence of severe heterotopic
ossification, affecting 22%, leading to ankylosis in some cases. [109] reported on 100 CPT
receiving patients and after more than 5 years reported over 50% of the patients suffering
from second degree of resorption or more, although none had fourth degree.

The Spectron EF Hip

Spectron cemented hip was introduced in USA in 1983. The femoral neck geometry is
circulotrapezoidal to provide increased range of motion. Anterior/posterior grooves increase
rotational stability without increasing stresses in the cement. The cross section is trapezoidal
to minimise tensile stresses and longitudinally tapered to evenly distribute the stresses

throughout the length of the prosthesis (figure 26).

Figure 23: Spectron EF Hip Stem. Adapted from [110]
The Spectron stem is made out of forged Cobalt-Chromium (the same medical grade Co-Cr as

the CPT stem). Gerellick et al [111] compared the Spectron cemented stem with the Charnley
cemented stem, which was a very popular hip stem. In the study, 206 Charnley prostheses

were compared to 204 Spectron stems. During the 10 years of monitoring, 15 patients
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required revision procedure, of which 7 Spectron. Four Spectron implants required revision
due to aseptic loosening, all of which were the fault of the acetabular components. A 10-year
survivorship of 95.9% (+3.0%) was reported for the Spectron stem. The study concluded that
Spectron provided an excellent treatment for elderly patients. Issack et al published results in
2003 [112] where they introduce a mean follow-up of 16 years of 120 THR surgeries with
Spectron stem. The mean age at the time of surgery was 68.5 years. Sixteen year survivorship
of the stem with aseptic loosening as an endpoint was 90.3% (+4.4%).

2.2.6. Conclusion

In this chapter, numerous things have been identified. Amongst those things is the fact that
likely the best articulation surface in THR is achieved with a ceramic prosthetic head on
crosslinked polyethylene, although hard evidence are lacking. Similar costs have been
associated with cemented and cementless THR in Landspitali University Hospital over the
past two years; although slightly higher for cemented patients. The revision surgeries are, on
the other hand, about two times more expensive than primary ones. Revising cemented stems
is much harder than cementless stems and after removing a cemented stem, it is often
impossible to acquire a good bone-stem interface. Despite the fact that there are many things
that can affect the success of THR prostheses, cementless stems have generally been reported
to have better long-term survival than cemented ones. The CLS stem has been reported with
up to 99% survival after 17-20 years. The cementless acetabular cups are the reason for most
failure of cementless THR. Therefore it will be interesting to see future reports on long-term
follow-up of hybrid THR, with cementless stems and cemented cups. Furthermore, how the

survival of cross-linked polyethylene will hold up.
2.3. Clinical Assessment of Total Hip Replacement Patients

2.3.1. Introduction

Pre-operative planning of THA is of paramount importance to obtain good results and meet
the expectations of patients. Planning helps the surgeons to approach the operation visually
before making a cut and therefore minimize the occurrence of wrongly placed implants and
other complications such as intraoperative fracture.

This section will discuss intraoperative fractures, current trends in pre-operative

planning for THA and the focus of recent studies on the subject.
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2.3.2. Intra-operative Periprosthetic Fractures

One of the major possible complications of total hip arthroplasty is fracture of the femur,
often referred to as periprosthetic fracture, and it has received great attention in literature,
where researchers are always looking for ways to reduce this risk. Although not exclusive to
cementless femoral components, the incidence of intra-operative periprosthetic fracture is
higher than with cemented. Studies have shown incidence of fracture for cementless stems
from as low as 1% up to over 20%, and usually less than 1% for cemented [113, 114, 115,
116]. The main reason for intraoperative fractures is the press-fitting in primary THA and
bone loss in revisions. Female gender and increased age have been reported to be independent
factors that influence fracture risk [117]. Osteoporosis is, however, believed to confound these
factors. Rheumatoid arthritis and other comorbidities have been shown to increase fracture
risk but similarly, osteopenia confounds those factors [118]. These results indicate that each

patient should be thoroughly evaluated pre-operatively.

2.3.3. Current Pre-operative Planning

The success of total hip arthroplasty is based on the ability of doctors to provide a prosthetic
stem that renews the biomechanics of the hip. No one implant is suitable for every patient
because no two femurs are identical; therefore many sizes and types exist.

Saluja & Bargar in 2002 [119] described four stages of pre-operative planning for
THA currently employed, they are: History of conditions and physical examination,

radiographic evaluation, implant selection and radiographic templating.

History and physical examination
The doctor examines the type and severity of the hip arthritis. It is also important to
investigate the etiology of the hip disease because every abnormality can cause
anatomical and biological characteristics, which need to be addressed. Additionally a
comprehensive physical examination is performed, where for example, leg length
discrepancy (LLD) is measured. In figure 27 a traditional fill-in form of physical

examination before THA surgery can be seen.

40



Thomas F. Gros, MLIL Hip Exam Form Date:
Mame: File #: Age MRN:
Side:  |Right | Left | Bilateral]  Helght Wdght Bex

Which Joint bothers you the mmsi:

When does vour joint hurt? (Circke)  Standing  Walking  Resting At Night  an Stairs

How long have you had this pain®

What activity makes vouwr hip hurt the mosi:

Have you had an injury? Yes  No o 10 ves, deseribae:

Puin loestion: {Circle sll that spplvy  Groin - Butteck Ant. Thigh  Lst. Thigh  Trach  Low Back  Other:
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How naany sessions of physical therapy have you had?
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L. Tkl by chisab el LU
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2= 3 Blcks 5
Indoors an by 2
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Lnahle a
3 Siting: Ay chair, 1 br 5
High chair, _hr 3
Unah ke 1o sit inany chair ]
4, Public Tramponiation: Able touse public trans. 1
Unah ke 1o e pulblic tmns. ]

To e completed by health care provider

Hange of Maotion: {5 Pointsp

. Flexion Contraciun:
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. ackduction in flexion o

e, exiernal rotation inexiension to
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Active SLR painful? Yo Mo
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Temnder: YWes Mo Il'g,muhm‘.“_________
Sensathon:
Meurovascular
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TA Th,
QUAD Oumd
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DX: Severe OA | RA | AVN [IFIFIFIV] | SCFE |
Dysphsm | LOTF | Post Trawma | Post Infection | Oiher:

Figure 24: A form for documenting basic history physical examination findings. Adapted from [120]

Radiographic evaluation

This step includes evaluation of the hip on a good-quality radiograph. The

radiographs are usually in anterior-posterior view, to measure the femoral neck angle,

lateral offset and overall comparison between the two legs.

Implant selection
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There are number of factors that contribute to the decision of implant type; whereof
age and activity are one of the most important. Younger, higher-demand patients,
usually receive cementless implants while the older, low-demand patients receive
cemented prostheses. Bone quality is also important. Canal Flare Index (CFI) as Noble
[121] describes is sometimes used as an indicator for implant choice; it is the ratio of
canal width 20 mm proximal to the lesser trochanter to the width at the isthmus
(Figure 28). A ratio of 3.0-4.7 is considered normal. When the ratio is less than 3.0 the
femur is said to have stovepipe configuration and when the ratio is above 4.7 the
femur is said to have champagne flute configuration. Stovepipe configuration is
usually convenient for cemented implant while the champagne flute suits uncemented
better. Sometimes the femur is anteverted, so a custom-made prosthesis might be
needed - all anatomical distortions need to be identified. The severity of arthrosis
needs to be evaluated on a radiograph; the more severe, the less the femur is suitable

for uncemented implants, due to less bone mineral density.

Flare Index = %‘-

3

Figure 25: Canal flare index, the ratio of the proximal and distal width of the femoral canal. Adapted from [119]
Radiographic templating
When the implant type has been selected, the size and femoral neck resection needs to
be estimated. A line is drawn on the radiographic image between similar points on
each femur with the acetabulum as a reference. This way the LLD can be estimated,
and fixed during the surgery. Pelvic obliquity is also considered for the LLD

analysis. The femoral components are then templated on an anterior-posterior
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radiograph. Uncemented stems are templated in the way that they totally fill the femur
while cemented stems are given more room, since there has to 2-3 mm for the bone
cement between stem and bone. The offset is determined in consideration with LLD,
and the neck resection is marked on the radiograph. Pre-operative planning is
important for the success of THA [122, 123]. However some studies conclude the
need for better methods to estimate bone morphology and quality [124]. To minimize
the rate of revision THR surgeries, all the suitable and available technologies have to

be properly utilized for more substantial pre-operative planning of THR.

Studies on Pre-operative Assessment
A lot has been published on pre-operative planning for THA. Templating is reported to have
significant effect on the outcome of THA, increasing its success [122, 123, 125]. Templating
contributes to correct positioning of the femoral and acetabular components during surgery.
Comparing digital and analogue templating, digital templating techniques seem to be
overtaking the analogue ones [126, 127, 128]. Following the digitalism of templating are
techniques using Computed Tomography which are used increasingly in pre-operative
planning and navigation for THA. 3D templating, with CT-based procedures, seems to offer
more reliable planning for prosthesis size and orientation [129, 130]. Eingartner [131]
remarks that two types of navigation is currently used,: image guided procedures (Pre-
operative CT and intra-operative fluoroscopy) and kinematic navigation. He argues that
improved accuracy could be shown, compared to conventional templating [132, 133].

The current preoperative planning mostly includes stem positioning with templating
and navigation, however the current trends lack quantitative planning and sensitive tools to

decide on the implant type and patient's outcomes.

2.3.4. Conclusion

Most of the efforts of studies on pre-operative assessment for THR have been on templating
techniques, which have been reported to have positive effect on the success of placement of
THR implants.

Bone mineral density tends to decrease with age and usually is lower in females.
Therefore gender and age are amongst the most important criteria for choice of implant.
However, comorbidities such as osteoporosis confound this trend; therefore there is urgent
need for quantitative, patient-specific pre-operative analysis of bone quality to choose the

correct type of implant more securely.
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2.4. The Finite Element Method

2.4.1. Introduction

Modelling complex bodies can be a difficult task and calculations time consuming. In the
mid-20th century an approach in mechanics emerged, based on division of complex elements
into many smaller, simpler elements to approximate a more complex differential equation
over a large domain. This method is referred to as the finite element method (FEM) and

analyses based on this method called finite element analyses (FEA).

Figure 26: a) A two-dimensional domain of a field variable. b) Three nodes comprising a finite element inside the
domain. c) Additional elements added, comprising a mesh.

To explain how finite element analysis works, it is best to look first at figure 26a. In
the figure there is a volume of a material (or a domain). For simplification, the object is
considered to be two-dimensional, with a single field element ¢(x,y), where x and y are axes
values of the Cartesian coordinate system. This field element need to be defined at every point
P(x,y) inside the domain. That means that at every existing point inside the domain, some
governing equation needs to be satisfied. However, due to the fact that most material domains
are complex there is a need for methods based on numerical techniques and digital
computation. FEA is a good tool for this kind of analysis. In figure 26b there is now, inside of
the domain, a subdomain, with three points connected to each other. Together these points
form a finite element, and the points are called element nodes. In finite element analysis, the
governing equation is satisfied at the nodes and then interpolation functions are used to
interpolate the values between nodes to acquire values of the field element at non-nodal
points. Figure 26¢ shows more elements linked together to form a mesh inside the domain.

By dividing complex bodies into smaller elements like this and acquiring approximate
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solutions, it is much easier to calculate of distribution of field variable values inside their

domain.

2.4.2. Assignment of Material Properties to Finite Element Models

As mentioned before, bones are anisotropic, viscoelastic. They are also highly
inhomogeneous; therefore research is often focused on investigating assignment of material
properties to finite element models of bones. Since stresses on bones cannot be measured in-
vivo, several different CT-based models have been generated in the field of biomechanics.
First, CT-imaging principles need to be addressed.

In CT-imaging, X-rays are sent through the material under investigation, from all
directions (in a spiral). The incident X-rays travel through the body and are attenuated
differently depending on the density and thickness of objects in its way. The difference
between the incident and the detected X-rays are used to project a two-dimensional image of
the objects. Together, all the X-ray projections, from all the directions, are calculated to build
a three-dimensional image of the region of interest (ROI). The values assigned to each volume
element (voxel) in a CT-image are given in Hounsfield Units (HU). HU indicate the X-ray

attenuation represented by voxels in the CT image. HU are calculated:

HU = HYvoxel”Hwater (12)

Uwater

where p is an attenuation coefficient. This means that CT images are calibrated with
reference to water attenuation.

There is a relationship between HU of a CT-image and the actual bone density. Some
researchers have investigated the relationship between HU and BMD® [134, 135]. Accuracy
of material properties assignment has also been studied extensively. Taddei et al [136, 137]
compared the accuracy of density-based inhomogeneous models with two-material model,
where cortical and trabecular bones were separately considered homogenous. Both methods
were compared with experimental data on wet cadaveric specimens. The results were that
assigning inhomogeneous material properties had better accuracy. Some researchers have
investigated the effect of how many elements are used to comprise the FE models on their
strain energy calculation [138]. This is important since the number of elements in the FE

model controls time-length of running simulations. Other studies have focused on comparing

! BMD is a measure of density of minerals (such as calcium) in bones.
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the quality of different density-based inhomogeneous equations for assigning material
properties of femoral bones [139]. The general equation relating Young‘s modulus to the
density has the form:

E =a+ bp° (13)

where a,b and c are model parameters, E is the Young‘s modulus and p is the density of bone,
either ash density or apparent density. Apparent density is the ratio of bone tissue mass in a
specimen to the bulk volume, while the ash density is the total mineral content divided by
bulk volume.

It is evident that the accuracy of models has great effect on the value of the results.
However, there is no way to include all the features of bone behaviour in a single model, so
the analyst has to decide what is of most interest at each time and how time-consuming it can
be.

2.4.3. Other Applications of Finite Element Models in Total Hip

Replacement

In one way or another, for THR applications, most researchers have been using FEM to
simulate the strain distribution in the prosthetic stem, cement or bone tissue. Some have used
FEA to investigate the cement condition; different stress distribution for different cementing
conditions [140] and others to research the debonding between cement and the bone or
femoral prosthesis [81, 141]. Concerning femoral stem design, finite element methods have
often been employed, both for analysing and comparing different design features [142, 143]
and in designing new femoral stems, addressing known issues leading to failure [144, 145,
146]. Increasing number of researchers are investigating micromotion and stability of
cementless stems, concluding that material properties of the stem and friction between stem
and bone significantly influence the stress distribution and initial stability [147, 148, 149,
150]. Since stress-shielding is amongst the leading cause for stem loosening, many studies
have taken on this subject. Lengsfeld et al, [151] for example, made finite element models of
THA patients approximately 12 years post-surgery, identifying large strain density differences
between operated- and non-operated femurs for most subjects. Other studies take on other
causes of failure of femoral and acetabular components with the help of FEA, such as wear

[152], dislocation manoeuvres [153] and fatigue. Most fatigue analysis based on FEA, for
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THA applications, concern the polyethylene acetabular cup [154, 155, 156] since
polyethylene wear debris has been implicated in osteolytic lesion development [157].

With increasing technical advancement in biology and biomechanics, more complex
models of mechanical and biological processes can be investigated, understood and used in
simulations. More complex and accurate 3D models and simulations lead to the possibility to

design more reliable femoral- and hip components for THA.

2.4.4. Conclusions

The objective of this chapter was to explain the basic principles of the finite element method
and demonstrate how it can be used to model living structure. Furthermore, to demonstrate
how assigning material properties to finite element models can help to approximate the
behaviour of living tissue. In the next chapter, methods of the finite element analysis of this
study will be introduced. Some parts of those methods are developed from studies like the

ones mentioned above.
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3. Materials and Methods

In figure 27 the workflow of this study is presented. The first step was to recruit patients
undergoing THA for the first time (without total knee arthroplasty) and call them for a pre-
operative CT-scan. Next, the CT-images of the patients were segmented, where regions of
interest are separated from the rest. From the segmented two-dimensional images three-
dimensional models could be built. Directly from the models, the bone mineral density was
calculated with a conversion from HU values. For the finite element analysis, a finite element
mesh was made from the 3D models. Then boundary conditions were added to the model
resulting in strain distribution on the proximal femur. From selected strain values, the Fracture

Risk Index was calculated.

Patient Recruitment

Pre-OP CT-acquisition

Segmentation

3D Modeling

/\

BMD Calculations Finite Element Modeling

|

FRI Calculations

Figure 27: Overall workflow of the study

3.1. Patient Recruitment

Thirty-nine patients were voluntarily enrolled in the study (23 females and 16 males).
Eighteen patients received cemented and 21 received cementless implant. The implant type
was decided according to the evaluation of the surgeons; mainly based on age, gender and
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general clinical conditions. The average age at the time of operation was 60.2 years (54.7 yrs
for males and 64.0 yrs for females, p=0.0186; 54.0 yrs for cementless and 67.4 yrs for
cemented, p>0.01). Patients with total knee implants, previous hip implants or received
implants during the research period, were excluded. Table 8 gives an overview of the

participants.

Table 8: Overview of all the patients in the study.

| Participants
Average Age Average Age = p>0.01
54.0 (+ 10.65) years 67.4 (£ 6.60) years
Average Age Average Age
64.0 (£ 8.68) years 54.7 (£ 13.67) years p=0.0186

3.2. CT Acquisition

All participants in the project were scanned with a 64 Philips Brilliance spiral-CT machine
(figure 28) before, 24 hours after and 52 weeks after surgery. However, for the purpose of this
study, only pre-operative and 24 hour data were used. The scanning region extends from iliac
crest to the middle of the femur (figure 29). The image protocol included slice thickness of 1
mm, slice increment of 0.5 mm and the tube intensity was set to 120 KeV. The slice
increment determines how much the gantry moves forward each circle and if it is shorter than
the slice thickness, overlapping occurs. Overlapping increases quality due to the fact that
more photons pass through per unit volume. This imaging protocol allowed an accurate 3D

reconstruction of the proximal femur.

¥—1typical slice plane

Figure 28: Explanatory drawing of a spiral-CT camera movement. Adapted from [158]
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Figure 29: Coronal view of an CT image slice used in the study.

3.2.1. CT Calibration

Prior to the study, the CT machine was calibrated to acquire a relationship between HU and
BMD. The relationship was not a completely linear. The resultant relationship can be seen in
figure 30. The resultant equation, giving the relationship between HU and BMD was:

BMD |9/

Cmg] = (—8-10"8)HU? + (0,0006)HU + 0,9456 (14)

Linear regression analysis resulted in a correlation coefficient R? ~ 0.99.
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1.8 y = -BE-DBx" + 0,0006x + 0,9456 +
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Figure 30: Density plotted against Hounsfield Units to calibrate the CT-machine. The line of best fit is shown as well
as its equation

3.3. Segmentation
In order to build the 3D models of the CT-data were imported into Mimics [159]. There, by

selecting known HU thresholds for bone along with some minor manual refinements, the
image elements belonging to the femur were collected in a mask (figure 31A). Then a 3D
model was calculated of this mask (figure31B). With polyplanes, the femoral head was cut
off, similar to the surgery (figure 31C). From this model, a new mask was created (figure
(31D).
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Figure 31: The progress of modelling. A) A mask of the whole femur. B) A 3D model of the femur from A. C) The
model after the femoral head has been cut off. D) A mask calculated from the model in C. E) The mask after the stem
has been inserted.

52



3.4. Fracture Risk Index Calculations

3.4.1. Finite Element Modeling

Since this data is obtained from the pre-operative CT-scans, the stem is not on the images.
Therefore, the stem has to be exported from the 24 hours post images into the pre-operative.
For the cementless patients, their own stem is imported into the pre-operative data, however,
for the cemented patients a stem of appropriate size has to be exported from post-operative
data of one of the cementless patients. The stem then has to be positioned in the way that it
does not touch the cortical bone at any place. When the stem mask has been properly
positioned (figure 31D) inside the mask of the femur, a non-manifold model can be created,
where every pixel in the model only belongs to one mask. From the two masks in figure 31D,
a non-manifold model was created were the stem and the femur volumes do not overlap
(figure 32A). Using 3-matic, a software module accompanied with Mimics, the non-manifold
model is meshed, that is, it is divided into numerous small tetrahedral elements (figure 32B).

This is the finite element model.

Figure 32: A meshed model of a femur, showing the tetrahedral elements inside the model.

The elements of the FE model need to be given material properties that describe their
behaviour. Forty different values of material properties are given to the elements, so those
who have similar HU values are pooled together under one value. For simplification, the
femur was considered isotropic and using the aforementioned HU to BMD conversion, the

Young's modulus of the elements was obtained using an equation introduced in [134]:
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E = 10500 - pyep%2° (15)

where paqh 1S the bone mineral density from equation 14. This equation yields E in MPa if pash
is provided in g cm™. This formula was used to represent both trabecular and cortical bone. In
figure 32C a FE model of a femur can be seen when the material properties have been added.
The colour represents the Young’s modulus; red colour means high modulus, while green and
blue mean less modulus; the stem is given one Young’s modulus and is all red compared to
the femur, which is given 40 different values of Young’s modulus and none reach the value of
the stem.

Additionally a Poisson’s ratio of 0.33 was assumed for the whole bone mask. Material
properties of the implant were added according to table 5. Each model consisted of 70-90.000

elements.

3.4.2. Fracture Risk Calculations

The FE model of the femur, containing the material properties, is imported into Ansys
Mechanical APDL [160]. There a static structural analysis was performed on the model. The
objective of the simulations was to simulate the forces introduced on the femur during the
press-fitting surgery of cementless stems. When the stem is pushed into the medullary canal
most tensile stresses can be expected to arise at the medial- and lateral side of the proximal
end, since the flare of the stem is the steepest at the top. After experiments with a hammer
used in cementless THR surgeries, a force of 1000 N was decided to be added in each
direction at the proximal canal (figure 33). This force is considered to represent the

cumulative force introduced intra-operatively.
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Figure 33: Boundary conditions used for the simulations in Ansys. The arrows represent the forces while the blue
color represents the fixed elements.

Strain distribution of the proximal femur is of interest in these simulations and therefore a
fixed support was added below the lesser trochanter. This was done to exclude displacements
below, thus minimising the risk of bending of the shaft. The results of the simulation are in
the form of von Mises strain distribution. The von Mises strain is an equivalent of all strains,
both normal and shear strains, and while this equivalent strain is under the yield the material
is not considered failed, according to the von Mises criterion. The von Mises strain
distribution is used to calculate the risk of fracture; chosen values are compared to a known
yield strain from literature. Ultimate strength of bones is known to be dependent on bone
mineral density of bones [43, 161] and usually ranges from 0.6-1.2%. Since the density does
not vary a great deal in the region of interest a value of 0.9% was considered to represent a

catastrophical failure of the bone. The fracture risk index was calculated:

FRI(%) = <M. 100% (16)

Eyield

where emax was the von Mises equivalent strain of the selected elements. Values for ey Were
selected from standardised areas, and the one value chosen to represent each area was the

average of ten close-by measurements. The FRI was calculated in the areas seen in figure 34.
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Intertrochanteric line

Intertrochanteric crest

Figure 34: Location of strain readings used to calculate fracture risk index.

Since the yield stress of bone is dependent on the density, an example test was done,
as a alternative way of realising the risk of fracture. This method included calculating the
stress in each element of the finite element model and graphing it against density. First the
relationship between yield stress and bone mineral density is plotted. The relationship is
described in [161]:

for pasn < 0.317:
Yield Stress [MPa] = 137 = pl88 (17)

Or Pgsp = 0.317:
Yield Stress [MPa] = 114 = pl/? (18)
Then the stress results from the simulation are used to plot a scatter where elements are given
red colour if their simulated stress reaches their calculated yield stress, otherwise they are

given green colour.

3.5. Bone Mineral Density Calculations

Using the mask of the femur seen in figure 31D, a 3D model was calculated; without the stem.
In the same manner as when the head of the femur was cut off, a cut is made to separate the
femoral shaft and the proximal femur, at the middle of the lesser trochanter. Then the upper
part is used to calculate a new mask, containing the image elements that are included in the
BMD measurements. From this mask, the average HU values are extracted and converted to
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BMD with equation 14. In figure 35 the region used to calculate the BMD is shown as blue.
The other two (white) parts have been separated from this mask. Additionally, in the figure,
inside the femur head, osteolytic parts can be observed.

Figure 35: The region of the proximal femur used to evaluate the bone mineral density of patients.
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4. Results

4.1. Fracture Risk Index

Fracture Risk Index was calculated for 38 of the 39 enrolled patients. The results from one of
the patients can be seen in figure 36. There the force direction is indicated with red arrows
and the surface elements colored blue are those who are fixed in the model. The highest
fracture risk on the image was on the calcar and the greater trochanter area. It was similar for
the rest of the patients where highest FRI was observed for 73.7% of the patients and the

greater trochanter for the rest, or 26.3%.

Figure 36: A) The boundary conditions used in the simulations, the red arrows are the forces used and the blue color
indicates where the fixed support was added. B) The von Mises strain distribution around the femoral opening, where
strain is represented with color from blue to red for low to high respectively.

The average FRI was 1.293% (+0.78%) for the cementless patients while 0.976% (+£0.58%)
for the cemented; the difference did not reach significance (p=0.27). A power analysis gave
the results that 96 patients are needed in order to acquire a statistically significant difference
between the groups, assuming 0.8 power and given that the difference between the two means
and standard deviation is maintained. The results are graphed in figure 37.
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Fracture Risk Index vs. Age
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Figure 37: Fracture Risk Index plotted against age, for cemented and cementless patients seperately.

Comparing gender and type, the average FRI for female cementless patients was
1.181% (+£0.82%) while for female cemented patients 0.966% (+0.62%) (p=0.49). The
average FRI for male cementless patients was 1.415% (+0.76%) and 1.00% for cemented

male patients (£0.54%) (p=0.25). The results can be seen in figure 38.
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Figure 38: Fracture risk index plotted agains age in years for four groups of patients, grouped according to gender
and type of implant.
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Table 9 contains the average FRI for all the participants, categorised after type of

implant and gender. The p-values are given in the last column.

Table 9: An overview of average age and FRI for different groups, in the cohort. The last column displays the p-
values from two-headed T-tests.

Fracture Risk Index

21 Cementless 17 cemented

Average Age = 53.14 years Average Age = 67.82 years p<0.01
Average FRI =1.25% Averoge FRI =0.98% p=0.16
Average Age =57.73 Average Age = 68.25 <0.01

11 females (52.4 %) e 12 females (70.6 %) s -
Averoge FRI = 1.18% Average FRI=0.97% |p=0.49
Average Age =48.10 Averagge Age = 66.8 <0.01

10 males (47.6 %) e 5 males (29.4 %) hdar d
Average FRI = 1.42% Average FRI=1.00% |p=0.25

23 Females 15 Males
Average Age = 63.22 years Average Age = 54.22 years p=0.036

Average FRI =1.07 % Average FRI=1.28% p=0.38

A test was conducted to see if the forces on the femoral canal were doubled the Fracture Risk

Index would also increase twofold. The results can be seen in figure 39 and they indicate that

by doubling the forces, the FRI also increases by twofold.

Fractur Risk Index [%]
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Figure 39: Fracture Risk Index Increase as force in increased.

The results from the simulation where the yield stress of the elements comprising the

finite element model were considered to be dependent on their density are shown in figure
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40A. The black scatter line represents the yield stress which is dependent on the mineral
density of the bone. Then the stress is calculated for all the elements and plotted against their
bone mineral density. If the elements are above the black line, they can be considered failed
otherwise they can be considered safe. In figure 40B the elements are plotted in 3D to
comprise the model of the femur with the stem inside again. On this model the red elements

represents the failed elements while the blue are safe elements.
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Figure 40: A) von Mises stress of every element plotted against its bone mineral density. The black-crossed line
represents the relationship between ultimate strength (Mpa) of bone with bone mineral density. The red dots
represent the emelent that will fail and the green dots represents the elements that will not fail according to the failure
criterion. B) the elements are plotted in 3D to comprise the model again. The red dots represent the failed elements,
while the blue are safe.

4.2. Bone Mineral Density

Bone Mineral Density was calculated for 33 of the 39 enrolled patients. The overall results are
plotted in figure 41. A line of best fit has been added resulting in a Pearson correlation
coefficient of R = -0.468.
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BMD vs. Age (operated side)
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Figure 41: Bone Mineral Density calculated against age for the whole cohort.

According to the line of best fit, increase of one year in age is associated with a decrease in

BMD of 0.0014 g/cm?.

Comparison of cemented and cementless patients can be seen in figure 42. The

average BMD of the operated leg for the cementless group was 1.131 g/cm® (+0.033%) and
for the cemented 1.166 g/cm®(+0.040%). The difference was 1.32% (p=0.27). A power

analysis indicated that at least 115 patients in each group are required to obtain statistically

significant difference; given that the difference between the means and the standard deviation

are the same and with a power of 0.8.
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Figure 42: Bone Mineral Density plotted ageinst age for cemented and cementless patients seperately.

Average BMD for cementless female patients was 1.122 (+0.033) g/cm®and for
cemented female patients 1.122 (+0.040) g/cm®. The average BMD for the cementless males
was 1.142 (+0.027) g/cm® and 1.098 (+0.038) g/cm?® for the cemented males. The results can

be seen in figure 43.
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Figure 43: Bone Mineral Density plotted against age for four groups of patients, grouped according to gender and
type of implant.
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Table 10 collects all the results from the BMD measurements described by figure 41-

43.

Table 10: An overview of average age and FRI for different groups, in the cohort. The last column displays the p-

values from two-headed T-tests.

Bone Mineral Density

18 Cementless 15 Cemented P-value
Average Age = 52.72 years Average Age = 68.93 years p<0.01
Average BMD = 1.131 g/em’ Average BMD = 1.166 g/cm’ p=027
Average Age =57.2 Average Age = 68.82 <0.01

10 Females (55.6 %) g9e 29 11 Females (73.3 %) gesg P
Average BMD =1,122 Average BMD =1.122 (p=0.96
Averoge Age =47.12 Average Age =69.25 <0.01

8 Males (44.4 %) g9e 29 4 Males (26.7 %) gesg P
Average BMD=1.142 Average BMD =1.098 (p=0.1

21 Females 12 Males

Average Age = 63.29 Average Age = 54.50 p =009
Average BMD =1.122 Average BMD =1.128 p=0.68

4.3. Fracture Risk Index vs. Bone Mineral Density

In figure 44, Fracture Risk Index for cemented and cementless patients is plotted against their

Bone Mineral Density.
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Figure 44: Fracture Risk Index plotted against Bone Mineral Density.
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5. Discussions

Choosing between cemented and cementless techniques in total hip replacement is still
debated. If the bone is of good quality, then cementless implants generally show superior
outcomes compared to cemented ones; better long-term fixation. Hence, cementless
techniques are used for younger and more active patients, while cement is used when
operating older less active patients.

Although age and gender are known to give an idea of the bone quality, individual
differences can be vast. Despite the importance of bone quality, there are currently no
quantitative indicators in practice, to support the decision.

High costs are related to primary THA and even higher for revision surgeries which
can include serious complications, especially in the case of bone cement. It is therefore
important to choose the correct prosthesis for each patient from the beginning, to increase
patient comfort, decrease rate of revision and avoid complications.

This study proposed bone mineral density measurements and finite element analysis
which task was to estimate the risk of fracture during cementless surgery.

5.1. Fracture Risk Index

It is clear that the FRI values are very low, however, although the fracture risk cannot be
considered to reflect real risk of fracture, it is possible to note the differences between patients
and the difference reaches beyond their age and gender. One could play with the forces used
in the simulations to acquire more realistic values, as figure 41 indicates, but the proportional
differences will be the same. These results thus can be used to observe individual differences
and indicate that every patient is different and do not follow an accurate trend.

It would be expected beforehand that FRI would increase with higher age and be
higher for the cemented patients. According to the results, the cemented group presents lower
FRI than the cementless, although it does not reach significance. The FRI results exhibit that
differences between patients are relatively large although the fracture risk does not reflect
real-life fracture risk. Furthermore, looking at specific patients, the five highest fracture risk
indices occur in patients that received cementless implants and the lowest FRI occurs in a 56
year old cemented female patient who might have been suitable for a cementless stem.
Additionally, many of the cemented patients present lower FRI than the average. This might
mean that some of the patients which received cemented implants might have been suitable

for a cementless operation.
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One test simulation, where the strength of bones is considered to be dependent on their
density, has been done. Implementing this method for all the patients would give more
vigorous results. This way, every element of the model is considered, not only a few, chosen
by hand. However, there are some very low density elements in the one model shown in
figure 40. This could stem from the fact that every voxel in the image is considered bone, but
might belong to air or other material. By building a model, where every voxel of the image
represents an element in the model, and using known thresholds of bone to exclude every
other material, would possible largely increase the accuracy of the model. A model of this
type is under development as described in appendix A2.

There are some limits to the fracture risk calculations. First, the yield strength of bone
is dependent on its bone mineral density, adding this feature would potentially increase the
accuracy of the results. The first simulation taking this into account has been finished.
Secondly, it can be hard to add the exactly same boundary conditions for all the models, so
that introduces some error. A slightly different approach might prove to increase the
reproducibility. Third, the 1000 N force is an estimate of the cumulative stresses introduced
during the operation; although based on empirically measured force on the THR hammer.
Conducting more precise analysis, perhaps on cadaveric femurs, with stress measurements
inside the femoral canal, might improve this aspect. Fourth, material properties of cortical and
trabecular bones are very different, mapping their properties separately would yield proper

results.

5.2. Bone Mineral Density

The results from the BMD measurements underline the fact that BMD decreases with age
(figure 41). BMD was higher for males than females overall, but the results are not
significant. These results can be explained by that women in the study were older on average,
although not significantly.

Comparing the cementless and cemented groups, the cementless group averaged
higher than the cemented group. This can be considered normal, since the cemented group is
significantly older. However, although the trend for both cemented and cementless patients is
a decrease in BMD with increased age, there are some subjects that deviate from the trend. A
good example is that the highest BMD is observed in a 71-year old female patient who
received a cemented implant, averaging slightly over 1.2 g/cm3. There is a clear overlap
between individuals that received cementless and cemented implants and age does not tell the

whole story. This indicates that some of the cemented patients could, for example, have
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received cementless implants and if they have to undergo a revision surgery. The bad thing
about this is that success of the revision implant would be better if they did not have cemented
THR. The goal of this research is to detect the stand-out patients and register them into the
correct implant group.

The results are similar to what could have been expected beforehand, however
differences between groups never reach a significant value. Recruiting additional patients
undergoing THA and include their results, could give rise to significant results, as the power
analysis indicated. Nonetheless, the results presented here indicate that quantitative CT-based
assessment of BMD, of patients undergoing total hip replacement, can measure bone quality

beyond their age and gender.

5.3. Fracture Risk Index and Bone Mineral Density

According the comparison of FRI and BMD, there is no trend which the patients follow; their
BMD does not indicate their FRI. The results shown in figure 45 indicate that every patient is
a specific case and the level of bone quality should be determined with factors reaching

beyond their age and gender.

5.4. Future Work

This work will continue to develop in the near future. Recruitment of a larger group of
patients is in progress. Additionally the first group will undergo a two-year post-surgical
assessment.

The fracture risk analysis will be evaluated and ways to improve it will be explored.
Collaboration with the Mechanical Department of Federico Il University in Naples, Italy, has
been agreed. The results of this collaboration already include a more accurate finite element
model of the femur (appendix A2) following a different type of segmentation done in Matlab
[162] (appendix Al) and the fracture risk analysis with these models is on the agenda.
Moreover, an analysis of remodelling/resorption after the surgery has been discussed, where
the bones will be analysed post-surgery. In order to be able to accurately analyse the femurs
post-surgery, the metal artifacts have to be reduced. Artifact reduction is in progress at the
moment (Appendix A3).

A contract of collaboration with Ossur has also been agreed. The aim of the
collaboration is to evaluate a new hip brace intended for pain relief before surgery. Some of
the patients that are evaluated will have been using the brace for some time, and by acquiring
gait parameters pre- and post-surgery a possible difference can be noted for those patients.
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6. Conclusion

The-CT based fracture risk simulation introduced here demonstrates differences between
patients, although it is unable to measure the real risk of fracture before cementless total hip
replacement. However, the CT-based bone mineral density might prove to be a precise

method of evaluating bone quality of patients and give indications for choice of implant.
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7. Appendices

7.1. Al - Matlab Segmentation Code

In order to be able to import the CT-data into Ansys all the images were segmented with a
programmed script in Matlab. The script implements a semi-automatic process of segmenting
the femur bone from other pixels in the image. This has to be done to every 2D slice
comprising the CT-data. A polyline is used to surround the femoral bone (figure 45) and
everything inside the enclosed line is excluded from the final picture (figure 46). The program
works is the way, that is asks they user if he wants automatic segmentation or manual
segmentation. Automatic segmentation is only usable below the femoral neck, where the
cortical shell is thicker because the polyline searches for sudden rise in values in the image.
This sudden rise is the difference between cortical bone and the surroundings. Where the
cortical bone is not as solid as at the femoral shaft, the polyline will erase everything, so
manual segmentation is necessary. In manual segmentation, the user selects the position and
number of points to create the polyline, then the polyline moves between slides but can be

adjusted for each of them.

Figure 45: A polyline surrounds the femur bone
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Figure 46: Everything outside of the closed polyline is excluded from the segmented image.

The following code is used to implement the methods described above. The code was
developed in Matlab mathematical programming software. At the end is the graphical user

interface that appears when the program is run (figure 47).

Face.m — a function to segment images.

function varargout = Face(varargin)
% FACE M-file for Face.fig

% Begin initialization code

gui_Singleton = 1;

gui_State = struct('gui_Name', mfilename, ...
‘gui_Singleton’, gui_Singleton, ...
‘gui_OpeningFcn', @Face_OpeningFcn, ...
‘gui_OutputFen', @Face_OutputFen, ...
‘gui_LayoutFen', ], ...
‘gui_Callback’, []);

if nargin && ischar(varargin{1})
gui_State.gui_Callback = str2func(varargin{1});

end

if nargout
[varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:});
else
gui_mainfcn(gui_State, varargin{:});
end
% End initialization code - DO NOT EDIT

% --- Executes just before Face is made visible.
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function Face_OpeningFcn(hObject, eventdata, handles, varargin)

% This function has no output args, see OutputFcn.

% hObject handle to figure

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% varargin command line arguments to Face (see VARARGIN)

% Choose default command line output for Face
handles.output = hObject;

% Update handles structure
guidata(hObject, handles);

% --- Outputs from this function are returned to the command line.
function varargout = Face_OutputFcn(hObject, eventdata, handles)

% varargout cell array for returning output args (see VARARGOUT);
% hObject handle to figure

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

% Get default command line output from handles structure
varargout{1} = handles.output;

% --- Executes on button press in pushbuttonl.

function pushbutton1_Callback(hObject, eventdata, handles)

% hObject handle to pushbuttonl (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)

prompt={'Name','Surname','Weight'};
name='Patient Data’;

numlines=1;
defaultanswer={"...","...",'0};
options.Resize="0ff";
options.WindowStyle="normal’;
options.Interpreter="tex’;
answer=inputdlg(prompt,name,numlines,defaultanswer,options);
namep= answer{1};

surname= answer{2};

weight= (answer{3});

errorstringa="...";

errorstringb=".";

errorstringc=";

TFa = strcmp(namep(1:3),errorstringa);
TFb = strcmp(namep(1:2),errorstringb);
TFc = strcmp(namep(1),errorstringc);
TF1a= strcmp(surname(1:3),errorstringa);
TF1b= strcmp(surname(1:2),errorstringb);
TF1c= strcmp(surname(1:1),errorstringc);
N=str2double(weight);

if N>120

error("You might mistake for patient weight’)
else if N<40
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error("You might mistake for patient weight’)
end
end

if TFa==1
error("\Wrong name’)
else if TFb==1
error("\Wrong name')
else if TFc==1
error("\Wrong name’)
end
end
end

if TFla==
error("\Wrong surname')
else if TF1b==1
error("WWrong surname")
else if TF1c==1
error("Wrong surname')
end
end
end

K = menu('Patient Class','Uncemented’,'Cemented');
H = menu('Operated side','Left','Right’);
D = menu(‘Acquisition’,PREop','POSTop','ONEyear’);

if K==1
pclass="U’;
else
pclass="C’;
end

if D==1
pdata= 'pre’;
else if D==2
pdata= 'pos’;
else
pdata="lye’;
end
end

if H==
side="L";
else
side='R";
end

inil= namep(1:2);
ini2= surname(1:2);
dicomname = strcat(inil, ini2, weight, pclass, pdata,side);

set(handles.text78,'String’',dicomname);
set(handles.pushbutton2, 'enable’, 'on’)



handles.dicomname=dicomname;
guidata(hObject,handles)

% --- Executes on button press in pushbutton2.

function pushbutton2_Callback(hObject, eventdata, handles)

% hObject handle to pushbutton2 (see GCBO)

% eventdata reserved - to be defined in a future version of MATLAB
% handles structure with handles and user data (see GUIDATA)
DIM_X=512; %our images are all 512x512

DIM_Y=512;

dicomname = handles.dicomname;

prompt={"Insert Images Directory','First Slice to Segment','Number of Slices'};
name='Program Initialization’;

numlines=1;

defaultanswer={"path’,'file name','0'};

options.Resize="off";

options.WindowStyle="normal’;

options.Interpreter="tex’;
answer=inputdlg(prompt,name,numlines,defaultanswer,options);
img_dir= answer{1};

strfile= answer{2};

N = str2double(answer{3});

ii=1;

done=0;

set(handles.text19,'String',img_dir);
set(handles.text20,'String',strfile);
set(handles.text21,'String',N);
set(handles.text22,'String’,done);

% first image to start the segmentation
example= dicomread(fullfile(img_dir, strfile));
example=double(example);
figure('name’,'Manual or Automatic??')
imagesc(example)

colormap(gray)

K = menu('Choose Segmentation Method','’Automatic’, 'Manual’);

% Manual Segmentaion:
if K==2
set(Face, 'HandleVisibility', 'off');
close all;
set(Face, 'HandleVisibility', ‘on’);
while ii<=N % run through all the images in a specified dir
ind1= strfile(2:length(strfile));
index1= str2double(ind1);
new_index=index1+((ii-1)*20); % take every other slice, for non-overlap
ind2= num2str(new_index);
strfilel= strcat('l',ind2);
image= dicomread(fullfile(img_dir, strfilel));
info=dicominfo(fullfile(img_dir, strfile1));
strfile2= sprintf('%s %s', 'Select the Roi of', strfilel);
image=double(image);
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figure('name’,strfile2,'Units','normalized’,'Position’,[0 0 1 1])
imagesc(image)
colormap(gray)

if ii==1
h=impoly();

else
h=impoly(gca,h);

end

h=round(wait(h));
mask=poly2mask(h(:,1)',h(:,2)",DIM_X,DIM_Y);
close 1

imagenew= image.*mask;

imagenew= uint16(imagenew);

figure('name’,'segmented’,'Units','normalized','Position’,[0 0 1 1])
imagesc(imagenew)
colormap(gray)

Default = "Yes";
button = questdlg('Do you like it?',/AREA SELECTION','Yes','No',Default);

switch button
case 'Yes'
set(Face, 'HandleVisibility', 'off');
close all;
set(Face, 'HandleVisibility', 'on");
name_file=strcat(dicomname,strfile1(2:end),".dcm’);
dicomwrite(imagenew,name_file,info)
done=done+1;
set(handles.text22,'String',done);
ii=ii+1;
case 'No'
set(Face, 'HandleVisibility', 'off");
close all;
set(Face, 'HandleVisibility', ‘'on’);
ii=ii+0;
end

end

% Automatic segmentation

else if K==1
set(Face, 'HandleVisibility', 'off");
close all;
set(Face, 'HandleVisibility', 'on’);
figure('name’,'Surround widely the Femur(to separate from the other)’)
imagesc(example)
colormap(gray)
h=impoly();
h=round(wait(h));
mask=poly2mask(h(:,1)',h(:,2)",DIM_X,DIM_Y);
set(Face, 'HandleVisibility', 'off');
close all;
set(Face, 'HandleVisibility', 'on’);
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while ii<=N
ind1= strfile(2:length(strfile));
index1= str2double(indl);
new_index=index1+((ii-1)*20); % slices overlapped then take half
ind2= num2str(new_index);
strfilel= strcat('l',ind2);
image= dicomread(fullfile(img_dir, strfilel));
info=dicominfo(fullfile(img_dir, strfilel));
strfile2= sprintf('%s %s', 'Segmentation of ', strfilel);
image=double(image);
% IMIp=medfilt2(image,[4 4]);
% A median filter is more effective than convolution when the goal
% is to simultaneously reduce noise and preserve edges.
H = fspecial('gaussian’,[4 4],2.5);
IMIp = imfilter(image,H); % apply a filter
IMIp(IMIp<225)=0; % to isolate the bone
BW = edge(IMlp,'log’,[]);
BW2 = imfill(BW,'hole");% to fill the hole inside the bone
BW2=double(BW2); % mask

aa=1;

while aa==1
R=1;
se = strel('disk’,R);
BW2 = imopen(BW2,se);
imagenew= BW2.*mask;
imagenew=double(imagenew);
a = image.*(imagenew);
a = uintl6(a);

set(Face, 'HandleVisibility', 'off');

close all;

set(Face, 'HandleVisibility', ‘'on’);
name_file=strcat(dicomname,strfile1(2:end),.dcm’);
dicomwrite(a,name_file,info)

done=done+1;

set(handles.text22,'String’,done);

ii=ii+1;
aa=2;
end
end
end
end
clc

guidata(hObject,handles)

Face.fig - Graphical User Interface for the function Face.m
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Figure 47: Graphical user interface from the function Face.m

7.2. A2 — A New Modelling Method

When the two-dimensional medical images have been segmented to exclude everything
except the femurs of the patients, they are imported into Ansys mechanical APDL to where a
model is made. The first step is to create text files from the Dicom images, then the text files
are used to create an array, including positional- and density information. With this
information cube-shaped elements are created from the array. Figure 48 shows the top part of

an Ansys Mechanical APDL-created model.
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Figure 48: A 3D model built in Ansys mechanical APDL, from a pre-operative femur.

The model in figure 47 includes some isolated and unstable elements. Unstable elements are
elements that are connected on only one or two nodes. These elements have to be erased to
produce a model capable of transmitting load through it, based on boundary conditions.

Fracture risk index is still to be included in the simulations, but it is a work in
progress. Models created in this way are more precise than the ones used in this study,
however the process is more time-consuming. Although not calculating fracture risk,
simulations, using this model, are publish-ready. They are based on boundary conditions
mimicking the gait, similar to the biomechanical model described in chapter "biomechanical
properties of bone.

When artifacts have been reduced from the post-data, modelling of this type can be
used to evaluate bone addition or absorption around the prosthetic stem. This could add a new

vital parameter to the assessment and monitoring of patients undergoing THA.

7.3. A3 - Artifact Reduction

Direct comparison between pre- and post-operation images is not possible due to image

artifacts that stem from the metal prostheses (black and bright areas in image 49A). Image
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artifacts stem from mechanisms such as scattering of photons, beam hardening, motion during
imaging and photon starvation. If photons are scattered, not only attenuated, they are not
sensed by the sensor. Stem hardening means that the mean energy of the photon beam is
increased due to absorbed low-energy photons. Photon starvation occurs in the case of dense
materials, where energy of photons is attenuated so rapidly that too few photons reach the
detector. Photon starvation introduces strong streaks in images and can make them useless
[163].

With the artifact reduction software Metal Deletion Technique from ReVision
Radiology [164] the artifacts can be reduced to allow comparison (figure 49B). The MDT
software reduces metal artifacts due to beam hardening, motion and photon scattering and
starvation. The MDT software uses forward back projection to get an estimation of the raw
scanner data. Then all projected data are used to reconstruct the pixels representing the
metal. To reconstruct the soft tissue and bone, only non-metal data are used; the software
looks around the metal, instead of trying to look through it when reconstructing everything
besides the metal. With the metal pixels deleted, the reconstructed image is forward projected

and used to replace the inaccurate metal data. Performing this iteratively improves the results.

Figure 49: A) CT-slice of a THA patient post-surgery, filled with artifacts from the metal hip stem. B) After the
reduction the artifact streaks are no longer there.
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