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When you are courting a nice girl an hour seems like a second.   

When you sit on a red-hot cinder a second seems like an hour.  

That's relativity. 
- Albert Einstein 
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Abstract 

Total Hip Arthroplasty (THA) is one of the most common and successful orthopaedic surgery 

in the world.  This clinical procedure improves the quality of life for patients with chronic hip 

pain, by restoring their hip function with biocompatible prosthetic implants.  However, there 

are still potential advances that can be made in selecting the optimal implant fixation 

techniques.  Currently there are 2 main methods: cemented and uncemented fixation. The 

uncemented fixation is based on press fitting procedure where bone growth into the porous 

surface of the implants is induced for long term fixation.  The cemented technique uses bone 

cement to ensure fixation to the bone within the femoral cavity. 

Due to the absence of a rigorous methodology to select implant fixation, the decision is 

based on general clinical evaluation such as: patient age, gender and femoral X-ray.  The 

consequence of inappropriate selection may lead to periprosthetic fracture during press fitting 

and/or high cost in revision surgery from cemented implant.  

This study proposes a novel approach based on computer tomography scans (CT) and 

finite element analysis for calculating pre-operative bone quality and fracture risk during press 

fitting simulation. The method was applied on 20 patients undergoing THA where 10 were 

selected for cemented implant and 10 for uncemented.  In one case the patient fractured 

following the press fitting method and was therefore used for validating the simulation 

methodology. 

The results indicate that 3 out of 10 patients selected for uncemented fixation should 

have been selected for cemented fixation, that would have prevented an actual case of 

intraoperative fracture.  From the cemented group 4 patients were identified with bone quality 

that could withstand the press fitting procedure.  The overall results show that the current 

clinical evaluation doesn’t reflect the real bone quality and further analysis is required for the 

developing computational tools to assess bone quality on a subject specific basis.      

 

 

Keywords: Total Hip Arthroplasty (THA), cemented, uncemented, finite element analysis 

(FEA), computed tomography (CT), press fitting, fracture risk. 
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Úrdráttur 

Heildarmjaðmaliðaskipti er ein af algengustu og farsælustu bæklunarskurðaðgerða í heiminum 

í dag.  Hún hjálpar til við að lina verki í mjöðm og endurheimta hreyfigetu sjúklings með 

gervilið.  Hinsvegar getur verið erfitt að velja bestu aðferðina til þess að festa íhlutina.  Í dag 

eru tvær aðferðir notaðar, með eða án beinsements.  Sú sem er án sements, er íhlutnum lamið 

ofan í lærlegginn og festist til langtíma með beinvexti ofan í gróft yfirborð íhlutarins, en í hinni 

aðferðinni er beinsementið notað til þess að festa íhlutinn.   

Eins og staðan er í dag, þá er engin nákvæm aðferðafræði til sem getur valið um hvaða 

aðferð er best fyrir hvern sjúkling.  Í staðinn er miðað við aldur, kyn og röntgenmynd af 

lærleggnum til þess að meta hvor aðferðin er betri. 

Þetta verkefni kynnir nálgun um hvernig beinin voru álagsprófuð með sementslausa 

íhlutnum, með því að hanna þrívíddarmódel út frá tölvusneiðmyndum sjúklinga.  Notast var við 

tölvusneiðmyndir af 20 sjúklingum sem þeir fóru í áður en þeir gengust undir 

mjaðmaliðaskiptin, þar fengu 10 með sementi og 10 án sements í skurðaðgerðinni.  Ætlunin 

með þessari aðferð var að rannsaka hvort það væri hægt að meta brothættu beinanna.  Eitt af 

þessum beinum brotnaði eftir sementslausa aðgerðina, og var það því notað til þess að bera 

saman við hin beinin. 

Niðurstöðurnar áætla að 3 af 10 sjúklingum án sements hefðu átt að fara í sement 

aðgerðina, þar sem brothættan var metin það mikil.  Einn af þeim var beinið sem brotnaði eftir 

aðgerð, og hefði verið hægt að koma í veg fyrir það hefði viðkomandi farið í aðgerðina með 

sementinu.  4 úr beinsements hópnum voru greindir með nógu sterk bein til þess að fara í 

sementslausa aðgerðina.  Í heildina litið þá sýna þessar niðurstöður að sú aðferð sem notuð er í 

dag til þess að ákveða hvor aðgerðin sé betri fyrir hvern sjúkling, ekki nógu góð.  Hins vegar 

þarf að rannsaka þetta betur, svo hægt sé að þróa góða klíníska aðferð til þess að meta hvern 

sjúkling fyrir sig. 

 

 

Lykilorð: Heildarmjaðmaliðaskipti, sement, sementlaus, álagsprófun, þrívíddarmódel, 

tölvusneiðmyndir, brothætta beina. 
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1. Introduction 

1.1 Clinical Background and Motivation 

One of the largest joint in the body is the hip, and Total Hip Arthroplasty (THA) is one of the 

most successful operations in medicine.  THA has been used for treating chronic hip pain 

because of end-stage arthritis since the year 1960.  Since then it has been improved in both 

surgical techniques and technology [1].   

The artificial hip implant components in THA are the femoral stem and the acetabular 

component.  In the surgery, the femoral neck is removed for a prosthetic femoral stem.  

Additionally, the damaged cartilage in the acetabulum is removed for a biocompatible 

acetabular component.  In the acetabular component socket is a plastic liner to hold the femoral 

prosthetic head in place (figure 1). 

 

Figure 1: (Left) Individual components for THA implant. (Center) The components recombined to form the implant. 

(Right) The final placement of the implant in THA.  Adopted from [2]. 

There are two methods used in THA, cemented and uncemented (press fitting).  In the 

cemented method, a hole in the femoral canal is created for the stem, and bone cement is used 

to fix the stem in place.  The bone cement is also used to fix the acetabulum component in place.  

In the press fitting method, the hole in the femoral canal is narrower than the diameter of the 

stem.  Therefore, the stem is press fitted with hammer blows because of the interference 

between the stem and the femur.  That creates tensile stresses to hold the stem in place, and also 

in time induces bone growth around the stem, which makes a strong bond to the stem.  This is 

one of the reasons why the press fitting method is preferred over the cemented method.  

Secondly, bone cement is more likely to degrade with time and get loose, while the press fitted 

stem tends to have a longer life time, because of the tensile stresses and bone growth mentioned 

earlier [3, 4].  Additionally, when the cemented stem is replaced (revision), bone tissue 

fragments usually follows and weakens the bone for the replacement [3].  Replacing the press 
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fitting stem is therefore simpler because no cement was used.  But for patients receiving the 

press fit method, the femur needs to indicate to be strong enough to handle the forces that 

follow.  There has been one case where the femur fractured after the press fitting method in 

Iceland. 

Approximately, 300 patients per year undergo their first THA, and 50-60 revisions.  The 

primary surgery costs over 1 million isk and the revision almost triple that [5, 6].  Today, the 

orthopaedics final decision about which method should be used is generally based on looking 

at the patient; gender, age, general health and visualization of the CT-data [4].  Which is rather 

feeling dependent in spite of other techniques that exist today.  Therefore, it is important for a 

reliable quantitative tool to estimate the quality of the femur before patients undergo THA, so 

they receive the correct method.   

This study introduces a procedure on how to estimate the quality of the femur by 

designing Finite Element (FE) models using pre-surgery Computer Tomography (CT) data of 

the patient.  Then simulate the press fit in terms of the interference between the femur and the 

stem.  20 FE models were designed from patients that already had gone through THA, 10 

cemented and 10 press-fitted. 

 

1.2 Thesis Objective 

The objective of this study is to design a protocol to provide a quantitative tool for clinical use 

to estimate which THA method should be used for each patient, depending on the quality of the 

femur.   The goal is to help the orthopaedics in their final decision and maybe with time, save 

money for the health care system by decreasing the amount of revisions each year followed by 

the cemented stem.  Which could also result in less pain and cost for the patient over time, by 

preventing the patient receiving the wrong implant. 

This work is part of a larger study within The Institute of Biomedical and Neural 

Engineering at Reykjavik University, where Reykjavik University, University of Iceland, 

Landspítali University Hospital and Med-Tech companies combine their skills for ambitious 

research initiatives [7, 8].  The final goal is to create a THA clinical evaluation score by using 

fracture risk index, pre- and post-surgery data from gait analysis, electromyography (EMG) and 

bone- and muscle quality [7]. 
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1.3 Thesis Overview 

In chapter 2.1 the basic anatomy of the femur and the hip will be explained, and then the total 

hip arthroplasty methods.  Chapter 2.3 will then explain the mechanism and behaviour of bone.  

Chapter 2.4 will take some examples of implants and their properties. Chapter 2.5 will talk 

about bone mineral density and how it is used today for clinical use.  Chapter 2.6 introduces the 

basics of finite element analysis and how it is used today.  Chapter 3 is the material and methods 

which describes the methodology of the study, and chapter 4 displays the results.  Chapters 5 

and 6 contains the discussion and conclusion of the study. 
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2. Theoretical Framework 

2.1 Anatomy 

2.1.1 Hip Joint Anatomy 

The hip is a synovial joint and is one of two joints which are ball-and-socket joints in the body.  

The other joint is the shoulder joint and both are capable of various complex motions [1].  In 

the hip, the femur head fits in the acetabulum socket where articular cartilage covers both 

surfaces (figure 2ab).  Synovial joints have joint cavity where space is filled with synovial fluid 

for lubrication, which results in low friction between the bones and for greater mobility (figure 

a,b).  The joint is then covered with a capsule with three ligaments which play a big role for 

stability; iliofemoral, pubofemoral and ischiofemoral (figure 2cd).  Additionally, there are two 

other ligaments in the hip joint; ligamentum teres and zona orbicularis [9]. 

The acetabulum is formed by 3 bones; ilium, ischium and the pubis.  First 15 – 17 years 

from birth they are separated by hyaline cartilage but then the bones start to fuse together until 

the fusion is complete by the age of 20-25 [10].  

 

Figure 2: The anatomy of the hip. Adopted from [11] 
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2.1.2 Femur Anatomy 

The femur is in the category of long bones and it is the strongest and longest bone in the human 

body.  The femur is mainly a cylindrical shaft, but in the proximal end it has a femoral neck 

and head (figure 3AB) which goes into the acetabulum socket.  The femoral bone composites 

in two main materials, cortical and trabecular bone.  The cortical bone is dense and forms a 

layer or shell over the trabecular bone.   In long bones, the trabecular bone is mainly found in 

their proximal and distal parts, where it is spongy or honeycomb-like [12] (figure 3A).  In the 

pours of the trabecular bone there can be found red bone marrow, but yellow bone marrow in 

the femoral shaft [13]. 

 

Figure 3: (A) Cross-section from the anterior view of the proximal part of the femur with landmarks. Adopted from 

[14]. (B) Posterior view of the proximal part of the femur with landmarks. Adopted from [15]. 

Human bone composition is 69 – 80% from calcium phosphate (mainly hydroxyapatite) 

in weight, 17-20% from collagen and the rest in water, proteins etc. [16].  How brittle and 

flexible the bones are, depends on the ratio of minerals and collagen.  They become fragile from 

the minerals, while collagen gives them more flexibility and extended support from tense loads 

[16, 4].   

 

2.2 THA Surgery 

2.2.1 Introduction 

Total Hip Arthroplasty (THA) is an affective clinical procedure for patients today who are 

suffering from chronic hip pain [17].  There are two methods used today for THA, cemented 

and uncemented (press fit).  In both cases the femoral head and the articular cartilage in the 
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acetabulum (figure 4) are replaced with biocompatible implant components.  Both methods are 

for pain relieving and greater mobility, but affects the patients in different ways. 

 

Figure 4: (A) Femoral neck removal. Addopted from [18] and modified by Þröstur Hermannsson. (B) Articular cartilage 

in the acetabulum removed with rasp/reamer. Adopted from [19]. 

 

2.2.2 The Press Fit Method 

The definition of press fit, also called interference fit or friction fit, is when assemblies 

undergoes contact pressure and friction forces because of their size differences, in other words 

they are overlapping and interfering with one another [20].   

The fixation of the stem is done by using the interference between the stem and the 

femur, additionally induced bone ingrowth into the porous surface of the stem.  Reamer or awl 

are used to locate the hole in the femoral canal and then rasp to make a bed or seat for the stem.  

The rasp is used to compress the trabecular bone, and rasp the cortical bone for the stem with 

hammer blows.  Rasps with increased size are used until good stabilization for the stem is 

reached.  Each rasp size belongs to specific size of stem, and are relatively smaller in 

comparison to produce interference.  For the acetabulum, the rasp is also relatively smaller than 

the prosthetic acetabular component for fixation [4].  Example of fixed uncemented implant 

components can be seen in figure 5. 

The press fitting is used for patients with bone quality that can take the forces from the 

hammer blows, and the interference between the stem and the femur.  Those patients are usually 

younger and more active than the patients that receive the cemented method.   Additionally, 

because of their young age, a revision procedure would likely have to be done in the future.  

The press fit method have shown to be have a greater prosthetic durability compared to the 

cemented method.  This method was developed after the evidence that the bone cement 

promoted bone lysis and loosening of the implant [21].   
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Figure 5: Example of placed uncemented THA implant components. Adopted from [22]. 

 

2.2.3 The Cemented Method 

This method is usually used in patients that are older and less active than the younger patients, 

meaning that the bone is more likely to be fragile [4].  Additionally, the female gender is often 

taken in to account in orthopaedics final decision, where the bone density is often less in females 

compared to males [23].   

Before placing the stem inside the femur, reamer or awl is used to create a hole in the 

femoral canal and then rasp to compress and remove the bone away.  First smaller rasp sizes 

are used until templated size of the stem is reached.  The final size of the rasp is bigger than the 

stem to make a space for the bone cement [18].  Then a plug is inserted into the femoral canal 

to prevent the cement of flowing to the distal part of the femur [4].  Bone cement is injected 

into the hollow femoral canal with compressor, followed by the stem.  It is very important that 

the surgeon is rather quick in adjusting the stem placement because of bone cement short 

handling time [24].  Additionally, reamer is used to remove the articular cartilage in the 

acetabulum and deepened enough for recommended acetabulum cup, which is fixed in place 

with bone cement [4].  An example of cemented implant can be seen in figure 6. 
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Figure 6: Example of cemented THA implant components in place. Adopted from [22] 

 

2.3 Mechanical Properties of Bone 

2.3.1 Stress and Strain Basics 

 

Figure 7: Tension test example. Adopted from [25]. 

Stress expresses the internal forces of particles in a material body that reacts to one another and 

is expressed in Pascal’s or N/m2, while strain is a measure for deformation of a material body 

resulting from stresses.  If we take a tension test in figure 7 for an example, where rod with 

length L [m], cross-sectional area A [m2] and axial load P [N], the equations for tensile stress 

and strain would be [25]: 
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Stress: 

𝜎 =  
𝑃

𝐴
     (1) 

Strain: 

 휀 =
𝛿

𝐿
      (2) 

 

where δ [m] is the axial deflection.   If the load is increased, the deflection will also increase 

until the rod breaks.  When the rod is pulled we will get tensile stresses but if the rod is pushed 

we get compressive stresses.  Usually the tensile stresses and strains are expressed as positive 

and compressive stresses and strains negative [25]. 

 

2.3.2 Stiffness 

Stiffness is a measure of load that is needed for the material body to get given deformation.  

Hooke did numbers of experiments where he applied various of loads on long wires and 

observed that the load and its deformation were related linearly if the loads were small.  From 

there the Hooke’s Law shows the relation and is written [25]: 

 

𝑃 = 𝑘𝛿     (3) 

 

 

where k is constant and called the stiffness.   

The mathematician Jakob Bernoulli (1655-1705) realized that the relation between the 

measures of load per unit and displacement per unit length is: 

 

𝑃

𝐴
= 𝐸

𝛿

𝐿
     (4) 

or 

𝜎 = 𝐸휀     (5) 

 

Figure 8 shows that the Hooke’s law relates to either equation 3 or 5 [25]. 
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Figure 8: Hooke's law in terms of load versus deflection. (b) Hooke's law in terms of stress versus strain. Adopted from 

[16] 

where E with the unit [Pa] is the Elastic Modulus or Young’s Modulus, and is important 

material descriptor.  Figure 8 shows that Hooke’s law refers to both equations 3 or 5.  Finally, 

this shows, that k is related to Young’s modulus and the geometry [25]: 

 

𝑘 =
𝐴𝐸

𝐿
     (6) 

 

Stress-strain graphs are often used to investigate the materials behaviour under stress (figure 9).  

The elastic region is when there is a linear relationship between stress and strain, where the 

slope is the Young’s modulus.  In this region the material recovers from its deform after 

receiving some loads.  But when the material reaches its yielding limit the material starts to get 

micro-breaks and will not fully recover, or total failure if it receives its ultimate load [25, 26].  

For the femoral bones, studies have shown that their yield strain is ranged from 0.61% - 0.85% 

and ultimate strain 0.7-2.5% [26]. The region after the yield strength is called plastic region, it 

is when flexible materials over deforms after its yield strength [27]. 
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Figure 9: Example of stress-strain curve for material behavior. The elastic region is when there is a linear relation 

between the stress and the strain.  The plastic region is after the yield strength/point. Adopted from [28]. 

 

2.3.3 Principal Stress and Strain 

Principal stress 

W.J.M. Rankine (1820 – 1872), G. Lamé (1795 – 1870) and C.L. Navier (1785 – 1836) 

suggested that the tensile strength 𝜎𝑡 and the compressive strength 𝜎𝑝 characterizes materials 

behaviour.  When one of the conditions in equation 7 is fulfilled, material failure is expected 

[27]: 

 

𝜎1 = {
𝜎𝑡

−𝜎𝑝
           𝜎2 = {

𝜎𝑡

−𝜎𝑝
            𝜎3 = {

𝜎𝑡

−𝜎𝑝
   (7) 

 

where 𝜎1 > 𝜎2 > 𝜎3. 

In other words, the material fails if the maximum principal stress reaches 𝜎𝑡 or the minimum 

principal stress reaches −𝜎𝑝.   Example of failure surface in a principal stress space and a failure 

curve for a plane stress state is in figure 10 [27]. 
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Figure 10: (a) Failure surface in principal stress space in a cube. (b) Square failure curve for plane stress state 𝝈𝟑=0. 

Adopted from [27]. 

 

Principal strain 

Saint-Venant (1797 – 1886) and C. Bach (1889) suggested that failure occurs when the 

maximum principal strain (tension or compression) reaches or is equal to the critical tensile 

strain 휀𝑡 at failure (yield or rupture) [27, 25].  Example of failure condition in equation 8 

represents if material is linear elastic until failure with critical tensile stress: 

 

𝜎1 − 𝑣(𝜎2 + 𝜎3) =  𝜎𝑡 ,     𝜎2 − 𝑣(𝜎3 + 𝜎1) =  𝜎𝑡 ,     𝜎3 − 𝑣(𝜎1 + 𝜎2) =  𝜎𝑡  (8) 

 

where v is speed and 𝜎1 > 𝜎2 > 𝜎3 [27]. 

Figure 11a represents failure surface on a pyramid with three planes around the hydrostatic axis 

where 𝜎1 =  𝜎2 =  𝜎3 =  𝜎3/(1 − 2𝑣)  ,and figure 11b represents the failure curve for plane 

stress [27]. 
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Figure 11: Failure surface on a pyramid with three planes around the hydrostatic axis. (b) Failure curve for plane 

stress state 𝝈𝟑=0. Adopted from [27]. 

 

2.3.3 Poisson’s Ratio 

The Poisson’s ratio or effect refers to the mathematician Simeon Denis Poisson (1781-1840).  

It describes the behaviour of materials undergoing strains.  When materials receive tensile strain 

in one direction it will get compressive strain in the other direction.  Like before, tensile 

contributes positive strain and compressive negative strain.  Then it is negative ratio between 

the lateral and longitudinal strain [25]: 

 

𝑣 =
−𝜖𝑙𝑎𝑡𝑒𝑟𝑎𝑙

𝜖𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙
     (9) 

 

For example, if we imagine there is a rubber band and it is stretched in longitudinal direction, 

it will get thinner in the lateral direction [25](figure 12). 



 

14 
 

 

Figure 12: If its imagined that a rubber band is stretched in longitudinal direction, in will get thinner in the lateral 

direction.  The material behavior of this can be described with the Poisson‘s ration. Adopted from [25]. 

 

2.3.4 Mechanical Properties of Bone 

Bones are viscoelastic tissues, and are stiffer when they receive faster loads [14,15].  

Viscoelasticity is from viscosity and elasticity, where viscosity is a measure of resistance to 

flow because of its fluid properties, while elasticity has solid properties.  Viscoelastic materials 

possess therefore both viscosity and elastic properties.  Equation 10 expresses the relationship 

between stress and strain for viscoelastic materials, where stress is a function of both strain and 

strain rate, ἐ = 𝑑휀/𝑑𝑡 [29]: 

 

𝜎 =  𝜎(휀, ἐ)      (10) 

 

The figure 13 shows the viscoelastic behaviour with increasing strain rates. 

 

Figure 13: Viscoelastic material behaviour with increasing strain rates.  Become stiffer with faster loads. Adopted from 

[29] 
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There is a relationship between type of fractures and types of loads in bones.  When 

they receive torsion loads they get spiral fractures, tension loads result in avulsion and bending 

loads results in triangular or trapezoidal fractures (figure 14).  Bone is stronger under 

compression than under tension or shear strains.  The cortical and trabecular bone gives them 

anisotropic response to loads from different directions.  Meaning they have different strength 

and elasticity depending on the directions of the loads.  When they receive bending loads the 

radius of the bone increases which gives them additional bending strength without affecting the 

compression strength [30].  The femur is strongest under longitudinal axis because of its 

structure and from the daily loads from the vertical axis [26].   

 

 

Figure 14: The relatonship between type of fracture and types of loads.  (From left to right) Torsion = Spira fracture; 

Tension = Avulsion fracture;  Bending = Triangular or trapezoidal fractures. Adopted from [30]. 

The cortical bone is linearly elastic that fails at relatively small strains after the yielding point. 

The tensile ultimate strains can go up to 5% in healthy 20 - 30 year old adults, but can go lower 

than 1% in >80 year old [26] (figure 15).  The trabecular bone or sometimes called spongy bone 

has much higher ultimate strains but lower ultimate stresses.  Trabecular bone is nonlinearly 

elastic but most often modelled as linearly until yielding happens.  It yields around 1% in 

compression but can take large deformation after that, or up to 50% strain.  Therefore, it can 

absorb high energy if mechanical failure happens [15].  
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Figure 15: Ultimate strains in human cortical bone, relative to age. Adopted from [26]. 

 

2.4 THA Implant Technology 

2.4.1 Press Fit Implant technology 

CLS Spotorno Stem 

CLS Spotorno Stem from Zimmer was developed by Professor Lorenzo Spotorno and launched 

in 1984.  Since then, there have been some modifications on the stem [31] (figure 16).   

   

Figure 16: (1983) Trapezoidal shape. (1992) New rib structure with sharpened edges to make it easier for press fitting 

and lower risk of fissures. (1997)  Expanded types of CCD angles. (2004) Reduced neck diameter and shorter taper for 

better range of motion. Adopted from [31]. 
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The stem is a rough-blasted titanium alloy (Ti-6Al-4V) and is largely osteophilic, which 

promotes osseointegration or bone growth mostly at the sharp edges of the stem [4, 31].  This 

stem got great success in survival rates after 10 – 20 years.  Studies from 2004 Malchau et al. 

[32] showed 100% survival rate from 404 total cases after 10 year follow up, and 2009 Aldinger 

et al. 94% survival rate at 17 years from 354 cases with revision for aseptic loosening as an 

endpoint [33]. 

 

The CLS Spotorno Rasp 

Like said before, the rasp is for rasping and compressing the bone for ideal seating for the stem.  

In figure 17, zone 1 has cutting edges on medial and lateral sides of the stem, but not on the 

anterior and posterior sides because those are only for compressing the trabecular bone.  In zone 

2 there are cutting edges on all sides because the rasp can come into contact with the cortical 

bone.  Because the femur changes from oval to a round cross-section, the rasp cutting edges in 

zone 3 affect mainly on sharp bone edges.  Finally, in zone 4, the distal part is oversized to 

avoid contact with the bone.  The CLS Spotorno offers ideal ratio of minimum removal of bone 

tissue and maximum compression [31].   

 

Figure 17: (Zone 1) Cutting edges on medial and lateral sides of the stem, not on the anterior and posterior sides because 
for trabecular bone compression. (Zone 2) Cutting edges on all sides for cortical bone rasping if needed. (Zone 3) Cutting 
edges for sharp bone edges. (Zone 4) Oversized to avoid contact with bone. Adopted from [31]. 
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2.4.2 Cemented implant Technology 

Bone Cement 

The English surgeon John Charnley is widely credited as to be the first by using bone cement 

in 1958.  He used cold cured Polymethyl methacrylate (PMMA) to attach an acrylic cup and 

metallic femoral stem in THA [34].  Today, PMMA is used worldwide as bone cement for 

fixation in various of medical surgeries.  It holds the implants against the bone by creating tight 

space.  Other commercially types of bone cements are available like; calcium phosphate 

cements (CPCs) and Glass plyalkenoate (ionomer cements (GPCs).  However, CPSs are not 

used for THA because of their low mechanical strength but mainly in cranial and maxilla-facial 

surgeries [34]. 

PMMA is brittle material and is therefore stronger in compression than under tension 

or shear loading [35].  It has also a low bending modulus compared to the cortical bone [36]. 

Studies have shown that different cement mantle thickness is important to keep the stress level 

low as possible, where less than 2 mm in thickness can induce fracture and movement of the 

cement from high shear and compressive stresses.  Also if thicker than 5 mm, it could induce 

slipping or movement at the cement-bone interface.  Example from a study of compared cement 

mantle thickness between the stem and the femur can be seen in figure 18.   That study showed 

ideal cement mantle thickness should be in the range of 3 – 5 mm [37]. 

 

 

Figure 18: The relation between compressive stresse levels and thickness of bone cement (PMMA). Adopted from [37]. 
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The major drawbacks using bone cement is the cement fragmentation, which results in 

implants loosening and periprosthetic osteolysis.  Bone cement fragments promotes local 

inflammation because of foreign body reaction and is neither osteoinductive or 

osteoconductive.  Additionally, the MMA monomer is toxic and some potentials for allergic 

reactions [34]. 

 

Collarless, polished tapered (CPT) Hip System 

Collarless, polished tapered stems have been used for more than over 25 years with good 

success.  This cobalt chromium alloy stem was introduced in the early 1990s in United States 

[38].  It was designed for the properties of PMMA bone cement to ensure that the stem firmly 

stays in place while the cement deforms, and to transfer the compressive loads to the cement 

rather than shear loads [38]. 

 

Figure 19: (CPT) hip system from Zimmer. Adopted from [38]. 

 

The CPT Rasp 

The rasp from Zimmer for the CPT Hip System has diamond teeth patterns for rasping the bone 

smoothly away (figure 20).  Like before, reamer is first used to locate and prepare the femoral 

canal for the rasp.  Smaller sizes of rasps are first used before the templated size [38].   
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Figure 20: Rasp with diamond shaped sharp edges for smoother rasping. Adopted from [38]. 

 

The Spectron EF Hip System 

The Spectron EF stem is made of Co-Cr composition like the CPT stem and is also used in 

Iceland.  It has a circulotrapezoidal neck to provide greater range of motion compared to a 

circular neck, anterior/posterior grooves to induce rotational stability without inducing higher 

cement stresses, trapezoidal stem cross section to minimize tensile stresses and longitudinal 

stem taper to distribute the stresses throughout the implant, which induces compressive loading 

of the cement [39].  The rasp has a similar design as the CPT hip system. 
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Figure 21: Spectron EF stem for the cemented method. Adopted from [39] 

 

A study was published in 2016, where most common cemented implants were compared 

from the Nordic Arthroplasty Register Association (NARA) database [40].  According to the 

data from 1995 to 2013, the 10-year average survivorship of cemented THA was 94% in 

patients between 65 – 74 in age, and 96% in 75 or older.  Their analysis was using Kaplan-

Meier survivorship to compare implants that needed revision for any reason as an endpoint.  

Their results indicated that Spectron EF THA had 89.9% 10-year survival, and 79.8% 15-year 

survival.  While CPT THA had 94.9% 10-year survival, and 91.6% 15-year survival [40].  In 

the same study, they compared also 7-year implant survival for the time periods 1995 – 2004 

and 2005 – 2013.  Spectron EF had 95.2% survival for the time period 1995 – 2004, while CPT 

had 96.6% survival.  For the time period 2005 – 2013, the Spectron EF and CPT had the same 

survival, or 95.1% [40].  These results indicate that Spectron EF is more suited for elderly than 

younger patients.  
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2.5 Bone Mineral density 

Bone Mineral Density (BMD) measures the amount of minerals per cubic centimetre and is 

often used to determine the bone strength.  Dual energy x-ray absorptiometry (DXA) scans have 

been used since 1987 for measuring BMD in clinical practice.  It has been proven to be an 

important tool for evaluating osteoporosis and fracture risk in patients [41].  The BMD results 

for analysing osteoporosis is usually compared to the ideal BMD of a healthy 30-year-old adult 

with T-scores.  The BMD differences are measured in standard deviations to evaluate the T-

scores.  Standard deviations below 0, are indicated with minus T-scores; T-scores ±1 is 

considered healthy, -2.5 < -1 indicates of low bone mass (not osteoporosis) and -2.5 or lower 

indicates that the patient has osteoporosis [42]. 

Hounsfield units (HU) in CT-scanning is another way to measure the BMD in patients.   

HU presents the X-ray linear attenuation in each voxel (volume element), and is calculated with 

the reference to water attenuation at room temperature and pressure [43]: 

 

𝐻𝑈 =  
𝜇𝑣𝑜𝑥𝑒𝑙−𝜇𝑤𝑎𝑡𝑒𝑟 

𝜇𝑤𝑎𝑡𝑒𝑟
∗ 1000    (11) 

 

CT has a small disadvantage compared to DXA because of less clinical supports of measuring 

BMD, but recent studies have shown that CT can be more accurate of predicting bone quality.  

There are important differences between CT and DXA in measuring BMD, where DXA is a 

planar measurement and is expressed as (g/cm2), while CT-scans are volumetric (g/cc).  DXA 

can be inaccurate or sometimes impossible to use in some cases, while CT can be limited in 

specific areas of interest and represent HU in 3D BMD [43]. 

Evaluating BMD in patients undergoing THA could be a tool to help orthopaedics for 

their final decision making.  Where the cemented method being better suited for patients with 

less bone quality, and the press fit method for patients with greater bone quality.  Even though 

there is a relationship between age and BMD value, other factors can influence the bone quality 

like gender, race, lifestyle and genetics [44]. 

 

2.6 Finite Element Analysis 

Finite Element Analysis (FEA) is a method for computational analysis widely used in 

engineering applications.  It has been applied in biomechanics to analyse complex structures to 

study stress and strain patterns in implants and other biological materials, like living tissue with 

the use of imaging techniques.  A fully verified and validated FE model has many advantages 
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over using experimental models.  For example; the in silico experiments are repeatable, no 

ethical worries and model designs can always be modified [45]. 

The FE structure has finite elements which are connected through nodes.  The simplest 

Two-Dimensional (2D) element is triangle and its Three-Dimensional (3D) element counterpart 

is tetrahedron.   The most common of tetrahedron are 4- and 10-node tetrahedral elements 

(figure 22).  10-node tetrahedral elements are more sophisticated than 4-node tetrahedral 

elements, but with more complex formulation and formation time [46, 47].  Size of the elements 

are also big part in the final results of the analysis.  Smaller element sizes give the FE model 

better accuracy and larger number of elements and nodes, but longer computation time.  Larger 

element sizes are often used for less complex models, rough estimation and fast computation 

time [48]. 

 

Figure 22. (a) 4-node tetrahedral and (b) 10-node tetrahedral. Adopted from [49]. 

A study was done to evaluate if FEA method would predict fracture risk in bones more 

accurate compared to BMD measurements alone.  There they mechanically tested proximal part 

of a human femur by applying loads on the femoral head until the bone fractured.  From there 

they created simulation protocol using FEA method with 10-node tetrahedral elements.  Then 

they applied the simulation protocol using multi-row detector computed tomography (MDCT) 

data from 8 patients.  Next, they compared the FEA based risk factors to BMD fracture risk 

calculations.  Their data suggests, that using FEA for fracture risk calculations may be more 

accurate than using BMD measurements alone [50]. 
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3. Materials and Method 

This chapter describes the FEA protocol that was designed, using pre-operative CT-images of 

20 patients, which had already finished in THA.  10 cemented and 10 press fitted bones were 

simulated with press fitting, using the interference between the femur and the CLS Spotorno 

stem.  The objective from this was to design a quantitative tool to estimate which THA method 

would be recommended for each patient.   

Figure 23 presents the study workflow.  First step was the CT Acquisition which was 

used for every patient, then the CT calibration for finding the equations that describes the 

relationship between the BMD and the Hounsfield units (HU).  Next was the FEA, where FE 

models was designed from the segmentation using the CT-images of the patients.  Then was 

the press fit simulation and calculations for estimating the bone fracture risk. 

 

 

Figure 23: Workflow of the study. 
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3.1 CT Acquisition 

64-slice spiral CT Philips Brilliance scanner was used to scan the patients before the surgery.  

Thickness of the slices was 1 mm at slice increment of 0.5 mm and the tube voltage at 120 KeV.   

Using slices thickness of 1 mm and slice increment of 0.5 mm gave 50% overlap between slices, 

which results in better image quality, where more photons pass through per unit volume [4].  

The scanning of the patients began at the iliac crest and ended at the middle of the femur (figure 

24.) 

 

Figure 24: Coronal view of a CT-image.  The scanning began at the iliac crest and ended at the middle of the femur. 

 

3.2 CT Calibration 

Multi-Purpose Body Phantom from QuasarTM [51] was used for the calibration to find the 

relationship between Hounsfield Units (HU) and BMD.   

The same CT acquisition protocol was used as for the patients; Slice increment of 0.5 

mm, slice thickness of 1 mm and the tube intensity set to 120 KeV.  The phantom was scanned 

with 5 rods with 5 different physical densities, which can be seen in table 1. 
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Table 1: Tha phantom materials and their physical densities. 

Material Physical Density (g/cc) 

Lung inhale 0.28 

Polyethylene 0.965 

Water equivalent 1.03 

Trabecular bone 1.12 

Cortical bone 1.42 
 

The CT-data were imported to Mimics from Materialise for segmentation.  When the rods were 

segmented, it was very important that the masks stayed well inside the rods for more precise 

calculations (figure 25).  Next, the HU values of each mask were exported as text files and 

imported to Matlab, where average HU value of each rod was calculated (table 2). 

 

Figure 25: Segmented phantom rods, where the mask is within the wall boundaries. 

 

Table 2: Tha phantom materials and calculated average HU value. 

Material Average HU value 

Lung inhale -804,54 

Polyethylene -85,82 

Water equivalent -3,84 

Trabecular bone 252,94 

Cortical bone 1001,54 

 

Next, the apparent density (mineralized tissue mass per total tissue volume) equation was 

needed to be calculated to find the relationship between HU and BMD.  From table 1, Bone 

Volume Fraction (BVF) from Gibson (1985) was used to find apparent density for the trabecular 

and cortical bone, where 100% real density of bone is equal to 1.8 g/cc [52], and bone marrow 

1.0 g/cc [53]: 
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𝜌𝑎𝑝𝑝 = 𝐵𝑉𝐹 ∗ 𝜌100% 𝑏𝑜𝑛𝑒         (12) 

𝐵𝑉𝐹𝑏𝑜𝑛𝑒 𝑡𝑦𝑝𝑒 ∗ 𝜌100% 𝑏𝑜𝑛𝑒 + (1 − 𝐵𝑉𝐹𝑏𝑜𝑛𝑒 𝑡𝑦𝑝𝑒) ∗ 𝜌𝑏𝑜𝑛𝑒 𝑚𝑎𝑟𝑟𝑜𝑤 = 𝜌𝑓𝑟𝑜𝑚 𝑝ℎ𝑎𝑛𝑡𝑜𝑚  (13) 

𝜌100% 𝑏𝑜𝑛𝑒 = 1.8
𝑔

𝑐𝑐
                     (14) 

𝜌𝑏𝑜𝑛𝑒 𝑚𝑎𝑟𝑟𝑜𝑤 = 1.0
𝑔

𝑐𝑐
          (15) 

 

First BVF was calculated using equation 13, then equation 12 to find the apparent density: 

 

Trabecular bone: 

𝐵𝑉𝐹𝑇𝑟𝑎𝑏𝑒𝑐𝑢𝑙𝑎𝑟 ∗ 1.8
𝑔

𝑐𝑐
+ (1 − 𝐵𝑉𝐹𝑇𝑟𝑎𝑏𝑒𝑐𝑢𝑙𝑎𝑟) ∗ 1.0

𝑔

𝑐𝑐
= 1.12

𝑔

𝑐𝑐
    (16) 

𝐵𝑉𝐹𝑇𝑟𝑎𝑏𝑒𝑐𝑢𝑙𝑎𝑟 =
0.12

0.8
= 0.15         (17) 

𝜌𝑎𝑝𝑝 (𝑇𝑟𝑎𝑏𝑒𝑐𝑢𝑙𝑎𝑟) = 0.15 ∗ 1.8
𝑔

𝑐𝑐
=  𝟎. 𝟐𝟕

𝒈

𝒄𝒄
       (18) 

 

Cortical Bone: 

𝐵𝑉𝐹𝐶𝑜𝑟𝑡𝑖𝑐𝑎𝑙 ∗ 1.8
𝑔

𝑐𝑐
+ (1 − 𝐵𝑉𝐹𝐶𝑜𝑟𝑡𝑖𝑐𝑎𝑙) ∗ 1.0

𝑔

𝑐𝑐
= 1.42

𝑔

𝑐𝑐
     (19) 

𝐵𝑉𝐹𝑇𝑟𝑎𝑏𝑒𝑐𝑢𝑙𝑎𝑟 =
0.42

0.8
= 0.525   

𝜌𝑎𝑝𝑝 (𝐶𝑜𝑟𝑡𝑖𝑐𝑎𝑙) = 0.525 ∗ 1.8
𝑔

𝑐𝑐
=  𝟎. 𝟗𝟒𝟓

𝒈

𝒄𝒄
       (20) 

 

The calculated apparent densities were then plotted against their HU from table 2 (figure 26).  

By adding trend line to the plot, the equation 21 was found: 

 

 𝜌𝑎𝑝𝑝 [
𝑔

𝑐𝑐
] = 0.000902 · 𝐻𝑈 + 0.0419      (21) 
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Figure 26: Plot from the density calculations against their HU value.  Trend line was added to the plot to obtain the 

density equation 21. 

 

3.4 Segmentation 

CT-data of 20 patients which had already gone in THA were imported to the software Mimics 

from Materialise [54] for segmentation, 10 press fitted and 10 cemented.  First step in the 

segmentation was to use the tool “3D Live Wire” in Mimics.  This segmentation tool uses 

contour lines to manually follow the femur in the images.  This was done between every 5 to 

10 slices depending on how the bone appeared, in both sagittal and coronal planes.  The result 

of this could be reviewed in the axial plane before the segmentation (figure 27).   
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Figure 27: The 3D Live Wire Tool workflow.  First, contour lines were manually added between 5 to 10 slices in coronal 

and sagittal view.  Contours were reviewed in the axial view.  After that, the tool segmented the femur. 

After the first step, it was very important to go through each slide of the segmentation and 

manually fix any errors in the mask.  Next, the femur was 3D calculated and the neck cut off 

with a 45 degree polyplane down from the vastus ridge (inferior border of the greater trochanter) 

to the end at the superior margin [57], similar to the surgery (figure 30A).  Then, appropriate 

3D-model sizes of CLS Spotorno stems were manually repositioned inside the femur, but the 

final size and displacement of the stem were depended on the morphology of the femur.  T-line 

(figure 28) between the trochanteric fossa to the center of the medial cortex, and visualization 

of the femoral head was used to estimate the anteversion and position of the stem.  It was also 

important that the stem was within cortical bone boundaries.  Studies have suggested that 

approximately 20 degree is the ideal anteversion [55] (figure 29).  Post-surgery CT-images of 

other patients and the research papers ,,Patient-Specific Guides for Total Hip Arthroplasty: A 

Paired Acetabular and Femoral Implantation Approach”, and  ,,The T-line as an intraoperative 

landmark for reproducing the native femoral anteversion during hip arthroplasty” were used 

as guides [56, 55].   
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Figure 28: Line from the trochanteric fossa to the center of the medial cortex (cortical bone) of the neck.  

 

Figure 29: Example of measuring the anteversion using the condyle (in the knee joint) and the great trochanter as 

landmarks. Adopted from [52]. 

 

Figure 30: (A) The cut from the vastus ridge and 45 degree down. (B) After cutting the stem and the femoral neck away 

(C) Rest of the neck is smoothed and in some cases cut away.  Additionally, mask below 20 mm from the tip of the stem 

is erased.  (D) The final 3D model. 
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Before using the stem to create a hole in the femoral canal, the head of the stem was cut 

away (figure 30B), because it was not necessary for the simulation, and also resulted in less 

element and file size.   The stem was wrapped with dilation so the models would overlap little 

as possible for better triangle quality after the non-manifold procedure in the FE model design 

later.  Then the mask of the femur, the original stem and the wrapped dilated stem were 

recalculated from the 3D models.  Next, the hole in the femoral canal was created with boolean 

subtraction using the wrapped and dilated stem.  After that, the rest of the neck was smoothed 

away around the stem, and in some cases also cut off with polyplanes (figure 30 C).  Before 3D 

calculations of the femur and the original stem, the femoral mask below 20 mm down from the 

tip of the stem was erased to get similar area of interest for all models (figure 30D). 

 

3.4 FE Model Design 

3D model of the femur and the stem were imported to the software 3-Matic from Materialise 

[57] for remesh.  Wrapping and smoothing the final model was done in 3-Matic instead of 

Mimics, where it seemed to give better quality models.  To be sure that the models of the femur 

and the stem would never overlap or share nodes, a video meeting with a specialist at 

Materialise was done.  The result from the meeting was creating a non-manifold with the femur 

and the stem, and split it immediately after.  Using non-manifold creates one 3D model without 

models overlapping or sharing nodes.  By splitting the non-manifold, it creates two models with 

separate volumes and surfaces with no overlaps between the models.  Next, checking for bad 

triangles in the models was done with application tool in 3-Matic.  The last step was creating 

volume meshes with ten node tetrahedron triangles with maximum 5 mm in edge sizes.  Final 

FE models can be seen in figure 31. 
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Figure 31: (A) The final FE model and ready for press fit simulation.  (B) Visualisation of the FE model elements and 

contours in sagittal view. 

The FE models and the CT-data were imported to a code that was loaned from B. 

Helgason (ETHZ) for mapping material properties (method B) to FE models of bones [58], and 

adapted for the purpose of this project.  The material properties added to the code for describing 

the femoral model behaviour was the Young’s Modulus from Morgan et al 2003 [62]: 

 

𝐸 = 6850 ∙ 𝜌𝑎𝑝𝑝
1.49               (22) 

and the Poisson’s ratio: 

 

𝑣 = 0.3                (23) 

where 𝜌app is the bone mineral density from equation 21.  Material properties for the CLS 

Spotorno behaviour was the Young‘s modulus (E) of 110 [GPa] and 0.3 for the Poisson‘s ratio 

[7]. 
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The interference between the stems and the femurs that was added to the code, was 

decided to be 0.25 mm for all simulations after measuring the size differences between the rasps 

and the stems in Landspítali University Hospital.  After mapping the material properties for the 

FE models, the code automatically created Ansys APDL simulation files for the interference 

fit.  Finally, Ansys Mechanical APDL Product Launcher [59] was used to run the simulation 

files.   

 

3.4 Simulation and Solution Analysis 

After the simulation, nodal solution contour plots with 1st (maximum) principal elastic strain 

(figure 32) were obtained to see if and where risk of fracture was on the cortical surface. 

After comparing that the ultimate strains of bones usually range between 0.7-2.5% [26] to the 

figure 15, >1.5% nodal strain on the cortical surface was decided to indicate very high fracture 

risk.  The strain results were divided on 6 intervals.  The red contours indicated the highest 

value and the blue lowest value (figure 32).  

 

Figure 32: Nodal solution of 1st principal elastic strains. 

The area of interest for fracture risk prediction was only on the femoral external cortical 

surface, not in the femoral canal.  Because there was no option found to export only the nodes 
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or elements of the external surface from Ansys, total nodal surface coordinates of the femur and 

the stem were exported as txt files.  From there, Matlab [60] code was designed to locate the 

nodes of the femoral external surface.  If a femoral node shared specific area with nodes from 

the stem, it was ignored.  The volume was decided to be 8 mm3 (figure 33A).  Figure 33B 

demonstrates the nodes of the external surface of the femur after running the code.  Next, the 

percentage of nodes on each strain interval was calculated and analysed. 

 

Figure 33: (A) The area for the femoral and stem nodal comparison.  If a node from the stem was within this area, the 

femoral node was ignored for the calculations. (B) Nodes of the external surface of the femur. 

For final decision of the thresholds that could possibly indicate failure, and which 

implant method would be suggested, all bones were compared to a bone that got periprosthetic 

fracture after press fitting fixation. The strain and nodal thresholds with implant suggestions 

can be seen in table 3.  Bones on the medium failure risk interval was decided to be neutral 

because the intention was to find bones with the highest and the lowest risk of failure. 

Table 3: Table for fracture risk prediction and THA method suggestion. 

Strain % 

Failure 

Risk Nodal Interval % 

THA Method 

Suggestion 

>1.5 High > 0.5 Cemented 

>1.2 High > 1 Cemented 

>1.2 Medium 0.5 < x < 1 Press Fit/Cemented 

>1.2 low < 0.5 Press Fit 
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 4. Results 

Failure risk evaluation was applied on 10 cemented and 10 press fitted bones from 20 patients, 

using pre-operative CT-images.  Table 4 contains overall information about percentages of 

nodes on each interval with; patient number, gender, age and THA method.  In all cases, the 

highest fracture risk was on the anterior and posterior sides of the bones.  The periprosthetic 

fractured bone was from patient 3. 

 

Table 4: The overall results from the simulations. Percentage of nodes divided on strain intervals with patient 

number, gender, age and THA method. 

 

The patient with the highest percentage of nodes over 1.5% strain was patient 1 with 

3.042%, and the patients with the lowest percentage of nodes on the interval was number 7 and 

10 with 0%.  Patient 3 had 0.799% of nodes over 1.5% strain, but had the highest nodal 

percentage on the interval 1.2 – 1.5% strain.  The patient with the lowest percentage of nodes 

on the strain interval 1.2 – 1.5% was again patient number 10 with zero nodes. 
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Table 5 shows percentages of nodes over the strain intervals of interest with patient 

numbers, and table 6 the fracture risk predictions. 5 patients resulted in high risk, 7 medium 

risk and 8 low risk of  bone fracture. 

 

Table 5: Percentage of nodes on failure risk prediction intervals with patient numbers. 

 

Table 6: Results from the failure risk prediction. 

 

 

 

 

 

Figures 34 and 35 are bar plots from table 5 for better visualization, where figure 34 

contains patients with press fitted bone and figure 35 of  patients with cemented bones.  The 

red bars are percentages of nodes over 1.5% strain and the yellow bars are percentages of nodes 

over 1.2% strain.  The average nodal percentage from all patients on the strain interval >1.5% 

is 0.351%, and 0.937% on the >1.2% strain interval.  

Patient 1, had significantly higher nodal percentage on both strain intervals compared 

to all others, or 3.042% over 1.5% strain and 4.853% over 1.2% strain. 

10 patients over 60 year old, have average nodal percentage 0.508% over 1.5% strain 

and 1.126% over 1.2% strain.  10 patients 60 year old or lower have the average 0.193% over 

1.2% strain. 

Strain 

% 
Failure Risk 

Nodal Interval 

% 

THA Method 

Suggestion 

Number of 

Patients 

>1.5 High > 0.5 
Cement 5 

>1.2 High > 1 

>1.2 Medium 0.5 < x < 1 Press Fit/Cement 7 

>1.2 low < 0.5 Press Fit 8 
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Figure 34: Bar plot of nodal percentage on fracture risk strain intervals for each patient with press fitted stem, where 

patient 3 got peri-prosthetic fracture. Red is for >1.5% strain and yellow is for >1.2% strain. 

 

 

Figure 35:  Bar plot of nodal percentage on fracture risk strain intervals, for each patient with cemented stem. Red is 

for >1.5% strain and yellow is for >1.2% strain. 
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Figure 36 shows where nodal percantage on the >1.5% strain interval is compared to 

gender and patients age.  All 4 patients with over 0.5% of nodes are females. 

The average nodal percentage for the males on the interval is 0.111% and 0.480% for the 

females. 

 

Figure 36: Nodal percentage on >1.5% strain interval versus age. Blue for males and red for females. 

In figure 37, the nodal percentage over 1.2% strain is compared to gender and patients 

age.  On this strain interval, there was 5 patients with over 1% of nodes, and they were all 

females.  The average percentage of nodes for males was 0.331% and 1.263% for the females, 

with significant differences. 
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Figure 37: Nodal percentage on >1.2% strain interval versus age. Blue for males and red for females. 

Figure 38 shows nodal percentage over 1.5% strain compared to implant type and age.  

2 patients with press fitting got over 0.5% of nodes and 2 with cemented.  The average nodal 

percentage was 0.491% for the patients that got press fit, and 0.210% for cement. 

 

 

Figure 38: Nodal percentage on >1.5% strain interval versus age. Blue for press fit and orange for cement. 
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Figure 39 compares the nodal percentage over 1.2% strain, to implant type and age.  3 

patients with press fitted bones and 2 with cemented bones were over the 1% nodal threshold.  

The average was 1.182% for press fitted and 0.692% for the cemented. 

 

Figure 39: Nodal percentege on >1.2% strain intervals versus age. Blue for press fit and orange for cement. 

 

Examples of Simulation Results 

Simulation examples from 3 patients are shown in this chapter (table 7).  The simulations are 

from patient 1, 3 and 12.  Patient 1 and 12 have the same age, but recieved different THA 

method. 

For each patient consists strain results of one bar plot of normalized number of nodes 

over the strain intervals, anterior/posterior contour plots from the strain results and from the 

Young‘s modulus distribution.  In all cases, red is for the highest value and the blue for the 

lowest value. 

 

Table 7: Simulation examples from 3 patients. 
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Simulation Examples 

Patient Gender Age Method 

1 F 64 Press Fit 

3 F 46 Press Fit 

12 F 64 Cement 
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Patient 1 got press fitting THA, and had the highest fracture risk compared to other 

patients. In patient 3, the femur fractured after the press fitting THA surgery, and had the 

second greatest fracture risk prediction compared to the other 19 patients.  Patient 12 recieved 

the cemented stem in the surgery, but had low fracture risk.  Figure 40 shows normalized 

nodal distributions over the strain intervals for those patients. 

 

Figure 40: Normalized number of nodes versus strain intervals for patients 1,3 and 12 with same colours as the 

contours from the strain results. 

 

Patient 1 

Figure 41 shows the anterior side of the strain results and figure 42 the posterior side.  The 

greatest visualized surface area of fracture risk prediction is on the anterior side of the femur. 
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Figure 41: 1st principal elastic strain results in anterior view of proximal part of the femur, for patient 1. 

 

 

Figure 42: 1st principal elastic strain results in posterior view of proximal part of the femur, for patient 1. 
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The anterior and posterior sides of the femur Young‘s modulus distribution are in figure 43 

and 44.  The maximum moduli was 26607.4 [Pa] and minimum 263.9 [Pa]. 

 

Figure 43: Young's modulus distribution in anterior view of proximal part of the femur, for patient 1. 

 

 

Figure 44: Young's modulus distribution in posterior view of proximal part of the femur, for patient 1. 
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Patient 3 

The anterior view of the strain results is in figure 45 and the posterior view in figure 46.  The 

greatest visualized surface area of fracture risk prediction is on the anterior side of the femur. 

 

Figure 45: 1st prinsipal elastic strain results in anterior view of proximal part of the femur, for patient 3. 

 

 

Figure 46: 1st prinsipal elastic strain results in posterior view of proximal part of the femur, for patient 3. 
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Figure 47 is from the X-ray image, showing the anterior view of the fractured femur. There it 

can be seen that the bone fracture is appoximately at the middle of the stem. 

 

Figure 47: X-ray of the fractured femur in anterior view after press fitting THA, of patient 3. 

 

The anterior and posterior sides of  proximal part of the femur Young‘s modulus distribution 

are in figure 48 and 49.  The maximum moduli was 24620.1 [Pa] and minimum 206.8 [Pa]. 

 

Figure 48: Young's modulus distribution in anterior view of proximal part of the femur, for patient 3. 
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Figure 49: Young's modulus distribution in anterior view of proximal part of the femur, for patient 3. 

 

Patient 12 

Strain results of the anterior side of the femur is in figure 50 and the posterior side in figure 

51.  The posterior side of the bone had the most visualized strains over 1.5%. 

 

Figure 50: 1st prinsipal elastic strain results in anterior view of proximal part of the femur, for patient 12. 
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Figure 51: 1st prinsipal elastic strain results in anterior view of proximal part of the femur, for patient 12. 

 

The anterior and posterior sides of the femur Young‘s modulus distribution are in figure 52 

and 53.  The maximum moduli was 27656.2 [Pa] and minimum 494.6 [Pa]. 

 

Figure 52: Young's modulus distribution in anterior view of proximal part of the femur, for patient 12. 
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Figure 53: Young's modulus distribution in anterior view of proximal part of the femur, for patient 12. 

 

5. Discussions 

Today THA is a successfull clinical procedure to fix chronic hip pains.  Both THA methods 

shows relatively good outcome, but press fitting tends to have more positive long-term results. 

 The final selection of implant type for primary THA is important for both the health 

care system and the patient, where the consequence of inappropriate selection may lead to 

periprosthetic fracture during or after press fitting and/or high cost in revision surgery, from 

cemented implant which in both cases lead to loss of mobility.  Currently there are no clinical 

quantitative tools for selecting optimal implant fixation for each patient.  Therefore, the 

selection is based on general clinical evaluations such as; gender, age and femoral X-ray.  The 

imortance of a quantitative tool for selecting optimal type of fixation is therefore substantial.  

The long-term results would decrease the rate of revisions and the risk of periprostetic fracture, 

lower cost for the healthcare system and increased patient comfort. 

In this study, an approach based on CT and FEA was designed for calculating pre-

operative bone quality and fracture risk during press fitting simulation. The method was applied 

on 20 patients undergoing THA where 10 were selected for cemented implant and 10 for 

uncemented.  In one case the patient fractured following the press fitting method and was 

therefore used for validating the simulation methodology. 
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5.1 Fracture Risk 

3 patients with the press fitting fixation are estimated with high risk of failure, as seen in figure 

34.  One of them is patient 3, a female at the age 46 which actually got periprosthetic fracture 

(figure 48).  When visualising figure 38, it is not possible to see where the fracture originated, 

but even though there are high strains on both anterior and posterior sides of the femur in figures 

46 and 47.  Patient 1, female at age 64 had the highest risk compared to all others, and why 

periprosthetic fracture did not follow is unknown.  The reason could be for example of greater 

amount of collagen in the bone compared to patient 3, which results in more bone flexability.  

But in this study, it is not possible to confirm that theory where the collagen is not detectable 

in CT‘s.  From this group, the evaluation suggests that 3 patients should have got the cemented 

fixation instead of the press fitting.  However, in the cemented group only 2 out of 10 patients 

are evaluated with high risk of failure, and 4 with low risk.  Which suggests that 4 patients have 

enough bone quality to withstand the press fitting fixation.   

 All patients with high failure risks are females, which is maybe not that surpising where 

various of published studies has shown that females are on average with less bone quality 

compared to males.  In this study, they have remarkably higher average nodal percentage on 

the strain evaluation intervals compared to males or 1.263% versus 0.331% over 1.2% strain, 

and 0.480% versus 0.111% over 1.5% strain.  Even though, if the two females with the highest 

risks are not computed, the females are still with higher average value.   Therefore, based on 

this data it confirms that females are in higher risk compared to males.   

 Other studies have shown that there are relation between bone quality and age, where 

the quality decreases with increased age.  Here are 10 patients over 60 year of age with an 

average of 1.156% nodes over 1.2% strain compared to 0.718% from patients 60 year old and 

younger.  Although the average is greater for patients over 60 year old, more patients need to 

be simulated and analysed to conlclude there is a relationship between age and bone quality 

from these simulations.  The scatterplots in figures 36 – 39 shows that the fracture risk is 

relatively random with age, which demonstrates on how important it is to design a clinical 

quantitative tool to select correct implant fixation.   It must be noted that patients that undergo 

THA usually suffer from arthritis or chronic hip pain.  Therefore their bone quality is more 

likely to be less compared to healthy subjects regardless of their age.  Hence, it can be difficult 

to conclude that patients have less bone quality with higher age. 

The overall results indicate there are relationships between fracture risk and gender.  

Also in some cases patients can have poor quality bones inspite of relatively young age 
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compared to older patients.  Using this failure risk evaluation is a promising way find patients 

with outliers from the general method that is used today for evaluating type of implant fixiation 

for each patient.  That would be done by comparing each patient to a database from various of 

simulations.  The final objective would be giving clinicians a clinical tool to optimized surgical 

planning and thus increase the quality of life for the patient after the operation and save money 

for the health care system. 

 

5.2 Future Work 

The future work would be continuing to develop and improve this work for more statistical 

results.  One way is to devide the femur in specific volumes and/or areas of interest to compare 

certain landmarks of the femur for fracture risk evaluation.   Currently there are now 75 enrolled 

patients.  The objective is to create FE-models of them all for press fit simulation and fracture 

risk evaluation.  From there, the goal is to publish a scientific report of those results. 

This is a part of a larger project which is funded by the Icelandic Research Fund (Grant 

Number: 152368-051) at Rannís.  There the future objective is to establish a clinical evaluation 

score system for THA and post-operative assessment. The goals through this clinicial 

application are: 

1. ,,Development of monitoring techniques based on Gait Analysis and bone and 

muscle density assessment from spiral CT examination. 

2. Validate computational processes based on 3D modelling and Finite Element 

Methods (FEM) for optimizing decision making in THA and selecting the optimal 

surgical procedure. 

3. Evaluation of bone remodelling short-and long-term after THA implant.” [7] 

  

6. Conclusion 

This study demonstrated press fit simulation using pre-operative CT‘s to evaluate fracture risk 

for patients undergoing THA.  It suggests that there is a possibility to evaluate the risk for each 

patient by comparing them to a larger cohort of subjects.  Additionally, it demonstrates that the 

fracture risk is relatively random compared to age, which results that young adults can have 

less bone quality compared to elderly.  Even though, the results indicates that females have 

higher fracture risk compared to males, but more work needs to be done before using this as a 

clinical tool. 
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Appendices 
 

Matlab codes for finding the external cortical surface of the femur. 

 

1. For reading the nodal strain solution and exports only number of node and the strain 

value. 

%Returns the file with number of nodes and strain value 

 

input_file = 'Nodal Strain Solution.txt'; %Name of the file 

 

fid = fopen(input_file); 

 

New = []; 

tline = fgets(fid); 

while ischar(tline) 

    text = textscan(tline, '%f %f %f %f %f %f'); 

    if numel(text) > 0 

        New = [New ; text{:}]; 

    end 

    tline = fgets(fid); 

end 

fclose(fid); 

 

fid = fopen(input_file,'w'); 

for i = 1:length(New) 

fprintf(fid,'%4.0f %6f\r\n',New(i,1),New(i,6)); 

end 

fclose(fid); 

 

2. Reads the coordinates and returns the file with only numerical values. 

 

%Reads the coordinates and returns the file with only numerical values 

 

input_file = 'Femur Surface Coordinates.txt'; %Name of the file 

 

fid = fopen(input_file); 

 

New = []; 

tline = fgets(fid); 

while ischar(tline) 

    text = textscan(tline, '%f %f %f %f'); 

    if numel(text) > 0 

        New = [New ; text{:}]; 

    end 

    tline = fgets(fid); 

end 

fclose(fid); 
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fid = fopen(input_file,'w'); 

formatSpec = '%4.0f %6f %8f %10f\r\n'; 

for i = 1:length(New) 

fprintf(fid,formatSpec,New(i,1),New(i,2),New(i,3),New(i,4)); 

end 

fclose(fid); 

 

3. This is for sorting the nodes and calculate average value for each node. 

 

% Returns with sorted number of nodes with strain solution and average for 

% each number of node. 

 

file = load('Nodal Strain Solution.txt'); 

 

[Y,I]=sort(file(:,1)); 

Sorted = file(I,:); 

[Nodes,ia,id] = unique(Sorted(:,1),'stable'); 

Strain = accumarray(id,Sorted(:,2),[],@mean); 

Sorted_Av = [Nodes Strain]; 

 

FileID = fopen('Sorted_Av_Strain_results.txt','w'); 

for i = 1:length(Sorted_Av) 

fprintf(FileID,'%4.0f %8f\r\n',Sorted_Av(i,1),Sorted_Av(i,2)); 

end 

fclose(FileID); 

 

FileID2 = fopen('Sorted_Strain_results.txt','w'); 

for i = 1:length(Sorted) 

fprintf(FileID2,'%4.0f %8f\r\n',Sorted(i,1),Sorted(i,2)); 

end 

fclose(FileID2); 

 

4. For locating the external surface 

 

% Exports outer cortical surface text file were: 

% Column 1 = Node 

% Column 2 = Strain 

% Column 3:5 = x-coordinate, y-coordinate, z-coordinate. 

 

clc 

clear 

close all 

% Femur surface coordinates. 

Femur = load('Femur Surface Coordinates.txt'); 

% Stem surface coordinates. 

Stem = load('Stem Surface Coordinates.txt'); 

% Nodal strain results. 
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Femur_results = load('Sorted_Av_Strain_results.txt'); 

 

% Find the outer cortical surface. 

k = 0; 

for i = 1:length(Femur) 

    for j = 1:length(Stem) 

        if (Femur(i,2) > Stem(j,2)-1) && (Femur(i,2) < Stem(j,2)+1) && (Femur(i,3) 

> Stem(j,3)-1) && (Femur(i,3) < Stem(j,3)+1) && (Femur(i,4) > Stem(j,4)-1) 

&&(Femur(i,4) < Stem(j,4)+1) 

           k = 1+k; 

           Line_number(k) = i; 

           Femur_stem(i,:) = Femur(i,:); 

           Femur(i,:) = nan; 

        end 

    end 

end 

 

% Find outer cortical surface nodes that belongs to strain solution from 

% ansys. 

find_surf = find(isfinite(Femur(:,1))); 

m=0; 

for k = 1:length(find_surf) 

    for l = 1:length(Femur_results) 

    if Femur(find_surf(k),1)== Femur_results(l,1) 

       m = m+1; 

       Outer_cortical(m,:) = Femur(find_surf(k),:); 

       Strain(m,1) = Femur_results(l,2); 

 

    end 

    end 

end 

 

% Print/export results in text file format. 

FileID = fopen('Outer_cortical_surface_with_strain_solutions_test.txt','w'); 

for n = 1:length(Outer_cortical) 

    fprintf(FileID,'%4.0f %6f %8f %10f 

%12f\r\n',Outer_cortical(n,1),Strain(n,1),Outer_cortical(n,2),Outer_cortical(n,3),O

uter_cortical(n,4)); 

end 

fclose(FileID); 

 

% Plot the outer cortical 

plot3(Outer_cortical(:,2),Outer_cortical(:,3),Outer_cortical(:,4),'b.'); 

 

5. Barplot for each patient 

 

% This script will plot a hist/bar graph. 

% It will ask you how many patients you want to plot and then let you 

% choose txt files of patients results (Outer cortical surface with strain 

% solutions H10xx).  After each graph, you will choose another txt file. 

clc 

close all 
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clear 

 

Patients = input('How many patients?: '); 

 

for ii = 1:Patients 

    [stmfile, stmpath] = uigetfile('*.txt', 'Choose an input file'); 

    input_file=strcat(stmpath,'\',stmfile); 

    FileID = load(input_file); 

    Strain = FileID(:,2); 

 

    k = 0; 

    n = 0; 

    for i = 1:length(Strain); 

        if Strain(i,1) > -1 && Strain(i,1) < 0.003 

            x(i) = 1; 

            k = 1+k; 

            nonFR(k,:) = FileID(i,:); 

        elseif Strain(i,1) > 0.003 && Strain(i,1) < 0.006 

            x(i) = 2; 

            k = 1+k; 

            nonFR(k,:) = FileID(i,:); 

        elseif Strain(i,1) > 0.006 && Strain(i,1) < 0.009 

            x(i) = 3; 

            k = 1+k; 

            nonFR(k,:) = FileID(i,:); 

        elseif Strain(i,1) > 0.009 && Strain(i,1) < 0.012 

            x(i) = 4; 

            k = 1+k; 

            nonFR(k,:) = FileID(i,:); 

        elseif Strain(i,1) > 0.012 && Strain(i,1) < 0.015 

            x(i) = 5; 

            k = 1+k; 

            nonFR(k,:) = FileID(i,:); 

        else 

            n = 1+n; 

            x(i) = 6; 

            FR(n,:) = FileID(i,:); 

        end 

    end 

 

    [oc,val]=hist(x,unique(x)); 

    D = bsxfun(@rdivide,oc,sum(oc)); 

 

 

    figure(ii) 

 

    bar(val(1),D(1),'FaceColor',[0 0 0.8]); 

    hold on; 

    bar(val(2),D(2),'FaceColor',[0 0.6 1]); 

    hold on 

    bar(val(3),D(3),'FaceColor',[0 1 0.8]); 

    bar(val(4),D(4),'FaceColor',[0 1 0]); 

    bar(val(5),D(5),'y'); 

    bar(val(6),D(6),'r'); 

    axis([0 7 0 1]); 
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    set(gca,'XTick',1:1:6) 

    set(gca,'XTickLabel',[' 0 - 0.3 ';'0.3 - 0.6';'0.6 - 0.9';'0.9 - 1.2';'1.2 - 

1.5';'   >1.5  ']) 

 

    xlabel('Strain [%]'); 

    ylabel('Normalized Number Of Nodes'); 

    title(['Patient ',num2str(ii)]); 

end 

hold off; 
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