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ABSTRACT

Total hip arthroplasty (THA) has become a common solution for addressing end-
stage hip diseases in middle-aged and older patients. Risk factors that contribute to the
complications following THA may related to bone variables (quality, strength, geometry),
implant design and implant position. Numerous studies have focused on improving THA
outcomes by utilizing computational technigues such as finite element analysis to enhance
implant design. However, these studies have been limited to homogeneous bone models,
which do not accurately reflect the reality of bone structure. Due to the unrealistic
computational bone model, biomechanical analyses investigating the relationship between
bone variables and outcomes after THA are rarely conducted. In Chapter 1, we discussed
the different fixation methods employed in THA procedures, namely cemented and
cementless methods, as well as the implant designs that are currently used for both fixation
methods. We also identified the association between fixation methods and implant design,
to the potential biomechanical complications such as implant loosening and periprosthetic
femoral fractures. Additionally, this chapter reviewed existing biomechanical studies

concerning implant design and computational bone models.

In Chapter 2, we investigate the mechanisms of micro-damage formation in femoral
bones using the CT-image-based finite element method (CT-FEM) under two different
boundary conditions: lateral bending and torsional conditions. Two inhomogeneous finite
element bone models were developed based on CT images of 61-year-old and 87-year-old
patients, and three types of stems were introduced to represent corresponding cementless

THA models. A quantitative comparison of bone mineral density between the two bones



was conducted, followed by finite element analyses using non-linear damage analysis
under both boundary conditions. The results revealed that implant geometries, such as
shoulder size, stem length, and cross-section shape, influenced the damage behaviour of
the models. Furthermore, it was observed that the elderly patient had a higher risk of
implant loosening, even at lower loading magnitudes, compared to the younger patient.
Additionally, several fracture locations were predicted on both femoral models upon
complete failure. Notably, the fracture types were clearly classified according to the

Vancouver classification and the AO Foundation/Orthopaedic Trauma Association.

In Chapter 3, we conducted further investigation to determine the mechanism of bone
micro-damage formation under different falling configurations, specifically from the
lateral to posterolateral side of the femur. Two inhomogeneous finite element bone models
were developed based on the 61-year-old and 87-year-old patients, and three different stem
designs (stem I, stem II, and stem I11) were implanted into the femur. The study revealed a
correlation between stem geometry and damage behaviour in the internal region of bone X
under varying falling configurations. However, no correlation was observed in bone Y.
Additionally, the internal damage distribution of the THA models in bone X exhibited a
pattern of concentrated damage at zone 1 and zone 7 of the Gruen zone system, which
remained consistent across all stem designs and falling configurations. In THA models of
bone Y, the damaged distributions were scattered throughout the bone-stem interfaces, with
damaged elements found in all zones of the Gruen zone system. Furthermore, the fracture
location in all models was successfully predicted, and the observed fractures aligned with

type Ac of the VVancouver fracture classification, which occurred in all THA models.



In Chapter 4, we examined the impact of bone variables, including density, geometry,
angle of femoral torsion, and thickness of the femoral cortices, on the formation of bone
micro-damage following THA. Using CT images of avascular necrosis patients, we
developed 28 intact femoral bone models with ages ranging from 19 to 87 years to explore
the relationship between age and bone density. Among these 28 femur models, 10 models
were selected for implantation with the Zweymuller stem, divided into two groups based
on the highest and lowest bone mineral density (BMD). After proper stem insertion into
the femoral bone canal, finite element analyses with nonlinear damage analysis were
performed on the THA models under three boundary conditions: stance, lateral bending,
and torsion. The study revealed a strong correlation between bone density and fracture load
in the 10 THA models, which remained consistent across all three boundary conditions:
stance (r = 0.74), lateral bending (r = 0.79), and torsion (r = 0.88). However, a moderate
correlation was observed between bone density and the number of solid element failures,
which also remained consistent across all boundary conditions: stance (r = -0.40), lateral
bending (r = -0.51), and torsion (r = -0.48). Furthermore, femoral models with a bent shape
of the femoral shaft and thin cortices experienced greater bone damage compared to models
with normal geometry. Additionally, THA models with retroversion stem placement

resulted in higher bone damage compared to models with normal anteversion placement.



The primary objective of cementless total hip arthroplasty is to achieve biological
fixation or osseointegration, where the implant's primary stability plays a crucial role in
promoting this process. In Chapter 5, a collarless and collared version of a similar
cementless THA stem was implanted into a finite element bone model developed from a
CT image of a 61-year-old patient with avascular necrosis. Finite element analyses with
nonlinear damage analysis were conducted under two different boundary conditions: axial
compression and torsion, after the stem was properly inserted into the femoral canal. The
applied hip loading was normalized to body weight (BW), ranging from 0.5 BW to 3 BW.
The results revealed higher strain values in the bone model implanted with the collarless
stem compared to the collared stem under both boundary conditions. However, the
percentage difference in strain values between the two models was more significant under
axial compression. Furthermore, greater internal bone damage was observed in the
collarless model than in the collared model under both boundary conditions, as indicated
by the distribution of solid element failures. Additionally, the presence of a collar was
found to affect the strength of the bone, and the location of the bone fracture was similar
in both models, as illustrated by the shell element failures. The collared stem version may
improve implant stability following cementless total hip arthroplasty and promote better

outcomes.

Finally, in Chapter 6, all results are summarized as a general conclusion.
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CHAPTER 1: INTRODUCTION

1.1 Background

Hip diseases have always been associated with a substantial health burden that
adversely affects the quality of life. Hip diseases primarily affect the hip joint, which is the
ball-and-socket joint between the head of the femoral bone and the acetabulum. The most
common examples of hip disease are hip osteoarthritis and avascular necrosis of the

femoral head.

Hip osteoarthritis (OA) is an age-related disease caused by the degeneration of
cartilage, which is a strong and flexible tissue present at the ends of the bone. Additionally,
cartilage functions as a bone protector and shock absorber, minimizing friction between
bones during joint movement. The breakdown of cartilage tissue decreases joint protection,
resulting in bones rubbing against each other and causing damage. Over time, the damaged
bones will begin to grow outward and develop bone spurs, also known as osteophytes,

leading to severe pain and disability.

It has been reported that the global incidence of hip OA increased from 0.74 million
to 1.58 million between year 1990 to 2019, representing a percentage increment of 115 %
[1]. While hip OA was traditionally associated with elderly patients, several studies have
reported that risk factors such as female gender, higher body mass index, ethnicity, and
genetic variables also contribute to the occurrence of the disease [2]-[4]. However, in
recent years, the number of younger patients affected has shown an increasing trend [5],

[6]. Risk factors such as sports injuries, hip deformities, sedentary lifestyle, and obesity

17



have been mentioned [7]. The high prevalence of hip OA in younger populations poses a
new public health issue since they will live with hip OA for a longer time compared to
previous generations, increasing their chances of disability. Therefore, hip OA is now
considered not only a hip degeneration disease but also a form of total joint failure [8].
Figure 1.1 illustrates the comparison between a healthy hip joint and a hip joint with

osteoarthritis.

Acetabulum

Femoral head with
smooth cartilage

Femur

Bone spurs
(osteophytes)

Femoral head with
worn cartilage

Hip osteoarthritis

Figure 1. 1: Hlustration of healthy hip joint and hip joint with osteoarthritis [9]
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Avascular necrosis (AVN) of the femoral head, on the other hand, is a disease where
the bone at the head of the femur collapses due to the death of bone tissue. This occurs as
a result of disrupted blood supply to the bone. Blood serves as a medium for transporting
oxygen and nutrients to the bones to regenerate and maintain their health. Therefore, a loss
of blood supply leads to bone tissue death. In such cases, tiny breaks in the bone will appear

before it eventually collapses.

According to a universal stratification system for the classification of femoral head
AVN, the severity of the disease can be categorized into four stages, which explain the
progression from a normal and healthy hip (stage I) to the collapse of the femoral head
(stage 1V) [10]. In the later stages, patients may experience severe pain and difficulties in

movement, and without proper treatment, it could lead to disability.

The known causes of AVN are mostly related to the use of corticosteroids, excessive
alcohol intake, smoking, and trauma such as hip fractures or dislocations, which can
damage blood vessels and lead to the development of AVN [11], [12]. According to Mont
et al., the total number of patients worldwide affected by AVN is projected to reach 20
million in the next decade [13]. Additionally, approximately 10,000 to 20,000 new patients
are affected by AVN in the United States every year, while the annual prevalence in Japan
and Korea exceeds 10,000 [14]-[16]. Based on an article published in a medical journal,
this disease predominantly occurs in younger patients, with the average age at treatment
ranging from 33 to 38 years, and a male-to-female ratio of 3:1 [17]. Figure 1.2 illustrates

the stages of AVN of the femoral head, from | to IV.
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Femoral head
collapse
(bone death)

Figure 1. 2: lllustration of AVN of femoral head and the progressive stages of healthy hip

joint (stage 1) to the collapse of femoral head (stage Il to IV) [18]
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In general, there are several treatment options available to relieve joint pain caused
by hip disease. These options consist of surgical and non-surgical treatments that depend
on the severity of the pain. In the case of the early stage, where the pain does not
significantly affect the patient's daily routine, non-surgical treatments such as lifestyle
changes are often suggested by medical experts. Lifestyle changes may include weight loss,
transitioning from high-impact to low-impact exercises, and engaging in physical therapy.
These measures can help reduce stress on the hip joint, improve hip range of motion, and
strengthen the muscles supporting the joint [19]-[21]. These methods may slow down the
progression of the disease. However, if the pain has started to affect the patient's daily
routine, non-surgical treatment with medication, such as anti-inflammatory drugs, may be
recommended to relieve the pain [22]. In the later stages of hip disease, where the pain
worsens and causes disability, surgical treatment options such as joint replacement surgery
or total hip arthroplasty are considered to be suitable and successful in improving the
patient's quality of life, where the diseased hip joint will be replaced with an artificial joint

to restore the function of the hip.
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1.2 Total Hip Arthroplasty

Over the years, total hip arthroplasty (THA) has become a common treatment for
end-stage degenerative hip diseases, known to improve the patient's quality of life and
provide long-term pain relief [23], [24]. It has been reported that over one million THA
procedures are performed globally each year, and this number is projected to double within
the next ten years [25], [26]. The process involves surgically removing the damaged
femoral head and replacing the hip joint with prosthetic components. These components
include the acetabular cup, artificial femoral head, and femoral stem, which transfer the

load from body weight to the femur by inserting a metallic stem into the femoral canal.

Briefly, in the primary THA procedure, the orthopedic surgeon will remove the
damaged femoral head and cartilage, preserving the remaining healthy bone. The femoral
stem is then placed into the femoral canal using either a "press fit" fixation technique
(cementless THA) or by pressing it into the femoral canal filled with cement (cemented
THA). The artificial femoral head, or femoral ball, is attached to the upper end of the stem
as a replacement for the damaged femoral bone head. In cases of severe arthritis, the
damaged cartilage on the surface of the acetabulum is trimmed using a hemispheric reamer
before placing the acetabular cup in the reshaped socket. Finally, a liner made of plastic or
ceramic is attached to the acetabular cup to allow smooth and low-friction movement
within the new artificial hip joint after the femoral ball is attached to the cup. Figure 1.3

illustrates the prosthetic components of THA.
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Acetabular cup

Liner

Femoral head \ ‘

(ball)

Femoral stem

Figure 1. 3: Prosthetic components of total hip arthroplasty [27]

It is predicted that the total annual counts and utilization of THA will continue to
grow globally in the following years, leading to a proportional increase in the number of
complications associated with the procedure [28]-[30]. Despite the excellent clinical
outcomes of THA in addressing hip-related problems, the burden of revision surgery has
remained unchanged for many years. In the United States alone, the rate of revision surgery
has increased to 60% since 2005, from 9.5 per 100,000 to 15.2 per 100,000. By 2030, the

revision rate is projected to increase by up to 137% [31]. According to the Swedish Hip
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Arthroplasty Register, the most common causes of revision surgery after THA are
complications such as aseptic/mechanical loosening and osteolysis (75%), infections (8%),
implant dislocations (6%), periprosthetic femoral fractures (5%), and implant fracture (1%)
[30]. Similar findings were reported in another study conducted by Bozic et al., which
mentioned that 22% of revision cases were due to instability, followed by
aseptic/mechanical loosening (20%), infection (15%), implant failures (10%), osteolysis

(7%), and periprosthetic femoral fractures (6%) [32].

Revision THA is a major surgery that carries greater risks and potential
complications compared to the primary surgery [33], [34]. The surgical procedures are
more challenging and require extensive surgical exposure and proper management of
periprosthetic bone loss [35]. Risks and complications such as infections, dislocations,
instability, loosening, blood clots in the veins, bone fracture and mortality are known to be
associated with revision THA [34], [36]-[39]. Additionally, the patient's quality of life is
reduced after revision THA compared to the primary surgery [40], [41]. Therefore, it is
important to further understand the risk factors contributing to complications and failure

following primary THA in order to minimize the rate of revision surgery.
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1.3 Implant design in Total Hip Arthroplasty

In essence, there are two main types of fixations in the procedure of THA, namely
cemented and cementless, and the designs of the THA implant have evolved according to
these stem fixation methods. Briefly, cemented stem fixation is mainly used for patients
who lack stability in their internal bone structure. Thus, bone cement is used to achieve a
mechanical interlock between the surface of the bone and the stem. Meanwhile, cementless
stem fixation is adopted for patients with good bone quality, characterized by high bone
mineral content and density. In this case, the stem will be 'press-fitted' into the bone, relying
on the biological fixation process known as osseointegration. Osseointegration refers to a
direct connection between the bone-to-implant interface without any interposition of non-
bone tissue. An implant is considered as osseointegrated upon the absence of ongoing

relative motion between the implant and the bone it directly interfaces with [42].

1.3.1 Implant design in cemented total hip arthroplasty

In cemented THA, the ideal shape of a stem must be able to transmit axial and
torsional loads to the cement and bone without generating damaging peak stresses and
excessive micromovement. The stem should exhibit long-term mechanical stability, even
when exposed to repetitive loading. To achieve these objectives, two principles of fixation

have been adopted: "loaded-taper" cement fixation and "composite-beam™ cement fixation.

Tapered femoral stems can be categorized based on their geometry, including single
taper, double taper, and triple taper. A single-taper stem exhibits taper (reduction in
dimension) in the frontal plane, while the dimension in the sagittal plane remains constant.

A double-taper stem features taper in both the sagittal and frontal planes, while a triple-
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taper stem exhibits taper in all three planes. The reduction in dimension occurs in the
sagittal and frontal planes, similar to the double-taper stem, and the third taper reduces the
anteroposterior dimension in the transverse plane. This reduction occurs through the cross-
section of the stem from lateral to medial. Figure 1.4 illustrates the different types of

tapered femoral stems.
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Figure 1. 4: Type of tapered femoral stems

In loaded-taper cement fixation, the Exeter hip stem serves as a prominent example.
The Exeter hip stem was developed around 50 years ago, and its main design features are
a double-taper and collarless stem. The purpose of these features is to allow the stem to
slightly subside into the acrylic cement during axial loading, creating hoop stresses [43]-
[45], thereby reducing the peak stresses in the proximal and distal cement mantle [46]. The

tapered stem achieves self-locking with load and continues to self-tighten with the cement
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over time. Since subsidence of the stem is required in this type of fixation method, a highly
polished surface finish of the stem is preferred to minimize metal and cement abrasion
resulting from natural micromotion [47]. Generally, the stem design used in loaded-taper
cemented fixation is referred to as CPT stems, which stands for collarless, polished, and

tapered stems [48].

Unlike the concept in loaded-taper fixation, the stem in composite-beam fixation
must be rigidly bound to the cement. Any subsidence of the stem will damage the cement.
When the stem subsides, the collision between the surfaces will generate debris from the
polymethyl methacrylate (PMMA) cement and the metal. Toxic reactions from the debris
can lead to the ultimate failure of the implant [49]. Therefore, most stems adhering to this
principle are often designed with geometry and surface finishes that can prevent motion at
the cement-bone interface, such as a collared stem and rough surface finish. These features
can prevent subsidence due to the presence of the stem collar, and the rough surface will
increase bonding between the cement and the stem. The illustration in Figure 1.5 shows

the concept of the 'loaded-taper' and ‘composite-beam’ fixation methods.

27



N,

subsidence {

collar

smooth
surface

cement

(a) loaded-taper fixation (b) composite-beam fixation

Figure 1. 5: lllustration of implant model in the concept of loaded-taper and composite-

beam cement fixation

1.3.2 Implant design in cementless total hip arthroplasty

As mentioned earlier, the concept of stem fixation in cementless THA is mainly
dependent on biological fixation known as osseointegration. Osseointegration can be
achieved through bone ingrowth into the porous surface of the stem and bone ongrowth
onto the roughened surface of the stem, resulting in a firm bone-stem fixation. Sufficient
osseous contact and firm fixation will minimize the micromotion between the implant
surface and the adjacent bone. On the other hand, micromotion of an implant that is less

than 20 pm will result in predominantly bone formation after implantation, while
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micromotion that is more than 150 um will produce fibrous tissue formation [50]-[52]. In
order for osseointegration to occur, a firm primary mechanical stability or primary fixation
of the implant must be first achieved. Primary stability refers to the immediate stability of
the implant after surgery, which is defined by the amount of movement between the implant
and bone that occurs during loading. It can be influenced by several factors, including the
design of the implant (geometry, roughness, and coating of the stem), preparation

technique, and bone quality [53].

The shape of an implant is important in determining cortical contact and primary
stability. Although there are a variety of cementless implant designs currently being
manufactured, each design has a similar goal, which is to obtain primary stability and
osseous contact. To achieve good primary stability, porous surfaces within a stem were
designed and located in the desired area for fixation. Khanuja et al. introduced a
classification system for cementless femoral stems, where the stems were classified into
six different types [53]. These consist of type 1, type 2, type 3A, 3B and 3C, type 4, type 5

and type 6. Table 1.1 describes the information on each type of cementless stem.
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Table 1. 1: Classification system of cementless implant design [53]

— Location of
Category Geometry Description fixation at bone
e Straight stem | e Single Narrows medially- e Metaphyseal
e Tapered wedge laterally
proximal Proximally coated
fixation Flat stem
Thin in anterior-posterior
plane
Type 2
Category Geometry Description . Lo_catlon of
fixation at bone
e Straight stem | ¢ Double Narrows distally in both | ¢ Metaphyseal
e Tapered wedge medial-lateral and
proximal e Metaphyseal anterior-posterior planes
fixation filling Wider than Type 1

Fills metaphyseal region
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Type 3A

|
. Location of
Category Geometry Description fixation at bone
e Straight stem | e Tapered e Rounded tapered conical | e Metaphyseal-
e Tapered ¢ Round stem diaphyseal
proximal e Porous coating at junction
fixation proximal two-thirds
Type 3B
. Location of
Category Geometry Description fixation at bone
e Straight stem | e Tapered e Conical taper e Metaphyseal-
e Tapered e Splined e Longitudinal raised diaphyseal
distal splines junction and
fixation proximal
diaphyseal

Table 1.1 (continued)

31




Type 3C

- Location of
Category Geometry Description fixation at bone
e Straight stem | e Tapered e Rectangular cross section | ¢ Metaphyseal-
e Tapered e Rectangular | ¢ Four-rotational support in diaphyseal
distal metaphyseal-diaphyseal junction and
fixation region proximal
diaphyseal
. Location of
Category Geometry Description fixation at bone
e Straight stem | ¢ Cylindrical | e Extensive porous coating | e Primarily
e Distally e Fully coated | e Collar at proximal to diaphyseal
fixed enhance proximal bone

loading and axial stability

Table 1.1 (continued)
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Location of

e Anterior bow in diaphysis

Category Geometry Description fixation at bone
e Modular - e Metaphyseal and e Metaphyseal
diaphyseal components and diaphyseal
prepared independently
Type 6
~ & N
posterior anterior
— Location of
Category Geometry Description fixation at bone
e Curved stem - e Wide proximal portionin | ¢ Metaphyseal
e Anatomic both lateral and posterior
stem planes
e Posterior bow in
metaphysis

Table 1.1 (continued)
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In brief, the primary stability in Type 1 stem is obtained by three-point fixation along
the stem length [54], which contacts the posterior, proximal, and distal areas inside the
femoral canal, while the broad, flat shape of the implant ensures rotational stability. For
Type 2, fixation is acquired through proximal contact in the anterior-posterior and medial-
lateral planes, and some Type 2 designs require diaphyseal engagement for better rotational

stability [55], [56].

In the case of Type 3, the fixation generally focuses more on the metaphyseal-
diaphyseal junction rather than the metaphysis. For Type 3A, three-point fixation is
obtained through porous coating located at the proximal two-thirds of the stem [57], [58],
and the rotational stability is achieved by the existence of fins at the proximal region of the
stem [59]. For Type 3B, fixation is gained from the longitudinally raised splines along the
conical taper shape, and rotational stability is obtained through the sharp edges that cut into
the bone [59]. For Type 3C, the rectangular cross-section of the stem provides three-point
fixation in the proximal part of the diaphysis and in the metaphyseal-diaphyseal junction.
Additionally, four-point rotational support is obtained through its rectangular cross-section

[60].

For Type 4, fixation is obtained by creating ingrowth surface coatings throughout the
entire prosthesis, engaging the cortical bone in the diaphysis. The existence of a collar in
the proximal region improves axial stability. In Type 5, fixation is gained from the
proximal and distal areas of the stem, and this stem is usually applied in complex operations
due to patient abnormalities, such as hip dysplasia. Type 6 achieves stability through the
distal curve and metaphyseal fill [61], [62], however, this type of stem is not commonly

used.
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Aside from geometry, surface and coating of the stem also play important roles in
the design of cementless implants to ensure the process of bone ingrowth and ongrowth
(osseointegration). For bone to grow inside the porous surface of a stem (bone ingrowth),
the required pore size must be between 50 um and 400 um, and the absence of voids within

the coating must be between 30% and 40% to preserve mechanical strength.

Ingrowth surfaces are created using sintered beads, fiber mesh, and porous metals,
which create microscopic pores that allow bone to grow. Sintered beads consist of
microspheres or powder of either titanium alloy or cobalt chromium that are attached to
the surfaces of the stem through a heating process [63], [64]. Fiber mesh coatings, on the
other hand, are metal pads that are attached to the stem by diffusion bonding [63], while
porous metals provide a uniform three-dimensional network [65], which have higher

porosity and void interconnectivity than both sintered beads and fiber metal coatings.

Meanwhile, the ongrowth surfaces are created through grit blasting or plasma
spraying onto the implant to create a textured surface where bone can grow. In grit blasting,
the textured surface is created by blasting the implant with small abrasive particles such as
aluminum oxide, resulting in a surface roughness ranging from 3 um to 5 um [66], [67].
On the other hand, plasma spraying creates the textured surface by spraying a molten
material onto the implant through a high-energy flame, using a mixture of metal powder

and inert gas that is pressurized and ionized.
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1.4 Complications after Total Hip Arthroplasty

1.4.1 Aseptic/ mechanical loosening

Aseptic/mechanical loosening is known to be one of the major post-surgery
complications and common reasons for revision surgery after THA. The mechanisms that
induce this complication include the mechanical failure of the implant or cement, osteolysis
caused by the introduction of wear debris into the bone and implant interface region,
relative motion throughout the interface, and stress shielding in the bone [68], [69]. These
mechanisms can lead to bone resorption and result in implant loosening, implant migration,

implant failure, or periprosthetic fracture [70].

From a biomechanical perspective, stress shielding is an important factor that
contributes to aseptic loosening. Stress shielding is a biomechanical phenomenon that
causes adaptive changes in bone strength and stiffness, particularly in the bone region
surrounding metallic implants or the bone-implant interface. This phenomenon occurs due
to the different mechanical properties between the bone and the implant. The mismatch in
elastic modulus between the bone and the implant alters the stress distribution in the bone.
In post-operative conditions, the stiffer component, such as the implant, sustains most of
the loads from the body weight, leaving fewer parts of the load to be carried by the bone
[71]. This altered stress distribution leads to bone mineral loss at the bone-implant
interface, resulting in reduced contact in that region and ultimately leading to implant

loosening.

The stress distribution in the femur is largely affected by the mechanical properties

of the prosthetic components. Therefore, the severity of the stress shielding effect depends
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on the degree of stiffness mismatch between the implant and the natural bone. A stiffer
prosthetic component will lead to a more pronounced stress shielding effect. Harrie et al.
found that stem design variables such as elastic modulus, size, geometry, coating, and
ingrowth conditions can influence the amount of stress shielding. Additionally, bone
variables such as geometry, bone density distribution, and stem placement within the femur

may also affect the severity of the phenomenon [72].

Currently, most THA implants are designed using metallic materials such as titanium
alloys (Ti6A14V, Ti-Mg), cobalt-chromium alloys, and 316L stainless steel. Among these
metallic materials, titanium alloys are predominantly used due to their high mechanical
strength and biocompatibility with bone [73]-[75]. However, these metallic materials still
have much higher stiffness compared to femoral bone. For instance, the Young's modulus
of cortical bone ranges between 10 to 30 GPa, while titanium alloy has a modulus of 110
GPa, which poses a high risk of stress shielding [76]. In the field of biomaterials, reducing
the Young's modulus of the stem material, such as titanium alloy, is considered one of the
most effective ways to prevent stress shielding. Several studies conducted by Niinomi et
al. have aimed to improve the mechanical biocompatibility of titanium alloy, focusing on
properties such as Young's modulus, fatigue strength, wear resistance, fracture toughness,

and strength/ductility balance [77]-[79].

Currently, the modulus of titanium alloy has been successfully reduced to 50 GPa
without significant changes in other mechanical properties. Computational analysis
conducted by Todo simulated the effect of reduced Young's modulus titanium alloy in a

hip joint with a THA stem. The study found that the strain energy density profiles within
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the femur with a modulus of 50 GPa for titanium alloy were effectively increased compared

to a modulus of 110 GPa, suggesting an improvement in mechanical stimulus [80].

Another factor that can affect the severity of stress shielding in the femur following
arthroplasty is bone density distribution. Low bone density in the underlying trabecular
bone is often associated with clinical failure of the femoral component and has been
attributed to stress shielding [81]. Bone density is an important parameter for ensuring bone
strength. When a stiffer material is inserted into a bone with low density, the effect of stress
shielding may contribute to progressive loosening of the implant. Figure 1.6 illustrates an
example of post-operative radiographs showing the effect of stress shielding from 0 to 6
years after surgery. It can be observed that the width of the cortical bone around the stem

becomes thinner at year 6 after surgery, resulting in bone resorption and loss of bone mass.
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Figure 1. 6: Progressed stress shielding from (a) O year after surgery to (b) 6 years after

surgery [82]
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1.4.2 Periprosthetic femoral fractures

Periprosthetic femoral fracture (PFF) is another major complication that associated
with THA. PFF can occur intraoperatively or postoperatively, and the frequency varies
depending on the fixation method, whether cementless or cemented THA. Intraoperative
PFF has a higher reported rate (0.1-27.8%) compared to postoperative PFF (0.07%-18%),
and the incidence is more frequent in cementless THA than cemented THA, in both primary
and revision surgery [83]-[85]. It is the third most common reason for revision surgery
following THA, after aseptic loosening and infection [86], [87], and the mortality rate

associated with this complication is alarmingly high [88].

Several risk factors contribute to intraoperative PFF, including female gender, age
(higher risk in patients younger than 50 and older than 80 years), previous surgery on the
same hip, bone disease, surgical technique, and technical errors during the operation [89]-
[91]. On the other hand, post-operative PFF is related to the biomechanical issue. Risk
factors for postoperative PFF include bone quality [92], [93], implant design [94], implant
position [95], and minor trauma such as falls. According to the Swedish registry database,
75% of PFF cases occurred due to falls at the same level at which the patient had been

standing or sitting [96].

Bone quality is a recognized risk factor for postoperative PFF. Poor-quality bone,
such as osteoporotic bone, is associated with reduced bone strength and a higher risk of
fracture. Osteoporosis is characterized by a gradual decrease in bone mass, resulting in the
deterioration of bone structure and increased bone fragility. It is generally accepted as a

risk factor for late PFF [83], [97], [98], although only a few studies have systematically
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investigated the relationship between a patient's bone quality and fracture risk. For
example, Wu et al. conducted a study to identify predictive indicators that could
preoperatively recognize the risk of femoral fracture [99]. Using Singh's index of
osteoporosis, they found that patients in the fracture group following cementless THA had
poorer preoperative bone quality compared to the non-fracture group, suggesting that
preoperative osteoporosis can be an important predictor of fracture risk. Additionally, bone
variables such as cortical thickness of the femur, proximal femoral geometry, and bone
diseases such as avascular necrosis and rheumatoid arthritis also contribute to the risk of

PFF after THA [94], [100].

Implant design is another known risk factor for PFF. A systematic review conducted
by Carli et al. observed a significantly increased risk of PFF with the use of cementless
implants [94]. However, the rates of PFF varied between different types of implants, with
type 1 and type 2 stems associated with increased rates of PFF, while lower rates were
observed in the group consisting of type 3 and type 4 stems. Nevertheless, limitations in
confounding factors may have affected the results, including age, gender, body mass index
(BMI), bone quality (including metabolic bone disease or osteoporosis), surgical approach,
and surgeon experience. Furthermore, the study highlights the need for more
biomechanical investigations to compare modern implants and precisely clarify the
contribution of implant design to the risk of PFF, as the study was limited to reports on

PFF cases in different types of implants following THA.

The variety of different fracture configurations and patterns of periprosthetic femoral
fractures (PFF) can present significant challenges in their treatment. Currently, the

Vancouver classification system is widely used in clinical practice to classify and guide the
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management of postoperative PFF following hip arthroplasty. This classification system,
introduced by Duncan and Masri [101], categorizes fractures into three types: Type A,
Type B, and Type C. Vancouver Type A fractures involve the trochanter area of the femur
and are further divided into Ag for fractures occurring in the greater trochanter and A. for
fractures in the lesser trochanter. Type B fractures are located around the diaphysis of the
femur, including those just distal to the tip of the stem. Type B fractures are subdivided
into By, B2, and Ba. Type B fractures occur in a region with good bone stock and a well-
fixed stem. Type B> fractures occur in a region with good bone stock but an unstable stem,
while Type B3 fractures occur in a region with poor bone stock and an unstable stem.
Vancouver Type C fractures are located well below the stem. The Vancouver classification
system provides a standardized framework for assessing and communicating PFF patterns,
assisting orthopaedic surgeons in determining the appropriate treatment plan and
management. Figure 1.7 illustrates the Vancouver classification for periprosthetic femoral

fractures.
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Figure 1. 7: Vancouver classification of periprostheric femoral fractures [102]
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1.5 Biomechanical study of Total Hip Arthroplasty

Over the years, biomechanical studies of THA have been widely performed to
continuously improve the outcomes following THA. Biomechanical analyses are usually
conducted using experimental or computational techniques, or a combination of both.
Known risk factors for complications following THA, such as implant loosening (stress
shielding) and periprosthetic fractures, are associated with implant design and bone
variables including bone quality, strength, and geometry. Several biomechanical studies
have been conducted in recent years, particularly using computational techniques such as
finite element analysis (FEA), to investigate the relationship between these risk factors and
complications, specifically in implant design. The common objectives of these studies
include evaluating implant stability, strength, and wear resistance of different implant types
and materials. These studies have provided valuable information to orthopaedic surgeons
and researchers in their efforts to optimize the outcomes of THA, addressing the challenge

of adapting to various bone quality characteristics.

The design features of THA implants, including geometry, size, dimensions, and
materials, may influence the outcomes following THA. For instance, Sabatini et al.
conducted a study using FEA to optimize THA stems with various cross-sections, namely
circular, elliptical, trapezoid, and oval [103]. The study reported that the stem made of
titanium alloy exhibited lower stress levels compared to cobalt-chromium and stainless
steel. Furthermore, different stem cross-sections exhibited varying stress distributions
along the length of the stem, with circular and elliptical cross-sections showing more even

distribution of von Mises stress compared to oval and trapezoid cross-sections.
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Another computational study investigating the influence of stem geometry on the
performance of THA was conducted by Senalp et al. [104]. The study analysed stems with
straight geometry, notched geometry, and curved geometry to assess their fatigue
behaviour under static and dynamic loading conditions. The results revealed that different
stem designs exhibited varying safety factors for fatigue life. Specifically, stem-3,
constructed with titanium alloy (Ti-6Al-4V), demonstrated the most favourable shape for
fatigue resistance under both static and dynamic loading, as determined by Soderberg,

Gerber, and Goodman fatigue theories.

On another note, Reimeringer et al. conducted a study investigating the influence of
different stem designs and lengths in cementless femoral stems on their primary stability
after THA [105]. Two distinct implant designs, consisting of a straight stem and a curved
stem, were implanted into a finite element model of a composite sawbones. Both the
straight and curved implant designs were developed in five and four different lengths,
respectively. The study found that the average micromotion increased from 17 um to 52
pum as the length of the straight stem decreased from 146 mm to 54 mm during fast-walking
conditions. Similarly, in the curved stem, comparable findings were observed, with the
average micromotion increasing from 10 um to 29 um as the length of the stem decreased
from 105 mm to 54 mm. The study concludes that different stem designs and lengths
directly influence the primary stability in the THA procedure and can potentially impact

the process of osseointegration.

Although several biomechanical studies have been conducted successfully,
highlighting the influence of implant design on the outcomes following THA, these studies

have been limited to homogeneous bone models. In other words, constant material
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properties such as elastic modulus and Poisson's ratio were assigned to every element
forming the geometry of the cortical and cancellous bone. However, in reality, the material
properties of bone are not homogeneous due to the anisotropic nature of bone tissue, which
means its behaviour changes depending on the load direction. As a result, biomechanical
analyses focusing on the outcomes after THA, specifically related to bone variables such

as bone quality, bone strength, and bone geometry, have rarely been investigated.

In a computational study conducted by Kwak et al., the possibility of periprosthetic
femoral fracture was predicted using a finite element (FE) bone model, assuming a
homogeneous and isotropic linear structure [106]. The elastic modulus for the cortical and
cancellous bone was set to 17,000 MPa and 920 MPa, respectively, while the Poisson's
ratio was set to 0.3 and 0.2 for the cortical and cancellous bone, respectively. The prediction
of bone fracture was based on the peak von Mises stress and mean stress measured at the
cortical bone, with the yield strength of the cortical bone set at 107.9 MPa. It is worth
noting that although the von Mises equivalent stress has been adopted as the criterion for
the bone's yield strength, such a criterion may be more appropriate for ductile materials.
Bone, being a brittle material, has a smaller tensile strength compared to its compressive
strength [107]. Therefore, the influence of hydrostatic stress should be taken into
consideration as a yield criterion. The von Mises yield criterion does not account for the
effect of hydrostatic stresses since the yielding of ductile materials, such as metals, is
primarily affected by shear deformation. Hence, a more suitable failure theory should be

employed to predict the failure of brittle materials like bone.

Due to the heterogeneous nature of bone, biomechanical studies, even with the use

of computational methods, have been limited. However, Bessho et al. conducted a study to
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address this limitation by creating a simulation model capable of accurately predicting
important variables in proximal femoral bone, such as strength and surface strains, using a
computed tomography-based finite element method (CT-based FEM) [108]. The accuracy
of the FE model was verified by load testing fresh frozen cadaver specimens through quasi-
static compression tests. The study found a significant correlation between the predictions
of principal strains, yield loads, and fracture loads from the FE model and the
corresponding experimental measurements (r = 0.963, 0.941, 0.979). Additionally, the
study introduced the Drucker-Prager equivalent stress as the yield criterion, which is more
suitable for brittle materials. This yield criterion requires a larger external load to cause
compressive yielding of the bone element. Moreover, each element forming the bone's
geometry in the FE model had different material properties, computed from the Hounsfield
unit values derived from the CT images, thus accounting for the heterogeneity of the bone
structure. The aggregation of compressive failure elements in the CT-based finite element
model was found to be located in the subcapital region of the femur, similar to the

experimental fracture site.
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1.6 Problem statement

Recent years, CT-image based finite element method (CT-FEM) has been utilized to
understand the biomechanical problems in the orthopaedical field [80], [109]-[114].
Although the bone mineral density (BMD) has become the primary clinical parameter to
assess the fracture risk of bones, recently it was found that an average value of BMD cannot
be the single parameter which mainly controls the fracture risk in the case of vertebral
compression fracture [113]. CT-FEM can convert the inhomogeneous distribution of BMD
into the distribution of Young’s modulus, hence able to predict the risk of bone fracture
with high accuracy introducing the damage mechanics into the non-linear finite element
analysis. This unique and effective computational method has been implemented in a field
of bone biomechanics where the bone strength and fracture sites were successfully
predicted [80], [108]-[112], [114], [115], while in several classical computational
biomechanical studies, the risk of bone fracture associated with THA was predicted
through the evaluation of the stress and strain fields with the assumption of unrealistic
homogeneous bone structures [106], [116], [117]. Meanwhile, the experimental studies
with the use of cadavers could give us some realistic information of external fracture modes
[118]-[120]; however, it was impossible to perform the internal analysis and visualization.
Information on the internal bone region such as bone micro-damage is crucial in the effort
to minimize the risk of complications such as stem loosening and bone fracture through the
development of advanced THA implants. To the best of our knowledge, the study on the
internal bone damage related to bone variables and different implant design has not yet

been done previously and may contribute to the improvement of THA procedure.
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1.7

Research objectives

The aim of this study is to investigate the effect of parameters related to total hip

arthroplasty, such as bone variables and implant designs, on the risk of complications

following THA by studying the mechanism of bone damage formation using CT-FEM.

This aim leads to the following objectives:

1)

)

1.8

1)

)

©)

To assess the influence of bone variables, including bone quality, strength and

geometry, on the formation and progression of bone damage in THA femurs.

To investigate the impact of different implant designs, such as stem size, type, and
geometry, on the development of femoral bone damage from the internal and external

bone region.

Scope and limitations

The three-dimensional (3D) inhomogeneous FE femoral bone models were

developed only from CT images of avascular necrosis patients.

The developed THA femoral bone models in this study only adheres to the

cementless fixation method.

The loading and boundary conditions in predicting the formation of bone damage
were presented only to investigate the effect of bone variables and implant design

related to THA that deviate from typical daily physiological activities.
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CHAPTER 2: DAMAGE MECHANISMS UNDER LATERAL

BENDING AND TORSIONAL CONDITIONS

2.1 Overview

In order to understand the biomechanical effects of bone quality and THA stem
designs to the outcomes following THA, the development of a realistic finite element bone
model is crucial. Therefore, two inhomogeneous femoral bone models were developed
from the CT images of 61 and 87-year-old patients, and three types of stems were
introduced to represent the corresponding cementless THA models. Cementless THA
model was adopted in this study since it has higher reported cases on implant loosening
and periprosthetic femoral fractures based on the literatures. Finite element analyses with
a nonlinear damage analysis were then performed under two boundary conditions, i.e.,
lateral bending and torsional conditions. The mechanism of bone micro-damage formation
from the internal region of the bone and fracture formation from the external region of the

bone in both models were then compared.
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2.2 Construction of intact femoral models

Quantitative CT images of two female patients of 61 and 87-year-old, obtained from
the Fukuoka University Hospital, Japan were used to develop computational models. Both
patients were diagnosed with stage three of avascular necrosis at the head of the right
femur. Both CT images had a slice thickness of 0.5 mm. CT-FEM software, Mechanical
Finder version 11.0 (Research Centre for Computational Mechanics Inc., Tokyo, Japan),
was used to develop the three-dimensional FE models of the right femurs. Two-
dimensional femoral bone region of interest (ROI) was selected from each slice of the CT
images, where the bone region had higher CT values than that of the soft tissues such as
muscle, ligament and adipose tissues. The selected ROI at each CT image was vertically
stacked to finally form the 3D geometry of the femur. Next, the FE model of the intact
femur was meshed with 2-mm tetrahedral elements for the cancellous bone and inner
cortical bone, whereas 2-mm triangular shell elements with a thickness of 0.3 mm were
assigned to the outer surface of the cortical bone. The surface shell elements were assigned
to express the stiffest layer of the cortical bone that cannot be expressed from the CT
images [108]. The FE models of the 61 and 87-year-old patient were thereafter denoted
with bone X and Y, respectively. The numbers of solid and shell elements of the intact
model of bone X and Y were 156509, 191478, and 73698, 84954, respectively. The
inhomogeneous BMD values were introduced into every element by converting the

Hounsfield unit (HU) into BMD using a linear formula as follows [108]:

p (g/cm3) =[HU + 1.4246] x 0.001 / 1.058 [HU value > — 1]

p (g/cm3) =0 [HU value <—1]

51



2.3 Construction of THA models

Three different types of femoral stem were introduced in this study and denoted by
stem |, stem Il, and stem Ill. Each stem came with a different design and geometry. The
illustration and description of the stems were shown in Table 2.1. In reconstructing the
virtual hip arthroplasty, the femoral bone head was osteotomized based on the
intertrochanteric line to approximately 1 cm above the lesser trochanter. The osteotomy of
the femoral head was performed by considering the stem geometry, i.e., the medial offset,
vertical height, and neck length. The stem was then properly aligned into the femoral canal
by referring to the mapping view from the CT images to replicate the original position of
the femoral head. The THA models of bone X and Y implanted with stem I, 11, and 111 are
shown in Figure 2.1. The FE models of bone X implanted with stem I, Il and Il were
constructed with 162,710, 155,220, 139,579 of tetrahedron solid elements and 62,628,
61,533, 62,547 of triangular shell elements, respectively. For bone Y, 189,777, 185,391,
175,221 of solid elements and 74,766, 74,190, 75,165 of shell elements were used with
stem 1, 11, and 111. The materials of the stem and femoral ball were assumed to be Titanium
alloy and Alumina ceramic, respectively. Table 2.2 summarized the mechanical properties
of the assigned materials [121]. The interface between the bone and stem was assumed to

be perfectly bonded to mimic the complete process of osseointegration [42].
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Table 2. 1: llustration of stem I, stem I, and stem IlI

(@) Stem | Description

SW e Zweymuller (Teijin Nakashima

le———|

Medical Co., LTD)
e Shoulder width (SW) =35 mm
SL e Stem length (SL) = 120 mm

e Rectangular cross-sectional shape

(b) Stem Il Description

o Perfix (Kyocera Medical Tech.)
e Shoulder width (SW) =25 mm
e Stem length (SL) = 115 mm

e Round cross-sectional shape

(c) Stem Il Description

SW e Aesculap (B. Braun Healthcare)

le——s|

e Shoulder width (SW) =30 mm
e Stem length (SL) = 140 mm

SL e Rectangular cross-sectional shape
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stem I stem 11 stem I stem 11
stem I11 S 111
(a) (b)

Figure 2. 1: THA model of (a) bone X and (b) bone Y implanted with stem I, stem Il and

stem 111

Table 2. 2: Mechanical properties of THA implant [121]

Properties

Titanium alloy

Alumina ceramic

Elastic modulus (GPa)
Poisson ratio

Critical stress (GPa)
Yield stress (GPa)

Density (g/cm®)

114

0.34

0.88

0.97

4.43

370

0.22

0.40

3.00

3.96
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2.4 Loading and boundary conditions

Two different loading and boundary conditions were introduced into the nonlinear
FE analysis in order to predict the damage formations of the two types of femoral bone.
These conditions were implemented on the basis of the validated and well-established
testing protocol for periprosthetic femoral shaft fixation [122]-[126]. In the loading and
boundary conditions, two different types of configurations were introduced, and they were
thereafter denoted as lateral bending condition (LBC) and torsional condition (TC). The
loading direction was set based on the angle of « and f, which represent the long axis of
the femur in the frontal and sagittal plane, respectively. The orientation of loading direction
for LBC was @ = 90°, 8 = 0°,and for TC, a = 90°, 8 = 90°. The boundary conditions,
LBC and TC, are shown in Figure 2.2. For both LBC and TC, the magnitude of applied
load was set to be increased stepwise in 20 steps, ranging from 0 N to 1500 N with 75 N
increment per step, until the failure of 1000 shell elements as the critical condition for
analysis termination. The selected range of loading magnitude was found to be sufficient
to demonstrate the damage mechanisms in femoral fracture under the same conditions in

the previous study [114].
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Figure 2. 2: Loading and boundary conditions: (a) lateral bending (LBC) and (b) torsional

(TC)

2.5 Mechanical theories and material properties

The tensile deformation of all the elements constructing the femoral models was
assumed to be expressed by the linear elastic response, in which the stress-strain relation
was characterized by two material constants such as Young’s modulus and Poisson’s ratio.
On the contrary, the compressive deformation of the elements was assumed to be expressed

by the bi-linear elastic-plastic response, in which the stress-strain relation was

56



characterized by Young’s modulus and Poisson’s ratio under the linear-elastic behavior
and the yield stress and the work hardening coefficient under the plastic behavior. The
Drucker-Prager yield condition was used to assess the onset of yielding [108]. Yielding
was assumed to take place when the Drucker-Prager equivalent stress reached the
compressive yield stress. Young’s modulus and the compressive yield stress of a solid
element were calculated from the corresponding BMD value of the element using the
empirical formulae proposed by Keyak et al. [127] and Keller [128] as shown in Table 2.3.
Poisson’s ratio and the work hardening coefficient of all the solid elements were set to 0.4
and 0.05, respectively. Those properties of each of the shell elements were chosen so that

they were equivalent to those of the adjacent solid element located under its position.

Table 2. 3: Relationship between BMD and the material properties [127], [128]

Bone mineral density (g/cm?®) Young’s modulus (E)
p=0 0.001
0<p<027 33,900p22°
027<p<06 5307p +469
06<p 10,200p201
Bone mineral density (g/cm?) Yield stress (MPa)
p <0.317 137p1-88
0317<p 114172

57



The tensile fracture of a solid or a shell element was assumed to take place when the
maximum principal stress reached the tensile strength which was equal to 0.8 times the
compressive yield stress of the element [129], [130]. On the other hand, the compressive
fracture of the element was assumed to occur when the minimum principal strain reached
the fracture strain which was equal to -3,000 micro-strain [130], [131]. Those criterions
are summarized in Table 2.4. Aggregation of shell element failures is usually needed to
express the femoral fracture of the outer cortical surface and compare the fracture
behaviour between the intact and the THA models. Therefore, in this study, a critical
condition was set on the basis of the number of failure elements. 1000 shell element failures
were chosen as the condition and the analyses were terminated when the total number of
shell element failures reached 1000 under either tensile stress or compressive stress state.
The stress-strain responses of titanium alloy and alumina ceramic were assumed to be
linear elastic. Young’s modulus and Poisson’s ratio were chosen to be 114 GPa and 0.34

for titanium alloy and 370 GPa and 0.22 for alumina ceramic [121].

Table 2. 4: Failure criterions under tensile and compressive stress states

Stress state Criterion

Tensile Initiation of failure Gp= 0.8 O

Compressive Transition to yielded state Ob= Or
Initiation of failure €p=-3000

Gp = maximum principal stress

o = yield stress

op = Drucker-Prager equivalent stress
€p = minimum principal strain
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2.6 Results and Discussion

2.6.1 Distribution of bone mineral density

Figure 2.3 (a) and (b) illustrate the inhomogeneous distribution of BMD in bone X
and bone Y, respectively. The head and neck areas of the femurs were vertically cut to have
cross-sectional views of the areas. For each bone model, the extraction points were selected
at every threshold of the contours along the line from distal (D) to proximal (P), and the
average BMD values were extracted. The BMD distributions along the lines are shown in
Figure 2.4. Point A to B and F to G indicate the distal cortical bone area of bone X and
bone Y, respectively. Point B to C and G to H correspond to the areas of bone marrow, C
to D and H to | are the areas of cancellous bone, while D to E and | to J are the areas of
cortical bone at the proximal femur for both bones, respectively. The distance of bone X
and Y measured from D to P was approximately 83.2 mm and 89.1 mm, respectively. It
was found that BMD values of bone X were greater than bone Y in every bone segment,
e.g., cortical and cancellous bone throughout the distance. A notable difference of BMD
was observed in the distal cortical, cancellous, and proximal cortical bone, i.e., 0.31 g/cm?,
0.13 g/cm?®, and 0.43 g/cm?®, respectively. Obviously aging was thought to be the key factor
of this finding, where the increased porosity of the elder bone reduced its density and mass

[132].

Figure 2.5 (a) and (b) shows the comparison of the density distribution and Young’s
modulus between both bones from the cross-section of the anterior view. It can be observed
that the density of bone Y at the proximal and diaphyseal areas is much lower compared to

bone X, suggesting bone stock deficiency. In terms of bone structure, a slight bend towards
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the medial side of the femur was noticed at the diaphyseal segment of bone Y, while bone
X has a straight geometry. Also, bone X was observed to have a greater thickness of cortical
bone compared to bone Y at that respective segment. Since the cortical bone is important
for providing strength and stiffness, the thickness and density of the cortical bone may

affect those mechanical properties.

(a) Proximal (P)

Bone Density (g/cm %)

E I 1.81
1.45

Distal (D)

(b) Proximal (P)

Distal (D)

Figure 2. 3: Inhomogeneous distribution of BMD: (a) bone X and (b) bone Y
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= Bone X
o - Bone Y
g
2 1 |A
Py
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é F
o 0.5
c
(o]
0
o Lo\
0 30

Distance (mm)

Figure 2. 4: Comparison of volumetric bone mineral density (vBMD) distribution of bone
X and bone Y. Point A-B and F-G: Distal cortical bone area. Point B-C and G-H: Area of
bone marrow. Point C-D and H-I: Cancellous bone area. Point D-E and I-J; Proximal

cortical bone area of bone X and Y, respectively
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Bone Density (g/cm?)
1.81

1.45

Young’s modulus (GPa)

33.51
g

26.81

1.08 20.11

i
0.72

I 0.36
0.00

13.40

o
bone X boneY bone X boneY
(a) (b)

Figure 2. 5: Anterior cross-sectional view of bone X and Y: (a) bone density and (b)

young’s modulus

2.6.2 Accumulation of element failures as bone micro-damage

Figure 2.6 and Figure 2.7 show the cumulative numbers of solid element failures
under LBC and TC, respectively. Figures (a) and (b) corresponded to the element failures
generated under tensile and compressive conditions, respectively. It can be seen that the
solid element failures under the tensile stress state were dominant compared to the
compressive state for both LBC and TC, suggesting that the strength of the bone is lesser
under tensile compared to compressive. The cumulative numbers tended to gradually
increase up to the final load level, and rapidly increase at the final load under both LBC
and TC. It should be noted that the final levels of load of bone X models were much higher

than those of bone Y models, suggesting that the strength of bone X at the final bone
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fracture was much greater than that of bone Y. It is important to see that in bone Y, the
stem insertion tended to lower the bone strength, while in bone X, the bone strength tended

to increase due to the stem insertion.

The effect of stem geometry and design on the internal bone damage, i.e., solid
element failures, can be seen in bone X under TC. Based on Figure 2.7 (a), each stem
exhibited different behaviour of solid element failures which occurred between the load
900 N and 1200 N. Bone X with stem Il initially experienced the increasing trend, followed
by stem Il and stem I. This behaviour might be related to the different design of stem
shoulder. Stem | has the widest shoulder width with a rectangular cross-section, while stem
I11 also has a rectangular cross-section with smaller shoulder width. The shoulder width of
stem Il is comparable to stem Ill, however, with a circular cross-sectional shape.
Differences in the shoulder size and the cross-sectional shape of the stem might affect the
formation of internal bone damage. From the observation, smaller shoulder sizes tend to
have early increments of bone damage compared to the stem with wider shoulders. A wider
shoulder with a rectangular cross-sectional shape could produce a much higher torsional

resistance when the implant is surrounded by cancellous bones with higher strength.

The cumulative numbers of shell element failures under LBC and TC are also shown
in Figures 2.8 and 2.9, respectively. Similar to the solid element failures, the tensile failures
tended to be more dominant than the compressive failures. Under LBC, for both bone X
and bone Y, the numbers of shell element failures under tension and compression rapidly
increased at the final stage of loading. Thus, the element failures were led by the solid
elements and then finally the shell element failures took place. It is also clearly seen that

bone X is much stronger than bone Y for both intact and stem insertion models.
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Figure 2. 6: Number of solid element failures under LBC condition
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Figure 2. 7: Number of solid element failures under TC condition
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Figure 2. 8: Number of shell element failures under LBC condition
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Figure 2. 9: Number of shell element failures under TC condition
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Table 2.5 summarizes data of bone X and bone Y under configurations of LBC and
TC. The data were obtained based on the three stages of damage under both configurations
after the stepwise load was applied. Those stages consist of the damage at the initiation
stage, damage at critical load, and complete failure. The damage at the initiation and critical
load stages was represented by the number of solid element failures which explains the
damage at the internal region of the bone since, during these stages, the outer cortical
surface of the bone was still intact. In the stage of complete failure, the number of shell
element failures was obtained which explains the aggregation failure elements that indicate
bone fracture. It was observed that bone X could withstand a much higher load in both
configurations when compared to bone Y in both the critical and complete failure stages.
This result suggested that the strength of bone X was higher than bone Y in both pre-
operative and post-operative conditions, as shown by the final load obtained by the intact

and THA models of bone X.
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Table 2. 5: Data summarization of bone X and bone Y under LBC and TC

Configuration: LBC

Solid element Shell element
Load  Failure Failure Load at Failure Failure
Bone Model at in in complete in in
critical  tensile  compressive failure tensile  compressive
stage (N)
(N)
Intact 825 231 63 870 1145 670
X Stem | 900 823 315 915 1019 594
Stem Il 900 447 101 945 1148 600
Stem 11 900 207 21 952.5 1183 841
Intact 525 2183 266 592.5 1109 1024
Y Stem | 525 4122 1169 577.5 1095 1044
Stem Il 525 3704 1062 547.5 1040 765
Stem 11 525 2548 398 548 1335 978
Configuration: TC
Solid element Shell element
Load  Failure Failure Load at Failure Failure
Bone Model at in in complete in in
critical  tensile  compressive failure tensile  compressive
stage (N)
(N)
Intact 1125 7243 3096 1132 1045 359
X Stem | 1200 3464 324 1222 1262 551
Stem 1l 1200 3629 303 1237 1105 260
Stem 11l 1200 3507 269 1268 1274 394
Intact 675 6410 2479 682.5 1068 566
Y Stem | 600 3746 1696 667.5 1038 704
Stem Il 600 4081 1624 667.5 1203 749
Stem 11 600 2365 367 675 1047 648
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2.6.3 Distribution of solid and shell element failures

Distribution patterns of element failures as bone micro-damages are shown in Figures
2.10and 2.11 for LBC and TC, respectively. In those images, distributions of solid element
failures at the damage initiation and the critical load stages, corresponding to the final bone
fracture, are presented, along with the distributions of shell element failures at the final
bone fracture (called ‘complete failure’). It is clearly seen that bone Y had greater internal
bone damages than bone X in both damage initiation and critical load stages. In the intact
models, solid element failures are mainly generated in the femoral neck region and the
distal side close to the knee joint under LBC. On the other hand, solid element failures
generated in the femoral neck and the middle region of diaphysis under TC. It is worth
noting that the distal side and the middle region corresponded to the fixed regions set as
the boundary conditions under LBC and TC, respectively. Also, shell element failures at

the complete failure are mainly generated in those regions.

When a stiffer metallic stem was inserted into the femoral bone, it subsequently
changes the mechanical environment of the bone. From the figures, the presence of stem
easily damaged the cancellous bones that surrounded the stem in bone Y compared to bone
X, where quite noticeable damage was seen even in the lower loading magnitude as
illustrated in the damage initiation stage. Such severe bone damage that appeared along the
bone-stem interface of bone Y may affect the primary stability of the implant after the
arthroplasty. Without primary stability, the process of osseointegration may probably be
delayed. In addition, the high number of failure elements at the bone-stem interface may
contribute to the risk of implant loosening due to the failure of the cancellous bones

surrounding the stem. This phenomenon may also contribute to the risk of periprosthetic
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fracture after THA where loosening of the stem was known as one of the risk factors [86],

[133]-[136].
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(a) Intact Solid element Shell element

Damage initiation H Critical load H Complete failure

Compressive Tensile
(shell) (shell)

4>c;pressive ‘k Tensile

(solid) - (solid)

Figure 2. 10: Distribution of element failures under LBC: (a) intact, (b) stem I, (c) stem Il and (d) stem IlI
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(b) Stem 1 Solid element Shell element
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Figure 2.10 (continued)
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() Stem II Solid element Shell element
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Figure 2.10 (continued)
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(d) Stem 111
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(a) Intact Solid element Shell element

Damage initiation . Critical load : Complete failure

/N Compressive ‘ Tensile
= (solid) <qp (solid)

A ~ Compressive Tensile
(shell) = (shell)

Figure 2. 11: Distribution of element failures under TC: (a) intact, (b) stem I, (c) stem Il and (d) stem IlI
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(b) Stem [

Solid element Shell element
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Figure 2.11 (continued)
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(¢) Stem II Solid element Shell element
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Figure 2.11 (continued)
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(d) Stem 111 Solid element Shell element

Damage initiation : Critical load . Complete failure

Compressive Tensile
(shell) ™™ (shell)
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|é> (solid) 4> (solid)

Figure 2.11 (continued)
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2.6.4 Solid element failures within the bone-stem interface at the critical stage

The numbers of solid element failures within the bone-stem interface at the critical
stage are shown in Figure 2.12. A similar extraction size of 70 mm x 70 mm x 180 mm
was applied to all models that enclosed the area of the bone and the stem. It is clearly seen
that the number of element failures of bone X was much lower than that of bone Y for all
stem types. From this finding, it is understood that bone with poor quality will experience
greater internal bone damage specifically at the interfacial area of bone and stem. The small
number of element failures suggests that bone X may have greater primary stability with
stem, allowing the osseointegration process to occur. For bone Y, the highest number of
element failures was obtained at stem | model. From this result, it can be said that the stem
with larger dimensions may produce major damage to the cancellous bones. The bones
with low strength due to lower BMD may easily be damaged when they are in contact with
stiffer material, hence resulting in the significant number of element failures in stem |

model compared to stem Il and 111 models.

It is understood from Figure 2.12 (b) that bone X with stem I had the highest number
of element failures at the critical stage under TC. This was similar to bone Y with stem |
under LBC condition. In the case of bone Y, however, stem | and stem Il shared almost
similar numbers of element failures. The lowest number of element failures was obtained
by stem I11. This phenomenon might be related to the factor of stem length. In this study,
both loading configurations of LBC and TC will lead the bone to experience the bending

process, thus, the factor of longer stem length will affect the bending behaviour of the bone.
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Figure 2. 12: Number of solid element failures in the bone-stem interface region at the

critical stage
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2.6.5 Classification of femoral fractures following total hip arthroplasty

The assessment of the femoral bone fractures was based on the resulting failure of
shell elements in the THA models. The fracture classification of the bone following THA
was based on the Vancouver Classification and the AO Foundation/Orthopaedic Trauma
Association (AO/OTA) [101], [137]. In the case of LBC, the fracture of bone X was located
only at the distal diaphyseal segment of the femur, while for bone Y, two locations were
identified, i.e., distal diaphyseal and distal end segment of the femur as shown in Figure
2.10 (b)-(d), complete failure of shell element. The fracture located at the distal diaphyseal
segment drew a parallel view to the Vancouver classification type C. An oblique fracture
pattern was observed in both bones. In regard to the fracture located at the distal end
segment of bone Y, the view is almost similar to type 33-A-2.3, extra-articular, simple
fracture with a transverse pattern from the AO/OTA classification. This fracture type was

observed to occur at all of the THA models of bone Y.

Shell element failures of Figure 2.11 (b)-(d) illustrate the prediction of bone fracture
under TC. The THA models of bone X fractured only at the middle diaphyseal segment,
while two locations were observed for the THA models of bone Y, namely, the middle
diaphyseal and trochanteric region. The fracture predicted at the middle diaphyseal
segment was correlated to type B: in the Vancouver classification. It is observed that the
THA models of bone X had a spiral fracture pattern, while the THA models of bone Y
were similar to the transverse pattern. On the other hand, quite noticeable fractures were
seen at the trochanteric regions of bone Y implanted with Stem Il and 111, which suggests

the possibility of Vancouver classification type Ag.
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2.7 Conclusion

In this chapter, two different bones implanted with three different stem designs were

successfully developed. Then, finite element analysis with non-linear damage analysis was

conducted under two different boundary conditions namely lateral bending and torsional

condition. The conclusions were obtained as follows:

1)

)

The quality of the two bones was successfully evaluated based on the guantitative
comparison of bone mineral density at the proximal region of the intact femur i.e.,
head and neck. It was found that bone X, developed from CT image of 61-year-old
patient had higher BMD value in every bone segment i.e., distal cortical, cancellous
and proximal cortical bone, compared to bone Y, which developed from CT image
of 87-year-old. The BMD difference in every segment was 0.31 g/cm?®, 0.13 g/cm?,
and 0.43 g/cm?®, respectively. It is concluded that age had become a factor of

reduction of BMD with higher age produces lesser BMD.

The mechanism of bone micro-damage at the internal bone region was successfully
depicted through the cumulative number of solid element failures. It was found that
the implant geometry had influenced the micro-damage behaviour of the bone from
the internal region, especially in bone in bone X under TC, however, the difference
was found to be small between each stem design under both LBC and TC for bone
Y. Itis then concluded that the size of the stem shoulder and its cross-sectional shape
had influenced the behaviour of internal bone damage of bone with good quality
(bone X), where stem with small shoulder and round cross-sectional shape produce

early and higher bone damage under the torsional condition compared to stem with
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(3)

(4)

()

bigger shoulder and rectangular cross-sectional shape. This finding may be useful in

the development of advanced THA implant design.

The effect of bone quality on the internal bone damage at the interfacial area of bone
and stem was identified. It was found that bone X had lesser bone damage at the bone
and stem interface compared to bone Y. It is then concluded that bone with poor
quality may not be suitable to undergo THA with cementless fixation since the stiffer
material i.e., THA stem, was found to easily damage the internal region of the bone
which potentially lead to loosening of the implant, and the findings were consistent

despite implanted with different stem design.

The strength of the bone was successfully determined based on the cumulative failure
of 1000 shell elements. It was found that bone X can withstand a much higher load
compared to bone Y. The stem insertion was found to increase the strength of bone
X, while decrease the strength of bone Y, which was compared to the strength of the
intact model. It is concluded that bone with good quality has a higher strength at the
diaphyseal bone region (femoral shaft) compared to the proximal region (femoral
head and neck) in which influenced the number of bone element failures in intact
model. Hence, removing the proximal region of the bone would result in the
increment of bone strength. Meanwhile, bone with poor quality had a similar strength
at both the proximal and diaphyseal, resulting in a reduction of bone strength after

the implantation.

Different boundary conditions were found to affect the strength of the bone. It was

observed that the strength of the bone is higher in TC compared to LBC.
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CHAPTER 3: DAMAGE MECHANISMS UNDER FALLING

CONDITIONS

3.1 Overview

Falling has been acknowledged as one of the leading causes of PFF following THA.
To further extend the study in chapter 2, another loading and boundary condition had been
introduced in this chapter which simulate different types of falling configurations from the
lateral to posterolateral side by using the bone model from 61 and 87-year-old patients.
Three different stem designs were implanted into the femur consisting of stem I, stem I,
and stem Ill. Finite element analyses with a nonlinear damage analysis were then
performed and the mechanism of bone micro-damage formation from the internal region
of the bone and fracture formation from the external region of the bone in both models

were then compared.
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3.2 Construction of intact femoral model

To create computational models, CT images of two female patients (aged 61 and 87)
diagnosed with stage three avascular necrosis in the right femur were obtained at Fukuoka
University Hospital, Japan. Both CT images had slice thickness of 0.5 mm. CT-FEM
software (Mechanical Finder version 11.0) was used to develop three-dimensional finite
element (FE) models of the right femurs. To construct the models, a two-dimensional
femoral bone region of interest (ROI) was selected from each CT image, with a higher CT
value than that of the surrounding soft tissues. The ROIs were vertically stacked to create
the three-dimensional geometry of the femur. The intact femur FE model was meshed with
2-mm tetrahedral elements for the cancellous and inner cortical bone, and 2-mm triangular
shell elements with a 0.3 mm thickness were assigned to the outer surface of the cortical
bone. These parameters were assigned based on the results from convergence test of
previous study, where the 2 mm mesh size produces the most accurate value of total strain
energy compared to 3 and 4mm [108]. Additionally, the surface shell elements were
assigned to express the stiffest layer of the cortical bone that cannot be expressed from the
CT images [108]. The computational models of the 61 and 87-year-old patients were
labeled as bone X and Y, respectively. The intact model of bone X consisted of 156,509
solid elements and 191,478 shell elements, while the intact model of bone Y comprised
73,698 solid elements and 84,954 shell elements. Inhomogeneous bone mineral density
(BMD) values were assigned to each element by converting the Hounsfield unit (HU) to

BMD using a linear formula [108].
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3.3 Construction of THA models

In this study, three distinct femoral stem types, referred to as stem 1, stem Il, and
stem 111, were introduced, each with its own unique design and geometry, as described in
Table 3.1. The virtual hip arthroplasty procedure involved removal of the femoral bone
head based on the intertrochanteric line, approximately 1 cm above the lesser trochanter.
The stem was then aligned properly into the femoral canal, with the mapping view from
the CT images used to replicate the original position of the femoral head. The resulting
total hip arthroplasty (THA) models of bone X and Y with stem I, 11, and 111 are depicted
in Figure 3.1. Specifically, the FE models of bone X implanted with stem 1, 11, and 1lI
consisted of 162,710, 155,220, and 139,579 tetrahedral solid elements, and 62,628, 61,533,
and 62,547 triangular shell elements, respectively. For bone Y, the FE models comprised
189,777, 185,391, and 175,221 solid elements, and 74,766, 74,190, and 75,165 shell
elements for stem I, 11, and Ill, respectively. Lastly, the materials used for the stem and
femoral ball were assumed to be titanium alloy and alumina ceramic, respectively. Table
3.2 presents a summary of the mechanical properties of the materials that were used in the
study. [121]. It is noted that the interface between the bone and stem was assumed to be
perfectly bonded to mimic the complete process of osseointegration of the total hip stem,
which ideally achieve a stable and secure fixation to the bone, hence produce no relative

movement between the implant and bone interface [42].
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Table 3. 1: llustration of stem I, stem Il and stem 11l

(a) Stem |

Description

SW

le—|

SL

Zweymuller (Teijin Nakashima
Medical Co., LTD)

Shoulder width (SW) = 35 mm
Stem length (SL) = 120 mm

Rectangular cross-sectional shape

(b) Stem Il

Description

Perfix (Kyocera Medical Tech.)
Shoulder width (SW) =25 mm
Stem length (SL) = 115 mm

Round cross-sectional shape

(c) Stem Il

Description

SW

le——l

SL

Aesculap (B. Braun Healthcare)
Shoulder width (SW) =30 mm
Stem length (SL) = 140 mm

Rectangular cross-sectional shape
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stem I stem 11 stem I stem 11
stem I11 S 111
(a) (b)

Figure 3. 1: THA model of (a) bone X and (b) bone Y implanted with stem I, stem Il, and

stem 111

Table 3. 2: Mechanical properties of THA implant [121]

Properties

Titanium alloy

Alumina ceramic

Elastic modulus (GPa)
Poisson ratio

Critical stress (GPa)
Yield stress (GPa)

Density (g/cm®)

114

0.34

0.88

0.97

4.43

370

0.22

0.40

3.00

3.96
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3.4 Loading and boundary conditions

Four different loading and boundary conditions were introduced into the nonlinear
FE analysis in order to predict the damage formations of the two types of femoral bone.
These conditions were adopted from the previous studies [114], [115]. In the loading and
boundary conditions, four different types of falling configurations (FCs) were introduced,
and they were thereafter denoted as falling configuration 1 (FC1), falling configuration 2
(FC2), falling configuration 3 (FC3) and falling configuration 4 (FC4). The loading
direction was set based on the angle of « and $, which refers to the long axis of the femur
in frontal plane and femoral neck axis in the transverse plane, respectively. The orientation
of loading direction for FC1 was a = 120°, § = 0°, FC2was a = 60°, 8 = 0°, FC3 was
a = 60° B = 15° and FC4 was a = 60°, § = 45°. The boundary conditions of all FCs
are shown in Figure 3.2. For all FCs, the magnitude of applied load was set to be increased
stepwise, ranging from 0 N to 2500 N in 20 steps (125 N per step). The selected range of
loading magnitude was found to be sufficient to demonstrate the damage mechanism in

femoral fracture under the same conditions in the previous study [115].
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(b)

(c)

(d)

Figure 3. 2: Loading and boundary conditions (a) FC1, (b) FC2, (c) FC3 and (d) FC4
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3.5 Mechanical theories and material properties

The tensile deformation of all the elements composing the femoral models was
modeled using a linear elastic response, while the compressive deformation was modeled
using a bi-linear elastic-plastic response. The stress-strain relationship for the linear-elastic
behavior was characterized by Young's modulus and Poisson's ratio, while the plastic
behavior was characterized by the yield stress and the work hardening coefficient. The
Drucker-Prager yield condition was employed to determine the onset of yielding. [108].
Yielding was assumed to occur when the Drucker-Prager equivalent stress reaches the
compressive yield stress, which is calculated based on Young's modulus and the
corresponding BMD value of the solid element. The empirical formulae proposed by
Keyak et al. [127] and Keller [128] were used to calculate Young's modulus and
compressive yield stress, as presented in Table 3.3. Poisson's ratio and the work hardening
coefficient of all solid elements were set at 0.4 and 0.05, respectively. Additionally,
properties of each shell element were chosen to be equivalent to those of the adjacent solid

element situated below it.

It was assumed that the maximum principal stress reaching the tensile strength (equal
to 0.8 times the compressive yield stress) of a solid or shell element would result in tensile
fracture [129], [130]. Conversely, compressive fracture of the element was assumed to
occur when the minimum principal strain reached the fracture strain of -3,000 micro-strain
[130], [131]. The criteria for failure are summarized in Table 3.4. It should be noted that
in order to evaluate the femoral fracture of the outer cortical surface and compare fracture
behavior between intact and THA models, aggregation of shell element failures is typically

required. Thus, in this study, a critical condition was established based on the number of

92



shell element failures, with a limit of 300 failures chosen as the threshold. The analysis was
terminated when the total number of shell element failures reached 300 under either tensile
or compressive stress state. The stress-strain responses of titanium alloy and alumina
ceramic were assumed to be linear elastic, with Young's modulus and Poisson's ratio
chosen to be 114 GPa and 0.34 for titanium alloy and 370 GPa and 0.22 for alumina

ceramic, respectively, based on previous studies [121].

Table 3. 3 Relationship between BMD and the material properties [127], [128]

Bone mineral density (g/cm?) Young’s modulus (E)
p=0 0.001
0<p<027 33,900p22°
027<p<06 5307p +469
06<p 10,200p201
Bone mineral density (g/cm?) Yield stress (MPa)
p <0.317 137188
0317<p 114p172
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Table 3. 4: Failure criterions under tensile and compressive stress states

Stress state Criterion

Tensile Initiation of failure Gp- 0.8 G

Compressive Transition to yielded state OD = Or
Initiation of failure €p=-3000

Gp = maximum principal stress

or = yield stress

op = Drucker-Prager equivalent stress
€p = minimum principal strain

3.6 Results and Discussion

3.6.1 Fracture load under different falling configuration

Figure. 3.3 shows the fracture load of the intact and THA models of bone X and Y

in all falling configurations. A decreasing trend was observed in the fracture load of each

model of both bones when different loading and boundary conditions were applied, where

FC1 has the highest fracture load compared to others. In addition, the design of the stem

was observed to affect the fracture load of bone X, especially on FC1 and FC2, but the

influence was negligible to bone Y. Despite having the same downward trend, bone X

however, possessed a greater fracture load in all falling conditions compared to bone Y as

a result of greater bone quality. It is important to note that the fracture load in every model

was determined after the failure of 300 shell elements.
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Falling configurations
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®
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Falling configurations

(b) Bone Y
Figure 3. 3: Fracture load of intact and THA models of bone X and Y in all falling

configurations
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3.6.2 Accumulation of element failures as bone micro-damage

Figures 3.4 and 3.5 show the cumulative numbers of solid element failures in tensile
and compressive state under all FCs. Upon fracture, it was observed that the compressive
failures were dominant for bone X, while tensile failures were dominant for bone Y. The
pattern was consistent in all FCs. The cumulative number of solid element failures tended
to gradually increase until the final load level, and rapidly increase as it reached the final
load in all FCs, and the pattern was observed to be similar in each model. On the other
hand, the stem design was seen to affect the internal bone micro-damage, especially to bone
X. For example, observation on FC1, FC2 and FC3 showed that bone X implanted with
stem 1l tended to experience early bone damage compared to stem | and 111, while bone X
with stem 111 experience early damage in FC1 compared to stem I. For bone Y, the effect

of stem design to the internal bone micro-damage were found to be small.

Figures 3.6 and 3.7 show the cumulative numbers of shell element failures. The
finding was found to be similar as in the failures of solid element, where the tensile failures
were dominant for bone Y, while compressive failures were dominant in bone X. The
cumulative number of shell element failures tended to rapidly increase at the final load
level, where similar pattern was observed in each model. Similar to solid element, the effect
of stem design was found to affect the strength of bone X implanted with stem |1, where
the failure of shell elements was observed to appear at lower load levels compared to stem
I and 111, which can be observed in FC1, FC2 and FC3. This finding suggested that bone X
with stem Il had experienced early bone cracking compared to other models, before
experiencing complete fracture. For bone Y, the effect of stem design to the mechanism of

bone damage was found to be small, except for intact model under FC1.
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Figure 3. 4: Number of solid element failures in tensile (left) and compressive (right)

under (a) FC1 and (b) FC2
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Figure 3. 5: Number of solid element failures in tensile (left) and compressive (right)

under (a) FC3 and (b) FC4
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Figure 3. 6: Number of shell element failures in tensile (left) and compressive (right)
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Figure 3. 7: Number of shell element failures in tensile (left) and compressive (right)
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Table 3.5 summarizes the total number of solid and shell element failures at final
load level (bone fracture) of THA models. Based on the data, bone X implanted with stem
I, stem I1, and stem 111 shared an almost similar number of solid element failures in FC1.
As the configuration shifted towards the posterolateral side of the femur, the element
failures between each model showed a gap. This can be observed based on the calculation
of percentage difference between the highest and lowest number of element failures from
those models as shown in Eqgn. (1). For example, the percentage difference of solid element
failures of bone X in FC 1 was 2.03 %, but the numbers were increasing as the
configuration change to FC 2, FC 3 and FC 4 with percentage difference of 46.84 %, 96.64
% and 126.23 %, respectively. This phenomenon may be due to the effect of stem design.
Additionally, it can be noticed that the lowest number of solid element failures in all FCs

was obtained when bone X implanted with stem I.

V1= V2|
ZED) X 100 (1)

2

This phenomenon might be correlated with the design of stem | and the variations in
the degree of falling from the lateral to posterolateral side of the bone. There are two
possible reasons to consider. First, to relate with the falling configurations that do not
involve any rotational effect on the bone-stem interface, i.e., FC1 and FC2. It was noted
that stem | has been designed with a larger size on its proximal region (shoulder of the
stem). This design allows a larger bone area to be accommodated by the implant stem.
Consequently, the number of bone elements within the shoulder region of bone X, when
implanted with stem I, may be significantly lower than in the other two models designed

with a smaller shoulder size. As a result, the number of bone element failures in bone X
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implanted with stem | was smaller compared to stem Il and stem Il1. In other words, when
a larger bone area is taken up by the stem, it subsequently reduces the number of bone

elements, hence influencing the number of bone element failures.

Secondly, in the case of falling configurations that involve a rotational effect on the
bone-stem interface, i.e., FC3 and FC4, high values of bone density at the proximal region
of bone X may enable a strong rotational stability to be obtained from the design of stem
I. The rectangular cross-section with four corners embedded into the endosteal bone could
be fully utilized since the implant is surrounded by bones with higher strength.
Additionally, it can be observed that the percentage difference of element failures shows
an increasing gap between stem | and the other two stems as the falling configuration
changes from FC1 to FC4, which may support the relationship between the stem design

and internal bone damage

However, for the case of bone Y, the solid element failures obtained in the model
showed almost no correlation between the design of the THA stem and the falling
configuration. For example, in the condition of falling onto the lateral direction, stem 1l
has the lowest number of total element failures in FC1 with 4518 element failures, but
highest in FC2 with 6077 element failures. Another example, in the case of falling onto the
posterolateral direction, bone Y with stem | has the highest number of element failures in
FC3 (5452 element failures), but not in FC4. Since the stem design and element failures
showed no correlation, thus, the possible reason might be due to the weaker trabecular
bones of bone Y at the proximal region of the femur, where the THA implant is introduced.

The stiffer materials from the implant would easily damage the internal bone elements in
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any configuration since the bone elements that surrounded the implant surfaces were

developed from the bone with low-density values.

The number of shell element failures was also tabulated in Table 3.5. It was noted
that the design of the stem had influenced the fracture load of the bone as shown in Figure
3.3, however, the fracture severity might be important to discuss as well. Therefore, the
number of shell element failures here suggests the severity of bone fracture under a
different THA stem design. There are many reasons which may influence the severity of
bone fracture especially when involves different types of THA stem. Bone quality, stem
design, applied forces, and different loading and boundary conditions may become the
contributing factors as presented in this study. However, in comparison to the other stems,
the fracture was observed to be more severe on both bones when implanted with stem I1.
From Figure 3.3, it can be observed that the fracture load of bone X and bone Y implanted
with stem Il consistently exhibited lower values than the other models but experiencing a
comparable number of shell element failures. The post-operative geometry of the bone to
suit the design of stem 1l is thought to be the reason for this phenomenon. Based on the
illustration of THA model shown in Figure 3.1, it is worth noting that the bone model
implanted with stem Il had an excessive bone removal at the proximal area in order to suit
the design of stem I, which has a longer neck length. Without excessive bone removal, the
stem will subside into the bone. Aside from giving insight to the THA implant designer,
this finding may be useful to the current surgical context, in which highlighting the
importance of femoral osteotomy as it can influence the severity of bone fractures in

traumatic incidents.
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Table 3. 5: Data summarization of element failures under all FCs

Configuration: FC1

total number of solid

total number of shell

Bone  THA model element failures element failures

stem | 6426 470

X stem Il 6558 543

stem 111 6457 497

Percentage difference (%) 2.03 14.41

stem | 7731 478

Y stem Il 4518 479

stem 1l 4721 454

Percentage difference (%) 52.46 5.35
Configuration: FC2

stem | 4120 388

X stem Il 6640 418

stem 111 6522 488

Percentage difference (%) 46.84 22.83

stem | 6032 645

Y stem Il 6077 620

stem 111 3683 528

Percentage difference (%) 49.05 19.94
Configuration: FC3

stem | 2511 418

X stem Il 7207 625

stem 111 4830 450

Percentage difference (%) 96.64 39.69

stem | 5452 560

Y stem Il 4480 499

stem 111 3469 537

Percentage difference (%) 44.45 11.52
Configuration: FC4

stem | 1371 407

X stem Il 6063 578

stem 11l 2184 486

Percentage difference (%) 126.23 34.72

stem | 4364 466

Y stem Il 4584 705

stem 111 3229 648

Percentage difference (%) 34.68 40.81
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3.6.3 Distribution of solid and shell element failures

The distribution of solid element failures within the bone and stem interface at final
load level was evaluated using the Gruen zone system. The extraction size of zones 1, 2, 4,
6, and 7 was similar in all stems, but the extraction size of zones 3 and 5 was based on the

length of the stem. The results were presented in Figures 3.8 and 3.9.

Figure 3.8 shows the distribution of solid element failures for bone X implanted with
stem I, Il and 111, under all FCs. Most of the damaged elements were seen to be concentrated
in zone 1 and zone 7. The pattern was seen to be consistent in every stem model and FCs.
In zone 1, the damaged elements were dominated by the compressive failure elements
labeled in red colour whereas, in zone 7, the tensile failure elements were dominant, labeled
in white colour. It was observed that the number of element failures is higher in zone 1

compared to zone 7, results in falling onto the trochanteric region of the femur.

A different scenario was observed in bone Y. Based on Figure 3.9, it can be seen that
the damaged elements were scattered throughout the zones, except for zone 4. The pattern
was seen to be consistent in all of the THA models and FCs. At the proximal region, the
element failures were accumulated mostly at zone 1 compared to zone 7. In the middle
region, element failures in zone 6 were slightly higher compared to zone 2, and at the distal
region, element failures in zone 5 were slightly higher than zone 3. This pattern is
consistent at THA models of bone Y in all FCs. Factors of poor bone quality and the effect
of stem bending may influence the results. Nonetheless, greater bone damage at zone 1,

was the results of falling onto the trochanteric region at the lateral side of the bone.
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Distribution of shell element failures in intact and THA models of both bones were

shown in Figure 3.10 — Figure 3.13, along with the distribution pattern of solid element

failures at the damage initiation and fracture stages. It was found that the location of shell

element failures was similar in each model under all FCs, which located at the trochanteric

region of the femur, except for intact model under FC1. In FC1, the distribution of shell

failures occurred at the femoral head and neck region.
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Figure 3. 10: Distribution of solid and shell element failures under FC1: (a) intact, (b)

stem I, (c) stem Il and (d) stem III
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Figure 3.10 (continued)
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(c) Stem 11
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Figure 3.10 (continued)
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(d) Stem III
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Figure 3.10 (continued)
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Figure 3. 11: Distribution of solid and shell element failures under FC2: (a) intact, (b)

stem I, (c) stem Il and (d) stem III
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Figure 3.11 (continued)
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(¢c) Stem 11
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Figure 3.11 (continued)
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(d) Stem III
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Figure 3.11 (continued)
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Figure 3. 12: Distribution of solid and shell element failures under FC3: (a) intact, (b)

stem I, (c) stem Il and (d) stem III
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Figure 3.12 (continued)

117



(c) Stem 11
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Figure 3.12 (continued)
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(d) Stem III
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Figure 3.12 (continued)
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Figure 3. 13: Distribution of solid and shell element failures under FC4: (a) intact, (b)

stem I, (c) stem Il and (d) stem III
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(b) Stem |
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(¢) Stem 11
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Figure 3.13 (continued)

122



(d) Stem III
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3.7 Conclusion

Two different bones implanted with three different stem designs were successfully

developed. Finite element analysis with non-linear damage analysis was conducted under

four different types of falling configuration. The conclusions were obtained as follows:

1)

)

©)

The fracture load in both intact and THA models developed from bone X and Y was
successfully obtained based on the failure of 300 shell elements. It was found that
the fracture load reduces accordingly from FC1 to FC4. The stem design was
observed to affect the fracture load of bone X, but the impact was small in bone Y.
It is then concluded that the risk of bone fracture is more vulnerable when falling
onto the posterolateral side compared to lateral side as obtained by the lower fracture

load in FC3 and FC4 compared to FC1 and FC2.

The stem design was found to affect the internal bone micro-damage of bone X,
where early bone damage was seen in stem Il and stem Il under FC1, FC2, and FC3
compared to stem I. Meanwhile, the effect was insignificant to bone Y. It is then
concluded that bigger stem shoulder could produce lesser bone damage when falling
onto the lateral side (FC1 and FC2) due to the larger bone area taken up by the stem,
while under posterolateral side (FC3 and FC4), bigger stem shoulder with rectangular
cross-section could enable strong rotational stability resulting from the four corners

embedded into the endosteal bone with high strength.

The design of the stem had influenced the strength of bone X, as the initiation of
bone fracture occurred at much lower load levels when the bone was implanted with

stem Il compared to stem | and Ill under FC1, FC2, and FC3. However, in bone Y,
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(4)

the design of the stem had a negligible impact. It is concluded that the stem design
with longer neck length had to undergo excessive bone removal which could
influence the severity of bone fractures in traumatic incidents such as sideway fall,
which highlighting the importance of femoral osteotomy to the current surgical

practise.

Major bone damages were found only in Gruen zones 1 and 7 in all THA models of
bone X, with zone 1 exhibiting higher damage compared to zone 7. In all models of
bone Y, damages were found in all Gruen zones except for zone 4. Comparison on
proximal, middle and distal bone areas showed that damage in zones 1, 6, and 5 were
higher compared to zones 7, 2, and 3, respectively, which was consistent in all falling
configurations. It is concluded that bone with greater quality could have lesser risk

of implant loosening when experienced traumatic incidents.
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CHAPTER 4: EFFECTS OF BONE VARIABLES AND IMPLANT

POSITION

4.1 Overview

Study on the effect of bone variables such as bone density, bone geometry, angle of
femoral torsion and thickness of femoral bone to the outcomes following THA are rarely
be investigated due to limitation in developing a realistic finite element bone model. In this
chapter, further investigation on the relationship between bone variables and bone damage
mechanism following cementless THA was conducted. Finite element analyses with a
nonlinear damage analysis were then performed under three different loading conditions
i.e., stance, lateral bending, and torsion. In addition, the placement of the THA stem that
being inserted into the implanted femurs was based on its original femoral torsion of the
femoral head, in order to investigate the effect of implant position to the mechanism of

bone micro-damage formation.
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4.2 Construction of intact femoral models

28 patients diagnosed with avascular necrosis (AVN) were included in this study,
with their ages ranging from 19 to 87 years old. Quantitative CT images were obtained
from the Fukuoka University Hospital and imported into the CT-FEM software,
Mechanical Finder version 11.0 (Research Centre for Computational Mechanics Inc.,
Tokyo, Japan) for the purpose of modelling. A two-dimensional region of interest was
selected from each CT image slice, with the bone region having higher CT values than that
of the surrounding soft tissues. These selected regions of interest were then stacked to form
a three-dimensional geometry of the femur. The femoral models were meshed with 2-mm
tetrahedral elements for the cancellous and inner cortical bone, and 2-mm triangular shell
elements with a thickness of 0.3 mm were assigned to the outer surface of the cortical bone.
The surface shell elements were assigned to represent the stiffest layer of the cortical bone,
which cannot be accurately expressed from the CT images [108]. A linear formula was
utilized to convert the Hounsfield unit (HU) into bone mineral density (BMD), thereby

introducing inhomogeneous BMD values into each element as shown below [108]:

p (g/cm3) =[HU + 1.4246] x 0.001 / 1.058 [HU value > — 1]

p (g/cm3) =0 [HU value <—1]
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4.3 Construction of THA models

The femoral head and neck of the femur was removed based on the intertrochanteric
line to approximately 1 cm above the lesser trochanter. Zweymuller stem was chosen to be
inserted into selected femurs, since it is known as one of the commonly used stems in the
clinical institution worldwide. The stem was shown in Figure 4.1. The placement of the
implant was carefully inserted into the femoral canal through templating from the CT-
images while considering the medial offset, vertical height, and angle of torsion to replicate
the femoral torsion of the original femoral head as shown in Figure 4.2. The materials of
the stem and femoral ball were assumed to be titanium alloy and alumina ceramic,
respectively. Table 4.1 summarized the mechanical properties of the assigned materials
[121]. It is noted that the interface between the bone and stem was assumed to be perfectly

bonded to mimic the complete process of osseointegration [42].

Figure 4. 1: Zweymuller stem
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(@) (b)

(©)

Figure 4. 2: Comparison on the placement of THA implant and original femoral head

from (a) anterior view (b) superior view and (c) lateral view

Table 4. 1: Mechanical properties of THA implant

Properties Titanium alloy Alumina ceramic
Elastic modulus (GPa) 114 370
Poisson ratio 0.34 0.22
Critical stress (GPa) 0.88 0.40
Yield stress (GPa) 0.97 3.00
Density (g/cm?®) 4.43 3.96
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4.4 Loading and boundary conditions

Three different loading and boundary conditions were introduced into the nonlinear
FE analysis in order to predict the damage formations of the THA femoral bones. These
conditions were implemented on the basis of the validated and well-established testing
protocol for periprosthetic femoral shaft fixation [122]-[126]. Those three loading and
boundary conditions were denoted as stance condition (SC), lateral bending condition
(LBC), and torsional condition (TC). The loading direction was set based on the angle of
a and B, which represent the long axis of the femur in the frontal and sagittal plane,
respectively. The orientation of loading direction for SC was 0=160°, = 0°, for LBC was
a=90°, = 0°, and for TC was a=90°, p=90°. Before assigning the boundary condition, the
orientation of the bone in x, y, and z-axis was carefully adjusted to mimic the standing
position. The boundary conditions, SC, LBC, and TC are shown in Figure 4.3. For all
conditions, the magnitude of applied load was set to be increased stepwise with 10 N
increment per step until the failure of 1000 shell elements. The analysis was terminated
after the failure of shell elements, and the value of the final load was recorded as the

fracture load of the THA models.
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(a) (b) (©)

Figure 4. 3: Loading and boundary conditions: (a) stance condition (SC), (b) lateral

bending condition (LBC) and (c) torsion condition (TC)

4.5 Mechanical theories and material properties

The tensile deformation of all the elements constructing the femoral models was
assumed to be expressed by the linear elastic response, in which the stress-strain relation
was characterized by two material constants such as Young’s modulus and Poisson’s ratio.
On the contrary, the compressive deformation of the elements was assumed to be expressed
by the bi-linear elastic-plastic response, in which the stress-strain relation was
characterized by Young’s modulus and Poisson’s ratio under the linear-elastic behaviour

and the yield stress and the work hardening coefficient under the plastic behaviour. The
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Drucker-Prager yield condition was used to assess the onset of yielding [108]. Yielding
was assumed to take place when the Drucker-Prager equivalent stress reached the
compressive yield stress. Young’s modulus and the compressive yield stress of a solid
element were calculated from the corresponding BMD value of the element using the
empirical formulae proposed by Keyak et al. [127] and Keller [128]. Poisson’s ratio and
the work hardening coefficient of all the solid elements were set to 0.4 and 0.05,
respectively. Those properties of each of the shell elements were chosen so that they were

equivalent to those of the adjacent solid element located under its position.

The tensile fracture of a solid or a shell element was assumed to take place when the
maximum principal stress reached the tensile strength which was equal to 0.8 times the
compressive yield stress of the element [129], [130]. On the other hand, the compressive
fracture of the element was assumed to occur when the minimum principal strain reached
the fracture strain which was equal to -3,000 micro-strain [130], [131]. Aggregation of
shell element failures is usually needed to express the femoral fracture of the outer cortical
surface and compare the fracture behaviour between the intact and the THA models.
Therefore, in this study, a critical condition was set on the basis of the number of failure
elements. 1000 shell element failures were chosen as the condition and the analyses were
terminated when the total number of shell element failures reached 1000 under either
tensile stress or compressive stress state. The stress-strain responses of titanium alloy and
alumina ceramic were assumed to be linear elastic. Young’s modulus and Poisson’s ratio
were chosen to be 114 GPa and 0.34 for titanium alloy and 370 GPa and 0.22 for alumina

ceramic [121].
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4.6 Results and Discussion
4.6.1 Relationship between age and bone density

The average value of bone density within the head and neck region of the intact femur
was extracted from all the 28 models. Figure 4.4 shows the relationship between age (years
old) and bone density (g/cm?). The results showed a moderate negative correlation (r = -
0.69) which indicates that there is a relationship between these two variables, with higher

age being associated with lower bone density.

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Bone mineral density (g/cm3)

0 20 40 60 80 100
Age (years old)

Figure 4. 4: Correlation coefficient between age and bone density in 28 femurs
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In order to further investigate the relationship between bone variables and damage
mechanism following THA, a total of 10 femoral models were selected and categorized
into two groups of the highest (H) and lowest (L) BMD among the 28 models. The BMD
and age of those 10 models ranged between 0.24 g/cm?®to 0.46 g/cm®and 19 to 87-year-
old, respectively. Those selected models were then implanted with the Zweymuller stem.

Table 4.2 summarizes information on the selected intact femoral models.

Table 4. 2: Selected intact femoral model for implantation

Average BMD at femoral head

Model ~ Age (yearsold) ~ Gender ~ Femur and neck (g/cm®)

H1 45 male right 0.46
H2 19 female right 0.44
H3 77 female right 0.41
H4 37 male right 0.41
H5 51 female right 0.42
L1 78 female left 0.31
L2 87 female right 0.24
L3 80 female right 0.27
L4 69 female right 0.28
L5 61 female right 0.29
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4.6.2 Correlation of bone density and element failures in THA models

Figure 4.5 shows the correlation between bone density and fracture load in all the
THA models under SC, LBC, and TC, respectively. In this section, the average BMD value
throughout the entire bone structure was extracted for the comparison which ranging from
0.26 g/cm®to 0.60 g/cm®. Based on the results, the mean (+ standard error) predicted
fracture load of those THA models was found to be 1093 + 174 N in SC, 667 = 61 N in
LBC, and 950 £ 95 N in TC. A strong positive correlation was observed between BMD
and fracture load, which found to be consistent in all three boundary conditions (SC, r =
0.74), (LBC, r = 0.79), (TC, r = 0.88). The presence of a strong correlation coefficient
implies that there is a significant statistical relationship between these two variables, with
higher BMD being associated with higher fracture load. These findings suggested that bone
with higher density will have a greater bone strength and resistance to fracture from the
outer cortical region, despite being implanted with the metallic stem and assigned with

different boundary conditions.

On another note, Figure 4.6 shows the correlation between bone density and solid
element failures. From the results, a moderate negative correlation was observed between
these two variables which seen to be consistent in all boundary conditions (SC, r = -0.40),
(LBC, r=-0.51), (TC, r = -0.48). It should be noted that the cumulative numbers of solid
element failures were taken at the final load value of the model which represents the bone

damage from the internal bone region.
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Figure 4. 5: Correlation coefficient between BMD and fracture load of THA models

under (a) SC, (b) LBC and (c) TC
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Figure 4. 6: Correlation coefficient between BMD and solid element failures of THA

models under (a) SC, (b) LBC and (c) TC
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While bone density is generally recognized as an important parameter for measuring
bone strength, it is worth noting that the moderate correlation between BMD and the failure
of solid elements suggests that bone strength in the internal bone region does not solely
depend on BMD. Other factors may also play a role, particularly since the mechanical
environment of the femoral bone is altered by the presence of a metallic stem. Therefore,
to further investigate the potential impact of other factors on bone damage, especially at
the interfacial area between the bone and stem, the number of solid element failures within

that region was extracted and compared among all the models.

4.6.3 Effect of bone variables and implant position to bone damage formation

Figure 4.7 shows the number of solid element failures at the bone and stem interface
in all models under the three different boundary conditions. The number was extracted at
the final load in each model. In SC (Figure 4.7 (a)), model L2 had the highest number of
solid element failures, followed by H1 and L3. In LBC (Figure 4.7 (b)), the highest number
of solid element failures still obtained by L2, followed by L4 and H1, while in TC (Figure

4.7 (c)), L2 had the highest, followed by H1 and L4.

It is important to note that models L2 and H1 were constantly experienced greater
bone damage in all three boundary conditions. Major bone damage occurred at the
interfacial areas of bone and stem in L2 may be the results of thin cortices and substantial
bone loss at the proximal femur. The cortical thickness of L2 model is comparable to the
type C of Dorr classification [138], which refers to wide canal diameter that often found in
elderly and female patient. Figure 4.8 shows the cross-sectional view of model L2

compared to model L5, which thought to be the reason of greater bone damage.

138



(a)

(b)

(c)

Figure 4. 7: Solid element failures within the interfacial areas of bone and stem at final
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(b)

Figure 4. 8: Comparison between (a) thick femoral cortices, L5 and (b) thin femoral

cortices, L2

Meanwhile, the high bone damage in H1 may be the result of implant positioning.
Figure 4.9 illustrates the comparison of implant positions between the H1 model and
another model. It can be seen that the implant in H1 was retroverted, which is believed to
affect the cumulative number of bone damage. For instance, under the TC condition, an

implant positioned with normal anteversion is expected to result in less bone damage
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compared to retroversion after loading, considering the moment effect due to the shorter
distance, d, as depicted in Figure 4.9. It should be noted that the stem placement was based
on the femoral torsion of the original femoral head. Thus, it is evident that the risk of
complications after THA can be influenced by other factors, such as implant position, even

in a bone with high BMD, as observed in H1.

LOAD LOAD
(a) (b)

Figure 4. 9: Implant placement (a) normal anteversion and (b) retroversion

On the other hand, the geometry of the bone was thought to be the contributing factor
in the formation of bone damage under boundary conditions that involve bending to the
bone, such as LBC and TC. It was found that model L4 consistently experienced greater
damage in both boundary conditions. The bend geometry of the femoral shaft may be the

reason for the increased formation of bone damage in L4, as shown in Figure 4.10. It can
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be observed that the element failures accumulated at the distal end of the stem in L4, in
comparison to the H2 model with a straight femoral shaft geometry. Additionally, it can be
observed that most of the femurs in the L group had bend femoral shaft geometry, which

contributes to the greater formation of bone damage.

(a) (b)

Figure 4. 10: Comparison of bone geometry and bone damage formation from external

and internal region: (a) straight shaft, H2 and (b) bend shaft, L4

Distribution patterns of element failures as bone micro-damages for all 10 models
under SC, LBC, and TC are shown in Figures 4.11 — 4.13, respectively. In those images,
distributions of solid element failures at the damage initiation and internal damage at
fracture are presented, along with the distributions of shell element failures indicate

external formation of bone fracture.
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Figure 4. 11: Distribution of element failures under SC
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Figure 4.11 (continued)
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Figure 4. 12: Distribution of element failures under LBC
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4.7 Conclusion

In this chapter, 28 FE femoral bone models were developed from CT images of

avascular necrosis patients, before selecting 10 femurs to be implanted with Zweymuller

stem. Then, finite element analysis with non-linear damage analysis was performed under

three different types of boundary conditions, namely stance, lateral bending, and torsion.

The conclusions were obtained as follows:

(1)

(2)

(3)

(4)

The relationship between age and bone density was successfully determined. A
moderated negative correlation was obtained (r = -0.69) suggesting the influence of

age on the reduction of BMD.

It was found that bones with higher BMD had greater strength and high resistance to
fracture in the outer cortical bone in all boundary conditions, despite implanted with
a metallic stem. A strong correlation was observed between bone density and fracture
load in all boundary conditions of the THA models (SC, r = 0.74), (LBC, r = 0.79),

(TC, 1 =0.88).

The strength of the bone in the internal region was found to have a low correlation
with BMD, suggesting that bone micro-damage was influenced by other factors. A
moderate relationship was observed between BMD and the number of solid element

failures in all boundary conditions: (SC, r = -0.40), (LBC, r =-0.51), (TC, r = -0.48).

It was found that factors such as thin cortices of the cortical bone, bend geometry of
the femoral shaft, and the position of the THA stem had a substantial effect on the

mechanism of bone micro-damage formation in the internal region of the bone.
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CHAPTER 5: COMPARISON OF COLLARLESS AND COLLARED

STEM DESIGNS

5.1 Overview

The most crucial part in the procedure of cementless total hip arthroplasty is to
achieve biological fixation or osseointegration, in which primary stability of the implant is
known to be one of the important factors in promoting the process. Excessive micromotion
of the stem after loaded may produce micro-damage to the interfacial of bone and stem,
thus delaying or prevent the osseointegration. Several known factors that influence the
primary stability was the design of the implant. In this chapter, collarless and collared
versions of a similar cementless femoral stem were implanted into a computational femoral
bone model, developed from the CT images of 61-year-old patient. The distribution of
strain within the bone and the mechanism of bone micro-damage formation from those
collarless and collared stem versions were then compared under two different boundary

conditions.
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5.2 Construction of intact femoral model

Quantitative CT images of a 61-year-old patient with AVN were obtained from the
Fukuoka University Hospital. To model the femur, each CT image was imported into the
CT-FEM software, Mechanical Finder version 11.0 (Research Centre for Computational
Mechanics Inc., Tokyo, Japan). A two-dimensional region of interest was selected from
each CT slice where the bone region had higher CT values compared to surrounding soft
tissues, such as muscle, ligament, and adipose tissues. These selected regions were
vertically stacked to form a three-dimensional geometry of the femur. To mesh the intact
femoral models, 2-mm tetrahedral elements were assigned for cancellous bone and inner
cortical bone, while 2-mm triangular shell elements with a thickness of 0.3 mm were used
for the outer surface of the cortical bone. The surface shell elements were employed to
represent the stiffest layer of the cortical bone, which could not be discerned from the CT
images [108]. The Hounsfield unit (HU) values were converted into bone mineral density
(BMD) by applying a linear formula [108], thereby introducing inhomogeneous BMD

values into each element.
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5.3 Construction of THA model

The femoral head and neck of the femur was removed based on the intertrochanteric
line to approximately 1 cm above the lesser trochanter. The collarless and collared version
of a similar cementless stem was obtained from Teijin Nakashima Medical Co., LTD, and
was carefully inserted into the femoral canal of the 61-year-old-patient. The placement of
the implant was carefully inserted into the femoral canal through templating from the CT-
images while considering the medial offset, vertical height, and angle of torsion to replicate
the femoral torsion of the original femoral head. Figures 5.1 and 5.2 show the illustration
of both stem versions and the THA femoral bone models, respectively. The materials of
the stem and femoral ball were assumed to be titanium alloy and alumina ceramic,
respectively [121]. To allow the non-bonding characteristic between the interface of stem
and internal bone area, a frictional coefficient of 0.4 was set at the contact surface between

the two elements [139].
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(a) (b)

Figure 5. 1: Version of (a) collarless and (b) collared stem

(b)

Figure 5. 2: THA model of (a) collarless and (b) collared stem
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5.4 Loading and boundary conditions

Two different loading and boundary conditions were introduced into the nonlinear
FE analysis in order to predict the damage formations of the THA femoral bones implanted
with collarless and collared stem versions. Those conditions were denoted as axial
compression condition (ACC) and torsional condition (TC). For ACC, the loading
direction was set based on the angle of a and B, from the long axis of the femur in the
frontal and sagittal plane, respectively. The orientation of the loading direction was a=180°,
B= 0°. For TC, a realistic torsional behaviour on the femur was introduced where two
loading directions were assigned at the proximal area of the stem i.e., femoral ball, that
being covered with a hemispheric resin (E=2.64 GPa, poisson’s ratio=0.4), which sufficient
to produce a rotational motion to the bone and stem. The orientation of the bone was set to
be parallel with the z-axis of the stem. Figure 5.3 shows the boundary condition of ACC
and TC. The load was increased stepwise in six steps ranging from 294 N to 1764 N, which
was subjected to 0.5 to 3.0 of the patient’s body weight (BW) to determine the subsidence,

micromotion, and bone damage formation between the collarless and collared stem.
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fixed
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Figure 5. 3: Loading and boundary conditions: (a) axial compression condition (ACC),
(b) anterior view of torsional condition (TC) and (c) superior view of torsion condition

(TC)

5.5 Mechanical theories and material properties

The tensile deformation of all the elements constructing the femoral models was
assumed to be expressed by the linear elastic response, in which the stress-strain relation
was characterized by two material constants such as Young’s modulus and Poisson’s ratio.
On the contrary, the compressive deformation of the elements was assumed to be expressed
by the bi-linear elastic-plastic response, in which the stress-strain relation was

characterized by Young’s modulus and Poisson’s ratio under the linear-elastic behaviour
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and the yield stress and the work hardening coefficient under the plastic behaviour. The
Drucker-Prager yield condition was used to assess the onset of yielding [108]. Yielding
was assumed to take place when the Drucker-Prager equivalent stress reached the
compressive yield stress. Young’s modulus and the compressive yield stress of a solid
element were calculated from the corresponding BMD value of the element using the
empirical formulae proposed by Keyak et al. [127] and Keller [128]. Poisson’s ratio and
the work hardening coefficient of all the solid elements were set to 0.4 and 0.05,
respectively. Those properties of each of the shell elements were chosen so that they were

equivalent to those of the adjacent solid element located under its position.

The tensile fracture of a solid or a shell element was assumed to take place when the
maximum principal stress reached the tensile strength which was equal to 0.8 times the
compressive yield stress of the element [129], [130]. On the other hand, the compressive
fracture of the element was assumed to occur when the minimum principal strain reached
the fracture strain which was equal to -3,000 micro-strain [130], [131]. Aggregation of
shell element failures is usually needed to express the femoral fracture of the outer cortical
surface and compare the fracture behaviour between the intact and the THA models.
Therefore, in this study, a critical condition was set on the basis of the number of failure
elements. 1000 shell element failures were chosen as the condition and the analyses were
terminated when the total number of shell element failures reached 1000 under either
tensile stress or compressive stress state. The stress-strain responses of titanium alloy and
alumina ceramic were assumed to be linear elastic. Young’s modulus and Poisson’s ratio
were chosen to be 114 GPa and 0.34 for titanium alloy and 370 GPa and 0.22 for alumina

ceramic [121].
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5.6 Results and Discussion
5.6.1 Distribution of bone strain

Figures 5.4 and 5.5 show the maximum and minimum principal strain distribution at
the bone areas surrounding the collarless and collared stem under ACC and TC,
respectively. The illustration of strain distribution was compared at 1 BW load under a
similar strain scale. The maximum and minimum principal strain refers to the bone

deformation under the tensile and compressive state, respectively.
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Figure 5. 4: Distribution of bone strain in (a) tensile and (b) compressive under ACC
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In ACC, the distribution of tensile strain was located at the proximal bone areas for
both the collarless and collared models. Larger strain value was observed in the collarless
model than in the collared model. This can be seen in Figure 5.4 (a). In the case of
compressive strain, higher values were noticed at the bone area located at the distal end of
the collarless stem as shown in Figure 5.4 (b). In TC, the distribution pattern of bone strain
was similar for both models under the tensile and compressive states, however, the
collarless model exhibited higher strain values at the bone area compared to the collared

model. The comparison can be observed in Figure 5.5 (a) and (b).
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Figure 5. 5: Distribution of bone strain in (a) tensile and (b) compressive under TC
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Figures 5.6 and 5.7 show a quantitative comparison of the average strain values in
the bone for both stem versions under ACC and TC. The results indicate that the bone
exhibited higher strain values with the collarless stem as compared to the collared stem in
all load levels under both boundary conditions. The strain differences were more notable
in ACC as compared to TC at lower load levels i.e., 0.5 BW to 2 BW, in both tensile and
compressive state. This suggests that the presence of a collar has improved the axial
stability of the stem but not the rotational stability. As a comparison, the percentage
difference of maximum and minimum strain between both models at 1 BW under ACC
was 23.64% and 18.92%, respectively, while under TC, the percentage difference was
4.74% and 7.67%, respectively. Significant differences were only noted at higher load

levels under TC.

The proximal bone area within the femoral canal plays a critical role in providing the
contact point for stem fixation to ensure implant stability and promotes osseointegration.
Based on the results, the presence of a higher strain value at the bone area located at the
fixation point of the stem indicates lesser implant stability, which could be due to the
subsidence and micromotion of the implant after loaded. On the other hand, the results
suggest that the presence of a collar has reduced the subsidence of the stem into the femoral
canal, as high values of compressive strain were only noticed at the distal bone area of the

collarless stem under ACC.

168



0.000500
M Collarless
= 0.000400
© m Collared
+  0.000300
£
S 0.000200
lg
& 0.000100
0.000000 LT W BN B B B
0.5BW 1.0BW 1.5BW 2.0BW 2.5BW 3.0 BW
Bodyweight (BW)
0.5BW 1.0BW 15BW 2.0BW 2.5BW 3.0BW
0000000 —— s —
c -0.000100
o
% -0.000200
E
E -0.000300
‘e M Collarless
«= -0.000400
= m Collared
-0.000500
Bodyweight (BW)

Figure 5. 6: Average value of maximum and minimum principal strain under ACC
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Figure 5. 7: Average value of maximum and minimum principal strain under TC
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5.6.2 Accumulation of bone element failures as bone micro-damage

Figures 5.8 (a) and (b) show the cumulative number of solid failures under ACC and
TC, respectively. Figures left and right corresponded to the element failures generated
under tensile and compressive conditions, respectively. It can be seen that the solid element
failures under compressive stress state were dominant compared to the tensile state for both
ACC and TC. On the other hand, the number of solid element failures was seen to be higher
in collarless stem compared to collared stem in every load level. The effects were much
notable in ACC compared to TC. In ACC, the cumulative numbers of solid element failures
in collarless stem tended to gradually increase until 2.5 BW, and rapidly increase at 3 BW.
Meanwhile, the cumulative numbers in collared stem was seen to increase slowly until the
final load levels. Under TC, the cumulative numbers tended to increase steadily until the

final load levels. The pattern was similar in both stem models.

The cumulative numbers of shell element failures under ACC and TC are also shown
in Figures 5.9 (a) and (b), respectively. Similar to the solid element failures, the
compressive failures tended to be more dominant than the tensile failures in both boundary
conditions. It is important to see that under ACC, only collarless model had experienced
the shell element failures. Thus, the presence of collar tended to increase the bone strength
under this boundary condition. The number of shell element failures under tension and
compression was rapidly increased only at the final stage of loading i.e., 3 BW. In the case
of TC, both models were seen to experience bone fracture. The cumulative pattern was
seen to vary between the tensile and compressive conditions. In tensile condition, the
cumulative numbers tended to increase, remain steady and increase again until final load

levels, while, in compressive condition, the cumulative numbers tended to increase steadily
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until the final load. The presence of collar has affected the strength of the bone, where in
both tensile and compressive, the shell element failures in collared model tended to appear
at higher load level compared to the collarless stem. In addition, the total number of shell

element failures was higher in collarless than in collared under this boundary condition.
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Figure 5. 8: Number of solid element failures in tensile (left) and compressive (right)

under (a) ACC and (b) TC
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Figure 5. 9: Number of shell element failures in tensile (left) and compressive (right)

under (a) ACC and (b) TC

5.6.3 Distribution of solid and shell element failures

Distribution patterns of solid element failures from 0.5 BW to 3 BW under ACC and
TC were shown in Figures 5.10 and 5.11, respectively. The collarless and collared stems
were represented by figures (a) and (b), respectively. Under ACC, it is clearly seen that the
collarless model had greater internal bone damage than collared model in every load levels.
Major element failures were observed to be accumulated at Gruen zone 7 while minor
failures were noticed at Gruen zones 1 and 4 of the collarless model. On the other hand,

the accumulation of element failures in collared model were only located at Gruen zone 7.
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Figure 5. 10: Distribution of solid element failures under ACC

From the observation in TC, the element failures were initiated at Gruen zone 1, 6,
and 7 in both collarless and collared models. This can be seen at 1 BW load. As the load
increases, greater bone damages were accumulated at those respective regions. However,
the distribution of element failures exhibited some variations at higher loads. Specifically,

at 3 BW, the collarless model showed a notable accumulation of element failures in Gruen
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zone 2, in contrast to the collared model, which experienced greater damage in Gruen zone

1 compared to the collarless model.
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Figure 5. 11: Distribution of solid element failures under TC
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The distribution of shell element failures was illustrated in Figures 5.12. Figures (a)
and (b) corresponded to the condition of ACC and TC, respectively. In ACC, only the
collarless model has experienced shell failures while in TC, the element failures occurred
in both models. It was observed that the location of element failures under both boundary

conditions were similar in both models which occurred at the proximal region of the bone.

collarless collarless collared

(a) (b)

Compressive Tensile
(shell) ™™ (shell)

Figure 5. 12: Formation of shell element failures under (a) ACC and (b) TC
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5.7 Conclusion

A collarless and collared versions of a similar THA stem were implanted into a FE

bone model developed from CT image of 61-year-old patient with avascular necrosis.

Finite element analysis with non-linear damage analysis was performed under axial

compression (ACC) and torsional conditions (TC). The conclusions were obtained as

follows:

1)

)

©)

The bone strain was found to be higher in the collarless stem compared to the collared
stem in both tensile and compressive states. The difference was more significant
under ACC, where the percentage difference in bone strain between the collarless
and collared stems at a 1 BW load was 23.64% and 18.92% for the tensile and
compressive states, respectively. Under TC, a much smaller percentage difference
was observed with 4.74% and 7.67% for the tensile and compressive states,
respectively. It is concluded that the presence of collar had improved the implant

stability especially under axial loading.

The cumulative number of solid element failures in the collarless stem was much
higher than in the collared stem in both boundary conditions and at all load levels.
This difference was more significant under ACC compared to TC. It is concluded
that implant with better stability could produce lesser damage as shown by the model

with collared stem.

Under ACC, significant bone damage was found to accumulate at Gruen zone 7 in
the internal region of the collarless model. Minor damage was also observed in Gruen

zones 1 and 4 under the same conditions. In contrast, the collared model exhibited
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(4)

(5)

bone damage only in Gruen zone 7. It is concluded that the risk of implant loosening
after THA could be higher when implanted with collarless stem due to bone damages

at several locations within the bone and stem interface.

Under TC, the initiation of bone damage was found in Gruen zones 1, 6, and 7 in
both models. At a higher load, specifically 3 BW, a greater accumulation of element
failures was observed in Gruen zone 2 for the collarless model and in Gruen zone 1

for the collared model.

Shell element failures were found to occur only in the collarless model under ACC.
Under TC, shell failures occurred in both the collarless and collared models. It was
observed that the bone in the collarless model experienced fractures at lower load
levels compared to the collared model. The location of bone fracture was similar in
both models. It is concluded that the presence of collar could increase the strength of

the bone when implanted with collared stem, specifically under axial loading.
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CHAPTER 6: GENERAL CONCLUSIONS

In this study, inhomogeneous FE bone models were successfully developed from the

CT-images of avascular necrosis patients and those models were implanted with several

types of THA stem. Non-linear finite element analyses with elemental damage models were

then conducted to investigate the mechanism of bone damage formation in each of the

femoral bone, simulated under several types of boundary conditions. The results of this

work can be summarized as follows:

In Chapter 2, two inhomogeneous femoral bone models from CT-image of avascular
necrosis patients were successfully developed, and denoted with bone X and bone Y.
The quality between the two bones were successfully evaluated through the
quantitative comparison of BMD distribution at the head and neck region of both
femurs. It was found that the BMD distribution in the head and neck region showed
a similar pattern, but different BMD values were obtained from the two bones.
Therefore, it is understood that different bones will have different qualities. The
mechanism of bone micro-damage in the internal bone region was successfully
depicted by analysing the cumulative number of solid element failures under two
types of isometric loadings namely, lateral bending (LBC) and torsional conditions
(TC). It was found that the cumulative number of element failures could explain the
effect of stem design on the internal condition of the bone, including its internal
strength and severity of bone damage, especially in bone with good quality. However,
the effect of stem design was found to be small for poor bone quality under the two

boundary conditions, i.e., LBC and TC. This research highlights the pivotal role of
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the stem shoulder size and cross-sectional shape in shaping the internal bone damage
of high-quality bone (bone X). Notably, stems with smaller shoulder sizes and round
cross-sectional shapes exhibited early and higher levels of bone damage under
torsional conditions when compared to stems with larger shoulders and rectangular
cross-sectional shapes. These discoveries hold valuable implications for the
advancement of THA implant design. By understanding the influence of stem
geometry on bone micro-damage, designers and researchers can tailor their
approaches to optimize implant designs for improved clinical outcomes. Future
research endeavours may focus on conducting comparative studies with a broader
range of implant designs to enhance our understanding of bone micro-damage

patterns across various bone qualities.

In Chapter 3, similar bone models of bone X and bone Y were used to investigate the
effect of bone quality and implant design under several falling configurations, which
simulated falls onto the lateral and posterolateral sides of the femur. By applying a
similar concept as in Chapter 2, it was found that the effect of stem design influenced
the mechanism of bone micro-damage in the internal region of high-quality bone
(bone X) during falls. The bone damage in bone X was observed to initiate at
different load levels when implanted with different stem design. However, the
influence was found to be insignificant in bone Y. Overall, these findings underscore
the importance of stem design in the context of bone fracture vulnerability and
internal bone micro-damage. The results of this study may have practical
implications for the development of THA implants, particularly in enhancing

rotational stability and minimizing bone damage risks in traumatic incidents, such as
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sideways falls. The significance of femoral osteotomy in current surgical practices is
highlighted as a means to mitigate excessive bone removal when employing stems
with longer neck lengths. Additionally, bone quality was found to have notable
influence on the formation of bone damage. Thus, future research could delve deeper
into the specific factors influencing fracture load and bone micro-damage,

considering variations in patient characteristics and implant materials and designs.

In Chapter 4, further analysis was conducted to determined other potential factors
that could affect the performance of a THA femur, through the bone damage analysis.
The relationship between age and BMD was determined based on 28 FE femoral
models developed from AVN patients, which results in moderate correlation (r = -
0.69). Here, it is understood that age alone is not an absolute indicator of lower BMD,
but it does influence on the reduction of BMD. From the 28 femurs, 10 were selected
for implantation. Again, the relationship between BMD and fracture load was
investigated. All implanted models were assigned with three different boundary
conditions namely, stance (SC), lateral bending (LBC), and torsional (TC) conditions
and a monotonic load with 10 N load increment was assigned to all models until bone
fracture. Strong correlations between BMD and fracture load were observed in all
boundary conditions (SC, r = 0.74), (LBC, r = 0.79), (TC, r = 0.88), suggesting that
BMD is an important factor in assessing fracture risk from the outer cortical bone.
However, moderate correlation was observed between BMD and bone strength from
the internal region of the bone (SC, r = -0.40), (LBC, r = -0.51), (TC, r = -0.48),
suggesting the performance after THA can be influenced by other factors. In

conclusion, the findings from the study highlight crucial considerations for THA in
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patients with varying bone qualities. Specifically, bones with thin cortical cortices
present a higher risk of complications due to significant bone damage at the bone and
stem interface, suggesting that these cases may not be suitable for undergoing
cementless THA. Additionally, in femurs without thin cortices, factors such as bent
femoral shaft geometry and retroversion implant placement contribute to elevated
bone damage. To address these challenges and improve THA outcomes, future
research should focus on several key areas. Mechanistic studies are warranted to
understand the biomechanical forces acting on bones with thin cortical cortices
during THA, facilitating the development of personalized implant designs and
surgical strategies. Patient-specific preoperative planning tools, incorporating
advanced imaging and modeling techniques, hold promise for optimizing implant
selection and placement based on individual bone properties. On the other hand, to
address the challenges of femoral shaft geometry, in-depth biomechanical analyses
should be conducted to comprehend how bent femoral shafts impact load distribution,
stress patterns, and stability during THA. Advanced computational modeling and in
vitro testing can provide valuable insights. Meanwhile, adjustable implants
specifically at the neck region may be useful to mitigate the problem with retroverted

femoral head, to avoid retroversion placement of the THA stem.

In Chapter 5, collarless and collared versions of a similar stem were implanted into
a finite element (FE) model developed from CT images of a 61-year-old patient with
AVN. The primary stability between these two designs was investigated based on
bone strain analysis under two different boundary conditions: axial compression

(ACC) and torsional conditions (TC). It was found that the bone strain surrounding
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the collarless stem was much higher than that surrounding the collared stem,
suggesting that the collarless stem produced higher micromotion. The results were
more pronounced in ACC compared to TC, indicating that the presence of a collar
improved the axial stability of the THA stem. Furthermore, less bone micro-damage
formation was observed in the internal bone region when the bone was implanted
with the collared stem, and the presence of the collar increased the bone strength
under ACC. In TC, it was found that the presence of the collar did influence the
reduction of bone micro-damage in the internal bone region and increase the bone
strength; however, the difference was small compared to the collarless stem. This
discovery provides evidence that a basic modification to the THA stem, specifically
the addition of a collar, has the potential to enhance postoperative results following
THA. Moreover, it offers valuable insights for the development of more sophisticated

implant designs.
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