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ABSTRACT

The hip joint capsule is a complex soft tissue structure that comprises a number of
licaments with different thickness and strength respectively, as well as a thinner
membrane-like part that provides the structural integrity for the capsule. The role of the
capsule is twofold, forming a closed environment around the joint surfaces, in which the
synovial fluids are retained, but also providing a passive joint resistance that acts in
addition to the surrounding muscles and mainly in extreme limb positions and in
unexpected limb loading. Despite its important role, the capsule 1s commonly removed
in Total Hip Replacement (THR), either fully or partially, to clear the view to the joint.

The little existing knowledge on the mechanical properties of the capsule and its
performance in situ during various walking activities makes it difficult to argue for its
preservation and repair following THR, especially due to the additional efforts that this
brings along for the surgical team. This project 1s an attempt to provide this required
information and to highlight any changes in joint resistance that occur as a result of a
complete or partial removal of the hip joint capsule.

A cadaveric approach was used at first, in which complete human hip jomnts with intact
capsules were tested. A sequential removal of the capsular ligaments was carried out, in
order to reveal the total contribution to joint resistive moments of the individual
ligaments. Anterior ligaments were distinguished from posterior ones and the tests were
carried out in those limb positions in which the joint would be least stable under absence
of the respective ligaments. Partial damage of the posterior aspects of the capsule
showed increased risk for posterior joint dislocation when the limb was 1n flexion and
internal rotation compared to the effects of an anteriorly damaged capsule.

A 3-D computer model! of the hip joint with its capsular ligaments was created, in order
to confirm the findings from the cadaveric study, but also for the purpose of simulating
effects in post-operative anatomies. Different methods of creating the geometric model
were attempted and it was achieved to create a model that would be used to simulate the
resistive moments produced by the individual ligaments. For simplicity, the ligament
action was simulated by linear spring elements. The findings of the cadaveric
experiments could not be reproduced, because of the way the ligament forces were
modelled, which does not consider the viscoelastic properties of soft biological tissues.
However, it was still possible to draw valuable conclusions on the effect that various
prosthetic component attributes have on the total joint moments. Recommendations were
made for the optimal approach to the capsule in THR.
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Chapter 1

Chapter 1- Aims and Objectives

1.1 Introduction

Altius, citius, fortius or swifter, higher, stronger. The motto of the Olympic games
states what 1n modern times is a statement of life. The so-called high performance
society in which we are living demands highest performance from everyone for a
long period of time. However, the human body has a set expiry date, beyond which
certain functions can no longer be performed satisfactorily. Reduced performance,
loss of life quality and pain are the consequence. The hip joint and its diseases that
lead to the termination of its function are one such example. Since Professor Sir John
Charnley performed the first hip resurfacing operations in the early 1950°s, many
things have changed in Total Hip Replacement (THR) surgery. Designs have
evolved, matenials selection is much more sophisticated and also surgical techniques
have seen various modifications, depending on the individual surgeon’s preferences.
The presently avallable prostheses show in general good survival rates, with the
Charnley type presenting up to 97.2% survivorship at 30 years after implantation
(Wroblewski et al, 1999). Does this mean that hip implants have reached complete
maturity and can provide a guarantee for excellent performance forever? Is there no
room for further improvement and development? The answer to this is of course no.
The majority of the available designs were developed having one target in mind,
namely the relief of pain. Since this could be provided in the above mentioned
reliable manner, the next demand from a prosthetic device appeared to be the
minimisation of restrictions in daily activities. This request came about mainly by the
younger patient group aged between 20 and 55 years that required THR. In these
groups the demand for a better life quality despite a prosthetic hip, led to further
development of new designs that would be able to handle increased loads at their
Interface with the biological host environment and at their articulating surfaces.
Higher and more intense loading would usually lead to reduced survival rates, which
for younger patients would mean one or more revision operations (Goldsmith et al,

2001) within their lifetime. Bone stock preservation during the primary THR for this

patient group is therefore essential, to enable the surgeon to fit an implant in the
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remaining part of the femur in the revision surgery. Thus, frequently surgeons prefer
smaller prostheses for use in younger patients very often combined with small
femoral head component sizes. However, stability of the artificial joint is affected by
the femoral head component size and tends to result in less stable assemblies as the

size reduces. It 1s therefore of extreme importance to consider a good balance

between the components’ size and other stabilising structures that are around the hip

joint.

One of these structures is the hip joint capsule, which surrounds the joint
surfaces much like a protective sleeve that also forms an enclosed volume for the
synovial fluids. Despite its apparent importance, the hip joint capsule is very
commonly sacrificed in THR surgery for the benefit of an improved accessibility to
the diseased joint surfaces. There are no studies, though, that could assist in
determining the role of the capsule and studying its relevance in stabilising the hip

joint.

1.2 Aims and Objectives

It is the aim of the present study to investigate the material properties and the
mechanics of the capsule and its role in stabilising the hip joint in the healthy
anatomy and in the replaced hip joint. A computational model 1s employed in order
to make it possible to study different situations- mainly of post-operative anatomy-
that could prove critical. Further, it is the aim to develop a 3-D computer model and
to validate it against the cadaver models. A cadaver study of anatomically intact
human hip joints is of assistance in the efforts undertaken to characterise the
mechanical properties of the capsule. Conclusions are reached on the role of the
capsule and on the effects of its absence in a replaced hip joint, in relation to
prosthetic component sizes. Possible' future applications of the computer model are

discussed that will help to further improve the understanding of the hip joint capsule.
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1.3 Thesis OQutline

Chapter 2 of this thesis gives a review of how much work has been done in

the past regarding the hip joint capsule both by means of histological and anatomical

work, but also in relation to i1s role and function within the human body. Also

presented are other factors relating to hip joint stability after THR and a summary on

how these factors correlate.

Chapter 3 outlines various approaches that were investigated for the
characterisation of the materials properties of the capsular tissues. The devices that
were considered are reviewed and explanations are given as to why they were

rejected. Finally, the test set-up of choice is presented and the design and

manufacture of the required equipment is illustrated.

Chapter 4 describes tests that were done on cadaveric human hip joint
specimens including the hip joint capsule. The capsule’s mechanical behaviour
during human locomotion and in extreme limb positions is presented, both for intact
joints and for joints with damaged capsular ligaments as they would result from cuts

during THR surgery.

Chapter 5 deals with the details and techniques that needed to be considered
in the development of the three-dimensional (3-D) computer model of the hip joint
and its capsule. The different visualisation modalities that were employed are
explained and all file format types that were necessary for the further utilisation of

the model are explained.

Chapter 6 contains all numerical analysis work that was done on the computer
model of the hip joint. Thereby, a special Finite Element Analysis (FEA) software
was used. The numerical approach includes studies of the effect of prosthetic

component sizes on stability and on the role of the individual capsular ligaments.

The overall conclusions from the present study are summarised in chapter 7

and indications for necessary further work are given.
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Chapter 2- Background and Literature Review

2.1 Anatomy of the Hip Joint Capsule

The hip joint 1s a ball and socket joint lying deep under several layers of soft
tissues, including skin, fat, connective tissues and various muscles. It is mainly these
muscles that contribute to the stabilisation of the joint by acting through the joint
interface compressing the two bones of the joint thereby holding them firmly

together. Figures 2.1 and 2.2 show the two main parts of the hip joint, namely the

pelvis and the femur.
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Fig 2.1 Anterior aspect of the complete pelvic bone and section through the
acetabular level of the hip joint with the femur reflected (Gray, 1918).

An interesting aspect of the acetabulum 1s the semi-lunar cartilage, against
which the femoral head is sliding during gait. The red line in figure 2.1 shows the
orientation of the section plane that is illustrated on the right part of figure 2.1. The
ligamentum teres originates in the femoral head and connects to the acetabular notch,

blending in with the transverse ligament (yellow ellipse in figure 2.1).
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Fig 2.2 The major anatomical landmarks of the femoral

bone to which reference is made extensively in this thesis

(Gray, 1918).

The capsule might also be seen as the connecting link between the pelvic and
the femoral bones. It surrounds the hip joint generally like a protective sleeve from

all sides and is very strong in its anterior aspect.

[liac Spine -;.I.,-:_.__‘Ischiofemoral Ligament
Lat & Med e
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Ligaments
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Intertrochanteric Line

Fig 2.3 Ligaments of the hip joint capsule at the anterior and posterior aspects.
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The fibrous part of the capsule has three major thickenings, which 1s where
the ligaments are situated and therefore the strength of the capsule is the highest
(figure 2.3). The first is the two-stranded iliofemoral ligament at the anterior aspect
of the hip joint and the second is the pubofemoral ligament that spans from the pubic
bone to the region of the lesser trochanter. On the posterior aspect of the joint
capsule lies the ischiofemoral ligament that is basically a weak band that arises from
the ischium at the acetabular rim and surrounds the back side of the femoral neck and
inserts at the superior part of the trochanter. The fibre bundles of the capsular
ligaments run in two main directions. The majority of them run obliquely from the
acetabulum to the femur (figure 2.4), whereas others run in circular fashion almost
parallel to the margins of the acetabulum and form the zona orbicularis (figure 2.5).
It has been stated that the direction of fibres relates directly to loads they are
subjected to (Ralphs and Benjamin, 1994). To judge by the shape and fibre
orientation of the zona, it can be stated that its role comprises preventing twisting of

the capsule and also strengthening the synovial membrane’s boundaries.

5 i i
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Figure 2.4 Anterior (left) and posterior (right) views of capsule fibres (Gray, 1918).

Beneath the strong fibres of the capsule, lies the synovial membrane (figure
2.5), which forms the inner lining of the capsule, into which the ligaments are

embedded 1n a kind of mesh. The synovial membrane ensures that the synovial fluids



Chapter 2

are retained within it, providing sufficient lubrication for the cartilaginous joint
surfaces. Frequently, the synovial membrane is referred to as the capsule, separating
it from the ligaments of the hip joint. However, since the synovial membrane and the
hip joint ligaments are blended into each other, 1t has become more common that

researchers refer to the complete construct of membrane and ligaments as the capsule
(Zuckermann, 1963).

HY

Zona orbicularis f

Lesser trochanier

Fig 2.5 The posterior synovial membrane (Gray, 1918).

The synovial membrane originates at the semi-lunar surface of the
acetabulum and passes the acetabular rim, running under the capsular ligaments and
extending to the neck of the femur as far as the cartilage margins of the femoral head

(Romanes, 1977). The synovial membrane also encloses the ligamentum teres

femoris.

[t has already been mentioned that proximally, the individual capsular

ligaments originate along the acetabular rim, but in what concerns their insertion into

the femur things are a little more complex.
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Figure 2.6 Blue lines indicate the margins of femoral capsular insertion (Gray, 1918).

Distally, the capsule attaches to the femur along the intertrochanteric line at
the anterior aspect and extends not quite as far as the intertrochanteric crest at the
posterior aspect and is generally weak (Zuckermann, 1963). The insertions are
highlighted with blue lines in figure 2.6. The red lines indicate insertion areas of
muscles, but that does not bear any significant importance within this project, as the
role of muscles in joint stabilisation is not investigated in this work. It 1s noteworthy
how far down along the femoral shaft the medial iliofemoral ligament extends (figure

2.7).
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2.2 Composition of the Capsule Ligaments
‘Ligare’ 1s the Latin word for connecting, which is the main purpose of
ligaments. They connect the two bones of articulating joints and ensure that they stay
connected, maintaining 1n this way the joint’s stability. Further, ligaments guide joint
movement and therefore play a major role in extremely mobile joints i.e. those with a
wide range of motion. Therefore, the expected characteristics of ligaments are high
deformability, but also great strength and fast and complete recovery to their original

shape. These requirements apply to all ligaments.

2.2.1 Cellular and Extra-Cellular Histology

Ligament composition can be divided into cellular and extra-cellular
components (Binkley, 1989). The cellular component includes fibroblasts,
macrophages and plasma. Fibroblasts are in charge of regulating the extra-cellular

environment based on the external stimuli. They produce collagen and ensure it is

replaced in case of microscopic damage. Therefore, despite their small numbers

fibroblasts play an important role for ligaments (Nigg and Herzog, 1999).

tropocollagen microfibril subfibril tibril fibre
1.5nm 3.5nm 10-20nm 50-500nm 50-300um
X-ray X-ray, EM X-ray, EM  X-ray, EM,SEM EM, SEM, OM

staining periodicity crimp
3snm 64nm 45-50um

Fig 2.8 Macro- and microscopic structure of ligament fibres (Kastelic et al, 1978).

The extra cellular matrix, which basically forms the ligament’s body, is made
- up from collagen, proteoglycans, elastin and water. Figure 2.8 shows an illustration

of the fibres that compose ligament tissues based on the elemental protein collagen.
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Collagen fibrils have a ‘zig-zag’ crimp form that is straightened when tensile

load 1s applied on the tissue. Collagen fibres vary in size and are typically within the

range of 10-1500 nm (Nigg and Herzog, 1999), depending mainly on age. The larger
their size the greater the loads that the tissue can withstand. Externally enforced
relative movement of collagen fibres reduces viscosity of the capsular ligaments and
allows easier stretching of the tissue. This behaviour depends largely on the strain
rate (figure 2.9). Slow strain rates mean that there is enough time for interstitial
fluids to flow within the ligament’s body without providing great resistance to the
applied deformation. At higher strain rates fluid pressure resists deformation more.
However, for large strains the elastic effects of the stretched-out collagen fibres gain

importance over the fluid effects that are predominant at low total strains.

The purpose of proteoglycans in ligaments is only speculated. It 1s believed
that their main role is in controlling the viscoelastic behaviour of the ligament by
regulating the amount and movement of water within the matnx (thixotropy), based
on its hydrophilic nature. Apart from influencing the thixotropy of the higament
matrix, water has the additional role of providing lubrication for inter-fascicular
sliding (Nigg and Herzog, 1999) and also to carry nutrients to the fibroblasts whlst
also removing waste substances. Finally, elastin plays the role of restoring the initial
length of ligaments after removal of a tensile load. Elastin can do that by remaining

in a coiled shape when the ligament is in unloaded condition. Presumably, some of

the ligament’s strength results from the presence of elastin (Nigg and Herzog, 1999).

2.2.2 Factors Affecting Ligamentous Histology

It is known that age, sex hormones, activity and diet are factors that play a
role in the biochemical composition of soft connective tissues like the capsule and its
ligaments (Nigg and Herzog, 1999). In young age, tissue is in an immature state and
as it reaches maturation an increase in the size of collagen fibres is observed as well
as a rise in number of cross-links. With ageing this process is reversed and therefore
its strength diminishes. Estrogen- a sex hormone predominant in female- was shown

to influence the strength of the capsular tissues beneficially by increasing the

diameter of the elastic fibres (Shikata et al, 1979). This means that in mature females,

10
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estrogen affects the tissue properties. Furthermore, it has been stated that lack of
activity leads to reduced range of joint motion (Binkley,1989) as a result of the
changing material properties of the tissues that occur. Thereby, it has been postulated
that these changes are due to altered water contents of the extra-cellular matrix that

results from the joint immobilisation and causes the increase of viscoelasticity and
shortening of the ligament and capsule tissue. This theory is more commonly
accepted amongst physiotherapists, but an alternative explanation for the increased
joint stiffness following immobilisation, has to do more with the shrinking number of
collagen fibres that comprise the ligament (Akeson, 1961). My feeling 1s that the
number of collagen fibres reduces due to the absent ligament loading in immobilised
joints, without being able to reject the opinion of Binkley (1989) regarding the water
content’s effects on ligament strength. In any case the observation following joint
immobilisation is that the passive joint stiffness is increased, which means that a
greater torque is required to move the limb into a certain position compared to prior
of joint immobilisation. The complex composition and diverse interaction of all the

ligamentous components makes it extremely important to select an appropriate
method for defining its mechanical properties, as they will be influenced by the

condition of all the living components.

2.3 Function of the Hip Joint Capsule

The vital importance of the hip joint capsule is the result of the numerous
functions that this tissue has. As was already mentioned briefly, the capsule provides
a seal for the lubricating synovial fluids and also contributes passively to joint
stability, which means that they ascertain the correct joint movement whilst securing
its structural integrity. Reduced joint stability could in extreme cases result in the

dislocation of the hip joint, which means that the femoral bone would end up being

displaced out of the acetabulum.

2.3.1 Alternative Roles of the Hip Joint Capsule

Beyond that, though, it has been proposed that it might also play a role in the
proprioception via its nerve endings (Eldred et al, 1998). This would mean that by

removing or damaging the capsule partly or completely during THR surgery, would

11
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cause a disturbance to the proprioceptive perception of the limb position and could
place an additional risk to joint stability at extreme limb positions, because important

information would not be passed on to the surrounding stabilising musculature

(Kennedy et al, 1982). The absence of strengthening capsular ligaments would add to

the limited stabilising joint forces.

Wingstrand et al (1990) have reported on the importance of the hip joint
capsule in providing additional stability to the hip joint not only due to the
mechanical forces produced by the ligaments, but also because of the intracapsular
pressure. On the cadaver model they inserted a steel axis through the greater
trochanter and along the neck of the femur, enabling them to apply extension or
flexion angles to the hip joint by externally turning that axis. Thereby, the changes of
pressure in the joint capsule that occurred with every change of rotational orientation
of the femur were recorded, using a piezoelectric pressure transducer connected to a
saline-filled pressure resistant tube. The findings of this research showed that even at
normal intracapsular pressure levels, a rise in pressure occurred when rotating the
femur into positions of extreme extension and flexion of the joint. This increased
intracapsular pressure contributes- even if only marginally- to the stability of the hip
joint, in particular in the critical joint positions of full extension or flexion. This
would suggest that when a capsule is damaged or excised during THR, this
additional intracapsular pressure becomes redundant, increasing the risk for hip
dislocation. It 1s therefore proposed, that this factor should also be considered when
performing THR surgery and cutting through the joint capsule. The effect of
intracapsular pressure on joint stability is not accepted by all researchers, because it
is not clear to what extent the intracapsular pressure comes into action, before the

ligaments begin to produce resistance moments.

2.3.2 The Role of the Capsule in Hip Joint Stiffness
Nevertheless, in this work the weight is placed on the investigation of the
mechantcal action of the hip joint capsule ligaments. The way the different ligaments

are positioned within this capsular meshwork, predisposes their role in producing

resistance moments around the hip joint. According to the anatomical observations of

12
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Fuss and Bacher (1991) the following restrictions are produced by the individual

ligaments:

Pubofemoral ligament- restricts abduction independent of flexion-extension and

internal-external rotation

Ischiofemoral ligament- restricts inward rotation with its superior fibre bundles,
unless the limb is in extreme adduction combined with full flexion or extension. It

also restricts flexion, regardless of the presence of internal or external rotation.

Medial iliofemoral ligament- restricts extension if no adduction is present. This is

independent of internal or external rotation present.

Lateral iliofemoral ligament- partly restricts extension of the limb, but only if the
limb is not abducted beyond half of its range. This restriction is obviously carried by
the medial bundles of the lateral iliofemoral ligament. On the contrary, the lateral
bundles restrict outward rotation when the limb is in flexion, but without the

presence of severe adduction.

Flexion is less restricted than other limb movements. However, 1t is restricted
by the thigh bone contacting the trunk and also by the resistance that the inferior
bundles of the ischiofemoral ligament apply in extreme flexion. The above described
ligament actions are of great importance when trying to estimate the effect that
capsular excision during THR surgery has on the stability of the post-operative hip
joint. These actions are also matter of discussion in chapters 4 and 6. The above
observations are based exclusively on the anatomical location of the individual
ligaments, but the impression gained during the course of the cadaver work that is
described in chapter 4, is that rather than having exclusive roles, each of the
hgaments has a contribution to total resistive moments in more than one limb
movement. This fact is also confirmed in the numerical analysis that is presented in
chapter 6, where the individual resistive moments from the different ligaments are

shown individually for the various simulated limb positions.
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2.4 Previous Research on Hip Joint Capsule Biomechanics

Ahlers et al (1978) attempted to determine the mechanical properties of the
hip joint capsule by comparing ten specimens that were removed intra-operatively
from patients with coxarthrosis, which is a chronic degenerative disease of the hip
joint, undergoing primary THR to ten specimens from the capsule of patients
undergoing revision THR (1.e. where a neocapsule or pseudocapsule had already
formed after the primary operation). The result of this study showed that almost all
figures that describe the properties of a tissue are similar in both types of capsule.
Only in terms of tensile strength the neocapsule could take almost twice the load of
the diseased coxarthrosis capsule (table 2.1). Any capsule harvested from donors

with coxarthrosis would have undergone certain degeneration as a result of the

disease, which explains the reduced strength of that these specimens experienced.

:__ ' ~ Original C:psule Npsule . ',I
Tesile Strengt |[MPa] l 1.77 | 3.26 ‘
. Max Strain [%] 119 125 -_
 FElastic Modulus (10% strain) [MPa] | 2.05 i 2.2

Transition Point [% of l] 11 J 9.9 -.

e e — g

Table 2.1 Properties of original capsule and neocapsule (Ahlers et al 1978).

Transition point in table 2.1 describes at what percentage of elongation
relative to the initial length of the specimen (lp) the shift from the initial toe region of
a stress-strain curve to the linear region occurs. The modulus of elasticity 1s derived
graphically by drawing a tangential line on the stress-strain curve at the interposition
of 10% strain. One aspect of this work that gives reason for concern on the rehability
of the findings is the way the samples were excised out of the complete hip joint
capsule. In fact, their efforts concentrated on creating standard sizes and in particular
sizes of 10x2x2 (mm*) and not in ensuring that individual ligaments were excised

from the capsular mesh. It is possible that lack of knowledge at the present time led

to the acceptance of such a limitation.
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Fig 2.9 Stress-strain curves for different strain rates (A, B and

C). Greater strain rates result in faster stress response (A>B>C).

Another more recent research involving the hip joint capsule made an
advance by excising the various individual ligaments that are part of the capsular
mesh and subjecting them to tensile tests (Hewitt et al, 2001 and 2002). The findings
of this research group are of great relevance to the present research and are part of a
comparison that is done within the present work. For this reason the review will not
be too extensive at this point, as a more detailed description of Hewitt et al’s findings
is given under paragraph 3.6.1 of this thesis. However, the main findings are
summarised in this paragraph as a means of comparison to the findings reported by

Ahlers et al (1978) and presented in table 2.2.

! " Lat@lioLig | Med Ilio Lig Ischio Lig
~ Tensile Strength [MPa] | 33 |27 27 61 62 61 24 20 35
Max Strain |%] 8562 (133 /11.6/104 114 7.8 | 8.1 253

Elastic Modulus (10% strain) (P 32 19 | 1.0 1 3.0 | 33 22 48 39 21

Rupture Force (N) - 320.3 £267.7 351.3+1594 | 136.0 +74.6

Table 2.2 Properties of individual ligaments from hip capsule (Hewitt et al 2001).
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The findings presented in table 2.2 are broken down into three subgroups for
each individual ligament. The left sub-column always represents the results for those
regions of the ligaments that are closer to the acetabulum, the middle sub-column

stands for the middle parts of the ligaments and the right sub-columns contain data

for the third of the total ligament length closest to the femur,

A striking observation is the difference between the findings in Ahlers’ and
Hewtt’s studies in what regards the maximum strain at failure. There is a large
inconsistency between them (120% and 6-25% respectively). However, Ahlers et al
(1978) state that in case of aligned fascicles the strain at failure was observed to be
much less (20-30%) than in case of randomly excised samples from the capsular
tissue, as was done in their study. This is a conclusive evidence that the available
techniques in 1978 were a limitation in the detailed study of the behaviour of

specialised soft hydrated tissues, like the capsular ligaments.

2.5 Biomechanics Research on Other Ligaments

The joint ligaments, on which the greatest literature has been accumulated
dealing with their biomechanical properties, are those of the knee joint. A brief
summary on the findings by various researchers regarding their biomechanical
properties is given in the following paragraph. The findings by different researchers
reveal generally significant deviations, depending on the condition of the specimen
and on the applied testing techniques. Claes (1983) has summarised the results

reported by various researchers, which are presented in table 2.3.

It is mentioned in the same work that it is of great importance to measure
rupture forces on a fresh cadaver rather than as an isolated separate tissue, because of
the better approximation with in vivo ruptures, which happen at the insertion points
more than at the central region of a ligament. This is in accordance to the findings
reported by Hewitt et al (2001) on the hip joint ligaments, where the maximum strain
at fatlure was shown to be smaller at central regions of the ligaments rather than at

the insertion points into the bones. Therefore, it is probably more appropriate to test
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ligaments as part of a bone-ligament-bone sample and not as isolated ligamentous

strands.

Mﬁmmﬂ_mmm—r—-—_———_——_-_—*?—__—m
|

| Collateral Ligaments Cruciate Ligaments |
e - po—— — d it 4 b i "R WP
Medial Lateral Author Ant  Post Author |
' 72 62  Trentetal (1976) | 141 183  Trent et al (1976)
ssitffpess(Nyo ) M0/0/m}! ™@™MmM™—"7--————-—+—"-4-----—-——- " — -
939 474 Claes (1983) | 129/182 - Noyes et al (1976)
- e e e ———

526 384 Trent et al (1976) 633 571 Trent et al (1976)

Rupture Force(N) m——m 1"

654 354 Claes (1983) | 734/1730 - Noyeset al (1976) |
B sl | e ————————————————————————
- 18.15  20.89 Claes (1983) - 44.3/30 - Noyes et al (1976)
Maximum Strain |%]| . S '
23 - Kennedy et al (1976) | 30.8 28.3  Kennedy et al (1976)

Table 2.3 Properties of knee joint ligaments by various researchers (Claes, 1983).

Stiffness in table 2.3 was defined as the ratio: S= AF/Al (N/mm), which is the
load difference over the resulting elongation in the linear region of the stress-strain
curves. Noyes and Grood (1976) have compared anterior cruciate ligaments of both
older and younger subjects and both findings are listed in the right column of table
2.3. Thereby, the number before the slash refers to the older subject group and after
the slash to the younger subjects. An interesting observation on the summarised data
reported on the collateral and cruciate ligaments by the various researchers listed in
table 2.3 is that based on the data of rupture force and maximum strain at failure, it is

obvious that the knee ligaments are capable of withstanding much greater loads than

the ligaments of the hip joint. This was somehow to be expected, as the knee joint is

a much less stable joint than the hip both in terms of its bone elements (femur and

tibia) and also the surrounding musculature.

Binkley (1989) has also reported values for the medial collateral ligaments of
the knee joint and compared normal post mortem rat medial collateral knee ligaments

samples to those with previous immobilisation. The values are illustrated in table 2.4.
Even though there is very little point in comparing these findings to the data on
human knee and hip ligaments, it is interesting to see the effect that immobilisation

has on the mechanical properties of ligaments. It is therefore important to assure that

17



Chapter 2

when testing ligaments in tension no previous immobilisation and presumably any

other influencing state was imposed upon the donor subject from where the samples

were derived.

Normal - Immobilised
Tensile Strength [MPa] 7.65 1 1.95
S Max Strain | %] : 114 ' 113
~ Elastic Modulus (10% strain) [MPa] 2.86 . 1 |

Transition Point |% of Iy} | 6 0

Table 2.4 Effect of immobilisation on medial collateral ligaments (Binkley, 1989).

In summary, it has been of great benefit looking at the mechanical properties
of other joint ligaments as it gives an estimate of the value of any findings on the
ligaments under investigation. In particular, the absence of any useful data on the
mechanical properties of the hip joint capsule and its ligaments until recently, made
it a valuable comparative means. Since adaptation is a great part of the evolutionary
process of human anatomy every part of it, including the hip ligaments, have such

properties that enable them to at least perform under normal conditions, but also

allow them to function under occasional excessive loads.

2.6 Risk for Hip Dislocation

A hip dislocation is a very dramatic event involving immense pain, regardless
of whether it occurs in an apparently healthy hip joint or one that had previously
received a prosthetic replacement. The occurrence in a normal hip is by far more rare
than 1t is after THR. However, the capsule plays a role in both cases and for this

reason two individual sections are dedicated for each case below. Hip dislocation can

be spht into two groups:

e Posterior dislocation, which is caused by flexion, adduction, and internal

rotation. Such dislocations are most commonly observed in case of posterior
approach in surgery.
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e Anterior dislocation, which is caused by extension, adduction, and external
rotation. This type of dislocation is most frequently encountered in case of

damage to the anterior aspects of the hip capsule. Such damage occurs in case

of an anterolateral surgical approach.

2.6.1 Dislocation Without THR

The hip 1s generally considered a stable joint as a result of its shape that is
often referred to as a ball and socket joint and dislocations do not usually occur,
unless a pathology is present. Common pathological disturbances that can lead to hip
dislocations are a spastic hip, where the spasticity of muscles wrapping the hip joint
can cause subluxating dislocations (figure 2.10). Another pathologic reason for
dislocation is coxa saltans (latin for snapping hip), which 1s a spastic imbalance of
the muscles that surround the hip joint that can lead to joint dislocation. Bellabarba et
al (1998) report on five patients without prior trauma. In this study they confirm
previous findings of Massie and Howorth (1954), regarding the progressive
development of subluxation and hip dysplasia in patients with joint capsule laxity.
Thereby the proposed postulation is that the clinical finding of a capsular laxity

usually results in subluxation or hip dysplasia in later life.

Fig. 2.10 Subluxation of a normal hip.
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Further, a dislocated hip can also result from impact. Hamilton and
Broughton (1998) presented 18 cases, the majority of which involved posterior

dislocation, which could be due to the direction of the impact, but might also be
indicative of a difference in strength between the anterior and posterior joint capsule.
In support of this Graham and Lapp (1990) showed evidence of a patient who had a
posteriorly dislocated hip as a result of having brought the limb into internal rotation

combined with adduction and slight flexion. The recurrent dislocation showed to
have been the result of a lax posterior capsule that resulted from the initial
dislocation. The joint became stable only after surgical capsulorrhaphy (i.e. stitching
of the capsule). Weber and Ganz (1997) have presented further support for the theory
that damage to the hip joint capsule- like a partial rupture- can be a reason for

recurrent dislocations.

The above clinical observations highlight the important role of the joint
capsule in stabilising the joint, especially when there is not sufficient time for the
surrounding muscles to activate and tighten the joint. In these situations the capsule
plays the role of a ‘safety-belt’ that acts passively. Also it was shown that in a lax
capsule, which could be compared to an incised or even excised capsule, the absent

capsular restraint forces can allow dislocation, even without extra-ordinary external

forces.

2.6.2 Dislocation After THR
The postoperative dislocation after THR 1s regarded as one of the typical

early complications with an average occurrence ratio from 1.7% to 3.6% as was

stated in articles published by Yuan and Shih (1999), Hedlundh et al (1996), Scifert

et al (1998) and Bickels et al (2000). Other sources refer to an incidence ratio of
about 1% (McCollum and Gray, 1990). However, 1t appears that the risk for multiple
dislocation is elevated in patients with a revision THR or in patients who have
experienced previous complications of the hip. It has been reported (Dorr et al, 1983)
that 74% of patients who experience multiple dislocations had previous hip surgery
whereas only 47% of those with a single dislocation had hip surgery before. This

means that patients with previous surgery of the hip are more likely to suffer
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recurrent dislocation than just a single case. Williams and Gottesmann (1982)
reported a 20% dislocation rate in patients who prior to THR had some kind of hip

surgery in contrast to those patients without, where the rate was at 0.6%.

2.6.3 Predisposing Factors in Post-THR Dislocation

Regardless of the real incidence of hip dislocation occurrence, it is necessary
to improve the rates and to try and improve stability as much as possible, because of
the severity of complications that it can initiate, ranging from thrombo-embolic
disease to nerve palsy. Therefore, it is vital to understand the various factors that may

lead to dislocation. In the literature, the following reasons have been identified:

o Extreme incision into the capsule and the abductor muscles or complete
excision of capsule. In this case an imbalance of soft tissues 1s enforced on the

joint. This means that agonist and antagonist muscles result in imbalance.

o Inadequate size of the head, socket and neck of the prosthesis (Scifert et al,
1998). Amstutz and Markolf (1974) showed with in vitro studies that a

smaller head size means that the distraction that is required to cause a
dislocation, 1.e. to pull the head out of the socket is smaller than in case of a
larger head size. This can also be seen graphically in figure 2.11, where the
horizontal blue line is parallel to the ground, and the other blue line, which is
under an angle, is tangential to the acetabular rim. The red line is tangential to
the femoral head component for a 32-mm size, whereas the green line is
tangential to the femoral head of a 22-mm size component. Both the red and
the gréen line are parallel to the blue line that is tangential to the acetabular
rim. The respective distances between the red or green lines to the blue line
mark the distance that the femoral head component needs to move as to result

in a dislocation. This effect depends also on the shape of the acetabular cup.
* Mal-positioning of the prosthetic components relative to the pre-operative

planning, have been identified as a major cause for dislocation (McCollum

and Gray, 1990). In this work, this cause of dislocation is not studied further.
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Fig 2.11 Difference in lengths that a
22mm and 32mm femoral head has

to travel in order to exit the socket.

e Inappropriate combination of prosthetic neck length and width. A wider neck
reduces the range of motion and increases the risk for dislocation from

impingement (figure 2.12), because of the contact between neck and cup.

e Too early post-operative weight-bearing can be a reason for dislocation due to

the non-healed soft tissues, but mobilisation with protected weight bearing

assists in the healing process of the wound.

In more detail, Kelley et al (1998) proved that stability is greater the larger the
head size, without reducing or negatively affecting the range of motion of the joint.
Similar results were presented by Scifert et al (1998) mentioning a constant head-
neck ratio to be the method to maintain a sufficient range of motion without causing
an early impingement. Yuan and Shih (1999) reported that in a comparison between
the 26-mm and 32-mm femoral head sizes the prosthesis with the smaller head was
resulting in single and recurrent hip dislocations at significantly higher rates than the
larger head. Hedlundh et al (1996) state that there was no difference in the incidence
of early dislocations (<1 year) between the 22-mm and the 32-mm head sizes

included n this study. Dislocation rates for both prostheses were about 2.4%.
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Fig 2.12 Impingement of prosthetic neck and socket in

position of extreme abduction in a skeletal model.

2.7 Surgical Approaches to the Hip Joint

The surgical approach that is taken in the surgeon’s efforts to reach the
diseased hip joint surfaces, depends very much on individual preferences and
experience of senior clinical staff that supervised the individual surgeon. Various
researchers have found that there is a significant effect of the surgical technique on
the dislocation rate of the post THR hip. Morrey (1992) states that the use of a
posterior approach to hip joint replacement led to a significantly higher rate of
dislocation (5.8% for 685 reviewed cases) when compared to an anterior (2.3% for

770 reviewed cases) or lateral (3.1% for 1898 reviewed cases) approach.

It is of interest to investigate four commonly applied techniques and to look
into their individual characteristics. This can be of help in identifying any potential
relation with possible damage that 1s done to the hip joint capsule. The surgical
technique is closely related with the individual prostheses that are to be implanted
and therefore is subject to modifications depending on the needs during implantation
of the various components. Thereby, the main concerns of the surgeon are to keep
blood loss during surgery low and to minimise the duration in theatre, which both
help to reduce post-operative complications. A quick recovery after surgery is
another key aspect for each surgeon. Depending on the approach that is chosen by

the surgeon, there will be an effect on the capsular incision and the review of the
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different surgical approaches is done under this aspect. The following paragraphs are
an attempt to give an overview of various surgical approaches in relation to the hip
joint capsule, based on the THR manual of Eftekhar (1978) from where all the

surgical illustrations depicted in the following paragraphs were also taken.

2.7.1 Anterior and Anterolateral Approaches

Despite the most logical body position (flat supine) that is taken by the patient
during the surgical procedure (similar to figure 2.13), the actual anterior approach to
the hip joint articulation has never gained any particular popularity. This was mainly
due to the immense time and invasiveness that i1s required to detach the various

muscles, which is necessary in order to create sufficient insight into the articulation.

Fig 2.13 Supine position of patient in anterolateral approach to the

hip joint. Black curve over femoral neck marks the incision line.
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Fig 2.14 Retractors opening access to the joint capsule after incision

(v-cut) in the tensor fascia femoris provides some tension relief.
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With a strictly anterior approach, an increased risk to vital structures such as
the femoral nerve and artery is present, which makes this approach unpopular. In
contrast to the purely anterior approach, a more common method has been the
anterolateral approach as 1t was first described by Watson-Jones (1936) and widely
spread by McKee (1970) and Miiller (1970). Thereby the patient is again in supine
position and the gluteal muscles are retracted widely. The greater trochanter is not
detached, which might make it necessary to cut through the tensor fascia femoris in
order to provide more space with the lower retractor, enabling easier access to the

joint capsule (figure 2.14).

Fig 2.16 Removal of femoral head with an oscillating saw

after completion of the soft tissue preparation.
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The common anterolateral approach as it is described in the textbooks
recommends at this stage a complete capsulectomy in order to allow for satisfactory

anterior dislocation of the femoral head (figure 2.15). The final stage of this type of

approach to the joint surfaces comprises the femoral head removal, using an

oscillating saw as shown in figure 2.16.

It has always been clearly described in textbooks for orthopaedic surgeons
and has also always been the subject of oral communication in operating theatres that
in case of use of an anterior or anterolateral approach it would be advisable to incise
the capsular tissues to ‘clear the view’. It is self explanatory that in many cases of
patients undergoing THR there will be some with an affected state of capsular tissue
health as a result of the pathology that led to the THR. However, it has been common
practice to excise even healthy tissue as part of a standardised procedure, without

even knowing the importance and role of it.

2.7.2 Lateral or Trans-Trochanteric Approaches

The lateral or trans-trochanteric approach has acquired its populanty from
one of its strict followers. Sir John Charnley has been using this approach
extensively and has always been in favour of the trochanteric detachment, which is
an inseparable part of this procedure. Amongst the advantages of this method, is that
it does not cause any interference with any nerves and arteries as the muscles are
separated in the attempt to reach to the joint interface. Additionally, because of the
greater trochanter being detached, it is possible to gain full insight into the complete

acetabulum both anteriorly and posteriorly after the limb has been dislocated
(Eftekhar, 1978).

Another main advantage of this technique is that no complete or even partial
capsulectomy 1s required. A common approach to the capsule when using these
techniques, is an incision for access to the joint surfaces, but without having to
remove the resulting flaps, unless they are disturbing the further procedure. After
insertion of the prosthetic components, no particular efforts to repair the capsule are

suggested, even though there is the potential for such intervention.
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2.7.3 Posterior and Posterolateral Approaches

The posterior approach has first been described by von Langenbeck (1878),
but modified several times by various researchers. One popular modification of this
approach is the ‘southern exposure’ described by Moore (1957), which is widely
used for femoral head replacement surgery. The incision is placed rather posteriorly,
and in parallel with the muscle fibres of the gluteus maximus muscle, as indicated by
line A of figure 2.17. This method is not generally considered adequate for THR,

because of the low incision, which does not allow good vision to the upper femur.

Fig 2.17 Incisions for posterior (A) and posterolateral (B) approaches.

A more appropriate method for THR surgery is the posterolateral approach
that follows the incision pattern highlighted by line B of figure 2.17. This incision is
performed on the patient lying laterally on the operating table. The sciatic nerve is

not a risk for the surgeon, as the incisions occur too far lateral in the anatomy.

underlying posterior capsule following the posterolateral approach.
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After retracting the gluteal muscles, the short rotators together with the posterior
parts of the capsule (ischiofemoral ligament) that attach to the posterior aspect of the

greater trochanter are detached with the use of a diathermic knife (figure 2.18).

Fig. 2.19 Dislocating femoral head after excision of posterior capsule.

The posterior aspect of the capsule is commonly excised thoroughly, ensuring that all
parts of it have been carefully removed in order to facilitate the dislocation of the
femoral head posteriorly (figure 2.19). The only parts of the capsule that are

preserved in the presently described methodology, are the anterior parts.

One characteristic that all the above described approaches have in common is
that none of them takes the capsule into consideration. It 1s widely accepted practice
to remove the joint capsule, whether it is diseased or healthy. The reasons for this
practice in surgery is that capsular repair requires additional time in the operating
theatre, which brings along all associated nsks, such as increased blood loss,
prolonged exposure of the wound to the air, longer time under anaesthesia and of
course above all reduced access to the joint surfaces. No scientific evidence resulting
from organised studies using perhaps numerical methods has been presented to
surgeons so far, which in a way explains their behaviour. Only recently and in certain
clinical environments orthopaedic surgeons have started asking themselves the

question, whether it i1s worthwhile to accept all the previously mentioned drawbacks
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for the purpose of an improved post-operative recovery. First follow-up studies are
now available and seem to be strengthening more and more surgeons in this belief. It
is to the engineers now to provide them with sufficient mechanical evidence that this

undertaking is worthwhile. Following is a review on the current state of capsular

repair in THR and its first beneficial results.

2.7.4 Surgery With Capsular Repair

Recently, a few surgeons have started to take a different approach to capsular
repair under the scope of reports on the capsule’s contribution to hip joint stability as
presented in paragraph 2.6. One of the surgical teams that has documented their
approach and have reported on the results of their capsular repair technique is De
Buttet and Pasquier (1999). Their surgical approach i1s documented with the
following sketches in figures 2.20 to 2.22.

| he incision s started over the labrum.

From this zone onwards, the K
capsule 1s adherent to the femoralf A\
neck, and will need to be detachoy.

Fig 2.20 Posterior capsular incision along the neck.
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The approach used by De Buttet and Pasquier (1999) is the posterolateral in

precisely the same way as was described in paragraph 2.7.3. The incision is placed
on the posterior aspect of the femur and longitudinally along the midline of the
femoral neck. This long cut extends from the acetabular margin (incising the labrum)
down to the intertrochanteric line and along its margins, as shown in figure 2.20. The
resulting flaps are held away from the incision line with the use of retractors without

any risk for tissue damage.

\With the implant reduced,
the first suture i1s placed
over the bony margin, at
the end-pont of capsular
division or detachment.

Fig 2.21 Capsular closure with surgical suture.

After the implant has been inserted and the femoral head reduced back into
the socket, the capsular repair process can commence. Since capsular tissue is very
strong 1t can be handled with great ease and sutures can be applied without problems
(figure 2.21). The first stitches are placed at the acetabular margin and a total of four
to five stitches is applied, without suturing the capsule to the femur and leaving a
small drain through the suture line (figure 2.22). The recovery process that is
involved with this approach is similar to that of any other posterolateral approach and

the only adaptation of the patient should be to avoid certain movements until the soft

tissues have healed.
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ASs a rule, 4 or 5 sutures will suffice to close
the capsulotomy. N\., &

The capsule is not sutured to
the lemur.

Fig. 2.22 Final appearance of the repaired capsule.

DeButtet and Pasquier (1999) identified a major advantage of capsular repair
in the support of the joint stability by the stiff capsular tissues. The good tolerance of
the reamers and retractors by the capsular tissues was another motivating aspect they
observed, supporting capsular repair. The total dislocations that De Buttet and
Pasquier (1999) recorded were in 22 cases of 186 that were performed without
capsular repair compared to only one in 174 cases where capsular repair was
performed with the above described method. The difference was significant
(p<0.001). Similar findings were also reported by White et al (2001) with a
dislocation rate of 4.8% for the cases where they had completely excised the

posterior capsule and only 0.7% in case of a posterior capsular repair.
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Amongst the disadvantages that De Buttet and Pasquier (1999) identified with

capsular repair was that occasionally the superior flap could disturb clear view into
the acetabulum, which was usually resolved by placing an additional incision

vertically to the first one. Further, if posterior osteophytes were present, the cup

insertion could be difficult, but with additional care it was found possible to remove
them without causing damage to the capsule. However, the capsular flaps had to be

always well protected in order to avoid injury during reaming and preparing of the

acetabulum:.

Chiu et al (2000) support the use of capsular repair in case of posterior
surgical approach, because this assists in forming a pseudocapsule around the
prosthetic device. The repaired capsule is also a soft stop preventing excessive

flexion and rotation in the first postoperative weeks.

Lejman et al (1995) in their comparative study of open reduction techniques
including capsulorrhaphy and capsulectomy found no significant differences both in
the range of motion and stability. An anterior approach was used for the reduction of
dislocated hips of children with developmental dysplasia. As a reason for the higher
number of re-dislocation in the capsulorrhaphy group it was stated that an anterior
tightening of the hip capsule could increase the risk for posterior dislocation. Indeed,
if the capsular repair 1s not done precisely along the incision line, but somehow
further, the repaired capsule becomes tighter and affects the range of motion
increasing at the same time the risk for posterior dislocation. De Buttet and Pasquier
(1999) also proposed that cutting parallel to the capsular fibres, as shown in figure
2.20 could reduce risk of damaging pain-transmitting nerves that were identified in

synovial membranes (Gronblad et al, 1985).

2.8 Summary

In this chapter the function and importance of the hip joint capsule to joint
stability has been emphasised. This need is now more current than it has ever been

with the rising awareness of surgeons to preserve as much bone stock as possible-

especially in younger patients- during primary THR. Bone stock preservation means

32



Chapter 2

that ever smaller prosthetic components need to be brought on the market, that
facilitate both surgical implantation and also require more conservative bone
resection. The more of the original bone anatomy a surgeon wants to preserve the

smaller the utilised prosthesis and its components have to be. Such a device is shown
in figure 2.23- the Sulzer Thrust Plate®.

Fig 2.23 The Sulzer Thrust Plate® (left) is a bone stock preserving
approach to Total Hip Arthroplasty. An alternative to that 1s the
Birmingham hip resurfacing approach (right).

However, as the size of the prosthetic components reduces, the need for
additional mechanical support- like for example from the joint capsule- becomes
more apparent. After all it has been shown in the previous paragraphs that smaller
head sizes have a higher risk for dislocation, but are often preferred for the smaller
amount of wear they produce. This is the undertaking in the next chapters, namely to
quantify how much the capsule can contribute to joint stability and how femoral head

component size and other prosthesis factors can influence this role.
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Chapter 3- Methods of Identifying Tissue Properties

3.1 Introduction

As previously mentioned, the aim of the present study is to determine the
mechanical properties of the hip joint capsule for the purpose of generating some
information to be fed into a finite element analysis (FEA) program. Every finite
element analysis can only be as accurate as the model itself and the definition of the
material properties of all critical structures that comprise the model under
investigation. In biological or anatomical systems this represents a limiting factor for
the credibility of the model and- regardless of the computational power that is

employed- one sacrifice or the other has to be made in the characterisation of the

model in order to keep processing time within acceptable limuts.

In the model that is considered in the present study, there are only two kinds
of non-engineering materials present, bones and ligaments, which both include
interstitial fluids. Cartilage at the joint interface is of no importance, because contact
forces are not part of the intended calculations in the finite element analysis.
However, the material properties of the capsular ligaments need to be defined with
great accuracy and with a realistic approach, since the calculation of internal loads in
each ligament is the main purpose of creating a finite element model of the hip joint.
Bone is a much harder and stiffer tissue than ligament and 1t can be considered as a

uniform solid, ignoring its viscoelastic behaviour.

The following paragraphs describe the main characteristics of the above
tissues in more detail and give an overview of different approaches for collecting
information on their mechanical properties as they were considered for the purpose
of this work. Finally, the methodology of choice for data collection in this work is

described and defended at the end of the present chapter.
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3.2 Parameters of Mechanical Properties

In this paragraph an outline is given of the parameters that define the
mechanical properties of a material, such as the ligamentous structures of the
capsule. These parameters were determined by the requirements that are set by the
FEA software. The software that was used for the simulation- as is described in
chapter 6 of this thesis- 1s IDEAS-8 Master Series of Electronic Data Systems
(Plano, Texas, USA). The most commonly required material properties in
establishing a materials library for a new material within this software are modulus
of elasticity (also referred to as Young’s modulus), Poisson’s ratio or simply the

stress-strain curve.

The elastic or Young’s modulus is the ratio of a tensile or compressive stress
applied to a sample material over the linear strain due to the applied load. Linear
strain can simply be defined as the ratio of length change of a matenial under uniaxial
tensile or compressive load divided by its original length. Shear strain 1s another
dimension that describes the response to shear loads on a material. Shear strain 1s
defined as the ratio of the displacement in the principal load axis over the initial
dimension in a direction vertical to the principal load axis. Poisson’s ratio (v) is the
negative ratio of lateral to axial strain under uniaxial load applications. For metallic
engineering materials this tends to be in the range of 0.28 to 0.32 (Lardner, 1994).
However, for soft hydrated tissues (i.e. those tissues that have a high content in
water) this value has been estimated at v=0.5 (Krouskop et al, 1987 and Bilgen and
Insana, 1996) as it tends to be volumetrically almost incompressible as a result of the
high water content. However, only recently there have been reports that include
actual data that was recorded for hip joint capsular ligaments and show a Poisson’s
ratio of between v=1.1 and v=2.0 (Hewitt et al, 2001), which is due to the anisotropy
of the ligament tissues. These figures may at first seem excessive, but considering
that ligaments are in fact biphasic materials, as is explained in greater detail in
paragraph 3.3.4 and that means that apart from the elastic deformation that occurs in
the solid part of the tissue matrix, there is an additional volume change resulting
from the displacement of interstitial fluid, which forms the fluid phase of the

ligament. These combined volume changes result in such a big Poisson’s ratio.
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The materials that would need to be defined, because they are not included in
the software’s existing materials library, are both the ligamentous materials of the
capsule as well as the bone materials for the femur and the acetabulum. The cartilage
material can be disregarded for the particular study, because of its absence in hip
joints that have undergone THR. The modulus of elasticity for bone material- Nigg
and Herzog (1999) report 1GPa for trabecular bone and 20GPa for compact bone- in
relation to those of capsular ligaments (Hewitt et al state 0.1Gpa in their 2001
publication) is greater by orders of magnitude. This allows the assumption that bone
can be simulated as a linear and homogeneous engineering material, with an elastic
modulus the order of magnitude of up to 20GPa. This assumption is justified,
because the loads that are applied by the ligaments during the numerical analysis are
so small. In reality it would be the muscle forces that act around the hip joint, which
would produce sufficient moments to cause a deflection of the bones they insert into.
However, muscle forces are not considered in the present model and therefore,
deformation of the bone structures can be ignored. The fact that basic engineering
materials are assumed to have no viscoelastic properties presents no limitation either,
since the duration of load application in the simulation is not enough to cause any
viscoelastic effects on the bone tissues. Also, the limited effect of the load that is to
be applied on the joint model, allows the assumption of bones being homogeneous.
Therefore bones can be modelled as uniform solids, without distinguishing between

compact and trabecular bone. All assumptions that were made for the simulation of

the bone material are also discussed in more detail in chapter 6.

A good approximation of the ligamentous material properties- in the contrary-
1s of great importance, because the loads transferred by the ligaments depend on
these properties, and further, because the quality of ligament simulation determines
to a great extent the effect that can be observed in the numerical analysis. The
following paragraphs outline the current state of research in the determination and
simulation of the materials properties of ligaments and also describe the efforts made

within the present project to find a suitable method of defining the properties of the
hip joint capsule ligaments.
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3.3 Theories in Soft Tissue Mechanics

Biological tissues in contrast to engineering materials cannot be described

properties and that relate to sex, age and levels of activity of the humans they are

excised from. Various research centres have produced numerous approaches for the
simplification of ligament material properties for use in finite element analysis
software packages, without altering their basic behaviour under load excessively.
Thereby, the main features of soft biological tissues are the main consideration.
These features of soft biological tissues, and indeed all biological tissues- indicate

that none of them can be described as Hookean solids for the following reasons:

Biological tissues are viscoelastic, anisotropic and non-homogeneous
materials, unlike most common engineering materials. This means that they undergo
stress-relaxation, creep and hysteresis and that their structure is not the same in all
directions. Furthermore, strain history and rate of load application influences the
performance of viscoelastic materials and can only be simulated with great difficulty.
These features represent the major difficulty when studying a biological model in a
computer simulation such as FE analysis. Hence, simplifications of the mechanical
properties of soft tissues are necessary, as to reduce the immense calculating power

that is otherwise required from a computer.

Simulating viscoelastic behaviour in a desktop application is a tremendously
difficult objective that sets high requirements for the computational power and was
beyond the possibilities of the present work. However, even when simulating
material properties as not time dependent, it is the linearity or non-linearity that
places further restrictions on the computational power as well as the isotropy or

anisotropy of the materials. Based on the current computational standards it is only

possible to either simulate material properties of ligaments as:

* Non-linear elastic and isotropic or

* Linear elastic and anisotropic
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3.3.1 Linearity and Isotropy

The following analysis, which was proposed by Saada (1974) aims to
describe a simplification for ligament materials and treats biological tissue as a

Hookean elastic solid. The stress- strain relation is given by the following equation:
O, =Cye; (3.1)

o; is the stress tensor and e; the strain tensor. Both i1 and j can take values between 1
and 6, because the stress equations are proportional to all six strain components. This
results in the extended formulation that is shown in equation 3.2. C; is a tensor of
elastic constants that are unique for each material and independent of stress or strain.
It turns out that due to symmetry Ci; = Cz), C13= Cs; etc. This means that the initially
36 elastic variables reduce to only 21. The elastic tensor C;; can be simplified even
further, if the material under consideration can be considered orthotropic. In that case
the constants can be reduced to 9 and the elastic tensor becomes as shown in

equation 3.2b. Thereby C14=C1 5:C15:C24=""‘C25=-"C25:C34=C3 5=C36=C45=C46=056=0.

o, a Cn Cu Gy Cy Cyllé
O; |=|Cyy Gy Gy Gy Gy Cy || & (3.2)
O, Cu C42 C43 C44 C4s C46 &4
Os Co Cpn Cu G5 Gy Cy || &
Os] |Cai Coa Coi Cor Cos Cos |LEs

This is because an orthotropic material has by definition two orthogonal
planes of symmetry, where material properties are independent of direction within
each plane. The 9 elastic constants in orthotropic constitutive equations comprise
three Young's moduli Ex, Ey, Ez, the three Poisson's ratios Vyz, Vx, Vxy, and the three
shear moduli Gyz, Gzx, Gxy. Isotropic materials have a further reduced array of
elastic constants and the tensor can be expressed quite simply as a function of only
two elastic constants E (elastic modulus) and G (shear modulus). These elastic

constants are in the following relation to each other; E = 2G(1+v).
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Considering the structure of ligaments (figure 3.1) it is easy to accept that

l[igaments can be described as transversely isotropic as has been proposed among
others by Hearmon (1961) as well as Almeida and Spilker (1998). This means that
the materials properties of ligaments are substantially similar along the two axes that
run perpendicular to their long axis that is along the collagen fibres (see arrows in
figure 3.1). Therefore the assumption that ligaments are isotropic materials can be

made with greater ease than assuming they were characterised by linear behaviour.

Hence, the preferred ligament material characterisation between those proposed in

paragraph 3.3 would be as an isotropic and non-linear elastic material.
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Fig 3.1 The distribution of the collagen fibres is along a single axis

as indicated by the arrows.

As will be demonstrated in the following paragraphs a number of both
invasive and non-invasive methods for determining mechanical tissue properties
were reviewed. Both methodologies involve compression tests in their approach,
which means they yield data somewhat different from that commonly produced in
ordinary tensile material tests. Therefore it is necessary to establish a connection

between the materials properties in vertical and longitudinal direction of the tested
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ligaments. This link could be established by using the relation that exists between

the shear modulus and the elastic modulus (also called Young’s modulus)

G = 5E

2(1+v)  (3.3)

where G is shear modulus, E the elastic modulus and v Poisson’s ratio, which could

be taken as 0.5 for the case of soft hydrated (that means high concentration of water)

biological tissues. This would result in the following equation:

— £
G = 3 (34)

This means that Young’s modulus can be established, as long as the shear
modulus can be calculated by using any of the methods that are outlined further
below. In particular, for the case of using ultrasonic methods to determine the
velocity of shear waves within the tissue under investigation, technically the shear
modulus could be produced. Equation (3.4), however, 1s valid only in the case of an
1sotropic solid, which means that this assumption or generalisation will have to be
accepted in order to allow for a “squeeze’ or compresston test to produce mnformation
on the elasticity of a material. Furthermore, in case of a Poisson’s ratio other than
0.5, which in more recent studies has been proposed (Hewitt et al, 2001), the
equation would change accordingly. This means that for equation 3.4 to maintain its

validity it is required to have previously determined Poisson’s ratio satisfactorily.

3.3.2 Quasi-Linear Viscoelasticity

Another description for simplification of viscoelastic material properties was
proposed by Viidik (1996) and sustained by Fung (1993). This approach- labelled
quasi-linear viscoelasticity (QLV)- is based on a series of linear Kelvin type models
(third and fourth row in figure 3.2). The participating springs in this model increase
as the total strain rises, much in the same way in which an increasing number of

collagen fibres would participate in the resistance as strain was progressing.

Therefore in the QLV model, the spring elements’ stiffness is non-linear, as it
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depends on the total deformation, which again depends on the number of springs that

are placed under tension at any given time. In the case of very small or quasi static

deformations, the model can be described by a linear viscoelastic function. In the

contrary, for larger deformations, as they occur in joint ligaments during limb

movement, the non-linear stress-strain properties of living tissues gain more

importance. This explains the principles of QLV, which depends on the individual

spring elements’ extent of deformation.

logt logt

Fig 3.2 Rows 1 and 2 show various viscoelastic
models. On the left is a Maxwell model, in the
centre a Voigt model and on the right is a Kelvin
model. In row 3 is the spring and dashpot model

for viscoelastic biological tissues (Fung, 1993).

The fundamental justification of the quasi-linear viscoelasticity theory lies in
the fact that the result of the individual spring units’ (collagen fibres) loading and
unloading cycles add up to a total hysteresis response. This effect is due to the fact
that the elastic component of a neighbouring spring element acts faster than the
relaxation of its counterpart damping element. In this way the time dependent

response to externally applied loads can be achieved in the model, which 1s in

accordance with the observed behaviour of soft tissues.
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3.3.3 Pseudo Elasticity

The theory of pseudo elasticity is another attempt to further simplify the
constitutive equation that describes the behaviour of any given tissue in mathematical

terms. It can be considered the next step to the quasi-linear viscoelasticity theory. To

apply this theory to a tissue it is necessary to assume that it is in a preconditioned

state. This means that the tissue must have previously been loaded and unloaded in a
sufficient number of cycles. This assumption 1s generally valid, when considering
capsular ligaments, where a preconditioning occurs after the first few cycles of
loading have been performed during the first cycles of walking. The preconditioning
effect subsides thereafter, only if a long resting period of the ligaments in neutral
position is taken. However, once the tissues have been preconditioned it is generally
observable that the stress-strain curves between loading and unloading come closer
together than in the first few cycles (figure 3.3). This s the result of stress relaxation

that occurs with all viscoelastic materials.

Foree

Detnemation

Fig 3.3 Force-deformation graphs after repeated
loading-unloading cycles (Nigg and Herzog, 1999),

Based on the assumptions of the pseudo-elasticity theory it is possible to
apply two individual material properties for each of the ligaments, one for the
loading cycle and another during unloading. That would mean that the same
individual ligaments can be treated as two different materials, based on the loading
situation. Each of these individual materials can be then treated as elastic. Attention
has to be paid to whether a ligament is loaded or unloaded when simulating limb

movements in the numerical software environment, distinguishing loading from
unloading.
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From the review of the pseudo elasticity theory it arises that this 1s a

convenient simplification of the complicated viscoelastic formulation of soft tissues
into a stmpler elastic formulation. The conclusion is that an easy approach for the
numerical simulation of ligaments is to characterise them as non-linear elastic
isotropic materials. Still, the modelling of non-linear material properties of soft

tissues i1s a complex matter to be applied in a computer model, and various efforts

have been made in the past to overcome this without resulting in a commonly

accepted methodology.

3.3.4 Biphasic Theory

The theory of biphasic tissues was first described by Mow et al (1980) and -
involves modelling of the tissues as a mixture of fluid (interstitial ligamentous fluids)
and non-compressible solid, which mainly represents the protein composites of the
tissue. The time dependent response of this composite material to load, 1s achieved
by the resistance to the flow of the fluid component within the porous structure of the
composite. Apart from the fluid part of the composite it is also assumed that the solid
component is incompressible, but that it is linear elastic in tension. By applying
appropriate boundary conditions the directions of fluid flow can be manipulated 1n

such way that a desired friction with the porous solid matrix can be achieved,

producing the required time dependence.

Under consideration of the computational restrictions that exist, and because of
the existing models that simulate the soft tissue behaviour, it seems easiest to model

soft tissues as isotropic and non-linear elastic materials within the FEA software.

3.4 Non-Invasive Methods

The advantages of using a non-invasive method for determining mechanical
properties of the ligaments, are two-fold. Firstly, there is no nsk of infections
involved resulting from cuts that are necessary to access the usually deep lying
ligaments. Secondly, the ethics involved in non-invasive procedures are much
simpler as there are no permanent effects from applying this technique on volunteers.

The required ethical approval for using such technique would be much simpler and
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the chances of getting consent from volunteers would be higher. Thus, it seems that a
non-invasive method would be the approach of choice, however, the feasibility,
usefulness and accuracy of such an approach has certain limitations. A number of
non-invasive techniques that were reviewed for their suitability in the

characterisation of the capsule ligaments are presented in the following paragraphs.

3.4.1 Mechanical Indentation

One of the major complications and restrictions in the challenge to develop an
appropriate method for determination of the mechanical properties of the hip joint
capsule, is the fact that it is a deep lying tissue. A vast volume of muscle bulk and
other soft connective tissue is overlying it and make an external procedure very
difficult (figure 3.4). It is obvious that any externally provoked mechanical
indentation would have the fate of losing its effect when reaching the depth of the
capsule due to effects of dissipation in the surrounding tissues. It 1s extremely
difficult to calculate what ratio of the externally applied load would eventually reach
the surface of the capsular ligaments. For this reason there have been mathematical
algorithms developed to help calculating the local load (Ponnekanti et al, 1992), but
they tend to be rather vague.

Fig 3.4 Force applied over the area of the hip joint

capsule, thereby depressing skin, fat and muscle

tissues as well, scattering the external load randomly.
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Torres-Moreno (1991) described a mechanical indentation device for use in

residual limbs of amputees. The mechanical indenter in that study was used to
determine the mechanical properties of the underlying tissues as a composite mix
structure. However, for the mechanical properties of the capsule ligaments, this
represents an unacceptable approximation, because it fails to accurately determine the
strain that is induced on the capsule ligaments by the external load. Instead. strain is
taken as equal to the displacement of the indenter that is observed externally,
ignoring phenomena of displacement dissipation within the various underlying tissue
layers. The use of such simple mechanical indentation device for the purpose of
determining the elastic moduli of the capsular ligaments was subsequently discarded,

because both stress and strain could not be characterised satisfactorily.

3.4.2 Ultrasonic Elastography

Ultrasonic elastography is based upon the theory that the elastic properties of
any material are dependent on its ultrasonic properties like the velocity at which
sound waves are propagating within it (MaaBl and Kiihnapfel, 1999). Thereby the
determination of the mechanical properties can be achieved by applying some kind
of external stimulus of known extent and by recording the resulting internal tissue
motions at the site of interest by using ultrasonic transducers (figures 3.5 and 3.6).

Therefore this method is superior to the simple mechanical indentation technique.

Ultrasound Transducer
and Load Cell

Skin
Muscle

f ~ Capsule

Figure 3.5 The external load is applied and recorded
by the load cell and can be picked up by the

ultrasound transducer for each tissue layer separately.
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Basic Principles: The Elastography Process
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Figure 3.6 Stress and strain estimation and calculation

of local elastic modulus in elastography.

Several methods of propagating an external mechanical stimulus to the
internal tissue structures under investigation have been proposed in the past. These
can be grouped into two basic categories. In the first category, the tissues are
compressed quasi-statically and the resulting strains are calculated using ultrasonic
techniques as has been described by Ophir et al (1991). In the second category the
tissue deformation is achieved by applying a low frequency vibration to the tissues of
interest and subsequently registering their behaviour. This technique has been
described extensively by Yamakoshi et al (1990). The strain that is induced by
applying quasi-static compressions is estimated by calculating time delays between
the A-mode ultrasonic echo signals that are picked up in the states of pre and post-
application of the deformation (figure 3.7). Strain 1maging for low-frequency
vibrations is achieved by using colour Doppler imaging methods to measure shear

wave propagation speed in the tissues that are set in vibration (Ophir et al, 1996).

The advantage of using elastography is that local mechanical properties of
tissues can be determined, thereby depending very much on the size of the utilised
ultrasonic probe and the dispersion of the ultrasonic waves into the overlying tissues.
Another important advantage of this method is that the load application can be kept

very brief, thereby reducing the viscous effect of the tissue and only considering the

elastic proportion of its resistance.
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Strain=del{t)/

Fig 3.7 Explanation of strain estimation in elastography.

The disadvantages of this method include the limitation that only ‘squeeze-
tests’ can be applied, which is a common procedure 1n impact testing for material
hardness, but does not represent common practice in elasticity testing (Maall and
Kithnapfel, 1999). This would mean that the approximation expressed in equation
(3.4) would be necessary for producing the elastic modulus, which reduces the
accuracy of this method. The accuracy of the tracking system that is used to
determine the tissue site that is set into vibration externally is another limiting factor
of this technique. As the calculation of the induced strain relies on ultrasonic image
representations of the investigated tissues, they are often subjected to the presence of
imaging artefacts and heavily rely on the quality of applied image processing
techniques. The determination of stress largely depends on the use of mathematical
algorithms as it is largely unknown how the externally applied load disperses within

the various tissue layers (Ponnekanti et al, 1992).

3.4.3 Limitations of Non-Invasive Methods

It has been explained that elastography has a greater potential to produce
reliable data on the mechanical properties- elastic moduli in particular- of capsular
ligaments, when compared to the mechanical indentation technique that was
presented in the previous paragraph. Nonetheless, the need for theoretical models for
the estimation of the absolute local stress at the capsular ligaments (figure 3.6) means

that this technique is still subject to modelling errors. Additionally, the costs that are

involved in developing a probe comprising the ultrasonic transducer and the load cell
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that could then be used with A-mode ultrasound equipment, reduced the applicability

of this method within the framework of this project. These costs would be, naturally, '

even higher in case of use of Doppler ultrasound equipment. The natural next step
that was considered in the attempt to identify a viable method for detenniniﬁg the

mechanical properties of capsular ligaments was to turn to invasive methods.

3.5 Invasive Methods

It seems apparent that the most direct approach for collecting useful in vivo
force-deformation data would be to use a technique that could perform these
measurements at the direct site of interest, i.e. the hip joint capsule. The sole
possibility that exists to have the capsular construct exposed in vivo would be during
total hip replacement surgery, immediately prior to its removal that is required to
allow access to the diseased joint. Care would need to be taken that the capsule itself
was not affected by any disease. The following paragraphs outline possible methods
that the author identified during the course of his research for the collection of

purposeful data on the mechanical properties of the capsule.

3.5.1 Intra-operative Elastography
The proposed method that was described in paragraph 3.4.2 forms the basis of

this technique, which was considered as an evolution of non-invasive ultrasonic
elastography. The problem of applying algorithms for the estimation of local stress at
the capsule site, but also to simplify the strain recording, making RF echo pattern

analysis (figure 3.7) redundant.

3.5.2 Impression Technique and Tactile Sensors
This method is based on the shift in resonance frequency that occurs to a
vibrating rod when it comes into contact with another object under the application of

a force:

F(t) =F4 + F, sin ot (3.5)
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with a static component Fg and an alternating component F, sin ot, which brings the

cylindrical rod into oscillation at the resonance frequency (Kleesattel and Gladwell,
1968).

The degree of resonance shift has been found to be related to the material
properties of the object that comes into contact with the rod (Omata and Terunuma,
1992). In particular it is surface hardness that is determined by this frequency shift,
whereby a soft surface causes a higher frequency shift than a hard surface. The
advantage of using tactile sensors, rather than strain gauges and resistive sensor
devices is that even very soft tissues cause some change in vibration frequency as

soon as they get into contact with the indenter, without the need of large deflections.

3.5.2.1 Function of the Tactile Sensors

The configuration of such a tactile sensor system has been described by
Lindahl et al (1998) and consists primarily of a ceramic piezoelectric transducer
made of lead zirconate titanate (PZT) and a vibration pickup (figure 3.8). Applying
an alternating voltage causes the PZT to vibrate in a free manner. The vibration
pickup records the frequency of the vibration and feeds this information back to the
circuit, which then regulates the vibration frequency to equal the resonance
frequency (fy) of the tactile sensor. When the end of the transducer is pressed against
another object the vibration frequency changes. The magnitude of this shift depends

on the acoustic impedance of the object in contact (Ingard, 1988). One use of this

shift of frequency has been proposed by Lindahl and Omata (1995) (see appendix I).

_ force
velocity

Zx =oa+)f (3.6)

where z, represents the acoustic impedance of the object in contact with the sensor,
comprising a real part o (acoustic resistance) and an imaginary part S (acoustic

reactance). The shift in frequency (Af) may also be represented as:
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where up: equivalent sound velocity in the sensor, 1: the length of the PZT rod and z:

the equivalent impedance of the complete sensor. Reactance (), however, according

to Eklund et al (1999) comprises a mass load part (om) and a stiffness part (i ):
w

p=om- "f;‘ (3.8)

with ® being the angular frequency of the sensor’s oscillation, m the mass load and k

the stiffness. These values can be represented as:

3/2

_ P7 3
m T0(0—v) h (3.9)
k= —22 _h (3.10)
(1-v*)

In the equations (3.9) and (3.10), h is the penetration depth of the transducer tip (with
a radius of r) into the contact object (figure 3.8), p 1s the object’s material density, v

its Poisson’s ratio and, finally, £ its Young’s modulus.

Equivalenl impedance

Zo . . Impedance of
object.

Vibration pickup T
. Zs

Amplifier

PZY

Fig 3.8 Explanation of the tactile sensor showing dependence on acoustic impedance.

The sensor tip’s penetration depth into the tissue (Lindahl and Omata, 1995).
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Depending on the hardness of a tissue, the penetration depth of the sensor tip
into the tissue 1s small. If this penetration depth can be kept such that h<<r , then the

effect of the mass loading part (m) remains small, because h is in a cubic power in

equation (3.9), but the eftect of stiffness (ky) loading increases based on equation
(3.10). In extreme cases Lindahl and Omata (1995) considered that m—0. In that

case the resonance frequency shift is described by:

_ 1 %
Af L (zo) (3.11)

by substituting equation (3.10) for k¢ in equation (3.11) and solving for elastic
modulus (E) equation (3.12) is the result

E = w-7-1(1-v")-zy - Af
. h

(3.12)

By looking at equation (3.12) one realises that utilising the tactile sensor is capable
of producing information on loc