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Abstract

At the limits of the range of hip motion, impingement, subluxation and edge loading can
cause osteoarthritis in natural hips or early failure hip replacements. The aim of this
PhD was to investigate the role of hip joint soft tissues throughout the range of hip
motion to better understand their role in preventing (or perhaps even causing) these
problematic load cases. A musculoskeletal model was used to investigate the muscular
contribution to edge loading and found that in the mid-range of hip motion, the lines of
action of hip muscles pointed inward from the acetabular rim and thus would stabilise
the hip. However, in deep hip flexion with adduction, nearly half the muscles had
unfavourable lines of action which could encourage edge loading. Conversely, in-vitro
tests on nine cadaveric hips found that the hip capsular ligaments were slack in the
mid-range of hip motion but tightened to restrain excessive hip rotation in positions
close to the limits of hip motion. This passive restraint prevented the hip from moving
into positions where the muscle lines of action were found to be unfavourable and thus
could help protect the hip from edge loading. The ligaments were also found to protect
the hip against impingement and dislocation. Out of the labrum, the ligamentum teres
and the three capsular ligaments, it was found that the iliofemoral and ischiofemoral
ligaments were primary restraints to hip rotation. These two capsular ligaments should
be prioritised for protection/repair during hip surgery to maintain normal hip passive
restraint. Whilst this can be technically demanding, failing to preserve/restore their

function may increase the risk of osteoarthritic degeneration or hip replacement failure.
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1 Introduction

1.1 Motivation

It is estimated that one in four people will suffer from hip osteoarthritis in their lifetime
(Murphy et al., 2010). The cause of the disease can vary between people (Dieppe and
Lohmander, 2005), however it is believed to be mechanical in origin for many with
trauma, unfavourable joint shapes or excessive loading leading to high stresses,
cartilage damage and osteoarthritis (Ganz et al., 2003; Wearing et al., 2006). This
degenerative condition is currently irreversible and can greatly impact a person’s
quality of life by causing severe pain and restricting their mobility. The end-stage
treatment for patients with severe osteoarthritis requires complete replacement of the
articulating surfaces with an engineered alternative — a total hip replacement. The
implantation of this technology is considered by some to be the most successful
surgical procedure in modern medicine: 95 % of primary hip replacements survive for
more than 10 years without the need for revision surgery and it is not uncommon for
patients to experience an imperceptible, ‘silent’, hip replacement. Consequently, it has
become a high-volume elective surgical procedure with over 620,000 primary
procedures performed in the UK between 2003 and 2013 (NJR, 2014). However, whilst
the overall statistics are impressive, following surgery one in ten patients limp,
experience severe or moderate pain or struggle with simple activities such as putting
on their socks (NZJR, 2014). Over 75,000 procedures are being performed in the UK
each year, so addressing these problems could improve quality of life for many
individuals. Moreover, there is further opportunity for improvement when treating
younger patients who are more active; currently the revision rate for people aged <55
years old is approximately three times that of patients over 75 (NJR, 2014), yet these
younger patients have greater need for longevity from their implant due to their young

age.

Many of the functional limitations experienced by hip replacement patients involve
movements that require a large range of hip motion. It is also at the limits of the range
of hip motion where complications such as dislocation and edge loading occur. Edge
loading is considered to be one of the main causes of early failures for the hard-bearing
hip replacements that have been designed for a younger, more active patient; it has
been linked to squeaking in ceramic hips (Walter et al., 2011) and the high failure rate
(in some cases >30 % at seven years (NJR, 2014)) of metal-on-metal hip replacements
(Kwon et al., 2010). The effects of implant design and component positioning on edge

loading risk have been extensively researched, however, there is less information
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regarding the roles of muscles and ligaments and their causative/protective roles for
the mechanisms of edge loading. The periarticular muscles and ligaments have a
known role in preventing dislocation following hip replacement surgery and one of the
main mechanisms for edge loading is a partial subluxation that relocates before
complete dislocation occurs; hence, it is likely these soft tissues also have an important

preventative role for edge loading as well.

Impingement and edge loading at the limits of the range of hip motion has also been
identified as one of the causes of osteoarthritis in a native hip and there is increasing
interest in joint preserving hip surgery to remove the source of impingement before the
joint degrades to relieve pain and potentially prevent osteoarthritis (Leunig and Ganz,
2014). However, for any intra-articular hip surgery, it is necessary to cut muscles
and/or ligaments to gain access to the joint; this is true not only for established open
surgical techniques (Ganz et al., 2001), but also for arthroscopic, ‘key-hole’, joint
preserving surgery (Bedi et al., 2013; Domb et al., 2013) as well as minimally invasive
hip replacement surgery (Lovell, 2008). Each approach has its pros and cons and
damages some tissues, whilst protecting/repairing others. What is more, it is known
that the choice of approach can affect outcomes for patients; for example, a posterior
approach for hip replacement surgery results in a higher risk of dislocation than a
lateral approach unless the posterior ligaments and muscles are repaired (Kwon et al.,
2006). Understanding the biomechanical function of these soft-tissues and how they
contribute to normal joint function is essential for making educated decisions about
which surgical approaches to use, and which tissues to protect/cut/repair depending on

an individual patient’s functional requirements following surgery.

Developing a deeper understanding of the biomechanical function of muscles and
ligaments at the limits of the range of hip motion could help advance both early
intervention and hip replacement surgery; particularly when considered in relation to
edge loading. This therefore forms an exciting opportunity for clinically relevant

biomechanical research.

1.2 Aims and Objectives

The aim of this thesis is to improve the understanding of the biomechanics of hip
muscles and ligaments at the limits of hip motion to better understand their influence on

the mechanisms of edge loading. This breaks down into two more specific objectives:

i. To investigate the muscle contribution to edge loading throughout the range of
hip motion to better understand if/fhow surgical approaches/rehabilitation

strategies could help prevent edge loading.
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ii. To investigate the role of ligaments in restraining excessive hip rotation and
preventing impingements so that the most important ligaments can be

preferentially protected/repaired during surgery.

1.3 Structure

Following the literature review, which explores the topics introduced in section 1.1 in
more detail, this thesis presents four self-contained papers in a journal format: one has
been published in the Journal of Orthopaedic Research, one is in press with the Bone
and Joint Journal, one is under consideration at the Journal of Biomechanics and the
fourth paper will be submitted after this thesis. In the middle of these research papers
is also an additional chapter, which gives an overview of the design of a hip joint testing

system that was designed and manufactured for the subsequent experimental tests.

Each paper provides a concise description of the methods and main findings and so is
also supported by an extensive set of appendices which describe parts of the method
in finer detail, provide supporting sensitivity analyses, describe secondary results which
were not included in the paper and provide more extensive verification for some of the
key findings. The appendices are numbered to match their accompanying chapter and

they are referenced and summarised in the main papers at the most relevant point.






2 Literature Review

Some of the text and images in this literature review extracts from my papers detailed
below, and have been reprinted with permission. The text and images are cited when

used. The two papers used in this chapter are:

van Arkel, R., Amis, A., 2013. (i) Basics of orthopaedic biomechanics. Orthopaedics
and Trauma 27(2):67-75.

van Arkel, R.J., Amis, A.A., Cobb, J.P., Jeffers, J.R.T., 2015. The capsular ligaments
provide more hip rotational restraint than the acetabular labrum and the ligamentum

teres: an experimental study. Bone & Joint Journal 97-B, 484-491.
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2.1 Coordinate Systems and Basic Definitions

The sagittal plane separates left/right, the coronal plane separates front/back and the
transverse plane separates top/bottom. Front/back, top/bottom and inside/outside have
clinical terms which are always used when describing views of the torso and limbs as
detailed in Table 2.1.

2.1.1 The hip

The hip joint approximates a ball and socket joint (Cereatti et al., 2010) that connects
the femur to the pelvis, i.e. the lower limb to the torso. The femur provides the ball,
which sits inside the acetabular socket in the pelvis. The pelvis is made of three bones,
the ilium, ischium and pubis, which fuse during childhood (Gray, 2008). Cranially, the
pelvis attaches to the lumbar spine via the sacrum and distally the femur is attached to
the tibia at the knee joint (Gray, 2008). For a healthy lower limb, when standing up right
it should be possible to draw a vertical line through the hip, knee and ankle joint
centres; this mechanical axis of the lower extremity forms a plane (parallel to the
sagittal plane) when flexion and extension in three dimensions are considered
(Whiteside, 2002).

2.1.2 Acetabular Measurements

The orientation of the acetabulum (or acetabular cup in a hip replacement) is described
in terms of anteversion (opposite retroversion) and inclination (also known as
abduction). Anteversion is measure of how much the socket faces forwards, and
inclination a measure of how much it is tilted upwards. The exact definition of these
orientations depends on context with the most common definitions shown in Table 2.2

and Figure 2.1. Measurements for a normal acetabulum are given in Table 2.3.

Clinically, the degree of acetabular anteversion or inclination is important as it

Table 2.1 Direction Definitions (Hogervorst et al., 2009)

Direction Pair Basic Definition Finer Detail
Anterior/Posterior Front/Back In animals this is Belly/Back-side
Ventral/Dorsal Front/Back In animals this is Belly/Back-side
Medial/Lateral Inside/Outside Towards/Away From the middle of the body
Superior/Inferior Top/Bottom Above/Below
Cranial/Caudal Top/Bottom Towards the Heselrc)di/n'léa,ilr,):l\s/iesﬂgtic.)r describing the
Towards the Beginning/End, useful for describing
Proximal/Distal Top/Bottom limbs which start at the torso and end at the hands

or feet.
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Table 2.2 Common definitions of anteversion and inclination (Murray, 1993)

Orientation Definition Notes
Operative The angle between the longitudinal axis of the Akin to flexion of the
Anteversion patient and the acetabular axis as projected acetabular axis
on to the sagittal plane.
Operative The angle between the acetabular axis and Akin to abduction of the
Inclination the sagittal plane. acetabular axis

Radiographic The angle between the acetabular axis and
Anteversion the coronal plane.

Radiographic The angle between the longitudinal axis and
Inclination the acetabular axis when this is projected on
to the coronal plane.

Anatomical The angle between the transverse axis and Similar to internal rotation of
Anteversion the acetabular axis when this is projected on the acetabulum about a
to the transverse plane. longitudinal body axis.
Anatomical The angle between the acetabular axis and
Inclination the longitudinal axis.

Figure 2.1 Definitions of Anteversion and Inclination (Murray, 1993). Reproduced with
permission and copyright © of the British Editorial Society of Bone and Joint Surgery

Preceding letters: O is operative, R is radiographic, and A is anatomical. Following letters: A is
anteversion, | is inclination.

influences both the range of motion before impingement in the native (Reynolds et al.,
1999) and replaced hip (D'Lima et al., 2000) as well as the severity of component wear
in metal-on-metal (De Haan et al., 2008a; Grammatopoulos et al., 2010a) and ceramic

on ceramic hip implants (Esposito et al., 2012) (see section 2.6).

Another important measurement for the acetabulum is its subtended angle: a deficient
acetabulum (an under-covered hip) is at risk of edge loading and higher wear rates in
both the native hip (Chegini et al., 2009), where it is more commonly known as
dysplasia and measured as the centre-edge angle (Toénnis et al., 1987; Cooperman,

2013), and the replaced hip (Jeffers et al., 2009; Langton et al., 2009). Conversely, an
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Table 2.3 Mean (x SD) anteversion and inclination for a normal acetabulum

Reference Study type # Gender Anteversion (°) Inclination (°)
Male 14
Gray - - 45
Female 19
36 Male 17.5+6.1° 36.4 £ 3.2°
Nakahara et al. CT
70 Female 21.3+6.8° 39.1+4.1°
12 Male 22 +6°
Cobb et al. CT 51+ 3°
8 Female 26 £ 6°
Krebs et al. Cadaveric 100 - 20.7 £ 3.8° 39.8+7.0°

Gray (Gray, 2008); Nakahara et al. (Nakahara et al., 2011); Cobb et al. (Cobb et al., 2010);
Krebs et al. (Krebs et al., 2009).

over-covered hip is at great risk of impingement (Cobb et al., 2010; Leunig and Ganz,
2014).

2.1.3 Femoral Measurements

Femoral anteversion represents how far the femoral head is rotated forwards
compared to an axis at the knee; it is typically measured as the angle the femoral neck

makes with the epicondylar axis.

A varus deformity is one such that a bone or joint is twisted inward, towards the midline
of the body; for the hip this means that the neck-shaft angle is decreased and is known
as coxa vara. Valgus, the opposite, is an outward twist and an increase in the neck-

shaft angle at the hip known as coxa valga.

The amount of femoral anteversion and varus/valgus is clinically important as these
angles directly affect the femoral offset and hence the abductors moment arms and
strength (McGrory et al.,, 1995) (Figure 2.2). Weak hip abductors can cause clinical
problems such as postoperative limp in hip replacement patients (Masonis and Bourne,
2002) or iliotibial band syndrome in young athletic patients (Fredericson et al., 2000).
Femoral anteversion can also influence the range of motion before impingement in
both the native (Audenaert et al., 2012) and replaced hip (Burroughs et al., 2005).

Head-neck offset indicates the relative size and position of the femoral head compared
to the femoral neck. The offset can be measured as an average around the neck or
specified to be the anterior/posterior head-neck offset as appropriate. Head-neck offset
is clinically important when considering hip impingement; high head-neck offset
increases the range of motion before impingement in both the native (Hogervorst et al.,
2009; Audenaert et al., 2012) and replaced hip (Burroughs et al., 2005; Incavo et al.,
2011), see sections 2.4.2 and 2.6.7.
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Figure 2.2 The abductor moment arm and the femoral offset.

The piece of white string running superior-inferiorly highlights the mechanical axis of the femur
running from the femoral head centre (blue circle) to the mid-point of the femoral epicondyles
(not shown).

For an average person, left and right proximal femurs can be considered symmetric
with mean variation less than 4 % between sides (Young et al., 2012); measurements
for a normal femur are given in Table 2.4.

Table 2.4 Mean (x SD) anteversion (AV), neck-shaft angle (NS), femoral offset (FO), head
diameter (dFH) and head-neck offset (HNO) for a normal femur

Study . . FO  OFH HNO
Reference type # Gender AV (°) NS(9) (mm) (mm) (mmIGFH)
Gray - - - 10-15 135 - - -
36 Male 20.3 48.5 +
Nakahara et cT 9.9 125.1 ) 2.4 ]
al. 70 Female 252t %49 429+
emale 98 2.3
. 93+ 124.2 459 +
Ellis et al. CT 76 - 6.5 +58 - 47 0.29 £ 0.02
89+ 1339 427+ 555+
100 Male
Unnanuntana ) 8.3 +59 57 3.2
Cadaveric -
etal. 100 Fomale 114% 1315 397: 487
7.5 +5.7 6.0 2.5
16 Male 768 129% 52%
Yoshioka et . 7.3 3.3
Cadaveric - -
al. 6 Fomale 8%t  133% 45+
10.0 6.6 3.0

Gray (Gray, 2008); Nakahara et al. (Nakahara et al., 2011); Ellis et al. (Ellis et al., 2011);
Unnanuntana et al. (Unnanuntana et al., 2010); Yoshioka et al. (Yoshioka et al., 1987)
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2.1.4 Movements

Movements of the hip are described as flexion/extension, ab/adduction,
internal/external rotation and these are shown in Figure 2.3 and described in Table 2.5.
Flexion, adduction and internal rotation are considered the positive direction throughout

this thesis. Normal range of motion values are given in Table 2.6.

2.1.5 Coordinate systems

The pelvic coordinate system is typically based on a left-right axis such as between the

anterior superior iliac spines (Bartz et al., 2000; Wu et al., 2002; Incavo et al., 2011) or

Table 2.5 Rotation axes definitions and the sign convention used in this thesis

Movement Equivalents Sign Description (Hogervorst et al., 2009)
Flexion + Bending, lower limb moves anteriorly
Extension - Straightening, lower limb moves posteriorly
Adduction + Limb moves towards midline of the body
Abduction - Limb moves away from the midline of the body
Internal Endorotation, + The greater trochanter turns inwards, the anterior
Rotation medial rotation. femur moves towards the anterior pelvis.
External Exorotation, - The greater trochanter turns outwards, the posterior
Rotation lateral rotation femur moves towards the posterior pelvis.

Hip flexed with

Neutral position . . .
P increasing abduction

/4 Ad

I,
o)

Figure 2.3 Movements of the hip (van Arkel et al., 2015). Reproduced with permission and
copyright © of the British Editorial Society of Bone and Joint Surgery.

Flexion/extension, F/E, is a movement about an axis fixed to the pelvis; internal/external
rotation, IR/ER, is a movement about an axis fixed to the femur; and ab/adduction, Ab/Ad, is a
movement about a floating axis.

10
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Table 2.6 Range of Motion of a Normal Male Hip (Boone and Azen, 1979)

Motion Maximum % SD (°)
Flexion 121.3+6.4
Extension 121+ 54
Abduction 40.5+6.0
Adduction 256+3.6
Internal Rotation 444 +43
External Rotation 442 +48

the hip joint centres (Bergmann et al., 2001) combined with a third point in the sagittal
plane such as the midpoint between the posterior-superior iliac spines (Wu et al.,
2002), the pubic symphysis (Bartz et al., 2000) or the centre of the L5-S1 vertebral
body (Bergmann et al., 2001).

The femoral coordinate system is based on a superior-inferior axis such as a
mechanical axis based on the femoral head centre and the midpoint of the epicondyles
(Wu et al., 2002) or the insertion point of the posterior cruciate ligament (Yoshioka et
al., 1987), or more simply using the femoral shaft (Bergmann et al., 2001) combined
with an axis for neutral hip rotation such as the femoral epicondyles (Yoshioka et al.,
1987; Wu et al., 2002) or the posterior aspect of the femoral condyles (Bergmann et al.,
2001; Incavo et al., 2011).

The origin of the coordinate system is typically the femoral head centre and the
movement axis are defined such that flexion/extension occurs about the pelvic left-right
axis, internal/external rotation about the superior-inferior long-axis of the femur, and

ab/adduction is floating.

In recent years, the ISB established a well-defined coordinate system that is now used
for much hip research (Wu et al., 2002) and hence will be used as the coordinate
system in this thesis. The definition of the pelvic X, Y and Z (uppercase letters), femoral
X, y and z (lowercase letters), and movement e;, e, and ez axes are detailed in Table
2.7 and Figure 2.4.

2.1.6 Joint stability

A stable object is one that returns to its original place when it is displaced. For a joint
this would mean the joint returns to/maintains its original position upon application of an
external load. This stability can be achieved actively or passively; active stability comes
from the action of muscles, and passive stability from joint shape, ligaments and

fibrocartilage structures. The body makes use of both types of stability as passive
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Figure 2.4 Diagram defining the pelvic XYZ and femoral xyz axes (Wu et al., 2002). Reproduced
with permission and copyright © from Elsevier

The ASIS/PSIS are the anterior/posterior superior iliac spine respectively; and FE represents
the femoral epicondyles.

stability is advantageous in terms of energy expenditure and does not require
neuromuscular control whereas active stability allows fine control of limb position over
a large range of motion. The amount of restoring force exerted by a ligament, and
hence its contribution to stability, is proportional to its increase in length during the

movement (van Arkel and Amis, 2013) (Figure 2.5).

Stability can also be referred to as restraint and these two terms can be used
interchangeably; however, as a rule of thumb when describing joint biomechanics,
stability is used to describe resistance to translations whereas restraint is used to

describe resistance to rotation.

2.2 Normal Hip Joint Kinematics and Loads

A normal person, or an active hip replacement patient with a good functional outcome,
typically walks >1.2 million gait cycles, climbs 100,000 steps and rises from a chair
22,000-28,000 times per annum (Morlock et al., 2001; Dall and Kerr, 2010). Thus,
these activities of daily living are frequently studied to determine the success of a

treatment program, the effects of a disease, or for pre-clinical testing of implants.

12



LITERATURE REVIEW

Table 2.7 Definitions of pelvic XYZ and femoral xyz

Axis System Definition
) Pelvic Origin coincident with the right (or left) hip centre of rotation.
X Pelvic The line parallel to a line lying in the plane defined by the two

ASISs and the midpoint of the two PSISs, orthogonal to the Z-
axis, and pointing anteriorly.

Y Pelvic The line perpendicular to both X and Z, pointing cranially.

Z Pelvic The line parallel to a line connecting the right and left ASISs, and
pointing to the right.

o} Femoral Origin, coincident with the right (or left) hip centre of rotation.

X Femoral The line perpendicular to both y- and z-axis, pointing anteriorly

y Femoral The line joining the midpoint between the medial and lateral FEs

and the origin, and pointing cranially.

z Femoral The line perpendicular to the y-axis, lying in the plane defined by
the origin and the two femoral epicondyles, pointing to the right.

€4 Movement  Flexion/extension and medial/lateral translation, coincident with
the Z-axis (pelvic).

e Movement Ab/adduction and anterior/posterior translation, floating axis
perpendicular to axes e; and ej.

€3 Movement Internal/external rotation and proximal/distal translation,
coincident with the y-axis (femoral).

Neutral All When the pelvic and femoral coordinate systems (O/o, X/x, Y/y
and Z/z) are coincident. (A similar position to standing upright).

2.2.1 Kinematics measurement techniques

Range of motion can be measured with a goniometer (Boone and Azen, 1979; Roach
and Miles, 1991; Nussbaumer et al., 2010). However, when complex movements are
studied, real-time techniques are needed and so kinematics of the hip joint are most
commonly found using optical tracking systems (Bergmann et al., 2001; Nadzadi et al.,
2003; Yoshioka et al., 2007; Charbonnier et al., 2009; Mellon et al., 2011; Kwon et al.,
2012) such as the Vicon system (Vicon, Oxford, UK). For these systems to work,
reflective markers are placed on skin adjacent to anatomical landmarks such as the
femoral epicondyles and the anterior/posterior iliac spines. The results from this
method are widely used as they can be used to explore most possible movements and
can be combined with ground reaction force data easily by performing the movement

on a force plates.

Key limitations of optical tracking measurements include the errors that are introduced
from soft tissue artefacts between the skin-markers and the underlying bony
anatomical landmark (Lu and O’Connor, 1999; Murphy et al., 2011) and difficulties in
determining the joint centre (Lopomo et al., 2010; Heller et al., 2011) from surface

measurements. These limitations can be overcome using low-dose high-frame-rate
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Figure 2.5 How ligaments provide stability (van Arkel and Amis, 2013). Reproduced with
permission and copyright © from Elsevier.

A) A partially stable configuration. B) When the ball of the joint is rolled to the left then the joint
is unstable and the ball is able to continually roll and would permanently dislocate unless
relocated by muscle action. C) If the ball is rolled to the right then the ligament provides a
passive restoring force, which is proportional to the amount of rotation, and thus returns the ball
to its original position. D) A fully stabilised joint with a limited range of motion. E) A joint
protected against dislocation by ligaments, with a larger range of motion than D, however
muscular action is needed to enhance joint stability where the ligaments are slack.

fluoroscopy. For example, a known CAD model (usual based on a prior CT scan, or
known prosthesis design) can be matched to a series of 2D fluoroscopic in-vivo images
to measure hip kinematics (Koyanagi et al., 2011; Dimitriou et al., 2015). However the
main disadvantage of these systems is a very small viewing window, which makes
measurement of movements with large displacements of the lower limb challenging as
the joint can easily move out of the field of view. This is less of a problem for a Vicon
system where a large volume can be captured using multiple cameras. Another
disadvantage is that fluoroscopic techniques have an inherent radiation exposure
associated with them which limits the number of repeats that can be performed for

each patient.

2.2.2 Normal kinematics

Gait is described in two phases: the stance phase when the foot is in contact with the
ground, and the swing phase when it is not. Stance begins with heel strike and ends
with toe-off and a typical gait cycle is shown in Figure 2.6. It can be seen that the peak
range of motion during gait utilises only a small portion of the available range of hip
motion (Table 2.6, page 11), however many hip pathologies affect movements that
require a greater range of motion and hence it is important to study a variety of daily
activities including gait. During daily activities such as tying a shoe, rising from a low
chair, or pivoting on the spot average kinematics can exceed: 100° flexion, 15°
extension, 15° adduction, 20° abduction, 20° internal or 45° external rotation (Johnston
and Smidt, 1970; Nadzadi et al., 2003). Moreover, an average ballet dancer can exploit
extreme hip range of motion during dance moves utilising up to: 110° flexion, 40°
extension, 70° abduction or 35° internal rotation during different movements
(Charbonnier et al., 2011).
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Figure 2.6 Kinematics during the gait cycle for
a single leg from heel strike to heel strike for a
normal subject (Kadaba et al, 1990).
Reproduced with permission and copyright ©
from John Wiley and Sons
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2.2.3 In-vivo force measurement with instrumented implants

Early work to instrument implants used pressure sensors under the surface of the
femoral head to measure in vivo contact pressures (Hodge et al., 1986; Hodge et al.,
1989); typical peak contact pressures during the gait cycle gait range from 2.4-5.5 MPa
with pressures up to 18 MPa being recorded when rising from a chair. Aside from
providing researchers with contact pressure values during daily activities, one of the
main findings from these tests was that hip joint muscles frequently co-contract
resulting in higher contact forces than that predicted by a Newtonian inverse dynamics

analysis using ground reaction forces (Park et al., 1999).

More recently the Bergmann group have produced what is now the gold standard for
hip joint (and knee, shoulder and spine) loading using their strain gauge instrumented
implants (Bergmann et al., 2001; Bergmann, 2008). The three strain gauges are
implanted in the femoral neck to monitor the force components acting on the ceramic
ball, with a transmitter to send data telemetrically to computers outside of the patient.
The latest design also has a fourth strain gauge in the femoral shaft to provide
information on temperature changes experienced by the implant (Bergmann, 2010).
This highly regarded work is used frequently by both researchers and industry to
produce realistic tests to validate new prosthesis and understand the hip joint. The
original data were published (Bergmann et al., 2001) and all the data were made freely

available on a cd, ‘HIP98’. The HIP98 cd provided both the hip joint contact forces

15



CHAPTER 2

during seven daily activities along with kinematics and muscles loads for some trials
(Heller et al., 2001). More recently Bergmann’s research has been expanded and has
resulted in the OrthoLoad database (Bergmann, 2008) where hundreds of trials ranging
from gait to stumbling to getting out of a car/bath can be freely downloaded for the hip,

spine, shoulder and knee.

The greatest strength of taking measurements with instrumented implants is that it
gives true in-vivo measurements; however, the biggest weakness is that they can only
be taken in patients who have had joint pathology and required a joint replacement.
The surgical procedures for these are invasive, damaging muscles and changing the
joint anatomy and hence the loads will not be completely representative of normal

subjects, though provide a good baseline.

2.2.4 Force measurement with musculoskeletal models

The key advantage of using musculoskeletal models to estimate joint forces is that they
can be used for any person regardless of the presence/lack of hip pathology and do not
require invasive insertion of instrumented/implants. Models are typically developed
from established cadaveric databases detailing measurements of muscle origins and
insertions for a normal limb (Brand et al., 1982; Hoy et al., 1990; Glitsch and Baumann,
1997; Klein Horsman et al., 2007). Two of these datasets (Brand et al., 1982; Klein
Horsman et al., 2007) have been used to produce open-source musculoskeletal
models which can be used to estimate moment arms and muscles forces during daily
activities (Delp et al., 1990; Modenese et al., 2011); an example model is shown in

Figure 2.7.

The models estimate forces using ground reaction force and kinematic data typically
recorded with a Vicon system or equivalent. The joint kinetics can be calculated directly
from this data and knowledge of the subject anthropometric data (mass, estimates of
limb moments of inertia, etc.) using inverse dynamics. Calculation of the joint reaction
force however requires knowledge of the muscle forces and the system of equations
for calculating these forces is frequently indeterminate due to the large number of
muscles. The equations can be solved using an optimisation routine such as
minimising the sum of muscle forces (Heller et al., 2001), stresses (Modenese et al.,
2011; Yoshioka et al., 2012), activations (Yoshioka et al., 2012) or metabolic energy
(Correa et al., 2010). Alternatively the number of equations can be reduced by
combining muscle actuators until the system is no longer indeterminate (Heller, 2005).
Once the muscle forces are known, the contact force can be calculated by summing

the force vectors (Modenese et al., 2011).
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Figure 2.7 The London Lower Limb Model (Modenese et al., 2011) produced in OpenSim (Delp
et al., 2007).

Whilst these models are becoming more advanced with muscle wrapping (Delp et al.,
1999; Blemker and Delp, 2005) and muscle-tendon length calculations (Arnold et al.,
2010), the inherent need for the optimisation routine or equivalent and the difficulty in
accounting for muscle co-contraction means that they still cannot be relied upon to
determine hip joint contact forces for novel activities without validation against results
from instrumented implants and EMG signals (Modenese et al., 2011; Mellon et al.,
2013). Indeed a recent study showed that a current state-of-the-art model could be
used to calculate the magnitude of the joint reaction force measured in-vivo, however

would not be able to recreate the direction of this force (Modenese et al., 2013).

2.2.5 Normal hip joint forces

Typical hip forces during daily activities exceed 200 % body weight: during gait the
peak force equates to 1.8 kN for an average patient and in excess of 3.9 kN for a high-
load patient (Bergmann et al., 2010). An example gait cycle is shown in Figure 2.8.

These high hip joint forces occur because the muscles which actively stabilise and
move the joint have moment arms which are shorter than a typical moment arm for the
subject’s centre of mass; thus the muscles forces have to sum to greater than body
weight to balance the joint or move the centre of mass. What is more, muscle co-

contraction is not uncommon to ensure stability in all 6-degrees-of-freedom resulting in
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Figure 2.8 Output from HIP98 (Bergmann et al., 2001).

The classic gait contact force cycle can be seen in the bottom right corner. It can be seen that
the peak contact force vastly exceeds bodyweight (233 % for the average patient) and occurs
during heel strike (representative diagram top left). A second, smaller peak at toe-off can also
be seen on the bottom right contact force graph.

even higher loads. During stumbling, when many muscles co-contract to stiffen and
stabilise the joint, the hip joint reaction force can exceed 11 kN (Bergmann et al.,
2010).

2.3 Soft Tissue Anatomy and Biomechanics

2.3.1 Muscles

There are twenty-two muscles that span the hip joint with seven of these muscles
(tensor fascia lata, rectus femoris, sartorius, gracilis semimembranosus,
semitendinosus and the bicep femoris long head) extending over both the hip and knee
(Gray, 2008). Figure 2.9 shows many of the hip joint muscles and Table 2.8 details all
the muscles of the hip, their common groupings and their functions. The origins and
insertions of these muscles have been quantified in numerous datasets for the
production of musculoskeletal models (see 2.2.4).
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(Ohara, 2006). Reproduced under
the creative commons licence CC
BY-SA 3.0.
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Table 2.8 Muscle Groups and their functions

Secondary Hip Joint

Primary Hip Joint

Group Muscles Function Function
Gluteus Maximus Extensor"*** External Rotato r,ee
Adductor
Gluteal and Gluteus Medius Abductor'?® Internal Rotator"*°
Abductors Gluteus Minimus Abductor'?? Internal Rotator*®
Tensor Fascia Lata Abductor'?? Intelr:r::)l(cl')\’rcy)zt’;t or'
Adductor Brevis Adductor'?? Extensor?
Adductor Magnus Adductor"*? Extensor®>*
Adductors Adductor Longus Adductor"*? Extensor,’ Flexor"?
Pectineus Adductor'?? Flexor*®
Gracilis Adductor'?® Extensor,” Flexor®
Bi(:]% zﬁ;nr?;:z;?)ng Extensor?*’ Adductor’
Hamstrings g0 mimembranosus Extensor”>*’ Adductor®
Semitendinosus Extensor”>*’ Adductor®
Obturator Externus External Rotator’*® Adduction?
Obturator Internus External Rotator'?® Abduction?
Eftr;?:al Piriformis Abductor'? External Rotator®
Rotators Superior Gemellus External Rotator"? Abductor’
Inferior Gemellus External Rotator'? -
Quadratus Femoris External Rotator®® Extensor?
lliacus Flexor'%3® -
Psoas Major Flexor"#%® -
lliopsoas Psoas Minor1 (often Flexor'2® }
and Flexors absent’) )
Sartorius Flexor"?? ExteArt;\(;llj(I;Rtgfcét or'
Rectus Femoris Flexor'*? Abductor®

1 — (Gray, 2008), 2 — (Dostal et al., 1986), 3 — (Colgan et al., 1994), 4 — (Németh and Ohlsén,
1985), 5 — (Delp et al., 1999), 6 — (Blemker and Delp, 2005), and 7 — (Basmajian and De Luca,
1985).

2.3.2 The Capsular Ligaments

Anatomy

The hip joint is surrounded by an encasing, strong ligamentous structure known as the
hip joint capsule. Aside from the native bony stability afforded by the ball and socket

joint shape, this is one of the main structures that provide stability to the hip. The hip
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capsule is made up of iliofemoral, pubofemoral and ischiofemoral ligaments (Gray,
2008).

The iliofemoral ligament arises superior to the acetabulum and inferior to the anterior
inferior iliac spine (the origin of the rectus femoris muscle tendon). It inserts along the
entire length of the intertrochanteric line (Fuss and Bacher, 1991; Gray, 2008) however
the ligament is frequently described as two separate regions which contain the bulk of
the collagen fibres: the lateral arm, which inserts into the anterior-superior greater
trochanter, and the medial arm which inserts anterior to the lesser trochanter (Figure
2.10) (Martin et al., 2008; Wagner et al., 2012). The iliofemoral ligament is the thickest
(Stewart et al., 2002) and the strongest of the three capsular ligaments (Hewitt et al.,
2001; Hewitt et al., 2002).

The ischiofemoral ligament arises at the ischial portion of the acetabulum and spirals
around the posterior femoral head to insert anterosuperiorly at the base of the greater
trochanter and the superior tip of the intertrochanteric line (Figure 2.10), posterior to
and merging with fibres of the lateral arm of the iliofemoral ligament (Gray, 2008;
Martin et al., 2008). Some authors also describe an additional inferior bundle of fibres
that inserts alongside the medial arm of the iliofemoral ligament and pubofemoral
ligament in the proximity of the lesser trochanter (Fuss and Bacher, 1991; Wagner et
al., 2012).

The pubofemoral ligament arises at the pubic portion of the acetabular rim at the
obturator crest and the superior ramus of the pubis. Its fibres form a sling around the
inferior femoral head and blend with and insert alongside the medial iliofemoral
ligament, slightly anterior to the lesser trochanter (Gray, 2008; Martin et al., 2008;
Wagner et al., 2012) (Figure 2.10). Martin et al. also describe a second arm of this
ligament which inserts posteriorly on the intertrochanteric crest (Martin et al., 2008),
however, no other authors identify this fibre bundle but instead identify an O-ring like
band of fibres that surround the posterior femoral neck, but have no distinct insertion
into the intertrochanteric crest. This band of fibres is called the femoral arcuate
ligament (Fuss and Bacher, 1991; Hewitt et al., 2002), or the zona orbicularis (Ito et al.,
2009; Wagner et al., 2012).

Fuss and Bacher provide the most detailed description of the capsular ligaments and
provide paired illustrations and photos. They describe additional small fibres bundles to
the main ligaments described above such that the entire circumference of the capsule
is defined in terms of ligament fibre bundles (Fuss and Bacher, 1991). They also

describe the merging of ligament fibres in greater detail, using the term pilema to
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Figure 2.10 The capsular ligaments of the hip (Gray, 1918). Reproduced from 20th U.S. edition
of Gray's Anatomy (copyright expired, available in the public domain).

Left) anterior view of a right hip showing the medial and lateral arms of the iliofemoral ligament
traversing across the anterior portion of the hip. The pubofemoral ligament can be seen to arise
from the pubic portion of the acetabulum (its insertion, posterior to the medial arm of the
iliofemoral ligament, cannot be seen). Right) Posterior view of a right hip showing the
ischiofemoral ligament spiralling round the posterior femoral neck (Gray, 1918). Images

describe these regions: the lateral pilema consists of the lateral iliofemoral and superior
ischiofemoral ligaments at their femoral insertion at the superior intertrochanteric line,
the medial pilema the medial iliofemoral, pubofemoral and inferior ischiofemoral
ligaments at their shared femoral insertion adjacent to the lesser trochanter, and the
posterior pilema between the ischiofemoral ligaments’ superior and inferior fibres

bundles and the femoral arcuate ligament.

The capsular ligaments are homogeneously innervated with both proprioceptive and
nociceptive nerve endings suggesting a role in sensing both spatial orientation and

pain (Haversath et al., 2013).

Biomechanics

Each of the capsular ligaments has a role in restraining hip joint movements and the
main functions of each ligament is summarised in Table 2.1. Fuss and Bacher provide
a more detailed qualitative description of where within the range of hip motion ligament
fibres tauten and they assess both primary and secondary functions of the ligaments
(Fuss and Bacher, 1991). Recent quantitative work shows that ligaments have a role in
restraining hip rotations: cutting the iliofemoral ligament results in increased external
rotation range of motion (Martin et al., 2008; Myers et al., 2011; Safran et al., 2013)
which supports the description provided by Fuss and Bacher. Martin et al also report
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Table 2.9 Primary limiting functions of the capsular ligaments (Fuss and Bacher, 1991; Martin
et al., 2008)

Movement Main limiting ligament
Flexion Ischiofemoral (inferior portion)
Extension lliofemoral (medial arm)
Abduction Pubofemoral
Adduction Ischiofemoral (superior portion)
Internal Rotation Ischiofemoral (superior portion)
External Rotation lliofemoral (lateral arm)

that the ischiofemoral ligament limits internal rotation in low flexion/extension and that

the pubofemoral ligament limits external rotation in extension (Martin et al., 2008).

The ligaments also have a role in stabilising the hip: cutting the iliofemoral ligament
results in an significant increase in anterior displacement when rotating the hip in low
flexion/extension (Myers et al., 2011) and in a neutral hip position the capsule stabilises
the hip against medial, lateral and inferior displacements (Ito et al., 2009; Smith et al.,
2014). A significant stabilising role against lateral, inferior and anterior displacements at
the extremes of the range of hip motion has also been measured after a partial
capsulotomy (Safran et al., 2013). Research into the role of soft tissues in stabilising
hip replacements has suggested that the capsular ligament helps cradle the femoral
head, resisting subluxation and dislocation in deep hip flexion (Elkins et al., 2011b;
Colbrunn et al., 2013).

2.3.3 The Ligamentum Teres

Anatomy

The femoral head is directly attached to the acetabular socket via the Ligamentum
Teres, the ligament of the femoral head (Gray, 2008). The ligament is described as a
strong, triangular structure that arises predominantly from the transverse acetabular
ligament (Rao et al., 2001; Cerezal et al., 2010) and also from the posteroinferior
portion of the cotyloid fossa (Gray and Villar, 1997) and inserts into the inferolateral
femoral head (Figure 2.11). It is made of three bundles: posterior, anterior and medial,
of which the posterior bundle is longest, and the medial bundle thinnest (Demange,
2007). It also has free nerve ends in the ligament which suggests that it has a

proprioceptive role similar to that of the anterior cruciate ligament (Leunig et al., 2000).
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Figure 2.11 The intra-articular ligamentum teres (Gray, 1918). Reproduced from 20th U.S.
edition of Gray's Anatomy (copyright expired, available in the public domain).

Biomechanics

It has been suggested that the Ligamentum Teres Femoris, the ligament of the femoral
head, is a vestigial structure (Kapandji, 1978), that still has some function in juveniles
as a blood supply to the femoral head (Wertheimer and Sd, 1971; Gray and Villar,
1997). Some authors believe that it has no mechanical function (Erb, 2001). Given that
tissues remodel in response to presence/lack of mechanical stimulus then it might be
expected that a tissue that has no mechanical function would have a low mass and
strength (Woo et al., 1982); however the ligament is described as ‘strong’ in more than
70 % of cadavers aged over 60 (Tan and Wong, 1990) suggesting that the ligament

could have a mechanical role in some hips.

Early work suggests that it is taut when the hip is semi-flexed and adducted, and
relaxed in abduction (Gray, 2008) and this is supported by more recent arthroscopic
observations (Gray and Villar, 1997; Rao et al., 2001; Kelly et al., 2003; Bardakos and
Villar, 2009); research using MRI scans of cadaveric tissue that found ligament to be
slack in abduction and internal rotation (Cerezal et al., 2010). A string model suggested

that the ligament is taut during external rotation and flexion (90-120°), or internal
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rotation and extension (Martin et al., 2012). Earlier work by this group showed that the
capsular ligaments are lax during 30° flexion (Martin et al., 2008) (semi flexed) but taut
during extension, and hence they hypothesize that the Ligamentum Teres acts as a
secondary stabiliser in extension, but a primary stabiliser in flexion (Martin et al., 2012).
These string model results were supported by recent cadaveric tests (Martin et al.,
2013) which also showed that the ligamentum teres could help prevent hip joint
subluxations by wrapping around the femoral head (Kivlan et al., 2013). However, none
of these tests consider the ligamentum teres’ relative importance compared to the
capsule. Research with an intact hip capsule showed that cutting the ligamentum teres
(using arthroscopy) produced a small (1.3°) significant increase in the range of hip
adduction in neutral hip flexion; however this is unlikely to be clinically significant and
the were no other significant differences detected during flexion, extension or abduction
movements (Demange, 2007). Therefore more research is needed to clarify the

function of this tissue relative to the capsular ligaments.

2.3.4 The Acetabular Labrum

Anatomy

The triangular shaped acetabular labrum is a fibrocartilage structure that surrounds the
rim of the acetabulum directly connecting to the articular cartilage and bone. At the
articular surface the labrum is covered by a meshwork of thin fibrils and the main
substance of the labrum consists of a matrix with circumferential collagen fibres
(Petersen et al., 2003). These fibres blend with the transverse acetabular ligament at
the inferior portion of the acetabulum forming a complete circle comprising of these two
tissues around the acetabulum (Ferguson et al., 2000a). The average labrum is 4 mm
to 7.4 mm high, is largest in the anterior portion of the acetabulum (Won et al., 2003)
and deepens the acetabular socket by increasing its surface area by 22-28 % and its
volume by 31-33 % (Seldes et al., 2001; Tan et al., 2001).

Labral attachment varies around the acetabulum: the anterior labrum has
predominantly a flat insertion with the cartilage and the bone, whereas the posterior
labrum typically inserts below the bony rim (Won et al., 2003). Moreover, the anterior
labrum had a sudden transition to articular cartilage and solely circumferential fibres
parallel to the bony rim, whereas the posterior labrum had a gradual transition between
cartilage and fibrocartilage, with both circumferential and radial collagen fibre bundles
(Cashin et al., 2008).
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The labrum is innervated with both proprioceptive and nociceptive nerve endings in
high numbers near its acetabular insertion suggesting it could have a role in spatial

orientation or be the cause of pain for hip disorders (Haversath et al., 2013).

Biomechanics

Early work showed that the labrum (and the knee meniscus) helped maintain joint
space between articular cartilage surfaces under a static load (Terayama et al., 1980)
and found that the labrum could act like an O-ring and seal a higher pressure within the
joint which could aid joint stability (Takechi et al., 1982). Further investigation has
shown that through sealing synovial fluid in the central compartment, the labrum
encourages more uniform pressure distribution within the hip helping prevent contact
between the articulating surfaces and thus protecting the solid cartilage matrix from
high strain (Ferguson et al., 2000a, 2003). This labral seal strengthens with external
rotation but weakens with flexion and internal rotation (Dwyer et al., 2014), which is
likely due to the changing congruency of the femoroacetabular joint with different hip
positions. The seal is also significantly impacted by labral tears/resection which allows
fluid to escape the joint space preventing formation of the protective pressurised fluid
layer (Cadet et al.,, 2012). The labrum can helps prevents cartilage consolidation by
augmenting fluid retention within the cartilage layers (Ferguson et al., 2000b, 2003;
Haemer et al., 2012).

The labral seal not only protects the cartilage from increased contact stresses by
allowing a pressurised fluid layer to develop, but also promotes greater joint stability:
cadaveric models have shown that venting the labral seal, or tearing the labrum results
in a decrease in the amount of force needed to distract the hip as well as increasing the
amount of femoral head displacement during extension, abduction and external rotation
movements under hip joint compression (Crawford et al., 2007). Another study showed
that, in a neutral hip position, a 2 cm labrectomy in the absence of the hip joint capsule
significantly reduced the stability ratio (peak anterior force required for dislocation
divided by the joint compression force). However, this study also found a 3 cm
circumferential tear, or a radial tear did not affect it suggesting that only severe labral
tears or labrectomy effects hip stability (Smith et al., 2011). This is supported by Myers
et al. who showed that the labrum only provides secondary stability with the iliofemoral
ligaments providing greater external rotation restraint, and more stability against
anterior femoral head displacement (Myers et al., 2011). This is further corroborated by
results from Ito et al. who found that the proximal capsular provides primary stability

against hip joint distraction (lto et al., 2009).
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Another possible advantage of this labral seal is that it could promote better lubrication
of the articular surface by encouraging fluid-film lubrication. A theoretical model
showed that an intact, tight fitting labrum can maintain a squeezed fluid-film (Hlavacek,
2002) and recent experimental work supports this hypothesis (Song et al., 2012);
however this cadaveric model utilised a loading cycle that is an order of magnitude
longer than a gait cycle (13 seconds versus 1 second) and it is known that lubrication
regimes change with the velocity of the articulating surfaces (Accardi et al., 2011;
Myant et al., 2012) so further evidence is needed to support a conclusion that the labral

seal promotes better joint lubrication.

Whilst the labral seal aids load support through maintaining fluid within the joint helping
to prevent contact between the articulating surfaces, there are contrasting reports
regarding the labrum’s ability to increase contact area and hence further reduce
contact stresses in cases where solid contact does occur between the articulating
surfaces. Whilst some research suggests that the labrum has little/no role in load
support in a normal hip (Konrath et al., 1998; Henak et al., 2011), other studies suggest
that labral tears/resection result in decreased contact areas, increased contact stresses
(Lee et al., 2015) and increased strain in the cartilage (Greaves et al., 2010) implying it
does have a role in load support. The differences could be due to the wide variation in
testing methodology including computational modelling (Henak et al., 2011) and
cadaveric modelling using single use pressure films (Konrath et al., 1998), real-time
digital pressure measurement (Lee et al., 2015) and MRI scans (Greaves et al., 2010).
The differences could also be caused by variation in the hip kinematics and load cases;
those used include gait (Henak et al., 2011; Lee et al., 2015), stair climbing/descent
(Henak et al., 2011; Lee et al.,, 2015) and single leg stance (Konrath et al., 1998;
Greaves et al., 2010). Indeed the labrum is most likely to contribute to load support in a
load case where the contact force is close to the edge of the acetabulum. A study
looking at extreme movements in extension measured considerable labral strains with
the hip place under joint compression (Dy et al., 2008). This suggests that the labrum
may participate more in load support during movements that require the extremes of
the range of motion. The labrum’s anatomy also suggests a role in load support
through increasing the weight-bearing surface of the acetabulum. This is confirmed by
the anatomy where a tidemark like attachment between the labrum and bone is

typically observed adjacent to weight-bearing articular cartilage (Seldes et al., 2001).

A final function that the labrum may pose is as a soft buffer against bony impingement

as a study which measured labral strains through the range of hip motion measured the
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greatest labral strains in positions of impingement (Safran et al., 2011). However this

study did not apply any controlled loads which could have affected their results.

Thus it can be concluded that the labrum has a role as a fluid seal both within the joint
space and articular cartilage and that it also has a secondary role as a hip stabiliser. It
may also have a role in helping reduce friction between the articulating surfaces, in

load support and as a buffer against bony impingements.

2.3.5 Cartilage

Anatomy

The femoral head is covered in hyaline cartilage which makes contact with the
horseshoe shaped cartilage in the acetabulum. The cartilage is thickest at the
anterolaterally on the femoral head and anterosuperiorly in the acetabulum, the main
load bearing regions (Gray, 2008) and whilst the surfaces are reciprocally curved, they

are not completely congruent (Rushfeld, 1979; Anderson et al., 2010).

Articular cartilage has little regenerative capacity, yet in many people it can provide a
low friction articulating surface capable of transmitting the high in vivo contact stresses
through the joint for their whole lives (Rushfeld, 1979). Cartilage is able to do this due
to its biphasic properties: it has both a solid and a liquid phase. Its strength is due to
collagen fibres, which anchor into subchondral bone, pass through the thickness of the
cartilage and are tangential to the articulating surface. This arrangement traps
hydrophilic proteoglycan molecules, which attract water by osmosis, creating a tense

‘swollen’ hydrated structure (van Arkel and Amis, 2013).

Biomechanics

A basic description of the function of articular cartilage is that the solid cartilage matrix
is protected against high contact stresses by movement of the fluid between its pores.
This movement creates large drag forces, which result in pressure gradients that can
support the applied load (Katta et al., 2008). In other words, provided the cartilage is
well hydrated, the load is supported by the fluid and not the solid matrix, and hence it is
protected from damage. Furthermore, articular cartilage provides a low friction surface
as solid-on-solid contact between two adjacent articulating surfaces is prevented by a
lubricating fluid layer (van Arkel and Amis, 2013). The lubrication mechanism is such
that the coefficient of friction decreases as the joint moves more quickly: at a low
speed, the joint exhibits boundary lubrication with synovial fluid molecules forming a
low friction brush-like layer, however when the joint moves quickly, hydrodynamic

lubrication can occur providing an even lower coefficient of friction (Accardi et al.,

28



LITERATURE REVIEW

2011). Unfortunately, surface damage leads to fibrillation, when the proteoglycans
escape and the cartilage loses its tensed, hydrated stiffness, and that allows
degenerative changes to cascade. For the hip, the lifetime risk of osteoarthritis is one in
four (Murphy et al., 2010) with a lifetime risk of needing a total hip replacement, the
leading treatment for end-stage hip osteoarthritis, between 7 and 12 % for men and

women respectively (Culliford et al., 2012).
2.4 Causes of hip pain, instability and osteoarthritis in the native hip

2.4.1 Acetabular labral tears

Labral tears cause hip pain and have been associated with early signs of degenerative
changes in adjacent articular cartilage (McCarthy et al., 2001a). Labral tears occur
most frequently anteriorly/anterosuperiorly (Fitzgerald, 1995; Seldes et al., 2001;
McCarthy et al., 2003) and whilst they are a cause of hip pain (Haversath et al., 2013),
they are also commonly observed in pain-free asymptomatic hips (Register et al.,
2012). The most common type of labral tear is a separation at the labral-cartilage

junction, which has been coined a watershed lesion (McCarthy et al., 2001b).

Causes

There are three theories for the causes of labral repairs: the first is that they are caused
predominately by abnormal hip morphology; research by Ganz and colleagues showed
that femoroacetabular impingement, FAI, (see 2.4.2) can cause labral tears (Ganz et
al., 2003; Beck et al.,, 2005). A detailed finite element simulation of stresses in the
labrum and adjacent articular cartilage with varying hip morphology showed that stress
in the labrum increases significantly for stand-to-sit activity for cam and pincer hips
confirming the mechanism of FAI for labral injury (Chegini et al., 2009). Moreover, a
decreasing centre-edge angle, which creates a dysplastic hip, led to much higher
stresses in the lateral edge of the acetabulum and the labrum (Chegini et al., 2009;
Henak et al.,, 2011) in a similar mechanism to that of superior edge loading of hip
replacements (2.6.4). Thus abnormal bony morphology, whether dysplastic, cam or
pincer, leads to greater stresses in the acetabular labrum and hence explains why

young patients with these conditions frequently experience labral injuries.

The second is that extreme range of motion manoeuvres can generate significant
strains in the labrum (Dy et al., 2008; Safran et al., 2011) suggesting that labral tears
could occur in young patients during sporting activity. Indeed, a motion-
capture/computational modelling (Charbonnier et al., 2009) study and MRI research

(Duthon et al., 2013) into extreme movements in ballet dancers showed that these
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movements can cause impingements, subluxation and high contact pressures in the
labrum for a patient with normal bony morphology and thus could be a cause of labral

lesions (Charbonnier et al., 2009).

Finally, there are anatomical differences in the labrum that could expose the
anterosuperior quadrant to injury: it has significantly lower compressive stiffness
compared to the posterior quadrant, and significantly lower tensile properties compared
to the anteroinferior quadrant (Smith et al., 2009). Moreover, the anterior labrum’s
fibres are orientated parallel to the labral-chondral junction which could further expose

it to a common watershed type tear (Cashin et al., 2008).

Treatment

Treatment of labral tears can involve resection, debridement or reattachment (Kelly et
al., 2005) and early clinical results show that patients have improved outcomes when
the labrum was re-fixated/repaired for both open (Espinosa et al., 2006) and
arthroscopic (Larson and Giveans, 2009; Schilders et al., 2011) treatment for
femoroacetabular impingement. However, not all labral tears can be treated or
repaired, for example posterior tears are less likely to be repaired due to ossification of

the rim (Larson and Giveans, 2009).

2.4.2 Femoroacetabular impingement

Femoroacetabular impingement, FAI, in natural hips can occur as results of extreme
range of motion requirements (Charbonnier et al., 2011), or more commonly due to
abnormal bony morphology (Leunig and Ganz, 2014). A decade ago, a clear link
between FAI, hip pain and previously idiopathic osteoarthritis was established (Ganz et
al., 2003) alongside surgical interventions to treat these anomalies early in a bid to
treat pain and delay the onset, or even prevent hip osteoarthritis (Lavigne et al., 2004).
Surgery to treat symptomatic FAI is becoming increasing popular and has promising
short term results (Beck et al., 2004; Leunig et al., 2009; Clohisy et al., 2010; Ng et al.,
2010; Impellizzeri et al., 2012; Papalia et al., 2012). There are two main mechanisms

described for FAI: cam and pincer (Figure 2.12).

Cam Hips

Cam FAI results from an increased prominence on the femoral neck which abuts onto
the articular cartilage during flexion and internal rotation (Ganz et al., 2003). The non-
spherical femoral head effectively has an increased neck radius which is described on
radiographs through measuring the alpha angle (Tannast et al., 2007b) and triangular

index (Gosvig et al., 2007). Cam deformity is more common in male subjects (Gosvig
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C

Figure 2.12 Pincer and Cam FAIl (Ganz et al., 2008). Reproduced with permission and copyright
© from Springer.

A) A pincer acetabulum provides over coverage of the femoral head which during flexion of the
hip leads to B) impingement and direct anterosuperior labral stress with a contrecoup lesion on
the posterior labrum and cartilage in a similar mechanism to edge loading of hip replacements
(see section 2.6). C) A cam hip has a non-spherical femoral head which during flexion and
internal rotation leads to D) impingement between the femoral neck and the anterosuperior
articular cartilage and labrum.

et al., 2008) and is thought to develop in response to high quantities of athletic activity
during adolescence (Siebenrock et al., 2011). The cam deformity causes direct
chondral damage and results in separation of the labrum from the anterosuperior
region of the acetabulum (Beck et al., 2005). In this mechanism, the cartilage is
damaged first whilst the labrum remains principally uninvolved (Peters and Erickson,
2006; Ganz et al., 2008). Treatment of cam FAI involves removal of the osseous bump
through open (Ganz et al., 2003; Lavigne et al.,, 2004) or arthroscopic surgery
(Philippon et al., 2007b); whilst there is a lack of conclusive evidence as to whether
arthroscopic surgery provides improved results over open surgery (Papalia et al., 2012)
arthroscopy is more favourable for athletes where a quick return to sport is desired
(Philippon et al., 2007a).
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Pincer Hips

Pincer FAI is caused by a defect of the acetabulum which leads to over coverage of the
femoral head (Ganz et al., 2003). This can be caused by a general deformity where the
hip socket being too deep, coxa profunda or more extreme protrusio acetabuli, or by a
local deformity such as acetabular retroversion which results in a prominent anterior
wall (Reynolds et al., 1999; Ganz et al., 2003; Tannast et al., 2007b). Pincer
deformities are more prominent in middle aged women (Tannast et al., 2007b) with the
first structure to fail being the anterosuperior part of the acetabular labrum at the point
where the impingement happens (Ganz et al.,, 2008; Leunig and Ganz, 2014).
Repeated abutment of the femoral neck into the anterior wall during flexion of the hip
can lead to a ‘contrecoup’ lesion of the articular cartilage posteriorly through
subluxation of the femoral head (Beck et al., 2005; Wassilew et al., 2013) through a
similar mechanism to that of edge loading following total hip replacement (De Haan et
al., 2008a; Matar et al., 2010) (see section 2.6.7). Treatment of pincer FAI can involve
acetabular rim trimming (Lavigne et al., 2004) or reorientation of the acetabulum (Ganz
et al., 2003) through a reverse periacetabular osteotomy (Ganz et al., 1988;
Siebenrock et al., 2003).

2.4.3 Controversy in the treatment of FAl and Labral Tears

Like cam deformity, pincer hips are often diagnosed from radiographs (Tannast et al.,
2007b) which has led to the diagnosis of cam-pincer deformity where both mechanisms
are present (Beck et al., 2005). However, recent research using CT scans found that
cam and pincer morphology are distinct variations and not mixed (Cobb et al., 2010;
Masjedi et al., 2013): pincer hips had deeper acetabula when compared to normal hips
whereas cam deformities are coupled with acetabula that are normal or even
marginally shallower. The implication of this is that false diagnosis followed by surgical
rim trimming of a ‘cam-pincer’ hip could leave the acetabulum deficient by making a
shallow cam hip even less deep and hence expose the hip to an increased prevalence
of edge loading, similar to that of superior edge loading of hip replacements (see
section 2.6.4).

As with all hip surgery, both arthroscopic and open early interventions techniques
require incisions to gain access to the joint and necessarily cut the hip joint capsule
and its intertwined ligaments, which completely surround the hip, frequently leaving the
incision unrepaired (Ganz et al.,, 2001; Bedi et al.,, 2011b). Whilst many patients
seemingly tolerate this in the short-term, recent data has suggested that those with

capsular repair have superior clinical results to those without (Frank et al., 2014).
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Worryingly, long-term data is not available, capsular defects are common in patients
requiring revision hip arthroscopy (Philippon et al., 2007d; McCormick et al., 2014) and
there are cases of extreme post-operative instability leading to dislocation (Matsuda,
2009; Ranawat et al., 2009; Sansone et al., 2013; Austin et al., 2014). Consequentially,
there are concerns that non-dislocating separations of the articular surfaces are
underreported yet may have long-term consequences (Domb et al., 2013); a small
femoral head subluxation out of the acetabulum would concentrate all the joint reaction
force onto a small area of cartilage and over time this ‘edge loading’ mechanism
causes osteoarthritis (Mei Dan et al., 2012) in a similar way to that caused by abnormal
bony morphology (Leunig and Ganz, 2014). Moreover, subluxation and edge loading
are known causes of high wear following metal-on-metal hip replacement (De Haan et
al., 2008a) (sections 2.5.1 and 2.6.7), or stripe wear and squeaking following ceramic-
on-ceramic total hip replacement (Walter et al., 2011; Esposito et al., 2012) (sections
2.5.3 and 2.6.7). Similarly, all types of hip replacements are at risk of dislocation if the

capsule is left unrepaired (Kwon et al., 2006) (see section 2.6.1).

The mean age for early intervention is 34 (Harris et al., 2013), many years lower than
life expectancy, and hence there is a long time over which adverse effects from
capsular incision could develop. What is more, if the index surgery does not prevent
osteoarthritis, any capsular defects from early intervention procedures will only
increase the likelihood of complications should total hip replacement be required (Ng et
al.,, 2010; Harris et al., 2013). Hence, more research is needed to determine if
unrepaired capsular incisions could inadvertently cause long term harm; it was not long
ago that meniscectomy (McDermott and Amis, 2006) and labrectomy were common
(Konrath et al., 1998) whereas now advanced arthroscopy surgery is performed solely

to repair these tissues.

2.5 Hip arthroplasty clinical results

Hip replacement surgery is the end stage treatment for severe hip osteoarthritis as well
as providing options for femoral neck fractures, avascular femoral head necrosis and
chronic hip dysplasia. Consequently, it has become a common surgical procedure with
620,400 procedures performed between 2003 and 2013 in the UK alone. The overall
survivorship of hip replacements is very good with only a 5.75 % cumulative risk of

revision hip surgery at ten years (NJR, 2014).

A hip replacement typically consists of two components, a femoral and acetabular
component. A variety of bearing combinations are used for the articulating surfaces

with the first reliably successful hip replacement system being a metal-on-polyethylene
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bearing (Charnley, 1970; Charnley, 1972). The biggest problem for these devices was
high wear requiring revision surgery to replace the liner, or to stabilise a socket/stem if
the component has become loose due to the body’s reaction to the polyethylene wear
debris (Murray and O'Connor, 1998; McKellop et al., 1999; Archibeck et al., 2000).
Indeed, aseptic loosening is still the most common failure mechanism for hip
replacements (NJR, 2014). Consequently, new devices that are more wear resistant or
avoid polyethylene have been developed and implanted in a bid to reduce rates of
loosening including  metal-on-highly-cross-linked-polyethylene, = metal-on-metal,

ceramic-on-ceramic, ceramic-on-polyethylene and ceramic-on-metal (NJR, 2014).

2.5.1 Metal-on-metal bearings

Large diameter bearings are more resistant to dislocation (Bartz et al., 2000; Burroughs
et al., 2005; Kluess et al., 2007) which led to their a drive to increase bearing sizes;
however, when combined with a polythene liner the wear rates of large diameter
bearings are too high (Amstutz and Le Duff, 2006). However, advanced metal
manufacturing techniques allowed metal-on-metal articulations to be made which in
ideal laboratory conditions produced exceptionally low wear rates (Udofia and Jin,
2003; Isaac et al., 2009; Fisher, 2011) as well as offering a lower dislocation rate due
to an increased jump distance (see section 2.6.1). Therefore metal-on-metal hip
replacement looked like an attractive option to counter two of the main failure
mechanisms for hip replacements: aseptic loosening and dislocation. As a result large
diameter metal-on-metal arthroplasty gained popularity in the last decade though some
designs experienced bad clinical results (Langton et al., 2009; Langton et al., 2011a)
which culminated in the recall of the implant (Underwood et al., 2011; Underwood et
al., 2012) only after it had been implanted tens of thousands of patients (MHRA, 2010;
Cohen, 2011).

Subsequent research has shown that these large diameter metal bearings were more
adversely affected by edge loading (see section 2.6). The result was a steep decline in
the popularity of metal-on-metal hip replacements and an increase in the risk of
revision for hip implanted after 2003 and before 2010 (NJR, 2014). However, with in
excess of 100,000 patients having been implanted with failure prone devices there is
still a need for research into metal-on-metal devices to understand how failures can be

identified, treated or even prevented.

2.5.2 Metal-on-metal hip resurfacing

Despite the failure of large diameter metal-on-metal total hip replacements, many

surgeons still consider metal-on-metal hip resurfacing as the best treatment option for a
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young male patient (McMinn et al., 2011; Treacy et al., 2011; Holland et al., 2012). This
treatment option spares the femoral neck and so potentially offers more natural hip
anatomy, restoration of the femoral head centre and abductor moment arm, resistance
to dislocation due to the large head and easier revision for the femur where more bone
stock has been preserved. High survivorship results in this demanding patient cohort
with the Birmingham Hip Resurfacing have been reported by the surgeons involved
with designing the implant: 98 % at thirteen-years (McMinn et al., 2011) and 98 % at
ten-years (Treacy et al., 2011). Whereas others surgeons report ten-year survivorship
results comparable to those for a total hip replacement for males, 95 %, but worse for
females 74-85 % (Holland et al., 2012; Murray et al., 2012). This worse performance in
women could be due to increased metal sensitivity in women, and/or because smaller
components have higher failure rates (Langton et al., 2011b; Murray et al., 2012)

(female hips are typically smaller in diameter than male hips, see Table 2.4, page 9).

The biggest problem with metal-on-metal resurfacing is that there is a risk that high
volumes of metal ions can be released into the body (Langton et al., 2011b) which can
lead to the muscle decay and formation of pseudotumours (Pandit et al., 2008; Kwon et
al.,, 2010; Kwon et al.,, 2012). This is both painful for the patient and requires
complication revision surgery which is costly to the NHS (Vanhegan et al., 2012) and
consequentially many surgeons no longer consider it a viable treatment option,

particular for women.

Poorly positioned acetabular cups are considered to be one of the main causes for
increased prevalence of edge loading (see section 2.6) and metal ions release (De
Haan et al., 2008a; Isaac et al., 2009; Fisher, 2011; Hart et al., 2011a) and indeed a
different safe-zone has been identified for hip resurfacing (Gross and Liu, 2012) versus
total hip arthroplasty (Lewinnek et al., 1978). However, consistent accurate placement
of the acetabular component is difficult for a number of reasons generally when
performing a hip replacement: firstly the position of the pelvis on the operating table is
poorly defined (Jeffers, 2012), secondly most cups are placed by eye by the surgeon
(De Haan et al., 2008b) and thirdly the pelvis in the operation table looks different to
that seen on radiographs and there are differences between the two coordinate
systems (Murray, 1993). Moreover, hip resurfacing is considered a more technically
demanding operation which adds further difficulty to the procedures. The steep learning
curve associated with resurfacing arthroplasty can be reduced by incorporating
navigation in the operating theatre (Cobb et al., 2007) and this helps with the
positioning of the critical acetabular component, though this technology has not been
widely adopted (Jeffers, 2012).
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For an experienced surgeon, operating on an appropriate patient (large, young, male),
resurfacing continues to provide and excellent treatment option; indeed in this
population 10 year survival rates as high as 99 % have been reported by non-implant-
designer surgeons (Murray et al., 2012). However, given the high incidence of failures
of metal-on-metal total hip replacements, and the poor performance of resurfacings in
females, it is unlikely to become a high volume procedure with many surgeons opting

to use ceramic-on-ceramic total hip replacement instead (NJR, 2014).

2.5.3 Ceramic-on-ceramic bearings

Ceramic-on-ceramic devices experience extremely low wear rates of 0.2 mm®/year
(Lusty et al.,, 2007a; Esposito et al., 2012) and their particulate wear debris is
biologically inert (Jazrawi et al., 1999; Jeffers and Walter, 2012). The survival rate of
ceramic bearings is impressive with authors reporting ten-year survival of third
generation bearings of 97 % or better (Lee et al., 2010; Mesko et al., 2011). Revision
can occur due to common factors such as hip dislocation and infection, but more
specifically to ceramic bearing couples liner canting and dislocation, chipping on
insertion, squeaking secondary to edge loading (see section 2.6) and fracture can
cause problems (Jeffers and Walter, 2012). Ensuring the components are clean, using
pre-assembled acetabular components and zirconia toughened alumina ceramic
materials may help reduce these problems making this an ideal technology for a
younger and more active patient (Jeffers and Walter, 2012). There are some concerns
that the zirconia phase in these toughened ceramics could become unstable in the
body, however there are currently no adverse reports of this in the literature (Jeffers
and Walter, 2012).

Recent material advances have allowed manufacturers develop thin walled ceramic-
on-ceramic resurfacing devices (Dickinson et al., 2011a) which are in the early stages
of clinical trials (McDonnell et al., 2013). This design evolution has the potential to offer
the benefits promised by metal-on-metal resurfacing without the risks of adverse
reactions to metal debris. Ceramic articulations are likely to continue to be used in hip
arthroplasty and provide promising options for younger patients, though the high cost of

these devices will always be of concern (Gioe et al., 2011).

2.5.4 Hip arthroplasty technique and the effects on soft tissues

The hip joint is entirely surrounded by muscles and the capsule so it is impossible to
perform a hip replacement or resurfacing without cutting soft-tissues. Table 2.10 details
the main surgical approaches and which soft tissues are cut/damaged as well as

common postoperative complications. Whilst this thesis considers principally the
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biomechanical effect of soft-tissue trauma, it should be noted that surgeons also have

to consider blood supply to the lower extremity and preservation of the sciatic nerve,

the communication pathway for the lower limb.

2.5.5 Current practice and future developments

Cementless total hip arthroplasty is the most common procedure with metal-on-plastic

the most common bearing combination; however for cementless fixation the use of

ceramic-on-ceramic bearings (38 % of procedures) has nearly caught up with metal-on-

polyethylene (42 %) (NJR, 2014). The posterior approach has become the most

popular surgical technique as it can preserve the abductor muscles and reduces
operative time (Masonis and Bourne, 2002; NJR, 2011).

With a continual drive to design a hip replacement with superior longevity for younger,

more active patients (50-60 years of age) (NJR, 2014), or even as to provide a

Table 2.10 Surgical Technique and Soft Tissue Damage

Usage

. . Main S
Incision (;(l).:l:), Muscular Damage Advantages Complications
Gluteus maximus split Posterior
- . . ’ dislocation, though
piriformis, superior and .
. . : : this can be reduced
Posterior inferior gemelli, obturator ~ Abductors not : . )
. ) - with posterior repair
(Gibson, 1950; o internus, quadratus damaged, : i
] 57 % ; o . techniques (Chiu et
Masonis and femoris cut. Piriformis can reduced e
. . . al., 2000; Sioen et
Bourne, 2002) be cut to improve operative time o
. al., 2002; Mihalko
exposure. Gluteus medius o
can be damaged and Whiteside,
ged. 2004).
Lateral
(transgluteal and Gluteus medius and
direct) (Bauer et minimus damaged Low Abductor
al., 1979; 37 % (though damage varies dislocation dysfunction and
Hardinge, 1982; according to exact rate postoperative limp
Masonis and approach take)
Bourne, 2002)
No direct cuts. Gluteus
medius and minimus, Non-union of the
Transtrochanteric vastus lateralis moved out  Great visibility greater trochanter
(Charnley, 1970; <1 the way through of the leads to instability,
Masonis and ° trochanteric osteotomy acetabulum abductor
Bourne, 2002) and are effectively and femur dysfunction and a
damaged is trochanter limp
reattached poorly.
Fascia lata cut though no Does not Poor visibility
Direct Anterior direct muscular cuts in affect makes surgical
(Matta et al., <1 modern technics. The old dislocation complications
2005; Lovell, °  technique involved rectus  rate, abductor  harder to deal with.
2008) femoris, piriformis and function Transient nerve
tensor fascia lata cuts. spared. palsy can occur.
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treatment options for very young patients with complex hip disease (Amstutz et al.,
2007; Nizard et al., 2008), there is increasing emphasis on using harder, lower wearing
bearing couples, as reflected by first the increased use of metal-on-metal, and now
ceramic-on-ceramic articulations. Research into failure mechanisms that affect these
hard bearing couples, such as edge loading, could be beneficial, helping to improve hip

replacement technology further.

Moreover, whilst >90 % of hip replacement implants survive >10 years (NZJR, 2014),
less than half of total hip replacement patients rate their implanted hip function as
excellent and 5 % report no improvement or worse problems (NJR, 2013); indeed,
since 2013 the UK registry has included patient reports outcomes measures (PROMSs)
in its database in response to an increased emphasis on outcome and not just
survivorship of implants (NJR, 2013). Registry data from New Zealand, which also
includes PROMSs, suggests that one in ten patients limp, struggle to put on socks or
continue to experience moderate/severe hip pain following total hip replacement
affecting their quality of life despite the impressive survivorship data for the implants
(NZJR, 2014). It is clear that prevention would be far superior to end-stage treatment
and hence research that contributes to advancing early intervention surgeries, such as
those detailed in section 2.4, or could improve functional outcomes following total hip

replacement would also be beneficial.

2.6 Mechanisms of edge loading and dislocation of hip replacements

Subluxation of the femoral head out of the acetabular cup can cause severe clinical
problems for hip replacement patients. Small subluxations can lead to edge loading

and high wear and large subluxations can lead to complete dislocation of the hip.

2.6.1 Mechanisms and consequences of dislocation

Dislocation has been a concern throughout the history of total hip arthroplasty
(Charnley, 1972; Amstutz et al., 1975; Brown and Callaghan, 2008; Kumar et al.,
2014); a single dislocation event is traumatic for the patient but can be treated with
closed reduction, however recurrent dislocation is the third most common reason for

revision hip surgery (following aseptic loosening and pain) (NJR, 2014).

The most common mechanism for dislocation is following an impingement event where
the femoral neck or surrounding bone impinges on the acetabular cup/pelvis causing
the femoral head to lever-out of the acetabulum and dislocate. It can occur anteriorly
following a posterior impingement in hip extension with excessive external rotation

(Charnley, 1970; Charnley, 1972; Nadzadi et al., 2003), or more commonly, in a ratio of
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1.6:1 (Pedersen et al., 2005), it occurs posteriorly following an anterior/anterosuperior
impingement in deep hip flexion with internal rotation (Bartz et al., 2000; Nadzadi et al.,
2003; Brown and Callaghan, 2008).

2.6.2 Preventing dislocation

Three strategies exist to reduce the risk of dislocation. The first is careful cup
positioning (Charnley, 1970; Charnley, 1972); the first recommended safe-zone for
acetabular orientation was based on dislocation risk (Lewinnek et al., 1978) and
subsequently many authors have explored the effects of component positioning on
impingement and dislocation risk (Yuan and Shih, 1999; D'Lima et al., 2000; Burroughs
et al., 2005; Pedersen et al., 2005): too little inclination or anteversion increases the
risk of anterior impingement and posterior impingement in flexion and internal rotation,
however, too much inclination or anteversion increases the risk of posterior

impingement in extension and external rotation.

The second strategy to prevent dislocation is appropriate soft-tissue preservation,
tensioning and repair (Charnley, 1970). This is particularly important for a posterior
approach where the posterior capsule and adjacent muscles are resected (see Table
2.10, page 37) which exposes the hip to subluxation and dislocation; many clinical
(Chiu et al., 2000; White et al., 2001; Masonis and Bourne, 2002; Kwon et al., 2006;
Kumar et al., 2014) and research papers (Sioen et al., 2002; Mihalko and Whiteside,
2004; Elkins et al., 2011b; Bunn et al., 2014) have shown how appropriate repair of
these soft tissues reduces the risk of dislocation by providing passive resistance to

dislocation regardless of the cup orientation.

The third strategy for preventing dislocation is to increase the size of the femoral head
(or more specifically the head-neck ratio) which increases the range of motion before
impingement (Bartz et al., 2000; Burroughs et al., 2005; Kluess et al., 2007; Kluess et
al., 2008; Incavo et al., 2011; Bunn et al., 2014) and also increases the ‘jump’ distance
between subluxation and eventual dislocation (Figure 2.13). Indeed, this is particular
relevant when considering hip resurfacing which has an unfavourable head-neck ratio
yet a high dislocation resistance as the large jump tautens the soft tissues which

prevent the femoral head from dislocating (Colbrunn et al., 2013).

2.6.3 Mechanisms and consequences of edge loading

Edge loading has caused clinical problems for hard on hard bearings: in metal-on-
metal hips it has led to early failure of implants (Kwon et al., 2010; Langton et al.,

2011b; Underwood et al., 2011), and in ceramic-on-ceramic bearings it has caused
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Figure 2.13 Increasing ‘jump’ distance with increasing femoral head size (van Arkel and Amis,
2013). Reproduced with permission and copyright © permission from Elsevier

A large diameter femoral head (left) needs to sublux further than a small head (right) before
dislocation can occur.

higher wear rates and hip squeaking (Walter et al., 2008; Jarrett et al., 2009;
Hannouche et al., 2011) (see sections 2.5.1, 2.5.2 and 2.5.3). The problem can be
particularly severe for patients with metal-on-metal prosthesis as the high volume of
metal ions released by this wear mechanism (De Haan et al., 2008b; Langton et al.,
2008; Yoon et al.,, 2012) can lead to an adverse reaction to metal debris and the
formation of pseudotumours (Kwon et al.,, 2010) and in some cases muscle atrophy
(Toms et al., 2008).

Edge loading occurs when the contact vector approaches the edge of the joint resulting
in an uneven stress distribution in the material and lubricant starvation (Jalali Vahid et
al., 2001); as the available contact area is reduced at the edge of the acetabular
component, the contact pressure increases causing a reduction in the lubricating film’s
thickness (Myant et al., 2012). This leads to increased friction (Sariali et al., 2010) and
higher wear of the bearing surfaces (Kwon et al., 2010). Moreover, if the joint is
completely starved of lubricant then the contact stresses caused by daily activities can
exceed the yield strength of the bearing material which also contributes higher wear
rates (Elkins et al., 2011a). It is important to note that the effects of edge loading begin
as the contact patch extends past the cup rim and hence edge loading can occur when
the contact vector is inbound from the cup edge (i.e. without the hip dislocating)
(Underwood et al., 2011; Underwood et al., 2012). The range of possible contact patch
semi-angles (describing the angle between the contact centre point and edge) for
ceramic-on-ceramic (Mak and Jin, 2002) and metal-on-metal bearings (Dowson et al.,

2007; Kwon et al., 2012) has been estimated to be between 5 and 30°. In other words,
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Figure 2.14 A diagram showing how high inclination can increase the risk of edge loading (van
Arkel and Amis, 2013). Reproduced with permission and copyright © from Elsevier.

The superior edge of a well-positioned (left) is more lateral than a highly inclined cup (right, the
cup has been inclined 20°). The green arrow shows a typical gait contact vector which passes is
much closer to the superior edge of the highly inclined cup and is therefore at a much greater
risk of edge loading.

the outer diameter of the contact patch is between 5 and 30° closer to the cup edge

than the joint reaction force vector).

2.6.4 The effect of high inclination on the risk of edge loading

Superior edge loading occurs more commonly in acetabular components with high
inclination (Jeffers et al., 2009) and results in high wear of metal-on-metal devices (De
Haan et al., 2008b; Langton et al.,, 2008; Grammatopoulos et al.,, 2010a). This is
because for a highly inclined cup the superior edge of the cup is more medial which
means that there is a greater chance the contact vector comes close to the edge of the
cup (Figure 2.14). The big problem with superior edge loading is that it can occur
during single-leg weight bearing activities such as gait (Mellon et al., 2013). This
means that there is the possibility of frequent, repetitive edge loading during daily
activities where the joint reaction force exceeds 200 %BW (Bergmann et al., 2010)
(see 2.2.5, page 17) resulting in the release of high volumes of metal ions. Indeed, a
new safe-zone, with low inclination, has recently been recommended for metal-on-
metal resurfacings to reduce the risk of edge loading and associated complications
(Gross and Liu, 2012).

Component mal-positioning is considered by some to be the main factor exposing the
joint to edge loading and early failures of metal-on-metal prostheses (Isaac et al., 2009;
Fisher, 2011). However, other evidence suggests that pseudotumours can form in
patients with well-positioned cups suggesting that patient susceptibility is also
important (Matthies et al., 2012).

2.6.5 The effects of prosthesis design on the risk of edge loading

Initially metal-on-metal acetabular cups were designed to be less than a hemisphere to

reduce the risk of impingement (Wiadrowski et al., 1991). This was thought to be
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Figure 2.15 A diagram showing how changing the prosthesis design can expose it to superior
edge loading (van Arkel and Amis, 2013). Reproduced with permission and copyright © from
Elsevier.

A bearing with a large coverage arc (left) is at low risk of edge loading as the contact patch (red
area) during activities such as gait (green arrow contact vector) is well centred within the
acetabulum. Reducing the articular arc angle too far to prevent impingement provides less
femoral coverage and thus is at a greater risk of edge loading (middle). When combined with
low clearance, which increases the contact patch size, the bearing is at an extremely high risk
of edge loading (right).

advantageous for resurfacing hip arthroplasty as the loosening moment when a large
head impinges is much greater than that for a small head due to the increased lever
arm of the impinging force (Charnley, 1970) and hip resurfacing devices have
unfavourable head-neck ratios (Kluess et al., 2008). However, cups with low articular
arc angles have subsequently been found to be more prone to edge loading as the
acetabular cup provides less femoral head coverage (Jeffers et al., 2009; Langton et
al., 2009; Underwood et al., 2011) (Figure 2.15A&B). The problem is exacerbated
when the cup is implanted with high inclination as both factors increase the risk of
superior edge loading (De Haan et al., 2008b; Griffin et al., 2010).

Similarly, low clearance between the components was introduced to large diameter
bearings as it was thought to enable fluid film lubrication and hence reduces friction
and wear between the bearing surfaces (Udofia and Jin, 2003). However, lubricant
starvation occurs at the edge of the cup (Jalali Vahid et al., 2001) and now it is believed
that low clearance is actually a risk factor for an increased prevalence of edge loading
as it leads to an increased contact patch size between the bearings (Underwood et al.,
2012) (Figure 2.15B&C). This increased contact patch means that edge loading occurs
with the contact vector direction further from the edge of the cup and thus can occur

during many activities, including gait (Kwon et al., 2012; Mellon et al., 2013).

Designs such as the articular surface replacement, ASR, which have low articular arc
angles and low clearances, are particularly prone to edge loading(Underwood et al.,
2011; Underwood et al., 2012) and this may explain why some designs have performed
better than others (Langton et al., 2009; NJR, 2011); the ASR was to be recalled due
its exceptionally high failure rates (MHRA, 2010; Langton et al., 2011a; NJR, 2011).
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Figure 2.16 A diagram showing how poor soft tissue tensioning can lead to edge loading (van
Arkel and Amis, 2013). Reproduced with permission and copyright © from Elsevier

Without appropriate soft-tissue tension, the femoral head can sublux from the acetabulum
during gait (left) and when it relocates it can impacts on the hard-edge of the acetabulum
leading to edge loading wear (right).

Recent research has suggested that softening the edge with a radius or chamfer could
act to reduce the contact stress under edge loading conditions (Mak et al., 2011).
However, there is an inherent trade-off between increasing the edge radius and
reducing the cup articular arc angle and hence a complex relationship exists between
cup edge radius, cup positioning and peak contact stresses which means even small
changes in design can have large differences (Elkins et al., 2012). Furthermore,
increasing the cup radius also reduces the dislocation safe zone and hence avoiding
high edge loading stresses and dislocation are opposing goals which prohibit simple

design change solutions to the edge loading problem (Elkins et al., 2012).

2.6.6 The effects of soft-tissue balancing on the risk of edge loading

Superior edge loading of implants can be caused by microseparation of the hip joint
centres caused by soft tissue laxity during the swing phase of gait as when the hip
relocates femoral head can impact on the sharp edge of the acetabular cup during heel
strike leading to wear of the bearing surfaces (Nevelos et al., 2000) (Figure 2.16). Wear
simulator studies have shown that this produces this mechanism can produce the
higher wear rates and the characteristic wear stripes that are seen on ceramic bearings
(Stewart et al., 2003; Affatato et al., 2011). This wear mechanism is believed to affect
both metal-on-metal (Leslie et al., 2009) and ceramic-on-ceramic articulations (Al
Haijjar et al., 2010).

Gait and side leg lift fluoroscopy measurements have shown that microseparation can
happen in vivo, though it does not affect all patients during gait (Lombardi et al., 2000).
Moreover, a detailed look at the orientation of wear scars in ceramic retrievals shows
that the majority of wear stripes must have been caused by posterior edge loading

during deep flexion and not superior edge loading during gait (Walter et al., 2004).
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Figure 2.17 A diagram showing how impingement can lead to secondary edge loading (van
Arkel and Amis, 2013). Reproduced with permission and copyright © from Elsevier.

Under most conditions the femoral neck is far away from the acetabular rim (A). However as the
hip flexes deeply, anterior/anterosuperior impingement can occur (B) and any further rotation
results in a lever out subluxation of the femoral head in the socket exposing it to posterior edge
loading (C).

2.6.7 The effects of impingement and posterior edge loading on the risk of edge

loading

When the femoral neck impinges anteriorly/anterosuperiorly on the acetabular rim or
periacetabular bone during deep flexion it causes a lever-out subluxation of the femoral
head leading to posterior edge loading (De Haan et al., 2008a) (Figure 2.17). This
subluxation mechanism for posterior edge loading is identical to that which ultimately
leads to posterior dislocation (Scifert et al., 1999; Bartz et al., 2000; Pedersen et al.,
2005; Brown and Callaghan, 2008; De Haan et al., 2008a; Elkins et al., 2011a; Elkins
et al., 2012) (see section 2.6.1).

Impingement is known to occur following total hip arthroplasty with reports of over half
of all hip replacements showing signs of impingement (Wiadrowski et al., 1991; Shon et
al., 2005; Marchetti et al., 2011); however these studies are inherently biased as
retrievals only give evidence from failed hip replacements. Impingement followed by
posterior edge loading is particularly concerning in hard-on-hard bearings where it
exposes the femoral head to a sharp, hard edge on the posterior rim (Jeffers and
Walter, 2012; Sanders et al., 2012). Consequentially there has been much research

exploring how to avoid impingement.

Implant designs with large head/neck ratio have greater pre-impingement range of
motion (Bartz et al., 2000; D'Lima et al., 2000; Kluess et al., 2008; Marchetti et al.,
2011) as does a less than hemispherical cup (Wiadrowski et al., 1991). Surgeons can
also help prevent impingement and edge loading through careful positioning of the
acetabular component (De Haan et al., 2008b; Langton et al., 2009; Marchetti et al.,
2011). For example, component anteversion affects how much the cup face opens
anteriorly and ceramic retrievals have shown that cups with low anteversion increase
the prevalence of posterior edge loading (Lusty et al., 2007b) and a similar conclusion

was found from metal-on-metal follow up studies (De Haan et al., 2008a; Langton et
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al.,, 2009; Hart et al., 2011a). This is likely because low anteversion provides less
femoral head coverage in deep hip flexion and results in the anterior/anterosuperior
edge being positioned more anterolaterally increasing the risk of impingement.
Conversely, high anteversion can increase the risk of impingement and lever-out in hip
extension with external rotation (Charnley, 1970). Results in the literature report
excessive anteversion as a risk factor for high metal ion concentrations from edge
loaded bearings (De Haan et al., 2008a; Langton et al., 2009). However, there are
unknown factors associated with cup anteversion as another contrasting study showed
that cobalt and chromium ion levels from edge loading were negatively correlated with
anteversion (Hart et al., 2011a; Hart et al., 2011b).

Fortunately, whilst more common, posterior edge loading generally causes lower wear
rates than superior edge loading (Esposito et al., 2012); this is likely due to the relative
infrequency of deep hip flexion activities such as rising from a chair, when posterior
edge loading is a risk, compared to the occurrences of a gait cycle, when superior edge

loading is a risk (Morlock et al., 2001; Kwon et al., 2012) (see section 2.2.2).

2.6.8 Posterior Edge Loading without Impingement

Ceramic clinical retrievals show evidence that edge loading occurs in the majority of all
hip replacements (Nevelos et al., 1999; Lusty et al., 2007b; Walter et al., 2011;
Esposito et al., 2012) and whilst some clinical retrievals with posterior edge loading
wear show evidence of anterosuperior impingement (Walter et al., 2004; Matar et al.,
2010), most do not (Walter et al., 2004; Walter et al., 2011; Esposito et al., 2012).
Some authors believe that posterior edge loading is a part of normal hip function of the
replaced hip, particularly during flexion of the hip (Esposito et al., 2012; Jeffers and
Walter, 2012). A recent in vivo metal-on-metal showed that edge loading occurred in all
hips (30/30) in all patients (19/19) during sit-to-stand activity following hip resurfacing
(Kwon et al., 2012); other work by these authors demonstrates that patient specific
activity patterns can pre-dispose certain patients to edge loading (Mellon et al., 2011;
Mellon et al., 2013).

There are no direct studies examining the influence of surgical approach on edge
loading prevalence. However, if analogies with dislocation are drawn then posterior
capsular repair and transosseous muscular repair could potentially help reduce
posterior edge loading rates as clinical (Chiu et al., 2000; Kwon et al., 2006) and
cadaveric data (Sioen et al., 2002; Mihalko and Whiteside, 2004) suggests these

techniques reduce dislocation rates.
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2.6.9 Future Research

Edge loading has attracted a lot of attention in the literature recently due to early failure
of large diameter metal-on-metal bearings and ceramic hip squeaking. The
mechanisms for superior edge loading are well explained. Similarly, the squeaking
phenomenon from ceramic hips is becoming well understood and if often not a serious
condition requiring revision. However, there are some contrasting clinical observations
when it comes to impingement, such as the effects of high anteversion on metal ion
concentrations and there is a lack of a complete explanation for the high prevalence of
posterior edge loading in the absence of any evidence of impingement which warrants
further work. Moreover, any research that provides further detail on how to prevent
subluxation and edge loading will have the additional benefit of helping prevent
dislocation as well. These results could also be important for the native hip where

impingement also causes problems.

2.7 Modelling techniques for studying hip biomechanics with focus on cadaveric

testing

2.7.1 Modelling techniques

Computational modelling strategies vary according to the desired outcome measure:
finite element techniques are principally used to measure stresses and strains
(Ferguson et al., 2000b, a; Pedersen et al., 2005; Anderson et al., 2008; Chegini et al.,
2009; Anderson et al., 2010; Dickinson et al., 2011b; Henak et al., 2011; Mak et al.,
2011; Harris et al., 2012; Zou et al., 2013; Liechti et al., 2014) and musculoskeletal
rigid-body models are used to investigate dynamic movements (Delp et al., 1990; Delp
et al., 2007; Arnold et al., 2010; Modenese, 2012; Modenese and Phillips, 2012; Mellon
et al., 2013; Mellon et al., 2015) (see section 2.2.4). Discrete element analyses can
also be used when a rigid body assumption is appropriate providing a faster solution
that the finite element equivalent (Abraham et al., 2013). The greatest strength of
computational models is that many iterations and changes can be made to variables to
gain a quantitative understanding of the relative effects of each change. For example
Chegini et al. investigated the effects of changing the centre-edge angle and alpha
angles on hip impingement stresses (Chegini et al., 2009), Elkins et al. investigated
how changing the acetabular cup-lip radii affects edge loading severity and dislocation
risk (Elkins et al., 2012), Mellon et al. investigated how different gait and chair rising
motion patterns affects the risk of edge loading (Mellon et al., 2013) and Liechti et al.
evaluated how different acetabular morphology and surgical treatment options effected

stress distributions in the hip during walking and sitting down (Liechti et al., 2014).
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However, computational models are only as accurate as their inputs and thus can be
limited by inaccurate material properties (Ferguson et al., 2000b, a; Henak et al.,
2011), errors in input kinematics due to skin artefacts (see 2.2.1, page 13) or the need
to simplify the model to reduce the computational expense of the calculation to enable
clinically useful computational research. Examples of these simplifications include:
neglecting soft tissues (Heller, 2005; Anderson et al., 2008), assuming unidirectional,
homogeneous fibre distribution within the tissue (Elkins et al.,, 2011b), rigid body
dynamics (Bunn et al., 2014), geometry simplification (Anderson et al., 2010) or using

optimisation routines to solve equations (Modenese et al., 2013).

Cadaveric testing overcomes many of the limitations of computational simulations as
the samples have natural bony and soft tissue anatomy and mechanical properties
which are inherently important for researching natural joint function (McDermott and
Amis, 2006; Masouros et al., 2008). This makes it particularly useful for researching
soft-tissues/procedures which are unreliable to model computationally due to a lack on
input data or validation techniques. What is more, cadaveric testing is frequently used
to generate input data for computational models. This testing method is explored

further in the following sections.

2.7.2 Measurement techniques: resecting/repairing tissues to infer their function

The most common way to determine a tissues function is to cut it away and see the
joint biomechanics are affected. For example a hip ligament can be cut and the change
in rotational joint laxity can be measured; if the joint rotates further after the ligament
has been cut, provided that no others testing conditions have been changed, then it

can be assumed that the ligament was controlling hip rotation (Martin et al., 2008).

Similarly, the efficacy of a surgical repair can be assessed by first cutting a tissue, the
repairing it and calculating the different between the intact, cut and repaired state. For
example cutting iliofemoral ligament alone, or both the iliofemoral and labrum, resulted
in increased anterior translation at the hip when the hip is externally rotated; however
cutting the labrum alone did not. Similarly repairing the iliofemoral ligament alone, or
both the labrum and iliofemoral ligament, restored intact hip anterior translation;
however, whilst repairing the labrum alone did reduce the amount of anterior laxity, it
did not restore intact hip kinematics. This implies that the iliofemoral ligament is a
primary stabiliser and should be prioritised for repair and that labrum is a secondary
stabiliser which can offer functional benefits in the absence of the iliofemoral ligament
(Myers et al., 2011).
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These techniques have been used extensively for many years to study knee joint
mechanics (Furman et al., 1976; Butler et al., 1980; Amis and Dawkins, 1991;
Xerogeanes et al., 1995; Amis et al., 2003; Gupte et al., 2003; Kondo et al., 2010;
Amis, 2012; Stephen et al., 2013; Hunt et al., 2014; Stephen et al., 2014), however,
these techniques have only been adapted to the hip in recent years with the focus on
the labrum (Konrath et al., 1998; Ferguson et al., 2003; Crawford et al., 2007; Ito et al.,
2009; Myers et al., 2011; Smith et al., 2011; Song et al., 2012), and more recently the
capsular ligaments (Martin et al., 2008; Ito et al., 2009; Myers et al., 2011; Safran et al.,
2013; Smith et al., 2014). These techniques have also been applied to study hip
mechanics before/after hip replacement/resurfacing (Bartz et al., 2000; Wik et al.,
2010; Colbrunn et al., 2013) or before/after soft tissues repairs during a hip

replacement procedure (Sioen et al., 2002; Mihalko and Whiteside, 2004).

Some authors measure changes by hand (Furman et al., 1976; Martin et al., 2008;
Kivlan et al., 2013; Martin et al., 2013; Safran et al., 2013) however it is preferable to
use a rig that allows repeatable and controlled application of loads/torques/kinematics
(Butler et al., 1980; Amis and Dawkins, 1991; Crawford et al., 2007; Smith et al., 2011).
Indeed, in recent years many research groups have invested in robotic actuators which
allow controlled applications of loads/torques and kinematics in all six-degrees-of-
freedom providing excellent test-retest repeatability which is essential for these
techniques (Colbrunn et al., 2013; Martinez et al., 2013; Athwal et al., 2014; Smith et
al., 2014).

When a rig/robotic actuator is used, two measurement techniques can be applied for
studying the role of soft tissues: either constant loads/torques are applied and the
changes in kinematics is measured (Mihalko and Whiteside, 2004), or constant
kinematics are applied and the change in load/torque measured (Amis and Dawkins,
1991; Xerogeanes et al., 1995). The first relates more closely to clinical practise; for the
clinical tests for anterior cruciate ligament deficiency measured a change in anterior
drawer laxity, however, the second technique, which is known as superposition is
advantageous as it allows measurements to be recorded independent of the tissue
cutting order (Butler et al., 1980; Amis and Dawkins, 1991); this is because a spring
always produces the same force for the same displacement (assuming no viscoelastic
effects) and hence it can be assumed that the ligaments function the same provided
there length change patterns (and hence the joint kinematics) are not altered. This
second technique would be useful in the context of hip research as where cutting order
is a key limitation of current experiments (Martin et al., 2008). However, the method

only works if the kinematics are exactly repeated; deviations in any degrees of freedom
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could affect the amount of strain a ligament experiences and hence the amount of
resistive force/torque it generates. Conveniently, both measurements can be recorded
in the same experiment assuming that subsequent tests do not surpass the yield
strength of the remaining ligaments (secondary stabilisers may not be able to provide
sufficient force to stabilise the joint and hence could rupture when they experience

increased strain in a more lax joint).

Figure 2.18 gives an example to demonstrate the differences between the two
techniques. It can be seen that cutting ligament 1 resulted in a large increase in
posterior displacement (d,;) and a small increase in anterior displacement (da/)
whereas cutting ligament 2 resulted in a large increase in anterior displacement only
(da2). Thus it might be concluded that ligament 1 provided primary stability against
posterior translations and secondary stability against anterior displacements whilst
ligament 2 provided primary stability against anterior displacement only. This would be
useful to infer what could be causing laxity in a clinical setting. However, the cutting
order bias limits the functional implication of the results for an intact and normal joint:
ligament 2 was tested after ligament 1 and hence was not compared to the intact case,
but to a weakened joint. What is more, comparing ligament 2 directly to the intact case
(da and d,») would be misleading as it would include the effect of cutting both
ligaments and would lead to a false conclusion that cutting ligament 2 results in

increased posterior displacement (d,2). Therefore, to assess the function of the
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Figure 2.18 An example anterior/posterior laxity test as two ligaments are cut and a constant
force is applied.

The blue line represents an intact joint, the purple line represents the repeated measurements
after cutting ligament 1, and the red line after cutting ligament 2. d,; and d,, are the increases in
anterior displacement for the same anterior drawer force after cutting ligaments 1 and 2
respectively. d,s and d,; are the equivalent displacements in the posterior direction. d,,-and d,y
are the total increases in displacement for the same drawer force after cutting both ligaments 1
and 2. f,; and f,, are the reductions in anterior force for the same displacement kinematics after
cutting ligaments 1 and 2 respectively. f,; and f,, are the equivalents in a posterior direction;
however f,, is effectively zero so is not shown.
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ligaments in a normal joint a repeated kinematics procedure is needed (measuring the
decrease in force). Doing so would show for this example that ligament 1 was actually
the primary stabiliser for both anterior and posterior translation, having contributed
more than half the native joint stability (f;; and f,, are both greater than half the applied
load). Ligament 2 only had a small secondary role in resisting anterior displacements. It

is important to note how these different methods can influence the conclusions.

2.7.3 Measurement techniques: Kinematics

As for clinical measurements, in-vitro kinematics of cadaveric joints can be simply
measured using a goniometer (Burroughs et al., 2005). When greater accuracy is
required: rotational transducers can be mounted to the testing rig to track rotations
(Bartz et al., 2000; Southgate et al., 2009), linear variable differential transformers,
LVDTs, can be used to track displacements (Southgate et al., 2009; Smith et al., 2011),
or infrared reflective markers and an optical motion analysis system can be used to
measure both displacements and rotations (Crawford et al., 2007; Lopomo et al., 2010;
Safran et al., 2013; Signorelli et al., 2013; Dwyer et al., 2014; Dwyer et al., 2015).

2.7.4 Measurement techniques: Contact Stress/Pressure

The purpose of the cadaveric testing is to understand the biomechanics of the joint and
this frequently means understanding the effects of various soft tissue injuries or
surgical procedures on the cartilage contact pressures because abnormal contact
pressures can lead to cartilage damage and osteoarthritis. The testing procedure
usually involves comparing the contact pressure before injury/surgical procedure to that
after and thus provides information on the function and importance of the soft
tissue/how well the treatment restores natural function (Konrath et al., 1998). A
common way to measure contact pressure is using single use pressure sensitive films
(Afoke et al., 1987; Eckstein et al., 1997; Konrath et al., 1998; Sparks et al., 2005;
Anderson et al., 2008); these films are typically cut into rosettes to prevent crinkle
artefacts from affecting the results when the flat sheets are wrapped around the
femoral head. For real time pressure information, Tekscan pressure sensors can be
used (Stephen et al., 2014; Lee et al., 2015). These sensors still suffer from crinkle
artefacts and can also be affected by liquid exposure (Jansson et al., 2013); it is
recommended to soak the sensors in saline solution for 48hrs prior to testing to counter

the latter limitation (Jansson et al., 2013).

Contact pressures can also be measured through a casting technique: a quick curing
polyether casting material, or bone cement, can be inserted into a hip prior to loading.

The hip is then functionally loaded and the casting material is squeezed out of the joint
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in location of high pressure. Once cured, the resulting cast can be used to infer the
contact area in the hip and with knowledge of the applied load can be used to estimate
the contact pressures within the joint (Afoke et al., 1980, 1984; von Eisenhart-Rothe et
al., 1997).

A recent method to measure intra-articular contact pressure is to use an in-fibre Bragg
grating sensor. The Bragg grating reflects light inside a single model optical fibre and
the wavelength of the reflected light changes in response to the load strains on the
Bragg grating. Whilst the technology is not widely adopted yet, early results are
promising and importantly the sensor can be used without excising the hip joint capsule
(Dennison et al., 2010).

The final pressure measurement in hip joints is of hydrostatic pressure (not to be
confused with the contact pressure on the articular surfaces). A pressure transducer
can be inserted into the fat pad of the acetabular fossa, which is unable to develop
significant amounts of solid stress in the tissue itself, to determine the pressurisation

within the joint (Ferguson et al., 2003; Dennison et al., 2010).

2.7.5 Measurement techniques: Strain

Another technique to determine the function and importance of tissues is to measure
the strains within them or within surrounding tissues to determine when the tissue is
taking load. In bones, this is frequently used in a before and after test to determine if a
procedure such as arthroplasty significantly changes the strains in the tissue. The
conventional method for measuring strains in bone is by mounting strain gauges
directly on it giving strain values at specific points of interest (Kroeber et al., 2002;
Anderson et al., 2005; Taddei et al., 2006). However strain gauges cannot be used to
measure soft-tissue strains as the gauge cannot be mounted to the wet-tissue surface,
and even if it could, the modulus of the gauge is much higher than that of the tissue

and therefore would not measure any strain.

More recently, digital image correlation, an optical strain measuring technique that
tracks deformations of a painted speckle pattern, has been used to produce full-field
surface strain measurements similar to those produced in a finite element model
(Dickinson et al., 2011b; Dickinson et al., 2012). These full-field 3D measurements are
advantageous when compared to strain gauges as: they can theoretically be taken in
high strain gradient regions, it is not necessary to identify a point region of interest prior
to testing and it can be used on different scale levels provided an appropriate speckle
pattern can be applied. What is more, digital image correlation has also been used to

measure strains in soft tissues including mouse arteries (Genovese et al., 2011b, a)
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and intervertebral discs (Spera et al., 2011). However, the measurement noise affects
the results and consequently special and time filtering is can be used to reduce the
noise, and for biomechanical applications small strains (such as transverse/shear
strains in a compressive/tensile test) may have to be neglected due to their poor signal-
to-noise ratio, thus preventing calculation of the principal strains (Sztefek et al., 2010).
Another disadvantage of digital image correlation technique limits its application for soft
tissue mechanics: it requires careful calibration when using a stereo system to acquire
3D strain fields (Sutton et al., 2009) which can take significant amounts of time, which
is not ideal for cadaveric testing of soft tissues that could dry out and start to
decompose. The technique also requires direct line of sight and that the region of
interest remains in the camera focus; this limits the range of motion over which soft-
tissue could be tested with a digital image correlation system and also all superficial
soft-tissue would have to be necessarily excised to measure strains in deep tissues

limiting the accuracy of the cadaveric model.

An alternative method for measuring soft-tissue strains is to use linear variable
differential transformers, LVDTs: a suture is anchored to a ligament origin, guided
along the length of the fibres to the insertion point and then attached to a LVDT which
can measure length changes in the ligament as the joint is moved (Stephen et al.,
2012). Differential variable reluctance transducers, DVRTs, can be used as an
alternative to LVDTs. These devices are similar to strain gauges but can be mounted to
soft tissues using small barbs (Safran et al., 2011; Smith et al., 2011); however, the
capsule needs to be removed or requires open windows so that the device can be
mounted deep soft tissues such as the labrum. Whilst the quoted accuracy for these
devices is low, 1.5 um (Safran et al., 2011; Smith et al., 2011), it has not been verified
for biomechanical applications where movements of the sensor could cause

measurement noise.

The final popular method for measuring soft tissue strains is Roentgen
Stereophotogrammetric Analysis, RSA (Selvik, 1989). This technique involves inserting
small radio opaque beads into a soft tissue or bone and then imaging the tissue with bi-
planar fluoroscopy/radiographs. The position of the ball relative to each other before
and after an event can then be calculating using a calibration cages and displacements
as low as 50 ym can be measured (Selvik, 1989). The technique has been used
effectively to measure strains in soft tissues such as the labrum (Dy et al., 2008) as
well as measuring graft migrations in-vivo (Khan et al., 2006). Both of these studies
demonstrated a key advantage of the technique in that it does not require line-of-sight

and soft tissue damage made to access the area of interest can be repaired before
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testing. Advances in RSA have meant that researchers no longer even have to use
tantalum metal beads with carefully inserted radiopaque sutures (Cashman et al.,
2010) and model based RSA for implant migration both proving successful (Valstar et
al., 2001; Kaptein et al., 2003; Kaptein et al., 2007). The key limiting factor for RSA is
the high equipment cost associated with the necessary imaging equipment, and for in-

vivo studies, the necessity of radiation exposure.

2.7.6 Good practice when cadaveric testing: neutral position and coordinate system

Any inaccuracies in the starting position will affect all subsequent results so a well-
defined neutral position is essential for cadaveric testing. It is also essential for
ensuring that the study method can be repeated by other authors to validate the results
— a key component of the scientific method. Coordinate systems are discussed in more

detail in section 2.1 (page 10)

2.7.7 Good practice when cadaveric testing: physiological loading

The main advantage of cadaveric testing is that the specimens provide a close match
to the in-vivo case. To ensure that any testing is realistic, it is important to apply
physiological loading to any test rigs to mimic forces the joint experiences in-vivo
further improving the fidelity of the cadaveric model. The simplest case is to apply axial
loads to the femur, so that there is hip joint compression, along with a fixed-value joint
torque to rotate the limb, (Crawford et al., 2007; Dy et al., 2008; Elkins et al., 2011b;
Smith et al., 2011) (Figure 2.19). A slightly more realistic simulation is achieved by
applying the load medially (Ferguson et al., 2003; Dennison et al., 2010) or simulating
an abductor mechanism (Cristofolini, 1997; Konrath et al., 1998) to reflect the direction
of the force during many routine activities (Bergmann et al., 2001). An alternative is to
simulate individual muscle forces using cable-pulley systems (Bartz et al., 2000; Scifert
et al., 2001; Wik et al., 2010) (Figure 2.19). However, since results from instrumented
implants provided in vivo contact forces, using these forces exactly during testing has
become the most accurate way to apply physiological loads (Anderson et al., 2008;
Anderson et al., 2010; Greaves et al., 2010). Recent six-axis robotic test systems allow
theoretically allow the application of realistic kinematics and forces for any daily activity

and recently have been used to study the hip joint capsule (Smith et al., 2014).

2.7.8 Cadaveric testing limitations

Cadaveric testing is limited to measurements at a fixed point in time as there are no
living cells; for measuring time dependent changes such as joint morphogenesis,

development, healing or decay then imaging/follow-up studies with patients
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Figure 2.19 Application of muscles loads using cables when cadaveric testing (Scifert et al.,
2001). Reproduced with permission and copyright © from Elsevier.

(Lohmander et al., 2007; Siebenrock et al., 2011), animal models (Philippon et al.,
2007c; Siebenrock et al., 2013; Nowlan et al., 2014) and computational models (Giorgi
et al., 2014) offer more scope. Similarly, cadaveric testing only allows for the
measurement of passive effects (soft tissue restraint, bone strains, etc.) and not active
contributions from muscles (all though this can be simulated with hanging weights).
Another limitation is that there is a lot of variability between individuals so repeats on
many different specimens is needed, however human tissue is not readily available and
this can lead to problems when the sample sizes are low (Smith et al., 2009). Power
analyses can be used to determine an appropriate sample size prior to commencing

the research to prevent this limitation (Myers et al., 2011).

Other limitations include age of the donor, static representations of a dynamic situation,
accuracy of the measuring equipment, material properties changing as tissue decays,
temperature and hydration of tissues, measuring results in fixed locations and not over
the whole tissue and having to dissect away tissue to inset measuring equipment
(Bartz et al., 2000; Crawford et al., 2007; Anderson et al., 2008; Dy et al., 2008; Smith
et al., 2008; Wik et al., 2010). The decay of tissues can be minimised through freezing
specimens whilst storing them prior to use; this has been shown to cause minimal
effect on the viscoelastic behaviour of ligaments (Moon et al., 2006), muscles (Van Ee
et al., 2000), tendons with less than 4 freeze-thaw cycles (Lee et al., 2009; Huang et
al.,, 2011; Ren et al., 2012), bone (Shaw et al., 2012) and entire tissues such as the
spine(Panjabi et al., 1985) Furthermore, testing for two days once the specimens have
been defrosted has little effect on the test-retest reliability of cadaveric tests (Stephen
et al., 2012).
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3 Hip abduction can prevent posterior edge loading of

hip replacements

Edge loading causes clinical problems for hard-on-hard hip replacements, and edge
loading wear scars are present on the majority of retrieved components. We asked the
question: are the lines of action of hip joint muscles such that edge loading can occur in
a well-designed, well-positioned acetabular cup? A musculoskeletal model, based on
cadaveric lower limb geometry, was used to calculate for each muscle, in every
position within the complete range of motion, whether its contraction would safely pull
the femoral head into the cup or contribute to edge loading. The results show that all
the muscles that insert into the distal femur, patella, or tibia could cause edge loading
of a well-positioned cup when the hip is in deep flexion. Patients frequently use distally
inserting muscles for movements requiring deep hip flexion, such as sit-to-stand.
Importantly, the results, which are supported by in vivo data and clinical findings, also
show that risk of edge loading is dramatically reduced by combining deep hip flexion
with hip abduction. Patients, including those with sub-optimally positioned cups, may
be able to reduce the prevalence of edge loading by rising from chairs or stooping with
the hip abducted.

The material presented in this chapter has been published in the Journal of
Orthopaedic research and is reproduced in full with permission and copyright © from

John Wiley and Sons.

van Arkel, R.J., Modenese, L., Phillips, A.T.M., Jeffers, J.R.T., 2013. Hip abduction can
prevent posterior edge loading of hip replacements. Journal of Orthopaedic Research
31(8):1172-1179.
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3.1 Introduction

3.1.1 Clinical motivation

Edge loading damages hard-on-hard hip replacements and causes clinical problems:
for metal-on-metal (MoM) implants, excessive edge loading wear can lead to
pseudotumours and early revision (Kwon et al., 2010) and for ceramic-on-ceramic
(CoC) bearings, edge loading has been related to higher wear rates and audible hip

joint squeaking (Walter et al., 2008).

3.1.2 Known mechanisms of edge loading and unexplained edge loading wear

Edge loading describes the increased contact stress resulting from a decreased
contact area between the acetabular cup and femoral head at the rim of the cup. It
occurs when the cup provides insufficient coverage of the head preventing a full
circular contact area from developing around the hip joint contact force vector
(Underwood et al., 2011). This mechanism particularly affects MoM implants with
reduced cup subtended angles (Underwood et al., 2011) and/or poor cup positioning
(De Haan et al., 2008a), as these factors bring the rim closer to the path of the contact
vector and expose the hip to edge loading (Kwon et al., 2012). However, clinical
evidence also exists of unexplained edge loading wear on retrievals from well-
designed, well-positioned MoM components (Underwood et al., 2011) and a recent in
vivo MoM resurfacing study showed that posterior edge loading occurs in all hips in all
patients when extending from deep hip flexion when rising from a chair (Kwon et al.,
2012).

Edge loading can also occur as a consequence of near-dislocation events: anterior
impingement in deep hip flexion and internal rotation, the most common mechanism,
causes small subluxations of the head that exposes it to posterior edge loading on the
hard edge of the cup, leading to extreme contact stresses and wear (Elkins et al.,
2011a). However CoC implant retrievals showed that posterior edge loading wear
scars are present on the majority of bearings and occur most commonly in the absence

of impingement (Walter et al., 2004; Esposito et al., 2012).

3.1.3 Aims and hypothesis

Given the high incidence of posterior edge loading reported in the absence of
impingement and the strong influence of muscles on the hip joint contact force
(Bergmann et al., 2001), we hypothesised that the lines of action of muscles are such
that edge loading can occur in all hips when they are deeply flexed during routine

activities, and so we addressed two research questions: are the lines of action of hip
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joint muscles such that they could cause edge loading of a well-designed, well-
positioned acetabular cup?; and, how sensitive are the results to geometrical variation

of the cup through changes to the implant design or orientation?
3.2 Methods

3.2.1 Muscle contribution to edge loading

A lower limb model was developed (Modenese et al., 2011) based on a digitized
cadaveric right leg specimen that detailed muscle origin and insertion points (Klein
Horsman et al., 2007). More detailed information about the model can be found in a
previous study that compared computed hip joint contact force magnitudes with those
measured in vivo (Modenese et al., 2011). The model's muscle geometry included an
anatomical wrap for the iliopsoas muscle fibres around the pelvis to ensure it pulled the
femur in the correct direction. To keep representative muscle geometry throughout a
complete range of motion, additional muscle wrapping surfaces were applied to the
gluteus maximus superior fibres, gluteus maximus inferior fibres, the gemelli, and
obturator internus; images of these wraps and the rationale behind them is explained in

depth in appendix A3.1 (page 189).

The full hip range of motion for an adult male (Boone and Azen, 1979) was discretized
into 5° positions of flexion (-10° to 120°), abduction (-25° to 40°), and rotation (-40° to
40°) totalling 6,426 hip orientations. Angles were referenced in accordance with the ISB
recommendations for joint coordinate systems (Wu et al., 2002). OpenSim version
2.4.0 (Delp et al., 2007) was used to place the model in each of these static positions,
and the direction of the force vector exerted by each muscle onto the pelvis was
calculated using an OpenSim plugin, which is available for free download together with
detailed documentation (Modenese et al., 2012). An overview of how the plugin works

is included in appendix A3.2 (page 190).

The hip was modelled in MatLab (version 2011b, The MathWorks, Inc., Texas, USA) as
a typical @28 mm bearing with an acetabular subtended arc angle of 168° (e.g., the
Biolox Forte cup) well-positioned at 20° anteversion and 45° inclination using the
radiographic definition (Murray, 1993). Appendix A3.3 (page 191) gives a detailed
description of how this hip replacement was modelled and orientated according to the
definition published by Murray. A conservative edge loading risk-zone, which allows for
the circular contact patch surrounding the force vector, was defined within 5° of the cup
edge. The unit force vectors acting on the pelvis calculated by the plugin were applied
at the centre of rotation as equal and opposite unit reaction forces. For each muscle,

we calculated if its contraction would safely pull the head into the cup (Figure 3.1A) or
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contribute towards creating an edge loading force vector (Figure 3.1B). Appendix A3.4
(page 193) details the calculation steps used to determine if a muscle would contribute
to edge loading and also describes how two different methods were used and cross-

validated to ensure this critical calculation was correct.

3.2.2 Effects of implant design

The muscle contribution to edge loading was then re-calculated for a well-positioned
cup for the implant designs in Table 3.1. The effect of varying the edge load risk-zone
was studied by varying the angle in the range 5-30°, which represents the range of
possible contact patch semi-angles for CoC (Mak and Jin, 2002) and MoM bearings
(Dowson et al., 2007; Kwon et al., 2012).
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Figure 3.1 A diagram showing how a change in hip position can cause a muscle to contribute to
edge loading.

(A and B) Diagrams of the line of action of the rectus femoris (blue line) and its unit reaction
force at the hip joint (red/green arrow) at 90° flexion and neutral rotation. The cup liner is divided
into a green safe zone and a red edge load risk-zone. (A) The hip is abducted 20° and the
rectus femoris pulls the head (blue sphere) into the cup safe zone. (B) The hip is adducted 20°,
now the line of action of the rectus femoris pulls the head out of the cup and thus it could
contribute to an edge loading contact vector. Representative images from the musculoskeletal
model are shown.
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Table 3.1 The models and dimensions of implant designs studied

Material Couple Implant Head diameter (mm)  Subtended Angle (°)
CoC Biolox Forte 28 168
CoC Delta Motion 36 168
MoM Adept 38 161
MoM Adept 58 161
MoM ASR 59 152
MoM ASR 39 144

3.2.3 Effects of implant orientation

For the original cup design, the effects of different acetabular orientations were
investigated by varying the angles for all nine possible combinations of 5°, 20°, and 35°
(low, medium, and high) anteversion with 30°, 45°, and 60° (low, medium, and high)

inclination.

3.2.4 Comparison with in-vivo force data

Bergmann's in vivo tests (Bergmann et al., 2001) provide kinematic and force data for
16 trials of sit-to-stand. The data were retrieved from HIP98 (Bergmann et al., 2001)
and used to test the correlation between hip flexion angle, abduction and rotation at the
point of maximum hip joint contact force, and two angles that define how much the
force points into the cup: a in the transverse plane, and B in the sagittal plane (Figure
3.2). For 15 of the trials, the maximum hip contact force occurs at, or shortly after the
point of seat off and maximum hip flexion; however, the trial HSRCU3 has unique
dynamics and is less suitable to study forces in deep flexion because the maximum
load occurs much later than the point of seat off. Thus, the data were tested both with
and without trial HSRCU3. A 5° shaft-mechanical axis angle which is equivalent in
direction to knee valgus, which does not affect correlation statistics, was used to
convert from Bergmann's z-axis to the ISB's y-axis (Wu et al., 2002). The rationale for

this correction is described in appendix O (page 196).
3.3 Results

3.3.1 Muscle contribution to edge loading

All the muscles that inserted into the distal femur, patella, or tibia can contribute to
edge loading of a well-positioned cup within a normal range of motion, whereas other
large muscles, such as the gluteus medius, cannot. Figure 3.3 lists the included
muscles and the percentage of positions in the range of motion where the line of action

of that muscle could contribute to an edge loading hip contact force.
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Figure 3.2 The definitions of a and 8 in the transverse and sagittal planes respectively

The green arrows are projections of the resultant force at the pelvis into these planes, and the
blue dashed lines highlight the femoral axis.

The risk of edge loading was particularly prevalent during deep flexion (Figure 3.4). For
a well-positioned cup, the percentage of muscles that could contribute to edge loading
increased from 0 % to 39 % (9/23) as flexion increased from 80° to 100° with neutral

abduction and rotation.

Hip abduction dramatically reduced the muscular contribution to edge loading in deep
flexion (Figure 3.4); at 220° abduction, no muscles contributed to edge loading up to
95° of flexion. Hip flexion with adduction had the opposite effect; when the hip was in
20° adduction, muscles could cause edge loading above 50° flexion. Internal or
external rotation of the hip made little difference to the risk of edge loading (appendix
A3.6, page 197). For ease of communication, these results group all muscle fibres
together to form individual muscles with the exception of the gluteus maximus where its
distinct insertions are modelled as separate muscles; this grouping of muscle fibres did
not affect the results as shown in appendix A3.7 (page 197). This appendix also shows
that the results are unaffected when re-plotting the results as a percentage of total

muscle force capacity.

3.3.2 Effects of implant design

Decreasing the subtended angle of the cup arc increased the maximum possible
muscle contribution to edge loading and decreased the flexion angle at which muscle
contribution to edge loading was possible (Figure 3.5). However, changing the size of
the bearing in isolation did not affect the possible muscular contribution to edge
loading. Changing the edge load risk-zone had the same effect as decreasing the

subtended angle as both changes reduced the safe coverage of the head. For
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Adductor Brevis
Adductor Longus
Adductor Magnus
Bicep Femoris
Gemellus Inferior
Gemellus Superior
Gluteus Maximus Superior
Gluteus Maximus Inferior
Gluteus Medius
Gluteus Minimus
Gracilis

lliacus

Obturator Externus
Obturator Internus
Pectineus
Piriformis
Psoas Major
Quadratus Femoris
Rectus Femoris
Sartorius
Semimembranosus
Semitendinosus
Tensor Fascia Lata
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Positions in the range
of motion at which the
muscle can contribute

to edge loading (%)

Figure 3.3 List of the muscles included in the study indicating the percentage of positions in the
complete range of motion at which each muscle could contribute to an edge loading force vector
in a well-positioned cup.

example, two bearings with subtended angles of 168° and 152° and edge load risk-

zones of 13° and 5°, respectively, were equivalent (safe coverage arcs of 142°).

3.3.3 Effects of implant orientation

For all cup positions, the general trend was the same as shown in Figure 3.4; the
percentage of muscles that can contribute to edge loading increased rapidly at a given
flexion angle, was highest in deep flexion, and abducting the hip had a protective
function. Internal and external rotation had a larger effect in some cup positions in
comparison to a well-positioned cup; however, the dominant effect was still driven by

hip flexion, then ab/adduction.

The following trends are based on data from the complete range of motion which is
shown in full in appendix A3.8 (page 200); however, many of the trends can be seen in
Figure 3.6. Low anteversion decreased the flexion angle at which edge loading could
occur but had little effect on the maximum number of muscles that could edge load a
hip; it effectively shifted the lines in Figure 3.4 to the left. High anteversion had the
opposite effect; it allowed higher flexion angles before large numbers of distal muscles

could contribute to edge loading.
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Figure 3.4 The percentage of muscles that can contribute to edge loading as a function of hip
flexion with neutral rotation and different ab/adduction in a well-positioned cup

Low inclination had two effects: it increased the maximum number of muscles that can
cause edge loading forces over all flexion angles, because some of the short external
rotators and obturator muscles had contact vectors that were in the inferior portion of
the risk-zone. It also reduced, but did not eliminate, the effect of abducting the hip in
deep flexion on the number of muscles that can contribute edge loading force

components.

High inclination had three effects. First, it decreased the number of distally inserting
muscles that can contribute to edge loading in flexion. Second, it increased the effect of
abducting the hip during flexion. Third, it allowed the iliopsoas muscles to contribute to
edge loading forces in low flexion or extension angles, and also the distally inserting

muscles when the hip was adducted in low flexion or extension.

Combining high/low anteversion with high/low inclination provided a combination of the
above effects. For example low inclination and low anteversion resulted in high muscle

contribution to edge loading at lower flexion angles.

3.3.4 Comparison with in-vivo force data

At maximum load, strong, significant correlations existed between the abduction angle
and a (Figure 3.7A, r=-0.85, p-value <0.001), and the flexion angle and B (Figure
3.7B, r=-0.91, p-value <0.001). Excluding the abnormal trial HSRCU3 resulted in an
even stronger correlation between abduction and a (Figure 3.7A, r=-0.94, p-
value <0.001).
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Figure 3.5 The effect of reducing the subtended angle of the cup arc on the possible muscle
contribution to edge loading for a well-positioned cup with neutral hip abduction and rotation.

3.4 Discussion

3.4.1 Most important findings

This study showed that the lines of action of distally inserting muscles can contribute to
edge loading of a well-positioned acetabular cup when the hip is in deep flexion, and
abducting the flexed hip moves the lines of action of these muscles away from the
edge and into a safe-zone inside the cup. This is because the lines of action of the
distally inserting muscles are tied to the position of the femur (Figure 3.1). The positive
benefit of abduction is true for all cup designs (Table 3.1) and orientations tested
(Figure 3.6). Incorporating abduction into activities in deep flexion, like sit-to-stand, may
be a useful rehabilitation exercise for patients to avoid edge loading wear, and this may
be particularly beneficial to patients with the ASR implant. Moreover, combining high
flexion angles with abduction could also prevent shear dislocation (without
impingement) (Bartz et al., 2000; Nadzadi et al., 2003) by bringing the lines of action of
all the muscles to within the cup (Figure 3.4). Abduction of a flexed hip also moves the
femoral neck and surrounding bone away from the anterior portion of the acetabulum
and pelvis, the most common deep flexion impingement site (Bartz et al., 2000; Kessler
et al., 2008), adding further weight to the finding that hip abduction in deep hip flexion

is of benefit to patients.
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Figure 3.6 The number of muscles that can contribute to edge loading of a well-designed cup at
100° hip flexion and neutral hip rotation with varying hip abduction and cup orientation.

3.4.2 Limitations

The adopted methodology is purely geometrical and does not include explicit
calculation of the hip contact force vector because the individual muscle contributions
are assessed only with respect to their direction. Despite this limitation, the data
showed strong equivalence to the resultant load vector measured in instrumented
implants. Also, while our study cannot find specific hip positions or movements that
cause edge loading, it does show that the lines of action of muscles are such that edge
loading of a well-positioned cup in the absence of subluxation is only possible in deep
flexion, and abducting the hip can prevent this. Indeed, the approach avoids some of
the limitations associated with determining force magnitudes through modelling: first, it
does not require an optimization routine. A recent study showed that a musculoskeletal
model based on the same anatomic dataset used here could potentially reproduce the
hip contact force direction measured in vivo, but the optimization techniques currently
employed for estimating muscle forces are unable to yield muscle recruitment
adequate to accurately estimate that vector (Modenese et al., 2013). Second, it allows
the full range of motion to be explored, and so the results encompass all the activities

that a hip replacement patient could do.

This model assumes that the line of action of the hip joint reaction force passes through
hip’s centre of rotation. This is valid when the femoral head and acetabular cup are
spherical and concentric (or marginally off concentric due to the small difference in
diameter of the femoral head and acetabular cup), as shown in Figure 3.8. This is a
reasonable assumption for a total hip replacement, which has engineered components,

and in some cases for a native hip with normal anatomy which approximates well to a
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A) All trials: r =0.85, p<0.001 B) All trials: r = 0.91, p<0.001
Excluding H3: r =0.94, p<0.001 Excluding H3: r = 0.9, p<0.001
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Figure 3.7 The correlation between the direction of the contact vector relative to the pelvis and
the position of the hip.

Points are labelled with the first letter of the trial name and trial number according to the sit-to-
stand trial in HIP98 (e.g., H1 =HSRCU1 in HIP98), and lines of best fit are shown. The trial with
abnormal dynamics (HSRCU3) is highlighted in red.

spherical ball-and-socket joint (Cereatti et al., 2010). However, this assumption is not
valid when the native or replaced hip subluxes due to either impingement or acetabular
insufficiency; the former can affect a pincer hip or a mal-positioned total hip
replacement whilst the latter can affect dysplastic hips. It is also not valid when the
femoral head is not spherical such as a cam deformity. This is because impingement,
asphericity and/or subluxation can result in multiple points of contact between the head
and cup. The reaction force at each point of contact must be locally normal to the joint
surface and so the resulting forces may not only act closer to the edge of the
acetabulum and increase the risk of edge loading, but also could have a very high

magnitude (Figure 3.8) increasing the risk of damaging the joint surfaces.

A final limitation of the model is that muscles are modelled as straight lines and not as
a volume which can contract as the muscle generates force. Other authors have
developed more realistic models of muscles that consider their entire shape and
volume using finite-element modelling (Blemker and Delp, 2005); however these
techniques are computationally heavy and would be impractical when studying all the
muscles of the hip in all hip positions. This limitation could particularly have affected
the gluteus maximus because it has a large volume and so could undergo large
changes in shape as it contracts. It also wraps around many deep muscles (which may
also change shape) which could further affect its line of action. It would also be an
interesting extension to the model to consider if contraction of the gluteus maximus in
deep flexion could act to stabilise the hip against posterior dislocation by generating

compressive forces in the deep muscles which it wraps around. Importantly, for the
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Figure 3.8 How an aspherical femoral head could invalidate the modelling assumptions.

The rectus femoris (red arrow) is acting on the pelvis and is resisted by an equal and opposite
reaction from the femoral head acting on the acetabulum (blue/purple arrows). Left) the model
used in this chapter assumes that there is a single component to the reaction force that passes
through the centre of rotation (blue arrow). Right) this assumption is not valid for an aspherical,
impinged and/or subluxed hip as there can be multiple points of contact (purple arrows). It can
be seen that both the risk of edge loading and the magnitude of force could be increased by the
presence of an aspherical femoral head.

majority of muscles, their changing shape when contracting is unlikely to influence the
main conclusions of this study for a similar reason that internal/external rotation has
less of effect than flexion/ab/adduction — it is the long distally inserting muscles that
experience the greatest change in their lines of action and this variation is
predominantly driven by the large movements of the lower limb. The musculoskeletal
model was based on anatomical data from a male specimen however for the same
reason (movements of the lower limb cause larger variation in the lines of action of
distally inserting muscles than variations in anatomical origin/insertion) it is likely that
the conclusions would also apply to female specimens. Indeed, the in vivo data
analysed (Figure 3.7) included both male and female subjects and corroborates the

main conclusion that hip abduction could prevent edge loading of hip replacements.

3.4.3 Comparison with published research

In vivo resultant joint reaction force measurements from instrumented implants
(Bergmann et al., 2001) corroborate the findings by showing that the direction of the
maximum resultant joint force relative to the pelvis is highly correlated with the position
of the femur during sit-to-stand activity (Figure 3.7). The in vivo data show that
posterior edge loading is possible in deep flexion as flexion is correlated with a more
posteriorly pointing load vector (Figure 3.7B). It also supports the result that activity
modification can reduce the risk of edge loading: higher abduction at the point of seat
off was strongly correlated with a more medially angled force relative to the pelvis, and
hence a force that points more inbound, further away from the posterior edge of the

acetabulum (Figure 3.7B).
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Rising from a chair can require >100° of hip flexion, with abduction varying from -10°
to 20° (Bergmann et al., 2001; Nadzadi et al., 2003). This movement relies on
considerable muscle force from the distally inserting hamstrings, rectus femoris, and
gluteus maximus, and little contribution from the gluteus medius and short external
rotators (Doorenbosch et al., 1994; Bartz et al., 2000; Yoshioka et al., 2012). Hence,
the muscles that can contribute to creating an edge loading force (Figure 3.3) during
deep flexion (Figure 3.4) are known to be highly active during sit-to-stand, while
muscles that provide a protective function are not. This may explain the high incidence
of edge loading wear reported clinically, (De Haan et al., 2008a; Kwon et al., 2010;
Underwood et al., 2011; Esposito et al., 2012) and why edge loading occurred in all

MoM resurfacing patients when rising from a chair (Kwon et al., 2012).

The implant sensitivity study showed that decreasing the subtended cup angle
increased the possibility of muscle contribution to edge loading (Figure 3.5). This
supports results from explanted MoM bearings that show that cups with reduced
subtended angles edge loaded significantly more and suffered significantly higher wear
rates (Underwood et al., 2011) and emphasizes the need to mitigate the risks of edge

loading for new cup designs that have reduced subtended arcs.

Our results support findings from ceramic retrievals where the majority of edge loading
wear occurred posteriorly during high flexion (Walter et al., 2004; Esposito et al., 2012)
with low cup anteversion increasing the risk (Lusty et al., 2007b). Interestingly, we also
showed that high inclination can help protect against posterior edge loading by moving
the inferior edge of the cup more laterally and thus in an anteverted cup it provides
more posterior coverage of the head. However, high inclination should be avoided as it
can expose the joint to superior edge loading in low flexion or extension angles, and
edge loading during gait can have severe consequences (De Haan et al.,, 2008a;
Esposito et al., 2012; Kwon et al., 2012). Indeed recent MoM resurfacing research
using AP X-rays suggests that low inclination is beneficial, particularly for small
bearings (Gross and Liu, 2012). However, in both established (Esposito et al., 2012)
and contemporary (McDonnell et al., 2013) CoC bearings, a combination of low
inclination and low anteversion led to high incidences of posterior edge loading wear
and squeaking. This is the cup orientation at greatest risk of posterior edge loading
from muscle action (Figure 3.6), and so low inclination should be combined with higher

anteversion to provide better coverage of the head throughout the range of motion.

Muscles damaged in the most common surgical approaches (lateral: gluteus medius
and minimus, posterior: short external rotators) (Masonis and Bourne, 2002) never

cause edge loading of well-positioned cups (Figure 3.3). Intraoperative repair and
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rehabilitative strengthening of these muscles may reduce the risk of edge loading as
weakened muscles may lead to the patient substituting their function for a distally
inserting alternative (Dostal et al., 1986) that could contribute to an edge loading force.
Appendix A3.9 (starting page 201) describes some pilot work designed to investigate
this hypothesis further; it was found that reducing the strength of the gluteus medius
and minimus resulted in increased dependence on the tensor fascia lata and joint
reaction force that passed to the edge of the cup. This forms the basis for an

interesting avenue for further work (see chapter 0).

Edge loading can be caused by soft tissue laxity leading to microseparation during gait
(Nevelos et al., 2000), by impingement in deep flexion with internal rotation (Elkins et
al., 2011a), or by low subtended angles and/or high inclination providing insufficient
superior coverage of the head (De Haan et al., 2008a; Kwon et al., 2012). We do not
discount these phenomena but provide an additional mechanism by which edge
loading could occur in all hip replacement patients: posteriorly in deep flexion due to

muscle forces alone.

3.4.4 Clinical relevance and conclusion

In answer to our research questions, we showed that all the distally inserting muscles
could cause edge loading of well-designed, well-positioned acetabular cups when the
hip is deeply flexed. Low subtended arc angles and suboptimal cup orientation can
increase the risk of edge loading through muscle action, but does not alter the general
trend observed for a well-designed, well-positioned cup. However, our most important
finding is that all patients, regardless of how their prosthesis was designed or
implanted, can reduce the prevalence of posterior edge loading, and perhaps
dislocation, by introducing abduction to activities that require deep flexion; this can
easily be implemented for activities such as rising from a chair and stooping by

separating the knees before performing the movement.
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4 Design and manufacture of a six-degrees-of-freedom

hip joint testing system

The capsular ligaments, labrum and ligamentum teres could have an important role of
preventing impingement, subluxation, edge loading and dislocation in the native hip;
however research is needed to better understand the scope of this passive protection
and if it could be preserved during joint preserving surgery, or replicated following a
total hip replacement. Therefore, the aim of this study was to design and manufacture a
six-degrees-of-freedom testing rig to investigate the hip’s passive restraint envelope
using a cadaveric model. A rig was designed to fit into the working volume of a dual-
axis materials-testing-machine whilst allowing application of torque/angular positions in
all three rotary degrees of freedom using the ISB coordinate system. The rig was
designed such that it could apply physiological loads and be used by an operator
working alone. The rig was manufactured and its capabilities were tested using finite
element modelling with an experimental validation. When the rig was loaded with
1,100 N angled 20° medially/superiorly with 25 Nm internal/external rotation torque, the
finite element model predicted peak stresses that were a third of the proof stress of the
aluminium alloy used. When applying 110 N hip joint compression angled 20°
medially/superiorly with 5 Nm internal/external rotation torque the model predicted a
maximum hip joint centre displacement of 0.4 mm. The finite element model over-
predicated the displacement of the hip joint centre: it predicated a stiffness of
270 N/mm whereas the measured rig stiffness was 300 N/mm. It was concluded that
the rig is suitable for testing the passive restraint envelope of the hip. Engineering

drawings are provided.
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4.1 Introduction

4.1.1 Clinical motivation

Chapter 3 found that the hip could be exposed to unfavourable muscles lines of action
in deep flexion and adduction thus increasing the risk of edge loading and dislocation.
These lines of action are the same for both a native and replaced hip yet dislocation of
the native hip is extremely rare and typically only occurs following extreme trauma or
with an underlying deformity (Tonnis et al., 1987; Matsuda, 2009; Ranawat et al., 2009;
Cross et al.,, 2010; Sansone et al., 2013; Austin et al., 2014). This could be due to
better coverage provided by the native acetabulum and indeed dysplastic hips are at a
greater risk of dislocation (Ténnis et al., 1987); however, retroverted hips have poor
coverage of the femoral head in deep flexion and are known to impinge and sublux in
deep flexion yet do not dislocate (Reynolds et al., 1999; Wassilew et al., 2013; Leunig
and Ganz, 2014). This suggests that the protection against dislocation could also be

due to another factor.

The passive soft-tissues (capsular ligament, ligamentum teres and labrum) could offer
protection in two ways: firstly, by restricting hip range of motion and thus protecting the
hip from moving into at-risk positions, or secondly through contributing a force that
resists dislocation directly. Understanding the mechanisms of this passive soft-tissue
restraint would be clinically useful for two reasons: firstly, it could lead to better
optimised soft-tissue repair techniques following a total hip replacement to further
reduce dislocation rates (Kumar et al., 2014) and perhaps help prevent edge loading,
and secondly because it could help protect patients from iatrogenic dislocation
(Matsuda, 2009; Ranawat et al., 2009; Domb et al., 2013; Sansone et al., 2013; Austin
et al., 2014) or more subtle micro-instability (Mei Dan et al., 2012; Domb et al., 2013;

Frank et al., 2014) following joint preserving surgery.

4.1.2 The need for a six-degrees-of-freedom testing rig

Computational models provide an excellent method for quantifying relative changes
(see section 2.7.1, page 46); indeed two authors have used models to this effect to
examine the effects of passive soft-tissue restraint on total hip replacement dislocation
(Elkins et al., 2011b; Bunn et al., 2014). However, without appropriate validation,
computational models can be unreliable for defining absolute values. For
understanding the role of passive ligamentous and labral restraint in the native hip,
there is a need for baseline quantitative data with absolute values and hence it would
be more appropriate to test cadaveric specimens. This data has existed for many years

for the knee (Blankevoort et al., 1988; Wilson et al., 2000), yet has only loosely been
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defined for the hip ligaments by tests performed by hand (Martin et al., 2008; Safran et
al., 2013). To ensure accuracy in these baseline values however, a repeatable testing

rig is needed.

Few authors have established testing rigs that allow application of a flexion/extension
torque (Elkins et al., 2011b; Smith et al., 2014) or an ab/adduction torque (Crawford et
al., 2007; Dy et al., 2008; Smith et al., 2014) with most applying only internal/external
rotation movements at fixed intervals of flexion/abduction (Delp et al., 1999; Sioen et
al., 2002; Mihalko and Whiteside, 2004; Burroughs et al., 2005; Martin et al., 2008;
Myers et al., 2011; Ng et al., 2011). This may be in part due to the aims of the tests:
many of them examine impingement/dislocation and the at-risk positions require
applying an internal rotation torque with the hip positioned in deep flexion, or external
rotation torque with the hip in extension. However, it could also be due to the difficulty
in applying flexion/extension torques, and even more so in applying ab/adduction
torques, due to nature of a hip’'s movement axes: internal/external rotation acts about
the femur which provides a natural shaft which can be connected easily to a pulley or a
materials testing machine. Although flexion/extension movements are fixed to the
pelvis, they are a little more complex to model in a cadaveric test as there is not natural
shaft to clamp onto and thus require the design of a pelvic fixture. However,
ab/adduction torques are difficult to apply as the movement axis is floating
(perpendicular to the flexion and rotation axis) and thus depends on both the position of

the pelvis and the femur and hence requires a complex testing rig.

Unfortunately, total hip replacement research suggests flexion angle and the degree of
ab/adduction greatly affect the risk of dislocation (Bartz et al., 2000). Similarly, the
results in chapter 3 suggest that variations in flexion/extension and ab/adduction are
important to consider as these movements change the lines of action of distally
inserting muscles and this could lead to edge loading conditions. Therefore, the
objective of this chapter is to design a hip joint testing rig that allows application of
torque in all three rotational degrees of freedom but also allowing the rig to be fixed in
positions of interest for internal/external rotation tests. This would allow tests to both
replicate and build on previous dislocation and edge loading research methods, whilst
also providing the flexibility to test over a complete range of hip motion to determine the
effects of varying hip flexion and ab/adduction. So that the tests are clinically
meaningful, the rig should ideally mimic the ISB coordinate system and also allow

application of physiological loads (see sections 2.7.6 and 2.7.7, page 53).
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4.1.3 Rig Specification
i. Mimic the ISB coordinate system

ii. Allow torques/rotation to be applied in all three rotational degrees of freedom

over a full range of (in-vivo) hip motion (Boone and Azen, 1979).
ii. Allow application force in a physiological direction.

iv. To accommodate any pelvis/femur sized within three standard deviations of the
mean size (Yoshioka et al., 1987; Seidel et al., 1995).

v. To require only a single user as an operator.

vi. To be able to be manufactured from as fewer raw material extrusions as

possible to keep cost low.

vii. To be able to be manufactured in Imperial College London’s mechanical
engineering department (CNC milling/turning, laser cutting, as well as various

manual machines (lathe, mill, surface grinder, pillar drill, etc.).
4.2 Materials and methods

4.2.1 Rig design tools and existing components

The hip joint testing rig and mounting system were designed in a computer aided
drawing package (SolidWorks version 2011 x64, Dassault Systémes S.A., Vélizy,
France) to fit inside the working volume of a commercially available dual-axis servo-
hydraulic materials-testing-machine (model 8874, software MAX v9.3, Instron Ltd, High
Wycombe, UK). This actuator was capable of applying torques/loads and
rotations/displacements about a vertical axis and has in-built position transducers and
a load-cell to accurately record displacements, forces and torques. The load cell could
measure up to 1 kN of force and 25 Nm of torque and so these are the maximum
loads/torques the rig needs to be able to resist. An existing x-z bearing table that fitted
in the servo-hydraulic machine’s working volume was also available for use; this table
consists of two platforms mounted on ball bearings that allow free movement in the
horizontal plane. Models for a typical pelvis/femur were downloaded from the BEL

repository (Biomechanics-European-Laboratory, 2009).

4.2.2 Material selection

Two alloys were identified as possible material choices: aluminium alloy EN 6082 T6
and stainless steel 303. Both are non-rusting alloys with high yield stresses and

excellent machinability (compared to other aluminium and stainless alloys). 303 is
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stiffer than 6082T6 however it is also more difficult to machine (higher tool wear),
heavier (which would make the components more difficult to handle for a single user
when testing) and more expensive. Thus, where possible, 6082T6 was considered

preferable.

To evaluate components could be manufactured from aluminium alloy, the design
iterations were tested using SolidWorks’ inbuilt finite element package to determine the
safety factor for the rig compared to the maximum testing load. It was also used to
measure the deflection at the level of the hip joint. These tests were conducted using
simplified rig models which considered only components directly on the load path (from
the base to the hip centre). For the same reason, no fasteners were modelled and
parts were assumed to be perfectly mated so that the rig could be modelled as one
component, thus eliminating any contact problems. The pelvis was modelled as a large
metal extrusion with a raised @46 mm circular bosses onto which the load/torques
could be applied (the size of an average femoral head, see Table 2.4, page 9). This
pseudo-pelvis was sufficiently deep that it had negligible deflection under the applied
load thus allowing the load to be applied at the level of the hip joint but without affecting
any displacement measurements. The rig was positioned in the worst case position
with all components positioned at the extreme slot locations to maximise the moments
of the joint reaction force. A fixed boundary condition was applied to the base of the rig
and a mesh convergence study was performed for the most complex load case (medial

and vertical loading with an internal rotation torque).

The minimum expected material properties were applied in accordance with the
relevant standard (Aalco-Metals-Ltd, 2013, 2014b). The rig was automatically meshed
using the computer aided design software. The top of the x-z bearing table was fixed in
space and a vertical compressive load of 1 kN was applied at the level of the hip joint

centre.

4.2.3 Rig manufacture

An Imperial College London technician manufactured the rig. Whilst | was responsible
for the rig’s design, engineering drawings, assembly and testing, all components were

expertly manufactured by Philip Wilson.

4.2.4 Testing the rig’s capabilities

The capabilities of the final design were tested further by applying the following
additional load cases to the finite element model: 25 Nm internal/external rotation

torque (applied about the materials testing machine’s vertical axis) with no load, 1 kN
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superior load with 364 N medial load (resultant force direction 20° superior-medial) with
no torque, 1 kN superior load with 364 N medial load with 25 Nm internal/external
rotation torque and finally 100 N superior load with 36 N medial load and 5 Nm
internal/external rotation torque. Whilst the latter load case was comparatively low, it
was included because it was the load case used for the experiments detailed in

chapters 6 and 7.

4.2.5 Experimental validation

To validate the finite element predictions of the rig’s load capabilities. The stiffness of
the manufactured rig was measured directly in the materials-testing-machine. A vertical
load was applied through the femoral pot, directly on to a steel pseudo-pelvis which
was sufficiently deep to have negligible deflection compared to that of the rig. The rig
was preloaded at 300 N for one minute and then was loaded up to 600 N before being
unloaded for the start of the tests which consisted of three 0-600 N load cycles with a

period of 10 s.
4.3 Results

4.3.1 The testing system

A six-degrees-of-freedom testing system was designed such that all components could
be made from a single 5m long extrusion of %” aluminium flat bar except for: the
rotating flexion and adduction axes’ shafts which were made from stainless steel for
increased stiffness (see 4.3.2) and the femoral/pelvic pots which were made from
aluminium alloy billets/castings. Cut away features and complex shapes were avoided
where possible to facilitate manufacture; they were only used to reduce the weight to
allow operation by a single user, or to prevent impingement of the rig on the materials-
testing-machines sides during movements with a large range of motion. Assembly
drawings for this rig are presented at the end of this chapter, and individual component
drawings included in appendix A4. The alignment system used to mount specimens

into this rig in the ISB system is described and validated in the next chapter (page 91).

The materials-testing-machine was used to apply superior/inferior loads and
translations as well as internal/external rotation torques and angular positions (Figure
2.19). The actuator head was fixed to the femur allowing internal/external rotation
about the femoral y-axis as defined by the ISB. Whilst these movements about the
materials-testing-machine’s axes, the load-cell and displacement transducers could

continually record the passive resistance and position of the hip. This allowed for high
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Figure 4.1 The custom built testing rig with a synthetic right hip joint mounted in flexion,
adduction and neutral rotation.

Ab/adduction  (Ab/Ad), internal/external rotation (IR/ER), flexion/extension (F/E),
anterior/posterior translation (A/P), superior/inferior translation (S/I) and medial/lateral
translation (M/L) directions are shown. If the rig was in the neutral position, then the slots could
be used to align the pelvic hip centre in the A/P (1), S/l (2), and M/L (3) directions. Slot 4 could
also be used to adjust the femoral head centre location relative to the servo-hydraulic machine’s
vertical axis.

accuracy when performing clinically relevant internal/external rotation tests at fixed

positions of flexion/extension and ab/adduction.

For testing about the flexion/extension or ab/adduction axes, two pulleys were used to
apply torques using two hanging-weights couples. The flexion axis was tied to the
pelvis, and the entire flexion unit moved as the hip was ab/adducted such that
ab/adduction remained mutually perpendicular to hip flexion and rotation throughout
testing. Printed goniometers were laminated on the reverse of these pulleys and bolts
holes allowed fixed angular positions to be specified at 10° intervals; a g-clamp could
also be used to achieve a finer resolution. A two-degrees-of-freedom horizontal bearing
table allowed anterior/posterior/medial/lateral translation to occur freely. A hanging
weight looped through an external pulley and attached to this bearing table could be

used to apply a medial/lateral or anterior/posterior loads.

Slots in the flexion, adduction and rotation axes allowed for the hip joint centre to be

identified iteratively when setting up the rig. This was achieved by adjusting the
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pelvis/femoral position using these slots until no translations occur when a rotation was
made about any of the three axes. The slots were sized such that they can
accommodate any hip sized within three standard deviations of the mean. These slots
on the flexion and adduction axis could additionally be used to attach a weight that
balanced the mass of the rig and pelvis so that when flexion/extension/ab/adduction
torque was applied, all of it was used to rotate the hip (i.e. the weight of the rig/pelvis

did not act to increase/decrease the applied torque).

The flexion axis’s anterior-posterior set-up translation arm, and hence the pelvis, could
easily be attached to or removed from the test rig using M8 bolts. However the arm
maintained the specimen’s alignment when removing and reattaching as it mounted
directly onto the flexion axis bearing using a tight-tolerance clearance fit; the maximum
possible displacement for this fit was less than 50 uym displacement. The rig was
cantilevered to enable this action to be performed by a single user. This shape had two
further advantages: it allowed for direct access to the periarticular hip tissues without
having to remove the specimen from the testing rig, and also allowed for better photos
as the view of the hip was not obstructed. A disadvantage of the cantilever design
could have been a decreased stiffness; however, this was countered by doubling the

thickness of the main supports and adding a triangular stress support.

4.3.2 Material choice

Five iterations of the rig design were needed to achieve a final design which had a
safety factor of 2 when built from 6082T6. The mesh convergence analysis of the final
designed showed at least 45,000 elements were needed for the finite element analysis
(Figure 4.2). This analysis predicted a maximum von Mises stress of 105 MPa under
1 kN load for this design (Figure 4.3); this peak stress occurred adjacent to the bolt
holes in the superior-inferior set-up translation arm. The maximum displacement of the
hip joint centre was less than 4 mm under the 1 kN load (Figure 4.4). As the rig was
modelled as a single material, the peak strain occurred in the same position as the
peak stress; however, there were also relatively high strains (0.55 pe) recorded in the
aluminium shaft axes (see the stresses in Figure 4.3). These strains would have had a
big effect on the displacement at the level of the hip joint due to the large distance
between shafts and the joint centre. Hence, manufacturing the shafts out of stiffer
stainless steel was considered an excellent way to reduce the displacement of the hip
centre under load, whilst maximising the use of cheaper and lighter aluminium alloy

throughout the rest of the rig.
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Figure 4.2 A convergence analysis for the finite element analysis mesh.

The load case examined was 1 kN with 364 N medial load and 25 Nm internal rotation torque.
It can be seen that the mesh converged when the number of elements exceeded 45,000.

4.3.3 The rig’s capabilities

For loading in the absence of torque, it was found that the 1 kN load in isolation
resulted in the highest von Mises stresses in the rig despite an increase in the total
applied load when a medial component was included (Table 4.1). This was because
the medial component of load provided a bending moment in the opposite direction to
that of the 1 kN superior load on the superior-inferior set-up translation arm (which was

the component that experienced the peak stresses).

In the absence of load, the stresses caused by internal and external rotation torques
were identical (as expected for a linear elastic model), however internal rotation acted
to increase stresses when a medial component of load was present, whereas external
rotation decreased the maximum stress. This was because the internal rotation torques
acted to increase the bending moment caused by the medial load whereas the external
rotation torque acted to oppose it. Thus, only the internal rotation (worst case) results

have been reported in Table 4.1.

For the load case used in chapters 6 and 7 the worst case peak stress was only 4 % of

the yield and the resultant displacement of the hip joint centre only 0.4 mm (Table 4.1).

4.3.4 Experimental validation

The mean (x S.D.) stiffness of the rig recorded during the three load cycles was
300 + 5 N/mm; a typical load-displacement graph is shown in Figure 4.5. Under 1 kN
superior loading, the finite element model predicted a displacement in the y-direction of

3.7 mm and hence a superior-inferior stiffness of 270 N/mm.
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Figure 4.3 The von Mises stresses in the testing rig under 1 kN of compressive load applied at
the level of the hip joint centre.

Top) different views showing the simplified rig. The stresses in the shafts were relatively high
and were positioned far from the point of applied load and hence the strain in this region could
cause large deflections at the hip joint centre. Bottom) a zoomed view of the superior-inferior
set-up translation arm showing the peak stresses concentrated around the 8.5 mm holes. The
peak stress was less than half that of the proof stress for 6082 T6 Aluminium Alloy bar
(250 MPa) (Aalco-Metals-Ltd, 2013).
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Figure 4.4 The resultant displacement of the rig under 1 kN vertical compressive load.

The rig has been deformed according to these displacements at a scale of 1:1. It can be seen
the displacement at the hip joint was 3.7 mm.

4.4 Discussion

4.4.1 Most important finding

The most important result from this chapter was the development of a testing system
that allows for clinically relevant testing of hip joint soft-tissues over a complete range
of hip motion using the ISB system. The rig was capable of handling simultaneous
application 1,000 N of superior load, 360 N medial load and 25 Nm of internal/external
rotation torque with a safety factor of 2 and a maximum displacement of 4 mm. For the
load case used in subsequent cadaveric tests, the maximum displacement was only

0.4 mm.

4.4.2 Rig limitations

Whilst free to occur in response to an applied load, the rig was limited in that it could
not control translations in the anterior/posterior/medial/lateral directions. What is more,
loads applied by a hanging weight in the medial/lateral direction were only
medial/lateral in the ISB system when in the neutral ab/adduction; as the hip
ab/adducts, the Z-axis moves and hence the direction of the applied load was no
longer in the ISB system. Finally the rig was limited in that there was a two-axes load-

cell/position sensor for the ISB y-axis, however loads/translations/rotations/torques
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Table 4.1 The aluminium rig’s response to different load cases

Superior Medial Ilqnttertr_\al Max Stress % Proof Di IMax t
Force (N) Force (N) otation (MPa) Stress Isplacemen
Torque (Nm) (mm)
0 0 25 19 7 0.6
1000 0 0 105 42 3.7
1000 364 0 79 32 3.8
1000 364 25 87 35 4.0
100* 36* 5* 10 4 0.4

* this is the load case used for subsequent cadaveric testing
were not recorded by the rig and require manual reading. An optical tracking system

could be combined with the system to record kinematics if needed.

4.4.3 Testing method limitations

For both the finite analyses, and the in-vitro stiffness testing a pseudo-pelvis was used
to isolate the rig’s deflection from that of any specimens. It was assumed that these
components had zero-deflection (and hence all deflection was due to the rig), however
in reality these components will have had small deflections. The finite element analysis
also relied on a number of assumptions to enable quick testing of multiple rig design
iterations including using one material, excluding fasteners and assuming perfect
mates between components. This latter assumption was reasonable given that a
typical M8 bolt (the smallest size used) torqued to 12.5 Nm (the standard tightening
torque) provides a minimum of 6.0 kN of axial clamping force (Tohnichi, 2012). A
typical coefficient of friction between aluminium components (Mindivan et al., 2008),
and aluminium and steel components (Panagopoulos et al., 2009) is >0.4, and hence
this clamping force provides sufficient (>2.4 kN) friction force to prevent any movement
between components under the maximum load of 1 kN. However, if any movement did

occur, then it would increase the displacement at the level of the hip joint.

Despite the simplifications used, the finite element model provided a good match for
the experimental data, slightly under-predicting the stiffness in the superior-inferior
direction. This means that the results from the finite element analysis provided an
overestimate of displacements presented in Table 4.1 and thus represented a worst
case. The discrepancy between the experimental and finite element results could be for
three reasons: firstly, the manufacture rig had stainless steel shafts to stiffen it (a
recommendation from the finite element results, see 4.3.2), but these steel shafts were
not included in the finite element model which was a modelled as a single component.

Secondly, the experimental test did not include the superior-inferior set-up translation
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Figure 4.5 Experimental measurement of the rig’s stiffness.

Left) A thick, steel, pseudo-pelvis mounted in the testing rig to measure the load-deflection
curve of the testing rig. Right) a typical load deflection curve from the test (raw un-filtered data).

arm so that the load could be applied at the level of the hip joint centre; however, this
component was found to have the highest strains. The effect of these strains is likely
less than that of the shafts as the component is considerably closer to the hip joint
centre. Finally, no screws/bolts/nuts/pins were used in the finite element model, instead
modelling the holes as empty. This can only act to decrease the performance of the rig

as the fasteners would add material and hence stiffen the rig.

4.4.4 Comparison to other work

Hip joint testing rigs designs from other institutions have varied considerably: at one
extreme authors have simply clamped the pelvis to a work bench and moved the femur
by hand (Safran et al., 2011); this technique was similar to a clinical evaluation of a hip
joint. Repeatability of manual tests such as this have been improved with use of a
goniometer (Martin et al., 2008) to measure joint angles, an optical tracking system to
record angles and translations (Lopomo et al.,, 2010; Ng et al.,, 2011; Safran et al.,
2013; Signorelli et al., 2013) and a force/torque sensor to record applied loads/torques
(Incavo et al., 2011). At the other extreme, robot testing facilities have been used which
apply loads/torques, or fix displacements/rotations in all six degrees-of-freedom
(Colbrunn et al., 2013; Smith et al., 2014). The rig system developed in this chapter
was designed in preference to using a robotic system for two reasons: firstly, robotic
testing can be slow typically taking 5-10mins per test (Athwal et al., 2014), however, a
single test in the servo-hydraulic machine using this rig system took as little as 10 s.
This speed advantage was considered useful for the planned cadaveric tests (chapters

6 and 7) because a short cycle time would allow for more measurements to be taken
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before the specimen decomposes (after approximately 48hrs). Secondly, the
development and validation of control protocols for a six-degrees-of-freedom robotic
system would have taken a long time and required comparison against known data.
Thus, a rig system as developed in this chapter would be needed to collect baseline
data which could then be used to validate the robotic system; however appropriate data

for the hip did not exist.

A number of other test rigs have also been designed with varying complexity levels
between simple manual tests and robotic systems. These rigs have allowed for
specification of fixed angles of rotation/torques in two (Sioen et al., 2002; Myers et al.,
2011) or three (Delp et al., 1999; Clyburn et al., 2003; Crawford et al., 2007; Dy et al.,
2008; Elkins et al., 2011b) rotary degrees-of-freedom without application of loads or
torques. They have also been designed to apply specific rotations angles/torques in
three degrees of freedom with axial loading (Crawford et al., 2007; Dy et al., 2008;
Elkins et al., 2011b; Dwyer et al., 2014; Dwyer et al., 2015; Lee et al., 2015), or with a
representative hip joint reaction force (Burroughs et al., 2005; Anderson et al., 2008;
Smith et al., 2011), or even with individual muscle loads (Bartz et al., 2000). The rig
designed in this experiment offers more functionality than most of the rigs described in
this paragraph except perhaps for a comparable infra-red/material-testing-machine
system used by Prof Noble’s research group (Crawford et al., 2007; Dy et al., 2008;
Incavo et al., 2011; Dwyer et al., 2014; Dwyer et al., 2015). This system allowed for
the joint movements to be reconstructed in a 3D model retrospectively and
consequently allowed for greater analysis of joint translations and movements.
However, the testing rig in this chapter was designed to have a larger working volume
to allow for investigation throughout the range of hip motion. The rotary axes were also
designed to allow application of pure moments through use of the servo-hydraulic
machine’s rotating axis or a pulley with a hanging-weights couple. These design
features were considered advantageous because the magnitude of the applied torque
would be constant throughout testing and independent of the reference point: rig
rotation would not change the lever arm of the applied torque and the hip would also be
free to rotate about its natural centre without affecting the magnitude of the applied

torque.

4.4.5 Conclusion

The custom built six-degrees-of-freedom testing system designed in this chapter
provides an appropriate testing rig for hip joints in the ISB system. For a load case of
110 N force angled 20°medially/superiorly the rig deflected a maximum of 0.4 mm

when an internal/external rotation torque of 5 Nm was applied. This makes it an
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appropriate rig for testing the contributions of soft-tissue under physiological loading.
The testing system is further validated in the next chapter, and is used extensively to

test the capsular ligaments in chapters 5 and 6.

4.5 Acknowledgements

Thank you to Philip Wilson for manufacturing the rig.

83



CHAPTER 4

4.6 Assembly Drawings
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5 A low-cost repeatable solution for aligning hip joint

specimens in a known coordinate system in-vitro

In recent years, large numbers of hip biomechanics studies have been published using
a variety of innovative in-vitro techniques and the success of these studies is driving
the field of orthopaedics forwards. However many do not fully define a coordinate
system which makes the quantification of absolute values unreliable, makes
comparisons between studies difficult and means that the methods cannot be
repeated. The aim of this study was to develop a quick, low-cost solution for repeatable
alignment of hemi-pelves with proximal femora in the established ISB coordinate
system to encourage use of a properly defined, clinically meaningful coordinate
system, when testing in-vitro. Two drilling jigs were designed, manufactured and tested
with 4 synthetic full-pelves paired with 8 full-length femora. Seven anatomical
landmarks were digitised in the ISB coordinate system before specimens were
prepared using the drilling jigs. The resulting 8 hemi-pelves and proximal femora were
mounted in bone pots using the drilled features and the anatomical landmarks were re-
digitised relative to mechanical features of the pots. The misalignment of the potted
specimens compared to the original ISB reference system was calculated using
singular value decomposition. The mean misalignment was found to be less than 1.5°
in all rotation directions (flexion/extension, ab/adduction and internal/external rotation)
for both the pelves and femora; this equates to less than 2.5 % of a normal range of hip
motion. Engineering drawings are provided to allow users to replicate/modify these jigs

for use in other laboratories.
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CHAPTER 5

5.1 Introduction

There has been a surge in development of innovative in-vitro testing methods to
answer challenging research questions about hip joint biomechanics. These methods
include: digital image correlation (Dickinson et al., 2011b; Dickinson et al., 2012),
roentgen stereophotogrammetric analysis (Dy et al., 2008; Myers et al., 2011), digital
variable resistance transducers (Safran et al., 2011; Smith et al., 2011), real-time
contact-pressure measurement (Lee et al., 2015), fluid infusion devices (Cadet et al.,
2012; Dwyer et al., 2014), accurate optical tracking motion analysis (Lopomo et al.,
2010; Safran et al., 2013; Signorelli et al., 2013), 3D digital reconstructions combining
CT scans and motion tracking (Crawford et al., 2007; Incavo et al., 2011; Dwyer et al.,
2014), combined use of in-vitro and finite element modelling (Anderson et al., 2008;
Dickinson et al.,, 2011b; Elkins et al., 2011b), custom built rigs in servo-hydraulic
actuators/materials testing machines (lto et al., 2009; Elkins et al., 2011b; Dickinson et
al., 2012; Song et al., 2012) and six-degrees-of-freedom robotic load/torque actuators
(Colbrunn et al., 2013; Smith et al.,, 2014). Such variation in testing methodology
should be encouraged as it not only allows new hypotheses to be tested thus providing
insight into the efficacy of different surgical interventions, but also importantly it
prevents systematic bias that could result from using the same methodology with the
same limitations. However, so that these diverse experimental methods can be
comprehensively reviewed and compared between experiments, it is essential that
results are published in a repeatable and well-defined coordinate system. This also

helps give the in-vitro model contextual meaning to a clinical scenario.

A repeatable hip coordinate system requires definition of a pelvic and femoral body
reference frame, the axes of movement for these reference frames, and a neutral
starting point. However, many research studies fail to report or reference a full
coordinate system (including more than half of the studies described in the opening
paragraph). This is not a recent problem: two decades ago, an extensive critical review
of in-vitro testing methods for studying hip prosthesis found that 95 % of studies did not

fully define a reference frame for the femur (Cristofolini, 1997).

The ISB have published a well-defined coordinate system that reflects a clinical
understanding of hip joint movements and relies on landmarks which are easy to
identify non-invasively (Wu et al., 2002). Consequently it has been widely adopted in
gait analysis and related musculoskeletal modelling research, however, implementation
of it in an in-vitro setting can be impractical: identifying the femoral head centre is
challenging and additionally a full-pelvis/full-length femur can be too large for the

available working volume of test rigs/materials-testing-machines/robotic actuators.
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Indeed, most authors prepare specimens such that they test with hemi-pelves or
proximal femora only mounted into bone pots using a curing putty/cement, bolt/screws
or both (Crawford et al., 2007; Anderson et al., 2008; Dy et al., 2008; Ito et al., 2009;
Dickinson et al., 2011b; Elkins et al., 2011b; Myers et al., 2011; Smith et al., 2011;
Dickinson et al., 2012; Song et al., 2012; Colbrunn et al., 2013; Dwyer et al., 2014;
Smith et al., 2014; Lee et al., 2015). Thus, the aim of this study is to quantify the
accuracy of using low-cost drilling jigs to align hemipelves with proximal femora in bone
pots whilst preserving the ISB reference frame so that a repeatable, clinically

meaningful coordinate system can be more widely adopted for in-vitro hip research.
5.2 Materials and Method

5.2.1 Drilling jigs

Two drilling jigs (Figure 5.1) were designed such that they could be manufactured
using basic workshop machinery (milling machine/lathe) from a single extrusion of
aluminium alloy (low cost). They are sized such that any pelvis/femur within three
standard deviations of the mean size (Yoshioka et al., 1987; Seidel et al., 1995) will fit
in the jig and that they only need one pair of hands to operate. Aside from the jigs, the
only equipment needed to use them is some g-clamps to fixate them rigidly to a

workbench and a hand power drill with @8 mm drill-bits.

Assembly drawings are included at the end of the chapter (from page 102) and
individual component drawings can be found in appendix A5.1 (from page 221). The
bone potting process was detailed in the assembly drawings from the previous chapter
(assembly - section 4.6 from page 84, and components - appendix A4, from page 207);
an additional bone pot designs is also included in appendix A5.1 (from page 221).
These bone pots attach at the posterior iliac crest/femoral shaft to mimic normal
pelvic/knee boundary conditions to encourage normal load transfer within the bone
(from the hip to the sacroiliac/knee joint). These pots have machined features that
allow rigid attachment to a test rig in a known orientation. Therefore, the objective for
the drilling jigs is to orientate the specimens into the bone pots such that the pot

features can be related directly to the ISB reference frame.

5.2.2 Intact to potted data collection

8 solid foam femora and 4 solid foam pelves, 2 each of male/female left/right
hemipelvis/femora (Sawbone AB, Sweden, model numbers: #1120, #1120-20, #1129,
#1129-21, #1301, #1302) were used to test the accuracy of using the drilling jigs. For

each bone model, @3.5x10 mm screws were inserted into anatomical landmarks as
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detailed in Table 5.1. The crossheads of these screws provide a repeatable point for a

Polaris optical tracking system’s (Northern Digital Inc., Ontario, Canada) digital probe.

The screws were positioned such that they could be used to construct the ISB

reference frames for the intact pelves and femora, as well as providing seven

repeatable landmarks that cover the extremes of the surface of the bones and would

be available for re-calculating the pose of the bones after potting them; this

configuration was used as gait analysis research showed that pose estimation was

greatly improve by using more than 4 markers with the largest possible spatial

distribution (Challis, 1995).

X-axis drill
guide _

Slot to constrain
contralateral ASIS
(allowing for different
sized pelvises)

Scrap metal =
to support
epicondyle

clam

Epicondyle
clamps
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Figure 5.1 The pelvic (left) and femoral
(bottom) drilling jigs to prepare X/x and
Z/z axes holes in the pelvis/femur
respectively.

For the pevlic drilling guide, the
anterior superior iliac spines (ASISs)
are constrained in a hole whilst the
pelvis is rotated until the posterior
superior iliac spines (PSISs) can be
visualised through the slot positioned
directly above the ASISs. For the
femoral drilling guide the epicondyles
are clamped and aligned with the
femoral head centre. The femur can be
supported by rigidly clamping the
pelvis (shown) or in the absence of the
pelvis by supporting the femoral head
directly.
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for pelvis
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Table 5.1 Anatomical locations for screw placement

Repeatable landmarks (for

Body For ISB Reference Frame comparing intact and potted)

anterior superior iliac spine
anterior inferior iliac spine

left anterior superior iliac spine
P P pubic tubercle

right anterior superior iliac spine

Pelvis ) o , ischial tuberosity
left posterior superior iliac spine , ,
. . L . posterior acetabular rim
right posterior superior iliac spine o ,
superior iliac spine
acetabulum centre*
insertion of ligamentum teres
superior tip of greater trochanter
medial femoral epicondyle lateral base of greater trochanter
Femur lateral femoral epicondyle lesser trochanter
femoral head centre*® medial mid-shaft

lateral mid-shaft
femoral head centre*

*these centre points were not pinpointed with screws but were found from a least-squares
sphere-fit of >100 digitised points on the surface of the acetabulum/femoral head

All screws for the intact bones were then digitised using the optical tracking system
three times. Between repeats the bones were re-orientated in the field of view of the
optical tracking system to prevent systematic measurement errors of the digitised
points. The synthetic bones were paired to make a hip joint and covered with an
artificial hip capsule to prevent direct visualisation of the femoral head (Figure 5.1). The
hips were prepared with the drilling jigs before the bisecting the pelves and transecting
the femora at the mid-shaft. The artificial capsule was removed and the prepared hemi-
pelves and proximal femora were then inserted into the bone pots. For each potted
bone, the pot's faces as well as six anterior/posterior, medial/lateral and
superior/inferior reference points were then digitised before the seven repeatable
landmarks were re-digitised. Again this was repeated three times rotating the potted

specimen in the optical tracker’s field of view between repeats.

5.2.3 Intact to potted calculations

For each repeat within each specimen, the axes of the ISB/pot’s reference frame was
calculated in MatLab (version 2011b, The MathWorks, Inc., Texas, USA) based on
either the intact specimen’s/pot’s digitised features. Then the repeatable landmarks on
the synthetic bones were transformed into the ISB/pot’s reference frame before being
averaged across the three intact/potted repeats respectively. Appendix A5.2 (page
226) describe the procedure used to digitise the intact and potted bones with images

and details the calculations used to define the coordinate system axes. Appendix A5.3
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(page 231) then details how these coordinate system axes were used to transform the

data into the relevant reference frame.

The misalignment of each body was then quantified as the hip joint rotation away from
the ISB-neutral position that would result in the bones new orientation relative to the
pot’'s metal features; if perfectly mounted in the pot, these angles would be zero and
hence the pot’s reference frame would be equivalent to the ISB body reference frame.
The hip joint rotation matrix was calculated from the repeatable landmarks using a well-
established singular value decomposition technique (Arun et al., 1987; Challis, 1995)
and this was decomposed into angles of flexion/adduction/rotation using established
gait analysis equations (Cappozzo et al., 2005). For femoral misalignment calculations,
the pelvic body reference frame was treated as constant, and vice-versa. Appendix
A5.4 (from page 232) details how this calculation was performed including: a clear
definition of the misalignment problem (A5.4.1), a brief literature review for solving an
attitude determine problem (A5.4.2), the singular value decomposition calculation
(A5.4.3), how to interpret a joint rotation matrix as Euler angles (A5.4.4) and a guide for

the practical implementation of the solution (A5.4.5).

5.2.4 Quantification of additional error from pot to testing rig

For the pelvic fixture presented in chapter 4, there are 12/13 connections between
components (depending on whether an optional spacer is used) from the pelvic pot to
the base of the rig which attaches to the servo-hydraulic machine’s x-z table.
Therefore to quantify the additional error caused when mounting the pelvis pot into the
rig (and thus the error from intact to rig) the optical tracking system was again used to
digitise the rig’s rotating axis as well as the seven repeatable landmarks on the pelvis
after mounting the pot onto the rig. Again this was repeated three times rotating the rig

in the optical tracker’s field of view between repeats.

For the femoral fixture however, there are only two components between the pot and
the mounting bracket for the servo-hydraulic materials-testing-machine and both are
manufactured from EN 6082 aluminium alloy 4 x 3/4” (width x thickness) flat bar (A4.1,
page 207). Thus, only the flatness tolerance of the flat bar could cause further
misalignment of the femoral reference frame and so the maximum possible additional
misalignment created when attaching the pot to the servo-hydraulic machine was

calculated from this tolerance.
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5.3 Results

For the pelves, the mean + standard deviation misalignment after using the drilling jigs
to mount the specimens into a bone pot in the ISB pelvic reference frame was: 1.5£1.6°
adduction, 0.5+1.1° internal rotation and -0.6+1.7° flexion. The misalignment between
the pot’s and the rig’s pelvis reference frame was: 0.5+0.7° adduction, 1.1+1.3° internal
rotation and -0.1+1.8° flexion. The total misalignment from an intact pelvis, to the rig’s
representation of the pelvic reference frame including rig tolerances and the pelvic
potting process was: 1.011.6° adduction, 1.5%£1.2° internal rotation and -0.713.0°
flexion. The range of misalignment and the absolute misalignment as a percentage of
a normal adult range of hip motion for these different stages of mounting the pelvis are

shown in Figure 5.2-Figure 5.4.

For the femoral reference frame, the misalignment was -0.7+1.1° adduction, -0.4+1.0°
internal rotation, and 0.411.5° flexion (Figure 5.5). The engineering standard for
aluminium alloy flat bar, BS EN 755-2:2013, states that the thickness tolerance of the
flat bar used for the test rig components is £0.45 mm. (ThyssenKrupp-Materials, 2013;
Aalco-Metals-Ltd, 2014a). This equates to a maximum angular deviation per
component of 0.51°. Therefore, assuming the absolute worst case (that the bar is at the
tolerance limit and the misalignment for both bars is compounded rather than cancelled
out) then a total of 1.0° further misalignment could occur when mounting the femoral

pot to the servo-hydraulic machine using the two components.
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Figure 5.2 Box plots of pelvic misalignment after using the drilling jig method to pot the pelves in
the ISB reference frame in terms of hip adduction/abduction (Add), internal/external rotation
(IR), and flexion/extension (FIx)

The whiskers are equal to the range of the data. A) misalignment of the potted pelvis
(adduction, internal rotation and flexion are treated as the positive direction) B) the absolute
misalignment of the potted pelvis as a percentage of the normal range of hip motion for an adult
male (Boone and Azen, 1979).
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Figure 5.3 Box plots of pelvic misalignment caused when mounting the pelvic pot into the test
rig in terms of hip adduction/abduction (Add), internal/external rotation (IR), and
flexion/extension (FIx).

The whiskers indicate range of the data. A) misalignment of the pelvis (adduction, internal
rotation and flexion are treated as the positive direction) B) the absolute misalignment as a
percentage of the normal range of hip motion for an adult male (Boone and Azen, 1979).
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Figure 5.4 Box plots of pelvic misalignment when using the complete system including the
drilling jigs and the test rig compared to an intact ISB reference frame in terms of hip
adduction/abduction (Add), internal/external rotation (IR), and flexion/extension (FIx)

The whiskers indicate range of the data. A) misalignment of the hemipelvis (adduction, internal
rotation and flexion are treated as the positive direction) B) the absolute misalignment of the
hemipelvis as a percentage of the normal range of hip motion for an adult male (Boone and
Azen, 1979).
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Figure 5.5 Box plots of femoral misalignment after using the drilling jig method to pot the pelves
in the ISB reference frame in terms of hip adduction/abduction (Add), internal/external rotation
(IR), and flexion/extension (FIx)

The whiskers are equal to the range of the data. A) misalignment of the potted femur
(adduction, internal rotation and flexion are treated as the positive direction) B) the absolute
misalignment of the potted femur as a percentage of the normal range of hip motion for an adult
male (Boone and Azen, 1979).

5.4 Discussion

5.4.1 Most important findings

The most important finding of this study is that low-cost drilling jigs can be used to align
hip joint specimens into bone-pots to mimic the ISB coordinate system when
performing in-vitro tests with an average misalignment error of 1° for both the pelvic
and femoral bodies (Figure 5.2 and Figure 5.5 respectively). Adopting the methodology
presented in this study, or an equivalent system, would help improve the quality of
biomechanical research through the results being presented in a known, repeatable

and clinically relevant coordinate system.

5.4.2 Limitations

Synthetic bones and not cadaveric tissue were used which could have introduced three
sources of error: firstly, although we tested 8 hips, the samples were limited to the
anatomy of only one male, and one female with each hip side tested twice; however,
anatomical variations are unlikely to affect the applicability of the method which relies
on easily identified landmarks as recommended by the ISB. Secondly, drilled holes in
cadaveric tissue with low bone quality will have a worse tolerance and could feasibly
enlarge during testing, especially when high loads are applied, which will increase the
misalignment; consequently when testing cadaveric specimens, we only use the drilled
holes to align the bones initially, and prefer to securely fixate the bones into the pots

using bone cement (see pelvis pot and femoral rig drawing in section 5.6). Finally,
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when testing cadaveric specimens that have not been skeletonised, soft-tissue
artefacts could affect the implementation of the coordinate system and make
determining the femoral head centre more challenging; as is the case when using the
ISB system for gait analysis (Lu and O’Connor, 1999; Lopomo et al., 2010). This
limitation was partly addressed in the present study by covering the femoral head with
artificial hip capsule whilst using the drilling jigs. Moreover, through relying on the long-
axis of the femur the drilling jig is relatively insensitive to exact locating of the femoral

head centre — see Figure 5.6.

There were also limitations associated with the optical tracking methodology used;
appendix A5.5 (page 239) finds the measurement error to equate to a median of 0.5°
misalignment. Interesting, this error would have been a lot more severe had multiple
repeats in the optical tracker field of view not been used (in some cases it could have
been as high as 6°). This emphasizes the importance of taking repeats when using

optical tracking systems in-vitro.

5.4.3 Comparison to other work

The drilling jigs and methodology presented are designed to replicate the widely
adopted ISB coordinate system which closely aligns with a clinical understanding of hip
movements and has been widely adopted in computational, gait analysis and imaging
studies. This allows for easy comparison between testing methodologies. However for
cadaveric testing, some authors recommend different coordinate systems based on
anatomical landmarks that have a small inter-specimen variance (Yoshioka et al.,
1987; Cristofolini, 1997). The drilling jigs methodology present here could easily be
adapted to replicate these coordinate systems through designing clamps/features to

restrain different anatomical landmarks.

Custom alignment fixtures/jigs have been mentioned in numerous studies and are likely
based on similar concepts to that presented here (Crawford et al., 2007; Dy et al.,
2008; Song et al., 2012; Smith et al., 2014) though are frequently not described in
detail or accompanied by a quantitative validation of their repeatability. Anderson et al.
used an optical tracking method to iteratively align specimens to within +1° of the
desired orientation (Anderson et al., 2008) which is similar to the accuracy found using
these drilling jigs. Other authors have also developed solutions for aligning hip joint
specimens in a known coordinate system using motion tracking systems including:
programming digitised points into robotic systems (Colbrunn et al., 2013), directly using
optical tracking systems during experiments (Lopomo et al., 2010; Safran et al., 2013;

Signorelli et al., 2013), or co-registering CT scans with in-vitro infra-red tracking data
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elle

Figure 5.6 The maximum misalignment caused by falsely identifying the femoral head is low

due to the long length of the femur.

For the example shown, the white string highlights the mechanical axis of the femur and the
black lines demonstrate the extreme medial/lateral boundaries of the femoral head (black lines).
Provided the user can correctly identify the femoral head then the misalignment caused by
falsely identifying the head centre is limited to a maximum of 3°.

(Crawford et al., 2007; Incavo et al., 2011; Dwyer et al., 2014). In some respects, the
drilling jig methodology presented in this paper is inferior to these high-tech techniques;
however it is advantageous in that it offers a simple, low-cost, repeatable solution.
Moreover, once the specimen has been potted then the method has no further effects

on the tests and adds no work to the data analysis.

5.4.4 Conclusion

The method presented could easily be adapted to fit existing set-ups in other
laboratories and incorporated into most in-vitro hip joint tests. It could even be for other
joints such as the shoulder given the similarities between the humeral and femoral ISB
reference frames (Wu et al., 2005). Use of these alignment jigs, or an equivalent, to
perform in-vitro tests on hip joints in the ISB coordinate system would be a great
improvement over the current norm of not using a fully-defined and repeatable
coordinate system. Combining this system with the testing rig presented in chapter 4
would only result in an average misalignment error of less than 2 % of a typical hip’s

range of motion.
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5.6 Assembly Drawings
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6 The envelope of passive motion allowed by the

capsular ligaments of the hip

Excessive hip rotation can lead to impingements which cause clinical problems for both
young adults and hip replacement patients. This study aimed to quantify the passive
restraint envelope of the capsular ligaments to clarify their role in restraining hip
rotation. Nine cadaveric left hips were skeletonised except for the hip joint capsule and
mounted in a six-degrees-of-freedom testing rig. A 5 Nm torque was applied to all
rotational degrees of freedom separately to quantify the passive restraint envelope. It
was found that the hip was free to internally/externally rotate with a large range of un-
resisted rotation (up to 50%£10°) in mid-flexion and mid-ab/adduction, however, the
capsular ligaments significantly reduced (p<0.014) the available range of rotation in
deep flexion/extension and high levels of ab/adduction such that there was a near-zero
slack region in some positions. The range of un-resisted rotation was not symmetrical;
the mid-slack point was found in an internally rotated position in extension and an
externally rotated position in flexion (p<0.001). The torsional stiffness of the capsular
ligamentous restraint averaged 0.84£0.3 Nm/° and was greater in positions where there
were large slack regions. The results allow researchers to make informed decisions
about the inclusion/exclusion of the capsular ligaments in hip models. When
considered alongside clinical measurements, the results also suggest that the capsular
ligaments play an important role in hip rotational restraint and that capsular repair is
important for achieving normal hip biomechanics post-surgery in patients with large

range of motion requirements.

This chapter has been submitted to the Journal of Biomechanics where it is under

review. | have presented the work at the following conference:

van Arkel RJ, Cobb JP, Amis AA, Jeffers JRT. The hip joint capsule passively stabilises
the hip during normal activities. 11th European Hip Society Congress, 2014,

Stockholm, Sweden
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6.1 Introduction

6.1.1 Clinical motivation

Anatomical limits to the range of motion (ROM) of the hip joint are important to prevent
impingements, which can lead to serious clinical problems. For young adults,
femoroacetabular impingement (FAI) in the native hip causes pain and trauma to the
acetabular labrum or articular cartilage and can, in the long-term, lead to osteoarthritis
(Leunig and Ganz, 2014). For total hip arthroplasty (THA) patients, impingements
cause subluxations and subsequent edge loading and high wear (De Haan et al,
2008a; Esposito et al., 2012) or dislocation (Bartz et al., 2000). Consequently, there is
much benefit to be gained from understanding hip ROM and the factors that affect

impingement.

6.1.2 Previous range of motion research

The majority of hip ROM research considers how impingement is influenced by bony
hip morphology and the effects that surgery can have on this (D'Lima et al., 2000;
Burroughs et al., 2005; Kubiak-Langer et al., 2007; Tannast et al., 2007a; Kessler et
al., 2008; Audenaert et al., 2011; Bedi et al., 2011a; Nakahara et al., 2011; Audenaert
et al.,, 2012; Tannast et al., 2012). Many of these studies, which have used
experimental/computational models of the joint, show that both the native and replaced
hip are at greatest risk of intra-articular impingement in extension and external rotation,
and deep flexion and internal rotation such that there is a non-symmetrical range of hip
rotation; the morphology of the hip allows more internal rotation in extension and
external rotation in deep flexion (Burroughs et al., 2005; Kessler et al., 2008; Incavo et
al.,, 2011; Nakahara et al., 2011). However, clinical measurements of hip rotation
suggest ROM is more symmetrical than these models indicate (Boone and Azen, 1979;
Roach and Miles, 1991) and indeed recent research has described how the soft tissues
also limit hip ROM (Incavo et al., 2011; Safran et al., 2013). Including these tissues in
ROM models has demonstrated that variations in hip geometry within the soft-tissue
passive restraint envelope are more important than variations outside it (Incavo et al.,
2011).

6.1.3 The role of the hip joint capsule

Of the hip soft-tissues, the influence of the hip joint capsule and its intertwined
ligaments on ROM restraint is particularly important to consider because any intra-
articular hip surgery necessarily involves cuts to these tissues to gain access to the hip,

whether open (Leunig and Ganz, 2014) or arthroscopic (Domb et al., 2013) joint
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preserving surgery, or THA (Masonis and Bourne, 2002). Recent modelling research
shows how the resistive moment developed by these tissues can help prevent hip joint
dislocations following THA (Elkins et al., 2011b; Bunn et al.,, 2014) and recent
experimental research shows how cutting the capsular ligaments increases the range
of hip motion in the native hip (Myers et al., 2011; Safran et al., 2013). However there
is a lack of baseline experimental data describing how the capsular ligaments restrain
rotation of the native hip when it is functionally loaded; this is the case for the majority
of daily activities (Bergmann et al., 2001). This data would be useful for both assessing
the importance of the capsular repair for a patient (Domb et al., 2013) as well as for
making informed decision over if the tissue needs to be included in musculoskeletal
models (chapter 3). It is also unclear where the hip is passively restrained by soft-
tissue and where the joint is free to rotate under the action of hip muscles and external
forces. There is also evidence to suggest that increasing hip adduction in high flexion
creates unfavourable muscle lines of action (chapter 3) which could reduce hip stability
after THA (Bartz et al., 2000), but most hip ligament research focuses on a neutral
ab/adduction swing path (Martin et al., 2008; Myers et al., 2011) and so it remains
unclear how passive soft-tissue restraints contribute to limiting ROM as hip

ab/adduction varies.

6.1.4 Aims and hypothesis

The aims of this study were to quantify the periarticular passive restraint envelope for
the hip when it is functionally loaded, and to quantify the amount of rotational stiffness
provided by the capsular ligaments once taut. This would define a benchmark to
assess soft-tissue repair strategies following early intervention surgery and for making
decisions about if/how the capsular ligaments should be included in research models.
The null hypothesis is that the passive rotation restraint envelope does not vary
throughout hip ROM.

6.2 Materials and Methods

6.2.1 Specimen preparation

Following approval from the local Research Ethics Committee (A6.1, page 241), ten
fresh-frozen cadaveric pelvises (six male) with full length femurs were selected based
on the patients’ medical records. Any patients who had undergone previous hip
surgery, or had diagnosed hip disease (such as osteoarthritis) were excluded.
Specimens were then defrosted and skeletonised, carefully preserving the hip joint

capsule. Guide holes were drilled into the left posterior superior iliac spines and
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femoral shaft before bisecting the pelvis and transecting the femoral mid-shaft. The
guide holes based on the contra-lateral pelvis and femoral epicondyles were then used
to mount the left hemi-pelvises into a 6 degrees-of-freedom testing rig (Figure 1)
according to the International Society of Biomechanics (ISB) coordinate system (Wu et
al., 2002) as outlined in chapter 5. Neutral flexion, rotation and ab/adduction equated to
a standing upright position (when the ISB pelvic X-Y-Z axes aligned with the femoral x-

y-Z axes).

6.2.2 The testing rig

The rig comprised of a femoral-fixture that was attached to a dual-axis servo-hydraulic
materials-testing-machine equipped with a two-degree-of-freedom load cell (model
8874, software MAX v9.3, Instron Ltd, High Wycombe, UK) and a pelvic-fixture that
could constrain, release or load the other four-degrees-of-freedom (figure 1). Torques
(pure moments) could be applied in all three physiological directions: internal/external
rotation torque through the rotating axis of the servo-hydraulic machine and
flexion/extension or ab/adduction torques with a pulley and hanging-weights couple.
This meant that any hip could freely to rotate about its natural centre without affecting
the magnitude of applied torque. Fixed angular positions could be applied using
position control on the servo-hydraulic machine or with screw clamps on the pulleys.
Femoral proximo-distal loads (along the femoral y-axis) were applied by operating the
vertical axis of the servo-hydraulic machine in load control whilst an x-z bearing table
and a hanging weight applied joint reaction force components in the transverse plane;

translations were free to occur in response to the applied load and ligament tension.

6.2.3 Testing protocol

For each specimen, all tests were performed at room temperature on the same day
without removing the specimen from the testing rig. The specimens were kept moist
using regular water spray. With the femur in the neutral position, a fixed compressive
load of 110 N angled 20° medially/proximally relative to the mechanical axis of the
femur was applied. This loading vector represented the average direction of the hip
joint contact force and was held constant relative to the femur as the pelvis was
flexed/extended and ab/adducted. This value was determined from in-vivo force data
(Bergmann et al., 2001) by calculating the average angle the joint reaction force makes
with the femur for four hip replacement patients performing eight activities of daily living
each (Appendix A6.2 page 244). The deflection of the testing rig under this loading
condition is negligible (Table 4.1, page 80). To minimise the effect of this load on the

rotation torques, the hip’s approximate centre of rotation was aligned to that of the
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Figure 6.1 Anterolateral view of a hip in the testing rig in flexion, adduction and external rotation.

In this photo, the iliofemoral capsular ligament can be seen to be taut and resisting a 5 Nm
external rotation torque being applied by the servo-hydraulic machine. Internal/external rotation
and vertical loads are controlled by a dual-axis servo-hydraulic machine (not shown) and
horizontal loads and translations are applied using dead weights and a low-friction x-y table (not
shown).

testing rig by manually rotating the hip in all three-degrees-of-freedom and iteratively
repositioning it until the resulting translations were <2 mm. This limited the maximum

possible effect of the 110 N joint reaction force on the applied torque to 0.2 Nm.

Specimens were preconditioned by applying ten internal/external rotation cycles to
+5 Nm torque in a neutral flexion/adduction hip position. For each specimen, the ROM
with the joint capsule intact was established by applying 5 Nm extension/flexion
torques with the hip joint in neutral rotation and ab/adduction to define a value of
extension (EXT) and deep flexion (FLX) for the hip. Then, with the joint still in neutral
rotation, 5 Nm ab/adduction torques were applied to measure values of high abduction
(ABD) and high adduction (ADD) at six different flexion angles (EXT, FO°, F30°, F60°,
F90° and FLX). Finally, 5 Nm torques were applied in internal/external rotation at 30
different hip positions; all possible combinations of ABD, AB20° (abducted to 20°), A0°
AD20° (adducted to 20°) and ADD at all six flexion/extension angles. At each hip

position, these rotation movements were applied by the servo-hydraulic machine using
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Figure 6.2 Ten internal/external rotation cycles from one hip joint specimen.

The plotted data is as exported by the machine — i.e. it has not been smoothed or filtered. The
arrow highlights a start-up ‘judder’ which affected the first external-internal rotation cycle only.
The ten lines overlap considerably (the graph lines in the linear region appear much thicker than
that for the start-up ‘judder’ as the ten lines are so concentrated) showing high repeatability with
little viscoelastic effect.

a sinusoidal waveform (neutral > external - neutral - internal > neutral) with a 10 s
period whilst continuously recording the angle of rotation and passive rotation
resistance. Each movement was performed twice and data were analysed from the
second iteration so that any servo-hydraulic machine start-up effects did not affect the
data analysis (Figure 6.2). The control strategy for the machine is described in greater

detail in appendix A6.3 (page 245).

Following testing, specimens were dissected free of all soft-tissues and photographs
were taken to assess the bony morphology. A view equivalent to an AP-radiograph
was used to measure femoral head diameter, neck-shaft angle, offset and head-neck
ratio (Doherty et al., 2008; Grammatopoulos et al., 2010b) as well as acetabular centre
edge angle and depth/width ratio (Cooperman et al., 1983; Jacobsen, 2006). To aid
identification of the bony anatomy in these photos, two photos with the hip held at the
same height were taken, one with the femoral head compressed into the acetabulum,
and one with the femur distracted directly laterally so that the entire femoral head and
posterior acetabular cartilage were visible. The radiographic teardrop was identified
visually on the hemipelvises using the description provided by Goodman et al.
(Goodman et al., 1988). The a and B angles, and the anterior neck offset ratio were

assed in a photo that replicated a 90° Dunn radiograph (Meyer et al., 2006; Clohisy et
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al., 2008). Specimens with a>55° or centre-edge angle <25° were considered
abnormal and were excluded from the data analyses (Jacobsen, 2006; Ellis et al.,
2011).

6.2.4 Data analysis

Internal/external torque-rotation curves for each specimen in each hip position were
plotted using MatLab (version 2011b, The MathWorks, Inc., Texas, USA). The angular
positions where the hip joint motion transitioned from slack to stiff was identified by
finding the first points where the torque-rotation gradient exceeded 0.03 Nm/° for both
internal and external rotation. This value of 0.03 Nm/° was determined from pilot data
by visually inspecting plots of the torque-rotation data alongside the calculated gradient

values.

The slack/stiff transition points were then used to calculate three parameters for further
analysis: the range of un-resisted rotation (slack region), the location of the mid-slack
point and the change in rotation from the transition point to 5 Nm of passive rotation
restraint (slack-to-taut). In cases where there was continually passive restraint with no
slack region, the mid-slack angle was defined at 0 Nm passive resistance torque (the x-
intercept). Finally, the gradient values were additionally used to quantify the aggregate
torsional stiffness provided by the soft-tissues at the point of 5 Nm total passive

resistance.

6.2.5 Statistical analysis

The values recorded at AD20° and AB20° could not be included in the repeated
measures analyses because not all hips could reach these positions in extension or
deep flexion. Data were analysed in SPSS (version 22, SPSS Inc, Chicago, lllinois). A
Shapiro-Wilk’s test of normality was performed on the data’s Studentized residuals.
The data were then analysed with two- or three-way repeated measured analyses of
variance (RMANOVA). The independent variables were the angles of hip flexion (EXT,
F0°, F30°, F60°, F90° and FLX) and hip ab/adduction (ABD, A0° and ADD) for the two-
way analyses, with an additional factor of direction of rotation (ER and IR) for the three-
way analyses. Four dependent variables were analysed: the range of un-resisted
rotation (two-way analysis), the angle of mid-slack (two-way analysis), the angular
change from the transition point to 5 Nm passive restraint (three-way analysis) and
finally the torsional stiffness of the hip at the point of 5 Nm restraint (three-way
analysis). Post-hoc one-way RMANOVA and paired t-tests with Bonferroni correction
were applied when differences across tests were found. The significance level was set

at p<0.05. The number of post-hoc comparisons at a given level of flexion was different
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from that at a given level of ab/adduction. Therefore adjusted p-values, multiplied by
the appropriate Bonferroni correction factor in SPSS, have been reported rather than

adjusting the significance level.

6.3 Results

One male hip had a visibly aspherical head (a=64°) and was excluded from the data
analysis. External rotation data for one female specimen was lost due to the capsule
rupturing from the bone when 5 Nm torque was applied in external rotation meaning
that subsequent hip rotation results are presented for only eight specimens.
Morphological measurements of these specimens are presented in Table 6.1. Under
5 Nm torque the mean (x standard deviation) hip joint flexion was 112+10° and
extension was -12+7°. The range of hip joint ab/adduction varied with the angle of hip
flexion; it was largest in 60-90° of flexion and smallest in hip extension (Figure 6.3).
The preconditioning cycles, and the repeated movements in internal/external rotation
showed that the subsequent results for internal/external rotation were highly repeatable
and that 5 Nm was sufficient torque to generate a linear force-displacement curve
(Figure 6.2).

Table 6.1 Morphological measurements of the eight hips included in the data analysis.

Measurement Mean % S.D. Range

Age 76+ 9 61 to 89

Femoral head diameter (mm) 505 43 to 57

Femoral anteversion (°) 9+ 11 -6 to 23
Femoral neck-shaft angle (°) 130+ 4 126 to 137

Femoral offset (mm) 369 24 to 46
Femoral head/neck ratio 1.40 £ 0.07 1.291t01.49
Femoral anterior neck offset ratio 0.18 £0.02 0.15t0 0.22

Femoral alpha angle (°) 48+ 6 38 to 54

Femoral beta angle (°) 45+ 5 36 to 50

Acetabular centre edge angle (°) 41+9 32to 54
Acetabular depth/width ratio 274 + 22 254 to 320

Osteophytes Two hips had a small osteophyte on the anterior neck

that did not impinge on the labrum.

Despite the medical record exclusion criteria, two hips
had visibly thin cartilage and one hip had small isolated
defects. There was no severe osteoarthritis that
affected the results through increased friction in the joint
or notable remodelling of the femoral head or
acetabulum.

Osteoarthritis
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Figure 6.3 The mean ab/adduction with standard deviation when 5 Nm torque was applied as
flexion was varied whilst internal/external rotation was fixed in the neutral position (n=9).

6.3.1 The passive restraint envelope: the range of un-resisted rotation

The range of un-resisted rotation (slack region) varied with both the angle of hip flexion
and ab/adduction (Figure 6.4) and the effect of flexion on the slack region was found to
be dependent by the level of ab/adduction and vice-versa (p<0.007). The post-hoc
analysis showed that the slack region in neutral ab/adduction was greater than that in
high ab/adduction (all p<0.074, Table 6.2 and Figure 6.5). The largest difference was at
F60° where the mean slack region was 41+£13° larger in neutral ab/adduction than
when the hip was highly adducted (p<0.007). Similarly, when the hip was neutrally
ab/adducted the hip had a reduced slack region in extension and deep flexion
compared to mid-flexion (all p<0.006, Table 6.2 and Figure 6.5). The largest mean
difference was 44115° between F60° and EXT when the hip was in neutral
ab/adduction (p=0.001).

6.3.2 The passive restraint envelope: mid-slack

The position of the mid-slack point also varied with the angle of hip flexion and
abduction (Figure 6.4) with an interaction effect between flexion and ab/adduction
(p<0.001). Post-hoc analyses showed that, for both neutral and high adduction, the
mid-slack point was found with the hip internally rotated in extension, externally rotated
in deep hip flexion (p<0.001, Figure 6.6a&b). However, when the hip was highly
abducted, no difference was detected between the position of the mid-slack point in
deep flexion and extension. Instead, the mid-slack point was found with the hip
externally rotated in mid flexion, resulting in a parabolic-like shift in the location of the
mid-slack point (p<0.028 for both F30° and F60° compared to extension, Figure 6.6c).
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Figure 6.4 The rotation passive restraint envelope (with standard deviation), the points of mid-
slack and the 5 Nm measurement boundaries across a complete hip range of motion (n=8).

It can be seen that there was a greater range of un-resisted rotation (space between
the solid black lines) in mid-flexion and mid-ab/adduction than when the hip was deeply
flexed/extended, or highly ab/adducted. It can also be seen that the hip was more open
to internal rotation in extension, and external rotation in flexion as the mid-slack points
(grey dots) shifted to external rotation as hip flexion was increased. However once the
ligaments had started to restrain hip rotation, the internal/external rotation restraint is
more symmetrical (equal spacing between solid black lines and dashed grey lines at

each position).

6.3.3 Slack-to-taut and torsional stiffness

Neither the angular change from the transition point to 5 Nm passive restraint (slack-to-
taut) nor the torsional stiffness at 5 Nm restraint were affected by a three-way
interaction between flexion, ab/adduction and rotation direction. However, both
dependent variables did vary with hip position with a two-way interaction detected
between flexion and ab/adduction across both directions of rotation (for slack-to-taut
p=0.006, and for torsional stiffness p=0.036). Post-hoc analysis detected differences in
similar positions to those found for the slack region (in mid-flexion and mid-
ab/adduction, Figure 6.4). Generally, when the slack region increased, torsional
stiffness increased and slack-to-taut decreased (Table 6.2 and Figure 6.7). For slack-
to-taut, the largest mean difference between levels of ab/adduction was 15+6° neutral
and high abduction at F30°, and between levels of flexion was 8+3° between F60° and
EXT at neutral ab/adduction (both p<0.004). For torsional stiffness, the largest mean

significant differences between levels of ab/adduction was 0.40+0.25 Nm/° between
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Figure 6.5 The mean range of rotational slack as flexion (x-axis) and ab/adduction (different
lines) varies with 95 % confidence intervals.

It can be seen that the hip tightens in deep flexion and extension, and high abduction/adduction
whilst the greatest range of slack occurs when the hip is neutrally or partially abducted and mid-
flexed.

neutral and high adduction when at F60°, and between levels of flexion was
0.4520.19 Nm/° between F60° and EXT when in neutral ab/adduction (both p<0.008).
The analysis also indicated significant two-way interactions between rotation and
flexion across all abduction angles, and rotation and abduction across all flexion angles

for slack-to-taut and torsional stiffness respectively (A6.4, page 247).
6.4 Discussion

6.4.1 Most important findings

The most important finding of this study was that the hip rotation passive restraint
envelope varied with the angle of flexion/extension and ab/adduction (Figure 6.4). In a
position of mid-flexion and mid-ab/adduction there were large slack regions where the
soft tissues provided no rotational restraint (Figure 6.5), which indicate a large in-vivo
ROM that allows the hip to move freely under the action of hip muscles during many
daily activities. Conversely, towards the extremes of hip ROM (in positions of deep
flexion/extension or high levels of ab/adduction) there was a minimal/non-existent slack
region, thus limiting the available range of rotation in positions where the hip is
vulnerable to impingement and/or subluxation. The results also showed that
internal/external rotation restraint is not symmetrical; the mid-slack point displayed a
shift from an internally rotated position in extension to an externally rotated position in
hip flexion (Figure 6.6). Finally, it shows that once the periarticular soft-tissues began to
tauten, the hip tended to require less angular change from slack-to-taut and was stiffer

in positions where there was a large slack region (Figure 6.7 and Table 6.2), though
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mean changes in slack-to-taut (up to 15°) were considerably less than changes in slack

ROM and mid-slack (up to 44° and 33° respectively).

6.4.2 Limitations

The findings of the present study are associated with several limitations; firstly in that it
does not distinguish between capsular rotational restraint and that from labral
impingement but provides an aggregate rotational restraint from the periarticular
tissues. However, within the 5 Nm restraint boundaries examined, the next chapter
details research that found that the mean labral contribution to rotational restraint only
exceeded 20 % in 6/36 hip positions and was significantly less than the capsular
contribution to rotational restraint in all hip positions. Indeed, by combining the analysis
techniques from this chapter, with the data from the next, an analysis detailed in
appendix A6.5 (pages 248-253) suggests that the capsular ligaments tautened
significantly before the labrum began to impinge for most hip positions. Labral
impingements were observed most frequently when the hip was in high abduction,
which may be the cause of the parabolic shift of the mid-slack point in high abduction
(Figure 6.6), and also the few hip positions in low flexion and high abduction where

slack-to-taut and torsional stiffness seemingly both increase (Figure 6.7).

Table 6.2 All significant increases/decreases measured for the slack region, slack-to-taut and
torsional stiffness. Similarities between increases in the slack region, decreases in slack-to-taut
and increases in torsional stiffness are highlighted in red. When no difference was detected for
the one-way RMANOVA, the effect size is not given (n.s.).

Slack region Slack-to-taut Torsional Stiffness
Hip Effect . . Effect . . Effect . .
pos|t|on Size alrwise pP- Size airwise p- Size airwise pP-
2 t-tests value 2 t-tests value 2 t-tests value
(np) (np) (np)

F30>EXT  0.022

ABD 0.489 none - 0.454 none - 0.349 F60>F90 0018
F305EXT _ 0.002
FBOSEXT  0.001 F30<EXT  0.044
F30>EXT  <0.001
FOOSEXT  0.005 FBO<EXT  0.003
AO 0743 oosFo0 0006 9829 Roo<exT 0040 0690 Eggzgﬂ 8'8(1)‘2"
F6O>FLX  0.008 F60<F90  0.046 :
FOOSFLX  0.022
F90>FO _ 0.001
ADD n.s. none - n.s. none - 0.462 F90>F30 0.033
EXT n.s. none i 0478 AO<ABD 0050 0505 AO>ABD  0.043
AOSABD _ 0.013 AO<ABD _ 0.010
FO 0682 N0-hCD oot 0682 JEARS 0010 0363 A0>ADD  0.048
AO<ABD __ 0.001 ABD>ADD
F30 0788 ﬁg;’igg <06000011 0785 AO<ADD 0023 0.786 AO0>ADD <°d°03(;1
: ADD<ABD  0.022 :
AOSABD  <0.001 AO<ABD _ <0.001 AOSABD _ 0.008
F60 0871 \o-ppD <0001 0878 ao<aDD <0001 999 a0sADD  0.028

AO>ABD  <0.001

FO 0896  ,\0-ADD  0.001

0.433  AO<ADD 0.006 0.678  AO0>ABD 0.003

AO0>ABD 0.001
FLX 0.747 AO>ADD 0.008 n.s. none - n.s. none -
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Figure 6.6 The position of the mid-slack point as flexion varies.

When the hip is highly adducted (left) or neutrally ab/adducted (middle) then the range of un-
resisted hip rotation is biased to internal rotation in extension and external rotation in flexion as
demonstrated by the linear transition of the mid-slack point with increasing hip flexion. When the
hip is highly abducted (right) then the mid-slack point positioned most in external rotation in mid-
flexion and is better described by a second order polynomial. The equations provided represent
a good model for the raw data from all specimens (small crosses, all R?20.34) and an excellent
model for an average hip as demonstrated by the mean data at each flexion angle (black
circles, all R?20.93).

The high volume of data meant that the slack to taut transition points had to be
calculated by an algorithm and this relied on a value of torsional stiffness (0.03 Nm/°)
determined by pilot testing. A sensitivity study which recalculated the results using
values of 0.01 Nm/° and 0.05 Nm/° found that this choice of value had little effect on

the results, and no effect on the conclusions drawn (appendix A6.6, page 250).

This study also modelled compressive loading as an average load with fixed direction.
Whilst the load is representative of peak load at toe-off during gait and stair climbing, or
when sitting into a chair, the direction of the joint reaction force can vary by up to +20°
compared to this average load (Bergmann et al., 2001). Changes to the joint reaction
force could cause translations within the joint which could affect the ligamentous
loading and hence the passive restraint envelope. However, the compressive loading
applied ensured contact between the femur and acetabulum and previous research
suggests that the hip joint can be considered a spherical ball-and-socket (<1 mm of
translation within the hip) (Cereatti et al., 2010). Indeed, other authors have previously
used similar loading approximations to study hip joint mechanics in-vitro (Dwyer et al.,
2015), or even failed to applied loading at all (Martin et al., 2008; Safran et al., 2013).

Another limitation was the high mean age of the cadaveric specimens; they are better
matched to patients undergoing THA than those receiving early intervention surgery.
This study also did not consider the effects of osteoarthritis on capsular stiffness, or

how a smaller head size for a THA may affect the ability of the capsule to wrap around
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Figure 6.7 Mean angular change between the transition point and 5 Nm of rotational restraint
(left) and torsional stiffness (right) with 95 % confidence intervals as flexion (x-axis) and
ab/adduction (different lines) varies.

It can be seen that for neutral and high adduction, as slack-to-taut decreases, stiffness
increases and vice-versa.

the head and tauten (Colbrunn et al., 2013) or whether hips suffering from FAI have
normal capsular anatomy/function. However, regarding the latter, data studies have
suggested similarities between hip capsule dimensions in pathological hips (Weidner et
al., 2012) and normal hips (Stewart et al., 2002).

6.4.3 Comparison with published research

In Figure 6.8, the passive restraint envelope measured in this study is compared
against data taken from 18 studies with a total of more than 2400 subjects, which
include clinical goniometer readings, in-vitro experiments including skin and muscles
and computational impingement models. It can be seen that the passive restraint
envelope measured in this study is typically less than clinical measurements for
flexion/extension and internal/external rotation at 90° flexion and neutral ab/adduction
(other hip positions are examined in A6.7, page 253). This is to be expected as the
end-point for hip ROM is likely beyond the 5 Nm restraint end-point in this study and
caused by a mix of capsular rotation restraint, passive restraint from muscle stretching
and soft/hard tissue impingement. However, in showing that the capsular restraint
envelope is less than clinical measurements, these results demonstrates that the
periarticular tissues influence the ultimate limits of hip ROM, and may be recruited
before these limits to protect the hip from impingement and/or subluxation. This
comparison should be treated with caution as clinical measurement of hip motion may
inadvertently include the effects of pelvic-tilt and rotation and thus may overestimate
hip ROM. Nevertheless, the finding is corroborated when one considers the hard limits

measured in computational studies of exclusively bony morphology (Figure 6.8): in all
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Figure 6.8: A comparison between clinical, experimental and computational range of motion
measurements and the results from the present study for internal and external rotation at 90°
flexion with neutral ab/adduction (top), and for flexion/extension with neutral ab/adduction and
internal/external rotation (bottom).

It can be seen that the passive restraint envelope (for un-resisted rotation) measured in this
study are within clinical measurements for normal subjects, compare well to previous cadaveric
work and are always less than results from studies which only consider bony impingement as a
limit to hip rotation (computational studies). The predicted 10 Nm restraint values are calculated
using the mean torsional stiffness measured at 5 Nm restraint.

cases, the mean range of free rotation was less than those bone-bone impingement
measurements. The impingement-free range of rotation measured in bone-bone
impingement studies is biased towards internal rotation in extension (Kessler et al.,
2008; Tannast et al., 2012), and external rotation in flexion (Kubiak-Langer et al., 2007;
Tannast et al., 2012); capsular rotation restraint is seemingly able to guide the
available range of rotation towards these impingement-free positions as a 30° shift from
an internally rotated position in extension to a more externally rotated position in deep

flexion, was observed in the mid-slack point (Figure 6.6).
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Several authors have reported the total resistance to hip joint distraction/dislocation (Ito
et al., 2009; Elkins et al., 2011b), the stiffness of individual ligaments (Hewitt et al.,
2002), their contribution to hip rotation restraint (Myers et al., 2011; Smith et al., 2014),
or their influence on hip ROM (Safran et al., 2013). However to our knowledge there
are no studies measuring the slack region, or the angular change required to tauten the
ligaments or torsional stiffness provided by an intact capsule once the ligaments are
taut. This study quantifies these variables and the findings correlate well with the
understanding of the anatomy of the capsular ligaments. The four capsular ligaments
available for limiting hip rotation (medial and lateral arms of the iliofemoral,
ischiofemoral and pubofemoral) are the same ligaments which can generate resistive
moments against deep flexion/extension or high ab/adduction (Fuss and Bacher, 1991;
Martin et al., 2008). This explains the reduced hip rotation slack region observed in the
more extreme hip positions (Figure 6.4 and Figure 6.5) as the ligaments are recruited
to limit both large movements of the lower limb (flexion/extension or ab/adduction) and
hip rotation. It also explains the reduced rotational stiffness (Figure 6.7) in these hip
positions as the ligament fibres do not align to purely resist hip rotation but also the
other movements. Conversely in mid-flexion and mid-ab/adduction, there is a large
slack region available as the ligaments are not resisting movements in any direction.
When the hip is excessively rotated in these mid-ROM positions such that the
ligaments start to tauten, then the ligaments develop high levels of torsional stiffness in
small angular changes (Figure 6.7) as the fibres are orientated more perpendicularly to

the axis of hip rotation, directly opposing the movement.

Whilst there were too few specimens to detect significant differences, there was a trend
that female hips had a greater range of hip rotation. This is likely due to their smaller
head diameters for two reasons: firstly, more hip rotation is also required to generate
the same force within the ligament as the change in length of a ligament wrapping
around the femoral head’s circumference is less due to the decreased radius of the
head. Secondly, for the same restraining force, a ligament wrapping around a smaller
head generates a smaller torque because the moment arm of the force is less. This is
interesting in the context of head-neck ratio and impingement free range of motion as
previous hip resurfacing research found that female hips had greater pre-operative
head-neck ratios, but frequently had their head-neck ratio reduced during surgery as it
was perceived to be advantageous to preserve acetabular bone stock by using the
smallest possible head diameter. However, this reduction in head neck ratio is now
believed to be one of the main causes of edge loading and pseudotumour formation in

a resurfaced hip as decreasing the head neck ratio by 0.1 decreases the impingement-
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free range of motion by around 10° (Grammatopoulos et al., 2010b). The present
study shows that this reduction in head size may have also increased the risk of
impingement and edge loading for a second reason: it would allow for a greater range
of un-resisted hip rotation before any ligaments preserved/repaired during surgery
could engage and passively protect the hip against impingement. Considering the two
research findings in parallel, it could also be hypothesized that for a native hip the
increased range of free-rotation caused by a small head is naturally compensated for
by increased head-neck ratio and consequently greater impingement free range of
motion. Therefore further investigation into relationship between head size, head-neck
ratio, impingement free range of motion and the passive restraint envelop is an
important area for future research if ceramic-on-ceramic resurfacing devices that are

currently in development (Dickinson et al., 2011a) are introduced to the market.

6.4.4 Clinical relevance and conclusion

This study quantified the hip positions where the periarticular soft-tissues restrain hip
rotation and those where the joint is slack, how much rotation is required to tighten
these tissues, and how much rotational stiffness is provided by them once taut. These
results are useful for understanding the role of these tissues in normal hip function
when it is loaded during daily activities. Capsular repair adds to operational time and
hence these results could help surgeons to make informed decision over whether their
biomechanical function is worth preserving during early intervention surgery or
restoring following a THA. For example patients whose daily activities and functional
expectations only require a ROM within the identified slack region may benefit less
from capsular repairs than those with larger ROM requirements. In surgery for young
athletic patients who typically have high ROM demands, those with full capsular repairs
experienced greater improvement than those with only a partial repair (Frank et al.,
2014). The results of the present study may also allow researchers to make informed
decisions about the inclusion/exclusion of these soft tissues in hip models; for
examples, models which examine movements within the identified slack region could
exclude the capsular structures with little loss of fidelity whereas research into
movements with a high ROM would be improved by including the passive restraint from

these tissues.
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7 The capsular ligaments provide more hip rotational
restraint than the acetabular labrum and the

ligamentum teres

This in-vitro study of the hip joint examined which soft tissues act as primary and
secondary passive rotational restraints when functionally loaded. Nine cadaveric left
hips were mounted in a testing rig that allowed application of forces, torques and
rotations in all six-degrees-of-freedom. The hip was rotated throughout a complete
range of motion and the contribution of the iliofemoral (medial and lateral arms),
pubofemoral, ischiofemoral and ligamentum teres ligaments to rotational restraint was
determined by resecting a ligament and measuring the reduced torque required to
achieve the same angular position as before resection. The contribution from the
acetabular labrum was also measured. Each of the capsular ligaments acted as the
primary hip rotation restraint somewhere within the complete range of motion, and the
ligamentum teres acted as a secondary restraint in high flexion, adduction and external
rotation. The iliofemoral lateral arm and ischiofemoral ligaments were primary restraints
in two-thirds of the positions tested. Appreciation of the importance of these structures
in preventing excessive hip rotation and subsequent impingement/instability may be

relevant for surgeons undertaking both joint preserving surgery and arthroplasty.

| presented this work, and was awarded the student biomechanics award ($1000 cash
prize) at the 27™ Congress of the International Society for Technology in Arthroplasty in

Kyoto, Japan.

The work has also been accepted for publication in the Bone and Joint Journal and has
been reproduced with permission and copyright © of the British Editorial Society of

Bone and Joint Surgery:

van Arkel, R.J., Amis, A.A., Cobb, J.P., Jeffers, J.R.T., 2015. The capsular ligaments
provide more hip rotational restraint than the acetabular labrum and the ligamentum

teres: an experimental study. Bone & Joint Journal 97-B, 484-491.
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CHAPTER 7
7.1 Introduction

7.1.1 Clinical motivation

There is increasing interest in early intervention hip surgery to treat conditions from
instability to femoroacetabular impingement (FAI) in young adults (Bedi et al., 2011b;
Domb et al.,, 2013). However, concerns exist regarding postoperative instability
following resection of hip joint ligaments during open (Phillips et al., 2012) or
arthroscopic surgery (Martin et al., 2012). Case reports describe instances of rapid joint
degeneration to a point requiring total hip arthroplasty (THA) caused by joint
subluxation (Benali and Katthagen, 2009; Mei Dan et al., 2012) as well as complete
joint dislocation (Matsuda, 2009; Ranawat et al., 2009; Sansone et al., 2013), raising

questions about the role of soft tissues in maintaining hip stability.

Instability also affects THA patients, because excessive hip rotation can lead to
impingements which destabilise the hip by forcing the femoral head to lever out of the
acetabulum, causing edge loading and high wear (De Haan et al., 2008a; Esposito et
al.,, 2012), or even dislocation (Nadzadi et al., 2003). Repairing the capsule and
neighbouring muscles can reduce the post-operative dislocation rate (Kwon et al.,
2006). However, the importance of the capsule in restraining excessive rotation and
preventing impingement in the native hip is little understood and hence it is unclear

whether these repair strategies could be optimised to further improve outcomes.

7.1.2 Previous hip ligament research

Cutting capsular ligaments results in large increases in rotational joint laxity (Martin et
al., 2008; Myers et al., 2011; Safran et al., 2013), however few research studies include
the hip joint reaction force which is common to all functional tasks (Bergmann et al.,
2001) and is essential to gaining stability from the osseous anatomy; it forces the ball
into the socket. There is also some evidence that the ligamentum teres could restrain
hip rotation and stabilise the hip (Kivlan et al., 2013; Martin et al., 2013), however its
relative importance compared to the capsular ligaments is unknown. For informed
decisions to be made about which soft tissues should be preserved or repaired during
hip surgery, a complete picture of the relative contributions does not yet exist. The
preservation or repair of the primary restraints varies with both open and arthroscopic
approaches, so an appreciation of relative importance will contribute to the debate

about surgical approaches and repairs.
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7.1.3 Aims and hypothesis

The present study therefore aimed to quantify the relative contributions of each
ligament to restraining hip rotation throughout a complete range of motion under joint
compression. Our null hypothesis was that the capsular ligaments, labrum and

ligamentum teres contribute equally to hip joint rotational restraint.
7.2 Materials and Methods

7.2.1 Specimen preparation

Specimens were prepared according to the protocol established in the chapters 5 and
6 following approval from the local Research Ethics Committee (A6.1, page 241). Ten
fresh-frozen cadaveric pelves (6 male) with full length femurs were defrosted and
skeletonised, carefully preserving the hip joint capsule (the same specimens as for
chapter 6). Specimens were bisected into hemi-pelvises and the left hip was mounted
into a six-degrees-of-freedom testing rig (Figure 7.1) according to the International
Society of Biomechanics (ISB) coordinate system (Wu et al., 2002). Movements in this
coordinate system mimic movements of the lower limb in a clinical environment (Figure
2.3, page 10) with neutral flexion, rotation and ab/adduction equating to a standing
upright position (when the ISB pelvic and femoral axes align). The alignment method is
described fully in chapter 5. Flexion and abduction torques were applied by hanging
weights and angular positions applied using screw clamps. Internal/external rotation
torques/angles were controlled by the rotating axis of a dual-axis servo-hydraulic
materials-testing-machine (model 8874, software MAX v9.3, Instron Ltd, High
Wycombe, UK) equipped with a two-degrees-of-freedom (tension/torsion) load-cell.
Throughout testing, a fixed joint compression force of 110N angled 20°
medially/proximally relative to the mechanical axis of the femur was applied using the
servo-hydraulic machine’s vertical axis and a horizontal hanging weight. This testing
rig, which is described in more detail in chapter 4, only deflects 0.4 mm under this
loading condition. This load is similar to the direction of the peak hip joint contact force
measured for a variety of functional tasks (Bergmann et al., 2001) as described in
appendix A6.2 (page 244). Translations were not applied but were free to occur in
response to the applied load, by mounting the test fixture onto a freely-moving x-z
table. For each specimen, all subsequent tests were performed on the same day,
without removing the specimen from the testing rig. The tests were done at room

temperature and the specimens were kept moist using regular water spray.
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Figure 7.1 Anterior view of a left hemipelvis mounted in the custom built testing rig.

The hip is in neutral ad/abduction, extension and external rotation and all capsular ligaments
have been resected except for the medial iliofemoral ligament which can be seen to be taut.

7.2.2 Testing protocol

Specimens were preconditioned with ten internal/external rotation cycles as described
in chapter 6 (page 108). For each specimen, the range of motion with the joint capsule
intact was established by applying 5 Nm flexion/extension torques with the hip joint in
neutral rotation and ab/adduction to define angles of maximum hip flexion (FLX) and
extension (EXT). Then, with the joint still in neutral rotation, 5 Nm ab/adduction torques
were applied at different positions of hip flexion (EXT, F0°, F30°, F60°, F90° and FLX)
to define maximum hip adduction (ADD) and abduction (ABD) at each of the six flexion
angles. Finally, 5 Nm torques were applied in external/internal rotation at all different
positions of the hip (ADD, A0° and ABD at all six flexion/extension angles) to define
maximum hip internal and external rotation (IR and ER respectively) for all 18 positions.
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Importantly, throughout testing, the joint was never rotated beyond the angles
determined by these initial 5 Nm passive resistance boundaries such that when a

ligament was resected, the remaining ligaments did not experience increased strain.

One of the following ligaments was then resected: pubofemoral, medial arm of
iliofemoral, lateral arm of iliofemoral, ischiofemoral or the ligamentum teres. The
method used to identify and cut ligaments with shared origins and insertions is
described in detail, with accompanying step-by-step pictures, in appendix A7.1 (page
257). For each of the 18 angular positions of flexion/extension and ab/adduction, the
torque required to rotate the joint back to the intact IR and ER angular positions was
measured. This process was then repeated after cutting another ligament until no
ligaments remained. With all the ligaments resected, the passive resistance caused by
labral impingement was measured in the same way. The cutting order for the capsular
ligaments was varied such that each ligament was cut first and last at least once in
different specimens with no pattern to the cutting order, however the intra-articular
ligamentum teres had to be resected after the capsular ligaments as the joint had to be
dislocated to access it. The principle of superposition was used to determine the
contribution of each ligament and the labrum to rotational restraint by calculating the
negative change in passive resistance torque after a ligament was cut as a percentage
of the intact passive resistance (5 Nm) (Amis and Dawkins, 1991; Xerogeanes et al.,
1995). This method of measuring ligament functions in a native joint is described in
detail in 2.7.2 (page 47).

Pilot testing showed that in some cases the native hip could dislocate after resecting
the capsular ligaments for some of the positions tested. If no capsular ligaments
remained and adjacent non-dislocating trials had zero passive rotation resistance, a
zero value was assumed for the dislocating trial as well. When this was not the case,
subsequent measurements were taken by running the vertical axis of the servo-
hydraulic machine in position control (instead of load control). This resulted in small
fluctuations of the otherwise constant applied force (variations of 70-110 N and 20-32°
in magnitude and angle respectively). In total, dislocation affected 5/9 hips but only
2.8 % (52/1836) of the measurements made.

Following all testing, all soft-tissue were resected and morphological measurements

were made as outlined in section 6.2.3, page 108.

7.2.3 Statistical Analysis

Internal and external rotation contributions analysed as separate dependent variables
in SPSS version 21 (SPSS Inc., Chicago, lllinois). A Shapiro-Wilk’s test of normality
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was performed on the data’s Studentized residuals. Normal data were analysed using
a two-way repeated measures analysis of variance (RMANOVA) with independent
variables of soft tissue state and hip position. Post hoc one-way RMANOVAs and
paired t-tests with a Bonferroni correction were applied when differences across tests
were found. The significance level was set to p<0.05. For data which violated
normality, non-parametric Friedman tests were used instead of RMANOVAs, and

Wilcoxon Signed-Rank tests replaced the post-hoc t-tests.

Two analyses were performed: firstly, the contributions of extra- and intra-articular
tissues (capsule, labrum and ligamentum teres) were compared against each other to
determine their relative importance. Secondly, the effects of cutting the soft tissues
(iliofemoral medial/lateral arms, ischiofemoral, pubofemoral, labrum and ligamentum
teres) were examined to determine where each tissue made a significant contribution

to rotation restraint.

A primary restraint was defined in each position as the tissue with the greatest
statistically significant mean passive resistance contribution, and secondary stabilisers
as any other ligaments with statistically significant mean contributions greater than
10 %. This 10 % figure is twice the root mean squared measurement error which is

calculated in appendix A7.2 (page 257).

7.3 Results

External rotation data for one female specimen was lost due to a pull-out failure of the
lateral iliofemoral ligament at its femoral attachment under the 5 Nm external rotation
torque when the hip was in a position of full flexion and full abduction. A technical error
lead to over-torqueing (close to 20 Nm), ligament rupture and persistent dislocation in
another hip prevented collection ligament cut data in another female specimen. Thus,
the results presented are for 8 specimens in external rotation and 9 specimens in
internal rotation totalling 1836 torque measurements. Morphology measurements for
these specimens are given in. An example of the resistive torque measured for a

specimen in a single position as the ligaments were cut away is given in Figure 7.2.

For each hip position, it was found that approximately 1-in-12 of the measurement sets
violated normality. To test the impact of these few violations of normality on the
parametric RMANOVA and t-test results, both the parametric and non-parametric
analysis were performed. Almost identical statistical differences were detected was
found for both methods and so only results from the parametric tests are presented
(RMANOVAs and t-tests) (Lund-Research-Ltd, 2013).
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Table 7.1 Morphological measurements of the nine hips included in the data analysis.

Measurement Mean * S.D. Range

Age 769 61 to 89

Femoral head diameter (mm) 505 43 to 57

Femoral anteversion (°) 9+10 -6 to 23
Femoral neck-shaft angle (°) 130+ 8 112 to 140

Femoral offset (mm) 369 24 to 46
Femoral head/neck ratio 1.37 £ 0.07 1.29101.49
Femoral anterior neck offset ratio 0.18 £ 0.02 0.15t0 0.21

Femoral alpha angle (°) 517 40 to 64

Femoral beta angle (°) 45+ 4 37 to 50

Acetabular centre edge angle (°) 42+9 32 to 57
Acetabular depth/width ratio 284 + 32 254 to 348

7.3.1 Contributions of the capsular ligaments (combined), ligamentum teres and labrum

The capsular ligaments provided primary internal and external rotation restraint
throughout a complete range of hip motion (Figure 7.3), protecting the hip from labral
impingements. The contribution of the ligaments was greater than that from the labrum
and ligamentum teres in all hip positions (p<0.05, all n§>0.686); full tables for the post-
hoc analyses are given in appendix A7.3 (page 260). Labral impingements only
provided secondary restraint in the native hip and only when it was positioned in: high
flexion (260°), full abduction and internal rotation; in low flexion (<30°), full abduction
and external rotation; or in extension, any ad/abduction and external rotation (Figure
7.3). The ligamentum teres also had a small secondary role restraining external

rotation when the hip was in high flexion (=30°) with neutral/full adduction (Figure 7.3).

7.3.2 Contributions of the individual capsular ligaments

The contribution of the capsular ligaments was not uniform: the ischiofemoral ligament
provided primary internal rotation restraint in more than half the tested positions and
was particularly prominent in high flexion (=30°), adduction and internal rotation, or low
flexion (=30°), abduction and internal rotation (Figure 7.4). The iliofemoral ligament
provided primary external rotation restraint in all hip positions, and both primary internal
and external rotation restraint when the hip was extended or in neutral hip flexion
(Figure 7.4). The medial arm of the iliofemoral ligament dominated in neutral flexion or
extension, and the lateral arm in all other positions (Figure 7.4). The pubofemoral
ligament only contributed to rotational restraint when the hip was fully abducted,

contributing to external rotation restraint in extension, and internal rotation restraint in
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Figure 7.2 An internal/external rotation cycle showing the change in torque as different
ligaments are resected for one specimen positioned at 60° flexion and full adduction.

The graph shows data exported directly from the material-testing-machine; there has been no
filtering or smoothing function applied. Percentage changes not labelled (including the labrum)
all lie on the zero torque axis. It can be seen that cutting the ischiofemoral and lateral iliofemoral
ligaments caused the largest drops in internal and external passive rotation resistance
respectively.

hip flexion (Figure 7.4). An extensive array of high resolution photos of all the ligaments

in their functional positions is included in appendix A7.4 (page 262-268).

7.3.3 Subluxation and dislocation

Dislocations were only recorded in high flexion (260°) with neutral/full adduction and
only after resection of the ischiofemoral ligament, indicating that tension in this ligament
as it wrapped around the femoral head provided a net force that restrained the head
from subluxing out of the acetabulum (Figure 7.5). For one hip, dislocation occurred in
high flexion and adduction after resection of the joint capsule but stopped occurring
following resection of the ligamentum teres; the ligamentum teres was wrapping around
the posterior femoral head in external rotation causing the head to sublux laterally and
inferiorly out of the acetabulum in a sling-shot like mechanism. This specific hip had an
unusually high percentage contribution to external rotation from the ligamentum teres,
however non-dislocating subluxations caused by the ligamentum teres in high flexion
and adduction were also observed in other hips following resection of the joint capsule;

appendix A7.5 (page 268) illustrates this subluxation with photographs.
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Figure 7.3 Mean percentage internal and external rotation restraint with 95 % confidence
intervals provided by the hip capsule, labrum and ligamentum teres for a complete range of
motion.

The hip images illustrate the positions on the x-axis. The dashed boxes highlight at risk
positions for THA anterior/posterior dislocation (AD/PD),12 and physical tests for FAI including
the: anterior impingement test (AT), hyperextension, log-roll and posterior impingement tests
(PTs) and the end point of a FABER test (Tijssen et al., 2012).

7.4 Discussion

This is a small cadaveric study, so conclusions can only be applied clinically with
caution. However, we show a difference in importance between structures, overturning

the null hypothesis with confidence.

7.4.1 Most important findings

Capsular ligaments provide primary rotational restraint and prevent labral
impingements around the limits of a complete range of hip motion (Figure 7.3). Within
the capsule, the ischiofemoral and iliofemoral ligaments are the dominant restraints for
internal and external rotation respectively, accounting for more than two thirds of the
possible hip positions (Figure 7.4). The ischiofemoral ligament also cradles the femoral
head in deep hip flexion, stabilising the hip against posterior subluxation and
dislocation (Figure 7.5). Damage to these two ligaments in particular could be a cause

of labral impingement, hip instability or damaging loads to the cartilage. These
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restraint with 95 % confidence intervals provided by individual capsular ligaments for a complete
range of hip motion.

The hip images illustrate the hip positions on the x-axis and the dashed boxes are equivalent to
those presented in Figure 7.3.

ligaments should be a priority during surgery to maintain/restore normal hip mechanics,

with their functional significance born in mind if early restoration of function is a priority.

Labral impingement only contributed to resisting hip rotation in a limited number of
positions by providing a soft buffer against bony impingement. These labral
impingements triggered small subluxations of the femoral head out of the acetabulum.
However, the restraint provided by the labrum was always less than the sum of
contributions from the capsular ligaments (Figure 7.3). Thus the capsule protects the
labrum against the full force of impingement by providing most of the rotational
restraint. Release of the posterosuperior capsule at hip arthroscopy could therefore

increase the postoperative load on the labrum.

The ligamentum teres has a small role in limiting external rotation, but its contribution is
considerably less than that of the lateral iliofemoral ligament (Figure 7.3), indicating
that repair of the ligamentum teres to restore native restraint should only be considered
second to repair of any deficiencies in the anterior joint capsule. In the complete
absence of the joint capsule, the ligamentum teres can wrap around the femoral head

and cause a destabilising subluxation in high flexion, adduction and external rotation,
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potentially leading to dislocation. Thus, with the capsular ligaments intact, this
destabilising subluxation caused by ligamentum teres tension will be resisted by
opposing tension from the capsular ligaments resulting in a very stiff joint with high

passive stability.

7.4.2 Limitations

By skeletonising the hip, this study was limited to measuring the contributions of the
capsular ligament, ligamentum teres and the labrum only and not any resistance
caused by other soft tissues such as muscles/fat. This study only included a small

number of specimens and while visual observation suggested subjectively that the

primary restraints for both male and female hips were similar (see appendix A7.6, page

Figure 7.5 Posterolateral views (top)
and inferior view (bottom) of a hip in
deep flexion with adduction and
internal rotation.

Top left) The ischiofemoral ligament
fibres are taut and wrap around the
femoral head stabilising the hip
against excessive internal rotation
and thus reducing the risk of
impingement whilst supporting the
femoral head in a sling. Top right)
When the ligament is resected the
internal rotation restraint is lost and
the femoral head is exposed with
little support from the acetabulum
and labrum. Bottom) Tension in the
ischiofemoral ligament (white arrows)
pulls the femoral head into the
acetabulum stabilising the hip.
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269), larger numbers would be needed to draw a significant conclusion on any
differences between the genders. We also only modelled a single compressive loading
condition whereas in-vivo the magnitude and direction of this force varies for different
activities (Bergmann et al., 2001) and could act to increase/decrease subluxation and
loading on the labrum. Another limitation is that the technique of superposition requires
the kinematics to be exactly repeated so that all tissues experience the same strain
though however we did not control translations; indeed, the hip dislocated after
resecting the ischiofemoral ligament. The effects of this limitation on the conclusion are
likely to be small for a number of reasons: firstly, this study primarily draws conclusions
about rotational restraint and angular position was tightly controlled. Secondly, the
distance the ligaments’ femoral insertions moved due to the arc of rotation will have
been greater than the translation within the hip which other studies have measured to
be small (1-2 mm) during rotation movements similar to those applied in this study
(Myers et al., 2011); thirdly, the translations would have occurred in response to the
applied load and the loading direction used in this experiment was representative of
common hip joint activities (appendix A6.2, page 244). Moreover, in nearly all hip
positions (except for those where the hip dislocated), the applied load would have
forced the hip to be concentric and the hip approximates well to a ball and socket joint
thus minimising translations (Cereatti et al., 2010). Finally, we randomised the cutting
order which means that all capsular ligaments had equal opportunity to influence the

results.

The results also assume that the ligaments were in the linear and not the toe-region of
their torque-rotation curve because the principal of superposition is only valid in this
elastic, linear region. The data analysis involved plotting all the torque-rotation data to
verify that the gradient measurements in chapter 6 were calculated correctly by the
MatLab script. These plots confirmed that the ligaments were indeed in this linear
region when the capsule was intact (Figure 7.2). Moreover, the results were highly
repeatable when multiple load cycles were performed, an example is shown in figure
(Figure 6.2, page 110). However, in some cases, the secondary or tertiary restraints
were not linear region, particularly when the contribution was low (<10 %) or when the
labrum impinged and hence this is a limitation of the research. Importantly, the
measurements based on the entire capsule, and those for the primary restraints, were

in the linear region.

Finally, this study was also limited in that the tests were performed on cadaveric
specimens with a mean age higher than that of patients undergoing hip arthroscopy so

the true contribution of the ligamentum teres in these patients may be higher than
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measured here as it can degenerate with age (Tan and Wong, 1990). An intact capsule
was necessary for ligamentum teres tension to develop without subluxation, and so our
measurement of ligamentum teres contributions may be artificially reduced due to
cutting order bias, having always been resected after the capsular ligaments for

practical reasons.

7.4.3 Comparison with published research

For the joint capsule, these results agree with a laxity based cadaveric model which
quantified their function in low flexion/extension (Martin et al., 2008). They also agree
with a detailed anatomical description of where the ligaments are taut throughout a
complete range of motion (Fuss and Bacher, 1991). For the labrum, the results
corroborate a study which found that it only provides secondary stability in low hip
flexion/extension, with primary stability coming from the iliofemoral ligament (Myers et
al., 2011). The position of deep flexion, full abduction and internal rotation where labral
impingements were recorded in this study correlate well with those measured in ballet
dancers with normal hip anatomy and normal passive range of hip motion during
extreme dancing positions (Charbonnier et al., 2011). For the ligamentum teres, the
findings support some results from a simple string model (Martin et al., 2012) and
arthroscopic observations that it tightens in flexion, adduction and external rotation
(Kelly et al., 2003). Recent work also suggested that it has a role in preventing hip
subluxation in high flexion and abduction, and low flexion/extension and external
rotation (Kivlan et al., 2013; Martin et al., 2013) in these positions we found that indeed
the hip was at risk of impingement and subluxation (Figure 7.1) but did not find that the

ligamentum teres provided consistent rotational restraint.

7.4.4 Clinical relevance

The iliofemoral ligament may be cut during FAI treatment when performed by either
open (Leunig and Ganz, 2014) or arthroscopic (Domb et al., 2013) surgery. Some
reports indicate that hip instability is not a problem after these procedures (llizaliturri,
2009), while others have found that capsular defects(McCormick et al., 2014) and
instability (Philippon et al.,, 2007d) are common in patients requiring revision hip-
arthroscopy and that postoperative subluxations are underreported (Domb et al., 2013).
The current study did not find an increase in dislocation risk after resection of the
lliofemoral ligament, but the loss of primary external rotational restraint across the
complete range of motion (Figure 7.3) could increase the load on the labrum through
impingement in extension or abduction which may be perceived as pain and lead to

subluxation, and we have not measured the hip in an unloaded environment, where
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conditions may be more severe. Thus, we advocate repair of the capsular ligaments
during early intervention surgery to reduce the risk of hip subluxation and labral
overloading. This is particularly relevant when treating dysplastic hips, or trimming the
rim of the acetabulum to treat FAI with a cam-pincer diagnosis (Masjedi et al., 2013)
because an insufficient acetabulum increases the risk of hip instability (Benali and
Katthagen, 2009; llizaliturri, 2009; Mei Dan et al., 2012).

The internal rotation restraint and supporting sling protecting against subluxation
(Figure 7.4 and Figure 7.5) offered by the ischiofemoral ligament in deep hip flexion
would benefit THA patients by passively stabilising the hip in a position where few
muscles have favourable lines of action (chapter 3). This reduces the risk of dislocation
but could also prevent posterior edge loading of THA that, by damaging the bearing
surfaces, has been identified as a causative factor in ceramic hip squeaking (Esposito
et al.,, 2012). This benefit will increase with increasing bearing couple sizes: less
subluxation means less edge loading (De Haan et al., 2008a) but also a reduction in
the pumping action which potentially expels joint fluid and edge loading wear debris
into neighbouring soft tissues (Wroblewski et al., 2012). This study therefore supports
repair of the ischiofemoral ligament after using a posterior approach for THA,

particularly if a larger diameter bearing couple is used.

7.4.5 Conclusion

In conclusion, the iliofemoral and ischiofemoral capsular ligaments are important
passive rotational restraints to hip motion. The integrity of these ligaments appears to
be important for maintaining normal hips mechanics and preventing excessive hip

rotation. Preservation of them may prevent both impingement and hip instability.
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8 Discussion

8.1 Most important findings

The most important finding of this PhD was that the active and passive soft-tissues
have complementary functions that help protect the hip from subluxation, edge loading
and dislocation. In the mid-range of hip motion, all the hip muscles’ lines of action were
found to point inbound, within the acetabular rim, and thus could contribute
compressive hip forces that would keep a femoral head concentric with an acetabular
cup (chapter 3). In these hip positions, the hip was found to be within the ligaments’
slack region with no passive contribution to hip motion (chapter 6). This would allow a
hip to move freely under the action of the hip muscles resulting in efficient yet stable
hip motion. However, at the extremes of the range of hip motion, where impingement
could occur and where up to 50 % of the muscles were found to have unfavourable
lines of action that could encourage edge loading or even dislocation (chapter 3), the
hip ligaments were found to become taut and restrain excessive hip movement
(chapter 6). This passive restraint could help protect the hip from subluxation, edge
loading and dislocation in three ways: firstly, by preventing the hip from moving into
positions where muscle lines of action were unfavourable. Secondly, by restraining
excessive movements that could cause impingement, lever-out and subluxation of the
femoral head out of the acetabulum. Thirdly, by contributing a stabilising force that
helps maintain a joint reaction force that is inbound and away from the acetabular rim,
though further work is needed to verify this. The ischiofemoral and iliofemoral ligaments
were identified as the most important passive soft-tissues for maintaining this natural
passive restraint (chapter 7). Indeed, cutting the ischiofemoral ligament alone was
sufficient to destabilise over half of the hip joints tested to the point where dislocation
occurred (chapter 7). Therefore, it is recommended that the ischiofemoral and
iliofemoral ligaments should be protected or repaired during any intra-articular hip
surgery where impingement, subluxation/micro-separation, edge loading or dislocation
is a concern. This includes joint preserving hip surgery to treat abnormal hip shapes in

young adults as well as hip replacement procedures.

8.2 Limitations

A combination of computational and experimental methods was used to investigate
different aspects of hip mechanics throughout the range of hip motion. Individual
limitations for each study are discussed extensively in the main chapters and include:

using geometrical analyses based on simplified muscle architecture and wrapping
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mechanics (chapter 3), using a testing rig that could fail under high physiological loads
(chapter 4), using synthetic bones to validate cadaveric testing methodology (chapter
5), using a small number of elderly cadaveric tissue samples to draw conclusions at the
population level (chapters 6 and 7) and skeletonising test specimens thus ignoring
passive restraint from other soft tissues such as skin, muscles and fat (chapter 7). In
addition to these limitations, it should also be noted that the musculoskeletal model
was used to study an artificially replaced hip whereas the in-vitro model studied the

native hip and results for a native/replaced hip may not be directly comparable.

These individual limitations also highlight the largest overall limitation: all the methods
used (both computational and experimental) are modelling techniques and hence
represent simplified cases of the true in vivo scenario. Therefore, results should be
applied clinically with caution until the findings can be verified with appropriate clinical
research. Indeed, to date the clinical evidence supports the findings from these studies,
for example, capsular repair improves outcomes following both joint preservation
(Frank et al., 2014) and hip replacement surgery (Kwon et al.,, 2006), but more
evidence is needed until decisive conclusions can be drawn about all aspects of the
research, particularly in the role of certain muscles/ligaments in preventing edge

loading.

8.3 Comparison to clinical research

Edge loading and high wear has been identified in the majority of hard hip replacement
retrievals, including metal-on-metal hips revised for pseudotumours (Kwon et al.,
2010), and ceramic-on-ceramic hips revised for a number reasons (Esposito et al.,
2012). However, the majority of this wear is reported in the absence of impingement
(Esposito et al., 2012) and is believed to occur primarily in deep flexion (Walter et al.,
2004). The finding that muscle lines of action are unfavourable in these hip positions
provides a possible mechanism for this high reported wear (chapter 3). An exception
for this is metal-on-metal devices which could wear during gait (Kwon et al., 2012;
Mellon et al., 2013). Indeed, the results suggest that the gluteus medius and minimus
could have important roles in preventing this wear mechanism and provides an

interesting avenue for future research (see chapter 9).

For hip replacement patients, it is well known that repairing/protecting the posterior
soft-tissues can help prevent dislocation (Chiu et al., 2000; Kwon et al., 2006; Kumar et
al., 2014). This is corroborated by results from this thesis which found that the capsular

ligaments tauten and wrap around the femoral head in this position restraining the hip
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against excessive movements, and potentially providing protection against subluxation

(chapters 6 and 7).

Finally, recent evidence from joint preserving surgery suggests improved outcomes
when patients receive an anatomical repair of the iliofemoral ligament during surgery
(Frank et al., 2014). What is more, cases of dislocation are only reported when the
ligament has been damaged (Matsuda, 2009; Ranawat et al., 2009; Sansone et al.,
2013; Austin et al., 2014) and patients who require revision hip arthroscopy have been
found to have capsular laxity/defects (Philippon et al., 2007d; Frank et al., 2014;
McCormick et al.,, 2014). These clinical observations are supported by the research
conducted for this thesis which shows that the iliofemoral ligament, which is cut during
both open and arthroscopic early intervention techniques, is the primary restraint for

nearly all external rotation, and some internal rotation movements (chapter 7).

8.4 Innovative methodology developed

To identify the most important findings, this PhD necessitated the development of new
methodologies that could be useful for future work. This included the design and
validation of a six-degrees-of-freedom in-vitro testing system that allowed for
application of torques/rotations in all three rotatory degrees of freedom whilst applying
loading in a physiological direction (chapter 4). Importantly, the testing system
recreated the ISB coordinate system allowing easy translation of the results to a clinical
(and a modelling) environment (chapter 5). This rig was instrumental in adapting well
established techniques developed for knee research (section 2.7.2) to the hip for the
first time (chapters 6 and 7). This thesis also extended the use of established
musculoskeletal models using a new geometrical approach to allow investigation of hip
mechanics for activities with unmeasured/unknown hip loading/kinematics (chapter 3).
This methodology was not intended to replace existing optimisation techniques, but

provided a useful complimentary technique.

8.5 Research impact

This research has been well received both academically and with clinicians. A highlight
of the work was receiving the Student Biomechanics Award for the work presented in
chapter 7 at ISTA 2014. The research won the award with a unanimous vote from the
judging panel which included leading clinicians and academics. This helped
demonstrate the rigor, timeliness and relevance of the work. In addition to this award,
two original research articles, a review article, six international conference podium
presentations, a conference poster presentation and a book chapter have been

published based on work presented in this thesis. The greatest success however could
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come in ten years’ time if this work plays even a small role in influencing clinical
practise and results in the improved treatment of hip disease and better outcomes for

patients.

8.6 Conclusion

Passive restraint from the hip ligaments have an important, complementary role to the
hip muscles which together enable normal hip mechanics and help protect the hip from
adverse loading conditions such as edge loading. Therefore, the ischiofemoral and
iliofemoral ligaments should be protected and/or repaired during normal hip surgery to

help maintain/restore normal hip function in the native or replaced hip.
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9 Future Work

9.1 Muscle contribution to edge loading

9.1.1 The effect of surgery on the muscle contribution to edge loading

Both lateral and posterior approaches, the two most common surgical approaches for
hip replacement surgery (Masonis and Bourne, 2002; NJR, 2011), damage muscles
which have lines of action that could protect against edge loading: the gluteus medius
and minimus, and the short external rotators (Figure 3.3, page 61). Conversely, an
anterior approach does not (Lovell, 2008). It would be interesting to conduct further
research into the model to see how these surgical approaches could affect edge
loading risk. This research could be conducted by recording movement kinematics and
ground reaction forces in a matched-cohort of patients who have undergone different
surgical approaches and using this to calculate muscle forces and the joint reaction
force using a musculoskeletal model and an optimisation routine. The line of action of
this force could be used to calculate the joint reaction force and this could be used to
calculate the risk of edge loading for these activities using a method similar to that
presented in Chapter 3 and by Mellon et al. (Mellon et al., 2013). The accuracy of such
an experiment would depend greatly on the muscle physiological cross sectional areas
used in the model and hence an ideal experiment would measure these for key-muscle
using post-operative imaging and develop patient specific models (Neal and
Kerckhoffs, 2010).

Alternatively, muscle weakness could be introduced into the musculoskeletal models
by changing the muscles maximum isometric contraction force and investigating how
this affects the optimisation solution. This approach is explored in greater detail in the

following section.

9.1.2 The protective effect of gluteus medius activity

Chapter 3 demonstrated that the gluteus medius and minimus, the primary hip
abductors, never contribute to edge loading, whereas the distally inserting tensor fascia
lata, a hip flexor and abductor (Dostal et al., 1986), could contribute to superior edge
loading if the cup is orientated with high inclination. Thus if gluteal weakness was
compensated for with increased activity in the tensor fascia lata then there could be an

increased risk of superior edge loading following total hip replacement.

This has clinical relevance as the gluteus medius and minimus are damaged during a

lateral approach (Masonis and Bourne, 2002), which accounts for one third of all hip
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replacement procedures (NJR, 2013). A strong association between gluteal deficiency,
abductor weakness and symptomatic gait adaptions has been reported by many
authors (Perron et al., 2000; Bach et al., 2002; Madsen et al., 2004; Foucher et al.,
2007; Mont et al., 2007; Grimaldi et al., 2009; Beaulieu et al., 2010; Ewen et al., 2012;
Zeni et al., 2014) and recent evidence suggests that differences in gait could affect the
risk of edge loading (Mellon et al., 2011; Kwon et al., 2012; Mellon et al., 2013).
Consequently rehabilitation strategies to improve abductor strength are well
established (Vaz et al., 1993) and thus should gluteal weakness be associate with an
increased risk of edge loading then this could provide a new non-operative treatment
strategy to try and minimise the risk of excessive edge loading wear in metal-on-metal

hip replacements.

A compensatory mechanism substitution for gluteal weakness with a tensor fascia lata
is plausible as it is known cause of iliotibial band syndrome in runners (Fredericson et
al., 2000). Moreover, anatomy research suggests that whilst both muscles can abduct
the hip, the gluteus medius and minimus are better aligned to stabilise the hip whilst
the tensor fascia lata muscle is at a mechanical advantage to balance bodyweight
(Gottschalk et al., 1989). Therefore, it is hypothesized that weakness in the gluteus
medius and minimus would result in increased activity in the tensor fascia lata muscle

to compensate for the loss in abductor moment.

A simple pilot study was conducted to confirm whether this hypothesis warrants further
study or not and is described in detail in appendix A3.9 (page 201). It found that
increased activity in the tensor fascia lata was needed to compensate for reduced force
capacity in the gluteus medius when solving a musculoskeletal model for the same gait
cycle. What is more, there was a small decrease in the angle the joint reaction forces
makes with the edge of a well-positioned cup at heel strike demonstrating that a
change in the optimum balance of muscle forces could lead to change in the direction
of the joint reaction force. The difference detected was small but may be larger for
other activities such as sit-to-stand. Whilst this pilot work has many limitations as
described in the appendix (A3.9.3, page 202), it provides some preliminary data to
support that the hypothesis warrants further work. This would ideally involve collecting
kinematic and kinetic data for patients both with and without pathology during activities
such as gait, stair climbing and sit to stand, and then inducing muscle weakness or

strengthening as appropriate (combining this section with the previous, 9.1.1).
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9.2 Capsular ligament research

9.2.1 Improvements to the rig and experimental set-up

There are a number of small improvements that could be made to the rig. For
example, whilst the pulleys could be fixed to an accuracy of 1°, this required use of g-
clamps as the rig only had screw-holes every 10°; it would have been much quicker
and easier with additional holes. Therefore, a smaller size hole, or staggered holes
could be used to allow clamping at a finer resolution than 10°. The rig could also be
improved by reducing the clearance on the clamping holes so that when clamped,
there is no possible rotation. Re-building the rig out of stainless-steel would also serve
to improve the rig as it would be stiffer (less translation at the level of the joint under an
applied load) and could tolerate higher loads. However, by far the best improvement
that could be made to the rig would be the addition of features upon which optical
trackers could be mounted, or the addition of LVDTs, as commonly applied to knee
ligament research (Stephen et al., 2012), to the x-z bearing table so that translation in
the horizontal plane could also be tracked. This improvement could be taken one step
further by combining CT-scans with optical trackers data to reconstruct the movements
in a CAD model after the experiment; this method has been developed by Phil Noble’s
research group and would be a valuable addition to the rig method (Crawford et al.,
2007; Dwyer et al., 2015).

9.2.2 Experimental measurement of ligament length changes and properties

LDVT’s, or optical tracking and CAD reconstruction of the hip, could also be used to
quantify ligament length changes during the testing. This would help address a
limitation of Chapter 6 and 7 where only torque-rotation and not stress-strain curves
were analysed. However, to fully calculate stresses and strains it is also necessary to
know the ligament fibre lengths and cross-sectional areas. These measurements are
challenging to take for the capsular ligaments as the shared origin and insertion points
prevent simple resection of all the ligaments in a single specimen without risking
damaging a neighbouring ligament (appendix A7.1, page 257). Previous research has
attempted to do this (Hewitt et al., 2001; Hewitt et al., 2002), however it is unclear how
(or even if) the authors circumnavigated this problem. Therefore, the goal of a future
study could be develop appropriate methodology to reliably measure the fibre lengths
and cross-sectional areas of all the capsular ligaments in the same specimen. If
achieved, it would allow for not only the calculation of stress-strain curves for the intact

joint, but also for accurate mechanical testing of the ligament properties to build on the
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existing datasets from a limited number of specimens (Hewitt et al., 2001; Hewitt et al.,
2002; Stewart et al., 2002).

9.2.3 Investigating the effects of surgical approaches on ligamentous restraint

Another interesting extension of the capsular ligament research would be to combine a
reconstructed 3D motion-tracked model (9.2.1) with measured mechanical properties of
the ligaments (9.2.2) to develop a finite element/rigid body model of the capsular
ligaments. This model could be validated against the data for the intact hip and then
used to investigate the effects of hip surgery on passive restraint. This would be a
great improvement over existing cutting edge research (Elkins et al., 2011b; Bunn et
al., 2014) which relies on ligament data collect from a single study (Hewitt et al., 2002),
and validation from a single movement (Chapter 7 shows that different ligaments are
recruited to restrain different movements and hence a validation would need to

encompass multiple movements).

9.2.4 Investigating the role of capsular ligaments following total hip arthroplasty

Chapter 7 finds that the ischiofemoral and iliofemoral ligaments are primary restraints
for hip internal rotation in deep flexion and external rotation in extension respectively.
This is important with reference to hip arthroplasty as these are movements which
expose the hip to a risk of dislocation. It would be interesting to test if a hip
replacement can be manipulated to restore this advantageous native hip rotation

restraint.

It is hypothesised that for a given angle of rotation, the capsular ligaments would offer
less rotational restraint following total hip arthroplasty, even if perfectly repaired, due to
the decrease in femoral head size affecting the mechanics of ligament wrapping. It is
also hypothesized that increasing the femoral head size could thus restore more of the
native restraint and similarly increasing femoral offset could act to tighten the ligaments
and reduce the rotational restraint envelope to levels similar to the intact case; however
increasing hip anteversion or valgus could serve to widen the rotational restraint
envelope by effectively reducing femoral offset. These hypotheses could be tested
using the set-up described in this thesis and thus provide an interesting avenue for
further work. Such a test would measure the passive restraint envelope for a native hip
(ideally with osteoarthritis as this is the leading indication for total hip replacement)
before performing a total hip replacement with a modular hip stem. The passive
restraint envelope could then be measured in the replaced hip for different levels of
anteversion, varus/valgus, neck offset and head size by changing the modular

components. The measured values could be compared to each other and the intact
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case to determine which best restores native restraint. This model could also be used

to assess the efficacy of soft-tissue repair strategies.

9.2.5 Investigating the role of the capsular ligaments in hip stability

Chapters 6 and 7 described the regions where the capsular ligaments are taut, and
their relative contributions to rotational restraint and how this could affect impingement.
However, an important function of the ligaments could also be to help stabilise the hip.
Previous work suggested that capsule has an important stabilising role, resisting
distraction of the hip in a neutral position (Ito et al., 2009; Smith et al., 2014), and
controlling displacements when the hip is rotated in the absence of load (Myers et al.,

2011; Safran et al., 2013) but more research is needed.

For example, chapter 6 found that the joint is relative slack in the position where
existing experiments measure its resistance to distraction (lto et al., 2009; Smith et al.,
2014). It is hypothesised that as the capsular ligaments tighten at the limits of the range
of hip motion, the joint will stiffen and thus provide greater resistance to distraction —

the hip rig could be used to test this hypothesis.

Moreover, Figure 7.5 (page 133) shows visually how the ligaments wrapping around
the femoral head could contribute a stabilising force even whilst the femoral head is
concentric with this acetabulum. Indeed, the hip position for where this photo was taken
(deep flexion with adduction) is also the position where chapter 3 found the highest
number of muscles that could contribute to edge loading. Thus an important role of the
capsular ligaments could be to contribute a force that helps keep the joint reaction
force inbound and away from the edge of the acetabulum thus protecting the hip
against edge loading in the absence of impingement. In other words, for the native hip
passive stability may prevent edge loading in positions where it could occur from active
muscular contributions. It is hypothesised that cutting the ischiofemoral ligament in
deep flexion, adduction and internal rotation, and cutting the iliofemoral ligament in
extension and external rotation will result in a force that is closer to the edge of the

acetabulum as the beneficial force component from the ligaments is lost.

This hypothesis could be tested using computational modelling, however such a finite
element model would be difficult to validate and hence could be unreliable for
determining absolute contribution values. An interesting way to test this hypothesis
experimentally could be to test the intact case using a similar protocol as described in
chapters 6 and 7; however instead of using a test rig mounted in a dual-axis materials-
testing-machine, apply known forces and torques in all six-degrees-of-freedom with a

robotic actuator which could simultaneously record the exact kinematics for the
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Figure 9.1 A diagram showing how a robotic actuator can be used to directly measure ligament
forces by resecting the acetabulum.

Left) First, the robotic actuator (attached at point ‘x’) applies physiological torques to move the
joint whilst recording the kinematics. The movement is such that the capsular ligaments become
taut (black arrows) but any stabilising force generated by the ligaments (red arrow) is resisted
by the acetabulum (blue arrow) and hence cannot be measured externally. Right) The robotic
actuator repeats the learned movement exactly as before thus generating the same tension in
the capsular ligaments (black arrows); however the acetabulum has been resected and hence
the robot has to provide additional force to resist the stabilising forces generated by the
ligaments and hence the force can be measured directly

movement. Then the acetabulum could be completely cut away using a burr tool and/or
patient specific cutting guides through the medial side of the pelvis, thus leaving the
femoral head and capsular ligaments intact. Then, if the recorded kinematics were
exactly repeated, any forces recorded by the external load-cell would equal the
contribution from the capsular ligaments because the equal and opposite reaction force
from the acetabulum would have been removed (Figure 9.1). This allows for the
capsular contribution to the joint reaction force to be measured directly. A key part of
this method is to repeat the kinematics exactly and hence requires a full six-degrees-of-
freedom robotic actuator with accompanying load cell instead of the two-axis servo-

hydraulic machine used for this thesis.
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11 Appendices

A3 Hip Abduction Prevents Edge Loading Appendices

A3.1 Muscle wrapping geometries

Muscle wrapping surfaces i and ii were developed by my co-author, Dr Luca

Modenese. Also, whilst | developed wrapping surface iii, the initial idea was Luca’s and

indeed he produced the first iteration of this wrapping surface for the inferior gluteus

medius fibres. My modifications to his initial work on wrapping surface iii enabled viable

fibre directions in deep hip flexion which had previously been problematic.

The musculoskeletal model used in this investigation is based on the anatomical

measurements collected by Klein Horsman et al. (Klein Horsman et al., 2007) from a

single cadaveric specimen. The original dataset has been enhanced at the hip joint by

including the following wrapping surfaces:

The hip joint capsule was represented as a sphere centred in the hip joint
centre (Figure 11.1). This modelling choice is consistent with the previous
investigation of Brand et al. (Brand et al., 1994) and prevents muscle fibres of
the gemelli and the obturator internus from crossing the femoral head at high

hip flexion angles.

As medical images for the specimen dissected by Klein Horsman et al. (Klein
Horsman et al., 2007) were not made available, the anatomical dataset
released through the Living Human Digital Library project (LHDL) (Viceconti et
al., 2008), and publicly available at https://www.physiomespace.com was used
to redesign the gluteus maximus geometry. As this dataset makes available
muscle fibre paths collected on the muscle surface, an ellipsoid was fitted in a
least squares sense to the point cloud obtained from the gluteus maximus
fibbers. In order to take into account the flattening of the muscle due to the
supine position of the specimen, the ellipsoid axes were varied under the
constraint of constant volume and finally scaled to the dimensions of the Klein
Horsman specimen using a scaling ratio based on the thigh length. The
obtained surface was used for defining a wrapping surface for the upper

bundles of gluteus maximus (Figure 11.1).

An additional wrapping surface representing the ischial tuberosity was included
in the model in order to influence the paths of the gluteus maximus inferior

bundles (Figure 11.1). A similar modelling choice can be found in a previously
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published model of the lower limb (Shelburne et al., 2010b, a). Due to the
difference in wraps for the superior and inferior fibre bundles of the gluteus

maximus, it is reported in the main text as two different muscles to indicate how

the different fibre bundles would contribute to the hip joint reaction force.

\

Figure 11.1 Wrapping surfaces included in the model in order to improve the muscle
geometrical representation

(Left) the muscles surrounding the femoral head wrap around a capsular like structure (gemelli
and obturator internus are shown); (middle) the superior bundles of the gluteus maximus and
(right) the inferior bundles of the gluteus maximus.

A3.2 Plugin overview

This plug-in was developed solely by Dr Luca Modenese; whilst | used the plug-in
extensively during for this study, | had no role in its design or development.

A3.2.1 How it works

The MuscleForceDirection plugin executes a few simple operations. Given a selected

body (or a set of bodies) included in an OpenSim model, the plugin:
i. ldentifies the muscles attached to the segment(s).

ii. Retrieves the current path for each muscle, including wrapping points, by using

the GetPointForceDirections method of the class OpenSim::GeometryPath.

ii. Identifies the anatomical or effective muscle attachments according to the user

selection and calculates the muscle force direction at that point.

iv. Depending on the reference system chosen by the user (body reference system
or global coordinate system), the plugin transforms the previously identified
muscle attachment coordinates and force directions by using the methods of

the OpenSim::SimbodyEngine class.
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v. Prints the muscle force directions and, if requested, the muscle attachments.

A3.2.2 More information

Full documentation and the plugin can be downloaded for free from
https://simtk.org/home/force direction (Modenese et al., 2012).

A3.3 Modelling a hip replacement in MatLab

For the edge loading calculations (A3.4) it is necessary to know the location of the cup-
axis in 3D space as well as three points on the edge loading risk-zone plane. The

following sections describe how the cup was initialised and orientated and its position
verified.

A3.3.1 Initialising the cup

The cup-axis was initially defined as a superior-inferior unit vector, in the direction of
the ISB pelvic Y-axis (Wu et al., 2002), located at the origin (the femoral
head/acetabular cup centre). In this initial position, the centre point on the edge loading
risk-zone plane is located at (0,d,,0) where d, can be calculated using geometrical

relationships below (see Figure 11.2 for definitions).

Tt
Mz

3

A
Yy

iy 2 X

Figure 11.2 Defining an acetabular cup in MatLab

A cup with a subtended arc less than 180° is shown; the cup-axis is the thick black line. The
outline of a cup with a 180° subtended arc and its cup-face centre (equivalent to the centre of
the femoral head) are also shown in blue. The red-dashed line is the edge loading risk-zone
plane (in/out of the page). 6, is the subtended arc angle of the cup, 6,, is the edge load risk-
zone angle, @ is the edge loading safe zone angle and @, is the angle used to find the risk-zone
offset, d,, the cup radius (and femoral head radius) R, the cup face radius 7., (note that when
0sq <180°, 1. # R), and the risk-zone radius, 7.,.

o
¢=%_9rz (11.1)
b, =90°— ¢ (11.2)
dy =Rsin¢, ; 1., = Rcos¢, (11.3)
Osq .
Ter = Rsin (T) (1.4
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A3.3.2 Orientating the cup

The cup can be positioned according to the definitions published by Murray (Murray,
1993); isolated anteversion is equivalent to flexion about the ISB pelvic Z-axis, and
isolated inclination equivalent to abduction about the ISB pelvic X-axis. Thus, two
rotation matrices can be defined (for a right-hip acetabular cup) where a, is the angle
of anteversion and [AV] the anteversion rotation matrix, and i, is the angle of

inclination and [INC] the inclination rotation matrix:

cosa, —sina, 0 (11.5)
[AV] = [sina, cosa, O]
0 0 1
1 0 0 (11.6)
[INC] =|0 cosi, —sin in]
0 sini, cosi,

Matrix multiplication is not commutative and hence the different orders of cup rotation
results in different cups orientations. Murray defines operative anteversion as the angle
between the cup-axis projected into the sagittal plane with the longitudinal axis of the
patient (or the coronal plane), and operative inclination as the angle between the cup-
axis and the sagittal plane. Thus, to position a cup in the operative definition first the

cup needs to be inclined, and then anteverted:

Operative: [c'] = [AV][INC][c] (11.7)

Where ¢’ is the new cup-axis/edge loading risk zone plane coordinates, and c is the
original coordinates. The definition is analogous to those used to described hip
kinematics in the ISB coordinate system (appendix A5.4.4, page 236) where
[AV] = [Rz],[INC] = [Rx] and the hip internal/external rotation matrix set to the
identity matrix ([Ry] = [I]) as the cup is axis-symmetric about the y-axis in its original

position so the internal/external rotation positioning is irrelevant.

For a radiographic definition, the inclination is the angle between the cup-axis projected
in the coronal plane and the longitudinal axis of the patient (the sagittal plane); this
projection is a result of the anterior view in a radiograph. Radiographic anteversion is
equivalent to the angle between the acetabular axis and the coronal plane (Murray,
1993). Thus to orientate a cup in a radiographic position: first the cup is anteverted and

then inclined:

Radiographic: [c'] = [INC][AV][c] (11.8)
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These equations define how to orientate the cup for the purposes of the calculations in
appendix A3.4 and also through creating spheres in MatLab they are also used to

create the graphics in Figure 3.1 allowing a visual verification of the method.

A3.3.3 Verification of the cup position

When the radiographic definition was used to orientate the cup, the cup orientation was
verified by calculating the operative angles of the cup-axis in its new position using
equations (11.9) and (11.10) which calculate the angle between the cup-axis and a
plane, and project the cup-axis into a plane respectively (then the angle of the
projected vector and a plane/normal to a plane can be calculated). The radiographic
orientation was then calculated from these operative angles using the relationships
published by Murray to verify that the desired position was achieved by using equations
(11.11) and (11.12). To confirm correct orientation using an operative definition, the
radiographic orientation of the new position was calculated using equations (11.9) and
(11.10) and checked against the desired operative angles using the relevant
relationships from Murray: equations (11.13), and (11.14). Cups were also plotted in 3D

and the orientation of the acetabular-axis was visually checked.

Bqp = 90° — cos™! ( Ca Ty ) (11.9)
|Ca||np|
_Mp X (ca xmp) _ (ca mp)m, (11.10)
Cop == 2 “Ca™" 2
|, | |y |

ap = sin"!(sina, cosiy) (11.11)

ir = tan"(seca, tanip) (11.12)

ap = tan~(tan ay seciy) (11.13)

ip = sin"!(cos ag sin ig) (11.14)

Where a; and i are radiographic anteversion and inclination respectively, a, and i,

are operative anteversion and inclination respectively, 6,,, is the angle between the

ap»
cup-axis and a plane, ¢, is the cup axis vector, ¢, is the cup-axis vector projected into
plane p with normal n,, (this denotes a normal to either the sagittal/coronal plane as

required to match the definitions described in A3.3.2).

A3.4 Calculation to determine if muscles edge loads in a given hip position

The calculation for determining if a muscle edge loads in a given hip position is critical
for reliable results and hence was calculated independently using two different
methods and the results were compared to ensure that the calculation was being
performed correctly. For these calculations, the lines of action of the hip muscles are
applied at the centre of the femoral head (equivalent to the joint reaction force for each

muscle).
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A3.4.1 Method 1: Calculating the angle between the cup-axis and the muscle line of

action

To determine whether a muscle edge loads or not, the minimum angle, 6,,,, between
the vector of the cup-axis, n., (normal to the cup-face plane) and the vector of the
muscle line of action, m,, is calculated. If this angle is less than & (Figure 11.2), then
the muscle does not contribute to edge loading; however if it is greater than or equal to
@, then the muscle would contribute to edge loading in that hip position (Figure 11.3).
The minimum angle between the cup-axis and the muscle line of action can be

calculated using the vector dot product:

mv-nc) (11.15)
|m,|In.|

— -1
Omn = COS (

Figure 11.3 Calculating if a muscle edge loads based on the angle it makes with the cup axis

An anterior view of a right hip acetabular cup with a subtended arc less than 180° and the cup-
axis is shown (thick black line). The outline of a cup with a 180° subtended arc and its cup-face
centre (equivalent to the centre of the femoral head) are also shown (blue). The green muscle
line of action is within the safe-zone in the acetabular cup and hence the angle it makes with the
cup-axis (®,) is less than edge loading safe angle @. However the red muscle line of action
would contribute to edge loading; the angle it makes with the cup-axis (®,) is greater than &.
Note that to reduce complexity in this image, the edge load risk-zone (6,, in Figure 11.2) in this
diagram is set to zero such that @ is equal to half the subtended arc of the acetabular cup.
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A3.4.2 Method 2: Finding the intersection point between the cup-face and the muscle

line of action

To determine whether a muscle edge loads or not, the intersection point between the
muscle line of action and the edge loading risk zone plane can be calculated, then if
the distance of this point to the risk-zone plane centre is less than the risk-zone radius
then the muscle contributes a safe force; however if the distance is greater than the

radius then the muscle would contribute to edge loading (Figure 11.4).
First, the edge loading risk-zone plane is expressed in parametric form:

Pe.=¢o+ (c; —cp)u+ (c; —cy)v (11.16)
Where ¢, ¢; and ¢, are any three known points (with x,y,z coordinates) on the risk-
zone plane and u and v are parameters that can be varied such that any point on the

plane, p., can be calculated using equation (11.17). Then the muscle lines of action are

expressed in parametric form:
Pm = my + (M, —my)t (11.17)
Where m, and m, are any two known points (with x,y,z coordinates) on the muscle’s

line of action and t is a parameter that can be varied such that any point on the muscle

line of action, p,,, can be calculated using equation (11.17).

Then, for each muscle, its intersection point between the line of action and the cup-face
plane, Pisp is given when Pisp = Pc = Pm’

m, + (my — M)t = €o + (€3 — €lUisp + (€2 — €0)Vigp (11.18)
Rearranging and expressing in matrix form to solve for t,u and v:

my — ¢y = (my —my)t + (¢, — cp)u + (€3 — €p)v

isp
[mg — col = [(mg —my) (c1—cp) (€2 —cp)l [ulsp
Visp

(11.19)

= (mOy - mly) (Cly - COy) (CZy - COy) Moy CO
(mOZ - mlz) (Clz - COZ) (CZZ - COZ) Moz —

uisp

[tisp] (Mox —M1yx)  (C1x — Coz)  (C2x — COx)] [mOx

Uisp

Equation (11.19) can be solved in MatLab using the backslash (\) command provided
that the line and the plane are not parallel or co-planar (which can be tested with if

statements). Then the calculated parameters for the intersection point, t;s,, u;s, and
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Visp, Can be substituted into either equation (11.16) or (11.17) to find the x,y,z
coordinates of the intersection point. The scalar distance, d;,, between the
intersection point and the risk-zone centre, c., is calculated using equation (11.20)
below and is compared to the risk-zone radius, r,, to determine if a muscle would
contribute to edge loading; if d;s, > 7, then the muscle would contribute to edge

loading (Figure 11.4).

(11.20)

2
disp = \/(pispx - ch)z + (pispy - Ccy) + (pispz - Ccz)2

Figure 11.4 Calculating if a muscle edge loads based on its intersection point with the cup face
plane.

An anterior view of a right hip acetabular cup with a subtended arc less than 180° and the cup-
face plane is shown (transparent grey). The outline of a cup with a 180° subtended arc and its
cup-face centre (equivalent to the centre of the femoral head) are also shown (blue). The green
muscle line of action is within the safe-zone in the acetabular cup and hence the distance
between the intersection point with the cup-face plane and the cup-face plane centre (d;sp,) is
less than the cup-face radius (r.f). However the red muscle line of action would contribute to
edge loading; the distance between the intersection point with the cup-face plane and the cup-
face centre (d;,p, ) is greater than the cup-face radius (r.). Note that to reduce complexity in this
figure, the edge load risk-zone (6,., in Figure 11.2) is set to 0° so that risk-zone plane and the
cup-face plane are equal (and 7= 7.,).

A3.5 Conversion between Bergmann’s and the ISB’s coordinate systems

Bergmann’s HIP98 coordinate system uses the femoral shaft in the coronal plane for

the femoral axis; however, the ISB y-axis uses the femur’s mechanical axis (connecting
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femoral head centre to mid-point of the epicondyles). For both male and female hips,
the mean (£S.D.) shaft centre to mechanical axis angle in the coronal plane is 5 £ 1°
(Yoshioka et al., 1987) and hence this simple correction was applied. There is also a
small difference between the definitions for the femoral z-axis; however, the principal
results are affected by flexion/extension and ab/adduction hence this small difference

in internal/external rotation was not corrected for.

A3.6 The effects of internal and external rotation on the number of muscles that

edge load

Varying the angle of internal and external rotation had a negligible effect on the
percentage of muscles that have the potential to edge load Figure 11.5. This is
primarily because it is the lines of actions of the long distal muscles that are affected by
gross movements of the femur (Figure 3.3) and internal/external rotation only acts to
rotate these muscles about the mechanical axis resulting in only small movements of
the insertion point (flexion/extension and ab/adduction results in large movements of

the femur and hence muscle insertions points and the lines of action).
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Figure 11.5 The percentage of muscles that can contribute to edge loading as a function of hip
flexion with neutral ab/adduction and different hip rotation for a well-positioned cup

A3.7 The effects of grouping muscle fibres together

For the edge loading analyses, muscle fibres were simplified into single muscles by
taking the mean of their origins and lines of action; 92 muscle fibres were averaged to

form 23 muscles (noting that the gluteus maximus was treated as two individual
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muscles given the different wraps applied to the superior and inferior fibres). Figure
11.6 and Figure 11.8 show how this simplification does not affect the results. Indeed,
presenting the results as individual muscles has the advantage that muscles with
high/low numbers of fibres do not skew the results; for example the semitendinosus is
represented as a single muscle fibre because it has a point insertion, whereas the
gluteus medius is represented as 12 muscle fibres bundles to cover the area of its
insertion. The disadvantage of presenting the results for individual muscles rather than
muscle fibre bundles is that it gives all muscles an equal weighting, which means high
force capacity muscles and weak muscles are given equal weighting. However,
considering the maximum force capacity of each muscle, by multiplying it by its
physiological cross section area, also has little effect on the results (Figure 11.7); the
maximum force capacity of each muscle is directly proportional to its physiological
cross-sectional area (Klein Horsman et al., 2007; Modenese et al., 2013). Importantly,
the conclusion that activity modifications could prevent posterior edge loading of hip

replacements, is unaffected by how the results are presented.
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Figure 11.6 The percentage of muscles that can contribute to edge loading with muscle fibres
are grouped as complete muscles (the original analysis, left) and each muscle fibre plotted
individually (right). It can be seen that there is little difference between the two analyses.
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Figure 11.7 The percentage of the number of muscles that can contribute to edge loading (the
original analysis, left) and the percentage of total force capacity at the hip that could contribute
to edge loading (the percentage of physiological cross sectional area, right). It can be seen that
there is little difference between the two analyses.
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Figure 11.8 A comparison between the edge loading analysis based on whole muscles and
muscle fibres.

A list of the muscles/fibres included in the study indicating the percentage of positions in the
complete range of motion at which each muscle could contribute to an edge loading force vector
in a well-positioned cup is shown. Left) muscle fibres are grouped to form whole muscles for the
analysis. Right) Each muscle fibre is plotted individually; the x-axis labels are the same left and
right (0 to 35) and the muscle fibres names are matched to corresponding complete muscle with
red-arrows.
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A3.8 How cup position effects the risk of edge loading
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Figure 11.9 The percentage of muscles that can contribute to edge loading as a function of hip
flexion with neutral internal/external rotation with varying cup position

Hip Flexion (°)

Hip Flexion (°)

Low anteverted (left column), normal anteversion (middle column) and high anteverted (right
column), low inclination (top row), normal inclination (middle row) and high inclination (bottom
row) are shown. It can be seen that low anteversion decreased the flexion angle at which edge
loading could occur but had little effect on the maximum number of muscles that could edge
load a hip; high anteversion had the opposite effect. Low inclination had two effects: it increased
the maximum number of muscles that can cause edge loading forces and reduced the effect of
abducting the hip in deep flexion; high inclination had the opposite effect and also allowed the
distally inserting muscles to cause edge loading forces when the hip was adducted in low
flexion or extension.
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A3.9 Further work - how gluteal weakness could increase the risk of edge

loading

A3.9.1 Materials and methods

Example gait kinematic and kinetic data for a normal subject provided on the OpenSim
website (Delp et al., 2007; DeMers, 2011) alongside an appropriately scaled version of
the Delp et al. musculoskeletal model, with 92 muscles, 23 degrees of freedom (Delp et
al., 1990), were used to analyse the effects of abductor (gluteus medius and minimus)

muscle strength of direction of the hip joint reaction force.

First, the supplied files were analysed in their original form using static optimisation
with a criterion of minimising the sum of muscle stresses squared to find the muscle
forces and a subsequent joint reaction analyses to calculate the joint reaction force.
Then, a MatLab script was used to change the maximum isometric strength of the
gluteus medius and minimus muscle fibres in the musculoskeletal model; the strength
of the gluteal abductors were varied from 0 % to 150 % of their original value at 10 %
increments. This was the only change made to the model. The static optimisation and
joint reaction analyses were then repeated for each of these modified models (using

the same kinematics and kinetics data).

The joint reaction data were then imported into MatLab and the angle the force makes
with the edge of the cup was calculated (see A3.3 and A3.4). A well-positioned cup

orientation of 20° anteversion and 45° inclination was used for these pilot tests.

A3.9.2 Results

The model was unable to solve when the gluteal muscles were reduced to less than
40 % of their original strength hence only a strength range of 40-150 % was modelled.
Also, as the abductor strengths were decreased, the model was unable to find
solutions when both legs were in contact with the ground hence only the single leg

stance phase of gait was analysed for the right hip only in the modified models.

Model Verification

The calculated hip joint reaction force (JRF) were similar to that which might be
expected for a hip replacement patient for the first half of single leg stance; however it
over-predicts the magnitude of the JRF in terminal stance (Figure 11.10). The shape
for the angle the force makes with the pelvis is similar for the model and a hip

replacement patient throughout the gait cycle; however the model calculated a force
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that points more into the pelvis that may be observed in a hip replacement patient
(Figure 11.10).

The effects of gluteal weakening/strengthening on muscle forces during gait

As would be expected, reducing the maximum available strength of the gluteus medius
and minimus muscle fibres reduced the force in these muscles during the gait cycle.
This resulted in increased activity in the tensor fascia lata and superior fibres of the
gluteus maximus (Figure 11.11). Increases in force contributions from other muscles’
with a secondary abduction (Dostal et al., 1986) function in low flexion were also
observed but these were small in comparison to those plotted in Figure 11.11. Overall,
the joint reaction force increased as the available strength of the gluteus medius and
minimus was decreased; the total hip abduction moment was constant (the same

kinetic inputs were used for all models).

The effects of gluteal weakening/strengthening on edge loading risk

Reducing the available muscle strength in the gluteus medius and minimus from 150 %
to 40 % resulted in the joint reaction force passing closer to the edge of the cup at heel

strike, thus increasing the risk of edge loading (Figure 11.12).

A3.9.3 Discussion

This pilot study demonstrated that a change in the line-of-action of the joint reaction
force is possible if the balance of muscle strengths is changed: weakness in the
gluteus medius and minimus could affect the optimum ratio of muscle forces in the hip
and this may increase the risk of edge loading during gait. This is because the
reduction in available strength for the gluteus medius and minimus is compensated for
by increased activity in the tensor fascia lata and the superior fibres of the gluteus
maximus which insert into the distally inserting iliotibial band (Figure 11.11). The lines
of action of distally inserting muscles can contribute to edge loading (section 3.3.3) and
therefore a gait strategy which relies on distally inserting muscles results in a joint
reaction force that passes closer to the edge of the cup (Figure 11.12). However, only
a small change was detected at heel strike whereas during gait the greatest risk of
edge loading appears to be at toe-off (Figure 11.12). Thus further work looking at other

daily activities such as stair climbing and sit-to-stand is necessary.

This pilot study is limited in that it assumes that reducing the strengths of the gluteus
medius and minimus does not affect the way in which a patient would walk; constant
kinetics and kinematics were used for all models. However, clinically, patients with

reduced gluteal strength walk with different kinematics and kinetics (Madsen et al.,
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Figure 11.10 A comparison between the hip joint reaction forces for the unmodified Delp
musculoskeletal model (solid lines) and Bergmann’s in vivo forces for an average patient
walking at their normal speed (dotted lines).

The solid vertical grey lines highlight the single leg stance phase of gait. Top) the hip joint
reaction force applied by the hip onto the femur and its x, y, z (blue/red/green respectively)
components in the reference frame of the femur; the legend describes the positive direction of
the force acting from the hip onto the femur. Bottom) the angle of the force acting from the hip
joint onto the pelvis in the pelvic reference frame; the legend describes the positive angle
direction.

2004; Mont et al., 2007; Ewen et al., 2012; Zeni et al., 2014). This may explain why
only a small change in the edge loading risk was detected. It also helps explain why
there were no static optimisation solutions for very low (<30 %) gluteus medius and
minimus muscle strengths: the tensor fascia lata muscle contributes to both a flexion

and abduction moment, however the force capacity of the muscle saturates in models
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Figure 11.11 The effect of reducing the available maximum strength of the gluteus medius (solid
green line) and minimus (dashed green line) on the forces (top) and abduction moments
(bottom) provided by the muscles at the start (left), middle and end (right) of the single leg
stance phase of gait.

Reducing the maximum available strength in the gluteus medius and minimus decreases the
force and moment contributions from these muscles; it is substituted for by increased activity in
the tensor fascia lata (solid red line) and the most superior fibres of the gluteus maximus
(dashed red line). The total contribution from these four muscles summed together is near
constant (blue line) demonstrating that changes in these muscles accounts for most of the
variability caused by gluteal weakness/strengthening.

with low-gluteal strengths in terminal stance (Figure 11.11, 51 % gait cycle) which
precludes a solution for the given kinetics and kinematics. In vivo, a patient could adapt
their gait or use a walking aid to compensate for the severe gluteal weakness. Future
work could address this limitation by examining the ratio of muscle forces in patients
who suffer from a painful hip replacement as a consequence of edge loading and
increase the force potential of the tensor fascia lata if necessary. This pilot study is also
limited in that only a single gait cycle from a single normal subject was studied and the

calculated force angles are greater than that which might be expected for a typical hip
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Figure 11.12 The angle between the joint reaction force and the edge of the acetabular cup for
the same gait cycle as the maximum available strength in the gluteus medius and minimus was
reduced in a musculoskeletal model.

The lines are coloured from black to red as the maximum strength is decreased from 150 % to
40 %. It can be seen that the joint reaction force passes closer to the edge of the cup at heel
strike for models with the simulated abductor deficiency.

replacement patient (Figure 11.10). Moreover, recent research suggests that current
musculoskeletal models are unable to find exact solutions for both the joint reaction
force magnitude and direction (Modenese et al., 2013). Importantly, the shapes of the
force angle curves are representative of that of a hip replacement patient (Figure
11.10) and hence indicate that the model is suitable for studying relative changes, but

not absolute values.

Mellon et al. have published a series of papers demonstrating how individual motion
patterns can affect the edge loading risk in metal-on-metal hip replacement patients
(Mellon et al., 2011; Kwon et al., 2012; Mellon et al., 2013). During the stance phase of
gait, they report mean differences of cup-to-rim distances of 4.6 mm between patients
with high/low metal ion concentrations who have similarly sized, mal-positioned cups
(Mellon et al., 2013); for the average cup size in their study, @48 mm, this would
equate to a joint reaction force that is 11° closer to the edge; the gluteal weakness
modelled in this pilot study suggests a 50 % reduction in muscle strength could cause
the joint reaction force to move >2° towards to cup-edge and thus could provide an
explanation for these differences. Moreover, this variation in hip joint contact force
direction could have clinical importance: the ASR had a subtended arc angle that was
10° less than the BHR and consequentially had significantly worse clinical results. This
10° difference would equate to only 5° difference the cup edge demonstrating that even

small changes in edge loading risk could have large consequences for patients.
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This pilot study quantifies how increasing hip abductor strength could reduce the risk of
edge loading during gait. Abductor weakness is a common early problem following hip
replacement and hence rehabilitation strategies to improve abductor strength are well
established (Vaz et al., 1993). Therefore, this provides a promising line of research for
investigating non-operative treatment courses for patients with metal-on-metal implants

who are suffering from the consequences of high metal ions.
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A4 Six-degrees-of-freedom rig design appendices

A4.1 Component drawings
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A5 Repeatable in-vitro alignment jigs appendices

A5.1 Component Drawings
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A5.2 Calculating directions of the axes of the ISB and Pot reference frames

Ab5.2.1 ISB Pelvic Reference Frame Axes

After digitising the anterior superior iliac spines (Figure 11.13), the direction of the Z-
axis, is described by the normalised vector found from subtracting the point defining the
positions of the left anterior superior iliac spine, ASIS;, from the right, ASISy. l.e. a unit

vector pointing to the right:

Z = ASIS;, — ASIS, (11.21)

7 Z

~1z]
The Y-axis is found as a vector perpendicular to a plane defined by the left and right
anterior superior iliac spine and the mid-point of the posterior superior iliac spines,
PSIS. This can be calculated as the cross product between the Z-axis, and a vector

pointing anteriorly in the plane:

Ve 7% [<ASISR + ASISL) (PSISR + PSISL>] (11.22)
B 2 2
Y
Yy=—
Y]

Finally, the X-axis is mutually perpendicular to the Y and Z-axes and points anteriorly. It

can also be calculated via the cross product:

X=¥x2Z (11.23)

Ab5.2.2 ISB Femoral Reference Frame Axes

For a right (or left) femur, the direction of the y-axis is the unit vector that points
superiorly from the mid-point of the medial and lateral femoral epicondyles (EC,, and
EC, respectively), to the femoral head centre, FHC. Note the distinction between the
pelvic and femoral body reference frames, the pelvic frames uses uppercase letters,
the femoral frame lowercase letters for the axes:

EC, + ECL) (11.24)

= FHC —
y C( 2

y

T
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Figure 11.13 Left) a posterior view of a pelvis and the optical tracker. Right) anterior view of a
pelvis with the right anterior superior iliac spine being digitised with the optical tacking probe.

Then the x-axis is found as the normal vector to a plane containing the femoral head
centre and the femoral epicondyles. Therefore it can be calculated as the cross-product

between the y-axis and a vector pointing approximately to the right in this plane:

Right Femur: x =y x (EP, — EPy) (11.25)
Left Femur: x =y x (EP,, — EP,)
. x
X=—
| x|

Finally, the z-axis is mutually perpendicular to the x and y-axis and pointing to the right

(laterally for a right femur, medially for a left femur) and is thus calculated:

2=%X7Y (11.26)

Ab.2.3 Pelvic Pot’s and Rig’s Reference Frame Axes

The pelvic pot and the pelvis testing rig have rectangular features which equate to the
coronal and sagittal planes. In a neutral position, the ISB X-axis is normal to the
coronal plane and the Z-axis normal to the sagittal plane and so >100 points were
digitised on surfaces and a least-squares fit was used to calculate the direction of a unit
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normal vector thus giving accurate estimates of unit vector X and Z-axes (Figure
11.14).

jZapprox = Isplane([pc]) (11.27)

Z = Isplane([ps]) (11.28)

Where: p; and ps are matrices of the digitised points on the coronal and sagittal plane
respectively and Isplane is a MatLab function (Smith, 2002) that uses a singular value
decomposition (see A5.4) to find the normal vector. The cross product of these axes

was then used to calculate the unit vector Y-axis:

(11.29)

Whilst the Y-axis is mutually perpendicular to the X and Z-axes, the X and Z-axes were
calculated from experimental data and hence were not exactly perpendicular (ranging
between 87-93°). So that subsequent calculations could be performed with an
orthogonal reference frame, the X axis was recalculated as the cross product between

the Y and Z-axes thus correcting this small deviation from perpendicular:

X=Vx2Z (11.30)

Whilst the least-squares normal vector method provided an excellent way to calculate
the pot/rig’s coordinate axes based on >100 points, pilot data showed that the direction
of least-squares normal vectors (pointing anteriorly/posteriorly, or medially/laterally)
varied between repeats as the pot/rig was rotated in the field of view of the optical
tracking system; for example sometimes the X-axis pointed anteriorly, and sometimes
posteriorly. Thus additional single points were digitised at extreme locations of
medial/lateral, anterior/posterior, superior/inferior when collecting the data. These
points were used to calculate three unit vectors that were known to point laterally
(medially for a left pelvis), anteriorly, and superiorly; i.e. with a known % sign
convention. These direction reference vectors (based on only two points) were paired
with the appropriate higher accuracy X/Y/Z axis (based on >100 points) and the angle
between them was calculated using the vector dot product (equation (11.15), page
194). This angle was used to determine if the X/Y/Z axis was pointing in the correct
direction: it was close to 0° in cases where the axis pointed in the correct direction, and

approximated to 180° in cases where the X/Y/Z axis needed to be inverted:
6, = cos (X - AP); 0, = cos (Y- ST);0; = cos (X - ML) (11.31)

if 6, ~ 180°then X = —X;if 6, ~ 180°then ¥ = —Y;if 6; ~ 180°then Z = —Z
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Figure 11.14 Calculating the pelvic rig’s frame of reference.

The optical tracker was used to collect more than 100 points on the coronal plane (red wavy
line) and the sagittal plane (black wavy line) to calculate the X and Z axes respectively (the
normal vectors to these planes). The Y axis was calculated to be mutually perpendicular to
these measured axes. The dotted red and black lines on the pelvic pot highlight the equivalent
features on the pot that were used to digitise these axes when not mounted in the rig (the red
dots highlight the pot face, but for some measurements were also taken on the back of the pot
depending on the orientation in the optical tracker’s field of view).

Where AP is a unit vector pointing approximately anteriorly, ST is a unit vector pointing
approximately superiorly and ML is a unit vector pointing approximately laterally to the

right (medially to the right for a left hip).

Ab5.2.4 Femoral Pot’s Reference Frame Axes

The y-axis for the femoral pot was calculated as the least-squares fitted normal to >100
digitised points on the pot’s transverse (top/bottom) plane (Figure 11.15):

y = Isplane([pr]) (11.32)
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Where [pr] is a matrix of points on the transverse plane. The x-axis was calculated as
a unit vector between two digitised points recorded at the anterior and posterior centres

of a bolt which mounts the femur into the pot:

/x\approx =B, —Bp (11.33)

Where B, is the anterior bolt centre and Bpis the posterior bolt centre. The z-axis is

calculated as the cross product of the y and x-axis:

=)

Z = Xapprox Xy (11.34)

As for the pelvic pot, the x-axis was then recalculated with the cross product to ensure
all axes were perpendicular to each other.

R=9Px2 (11.35)
Similarly extreme points in an anterior/posterior, medial/lateral and superior/inferior

directions were used to confirm that the calculated axes had the correct sign

convention using equation (11.31) with the femoral pot axes.

Figure 11.15 Calculating the femoral pot’s frame of reference.

More than 100 points taken on the top plane of the pot (black wavy line) were used to calculate
the y-axis (the normal vector to these points). Digitised points on an x-axis bolt were used to
calculate the x-axis. The z-axis was calculated to be mutually perpendicular to these measured
axes.

230



APPENDICES FOR CHAPTER 5

A5.3 Transforming points into the ISB/Pot reference frame

The twelve unit vectors calculated with equations (11.21)-(11.26), (11.28)-(11.30),
(11.32), (11.34) and (11.35) and represent the axes of the ISB pelvic/femoral reference
frame for the intact/potted case in the global (optical tracker) frame of reference. These
axes can be used to transform between the global and local (pot/ISB) reference

frames.

Using the notation for an intact pelvis as an example, expressing these axes as a

matrix:

(11.36)

Where X;, is the x-component of the ISB X-axis unit vector in the global reference
frame, X;, is the y-component of the ISB X-axis unit vector in the global reference
frame and so on. The matrix “T,g is effectively a transformation matrix from the ISB

system, to the global (optical tracker) system.

The seven repeatable anatomical landmarks are digitised in the global frame of

reference, hence:

Piex DP26x P3ex Pacx Psex Pecx Prex (11.37)

[Gp] = |Picy P26y P3cy Pacy DPscy Pecy Prcy

Piz P26z P36z Pacz Pscz Pecz P76z
Where “p is a matrix of all seven anatomical landmarks and p, is the x-component
of point 1 in the global reference frame, p,,, is the y-component of point 1 in the global

reference frame and so on.

The points can be converted into the ISB reference frame for the pelvis by multiplying
by the inverse of the transformation matrix detailed in equation (11.36) (which is equal

to its transverse as the transformation matrix is orthogonal by definition):

» Xox Xoy Xoz|[Pi6x (11.38)
(%] = [“Tus] [0 = [T][%P] = [Yor Yoy Yar ||Prcy ]
ZGx ZGy ZGZ P16z

The same strategy can be used to convert to the ISB femoral frame or the pots’
reference frames. The sawbones alignment tests are principally concerned with the
rotary orientation of the bones within the pots, however if translation were also
important, the transformation matric could be modified to a 4x4 matrix and include a
reference to the coordinate system origin (Kwon, 1998). Also, the inverted

transformation matrix detailed above, 2T, from the global (optical tracker) to the local
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(Pelvic) frame of reference is the same as the definition published elsewhere excluding
translation terms (Kwon, 1998; Shabana, 2013):

iil g k-i" (11.39)

Where: T ; is a transformation matrix from the global to a local frame of reference. i is
the unit vector of the x-axis of the global reference frame (i.e. [1 0 0]7 for the optical
tracker), j is the unit vector of the y-axis of the global reference frame (i.e. [0 1 0] for
the optical tracker) and k is the unit vector of the z-axis of the global reference frame
(i.,e. [001]7 for the optical tracker); i’ is the unit vector of the X-axis of the body
reference frame (i.e. [Xgx Xgy X¢z]T for the pelvic body frame), j’ is the unit vector of
the X-axis of the body reference frame (i.e. [V Yg, Y;,]T for the pelvic body frame) and
k' is the unit vector of the X-axis of the body reference frame (i.e. [Zsy Z5y Zs,]" for the
pelvic body frame). Therefore, calculating the dot products of these vectors gives:
i~ = [100]""[Xex Xy X62]" = Xgx and so on. These unit vector dot products are
the direction cosines of the body frame of reference with respect to the global axes. For
example if a; is the angle between the body (ISB) X-axis and the global (optical
tracker) x-axis, @, is the angle between the body X-axis and the global y-axis, and a;
the angle between the body X-axis and the global z-axis then i i’ =cosay, j-i =

cosa, and ki’ = cos as.
A5.4 Calculating misalignment

Ab.4.1 Defining a relevant measure of misalignment

In an ideal case, a bone could be orientated in a pot such that the pot's mechanical
features could be used to replicate the axes of the ISB reference frame. Then, if these
pots were used to mount the femur/pelvis into a testing rig, then the rigs neutral
position and relative movements would be equivalent to those in the ISB coordinate

system.

In reality, the orientation of the bones would not be perfectly preserved during by the
drilling jig method so if the points were transformed into the pot’s frame of reference,
they would not be identical to those in ISB frame of reference. This means that if the
specimens were subsequently mounted into a test rig, their relative pose in the rig’'s
neutral position would not be equivalent to the ISB neutral position, and the relative
movements would be about axes that would not exactly align with those defined by the
ISB.
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Assuming that the bone specimens are rigid bodies, the relative spacing of the seven
repeatable landmarks (Table 5.1, page 95) would be unchanged by the drilling jig
method and hence the misalignment would be equivalent to a change in the body’s
reference frame. Therefore, the degree of misalignment could be quantified as the
equivalent hip joint rotation away from the ideal ISB neutral position that would result in
the same relative pose of the pelvis and femur that was achieved using the drilling jig

method.

Potting a hemipelvis and femur using the drilling jigs are two separate procedures and
hence independently cause misalignment and so it is necessary to quantify the
misalignment of the femoral and pelvic reference frames separately. Therefore, for
femoral reference frame misalignment calculations, the pelvic reference frame is
assumed to be perfectly preserved (a stationary pelvis), and vice-versa. Calculating of
the rotation matrix that defines the misalignment is known as an attitude determination

problem and the solution derived in the following sections.

Ab.4.2 The history of the attitude determination problem

The attitude determination problem to calculate the rotation matrix that describes the
transformation between two reference frame was first posed in 1965 in order to
estimate the rotational position of a satellite based on measurements taken in a known
(global) frame of reference (Wahba, 1965). Wahba posed the problem of calculating

the proper orthogonal matrix [R] that minimises the least-squares loss function:

n
D l19; — [RID: I
i=1

Where »; represented direction cosines of objects observed in the satellite’s frame of

(11.40)

reference, and v; are direction cosines of the same objects in a known reference
frame. Various solutions were presented however an elegant theoretical analysis and
computationally robust solution was proposed by Markley (Markley, 1988) using

singular value decomposition (Golub and Reinsch, 1970).

In the following years, singular value decomposition was also adopted in biomechanics
studies for determining joint rotation matrices (Séderkvist and Wedin, 1993; Challis,
1995). When considering joint kinematics, it is also often relevant to track the joint
translations and hence an additional translation term appears in the least squares

problems:

n (11.41)
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Where q; represents the i" point measured in the reference frame 2 (e.g. the pot’s
reference frame), p; represents the i" point in the reference frame 1 (e.g. the ISB frame
for intact specimens), [R]is the joint rotation matrix and d the translation vector that
maps points from reference frame 1, to those in reference frame 2 (Séderkvist and
Wedin, 1993; Challis, 1995).

Ab.4.3 Solving for the joint rotation matrix

Numerous authors have presented the solution to this attitude determination problem
(Arun et al., 1987; Markley, 1988; Soderkvist and Wedin, 1993; Challis, 1995). The

approach taken is summarised below.

The translation vector and rotation vector have the same centroid and this centroid
equals the mean of the points (Arun et al., 1987). Hence the translation vector is
equivalent to the distance travelled by the mean of the points rotated into reference

frame 2:

d=q-[R]p (11.42)
Therefore, the number of unknowns can be reduced from twelve to nine by re-
expressing the loss term:
(11.43)

n
Dl [RIp'1?
i=1

Where p’; and q’; are the i points centred about their means in reference frames 1

and 2 respectively:
q4i=4;:—9q (11.44)

Pi=pi—P (11.45)

Expanding the lost term in (11.43) gives:

n
Dlla's— R = Z(ql 1P (q's - J—Z(q”q'ﬁx”x'l 2q7[RIP"))
i=1

Where superscript T represents the transpose. Hence minimising the loss term is

equivalent to maximising:
n (11.46)
> @TRIp') = trace([RI"[C])

i=1

Where [C] is the cross-dispersion matrix:
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n (11.47)
(€1=) awT=q1p)

Finding the singular value decomposition of [C] (which can be computed with an inbuilt

MatLab command):

[U1s1v]" = [c] (11.48)

Where [U]and [V]are orthogonal matrices consisting of the orthonormal eigenvectors of
[C][€]" and [C]T[C] respectively and [S] is a matrix of the positive square roots of the
eigenvalues of [C]T[C], which are known as the singular values. Substituting (11.48)
into (11.46) and noting that a trace is invariant under cyclic permutations, the loss term

is minimised if the following expression is maximised:

trace([R]T [U][S][V]T) = trace([V]T[R]T[U][S]) (11.49)

However, since [S] is diagonal, only the diagonal components of the product
[V]T[R]”[U] can influence the calculation result and hence the diagonal components of
[VIT[R]”[U] need to be maximised. Now since [V], [R] and [U] (and their transposes)
are all orthogonal matrices (with unit vector rows/columns) then their product must also
be orthogonal (with unit vector rows/columns). Therefore each of the diagonal terms of
their product must be less than or equal 1 (otherwise the rows/columns could not be
unit vectors and hence the product would not be orthogonal). Hence, the trace is a

maximum when:

[VI"[R]"[U] = [1] (11.50)

Pre-multiplying (11.50) by [V], and post-multiplying by [U]” (for an orthogonal matrix its

transpose is its inverse) and then taking the transpose gives [R]:

[R] = [U][V]" (11.51)

However, when det([R]) = —1, the resulting matrix is a reflection and not a rotation
(Arun et al., 1987; Markley, 1988; Sdéderkvist and Wedin, 1993; Challis, 1995) hence,

this equation is modified to the following to account for this rare exception:

1 0 0
01 0
0 0 det([U][V]T)

(11.52)

[R] = [U] v1”
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Ab.4.4 Decomposing the joint rotation matrix into Euler angles

Rotation matrices about one of the orthogonal x, y and z-axis can be defined as

follows:

1 0 0 ] (11.53)
[R,]=|0 cosa —sina
[0 sina cosa |

[cosf 0 sinf] (11.54)
[R=] 0 1 o0
|—sinf 0 cospl

[cosy —siny 0] (11.55)
[R;] =|siny cosy O
L 0 0 1.

For a hip, flexion, y, is an anti-clockwise rotation about the pelvic Z-axis; adduction, «,
is a clockwise/anti-clockwise rotation (for left/right hips respectively) rotation about the
floating axis that is orthogonal to the femoral y-axis and pelvic Z-axis; and internal
rotation, S, is a clockwise/anti-clockwise rotation (for left/right hips respectively) about
the femoral y-axis (Wu et al., 2002; Cappozzo et al., 2005). Note that whilst the
reference frames and joint rotation matrices are orthogonal, the axes of rotation are
only orthogonal in the neutral position. Indeed, at 90° hip ab/adduction, Gimbal lock

occurs as the flexion/rotation axes are parallel.

Since matrix multiplication is not commutative, the rotation matrix that describes a
transformation about all three axes is dependent on the order of rotation. For the hip,
the order of rotation is: first, the hip is flexed/extended about the pelvic Z-axis, then the
hip is ad/abducted about the floating axis and then internally/externally rotated about
the femoral y-axis (Cappozzo et al., 2005; Turley et al., 2011). This corresponds with a
clinical understanding of the joint movements. Note that when the second rotation

occurs, the floating axis is equivalent to the femoral x-axis.

The following rules are then applied to determine the joint rotation matrix: in the neutral
starting position, it is assumed that the proximal and distal body reference frames align
and hence the transformation matrix is simply the identity matrix. Then, for any
subsequent rotation of the proximal/distal reference frame, it is necessary to pre-/post-
multiply respectively by the relevant rotation matrix (Cappozzo et al., 2005). Hence,
using these rules and using the order flexion-adduction-rotation the hip joint rotation

matrix becomes:

["Rf] = {(([R,IDR,IR, = R;R.R, (11.56)
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Substituting in (11.53)-(11.55) give the following rotation matrix (Cappozzo et al., 2005;
Turley et al., 2011):
11 T2 7"13] (11.57)

[PRf]=[T'21 T2 T3
31 T32 T33

cosycosf —sinysinasinff —sinycosa cosysinf + sinysinacosf
= |sinycosf + cosysinasinff cosycosa sinysinf —cosysinacosf
—cosasinf sina cosacosf

This matrix can then be used to decompose the rotation matrix calculated in (11.52)

into angles of flexion, adduction and rotation (Cappozzo et al., 2005):

a =sin"1r, (11.58)
P —r31>_ I P (11.59)
B = tan ( ) or f = sin (cos a)
a1 _7'12> ) — wn-1 (N2 (11.60)
y = tan < ) ory = sin (cos a)

If using the tangent formula, it is necessary to note the sign of the numerator and
denominator (i.e. opposite/adjacent) to determine which quadrant the angle is in and
hence the exact solution including the correct sign convention. For a right hip, positive
angles represent adduction, internal rotation and flexion, for a left hip the positive
angles represent abduction, external rotation and flexion and hence ab/adduction and
internal/external rotation angles for a left hip need to be multiplied by minus one to

maintain the sign convention used in this thesis.

Ab.4.5 Practical implementation of the solution for the misalignment calculations

Recalling that in a neutral position, the femoral reference frame is equal to the pelvic

reference frame and that. Making the following assumptions:
- Bone specimens are rigid bodies.

- Femoral and pelvic misalignment calculations are independent and hence can be
calculated separately: femoral misalignment is calculated assuming that the ISB pelvic

system has been perfectly preserved, and vice-versa

- The pots can be perfectly mounted into a testing rig such that the rotation axes of the
rig align with the hip joint centre and thus any translational misalignments are

eliminated; only the rotational misalignment is important.

- The pots can be perfectly mounted into a testing rig based on their mechanical
features such that in the rig’s neutral position the pelvic and femoral reference frames

align. This means that in a neutral position, the femoral pot’s reference frame perfectly
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aligns with the pelvis reference frame and vice-versa (as is the case for the ISB

system).

The following steps can be used to quantify the femoral/pelvis misalignment from the

neutral ISB position when mounted in a testing rig in a neutral position using the bone

pots:
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vi.

Vii.

viii.

Using equations (11.21)-(11.23) and (11.27)-(11.31) for pelvic specimens, or
equations (11.24)-(11.26) and (11.31)-(11.35) for femoral specimens, convert
the digitised axes points into unit vectors describing the ISB and pot’s reference
frames. From here, the words body and specimen can refer to either the pelvis

or the femur depending on which dataset is being analysed.

Transform intact specimen’s points, p, from the global (optical tracker)

reference frame into the ISB reference frame using equation (11.38).

Transform potted specimen points, q, from the global (optical tracker) reference

frame into the potted reference frame using equation (11.38).

Centre the transformed points about their mean using equations (11.44) and
(11.45) to find p’ and q'.

Calculate the cross-dispersion matrix [C] using equation (11.47).

Calculate the [U] and [V]T from the singular value decomposition of [C],
equation (11.48).

Calculate [R], the rotation of the body reference frame from equation (11.52).

For femoral misalignment calculations: the femur is misaligned relative to its pot
and the pot’s reference frame is perfectly aligned to the pelvic pot’s reference
frame (see assumptions); hence [R] describes the rotation of the femoral body,
relative to the pelvic reference frame and so [“R;] = [R]. However, for the
pelvic misalignment calculations: the pelvis is misaligned relative to its pot
which is perfectly aligned to the femoral reference frame; hence [R] describes
the rotation of the pelvic body, relative to the femoral frame of reference (the

inverse of the normal hip rotation matrix definition) and so [ “R;| = [R] ™.

Finally, decompose the joint rotation matrix, [PRf], into angles of

flexion/adduction/rotation using (11.57)-(11.60).
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A5.5 Quantification of optical tracking errors

The repeatable landmarks were recorded a minimum of three times rotating the
specimen in the field of view of the optical tracker each time. Theoretically, once
transformed into the ISB/pot’s/rig’s reference frame the repeats should be identical,
however, this is not the case and so the error of the measurement system can be
quantified by calculating the misalignment between these repeats. This was done for
each of the ISB/potted pelvic/femoral datasets using the same method detailed in A5.4,

comparing each repeat against each repeat within a specimen.

The ranges of the errors are plotted in Figure 11.16 and Figure 11.17 for the pelvic and
femoral datasets respectively. As expected, the errors occur symmetrically, being
equally likely to occur in flexion/extension, in adduction/abduction or in internal/external
rotation. However, it can be seen that in some cases the errors between repeats within

a specimen can be more than 6°. Given that the average misalignments recorded in
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Figure 11.16 Box plots of error estimates for the optical tracking digitising methodology in terms
of adduction, internal rotation and flexion (all positive) for the pelvic ISB, pot and rig datasets.

Top) all possible comparisons within a specimen (n=8x3). Bottom) the same errors as top,
however this time plotted as an average error for each specimen (n=8).
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the main experiment was less than 1.5° in all rotation directions (Figure 5.2 and Figure
5.5), this means that using just a single repeat would be unreliable. However, by
averaging data within a specimen, the errors are effectively reduced as the error
distribution is symmetrical. For nearly all datasets in all rotation directions, when
repeats were averaged within a specimen, the error was reduced to: a median of less
than 0.5°, an interquartile range (50 % of the data) within £1° and all data within £3°.
Therefore it can be concluded that taking three or more repeats when digitising points

is essential when using the optical tracking system.
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Figure 11.17 Error estimates for the optical tracking digitising methodology in terms of
adduction, internal rotation and flexion (all positive) for the femoral ISB and pot datasets.

Top) all possible comparisons within a specimen (n=8x3). Bottom) the same errors as top,
however this time plotted as an average error for each specimen (n=8).
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A6 Envelope of passive hip motion appendices

A6.1 Ethical Approval Letter

NHS
FoSRES 2,

SCOTLAND

Research Ethics Service

East of Scotland Research Ethics Service (EoSRES) REC 2
(formerly Tayside Fife & Forth Valley REC)
Tayside Medical Sciences Centre (TASC)
Residency Block C, Level 3
Ninewells Hospital & Medical School
George Pirie Way
Dundee DD19SY

Mr Richard J. van Arkel : pate: 30 Apiil 2013
Research Postgraduate Our Ref: LRI3/ES/0052
Imperial College London Enquiries to: Mrs Lorraine Reilly
Imperial College London Dirﬂclt Line: 01382 383878
) y . B il: tayside@nhs.
362 Mechanical Engineering Building Enl S
Exhibition Road, London
SW7 2AZ
Dear Mr van Arkel
Study title: The role of the capsule, labrum and ligament teres in stability
of a hip in deep flexion
REC reference: 13/ES/0052
Protocol number: P003
IRAS project ID: 116482

The Proportionate Review Sub-committee of the East of Scotland Research Ethics Service REC 2
reviewed the above application on 30 April 2013,

We plan to publish your research summary wording for the above study on the NRES website, together
with your contact details, unless you expressly withhold permission to do so. Publication will be no earlier
than three months from the date of this favourable opinion letter. Should you wish to provide a substitute
contact point, require further information, or wish to withhold permission to publish, please contact the
Co-ordinator Mrs Lorraine Reilly, lorraine.reilly@nhs.net.

Ethical opinion

There were no ethical issues noted.

On behalf of the Committee, the sub-committee gave a favourable ethical opinion of the above research
on the basis described in the application form, protocol and supporting documentation, subject to the
conditions specified below.

Ethical review of research sites

The favourable opinion applies to all NHS sites taking part in the study, subject to management
permission being obtained from the NHS/HSC R&D office prior to the start of the study (see “Conditions
of the favourable opinion” below).

Conditions of the favourable opinion

The favourable opinion is subject to the following conditions being met prior to the start of the study.
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Management permission or approval must be obtained from each host organisation prior to the start of
the study at the site concerned.

Management permission ("R&D approval”) should be sought from all NHS organisations involved in the
study in accordance with NHS research governance arrangements.

Guidance on applying for NHS permission for research is available in the Integrated Research
Application System or at hitp.//www.rdforum.nhs.uk.

Where a NHS organisation’s role in the study is limited to identifying and referring potential participants
to research sites (“participant identification centre”), guidance should be sought from the R&D office on
the information it requires to give permission for this activity.

For non-NHS sites, site management permission should be obtained in accordance with the procedures
of the relevant host organisation.

Sponsors are not required to notify the Committee of approvals from host organisations.

It is the responsibility of the sponsor to ensure that all the conditions are complied with before the start of
the study or its initiation at a particular site (as applicable).

You should notify the REC in writing once all conditions have been met (except for site approvals
from host organisations) and provide copies of any revised documentation with updated version
numbers. The REC will acknowledge receipt and provide a final list of the approved
documentation for the study, which can be made available to host organisations to facilitate their
permission for the study. Failure to provide the final versions to the REC may cause delay in
obtaining permissions.

Approved documents

The documents reviewed and approved were:

Document Version Date

Evidence of insurance or indemnity 01 August 2012
Investigator CV ' 22 April 2013
Investigator CV 22 April 2013
Protocol PO03 30 January 2013
REC application 15 April 2013

Membership of the Proportionate Review Sub-Committee

The members of the Sub-Committee who took part in the review are listed on the attached sheet.
Statement of compliance

The Committee is constituted in accordance with the Governance Arrangements for Research Ethics
Committees and complies fully with the Standard Operating Procedures for Research Ethics Committees
in the UK.

After ethical review

Reporting requirements

The attached document “After ethical review — guidance for researchers” gives detailed guidance on
reporting requirements for studies with a favourable opinion, including:
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[0 Notifying substantial amendments

0 Adding new sites and investigators

0 Notification of serious breaches of the protocol
] Progress and safety reports

Notifying the end of the study

The NRES website also provides guidance on these topics, which is updated in the light of changes in
reporting requirements or procedures.

Feedback

You are invited to give your view of the service that you have received from the National Research
Ethics Service and the application procedure. If you wish to make your views known please use the
feedhack form available on the website. Information is available at National Research Ethics Service
website > After Review

13/ES/0052; Please quote this number on all correspondence |

We are pleased to welcome researchers and R & D staff at our NRES committee members’ training days
— see details at http://www.hra.nhs.uk/hra-training/

Yours sincerely

Zredly

Dr Anthony Davis
Alternate Vice-chair

eosres.tayside@nhs.net

Enclosures: List of names and professions of members who took part in the review
"After ethical review — guidance for researchers”

Copy to: Christine Buicke, Imperial College London
Imperial College London R&D office

Qs
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A6.2 Analysis of HIP98 joint reaction force directions

The HIP98 database (Bergmann et al., 2001) includes joint reaction force data relative
to the femur for a variety of daily activities including: walking (slow, normal and fast),
stair climbing and descending, rising from a chair and sitting down, knee bending and
standing on one leg. All available data from these activities (4 patients, with typically 4
trials per activity) was imported into MatLab and the direction of the joint reaction force

was calculated and plotted (Figure 11.18).

It can be seen that the average force in the sagittal plane aligns with the superior-
inferior femoral axis, resulting in a near zero superior-anterior angle for the joint
reaction force for the majority of most daily activities. However, the interquartile-range
for the force direction in the coronal plane was angled approximately 10-20° medially

from the superior-inferior femoral axis.

For the experiment, the force was angled superiorly in the sagittal plane and at the top
end of interquartile range in the coronal plane (angled 20° medially from the superior-
inferior axis). The top end of this range was used for two reasons: firstly, the gluteus
medius, plays a large role in medialising the joint reaction force and so is included in
many in-vitro models to improve their fidelity (Cristofolini, 1997; Konrath et al., 1998).
However, gluteus medius weakness is common in hip replacement patients (Perron et
al., 2000; Masonis and Bourne, 2002; Foucher et al., 2007; Toms et al., 2008);
therefore, it is likely that the superior-medial angle is underestimated in the
instrumented total hip replacement patients. Secondly, having a more medialised force
has a benefit of stabilising the hip during the experiment; when the hip in deep flexion
and adduction, a more medial force directs the femoral head more into the acetabulum
reducing the risk of edge loading (chapter 3), subluxation or even dislocation (Bartz et
al., 2000).

244



APPENDICES FOR CHAPTER 6
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Figure 11.18 Box plots of the angle the hip joint reaction force makes in the coronal plane (left)
and sagittal plane (right) for different patients (different rows).

The different boxes represent all force data from HIP98 (Bergmann et al., 2001), force data with
non-negligible loads (more than 50 % BW, this excludes forces such as those before seat-off
when rising from a chair) and for the peak force during the activity. The dashed lines at 20° and
0° highlight the force direction used during testing.

A6.3 Servo-hydraulic control protocol

Pilot testing showed the servo-hydraulic machine was capable of running in load-
control (its vertical axis) or torque-control (about its vertical axis) however it was
unreliable when the machine was run in simultaneous load/torque control on both axes;

it frequently crashed/overloaded the specimens. For physiologically representative

245



CHAPTER 11

loading, it was necessary to operate the machine in load control to maintain a constant
100 N vertical load in the event that the hip translates even slightly proximally/distally.
However, running the rotation axis in position control could also be problematic as the
angular positions of 5 Nm internal/external restraint need to be known to do this yet
they are outcome measures of the experiment. To counter this dilemma, the testing

protocol was run as follows:

i. In neutral flexion/abduction, the servo-hydraulic machine’s vertical axis was set

to operate in load control at 100 N.

i. The servo-hydraulic machine was manually operated until the hip provided
6 Nm of external rotation torque, and then internally rotated to 6 Nm passive

restraint recording the angular positions at these limits.

ii. A angular position sinusoid with a 10 s period was defined based on the angular
positions recorded in step ii: the angular rotation cycle started at the mid-point
(t=0s), rotated to maximum external rotation (t=2.5s), then rotated back
through the mid-point (t=5s) to the position of maximum internal rotation
(t=7.5s), and then back to the mid-point (t = 10 s).

iv. Steps ii and iii were repeated for all hip positions to establish up to 30 sinusoid

unique waveforms for each cadaveric specimen.

v. A preconditioning cycle (A6.3) was performed using the sinusoidal waveform for
the neutral flexion/abduction position operating the rotating axis of the servo-

hydraulic machine in position control.

vi. Testing with the rotation axis in position control was performed using the
established sinusoidal waveforms in all hip positions and the data presented in

the results (sections 6.3.1-6.3.3) was recorded.

This protocol enabled the tests to be conducted without the servo-hydraulic machine
overloading the specimens, thus protecting them from inadvertent damage. Aside from
enabling testing, this protocol had an additional advantage: it meant that the servo-
hydraulic machine was not changing rotation direction at exactly the point of interest for
5 Nm rotational angular positions and torsional stiffness measurements preventing the
change of direction from affecting the results and ensuring that the machine made a
reading a 5 Nm restraint for all hips. Moreover, establishing the sinusoidal waveforms
also meant the specimens were preconditioned at least once in all hip positions by
rotating them past the point of interest for measurements (5 Nm restraint); this is

additional to the preconditioning protocol detailed in chapters 6 and 7.
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A6.4 Significant two-way interactions involving hip rotation for slack-to-taut and

torsional stiffness

No three-way interaction was detected for either the range of rotation to transition from
slack to 5 Nm restraint (p=0.056) or for the torsional stiffness at the point of 5 Nm of
passive restraint (p=0.740). However, as stated in results section 6.3.3, there two-way
interactions between flexion and ab/adduction across both directions of rotation (both
p<0.036). Whilst outside the scope of the hypothesis for the study, additional two-way
interactions were detected: for slack-to-taut between rotation direction and flexion when
across all ab/adduction, and for torsional stiffness between rotation direction and
ab/adduction across all flexion/extension (Figure 11.19, both p<0.024). Subsequent
pairwise analysis showed only three differences (all p<0.049). The greatest mean
significant difference for slack-to-taut was 5+ 4°, and for torsional stiffness was
0.15+ 0.18 Nm/°. These differences were smaller than the variation across both
directions of rotation with hip position (up to 15 £ 6° and 0.45 + 0.19 Nm/° for slack-to-

taut and torsional stiffness respectively, Figure 6.7).

From these results it can be concluded whilst there were small specific differences
between internal and external rotation restraint in some hip positions, rotation restraint
can be considered symmetrical in most hip positions once the ligaments have
tautened. This can be seen in Figure 6.4 where at each hip position the distance

between the taut/slack transition and 5 Nm restraint varies little.
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Figure 11.19 Mean angular change between the transition point and 5 Nm of rotational restraint
(left) and torsional stiffness (right) with 95 % confidence intervals for internal and external
rotation. It can be seen that the magnitude of restraint is largely symmetrical for hip rotation.

The only significant differences (*) were in extension and 60° flexion for taut-to-slack (both
p<0.012) and in high abduction (p=0.049) for torsional stiffness.
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A6.5 A comparison between angular positions of labral impingement and

capsular restraint

A6.5.1 Method

Following the testing outlined in chapter 6, the capsule and ligamentum teres were
resected and the 30 hip internal/external rotations movements were repeated, and the
passive resistance re-measured, taking note of any visually detectable labral
impingements. In the absence of the hip ligaments, any passive resistance must come
from labral impingements and thus the position where the labrum started to impinge
could be quantified by using the same algorithm that previously detected the slack/stiff
transition point. If no labral impingements were detected (i.e. the joint rotated between
the 5 Nm limits without any passive restraint) then for the purposes of the statistical
analysis, the labrum impingement boundaries were set to the maximum value of hip

rotation (i.e. the 5 Nm restraint limits).

After resecting the hip ligaments, it was found that the hip could dislocate in deep hip
flexion combined with adduction, preventing any labral impingements that may have
occurred from being measured. So that all specimens could be included in the data
analysis (a requirement of a repeated measures design), missing values were
substituted as follows: for external rotation, where the femoral neck was never close to
impinging on the labrum in deep flexion, it was assumed that the labrum did not
impinge. For internal rotation, the angular position where the labrum started to impinge
was assumed to be the same as the angle where the intact hip transitioned from slack
to stiff, thus overemphasizing any unmeasured labral impingements and biasing the
results against a conclusion that the capsule protects against impingement in these
positions. In total, dislocation affected 5/8 specimens but only 3.1 % (26/848) of

measurements made.

A6.5.2 Statistical Analysis

Data were analysed in SPSS (version 22, SPSS Inc., Chicago, lllinois) with three-way
repeated measures analysis of variance with post-hoc t-test with a Bonferroni
correction. The independent factors were flexion (EXT, FO, F30, F60, F90, and FLX),
ab/adduction (ABD, AO, and ADD) and ligament state (intact and resected). The
dependent variable was the slack/stiff transition points with separate analyses perform

for internal and external rotation.
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A6.5.3 Results

External rotation data for one female specimen was lost due to the capsule rupturing
from the bone when 5 Nm torque was applied in external rotation meaning that
subsequent hip rotation results are presented for only eight specimens. The slack/stiff
transition point occurred before the points of labral impingement in nearly all hip
positions (Figure 11.20). Moreover, in most hip positions the labrum did not impinge at
all (Figure 11.21)

For internal rotation, there was a significant three-way interactions between the
flexion/adduction hip position and the ligament state (p=0.009). Post-hoc analyses
showed that the slack/stiff transition point was significantly less than the position of
labral impingement in all but four hip positions (all p<0.036); however in positions of
high flexion and neutral or high abduction there were no significant differences.
Specifically, there were no differences at: 60 flexion and high abduction (p=0.334), 90
flexion and neutral or high abduction (both p>0.7153), and deep flexion (FLX) and
neutral ab/adduction (p=0.063).

For external rotation, there was no significant three-way interaction (p=0.372) however
there was a significant two-way interaction between ligament state and ab/adduction
across all flexion angles (p=0.007). Post-hoc analyses showed that the slack/stiff
transition point was significantly less than the position of labral impingement at all
levels of ab/adduction (all p<0.007). However, the significant differences were smaller
in low flexion (EXT, FO and F30) and high abduction (Figure 11.20).

A6.5.4 Discussion

The most important finding in this appendix is that in all but a few hip positions, the
positions where the hip ligaments started to restraint rotation were significantly less
than the positions where the labrum started to impinge (Figure 11.20) and for most hip
positions, the capsule developed 5Nm of passive restraint before the labrum
impingement at all (Figure 11.21). This suggests that the capsular ligaments could help

prevent labral impingements in the native hip.

The translations of the femoral head were not controlled but were allowed to occur
freely in response to the applied load and any differences in femoral head translations
could change the point at which the labrum started to impinge. Therefore, this appendix
is limited in that it assumes any differences in the translation of the femoral head were
small in comparison the movement of the femoral neck caused by the hip rotation
movement. This is a reasonable assumption given that the hip approximates to a

spherical ball and socket joint (Cereatti et al., 2010) with the applied load forcing it to
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be concentric in most hip positions. In positions where this was not the case and the
hip dislocated, the data analysis was biased against the most important finding that the
capsule helps prevent labral impingement in the native hip by assuming the positions of
labral impingement and slack/stiff transition point for capsular rotational restraint were

identical in these cases.
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Figure 11.20 A comparison between the passive restraint envelope and the positions of labral
impingement.

EXT FO ‘ F30

It can be seen that in the majority of hip positions, the capsule begins to tauten (black lines)
before the labrum starts to impinge (dashed orange lines) though in positions of high abduction,
the labrum started to impingement at the same angular position where passive resistance was
measured in the intact hip suggesting that in these positions, labral impingement occurs in the
same position/before the point where the capsular ligaments start to tauten.

This study found that the difference between the positions of labral impingement and
the passive restraint envelope were smallest in hip high abduction and either low
flexion/extension and external rotation, or high/deep flexion and internal rotation,
suggesting that the native hip is at risk of labral impingements in these positions. This
agrees with the result presented in chapter 7. Moreover, visual observation suggested
that in these full abduction positions the labral impingements occurred most commonly
in the posterosuperior region acetabulum which agrees well with clinical observations
in ballet dancers with normal hip anatomy who have high range of motion requirement

and have been found to impinge in this hip position (Charbonnier et al., 2011).

A6.6 Transition point sensitivity study

In the data analysis, a gradient value of 0.03 Nm/° was chosen based on pilot data for

automatically detecting the slack/stiff transition point for the passive restraint envelope.
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Figure 11.21 The proportion of specimens for which a labral impingement was recorded before
the 5 Nm restraint limit for internal rotation (top) and external rotation (bottom) in all hip
positions.

The sensitivity of the results to this value was tested by repeating the data analysis with
values of 0.01 Nm/° and 0.05 Nm/° and the change in slack region was measured
(Figure 11.22).

It was found that reducing the slack-to-taut cut-off gradient to 0.01 Nm/° decreased the
slack/stiff transition angles for internal and external rotation across all angles of hip
flexion and ab/adduction by a mean (+ S.D.) change of 2.7 +1.6° and 2.4 +1.1°
respectively. Increasing the gradient to 0.05 Nm/° increased the mean transition angle
of internal and external rotation by 1.5+ 0.6 Nm/° and 1.3 + 0.6 Nm/°respectively.
These changes are small in comparison to the variation in slack region across different
hip positions (up to 44 + 15°, Figure 6.5, page 115) and importantly the shape of the
slack region does not vary with changes to the cut-off gradient (Figure 11.23). A
similar small variation in the position of the mid-slack point was also observed;
reducing the cut-off gradient to 0.01 Nm/°, or increasing it to 0.05 Nm/° resulted in a
mean absolute change in the mid-slack point of only 0.7 £0.5° and 0.3 +0.2°
respectively. Again, this is small compared to the variation in mid-slack with hip position
(up to 33 + 8°, Figure 6.6, page 117). It should be noted that changing the cut-off
gradient does not affect the points of 5 Nm restraint (which were direct experimental

readings) and so the changes in of slack-to-taut are the inverse of the changes in the
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Figure 11.22 A torque-rotation plot for one hip specimen in 60° flexion and neutral ab/adduction.
Reducing the cut-off value effectively reduces the slack region as a smaller gradient is required
to be considered taut. The opposite is true when increasing the cut-off gradient.
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Figure 11.23 Sensitivity of the passive restraint envelope and slack region to variation in the cut-
off gradient for automatic detection of the slack region.

It can be seen that whilst increasing/decreasing the cut-off gradient does increase/decrease the
range of slack, the variation of the slack region across hip range of motion is much greater that
caused by changes to the cut-off value, and that internal and external rotation is affected
evenly, resulting in little change to the shape of the curves or location of the mid-slack point.

slack region; as the amount of internal or external rotation slack increases, the slack-to-
taut decreases by the same amount. The torsional stiffness, a measure taken from the
gradient, is also not affected by changes in the cut-off value.

In conclusion, whilst changing the slack/stiff transition gradient does result in small
changes to the slack region, mid-slack and slack-to-taut results, these changes are
small in comparison to the measured statistical differences and so do not affect the

outcome of the experiment.
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A6.7 Extended comparison of the results with the literature

In Figure 11.24, the results of this study are compared against published values in the
literature for ab/adduction and internal/external rotation in a neutral hip position. The
passive restraint envelope from the hip capsule is less than clinical measurement, and
less than hard bone-bone impingement limits to hip ROM indicating that the capsule
likely plays an important role in restraining hip motion. This adds further support to the

discussion in section 6.4.3.
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Figure 11.24 A comparison between clinical, experimental and computational range of motion
measurements and the results from the present study for internal and external rotation at
neutral ab/adduction and neutral flexion/extension (top), and for flexion/extension with neutral
ab/adduction and internal/external rotation (bottom).

It can be seen that the passive restraint envelope (for un-resisted rotation) measured in this
study are within clinical measurements for normal subjects, compare well to previous cadaveric
work and are always less than results from studies which only consider bony impingement as a
limit to hip rotation (computational studies). The predicted 10 Nm restraint values are calculated
using the mean torsional stiffness measured at 5 Nm restraint.
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A6.8 A comparison between the passive restraint envelope and kinematics from

activities of daily living

The data were compared against kinematics from normal daily activities by
interpolating the discreet values measured to match exact flexion/extension and
ab/adduction kinematics recorded during daily activities (Bergmann et al., 2001;
Nadzadi et al.,, 2003). The ab/adduction 5 Nm passive restraint ROM limits were
linearly interpolated for a given flexion/extension angle, and the internal/external 5 Nm
passive restraint ROM limits and taut/slack boundaries were bilinearly interpolated for a
given flexion/extension and ab/adduction angle. For the few data points where the hip
position exceeded the 5 Nm ROM limit for flexion/extension or ab/adduction, a small

extrapolation was used.

Activities of daily living that require a low range of motion (Bergmann et al., 2001) are
unlikely to recruit the ligaments in a stabilising/restraining role as the hip kinematics are
typically less than that required to tauten the ligaments to 5 Nm; for most of the activity,
the kinematics are entirely within the slack-region showing the hip is moving freely
under the action of muscles (Figure 11.25). Conversely, other activities of daily living,
that are known to challenge hip range of motion and are at risk of dislocation for hip
replacements (Nadzadi et al., 2003) would recruit the capsule in a
stabilising/restraining role as the kinematics exceed that required to tauten the

ligaments (Figure 11.26).

This comparison is limited in that it compares mean optically-tracked patient data
against mean in-vitro cadaveric data and is not a subject specific comparison. Also,
whilst the data from this study and Nadzadi et al. is presented in the ISB co-ordinate

system, that from Bergmann et al. is not (although the co-ordinate system are similar).
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Figure 11.25 A comparison between average kinematics (solid black curves) of a hip
replacement patient (Bergmann et al., 2001) for gait (left), stair climbing (middle) and rising from
a high (50 cm) chair (right), with the range of motion required to develop 5 Nm of passive
restraint from the hip ligaments (dashed grey curves).

Also shown is the slack-range of hip rotation (solid grey curves, bottom only). It can be seen
that these activities of daily living would not develop significant tension in the hip ligaments.
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Figure 11.26 A comparison between average kinematics (solid black curves) for high-
dislocation-risk activities of daily living (Nadzadi et al., 2003) including a deep flexion sit-to-
stand (left), tying a shoe-lace whilst sitting (middle) and pivoting whilst standing (right), with
range of motion required to develop 5 Nm of passive restraint from the hip ligaments (dashed
grey curves).

Also shown is the slack-range of hip rotation (solid grey curves, bottom only). It can be seen
that these activities of daily living would recruit the capsular ligaments in a stabilising/restraining
role as they would become taut during the movement.
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A7 Primary restraints for hip rotation appendices

A7.1 Identification and resection of the hip ligaments

Ligaments were identified using a mixture of anatomical drawings and definitions (Fuss
and Bacher, 1991; Gray, 2008; Martin et al., 2008; Telleria et al., 2011) (Figure 11.27)
and palpation. The lateral iliofemoral, ischiofemoral and pubofemoral capsular
ligaments could be cut without risking inadvertent damage to adjacent ligaments by
targeting these ligaments at either their unique acetabular origin (pubofemoral,
ischiofemoral) or femoral insertion (lateral iliofemoral). However, the medial iliofemoral
ligament shares its acetabular origin with the lateral iliofemoral ligament and its femoral
insertion with the pubofemoral ligament and hence extra care had to be taken when
cutting this ligament, especially when it had to be resected first as part of the
randomised cutting order. Figure 11.27 shows the medial iliofemoral ligament taut in
the intact hip capsule and Figure 11.28 shows how the ligament was safely cut by
identifying and marking the pubofemoral and lateral iliofemoral ligament fibres in their

functional positions.

A7.2 Root mean squared error

An increase in passive resistance torque after cutting a ligament would imply that a
pushing/pulling force, which provided a positive torque that actively aided joint rotation,
was removed by cutting the ligament. However, ligaments can only passively restrain
hip rotation and not actively push or pull; in this experiment, only the servo-hydraulic
machine was capable of actively rotating the hip. Therefore, any positive increases in
passive resistance torque recorded after cutting a ligament must have been
measurement errors and hence can be used to estimate the root mean squared error
(RMSE) for the experiment.

In total, there were small increases measured in 21 % (382/1836) of readings. Based
on these known errors, the RMSE was calculated to be 0.27 Nm, or 5 % contribution to
rotational restraint. In nearly all hip positions, the primary restraint contributed more
than 50 % of the total passive resistance and hence is an order of magnitude greater
than this RMSE and hence the most important findings are unlikely to be affected by
measurement errors. Also, ligaments were only considered to be secondary restraints if

their contributions were greater than 10 %, twice the estimated RMSE.

With over one fifth of the measurements having known errors (positive torque changes)

these errors could be cause for concern despite their low RSME (5 %). However, this

257



CHAPTER 11

‘(urewop
alignd ay} ul a|gejieae ‘paJidxe jybuAdods) Awojeue sAels) Jo uops ‘SN Yoz woly paosnpoisdal Buimelp |esjwoleuy “(s|ppiw) sabewn Buiddepano Aq
pasiseydwsa s yoiym ‘Buimelp [eoiwojeue paysiignd ay} yum uosiiedwod pue uofedied ybnolyy payjuapl s pue jnej si Juswebi| [eiowaol|l [eplaw ay ]

uonisod diy |esinau e ui (3ybu)
uswioads diy e jo ojoyd Buipuodsaliod pue(gLel ‘Aeto) (yo]) Juswebi| [eJowalol|l 8y} JO Swe |eis)e| pue [elpaw 8y} Jo Buimelp [eojwoleuy /Z'| | @inbi4

258



APPENDICES FOR CHAPTER 7

Figure 11.28 Cutting the medial iliofemoral ligament example

The pubofemoral ligament is identified in extension, abduction and external rotation and its
lateral boundary is marked at its shared femoral insertion with the medial iliofemoral ligament
(top left). The lateral arm of the iliofemoral ligament is identified in hip flexion and external
rotation and its inferior fibres marked to distinguish it at its shared acetabular origin with the
medial iliofemoral ligament (top right). By cutting lateral of the marked pubofemoral fibres at the
femur and inferior to the lateral iliofemoral fibres at the acetabulum, the medial iliofemoral
ligament in cut transversely across all its fibres whilst keeping the pubofemoral (bottom left) and
lateral iliofemoral (bottom right) ligaments intact.
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concern is diminished when considering the RMSE alongside the number of
measurements where cutting a ligament had a negligible effect: the changes in passive
resistance torque were less than 0.25 Nm (5 % contribution) for nearly half the
ligaments cuts (876/1836), and were less than 0.05 Nm (1 % contribution) for more
than a quarter of the data (476/1836). For these cases, where cutting the ligament
effectively had no effect, even a small measurement error in either the before or after
cut measurement could feasibly give a positive increase in passive resistance torque

which helps explain the known error rate.

A7.3 Post-hoc analyses comparing capsular, labral and ligamentum teres

contributions to rotational restraint

Table 11.1 The mean % standard deviation percentage contributions of the capsular ligaments
(C), the ligamentum teres (LT) and the labrum (L) to internal rotation restraint in all hip positions.

Significant differences between these contributions detected by the post-hoc paired t-tests with a
Bonferroni correction are indicated with an *

Capsular

i CvslLT CvslL LTvsL
Hip position (°) Ligaments Ligamentum  Labrum v v v

(%) Teres (%) (%) (p-value) (p-value) (p-value)
Add 9812 0x1 11 <0.001* <0.001* 0.195
Extended 0 97 +4 11 2+3 <0.001* <0.001* 0.337
Abd 97 +4 0x1 2+4 <0.001* <0.001* 0.201
Add 98 +2 11 11 <0.001* <0.001* 1.000
0 0 96+ 8 0x1 36 <0.001* <0.001* 0.391
Abd 96+ 8 0x1 4+8 <0.001* <0.001* 0.467
Add 936 4+4 325 <0.001* <0.001* 1.000
30 0 93+ 16 1£3 613 <0.001* <0.001* 0.510
Abd 87 £ 17 1£2 12+£15 <0.001* <0.001* 0.115
Add 949 1£2 57 <0.001* <0.001* 0.371
60 0 83+19 316 13+14 <0.001* 0.001* 0.084
Abd 66 + 24 7112 28 + 14 0.003* 0.046* 0.003*
Add 97 £ 6 01 35 <0.001* <0.001* 0.254
90 0 74 + 16 5+9 21 +17 <0.001* 0.003* 0.169
Abd 71+13 1£2 27 £ 13 <0.001* 0.003* 0.001*
Add 956 11 4+5 <0.001* <0.001* 0.185
Flexed 0 908 11 9+8 <0.001* <0.001* 0.022*
Abd 74 £ 15 2+2 24 + 15 <0.001* 0.003* 0.006*

260



APPENDICES FOR CHAPTER 7

Table 11.2 The mean * standard deviation percentage contributions of the capsular ligaments
(C), the ligamentum teres (LT) and the labrum (L) to external rotation restraint in all hip positions.

Significant differences between these contributions detected by the post-hoc paired t-tests with a
Bonferroni correction are indicated with an *

Hip position (°) L?S:;ZI:t; Higamentum - Labrum CvsLT ~ CvsL = LTvsL
(%) eres (%) (%) (p-value)  (p-value) (p-value)
Add 85+ 10 01 14 £10 <0.001* <0.001* 0.012*
Extended 0 82+ 14 11 17 £13 <0.001* 0.001* 0.017*
Abd 74 £ 17 2+1 25+ 16 <0.001* 0.012* 0.018*
Add 95+ 3 11 4+3 <0.001* <0.001* 0.055
0 0 82+ 17 0x1 18 £ 17 <0.001* 0.003* 0.056
Abd 74 £ 15 23 24 +16 <0.001* 0.009* 0.028*
Add 88+9 9+8 312 <0.001* <0.001* 0.164
30 0 88+ 10 67 64 <0.001* <0.001* 1.000
Abd 76 £ 11 718 178 <0.001* <0.001* 0.129
Add 87+8 1127 2+1 <0.001* <0.001* 0.014*
60 0 83+ 16 13117 4+3 0.002* <0.001* 0.493
Abd 8817 514 77 <0.001* <0.001* 1.000
Add 87+9 128 11 <0.001* <0.001* 0.008*
90 0 83+ 20 16 £ 20 2+2 0.006* <0.001* 0.279
Abd 94 +4 2+3 4+3 <0.001* <0.001* 0.595
Add 869 13+9 11 <0.001* <0.001* 0.011*
Flexed 0 867 1217 2+2 <0.001* <0.001* 0.013*
Abd 92+6 36 514 <0.001* <0.001* 1.000
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A7.4 Photos of the periarticular passive soft-tissues of the hip

Figure 11.29 Photos of the ischiofemoral ligament.

Lateral-inferior view of a hip in deep flexion, adduction and internal rotation (left) with the only
the ischiofemoral ligament intact (top) and with all capsular ligaments resected (bottom).
Posterior lateral view of a different hip with the ischiofemoral ligament taut in mid-flexion and
internal rotation; the lateral iliofemoral ligament has been resected whilst preserving the
superior femoral insertion of the ischiofemoral ligament. When the ischiofemoral ligament is
intact it cradles the femoral head in a supportive string, however when resected the femoral
head is exposed and at risk of subluxation and dislocation. Additional views of the ischiofemoral
ligament are available in Figure 7.5, page 133.
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Figure 11.30 Anterolateral view of the lateral iliofemoral ligament taut in mid-flexion, abduction
and external rotation.

The medial iliofemoral and ischiofemoral ligaments have been resected. Figure 6.1, page 109
also shows a photo of the lateral iliofemoral ligament.
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Figure 11.31 Lateral views of the medial iliofemoral ligament taut in extension (top left) and
slack in flexion (top right) and anterior inferior views of it taut in internal and external rotation in
hip extension (bottom left and right respectively). All other ligaments have been resected.
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Figure 11.33 Anteroinferior view a hip in mid-flexion, abduction and distraction so that the intra-
articular ligamentum teres can be seen (not its functional position).
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Figure 11.34 Lateral-inferior view of a distracted hip with all ligaments resected showing the
labrum at the rim of the acetabulum. The intra-articular portions of the posterior and superior
portions of the labrum can be seen.
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A7.5 Subluxation caused by the ligamentum teres

Figure 11.35 Small subluxation of the femoral head caused by the ligamentum teres.

Lateral views of the same hip specimen taken from two videos in identical hip positions
(adducted in 90° flexion) are shown. In the image pair from the first video the ligamentum teres
is intact (top), and in the second image pair it is resected (bottom). The white lines are tangent
to the most lateral (relative to the femur) or inferior (relative to the pelvis) part of the femoral
head. The black lines help show that the photos are aligned. It can be seen that there is a small
lateral/inferior subluxation when the ligamentum teres is intact as the hip moves from partial
external rotation (left) to maximum external rotation (right). However, this subluxation is not
present after resection of the ligamentum teres.
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A7.6 Male versus female contributions

Figure 11.36 and Figure 11.37 show the ligament contribution results from chapter 7
with male and female specimens plotted separately. It can be seen that there was no
observable differences between the two genders in terms of the primary restrains to
rotation. However with only two female specimens included for external rotation results,

and three for internal rotation results, more data is needed to draw firm conclusions.
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Figure 11.36 Male (X) versus female (O) contributions to internal rotational restraint with
standard deviation for all six periarticular soft-tissues in all hip positions tested. It can be seen
there is little difference between the genders.
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Figure 11.37 Male (X) versus female (O) contributions to external rotational restraint with
standard deviation for all six periarticular soft-tissues in all hip positions tested. It can be seen
there is little difference between the genders.
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