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Abstract

Total knee replacement (TKR) is a common and successful treatment for severe osteoarthritis of the
knee. However, a large minority of people remain dissatisfied after the operation, despite adequate
pain relief. Over 50 designs of TKR are used in the UK each year, but differentiating between these
devices in terms of patient function and making the right choice for each patient remains
challenging. The aim of this research was to characterise designs of TKR in the laboratory, using
pre-clinical testing methods, in order to better understand TKR function, and make suggestions for
improved implant design and testing. Conventional, medial-pivot, guided-motion and bicruciate
retaining (BCR) TKRs were tested. Standard ASTM test methods used for CE-marking purposes
were demonstrated to differentiate between devices, but did not produce enough information to
adequately understand how a new device will behave clinically, or what the potential benefits of a
new device would be to patients. Guided-motion devices are meant to replicate normal knee motion,
but there has been concern that they might cause too much rotation of the knee, leading to
anterolateral knee pain. Results from cadaveric testing suggest that they do not adequately mimic
normal knee motion and small design changes may have little impact on performance. A BCR TKR,
designed to improve stability in the replaced knee joint, was also tested. Knee kinematics were
measured for three design phases and surgical feasibility was also assessed for this more
complicated procedure. BCR TKR was shown to lead to more normal levels of anteroposterior
tibiofemoral laxity, compared to a conventional, anterior-cruciate-ligament-sacrificing TKR. Inherent
variability between people’s anatomy and osteoarthritis pathology suggests there will never be a
single, perfect, TKR, but more comprehensive pre-clinical testing could improve the regulatory

approval process and inform better device selection, leading to improved patient outcomes.
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CHAPTER 1

INTRODUCTION

1.1 Research motivations

Osteoarthritis (OA) of the knee is a debilitating, painful disease which affects hundreds of millions of
people worldwide and is a major source of socio-economic cost. Total knee replacement (TKR) is a
successful treatment for severe OA of that joint, relieving pain and restoring function in the vast
majority of patients. However, clinical outcome after TKR surgery is inconsistent and a large
minority of pain-free patients remain unhappy after surgery, despite the pain relief that is afforded to
them by the device. It is believed that this dissatisfaction is partly due to functional inadequacies that
patients experience with their device(s) and that these, in turn, are due to a combination of factors,
including: design of the TKR; removal of one or both of the cruciate ligaments; and alteration of the

other soft tissues in the knee joint.

There have been many designs of TKR over the years, reflecting attempts to solve the clinically
observed problems and improve levels of satisfaction among TKR patients. Pre-clinical testing (that
is, testing that is performed in the laboratory) of new devices can assist in the understanding of the
functional inadequacies of TKR designs and aid in the development of better ones. The work
described in this thesis was motivated by the continuing introduction of new devices by implant
manufacturers; do design differences between TKRs contribute to improved knee biomechanics,

and how can this be assessed in the pre-clinical setting?

1.2 Research aims

The work in this thesis had several research aims:

— Examine the biomechanics of the replaced knee;
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— Investigate the laboratory-based pre-clinical assessment options for knee replacements;

Compare different TKR designs in the pre-clinical setting;

Inform better test methods;

Suggest improved/different implant solutions.

1.3 Clinical relevance

All TKRs aim to alleviate pain and, to a certain extent, restore function to the severely osteoarthritic
knee. But some may do it better than others and some devices might suit certain types of patient
more than others. Pre-clinical testing of these implants has huge clinical significance; proof of the
performance of a device in the laboratory setting has the potential to prevent ineffective or unsafe
new devices from being implanted into living patients. Knee joints and, therefore, their replacements,
require the correct combination of stability and laxity in order to function properly, permitting the
user to navigate different terrains and activity types. A better understanding of TKR motion and how
different design features interact with the remaining soft tissue structures in the knee is essential if
implants are to achieve that combination successfully. There has long been a hope that total joint
arthroplasty would by now be obsolete, replaced by regenerative techniques and disease prevention.
But the numbers of TKRs being implanted is steadily increasing and while we await a truly disruptive
technology in the field of severe knee osteoarthritis treatment, or better early OA treatment, better
functioning TKRs continue to be an important target for engineers and surgeon designers. The
work described in this thesis is part of the ongoing efforts to improve the design and the pre-clinical

assessment of these devices.

1.4 Thesis overview

A comprehensive review of the literature is presented in Chapters 2, 3 and 4, with the anatomy of
the human knee, its simplified biomechanics and pathology presented in Chapter 2; total knee
replacements explored in Chapter 3 and existing pre-clinical assessment methods for these devices

examined in Chapter 4.

Three separate TKR studies, with relevant background, methodology, results and discussions, are

presented in Chapters 5, 6 and 7.

The stability characteristics of TKRs are investigated in Chapter 5, using bench-top test methods.
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Instability of the knee joint is a common complaint amongst TKR patients and although this
subjective, clinical feeling of instability is separate from the precise stability (or constraint)
measurement defined by engineers as the knee’s ability to resist translations or rotations, the two
are inextricably linked to one another. Instability is a frequent cause for revision so it is an important
characteristic to quantify for TKR designs and to understand how implant stability in different
directions varies with design changes. Recommendations are made for improvements to the
standard test methods, so that more information about implant performance can be elucidated from

the results.

Chapter 6 explores the idea of “guided-motion” total knee replacements and examines whether
these modern devices accurately mimic natural knee kinematics and how their guided-motion
behaviour affects the soft tissue structures surrounding the knee. Guided-motion knees have more
complex articular geometries than “conventional” TKRs, in an effort to match normal knee motion,
but it has been suggested that these high-performance knees may have implications for the
surrounding soft tissues of the knee. This study examined changes in ligament lengths following
arthroplasty and also evaluated how much impact small, incremental design changes to devices

affected the kinematics of the replaced knee.

Chapter 7 describes the development and testing of a bicruciate retaining (BCR) TKR. The vast
majority of TKRs implanted in the world require the resection of the anterior cruciate ligament (ACL)
and 25% of those also remove the posterior cruciate ligament (PCL) prior to implantation. While the
action of the PCL is supposedly compensated for via a cam-post mechanism in
posterior-substituting (PS) designs of TKR, the action of the ACL is meant to be mimicked via the
geometry of the tibiofemoral articulation. It has been suggested that these substitutions do not
compensate adequately for cruciates’ absence and that ACL deficiency in TKRs could be partly
responsible for poorly functioning devices and unhappy patients. The study tested three different
designs of BCR TKR in the laboratory to examine the potential kinematic benefits and surgical

feasibility of such a design.

Chapter 8 summarises the work done in the three studies and suggests improvements that could be
made to the pre-clinical testing methods described, which testing methods should be made a

mandatory part of the product development and route to market process, and suggests further work
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to be done in the TKR research sphere.

In light of the work done in the three studies and the conclusions drawn in Chapter 8, Chapter 9

considers the future of and the alternatives to TKR surgery.

Finally, some of the additional work done as part of this PhD and information relating to publications

is presented in the following Appendices.

Appendix A contains additional data from the work done in the studies described in Chapters 6 & 7.

Appendix B summarises the findings from a small public and patient involvement (PPI) study that

aimed to understand better some of the reasons behind patient dissatisfaction with TKR surgery.

A small finite element study was conducted in support of the work in Chapter 7, this is described in

Appendix C.

Some of the work in this thesis has been presented in a number of peer-reviewed journal articles

and at a number of conferences. These are highlighted in Appendix D.

Appendix E contains a summary of permission for third party copyright works.
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CHAPTER 2

THE HUMAN KNEE JOINT

2.1 Anatomy

2.1.1 Introduction

The relevant anatomy of the human knee, based on Gray (2008) and Scott (2011), is discussed in
this section and standard terms for the planes of the body are used (Figure 2.1). The human knee
is a complex synovial joint and is the largest in the body, consisting of four bones (the femur, tibia,
fibula and patella) and three joints: the articulation between the tibial plateau and the distal femur
(tibiofemoral joint); the articulation between the posterior of the patella and the anterior aspect of the
distal femur (patellofemoral joint) and the articulation between the inferior lateral tibial condyle and
the head of the fibula (the superior tibiofibular joint) (Figure 2.2). The tibiofemoral joint is by far the
biggest joint in the human body and the one that causes the most problems in terms of injury and

disease (Bollen, 2000).

The main function of the knee is to enable standing, walking and running over different terrains
while controlling a person’s centre of mass. The second function is to transmit both internal forces,
which are largely caused by muscle tensions around the joint, and external forces, which result from
impact between the foot and the ground. Most of the loading in the knee is due to the muscle
tensions compressing the joint surfaces together (Taylor et al., 2004); indeed, during an activity
such as getting up from a chair, tibiofemoral joint forces can exceed three times the person’s body
weight (BW) (Kuster et al., 1997). All the articulating surfaces in the joints are covered with hyaline
cartilage, which has an ultra-low coefficient of friction, enabling, in combination with the synovial fluid
that provides lubrication, smooth sliding and rolling of the surfaces over one another (Wright and

Dowson, 1976).
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Figure 2.1 An illustration of the three main planes of the human body and anatomical terms of location using a
right sided knee model as reference.

2.1.2 The geometry of the articulating surfaces in the tibiofemoral joint

The work described in this thesis is focused on the tibiofemoral joint. The distal end of the femur is the
bearing surface for load transmission to the tibia (Scott, 2011). lts two condyles are largely covered
by hyaline, or articular, cartilage. The condyles articulate with the plateaux of the proximal tibia. The
tibiofemoral joint is thought of as two distinct compartments: the medial and the lateral. The medial
plateau is longer and more congruent in its articulation with the medial femoral condyle than the
lateral side, where the tibial plateau is almost convex in its centre in the sagittal plane (Figure 2.3).
This articular geometry, together with the main tibiofemoral ligaments, guide the passive (that is,
without consideration of the actions of the muscles) flexion kinematics of the knee (Wilson et al.,

1998).
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Figure 2.2 An illustration of the bones of a right sided knee joint, shown from four different aspects

a. Medial b. Lateral

Figure 2.3 Sagittal slices of an MRI scan of a right sided cadaver knee.The femoral articular cartilage is outlined
in blue, the menisci outlined in pink and the tibial articular cartilage is outlined in green. The difference in the
articulating geometry between the concave medial and convex lateral sides can be clearly seen.
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2.1.3 The ligaments of the knee joint

The femur and tibia are connected to each other by three main ligaments: the ACL, the PCL and the
medial collateral ligament (MCL). Despite connecting the femur to the head of the fibula (rather than
the tibia), the lateral (or fibular) collateral ligament (LCL) also plays a role in tibiofemoral joint motion
(Sugita and Amis, 2001). The ilio-tibial band (ITB), the posteriomedial corner (PMC) and
posteriolateral corner (PLC) of the knee’s soft tissues all contribute to normal tibiofemoral
biomechanics (Merican and Amis, 2009; Robinson et al., 2006; Miyatake et al., 2011). In addition,
the lateral meniscus is attached to the femur via the anterior and posterior meniscofemoral ligament
and the medial meniscus is connected to the deep MCL (dMCL) as it passes between its attachment
points on the femur and tibia. There is also a large intra-articular fat-pad that sits outside the
synovium at the anterior of the knee, between the infra-patellar portion of the patella tendon (PT)
and the front of the tibia (Gray, 2008). The fat pad is highly innervated and vascularised, although its
function is a matter of debate. It probably protects the knee when kneeling and there is some
evidence to suggest that removing the fat pad leads to poorer outcomes after TKR surgery

(Moverley et al., 2014). It can also be a source of pain in some athletes (Bohnsack et al., 2005).

2.1.4 The menisci

The menisci, once thought of as purpose-less “remnant vestiges” (Bland-Sutton, 1897), are now
recognised as vital fibrocartilaginous structures, deserving of their own section in any discussion of
knee anatomy. They are found in both the medial and lateral compartments of the tibial plateau
(Figure 2.4) and cover approximately two thirds of each compartment. Long considered erroneously
as “shock-absorbers” (Andrews et al., 2011), they in fact absorb less energy than the underlying
articular cartilage and instead serve to distribute the joint load across the plateau and provide some
stability to the joint; damage or meniscectomy will inevitably lead to altered loading in the joint and
the potential development of OA (Figure 2.5). As many as 12 ligaments are connected to the two
menisci in the knee joint (not all are present in every person), including ones whose functions are still
not really understood: the intermeniscal ligament and the coronary ligaments. There are 3 ligaments
which have been frequently studied in order to understand their biomechanical function: the dMCL,
which provides secondary varus-valgus and anterior translational restraint to the knee joint (Arno et
al., 2013); and the 2 meniscofemoral ligaments (Humphry and Wrisberg), which connect the posterior

horn of the lateral meniscus to the femur and have been shown to be secondary restraints to posterior
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translation and external rotation of the tibia at certain angles of flexion (Gupte et al., 2003).

ANTERIOR

Intermenis

Figure 2.4 Photographs of a left sided tibial plateau of a 65 year old female with moderate patellofemoral (PFJ) OA
and mild tibiofemoral OA. In the left hand image the menisci are intact: the longer, “C” shaped medial meniscus is
on the right, the smaller, more “c” shaped lateral meniscus on the left. In this image the intermeniscal ligament is
also visible, as are the attachment points of the ACL and PCL. The right hand image shows the same tibial plateau
with the menisci removed. Areas of cartilage damage where the menisci were not protecting the articular cartilage
in the medial and lateral compartments are outlined by the red dotted lines.

A

CONTACT
PRESSURE

Figure 2.5 Contact pressure maps using Tekscan of the medial tibiofemoral compartment of a cadaver knee
at 60° flexion and 1000 N axial loading. Pressure maps with (A) an intact medial meniscus and (B) post-
meniscectomy; the function that the meniscus is performing is clear.
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2.2 Biomechanics of the knee

The knee has a large range of rotational motion in the sagittal plane, flexion-extension, and smaller
translations and rotations in all 3 planes, giving 6 degree of freedom (DoF) motion (Figure 2.6). This
normal knee motion is a result of a complicated relationship between the muscles (active stablisers),
ligaments, menisci (both passive stabilisers) and the geometry of the articulation between the femur
and tibia. Knee extension is provided mainly by the quadriceps femoris muscles, helped by the tensor
fasciae latae. The biceps femoris, semitendinosus and semimembranosus (the hamstrings muscles)
cause knee flexion, along with the gracilis, sartorius and gastrocnemius. These muscles are active
stabilisers of the joint. Large movements of the joint in directions other than these are prevented
by the actions of the ligaments and the iliotibial band (ITB), which are passive stabilisers, and the
geometry of the articulating surfaces (Morrison, 1970) as well as by the stabilising actions of the

menisci.

In 1836 the Weber brothers described knee joint motion as a combination of rolling and sliding (Mdller,
1983) and much research exploring knee movement followed over the next 150 years. It was well
understood that because of the knee’s range of motion, it did not operate like a pure hinge joint but
despite human gait being the most frequently studied of all activities (Kozanek et al., 2009), it wasn’t
until the late 20" Century that improved imaging and computational methods allowed more accurate
three dimensional (3D) modelling of the knee, enabling us to better understand the 6 DoF motion of

the knee joint, rather than just considering it in 2 dimensions in one plane at a time.

By the turn of this century, there seemed to be agreement about how the normal knee moves. The
“medial rotation” concept of knee movement during non-ambulatory weight bearing and non-weight
bearing flexion suggested by the series of studies by Freeman and colleagues in 2000 (lwaki et
al., 2000; Hill et al., 2000; Nakagawa et al., 2000) became widely accepted by knee surgeons and
researchers alike. Similar studies looking at knee motion during squatting confirmed these findings
and guided-motion TKR designs such as the Medial Rotation Knee (MRK; MatOrtho, Leatherhead,
UK) and the Advance Medial Pivot Knee (Wright Medical Technology, Inc. Memphis, TN, USA)
made some headway into the TKR market (NJR, 2014a). The more conforming nature of the medial
compartment, together with the fact that the lateral meniscus appears to be more mobile than the

medial one (Figure 2.7), adds weight to the medial rotation theory.
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Figure 2.6 An illustration of the six degrees of freedom of the tibiofemoral joint, looking towards the
posterolateral corner of a right sided knee. There are three translational directions: anterior-posterior
(anteroposterior; AP); medial-lateral (mediolateral; ML) and proximal-distal (proximodistal; PD). The main rotation
is flexion and extension (FE) and the secondary rotations are internal-external (IE) and varus-valgus (VV). The soft
tissues and patella are left out of this diagram for clarity.
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In the last decade, however, knee motion during essential activities of daily living (ADL(s)) such
as walking, running and ascending and descending stairs, rather than in pure flexion, has been
analysed. Koo and Andriacchi (2008) used gait analysis to see whether the knee rotated around the
medial side of the joint during stance phase (heel strike to toe off) of gait and found that it actually
rotates around the lateral side of the knee (with the centre of rotation often being located in an extra-
articular position) for a majority of the stance phase in all of their 46 subjects. Other studies by
Kozanek et al. (2009), Isberg et al. (2011) and Hoshino and Tashman (2012) appear to confirm that
the centre of rotation of the knee is activity dependent. Banks (2014) suggests that the knee rotates
around the medial compartment during flexion and the lateral compartment during extension activities
and points out that if this is true, designing better functioning TKRs, which strive to restore “normal”
knee motion, could be a very difficult task. Perhaps this makes the “forgotten knee” (Behrend et al.,

2012) an unachievable ambition.

ANTERIOR

LATERAL

MEDIAL

Figure 2.7 The motion of the menisci during weight bearing knee flexion from full extension to 90° measured in
patients using dynamic magnetic resonance imaging (MRI). The menisci move a similar amount in the peripheral
direction but the lateral meniscus moves more in the AP direction. The diagram was made using data from Vedi
et al. (1999). (Not to scale)

2.3 Pathology and failure

One of the reasons there is such interest in the biomechanics of the knee joint is the frequency with
which it is injured or diseased. The epidemiology of knee injury is a complex subject matter, but it has

been estimated that, in the United States of America, the incidence of knee injury is 2.29 per 1,000
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population per annum (Gage et al., 2012). One of the reasons that the knee is susceptible to injury
is that there exists some compromise in order to maintain both mobility and stability in the joint. If
the knee was too stable, certain activities would be unachievable. Too mobile and the knee would be
more susceptible to pain and even dislocations, as seen in hyperlaxity syndrome (Adib et al., 2005).
Tears to the menisci occur in approximately 70 per 100,00 people every year (Maffulli et al., 2010)
and knee ligament reconstruction surgery is carried out in around 46 people per 100,000 population,
with a further 1150 people per 100,000 injuring a ligament in the knee but not undergoing surgery at

the time (Gianotti et al., 2009).

Common functional disorders of the knee include trochlear dysplasia, which can lead to chronic
patellar instability and dislocation; knee hyperextension, which can lead to increased stresses on
the ACL and the posterolateral corner of the knee; joint misalignment, leading to one of the knee’s
compartments being overloaded; unequal leg lengths; and inadequate recruitment of certain muscle
groups, such as the quadriceps, which can result in reduced range of motion during walking gait and
hamstring muscle over activity. It is these injuries and disorders and the resulting alteration in knee

biomechanics that may lead to the development of knee OA later in life.

OA is the most common pathology of the knee and a study published in the Lancet in 2012 showed
that it is the 23rd most common global sequela, with over 250 million people (3.64% of the global
population) suffering from the disease worldwide, making up over 14% of all musculoskeletal disorder
sufferers (Vos et al., 2012). In 1997, the World Health Organisation (WHO) World Health Report found
that up to 40% of people over the age of 70 suffered from OA of the knee and that almost 80% of
these patients were limited in some way in terms of knee movement and 25% could not perform their
major activities of daily life (World Health Organization, 1997). Diseases of the knee, OA in particular,
are a cause of great suffering to millions and present a massive economic burden for health providers
across the globe. According to Arthritis Research UK (ARUK), nearly one quarter of people over the
age of 75 and over 4 million people in total in the UK have sought treatment for knee OA, costing
the National Health Service (NHS) around £15billion per year. Knee replacement (partial and total)
surgery alone costs the NHS (excluding Scotland) in the region of £600million (Dakin et al., 2012;
Willis-Owen et al., 2009; NJR, 2014a).

A complicated relationship exists between knee biomechanics, injury, OA and surgical treatment.
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Research that will lead to better understanding of the nature of knee biomechanics and treatments
of OA is of profound importance. It is now well understood that OA is not simply “wear and tear”
of the articular cartilage but is a complex condition affecting the whole of the joint. Progression
of the disease requires activation of inflammatory response genes and biological pathways which
are mechanosensitive (Little et al., 2009). These mechanical stimuli are an important aspect of OA
development and explain not only why trauma, such as rupture of cruciate ligaments or tears in the
menisci, which can lead to unnatural knee kinematics, cause OA, but also why the occurrence of
the disease increases with obesity (Burleigh et al., 2012) and is also commonplace in people with
abnormal anatomy or functional limitations such as those described earlier. These biomechanical
factors operate alongside systemic ones such as old age; being female; bones being of high mineral
density; or having one of the 11 genetic loci associated with osteoarthritis, all of which appear to
increase the likelihood of developing the disease (Glyn-dones et al., 2015). If OA or its causes can

be diagnosed early, the disease can sometimes be prevented from progressing but if it is not, there

are various treatment options depending on the severity of the disease manifestation.

2.4 Treatment options, techniques and limitations

2.4.1 Non surgical interventions

For certain knee pathologies, non-surgical treatment options are the preferred route to improvement.
An excessively mobile tibiofemoral or patellofemoral joint, for example, can be successfully treated
with muscle strengthening exercises. Patients presenting with symptoms suggestive of knee OA will
be advised to exercise as a core treatment in the first instance, before more invasive treatment options
are considered (NICE, 2014). Indeed, even for traumatic injury such as ACL tears or rupture, there
is still a lack of evidence to support systematic surgical intervention; in some studies the incidence
of OA does not differ between the surgically treated patients and the non-surgically treated ones in
the long-term (Tsoukas et al., 2015; Delincé and Ghafil, 2012). This may be due to the inadequacies
in current ACL reconstruction techniques, the fact that a reduction in laxity in one direction (in the
case of the ACL, the AP direction) does not necessarily mean that the knee is restabilised, or the fact
that concomitant injuries, such as meniscal tears, are often left unrepaired during ACL reconstruction

procedures.
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2.4.2 Ligament reconstruction and meniscus repair

For the serious athlete, injury to one or more of the ligaments of the knee, requires surgical repair for
the best chance of returning to sport quickly. The ligaments surrounding the knee, particularly those
connecting the femur and tibia, are passive stabilisers and act to either control the path of motion
of the knee or to restrict the total range of motion in a particular direction. The ligaments serve as
either primary or secondary restraints, stretching under force, keeping the joint stable (Masouros et
al., 2010; Halewood and Amis, 2015). An injury to one of these ligaments can cause a mechanical
instability and alter the tibiofemoral kinematics, potentially leading to OA later in life (Lohmander et
al., 2007). The ACL is the most frequently reconstructed ligament in the knee because it has the
greatest influence on tibiofemoral biomechanics and symptomatic instability (Gianotti et al., 2009).
Reconstruction can be achieved via autograft (using semitendinosus tendon, semitendinosus plus
gracilis tendons or bone-patella-tendon-bone (BPTB)), allograft or using synthetic grafts such as the
LARS ligament (Machotka et al., 2010). It can be a single bundle or double bundle reconstruction

and the tunnels used for fixing the graft can be put in a variety of positions.

There is great debate about which is the best ACL reconstruction technique. However, it is probably
the case that, at the moment, none of the options perfectly restores the kinematics of the knee to its
pre-injured state, and although reconstruction appears to lower the rate of early onset OA compared
to conservative, non-surgical treatment of the ACL deficient knee, it has been reported that as many
as 50% of patients with a reconstructed ACL go on to develop early onset OA in that knee (Lohmander

et al., 2007).

A recent meta-analysis suggests that OA caused by isolated ACL injury is not as prevalent as once
thought (closer to 30% than 50%), but that it is meniscectomy combined with ACL reconstruction that

dramatically increases the risk for developing OA in the knee (Claes et al., 2012).

Meniscal tears are commonplace and those that are less severe can be repaired with sutures or the
defect can simply be resected. Menisci too severely damaged to be repaired with sutures or treated
by partial meniscectomy can be reconstructed either partially or in their entirety using allografts,
biodegradable scaffolds, collagen based implants or totally synthetic meniscal replacements. It has
been suggested that even an isolated meniscal tear (either degenerative or traumatic) treated with a

limited meniscectomy can lead to tibiofemoral OA and that a degenerative meniscal tear should be
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treated as the first sign of knee OA (Englund et al., 2003). Correct treatment of meniscal injury is
therefore critical. We do not yet understand the long term benefits of the various kinds of meniscus
repair and replacement procedures in terms of OA (and therefore arthroplasty) prevention (Verdonk

et al.,, 2012; Van Der Straeten et al., 2014).

2.4.3 Joint realignment

If localised OA occurs in a single tibiofemoral compartment, leading to or as a result of either a
varus or valgus joint, an opening or closing wedge osteotomy on either the tibia or the femur, can be
performed. Most commonly, this will be an opening wedge on the tibia - so-called high tibial osteotomy
(HTO) - performed to unload the medial compartment and prevent the progression of OA that may
occur due to the increased forces in the varus knee (Amis, 2013). The limb should be left in valgus
after an osteotomy for medial compartmental osteoarthritis, but without so much overcorrection that
would lead to accelerated degeneration of the lateral compartment of the tibiofemoral joint (Hui et al.,
2011). A keen understanding of the difference between a misaligned knee joint, an oblique joint line
and the entire lower limb being in varus or valgus, is required. These osteotomies are becoming
more methodical with the use of patient specific cutting guides and 3D printed fixation plates (Victor

and Premanathan, 2013).

2.4.4 Arthroplasty

While ligament reconstruction and meniscus repair are still being perfected, knee OA will continue to
reach an advanced stage in these patients, in addition to those people with non-traumatic OA, caused
by obesity and old age. In these cases, knee arthroplasty might be the only remaining option to try to
relieve pain and restore function to the joint. There are different types of knee arthroplasty, the main
three being: unicompartmental knee replacement (UKR); patellofemoral joint replacement (PFJR)
and total knee replacement (TKR). A UKR can replace either the medial or lateral compartments of
the knee and can have either a fixed ultra-high molecular weight polyethylene (UHMWPE) bearing
(either on its own or fixed into a metal tibial tray) or a mobile bearing on a metal tibial tray. A UKR
retains both cruciate ligaments and sacrifices much less bone than a TKR. UKR patients tend to
function better than TKR patients (Wiik et al., 2013) and it is also a more cost-effective procedure
(Willis-Owen et al., 2009). There is also some evidence to suggest that the kinematics with a UKR are
closer to those of the normal knee (Patil et al., 2005) although the indications for the two procedures

can be conflicting. A PFJR replaces the articulating surface of the patella, usually with UHMWPE in
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the form of a dome or a button and the trochlea of the femur, most commonly with a cobalt-chrome
(CoCr) component. A TKR replaces all three compartments of the knee joint; this type of arthroplasty

will be discussed at length in Chapter 3.

2.5 Conclusions

The knee, so essential to human locomotion, has fascinated and frustrated surgeons and engineers
alike. In some ways a much more complex joint than the hip, replacement of the knee has presented
more of a technical challenge than of the ball and socket joint and is still striving to achieve the
“forgotten joint”. Better repair after injury in the younger patient could delay OA disease progression
and reduce the need for total joint replacement but, as it stands, this is still a necessary treatment

option for hundreds of thousands of people worldwide every year.
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CHAPTER 3

TOTAL KNEE REPLACEMENTS

3.1 Introduction & history

Although the concept of TKR, also known as total knee arthroplasty (TKA), can be traced back as
far as Themistocles Gluck’s 1891 ivory hinged knee (Figure 3.1), modern, condylar (where the
femoral and tibial articulating ends of bones are both replaced but are unconnected to each other)
TKR development, of the sort that is recognisable in today’s devices, only began in earnest in the
1970s.  With the development of UHMWPE in 1963 and the FDA approving the use of
polymethyl-methacrylate (PMMA) cement in 1971 (Robinson, 2005), the hinged knees and
inter-positional arthroplasty devices of the 1940s and 50s were forgotten and two broad approaches
to primary TKR - functional and anatomic - dominated design during the complicated upsurge of
innovation during the 1970s, with several devices being developed simultaneously in Europe, Japan

and America (Figure 3.2).

The first cemented knee replacement made from metal and plastic was the Polycentric Knee,
designed by Frank Gunston and John Charnley and first implanted in the late 1960s (Gunston,
1971). It wasn'’t a true “total” knee replacement however, having 2 femoral and 2 tibial components,
and therefore resembling what would now be called a “bi-uni” procedure. This device was used
predominantly in rheumatoid arthritis patients and survivorship was poor, but condylar TKR had
arrived. Clinical Orthopaedics and Related Research devoted over half of its July 1973 issue to a
symposium on TKR (Kettelkamp and Leach, 1973) and development of this type of prosthesis has

continued ever since in the quest for the “perfect” device.
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Figure 3.1 lllustrations of a knee joint suggested by Gluck (1891)

3.1.1 Anatomic TKRs

Anatomic TKRs aimed to be tissue preserving, retaining both of the cruciate ligaments and resecting
as little bone away from the femur and tibia as possible, while still removing the arthritic portions of
the articulating surfaces. They were essentially resurfacing devices, conservative in terms of bony
resections but ambitious with regards to surgical technique and skill, with polyethylene (PE) only tibial
components and metal femoral components. They were designed to have low articular conformity, the
thinking being that the soft tissues in the knee would control the kinematics of the joint. Examples of
early anatomic knee include: the Anatomic Total Knee, designed by Charles Townley; the Geomedic
Knee, by Mark Coventry; the Duocondylar Knee, developed by Peter Walker, Chitranjan Ranawat and
John Insall; the Leeds knee, by Bahaa Seedhom and the Kodama-Yamamoto knee (Ranawat, 2001;
Yamamoto, 1979). All of these had a monoblock, horseshoe-shaped tibial component designed to fit
around the ACL attachment on the tibial plateau, except for the Duocondylar device, which had two

polyethylene inserts that were placed either side of the tibial eminence (Figure 3.3).

3.1.2 Functional TKRs

Functional TKRs paid small regard to the anatomy of the native knee. These devices were designed
to relieve pain and reproduce some function in the knee via the much more conforming articulating

geometry of the plastic and metal components, resecting both cruciate ligaments (Freeman and
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Figure 3.2 Early innovation of the total knee replacement, adapted and simplified from Robinson (2005)

Swanson, 1975). Michael Freeman and Alan Swanson developed the Imperial College/London

Hospital (ICLH) knee which was first implanted in April 1970 (Freeman et al., 1977).

Freeman developed his own rules for TKR design strategy (Freeman et al., 1973), and it is striking

how many of the aims hold true today. He stated that a TKR should:

1. Require minimal bone cuts, leaving large flat surfaces of cancellous bone;

2. Minimise chances of loosening by ensuring that:

a) The femoral and tibial surfaces are minimally constrained so that rotational moments are
not transferred to the cement (or bone fixation);

b) There is low friction between the femoral and tibial parts;
c) That while hyperextension should be minimised, this action should be gradual, not sudden;

d) Both components are attached to the bone via the largest possible area;
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3. Minimise wear debris and where debris is produced, that debris should be as innocuous as
possible;

Have a low infection risk;

Mitigate the effects of infection with small intramedullary (IM) rods and no IM cementing;
Have a standard procedure for surgeons to follow;

Have a range of motion (ROM) of around -5°to at least 90°

Control rotation so that it isn't completely free;

© ©® N o g >

Prevent excessive movement in any direction by way of soft tissues restraint, particularly the
collateral ligaments;

10. Not rely on the cruciate ligaments for the correct functioning of the prosthesis due to the
condition of the knees for which TKR surgery is appropriate;

11. Should not require patella replacement to be mandatory and

12. Be affordable, by only offering the smallest number of sizes of implant.

The ICLH was a roller-in-trough design and tried to over simplify knee motion, restricting almost all
rotation around the mechanical axis of the tibia and, to a large extent, AP translation of the femur,
but it had no mediolateral constraint built into the design. The first release of the implant was not a
success but it went through several design iterations and the present day MRK (MatOrtho,

Leatherhead, UK) is a descendant of it.

The Total Condylar knee, which evolved from the Duocondylar design, was another functional TKR
developed at the same time as the ICLH. This prosthesis resembled more closely today’s TKRs than
the ICLH and would eventually lead, in 1980, to the first TKR to have a metal-backed tibial
component: the Insall-Burstein prosthesis, which also had the option of being posterior-cruciate

ligament substituting, via a cam-post design (Figure 3.3).

The evolution of these early design iterations, although not always successful, paved the way for the

development of modern day TKRs.
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Figure 3.3 Examples of early TKRs. Top: “anatomic TKRs”, from left to right: Anatomic, Kodama-Yamamoto,
Duocondylar. Bottom: “functional TKRs”, from left to right: The ICLH Mark I; the Total Condylar Knee; The Insall-
Burstein PS.

3.2 Present day TKRs

The distinction between the functional and anatomical approaches to knee replacement became
blurred as engineers and surgeons strove to improve TKR design and outcomes after the pioneering
developments during the 1970s. It was not long before most devices shared many of the same
features and although there are still categories which devices fall into, there are a lot of similarities
across the different types of modern day TKRs in both design and function. There are three main
features of a total knee replacement: 1) its materials; 2) whether or not it sacrifices the PCL and 3)

the geometry of its articulating surfaces.
3.2.1 Materials

In the majority of TKRs, the tibial plateau is replaced with a CoCr tray and an UHMWPE bearing (this
is occasionally a component made entirely of UHMWRPE but this is uncommon, particularly in the UK).
The distal part of the femur is replaced with a metal component, again this is usually CoCr, although
it can also be made from CoCr coated in ceramic (titanium nitride) or it can be entirely ceramic. More
recently, some femoral components have been made from “Oxinium”, a metal alloy with the surface
transformed to a ceramic; this, combined with cross-linked UHMWPE, appears to offer superior wear

resistance in regulatory testing (Figure 3.4). Oxinium and ceramic components also have the benefit
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of having lower nickel and and chromium levels than CoCr components, thereby reducing the risk of

metal sensitivity problems (ASTM, 2010; ASTM, 2012b).

The posterior, articulating surface of the patella can be resurfaced with a patella “button” or dome,
which is normally made of UHMWPE alone, although it can also have a CoCr back. The UHMWPE
tibial bearing can either be “snapped” into place on the metal tray (fixed) or sits on top of a polished

metal tray and able to rotate and/or translate (mobile).
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Figure 3.4 Mean volumetric wear rates of CoCr against UHMWPE, CoCr against cross-linked UHMWPE and
Oxinium against cross-linked UHMWPE using standard wear testing described by ISO 14243-1 (ISO, 2009). The
results for the same device with conventional and cross-linked UHMWPE can be directly compared as they are
from the same study but comparisons between different devices should be made with caution as they were
produced using different machines and published in different studies (McEwen et al., 2005; Parikh et al., 2007;
Essner et al., 2005; Herrera et al., 2008; Schaerer et al., 2010; Biomet, 2013; DePuy, 2010; Papannagari et al., 2012;
Smith & Nephew, 2014).

3.2.2 Ligaments and geometry

TKRs have different levels of built-in constraint and can be: PCL-retaining (CR); or PCL-sacrificing
but with some constraint built in to the geometry of the UHMWPE bearing (condylar or cruciate
stabilised (CS)); or PCL-substituting, (PS) where the action of the PCL is replaced by a cam (femur)

and post (tibia) mechanism.

The vast majority of TKRs are ACL-sacrificing, although there are three bi-cruciate retaining (BCR)
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devices currently in clinical use: the TKO (BioPro, Inc., Port Huron, Ml USA); the Hermes 2C
(Ceraver, Paris, France); and the Vanguard XP (Zimmer Biomet, Warsaw, IN USA). There is some
evidence that patients prefer ACL-retaining TKRs (Pritchett, 2011; Pritchett, 2004) and that these
implants result in closer to normal knee kinematics during activities of daily living (ADL(s))
(Andriacchi et al.,, 1982; Stiehl et al., 2000) but their use at the moment is limited by only a very
small number of surgeons offering this procedure and it is not currently practiced at all in the United
Kingdom. Balancing of the soft tissues (the collateral ligaments in particular) is vital for all successful
TKR surgery (Nowakowski et al., 2011; Kuster et al., 2004); the more ligaments that are left intact

the harder that correct balancing is to achieve. The BCR TKR concept will be explored in Chapter 7.

Since the ACL and both menisci are removed during TKR surgery, the articulation between the
femoral and tibial components is meant to compensate for the loss in stability, with the “dish” shape
of the UHMWPE providing some resistance to anteroposterior translation and rotation of the femoral
component. This constraint can be symmetrical, with the shapes of the medial and lateral
compartments and condyles being the same, or asymmetrical. Examples of the latter case include
medial-pivot type TKRs, which are designed to rotate around the medial compartment, with more
translation and rotation permissible in the lateral compartment which is shallower, and so-called
guided-motion knees which can have concave medial compartments, convex lateral compartments

combined with a cam-post system in an effort to replicate normal knee motion.

3.3 Epidemiology of present day primary knee replacement

In England, Wales and Northern Ireland, 33% of primary TKRs in 2013 were carried out using the
fixed-bearing version of the Sigma Total Knee System (DePuy, Warsaw, IN, USA). This is a device
based on the PFC Total Knee, which was introduced to the market in 1984. This device can either
be CR or PS. Despite the advent of guided-motion devices, medial pivot knees, mobile bearing TKRs
and bicruciate retaining implants, the most popular device in the UK is one that has been available
for over 3 decades. With 10 year postoperative survivorship at over 97% (the highest in the NJR for
10 year follow-up) and over 210,000 procedures carried out in total over the 10 years in this country
alone, the Sigma has a proven track record and has been the most implanted device annually in the
UK since the registry started (Figure 3.5). Why this is the case is not completely clear but is likely

to be related to the fact that senior surgeons teach more junior surgeons using their preferred device
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and so it makes sense that the most used device would carry on being so. In addition, the PFC
Sigma may suit more patients adequately than a medial pivot device such as the Medial Rotation
knee (MRK), which may only match the biomechanics of a smaller cohort of patient. There may also

be a financial aspect to this with more modern designs of TKR being more expensive.
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Figure 3.5 The 10 most commonly used TKRs in England, Wales and Northern Ireland in 2013, with their % usage
for the previous 10 reports. The first report was produced in 2004 and covered procedures for 2003. The most
recently published report, the 11th, was produced in 2014 and covers procedures for 2013.

In 2013, according to the National Joint Registry, 56 different designs of TKR produced by 23 different
implant manufacturers were used in 77,781 primary procedures in England, Wales and Northern
Ireland (NJR, 2014a). The number of primary TKRs has been steadily increasing since 2005 and if
numbers continue to rise at the same rate, around 120,000 primary TKR procedures will be performed
in 2027 (Figure 3.6). This increase must be due partly to an increasing overall population, (the UK
population has increased from 60.18 million in 2005 to 64.77 million in 2014), but is is also likely to

be linked to factors that very familiar; more people living longer, a greater rate of obesity, etc..

Over the 11 years of the National Joint Registry, some of the statistics have remained relatively
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static: osteoarthritis has been the indication in 96-98% of cases; TKRs have made up 91% of all
primary knee replacements in every year of the NJR, with UKRs consisting of 8% and PFJRs the
remaining 1% of primary knee patients. Of the TKRs implanted, just under 75% have been CR
devices. Something that has changed over the years is the proportion of TKRs that are implanted
without using cement; this has fallen from nearly 9% in 2003 to less than 3% of cases in 2013. The
number of mobile bearing TKRs being used has also fallen, from a peak of 17% in 2005, to a low of

7% in the most recent NJR.
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Figure 3.6 TKR numbers. On the left, the number of primary knee procedures performed in England, Wales and
Northern Ireland 2003-2013 according to the National Joint Registry database. Low compliance in the first two
years of the registry probably explains the apparent large increase in procedures between 2004 and 2005. The
percentage split between the three procedures has stayed roughly the same over this 11 year period, with TKRs
accounting for around 91%, UKRs 8% and PFJRs the remaining 1% of primary knee replacements operations.

On the right, the projected number of primary TKR procedures in England, Wales and Northern Ireland 2014-2030,
linear fit to data from 2005 to 2013. Data taken from the National Joint Registry Annual Reports 2003 to 2014 (NJR,
2014a).

3.4 Alighment in TKR surgery

Traditionally, a TKR is implanted so that the horizontal resections of the distal femur and proximal
tibia are perpendicular to the mechanical axes of those bones in the coronal plane (Gu et al., 2014).

This method will restore the joint line to “normal” in the coronal plane if the patient had a pre-arthritic
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neutral hip-knee-ankle mechanical axis. But most people do not have a neutral axis, nor is their joint
line parallel with the ground (Bellemans et al., 2012). This “mechanical” alignment can lead to a
trapezoidal space between the femoral and tibial cuts, and soft tissue releases may be required to
create a parallel space for the implant, leading to the joint line being further rotated (Howell et al.,

2013).

It has been suggested that this change in joint line obliquity may explain the high dissatisfaction rates
in pain-free patients who have good surgeon reported outcomes (Bellemans et al., 2012) and that it
may be beneficial to leave the patient in varus or valgus (matching their contralateral, healthy knee)
or use “kinematic alignment”, a method which retains the joint line obliquity and appears to improve
functional outcomes in TKR patients (Dossett et al., 2012). These alignment considerations will be

discussed further in Chapter 9.

3.5 Failure of TKRs

Survivorship of TKRs is excellent, with fewer than 5% having to be revised (at least one component of
the TKR being replaced) at some stage (NJR, 2014a; SKAR, 2013; NZJR, 2014; AOANJRR, 2014).
When modern TKRs do fail, it is now seldom due to wear of the UHMWPE bearing on the tibia;
improvements in the chemistry and the manufacturing of the bearings means that polyethylene wear
is no longer the problem it once was. The biggest reason for failure of TKRs, across 4 registries and

two peer-reviewed studies, is aseptic loosening (with or without associated osteolysis; Figure 3.7).

Discounting long-term pain and infection, the next most common reason for a TKR to fail is instability.
This instability is defined as “excessive and unnatural movement of the implant components” (Athwal
et al., 2014). It is obviously a somewhat subjective event, felt and reported by the patient, but is
almost certainly related to the tibiofemoral articulation of the TKR, any soft tissue releases made
during surgery and any pre-existing pathologies the patient might have (Rodriguez-Merchan, 2015).
It is suggested that instability can be avoided with correct choice of implant; for example, a patient
with weak collateral ligaments or an insufficient PCL, might require a more constrained type of TKR
(by way of a cam-post or more congruent tibiofemoral geometry). Making this choice might have other
implications, however; a more conforming UHMWPE bearing is more likely to pass stresses onto the
underlying proximal tibia, with the potential to increase the risk of component loosening. Although the

registries have revision rates for specific devices, it does not break down the revision into reasons for
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each device (NJR, 2014a; NZJR, 2014; AOANJRR, 2014; SKAR, 2013). This could be very useful

data to try to link failure to implant model and manufacturer (which is presumably exactly why the
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Figure 3.7 Reasons for revision of primary TKR. Data presented from 4 national joint registries (NJR, 2014a;
NZJR, 2014; AOANJRR, 2014; SKAR, 2013) and two peer-reviewed publications (Sharkey et al., 2014; Schroer et
al., 2013).

3.6 Patient (dis)satisfaction with TKRs

Success of a TKR can be evaluated via several different metrics:

1. Survivorship rates, with surgical revision of the device being regarded as the failure point;
2. SROMs, such as the Knee Society Score KSS (Insall et al., 1989);
3. PROMSs such as the Oxford Knee Score OKS (Dawson et al., 1998).

There is a large minority of patients who are not satisfied with their TKR implant. The percentage of
dissatisfaction varies from study to study but can be as high as 20% using patient reported outcome
(PROM) measures such as the Oxford Knee Score (OKS)(Bourne et al., 2010). In addition, as few

as 10% of patients feel that their replaced knee is “normal” (Noble et al., 2006; Beverland, 2010) and
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a high percentage of TKR patients have significant difficulty performing certain functions, compared
to control subjects of the same age (Figure 3.8, (Noble et al., 2005)). When considering the reasons
and solutions for post-operative dissatisfaction in knees that do not actually fail, it is important to
distinguish between post-operative pain, surgeon satisfaction and patient satisfaction. Patient
dissatisfaction is linked to many variables, including pre-operative expectation and post-operative
perceptions (Baker et al., 2013) but it can also be linked to the functional problems described by
Figure 3.8. Why do patients with a TKR find it harder to perform activities such as these? TKR
design is likely to play a part; if a patient feels that their knee is not stable, due to the actual device
not having enough stability built into its design, or there is paradoxical femoral translation anteriorly,
then they will find it harder to do certain movements, such as squatting and walking downstairs. It
may be that TKR designs with more constraint built into the UHMWPE bearing, such as a medial
conforming knee, feel more stable, giving more confidence to the patient and better functional
outcomes (Shimmin et al., 2015). Loss of muscle strength and proprioception after TKR surgery are
probably also factors to be considered. It would require high numbers of patients and excellent
patient matching to control other variables, but it would be interesting to extend Figure 3.8 so that
different designs of TKR are compared side by side in terms of patient function. Could there be one

type of TKR that does out perform the others?
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Figure 3.8 Percentages of TKR patients and control subjects who had significant difficulty performing certain
activities due to impaired knee function. * indicates a significant difference between the TKR group and the
control group (Noble et al., 2005).
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There are patients who experience pain after TKR which leads to dissatisfaction. But this pain can,
for the most part, be explained and is linked most commonly to aseptic loosening, misalignment,
polyethylene wear, infection, patellofemoral problems and instability (Dennis, 2004) and will result in
a revision procedure. Unexplained long-term pain after TKR surgery is very rare (Elson and Brenkel,
2007; Brander et al., 2007; Mont et al., 1996), but might also result in a revision. While it is obviously
important to tackle the issue of postoperative pain, the focus of the work in this thesis is TKR

function and how that can be improved.

Age is often cited as one of the reasons that this dissatisfaction exists: TKRs are supposedly being
put into younger, more active patients who expect more from their implant. The data on TKR
demographics do not demonstrate this, however: since 2003 the mean age of patients undergoing
primary TKR surgery has remained static at around 70 years of age (Figure 3.9). However, although
the average age of the patients has not changed over the years, it may be the case that 70 year olds
in the present day are more active and have higher expectations of their device than previous

generations (this is hard to prove).
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Figure 3.9 Ages and outcomes of TKR patients. Mean age (+ 1 standard deviation) of patients undergoing
primary TKR procedures in England, Wales and Northern Ireland from 2003 to 2013. Data taken from the National
Joint Registry Annual Reports 2003 to 2014 (NJR, 2014a).
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3.6.1 Reported outcomes

There are 2 types of reported outcome measure that are used to assess TKRs in patients, in an
effort to understand patient satisfaction levels: clinician completed (surgeon reported outcome
measure - SROM) and patient completed (patient reported outcome measure - PROM). The (new)
Knee Society Score (KSS) is the most widely used SROM and assesses the clinical outcome of
TKR surgery via pain, flexion contracture, ROM, alignment and stability in AP and ML. There are
many more PROMs to choose from, including: Oxford Knee Score (OKS); Knee Injury and
Osteoarthritis Outcome (KOOS); Western Ontario & McMaster Universities Osteoarthritis Index
(WOMAC); International Knee Documentation Committee (IKDC); and The High Activity
Arthroplasty Score (HAAS). In total, 47 different PROMs for assessing TKR surgery have been

described in the literature (Ramkumar et al., 2015).

One of the reasons that so many PROMSs have been developed is that there has traditionally been a
mismatch between what the surgeon considers to be a successful TKR procedure and how happy
the patient is (Harris et al., 2013a) - with surgeons generally being more pleased with the clinical
outcome than patients are with their functional abilities post surgery. More and more scores have
been developed in order to iron out this discrepancy, as well as to combat language and cultural
differences that occur in different countries. Another problem is the existence of floor and ceiling
effects, where a significant proportion of patients who answer the PROM surveys score either the
minimum or the maximum score, making it very difficult to discriminate between subjects in these
regions. PROMs are generally crude measurements, biased towards pain and low demand activities
which, while essential to daily living, are often easy to achieve, even with a TKR that isn’t performing
very well. The HAAS and the activity and participation questionnaire supplement of the OKS
(OKS-APQ) have been developed to evaluate those patients who would like to achieve a higher level
of function and activity than is assessed in traditional PROM questionnaires (Dawson et al., 2014;

Talbot et al., 2010).

Implant manufacturers point to the very good PROM scores; these may be be due, in part, to the
fact that the questionnaires are generally carried out soon after surgery (about 6 months
post-operation), when the patient is still becoming accustomed to the device and how it feels and so
any longer term functional deficits have not yet been realised. Publicly available Health Episode

Statistics (HES) data demonstrate that improvement in the Oxford Knee Score post TKR is sensitive
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to the pain elements of the questionnaire - functional improvements are not so clear-cut, particularly
in the younger patient (Figure 3.10). There is a more in depth analysis of the OKS and its pain and

function subscores in Appendix A.

In 2013, the NJR for England, Wales and Northern Ireland for the first time linked PROM data to the
registry data, but only catalogued the data by cementation type and, unsurprisingly, there was no
difference between scores in the cemented and uncemented groups of patients (the authors could
have linked OKS data to constraint type or even to specific devices). The analysis was not repeated

in the 2014 annual report.
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Figure 3.10 Change in Oxford Knee Score after TKR, split into pain and function subscores and arranged by age
of patient. Data taken from (HSCIC, 2013). The pain and function subscores are discussed in Appendix B

3.7 Conclusions

TKRs have advanced hugely since Gunston’s Polycentric Knee design developed during the 1960s.
Survivorship is above 95% after 10 years in all the national joint registries. It is a safe and relatively

long lasting procedure. TKRs relieve pain and in the most part people are happy with their device.

However, most people with TKRs do not forget that they have an artificial knee and a large minority
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of TKR patients remain dissatisfied with their device, particularly when trying to achieve more
demanding activities than merely walking on a flat surface. This means that implant manufacturers,
design engineers and surgeons alike continue in the pursuit of the “perfect” TKR. As new designs
are developed, so must effective pre-clinical assessment techniques in order to ensure that the

updated models are in the patients’ best interests.

59






CHAPTER 4

PRE-CLINICAL FUNCTIONAL ASSESSMENT METHODS
FOR TOTAL KNEE REPLACEMENTS

4.1 Introduction

Knee reconstructions and replacements must not only treat the injury or disease and relieve pain but
must also aim to replicate the normal motion and function of the knee. There is a plethora of choice
when considering pre-clinical assessment of knee reconstruction techniques and devices. As new
devices and techniques have been developed over the years, so have the methods by which to
evaluate them. Well planned pre-clinical analysis is vital to establish safety and efficacy of devices
prior to first in man implantation (and, in some cases, live animal studies). These tests range in type,
from the relatively simple mechanical testing of biomaterials to implant stability testing to complex
biomechanical testing using cadaver specimens, physiological muscle loading and bespoke testing
rigs and fixtures. There are also computational methods that can be used to assess implant
performance, including finite element analysis (FEA) and musculoskeletal models (Ishikawa et al.,

2015; Pianigiani et al., 2012).

All of these methods have their inherent limitations and it is likely that to be able to properly quantify
a device’s performance in the pre-clinical setting, a combination of these methods will be required.
The regulatory framework in both Europe and the USA requires that, among others, the pre-clinical
tests described by ASTM standard F2083-12 (ASTM, 2012c) are carried out as part of the
pre-market approval process for all new total knee replacements. The review here focusses on the
assessment of the functional biomechanical performance of TKRs in the laboratory, but excludes the
evaluation of safety considerations such as wear and fatigue which are also covered by international

standards.
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4.2 Isolated implant testing

4.2.1 Single degree of freedom testing

For quick and relatively easy assessment of TKRs, isolated tests of the implant itself can be a useful
tool as part of the pre-clinical testing process. They represent a “common sense check” of new

design considerations, such as the geometry of the articulation of the tibiofemoral joint.

One such test is ASTM F1223-08: “Standard Test Method for Determination of Total Knee
Replacement Constraint” (ASTM, 2008), which defines the methods by which the inherent uni-axial
or uni-rotational mechanical stability (or laxity, or constraint — the three terms are used
interchangeably in the literature) of the TKR prosthesis itself can be measured. Stability in this
context is defined as the magnitude of force or torque required to translate or rotate the tibial
component of the TKR away from its neutral position while it is articulating with the femoral
component under an axial compressive force. This constraint measurement is independent of
patient pathology or the surgical implantation process (Figure 4.1). This information may help the
surgeon in choosing the most appropriate TKR for each patient, while also considering factors such
as the intrinsic stability of the native knee, which is affected by the condition of the soft tissues
surrounding it and is therefore highly variable between different patients (Kakarlapudi and

Bickerstaff, 2000). The ASTM standard aims to:

“provide a database of product functionality capabilities that is hoped to aid the physician

in making a more informed total knee replacement selection”.

In the United Kingdom National Health Service (NHS), this “database” is unlikely to empower the
surgeon to make better implant choices: she or he will be limited by their hospital or primary care
trust’s contracts with the implant manufacturer(s). These manufacturers must still perform these
standard tests, however: it was made mandatory in March 2010 for all new TKRs before they are
marketed and used clinically if CE marking is required (The EU, 2007). The testing specifications of

this standard will be discussed further in Chapter 5.

Another type of implant-only test for TKRs is the measurement of contact pressure and area in the
tibiofemoral joint. This is another standard test described by ASTM (ASTM, 2012c) and can act as

an inspection test to highlight potential regions of high contact stresses (and related reduced contact
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areas) which could potentially lead to problems with UHMWPE wear, without having to conduct
lengthy wear assessments, which take weeks or even months to perform. The standard does not
describe the testing specifications, but instructs the reader to follow one of several test methods in
the literature. In order to measure the contact area and pressure in the joint, some kind of
pressure-measuring systems must be used, together with a test rig that can compress the implant
axially at different knee flexion angles. There are three different pressure measuring devices
mentioned in the biomechanics literature: 1) Pressure sensitive conductive rubber; 2) FujiFilm
prescale pressure-sensitive film (Fujifilm, Tokyo, Japan) and 3) Tekscan piezo-electric pressure

sensitive film (Tekscan, Inc. South Boston, MA USA) (Hara et al., 1992; Harris et al., 1999).

These ASTM tests have been designed to try to approximate in vivo conditions but bench-top tests
of isolated implants such as these have obvious limitations. This kind of testing is most powerful
when used to compare different devices to one another and a known predicate device must also be
tested as a control when performing these procedures for regulatory approval. It could be argued
that this type of test is more of a safety check, as opposed to a functional assessment. None of

them really enables the researcher to predict how the device would perform in vivo.
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Figure 4.1 A schematic of TKR stability testing, showing the two components of the implant, the direction of the
compressive load used during testing and the 6 degrees of freedom of the native knee.
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4.2.2 6 degree of freedom testing

Another form of isolated implant testing that can be done is by way of a force-controlled knee
simulator, such as the Instron-Stanmore knee simulator, described by Walker et al. (1997) and
Haider et al. (2006), for example. This type of simulator controls the flexion/extension movement of
the knee joint and imposes an axial load, AP forces and IE moments by way of springs representing
the various passive soft tissues surrounding the knee joint during a simulated gait cycle. The
magnitudes of these forces and moments were based on the in vitro work done over 3 decades ago
by Fukubayashi et al. (1982). Simulators of this sort are the same as those that are used for
long-term wear testing of TKRs (ISO, 2009); they make the assumptions that the external forces on
the knee are independent of TKR design and that the kinematics displayed by the knee in the
simulator will be a function of the design of the TKR. This type of test may tell you what the
kinematics of a replaced knee will be in a single, “average” patient, whose ligament resistances

during gait are modelled by the springs in the rig.

Like the single DoF stability tests described previously, these simulators can provide a comparison
between devices but do not appear to be well suited to predicting how they will perform in different
types of patient. Indeed, the kinematic patterns produced by these simulators are not reproduced in
vivo (using the same TKRs) and, in addition, there is high variability in kinematics between patients
with the same TKR implanted (DesJardins et al., 2007; Ngai et al., 2009). This suggests that this
type of assessment cannot really predict how a TKR will behave in clinical use and that a TKR’s
characteristics cannot be determined from its articular geometry and the passive resistance
provided by the ligaments alone. Variations in surgical technique, implant positioning and patient
anatomy and/or pathology clearly all have an effect on the functional outcome of a TKR and it is
possible that this kind of implant simulator should only be used to conduct pre-clinical wear tests as
part of the regulatory process and that they should not be used to try to predict how different TKR

designs will behave in vivo or used to show improvement in function due to design changes.

Recently, the AMTI “Vivo” has been developed. (White and Carignan, 2012). It has a similar design
philosophy behind it as the Stanmore simulator, but is more sophisticated: the applied forces are
controlled by “virtual soft-tissues” and these can be adjusted to have non-linear responses
depending on the displacement or rotational position of the knee and some muscle forces are also

included (White et al., 2006). It is possible that this type of simulator could be tuned to simulate
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different patient pathologies, thereby giving much more information about a device’s potential

performance in vivo.

4.3 In vitro testing

While the implant-only tests described in the previous section are robust, simple to perform and
low-cost, they have the obvious limitation of not being influenced by patient and surgeon variability.
While this makes them more repeatable, and reproducible so that different users and laboratories will
produce similar results, it also means that they are less representative of in vivo conditions. The use
of in vitro testing methods, which utilise cadaver knee specimens, some realism can be added to the

pre-clinical testing process.

4.3.1 Single degree of freedom testing

The isolated implant testing described in the previous section could be expanded to include stability
testing of cadaver knees before and after TKR implantation, such as that described by Walker et al.
(2011). In this study, low-cost polyurethane TKR components were manufactured from
stereolithography (STL) files and tested using a “desktop” testing machine, with drawer forces and
rotational torques applied to produce stability data for different TKR designs. Unfortunately, the
authors of this study only used intact cadaver knees in a pilot study, to give a set of baseline
“anatomic” results for AP and IE stability. They then proceeded to test the implants in isolation and
compare laxity results to the anatomic baseline; a more powerful study would have tested the

cadaver knees implanted with the TKRs.

Another limitation of this study was the very low axial compressive load that was used during the
stability testing (58 N, compared to around 2 kN maximum during walking gait). However, this type
of testing could be a powerful tool for assessing the effects of small design changes, such as the
shape or position of the peg in a PS device, or the amount of PCL damaged by the surgical insertion
of the tibial baseplate (Van Opstal et al., 2014). A repeated measures test design would be ideal, so

that the stability of the replaced knee could be directly compared to that of the native knee.
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4.3.2 Six degree of freedom testing

The uni-directional tests described previously are a relatively quick and cheap ways to assess TKRs
in the pre-clinical setting. But the knee moves in three dimensions and, as described in Chapter 2,
has 6 degrees of freedom. Modern TKRs aim to replicate these 3D motions of the knee joint and 6

DoF kinematic testing can aid in determining whether or not they achieve this.

4.3.2.1 Passive testing rigs

The simplest kind of 6 DoF kinematic testing method for the knee is passive flexion/extension of the
joint. There are many different kinds of specially designed rigs that can be used to examine the
rotations and translations in the knee joint as it is flexed and extended (Bull et al., 2008; Ghosh
et al., 2010; Heever et al., 2012; Barnes et al., 2012; Hunt et al., 2014), utilising the fact that the
position of the knee as it is passively moved through flexion angles is controlled by the ligaments,
menisci and the articular geometry of the tibiofemoral joint (Wilson et al., 1998). Although slightly
variant to each other, all of these rigs simulate an open-chain flexion of the knee, with none, some or
all of the heads of the quadriceps loaded to provide the extensor moment. Some of the rigs
additionally load the hamstrings to provide a more realistic co-contraction, which also limits the

amount of anterior translation of the tibia (Hunt et al., 2014).

The design and manufacture of some of these rigs can still be relatively “low-tech”, with manual
movement of the knee and weights and/or pneumatic actuators providing muscle loading and
drawer forces and rotational torques. In some cases the drawer forces and torques are applied by
hand until a “subjective end point” is felt (Hunt et al., 2015): this is akin to the intra-operative stability
assessment that is performed during TKR surgery, but it may be the case that this is not repeatable
and in addition does not allow secondary motions of the tibia to occur naturally because of the way
in which the tibia has to be held for forces and torques to be applied. This kind of evaluation should

be considered alongside the controlled loading scenarios.

The tracking of the femur and tibia in this type of test is fairly complex because both bones are
usually in motion simultaneously. An electromagnetic or optical tracking system is therefore normally
used to record the movement of each bone during the experiment — similar in style to the motion
capture techniques used in gait analysis, with the advantage of being able to attach trackers directly

to the bones, so soft tissue artefact does not present a problem (as is also the case in computer
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assisted/navigated surgery). This kind of test and the associated measurement techniques and

limitations will be discussed further in Chapters 6 & 7.
4.3.2.2 Dynamic or active knee testing rigs

The logical addition to make to the open-chain exercises described above is a ground reaction force,
creating a closed-chain motion. This will better approximate weight bearing activities such as
squatting, walking, cycling and rising from a chair. This type of “dynamic” knee testing rig has its
origins in the Oxford Knee Rig (OKR) which was developed in the late 1970s by John O’Connor and
colleagues with a view to studying different designs of knee arthroplasty (Bourne et al., 1978). Since
then, many others have followed over the years, all with slightly different design features, levels of
sophistication and methods of operation. What they all have in common is that the angle of flexion of
the knee is controlled by a force at the hip joint, balanced by quadriceps (and sometimes
hamstrings) muscle loading, rather than relying on one of the bones being manually controlled.
Although quasi-static measurements during activities such as squatting are routinely captured using
this type of system, continuous flexion-extension motions can also be produced and dynamic ADLs
such as walking gait, stair climbing and rising out of a chair can be assessed, although most of the
rigs currently only examine the relatively straightforward squat. A selection of such rigs has been
summarised in Table 4.1. Similarly to the passive knee rigs described previously, some kind of 3D
tracking system must be used in conjunction with these dynamic rigs in order to accurately measure

tibiofemoral motion.
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Table 4.1

Dynamic knee testing rigs being used in knee research. DoF: degrees of freedom, VI: vastus intermedius, quadriceps muscle, RF: rectus femoris,

quadriceps muscle, VM: vastus medialis, quadriceps muscle, VL: vastus lateralis, quadriceps muscle, FE: flexion/extension of a joint, IE: internal/external rotation
of a joint, VV: varus/valgus rotation of a joint, AP: anteroposterior translation, PD: proximodistal translation.

Location of Hamstrings Which Downward Upward Other activities DoF at hip DoF at ankle Reference
Rig loaded? quadriceps squat? squat?

loaded?
Bath Yes VI+RF Yes No None Universal joint FE ,IE ,VV Coles et al. (2014)
Clemson Yes VI+RF, VM, VL Yes No None PD,IE,VV FE ,IE ,VV Rusly et al. (2014)
Ghent No VI+RF Yes Yes None PD,FE,IE FE,IE,VV (AP) Van Haver et al. (2013)
Harvard No VI+RF Yes No None Universal joint FE,IE,VV Ramappa et al. (2006)
Kansas No VI+RF Yes Yes Walking PD,FE FE,IE,VV Guess and Maletsky (2005)
Leuven Yes VI+RF Yes No None PD,FE FE,IE,VV Victor et al. (2009)
LMU Yes VI+RF, VM, VL Yes Yes None PD,FE,VV FE,IE,VV Steinbriick et al. (2013)
NYU Yes VI+RF Yes Yes None Spherical FE,IE Yildirim et al. (2009)

bearing

Oxford No VI+RF Yes No None PD,FE,VV FE,IE,VV Zavatsky (1997)
Scripps No VI+RF Yes Yes Stair climbing PD,FE,VV FE,IE,VV D’Lima et al. (2000)
Taylor Yes VI+RF, VM, VL Yes No None PD,IE,VV FE ,IE ,VV Oshea et al. (2014)
Tubingen Yes VI+RF, VM, VL Yes No None PD,FE,VV FE,IE,VV Winschel et al. (2011)
UBC No VI+RF Yes Yes Stair climbing PD,FE,VV FE,IE,VV Anglin et al. (2008)




4.3.2.3 Robotic testing methods

Perhaps the most controllable method by which to measure native knee kinematics and comparing
them to those of the replaced knee is a 6 DoF robot arm, or “manipulator”. Pioneered by the
Musculoskeletal Research Center at the University of Pittsburgh in the mid 1990s (Rudy et al.,
1996), this test utilises a high-precision 6 DoF robot arm, the sort that is seen in car manufacturing
facilities (Figure 4.2). This kind of robot arm, fitted with a 6-axis force and moment sensor and a
robotic controller, can be programmed to move the knee joint in flexion-extension, while
simultaneously minimising the forces in the other degrees of freedom, allowing the secondary
motions that occur naturally during passive knee flexion. One of the limitations of this type of
assessment is that these relatively small robotic manipulators are not capable of providing joint
loads above around 200 N, a fraction of what is seen during ADLs. This can be partly rectified by
the inclusion of external actuators or weights attached directly to the muscles surrounding the knee
to simulate the loads experienced by the knee during flexion and extension (Van de Velde et al.,
2009), most of which are a result of muscle action (Shelburne et al., 2006). This would have the

added benefit of some of the active stability afforded to the knee by the muscles, being simulated.

A Anteroposterior
Translation

1
i
M, =| Internal/External
edfofat : R
?}5'!?3;' ‘eray : . Rotation
\a.r g ! Tibi -
i -

/,
®, !@

—
-

.,"” - -
Proximodistal . .

Flexion/Extension

Translation
. 6 degree of
e freedom
Varus/Valgus robotic arm

Rotation

Figure 4.2 Knee testing with a robot.
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4.4 Computational methods

Although this thesis is concentrated on experimental investigations, this review would be incomplete
without mentioning the computational or “in silico” techniques that can be used as part of the
pre-clinical testing process, particularly those that complement or replicate the laboratory based
tests described above. The stability test described previously has been reproduced using rigid-body
computational methods by Moran et al. (2008), who found good agreement between the
experimental and virtual models. The Kansas knee rig has been duplicated in silico, using a finite
element method (Baldwin et al., 2012; Clary et al., 2013) and although this presents a much more
challenging modelling problem due to the use of cadaver specimens in the experimental model, the
FE version of the simulator produced results in good agreement with those from the experimental
testing. Computational methods are an attractive option; once they have been constructed and
verified using experimental models, controlled loading regimes can be used on a variety of TKR

designs, to extract small changes in kinematics.

In addition, they offer the opportunity to test TKRs under a variety of loading conditions and, for
example, alignment options, allowing multiple comparisons that would be extremely time consuming
using in vitro methods. This probabilistic or parametric modelling has the potential to be very
powerful in the design phase of new TKRs, although that is dependent on powerful computers to

keep the computational time at a realistic level (Strickland et al., 2010).
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CHAPTER 5

STABILITY ASSESSMENT OF TOTAL KNEE
REPLACEMENTS

5.1 Overview

This chapter describes work done to examine the stability of different designs of TKR using bench-top
testing. The objectives of the work were to: measure the stability characteristics of different designs
of implant using the testing procedure described by the ASTM standard F1223-08 (ASTM, 2008);
assess whether this type of test, the simplest of the functional assessment methods for TKRs, can
adequately distinguish between devices and educate surgeons about performance; quantify some of
the “coupled” or secondary motions (those that are in the other degrees of freedom from that which
is being examined) that occur during testing; produce recommendations for how this ASTM standard
test method could be improved to better characterise TKRs as part of the regulatory and pre-clinical

testing process.

The following terminology is used throughout this document to describe the broad types of total knee

replacement:

1. ACL is resected, PCL is retained: cruciate-retaining (CR);

2. ACL & PCL are resected and stabilisation is built into the condylar geometry: condylar-stabilised
(CS);

3. ACL & PCL are resected and substitution built into a cam-post mechanism,
posterior-substituting (PS);

4. ACL & PCL are both retained: bi-cruciate retaining (BCR).
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5.2 Introduction

The study by Haider and Walker (Haider and Walker, 2005) used the test methods outlined in the 2005
version of the ASTM standard to assess the constraint — or stability — of three different designs of CR
TKR that are currently on the market: the Nexgen (Zimmer, Warsaw, IN, USA); the Genesis Il (Smith
& Nephew, Memphis, TN, USA) and the PFC Sigma, (DePuy Synthes, Warsaw, IN, USA). Moran
et al. (2008) assessed one TKR device experimentally in order to validate a computer simulation of
the ASTM test methods. These studies looked at TKR anterior-posterior AP translational stability
and internal-external IE rotational stability, but neglected to consider the effect on stability of the
medial:lateral (M:L) tibiofemoral loading distribution, which varies depending on subject and activity
(Varadarajan et al., 2008; Mundermann et al., 2008; Zhao et al., 2007). Instability is a major cause

of TKR revision and so is an important consideration.

The ASTM standard does not include guidance on this loading distribution and is worth examining.
Haider and Walker (2005) did explore whether keeping secondary motions constrained during the
translation and rotation tests led to anomalous results. They concluded that, other than flexion angle
and the DoF being measured, all the other motions should be left unconstrained in order to obtain
reliable results. Heim et al. (1996) and Heim et al. (2001) looked at AP, ML and IE stability of mobile
bearing and posterior stabilised TKRs but constrained all of the DoF of motion other than the one
being measured. That constraint most probably led to unrealistic measurements of laxity and edge-
loading conditions, especially in asymmetric TKR designs where one might expect large secondary

motions to occur during stability testing.

There also has not been an analysis of the effect of axial load magnitude on the stability of these

devices. In the methods section of their paper, Haider and Walker (2005) defined “constraint” as

F
traint = — A
Constrain a (5.1)

where F is the load reached at a particular displacement, a, under an axial load W. However, the
authors did not go on to use this definition to compare the constraint measured for the 3 devices that
they were testing. This definition of constraint effectively normalises the stability relative to the

applied axial load and so any effects of changing the load might not be obvious by analysis of this
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constraint measurement (i.e. it is possible for the ratio % to change as W is varied and the
constraint remain the same, but the stability characteristics might be quite different so this measure
could be misleading). It would seem more sensible to quote the force and translation (or torque and
rotation) of the device as it approaches the point of instability/subluxation. This measurement can
then be compared across different devices for the same axial load. Or, for the same device, the

effect of changing the compressive axial load could easily be quantified.

Therefore, this study sought to examine the AP and ML translational and IE rotational stability at a
range of flexion angles, M:L loading distributions and axial loads, using the ASTM standard test
methods with all of the secondary motions unconstrained, for a range of different devices. It was
hypothesised that altering the M:L load distribution would vary the relative constraint of each
compartment of each prosthesis, leading to changes in the coupled rotations which accompany AP
and ML translations and the AP translations and VV rotations that accompany controlled IE rotation.
It was also hypothesised that increasing the axial compressive load would alter the devices’ stability
characteristics and that the TKRs would exhibit different stability characteristics depending on the

flexion angle being tested.

5.3 Materials and methods

Two purpose-built rigs were used in conjunction with two Instron materials testing machines (MTM,

Instron Ltd, High Wycombe, UK) for translational and rotational stability testing.

5.3.1 AP testing rig

A previously designed and constructed test rig, which could accommodate the femoral and tibial
components of a TKR was used for testing (Figure 5.2). This rig fixed the flexion angle, AP, ML and
IE position of the femoral component but allowed it to freely rotate in VV and translate proximodistally.
The tibial component was constrained in flexion/extension, VV rotation and proximodistal translation,
but free to rotate in IE and translate in ML, while the AP translations were imposed on the component.

Therefore, all 6 DoF of the knee were present and, except for flexion, unconstrained during testing.

The femoral component was mounted using polymethylmethacrylate (PMMA) bone cement onto an
aluminium alloy cross-bar, shaped to match the component’s internal geometry, similar to the shape

of the distal femur as prepared during surgery (Figure 5.1). The flexion angle could be adjusted by
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rotating and then fixing the cross-bar into position. This rotation occurred around an axis parallel
to the distal most aspect of the condyles, which was perpendicular to the line of action of the axial
compressive force so this force was always acting along the same line in the sagittal plane. A pivoting
frame was used so that the femoral component was free to rotate in varus-valgus, about an anterior-
posterior axis at the level of the flexion axis, not far from the joint line. In previously used testing rigs
in other studies, this VV rotation axis had been situated high above the joint line (Klein et al., 2003;

Moran et al., 2008) which is not physiologically accurate.

Figure 5.1 Three MatOrtho TKRs ready for testing. From left to right: mobile-bearing Saiph; MRK; fixed-bearing
Saiph.

This pivot point could also be adjusted medially-laterally, thereby shifting the line of action of the axial
load in the coronal plane, varying the load distribution between the medial and lateral compartments
of the TKR, across the range 30:70% to 70:30% M:L. This was determined by measuring the distance
between the lowest points on each femoral condyle — assuming that these would be the contact
locations on the tibial bearing. The pivoting femoral frame was in turn mounted on a linear bearing,
which allowed it to translate proximodistally during testing. A calibrated pneumatic cylinder forced
the femoral fixture distally (horizontally in the test set-up) against the tibial component, providing the
compressive joint force. A pneumatic cylinder was chosen so that any coupled proximal translations

were not prevented from occurring during testing.

The tibial components were mounted onto the end of a freely-rotating shaft, which allowed internal-

external rotation. A wedge could be placed in between the tibial tray and the shaft in order to adjust
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the amount of posterior slope if required by the TKR operational technique. This assembly was
mounted onto a linear bearing which allowed free medial-lateral translation in the horizontal plane.
In turn, this whole tibial assembly was then mounted onto another linear bearing, which allowed
anterior-posterior translation (a vertical motion in the experimental set-up). The tibial assembly was
attached directly to the load cell of a single-axis Instron 5565 MTM which provided the AP motion

and measured the force (N) required to translate the tibial component (mm).

ATTACHMEN FEMORAL
T0 INSTRONT COMPONENT
AND CROSS PNEUMATIC
LOAD CELL

BAR CYLINDER FOR
AXIAL
LOADING

TIBIAL
COMPONENT

Figure 5.2 AP translational stability testing rig.
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Figure 5.3 Rotational stability testing rig.
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5.3.2 ML translation rig

The AP translation rig was adapted for the ML testing. The same pivoting frame was used to mount
the femur, and the tibia was again attached to a rotating shaft and two linear bearings. So that the
Instron imposed ML (rather than AP) translation to the tibial component, the whole femoral assembly

was rotated by 90° around the line of action of the axial compressive load.
5.3.3 IE rotation rig

The tibial component was cemented into a shallow mounting on a low friction bearing X-Y translation
table which prevented rotations and was bolted to the base of the servohydraulic dual-axis tension-
torsion Instron (8874) (Figure 5.3). An aluminium alloy wedge could again be placed below the tibial
tray to adjust the posterior slope (Figure 5.4). The femoral component was mounted using a similar
cross-bar and VV pivot frame as in the translation tests, allowing free varus-valgus rotation about
an anterior-posterior axis at the level of the joint line, but this was now mounted onto the end of the
Instron load cell (Figure 5.4). The Instron imposed internal external rotation to the femoral component
at the desired axial compressive force and angle of flexion, while the tibial component was able to
translate in both AP and ML via the X-Y table and rotate in VV (Figure 5.3). The Instron measured
the torque (Nm) and rotation (°) of the femoral component. With the Instron programmed to maintain
a constant compressive joint force, the hydraulic crosshead lifted the femoral component to allow it to
“climb” out of the concavities of the tibial bearing surfaces as required during the testing, in a similar

way to the pneumatic cylinder in the AP stability tests.
5.3.4 Translational stability test method

The crossbar with the femoral component mounted onto it was fixed inside the pivoting frame at
the desired flexion angle and then translated to the required M:L position for the loading distribution
of interest.The vertical position of the tibial component was adjusted until an approximate “neutral”
position of the TKR was found and the loadcell was balanced, to neutralise the weight of the tibial
assembly. The more precise neutral position was then found by applying a 350 N axially compressive
load and applying small AP/ML translations to the tibia (2 mm for 5 cycles). The neutral position was
then defined as the position where the hysteresis loop of the force versus displacement graph was
symmetrical about the zero load axis (Figure 5.5). Once the components were in the precise neutral
position, the axial load was then increased to the required level, and the AP/ML limits were found

by translating the tibial component gradually until the force-displacement graph started to plateau,
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Figure 5.4 A close up image of the rotational stability testing rig.

first in the anterior/medial direction (the posterior/lateral limit of the UHMWPE bearing) and then
in the posterior/lateral direction (the anterior/medial limit of the bearing). ASTM stipulates that the
translation and rotation limits are defined as the point at which subluxation of the device is imminent.
However, the plateau point was chosen instead in order to avoid any permanent deformation of the
edge of the UHMWPE bearing caused by the components subluxing, which would have affected the
results of future tests using the same implant. These displacement limits in both directions were
recorded, the TKR was returned to the neutral position, lubricated with water, reloaded axially and
cycled between the limits. Three “pre conditioning” cycles were completed and data were collected

on the fourth cycle (Figure 5.6).

Each of these process (neutral location, limit finding and cyclic testing) was repeated for different

flexion angles, M:L loading distributions and axial loads.
5.3.5 Rotational stability test method

The method for the IE stability testing was very similar to the AP testing. With the components
mounted in the rig, the axial load was increased to 350 N via the Instron and the neutral point found.
Then the internal and external rotational limits were found<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>