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Abstract

Total ankle replacement (TAR) has increased in popularity in recent years; however, outcomes
remain unsatisfactory, with revision rates at 10 years over twice that of hip and knee
replacements. Currently, failure mechanisms of TARs are not well understood, and explant
analysis studies are limited. This study aimed to characterise the wear-related damage modes
and surface changes of explanted TARs in order to investigate the failure mechanisms of
contemporary TARs. The influence of design features including bearing constraint on the
identified damage was also analysed.

Twenty-eight explanted TARs which had been explanted for any reason were included. The
cohort comprised 9 different designs of TAR, 3 of which were fixed bearing and 6 of which
were mobile bearing. Explant analysis techniques including visual (microscopic and
macroscopic) analysis, material characterisation, and surface profilometry were performed to
identify damage modes present. Additionally, volumetric wear of the polyethylene component
was quantified. All surfaces (articulating and non-articulating) of the TAR components were
analysed.

A range of wear modes — including intended wear at the bearing as well as unintended wear of
non-bearing surfaces and due to third body particles — were observed to have occurred in vivo.
Damage to the articulating surfaces of the metallic components in the form of pitting, indicative
of material loss, and talar sliding plane scratching, indicative of the presence of hard third body
particles, was commonly seen in this cohort of explanted TARs. Evidence of porous coating
loss was also frequently identified. Together, this suggests that particulate coating debris may
contribute to TAR damage by acting as third body particles. Quantification of the volumetric
wear loss at the polyethylene bearing surface revealed relatively low amounts of wear. Based
on the findings from the present study, it is proposed that metal debris release may be an under-

recognised failure mechanism of contemporary TARs.
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Chapter 1. Introduction

In 1929, the MacAuslands wrote that “under no circumstance is arthroplasty to be considered
in the ankle-joint”.! In the time since, attitudes have shifted considerably and total ankle
replacement (TAR) is now considered to be a standard treatment option for end-stage arthritis
of the ankle. However, outcomes following TAR remain sub-optimal, particularly in terms of
failure rates. This thesis contains an investigation into the mechanisms of failure, with the

current chapter serving as an introduction to this work.

The context of the present study will be set out by situating the topic that this thesis will cover
within the area of ankle joint replacement research. Following this, the motivation for the study
is given in terms of a problem statement to justify why this research is needed. The overall aim
of the work is then described, and the scope for the study established. The significance of the
study is explained by outlining the intended outcomes in terms of contributing to the field of
research. Finally, an overview of the study is provided by outlining the structure of the thesis,

in order to aid understanding of how this study will achieve the aim set out in this chapter.

1.1. Context of the Study
1.1.1. The issues to date

Contemporary total ankle replacement is a relatively recent joint replacement to be introduced.?
The first ankle replacement was described in 1890 by Gluck, with little success.® Some years
later, in the 1970s, first generation ankle replacements were implanted, although still with
limited success, and the implant was again abandoned clinically for nearly a decade.® * Second
generation implants were then introduced, followed by the currently-used third and fourth

generation prostheses.

Outcomes following TAR have improved significantly over the last decade, however revision
rates remain high in comparison to other lower limb total joint replacements.® The National
Joint Registry for England, Wales, Northern Ireland, the Isle of Man and the States of Guernsey
(NJR) 2023 report gives a 10-year revision rate of 9.05% for ankles, compared to 3.89% for
hips and 3.93% for knees.® It is also noted that the actual number of TAR revisions performed

is likely to be higher due to underreporting.®



TAR is performed as a surgical treatment for severe arthritis of the ankle. Osteoarthritis (OA)
is by far the most common reason for ankle replacement surgery, with it being documented as
an indication for 92% of surgeries by the NJR.® OA is a degenerative condition affecting about
1% of the adult population.” Rising obesity and injury incidence levels and the ageing
population means that the prevalence of OA cases is expected to continue to increase globally.®
In alignment with this, the number of TAR procedures performed has also risen, with the
Australian Orthopaedic Association National Joint Replacement Registry (AOANJRR)
reporting a 210% increase in TAR from 2014 to 2022.°

TAR is an alternative procedure to ankle fusion surgery, also known as ankle arthrodesis. Ankle
fusion is considered the ‘gold standard’ of clinical surgical treatment for end-stage arthritis of
the ankle.* However, with TARs offering comparatively better biomechanical function and
with outcomes following TAR having improved since its introduction, TAR is becoming an
increasingly popular alternative. The NJR shows a trend of increasing numbers of TARs being
performed over the years it has been recording (since 2010), with the exception of 2020 and
2021 in which COVID-19 impacted the number of procedures being performed.® In 2019, the

NJR reported 1008 primary TAR procedures; a 13% increase from the previous year.®

Revision surgery is necessary when a device fails. Throughout this thesis, failure of a joint
replacement refers to a revision, defined as the exchange or removal of at least one of the
components of the prosthesis, as per Henricson et al.*® The most common reason for revision
surgery following TAR according to the NJR is aseptic loosening, accounting for 24.1% of all
revisions, followed by infection (14.9%), pain (10.8%) and lysis (10.7%).% Aseptic loosening
commonly occurs as a result of a reaction to implant-generated wear particles wherein an
immune response favouring bone resorption is induced, which results in the loosening of the
prosthesis, leading to eventual failure meaning revision surgery is required.'! Understanding
the source of these particulates is therefore important in order to inform future designs with the

intention of minimising implant wear.

The more a joint replacement is used (i.e., the more active the patient is), the greater the volume
of generated wear debris. With joint replacements increasingly being performed in younger,
more active patients, along with an increasingly obese and ageing population, it is generally
accepted that the number of revision surgery cases will increase. However, revision surgeries

are complex and expensive, making them undesirable. As well as adding an extra cost, revision



surgeries also come with increased risk and burden to patients. It is therefore important to aim

to reduce implant failures, and therefore revision rates.

1.1.2. Situating explant analysis

Within the area of tribology research of TARs, studies may be broadly grouped together as
being either simulator (i.e., in vitro) studies, or explant analysis (i.e., ex vivo) studies. Simulator
studies aim to predict the tribological performance of the implant by replication of in vivo
conditions using a joint simulator. All of the previously published TAR simulator studies have
used modified knee joint simulators, meaning the motion being applied is inverted to that which
the ankle prosthesis actually experiences in the body.* Explant analysis studies are those which
analyse prostheses which have been removed from the body. Generally, these are prostheses
which have been explanted from the body during revision surgery, meaning the device has
failed, however in some cases well-functioning devices may be explanted from cadavers or
when surgical intervention is required due to infection. The research contained within this
thesis is concerned with the failure of TARs and therefore is limited to the explant analysis of
devices retrieved during revision surgery. Since these explants have actually been used in the
body, it can be argued that findings from explant analysis studies give the more clinically

relevant insights into their tribological performance.

Explant analysis studies are situated within the broader research area of retrieval analysis,
which provides important feedback on the performance of a joint replacement forming part of
the post-market surveillance of these devices. As well as explant analysis, which in this thesis
refers to analysis of the explanted prosthesis only, retrieval analysis also encompasses other
areas of study. One such example is histological analysis, wherein periprosthetic tissue samples

are studied for features such as implant-derived particles.

Explant analysis studies can provide valuable insights into how an implant actually performs
in vivo, making it the truest test of a joint prosthesis. Despite their importance, however, the
number of TAR explant analysis studies within the existing literature is limited, with fewer
than ten currently published. Furthermore, these previous explant analysis studies have largely

been focused on TARs which are no longer in use.



1.1.3. Research gaps
Medical device regulation states that there are four main classes of medical devices: Class I,
Class lla, Class llb, and Class Il (Figure 1.1). Medical devices are classified based on the

device’s intended purpose and inherent risks.!2
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Figure 1.1. Diagram illustrating the classes of medical devices.

Total joint replacements of the hip, knee and shoulder were previously reclassified as Class Il
medical devices from Class I1lb.® However, it is only more recently that all other joint
replacement devices — including ankles — have followed suit.™® This reclassification means that
the level of regulatory control on these devices is increased; taking the form of stronger
evidence required for clinical study, and expected proactive post-market surveillance,
including follow-up clinical studies.®® It is only within the last few years that an international
standard for the wear testing of TARs (1ISO 22622:2019)** has been introduced and no wear

studies using this standard have been published to date.*

Contemporary TARs can be classified as one of two major designs, based on bearing constraint:
fixed bearing or mobile bearing. A detailed look into the differences between the two in terms
of design and performance is given within the following chapter. In recent years, fixed bearing
TARs have overtaken mobile bearing TARs in popularity in the UK.® However, the literature
comparing the two remains conflicting. Only one of the previously published TAR explant
analysis studies included both fixed and mobile bearing designs in their analysis.*® Therefore,
more research into comparing the in vivo changes exhibited by fixed and mobile bearing TARs

is required.



Aseptic loosening is the most commonly cited reason for revision of TARs.® Aseptic loosening
refers to loosening of the implant due to surrounding bone degradation, without infection
present. Often aseptic loosening occurs secondary to osteolysis. Osteolysis is characterised by
an adverse inflammatory immune response to particulate debris, resulting in periprosthetic
bone loss. What is not clear is the source of the particulate debris causing this loosening
following TAR, whether they are originating from the PE component, metal components, or

both. This should therefore be considered in future research.

In other metal-on-polyethylene (MoP) artificial joints, wear of the PE component is generally
considered to be the primary factor limiting the lifespan of the device. In line with this, the
limited number of previous TAR explant analysis studies have primarily focused on damage
analysis of the polyethylene (PE) components. However, to date, no published studies have

measured the volumetric wear from explanted TAR components.

Explant analysis of the metal components of retrieved TARs has not been widely performed.
However, adverse reaction to metal debris (ARMD) is a known problem following metal-on-
metal (MoM) hip replacement, and appreciable amounts of metal wear have also been reported
from non-MoM hip replacements'® and knee replacements,’’ as well as metal particles having
been found in TAR cases.’® Furthermore, it has been shown that a patient’s propensity to
develop an adverse inflammatory response to metal debris can be impacted by individual
genetics, meaning relatively low blood cobalt (Co) levels can cause this adverse reaction in
some patients.!® Given that blood Co levels have been found to be significantly elevated 1 year
post total knee replacement (TKR),? there is the possibility that this could also be the case for
TARs. Despite this, cobalt-chromium (CoCr) alloy components are used in most total joint
replacements. This evidence all suggests that there is a possibility that metal debris-related
problems could exist following TAR. Further research into the tribological behaviour of metal
components, including investigation of any potential differences in the performance of
different metal alloy components, within TARs is therefore warranted.

1.2. Statement of the Problem
Since their introduction in the 1970s, TARs have seen development from the initial first-
generation implants to the currently used third and fourth generation implants. Recently, longer

term (over 10 years post implantation) survival data from national retrieval registries has



emerged. Revision rates for TARs are unsatisfactory in comparison to other lower limb total

joint replacements, with over double the proportion of failures after 10 years.

To date, however, the limited number of published TAR explant analysis studies means that
the failure mechanisms of TARs are not currently fully understood. In particular, there is a lack
of explant analysis of TAR designs which are currently in use. In addition, a focus on the
metallic components of failed prostheses is needed, in order to better determine potential

factors contributing to high rates of implant failure.

1.2.1. Research question
To address the problem statement, the following question, which the research contained within
this thesis aimed to answer, was posed: what wear-related damage and/or surface changes occur

in vivo which may drive TAR failure?

1.3. Aim and Scope

In response to the problem statement and associated research question, set out in the previous
section, the aim and scope of the present study was identified. The overall aim of the study is
to investigate the damage modes and surface changes reflective of wear occurring in vivo for
explanted TARs. The motivation behind this is to better understand the failure mechanisms of
contemporary TARs. The research contained within this thesis therefore uses an explant
analysis approach to describe the wear-related tribological patterns of various failed TARs. The
main components of this explant analysis approach are visual analyses, profilometry, material
characterisation, and form analysis, with the latter referring to volumetric wear and linear

deviation.

The scope of the study is limited to TARs which have been revised and therefore can be
considered to have failed. The scope of the study is also defined in terms of the analysis to be
performed, with this being limited to explant analysis of explanted TARs. Therefore, other
retrieval analysis approaches, such as histological analysis, are beyond the scope of this study.
These boundaries allow the study to focus on the failure mechanisms of TARs from an

engineering perspective.



1.3.1. Objectives
To address the aim described for the research in this thesis, the following objectives were
identified:

i.  Characterise the modes of damage present on explanted TAR components in terms of
type, extent and severity.
ii.  Evaluate the surface topography changes of explanted TAR components.
iii.  Analyse the form changes of explanted TAR PE components.
iv.  Correlate in vivo changes of explanted TAR components with implant characteristics.

v.  Determine damage mechanisms likely to cause TAR failure.

1.4. Significance of the Study
The present study is significant in that it forms the largest explant analysis study of currently
used TARs in the UK.

An intended outcome of this study is to advance knowledge regarding the clinical performance
of contemporary TARs; specifically focusing on the identification of in vivo wear-related
surface changes which may contribute to the high rates of failure of these devices. Relating to
this, another intended outcome of the study is to quantify volumetric wear loss and linear
deviation from explanted TAR PE components, thereby contributing to the understanding of
wear performance of TARs, as well as enabling comparison to published wear volume results
within the literature from simulator studies. Finally, the study also aims to contribute to the
discourse concerning the comparison of fixed and mobile bearing TARs in terms of their wear

performance and in vivo changes as described by the previous intended outcomes.

1.5. Overview
This thesis consists of five further chapters, following on from the current introductory chapter
(Figure 1.2).



1. Introduction

A 4

2. Literature Review

A 4

3. Materials and Methods

\ 4

4. Results

\ 4

6. Discussion

\ 4

7. Conclusions

Figure 1.2. Overview of the thesis structure. The different colours correspond to
introductory, methodology, results, and discussion chapters, respectively.

In Chapter 2, the present study is situated in relation to current research. An overview of
contemporary TARSs is given, including design principles, biomaterials used, biotribology of
the devices and current theories on failure mechanisms. The existing relevant literature
surrounding the topic of explant analysis of TARs is also critically evaluated. In this regard,
different explant analysis techniques are explored, and previous retrieval studies are evaluated.
Based on the identification of research gaps in the current literature, an argument is made for
the need to investigate explanted TARs for indications of wear-related damage potentially

causing failure.

Chapter 3 establishes the research methodology for this explant analysis study. Within this, the
cohort of explanted TARs are described, along with corresponding clinical information where
available. The methods which form the research design are then detailed; covering the
techniques and instruments used to collect and analyse the data.

In Chapter 4, the original research results from the study of failed TARs are presented. This
involves results from the initial identification of surface damage modes present and subsequent
explant analysis techniques, as well as correlation of in vivo changes with implant

characteristics.



Chapter 5 discusses the results of the study in the context of the existing literature. Key findings
are expanded upon to inform the proposal of contemporary TAR failure mechanisms. Based
on this, characteristics of TARs that may improve the wear performance are considered. The
limitations of the research are also discussed.

Finally, Chapter 6 contains the conclusions of the study and reflects on the work contained
within this thesis to suggest directions for further research.



Chapter 2. Literature Review

The literature regarding TARSs is not as extensive as for other total joint replacements with a
longer history of use. However, a background to the research topic, for the purpose of putting
the present study into context, can be provided by the published literature. A critical review of
the current literature is also carried out in order to set out the status of the existing work. This
is synthesised so as to summarise the body of knowledge currently available on the failure

mechanisms of total ankle replacements.

Firstly, background information is provided on the ankle joint and need for ankle replacement,
as well as data relating to total ankle replacement implantations and failures. An overview of
total ankle replacements is then given, including design, biomaterials, and biotribology. The
various known mechanisms of total ankle replacement failure are described. Previously used
explant analysis methods are then reviewed. Finally, the TAR retrieval studies published in the

literature to date are evaluated.

2.1.  The Ankle Joint
An aim of any total joint replacement is to replicate the capacity of the natural joint as closely
as possible. It is therefore important to understand the role of the natural ankle joint, as well as

the need for replacing the ankle and the alternatives.

2.1.1. Anatomy of the ankle joint
To describe anatomical locations, a set of terminology relating to the three anatomical planes
(sagittal, coronal, and transverse) will be used throughout this thesis. Figure 2.1 illustrates this

reference system.

The coronal plane creates medial and lateral sections, referring to closest and furthest from the
midline of the body, respectively. The sagittal plane separates the body into posterior (back)
anterior (front). Finally, the transverse plane separates the body into superior (top) and inferior
(bottom).
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Figure 2.1. An illustration of the anatomical planes of the human body and respective
terminology using a right sided ankle.

The ankle joint complex is comprised of three joints: the tibiotalar (talocrural), the subtalar

(talocalcaneal), and the transverse tarsal (talocalcaneonavicular), as shown in Figure 2.2.2

Tibia
Tibiotalar joint (ankle joint) |
Talus

Transverse tarsal joint

A Subtalar
joint
Calcaneus|

Fibula -} [ Tioia

- Tibiotalar joint (ankle joint)
Subtalar joint «

- Talus

Calcaneus o
- Transverse tarsal joint

- Navicular

Figure 2.2. Anatomy of the ankle joint complex. Image adapted from TARVA trial.?
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Historically, the ankle was generally considered to be a hinge joint, permitting the movements
of dorsiflexion (i.e., flexing the foot) and plantarflexion (i.e., pointing the foot).%* Multi-axial
motion, however, due to internal and external rotation occurring during dorsiflexion and
plantarflexion respectively, has been shown to occur at the ankle joint complex, suggesting that

the initial hinge joint concept is an oversimplification.?! 2

The primary movements permitted at the ankle joint complex are plantarflexion and
dorsiflexion occurring in the sagittal plane, abduction and adduction occurring in the transverse
plane, and inversion and eversion occurring in the coronal plane, as illustrated by Figure 2.3.%
Supination and pronation, three-dimensional movements corresponding to the position of the
sole of the foot, are created by these motions in combination.* Plantarflexion, adduction and
inversion together cause supination, defined as the sole of the foot facing medially (i.e.,
inwards); dorsiflexion, abduction and eversion together cause pronation, defined as the sole of

the foot facing laterally (i.e., outwards).*

Internal axial
Extemal rotation
axial rotation

Inversion

4 '/'3 4 Eversio
/ // J 5 version

Dorsiflexion <

Plantarflexion

Figure 2.3. The motions of the ankle joint complex. Image from Brockett et al.?

The subtalar joint, along with the transverse tarsal joint, allows the inversion and eversion
movement of the foot.?! The distal ends of the tibia and fibula, along with the talus, form the
tibiotalar joint, with the load bearing aspect comprising of the tibial-talar interface.?! The

tibiotalar joint is commonly referred to as the ‘true’ ankle joint,3 and it is this articulation that
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TAR — in which the ends of the tibia and talus bones are resurfaced — aims to treat. From here

on, the term ankle joint will refer to the tibiotalar joint.

2.1.2. The need for ankle replacement
According to data from the 2023 annual report by the NJR, the vast majority of primary TARs

are performed to treat OA, with it being reported as an indication for 92% of procedures.’

Ankle OA is a degenerative condition affecting approximately 1% of the adult population.?*
The disease significantly impacts quality of life, to the same degree as end-stage arthritis of the
hip.25

Non-operative interventions such as weight loss or orthotics may be used in the first instance.?®
2" Once the OA has progressed to be end-stage, however, surgery — either TAR or ankle
arthrodesis — is the main treatment option.?” An estimated at least 29,000 patients with
symptomatic OA of the ankle each year are referred to specialist foot and ankle surgeons within
the National Health Service (NHS), of which at least 3,000 undergo surgery (TAR or
arthrodesis).?* OA which meets the following two criteria is deemed to necessitate surgical
intervention and therefore defined as being end-stage: radiological changes consistent with OA,;

unsuccessful treatment using non-operative methods for at least 6 months.?’

Typically, those affected by OA of the ankle are younger than those affected by hip or knee
OA. This may primarily be attributed to the fact that the majority of ankle OA is
posttraumatic,?* whereas primary OA is the most common form for hips and knees.?® At the
time of diagnosis, patients with posttraumatic ankle OA have been reported to be an average
of 14 years younger, as well as experiencing a more rapid progression to end-stage OA, than
those with OA of other joints.?® The primary symptoms of ankle OA are severe joint pain and
stiffness, due to the disease compromising the function of natural joints.*® 3! In healthy joints,
there is a layer of cartilage present which, together with the bone, absorbs shocks and permits
smooth motion.3> 32 In joints affected by OA, however, this articular cartilage is worn and/or

damaged, meaning painful bone-on-bone contact ensues (Figure 2.4 and Figure 2.5).%*
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Figure 2.4. Comparison of healthy and osteoarthritic ankles. (A) a heathy ankle and (B) an
ankle with OA. Image from TARVA Trial.?

A

Figure 2.5. X-rays showing end-stage arthritis of the ankle with resulting bone-on-bone
contact indicated by the red arrows. Image taken from HSS.®

Obesity, being a risk factor for OA, therefore also increases a patient’s risk of requiring a joint

replacement.3® Based on body mass index (BMI) data, the NJR states that the average patient
receiving a primary ankle replacement is classed as ‘overweight’.® With an increasingly obese

and ageing population, joint replacement surgeries are expected to continue to increase.®’
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2.1.3. Replacement versus arthrodesis

Ankle arthrodesis — also known as ankle fusion — is a surgical procedure which restricts motion
at the affected joint.?? The operation involves fusion of the ends of the two bones, following
removal of remaining damaged cartilage, using either internal (e.g. screws) or external (e.g.

plates) compression methods as fixation.> 38

As with TAR, arthrodesis is predominantly performed to treat end-stage OA of the ankle. The
procedures are very different however, with TAR aiming to restore motion by replacing the
ankle joint, and arthrodesis aiming to restrict motion by fusing the bones (Figure 2.6).%

Figure 2.6. X-ray images of surgical treatments for ankle arthritis. (A) Ankle arthrodesis using
screws as fixation. Image adapted from Cottino et al.>® (B) Total ankle replacement. Image
adapted from HSS.%

Each year, within the NHS, approximately 3,000 patients undergo either TAR or ankle
arthrodesis to treat arthritis of the ankle.?? There is, as of yet, no clear consensus in the literature
as to a preference towards ankle replacement or arthrodesis for the surgical treatment of end-
stage arthritis of the ankle. Rather, it is to a large extent down to the preference and experience
of the individual surgeon. Some still consider arthrodesis to be the “clinical gold standard ",

however the popularity of TAR procedures has been increasing in recent years.®

For both ankle replacement and arthrodesis, there are associated potential benefits and
drawbacks. By removing motion at the ankle joint, pain too is aimed to be removed by
arthrodesis.*® However, reported complications for arthrodesis include abnormal gait
mechanics and degeneration of adjacent joints.*! On the other hand, whilst TAR has been
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suggested to restore a more natural gait, it has also been suggested that a higher risk of further

surgery is associated with it.??

There exists a learning curve for surgeons performing TAR, with a significant reduction in
complications and increase in implant survival having been shown to occur as surgeon
experience increases.?® It follows therefore that at centres with long-term experiences of
performing TAR, ankle replacement is generally the chosen procedure over arthrodesis, with
the latter mostly being performed in instances where there are contraindications for TAR

present.?

Initial results (at a 1-year follow-up) from the Total Ankle Replacement Versus Ankle
Arthrodesis (TARVA) trial — the first randomised controlled trial comparing TAR and
arthrodesis — were published in 2022.%” Neither TAR nor ankle arthrodesis was shown to be
superior in terms of clinical scores or risk of adverse events, however better outcomes were
reported for a particular fixed bearing prosthesis (the INFINITY) at 1 year compared to ankle
fusion.?? These are only short-term results, however, and a longer follow-up is needed to

compare the mid- and long-term performance of these interventions.

2.2.  Total Ankle Replacement Trends

In comparison to other total joint replacements such as hips and knees, relatively low numbers
of TARs are implanted; however, this number is increasing. The Norwegian Arthroplasty
Register has data on ankle replacements dating back to 1994,%? though in the UK specifically,
longer term (> 10 years) data has recently started to be reported by the NJR.® As this follow-
up data continues to emerge, more insights into the performance of the newest generation of

TARs may be gained.

2.2.1. Implantation rates

There is a trend of increasing numbers of TAR procedures being performed year-on-year, with
the exception of recent years in which operations were impacted by the COVID-19 pandemic.*®
Since starting recording ankle data, the NJR has recorded 8,788 primary ankle replacement
procedures for the period of 1% January 2010 to 31 December 2022.% In 2019 — the last year
before surgery numbers were affected by COVID-19 — 1008 primary TAR procedures were

reported.*® The average number of primary TARs performed per year for the five-year period
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of 2015 to 2019 inclusive was 796; over a 50% increase on the average of 522 over the five-
year period of 2010 to 2014.*® The increase seen in TARs performed in recent years has largely
been with fixed bearing designs.*® This change may be linked with the introduction of the fixed
bearing INFINITY prosthesis in 2014, the same year that the market leader at the time, the
mobile bearing Mobility prosthesis, was voluntarily withdrawn.*® The INFINITY prosthesis is
now the most commonly implanted TAR in the UK — used in 64.5% of procedures in 2022 —

as well as in Australia, New Zealand and Norway.% % 44 4°

The percentage of primary ankle replacements performed by model of TAR over time, using
data from the NJR, is plotted in Figure 2.7.
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Figure 2.7. Plot of the percentage of primary ankle replacements by model over time using
data from the NJR 2023 Annual Report.® Models with a total percentage of at least 0.1% are
included.

2.2.2. Revision rates
The lack of consistency in defining the revision of TAR may account for why reported revision

rates from TAR studies vary widely.?® Following a literature search, Henricson et al. proposed
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that a TAR revision should be defined as “removal or exchange of one or more of the prosthetic
components with the exception of incidental exchange of the polyethylene insert” ° However,
the NJR considers any procedure in which the implant is removed or exchanged to be a
revision.® For the purposes of this work, the definition of a revision will be consistent with that
currently used by the NJR (i.e., the removal or exchange of one or more components, including

exchange of the PE insert only).

Long-term revision rates for TAR are considerably higher than for other lower limb total joint
replacements (9.05% at 10 years, compared with 3.89% and 3.93% for hips and knees
respectively according to NJR data) (Table 2.1).°

Data from the AOANJRR in 2023 reported a 7-year TAR revision rate of 7.7% for the period
2015 to 2022, and 12.9% for before 2015, therefore indicating that revision rates have generally
improved over time.® Data from the Norweigan Arthroplasty Register also supports this finding
that current designs had a better survival compared to earlier designs.*? The NJR 7-year
reported revision rate of 7.09% is similar to that reported by the AOANJRR for 2015 to 2022,
however the NJR data covers the period of 2010 to 2022. Differences in the TARs used — for
example the INFINITY prosthesis becoming the most commonly implanted later in Australia
compared to the UK — may potentially contribute to variation in reported revision rates.

Whilst a criteria defining an acceptable revision rate following TAR does not currently exist, a
benchmark revision rate of 22% at 10 years was proposed by van der Plaat et al. following a
systematic review.*® This is considerably higher than the England National Institute for Health
and Clinical Excellence (NICE) guidance for hip replacements, which was updated in 2014 to
recommend total hip replacement (THR) as a treatment for end-stage arthritis only when
predicted revision rates were 5% or less at a follow-up of 10 years; replacing the previous
benchmark 10-year revision rate of 10%.%

Primary Time post-implantation (years)
joint 1 3 5 7 10 12 15 19
replacement
Hip 0.80 1.44 2.04 - 3.89 - 6.26 8.17
Knee 0.49 1.68 2.44 - 3.93 - 5.56 7.17
Ankle 0.77 3.14 5.47 7.09 9.05 9.58 - -

Table 2.1. Selected revision rate data from the NJR 2023 Annual Report.
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2.2.3. Indications for failure

Failure, classed as revision of the implant, is typically the standard endpoint used in evaluating
the success of TARs. Whilst this metric is useful for determining survivorship, defining failure
in this way is a binary measure and does not account for other factors such as patient
satisfaction and complications which do not lead to a revision. Additionally, the causes or
aetiology of failure may not always be considered. It may not be clear therefore whether some

failures are due to implant, surgical, or patient related factors.

Joint replacement revision surgeries come with further rehabilitation and hospitalisation, as
well as an added risk of mortality, morbidity, and infection.*® As well as this additional trauma
for the patient, revision surgeries are also complex and expensive, contributing to the economic
burden of the healthcare system.*® With an increasingly obese and ageing population, the
number of joint replacement surgeries — both primary and revision — being performed is

expected to continue to increase.> 491

Younger, more active patients tend to place greater demands on their joint replacements.
Generally, the more a joint replacement is used (i.e., the more active the patient is), the greater
the volume of generated wear debris. Tribologically, under boundary lubrication, this is due to
a greater sliding distance for the bearing articulating surfaces to cover as, according to

Archard’s wear equation, volumetric wear is directly proportional to sliding distance.>!

The literature contains three systematic reviews of TAR outcomes in terms of survivorship (or,
inversely, failures). These reviews cover second and third generation TARs, but with the most
recent of these systematic reviews having been published 10 years ago, in 2013, fourth
generation devices are not included in these reviews. Despite having varying follow-ups, and
number and generation of TARs included, all three reviews reported similar survivorship rates
of between 89% and 90%, at follow-ups of 10 years (Zaidi et al.) and 5 years (Gougoulias et
al. and Stengel et al.).>*>* The largest TAR systematic review and meta-analysis to date was
produced by Zaidi et al., which included 2942 second and third generation TARs from 56

studies.>*

The literature also contains some studies evaluating risk factors for TAR failure.>> % A
systematic review of clinical complications following TAR by Curlewis et al. found an average
complication rate of 3%, and an average mortality rate of 0.3%.% Reported risk factors from
the study were revision procedures, diabetes, obesity, systemic co-morbidities, long duration
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of anaesthetic, and preoperative blood transfusion. In a separate study by Hermus et al. using
data from the Dutch Arthroplasty Register, a higher risk of early revision following TAR was
identified for patients with a higher BMI, a lower age, or who had undergone prior surgical
treatment for obsessive compulsive disorder (OCD).>® The study reported a survival rate of

95.3% at a median follow-up of 38 months.*

2.3.  Total Ankle Replacements

Since their introduction in the 1970s, the design of TARs has evolved through four generations
of designs (Figure 2.8). These generations can primarily be identified by the number of
components that the implant has in combination with the fixation method.%” The currently used
designs are a mixture of third and fourth generation prostheses. Within this work, contemporary

TARs are defined as these used third and fourth generation devices.

1970 1990s
Lord and Marotte performed first
modern ankle replacement (first Third generation
generation TARs introduced) TARs introduced
........... 909'09'
1890 1980s 2010s
First TAR described Second generation Fourth generation
by Gluck TARs introduced TARs introduced

Figure 2.8. Timeline of the evolution of different generations of TAR.

2.3.1. Design principles

Contemporary TARs are comprised of three components: a metal (typically CoCr or titanium
(Ti) alloy) tibial component, a metal (typically CoCr) talar component, and PE (typically
UHMWPE) insert which sits in between the two metal components (Figure 2.9). The
articulating surfaces of the talar component and PE insert make up the metal-on-polyethylene
(MoP) bearing couple.
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Contemporary TARs can be categorised as one of two main types depending on bearing
constraint: fixed bearing and mobile bearing. The backside (i.e., non-bearing surface) of the
PE insert may be attached to the inferior surface of the tibial component in the case of fixed
bearing prostheses, or unconstrained in the case of mobile bearing prostheses.

Figure 2.9. Sagittal plane view of an explanted Mobility mobile bearing TAR. Top: metal
tibial component. Middle: PE insert. Bottom: metal talar component.

For a TAR to function successfully, adequate fixation of the metal components to the bone is
required. This is accomplished through one of two ways: the use of cement, or porous coatings.
Cemented implants refers to the use of a bone cement for fixation, whereas uncemented
components have a porous coating (typically Ti and/or hydroxyapatite (HA)) to promote
osseointegration at the bone-implant interface. Contemporary designs typically utilise a porous
coating rather than using cement for fixation as previous designs did.%® 5° Whilst the NJR states
that all of the TAR brands recorded by them are (CE marked as) uncemented implants, cement
is used by surgeons in some instances (4.1% of primary procedures), for example where the

bone stock is poor.®

As well as the presence of cement playing a role, the type of coating may also affect the
outcomes of TAR. A study by Hintermann et al. of Hintegra prostheses used for revision TAR
found that loosening was more common in components which were coated with a single HA
layer compared those which were double-coated with Ti and HA (23% versus 5%).6°
Conversely, a design change of the AES prosthesis from a single HA coating to a double
coating of Ti and HA resulted in an increased incidence of osteolysis, with Koivu et al. finding
the risk of osteolysis to be over 3 times higher, as well as more severe, for devices with the Ti-
HA double coating compared to the HA coating alone in a series of 130 AES TARs.®! For AES
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implants with Ti-HA coating, scanning electron microscopy (SEM) with energy dispersive X-
ray spectroscopy (EDX) analysis by Koivu et al. revealed Ti and CoCr particles in
periprosthetic tissue samples, with the amount of Ti high compared to that of the other metals
present.®? Although osteolysis following TAR is most commonly attributed to PE wear debris,
studies have indicated that the inflammatory reaction may also be in response to necrotic
autologous tissues or metal particles.®® Therefore, the implant-derived Ti particles, reported
previously with the AES prosthesis, may increase the risk of osteolysis occurring due to the
associated inflammatory response to the particles, and therefore may in part explain the high

prevalence of osteolysis following TAR which has been described.5® 84

Details of some of the currently available TAR models in the UK are given in Table 2.2. In
addition to these, there are several other historical ankle replacements which are no longer in

use, including Agility, AES, BOX, Buechel-Pappas, CCI, Mobility, and Rebalance, amongst

others.?®
Prosthesis Manufacturer FDA CE Generation Bearing
approved mark constraint

AKILE I.CERAM N/A 1995 Third Mobile

Cadence Integra 2015 2016 Third Fixed
Lifesciences

Hintegra DTMedtech H22017; 2000 Third Fixed (H2)/
LLC H3 2019 mobile (H3)

INBONE Wright 2005 2011 Third Fixed,
Medical modular
Technology system

INFINITY Wright 2014 2014 Third Fixed,
Medical modular
Technology system

INVISION Wright 2018 2016 Fourth Fixed
Medical
Technology

Salto/ Salto Integra 2006 Salto 1997 Third Mobile

Talaris Lifesciences Talaris (Salto); (Salto)/ fixed
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Prosthesis Manufacturer FDA CE Generation Bearing

approved mark constraint

2007 (Salto
(Salto- Talaris)
Talaris)

STAR Stryker 2009 Unknown Third Mobile

Corporation

Trabecular Zimmer- 2012 2012 Third Fixed

Metal Biomet

Vantage Exactech 2016 2017 Third/ Mobile (non-

fourth USA)/ fixed
(USA)
Zenith Corin Group N/A 2007 Third Mobile

Table 2.2. Details of some of the currently available TAR models.?

2.3.2. Revision ankle replacements

Failure of TAR has traditionally meant conversion into arthrodesis.?® However, as discussed in
Section 2.1.3, ankle arthrodesis does have limitations such as limiting movement, and so
revision TAR may instead be performed. The choice of procedure following TAR failure is

largely dependent on the individual case in terms of both patient and surgeon.

Exchange of the PE insert, commonly due to fracture or wear of this component, is a frequently
performed revision procedure, with the AOANJRR reporting that this type accounts for 48%
of all revisions performed.® In cases where one or both of the metal components need to be
revised, however, it is only recently that implants have been designed specifically for revision
TAR, with the INVISION Total Ankle Revision System (Wright Medical) the first to be
introduced.®® Previously, the choice was between standard components or custom implants, the
latter often being expensive and difficult to get.?® Therefore, standard TAR components — often
with bone cement added — were typically used for revision procedures.?®> The INBONE Il
prosthesis (Wright Medical) is one device which has been commonly employed for this
purpose, and the components of which are utilised in the INVISION Total Ankle Revision
System.?
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The literature contains few studies reporting outcomes of revision TAR (i.e., replacement of a
failed TAR by another). However, those that have been published indicate a high complication
rate following revision TAR.%¢%8 |ai et al. found that adverse events occurred more frequently
following revision TAR compared to primary TAR procedures.®® Similarly, an analysis of
Swedish ankle registry revision cases by Kamrad et al. found a 55% 10-year survival rate;
considerably lower than the 74% 10-year survival rate for primary procedures within the same
registry.®” A complication rate of 31% at an average follow-up of 9 months has also been
reported by Williams et al. following replacement of failed Agility TARs with INBONE I
TARs specifically.®

2.3.3. Fixed versus mobile bearing

Contemporary TARs can be classified as one of two types depending on the bearing constraint:
fixed bearing and mobile bearing. In fixed bearing prostheses, the backside of the PE insert is
fixed to the inferior surface of the tibial tray via a locking mechanism, making it a two-
component device, whereas in mobile bearing devices, the PE insert is unconstrained, making
it a three-component device. Figure 2.10 illustrates the differences in the tibial component
inferior surfaces and PE insert backside surfaces (which are in contact with each other in vivo)
of fixed and mobile bearing TARs.

Figure 2.10. Comparison of tibial component inferior surfaces and PE insert backside
surfaces of explanted fixed and mobile bearing TARs. (A) Fixed bearing Salto Talaris. (B)
Mobile bearing Salto.

Both fixed and mobile bearing TARs have their own perceived benefits. Mobile bearing

devices were thought to increase tolerance to malpositioning during implantation.®® On the
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other hand, fixed bearing devices were considered to be associated with a reduced risk of
dislocation of the PE insert.”” In the US, the preferred choice of TAR has long been fixed
bearing devices — this may be attributed to mobile bearing devices having been categorised as
class 111 devices which undergo a more stringent regulatory pathway compared to fixed bearing
devices which were able to go through the route of substantial equivalence (510(k))’* — whereas
mobile bearing devices were preferred in Europe until recent years.?® In the UK, the increase
seen in the number of TARSs performed over the past decade has largely been with fixed bearing
designs.® This change may be linked with the introduction of the fixed bearing INFINITY
prosthesis in 2014; the same year that the market leader at the time, the mobile bearing Mobility
prosthesis, was voluntarily withdrawn.® The INFINITY prosthesis is now the most commonly
implanted TAR in the UK, used in 64.5% of procedures in 2022, as well as in Australia, New

Zealand, and Norway.5 ® 4445

The literature regarding whether fixed or mobile earing TAR designs are superior is limited
and somewhat divided. Table 2.3 summarises the previously published studies which compare
the outcomes of fixed and mobile bearing TARs. Three of these are classified as either a review,

systematic review or meta-analysis, and one is an explant analysis study.

Five of the published studies were comparisons of a specific fixed bearing design with a
specific mobile bearing design, with just three including multiple models of fixed and mobile
bearing prostheses (including the explant analysis study by Currier et al. in which the mobile
bearing group predominantly consisted of one specific TAR model (n = 35) with only one other
mobile bearing TAR model (n = 1) also included. Currier et al. reported that fixed bearing
prostheses were more prone to loosening than mobile bearing prostheses, with results showing
that loosening was a more frequent occurrence in fixed bearing TARs (n = 18 (52.9%)) than in
the mobile bearing TARs (n =4 (11.1%)), and also after a shorter mean time in vivo (3.2 £ 2.1

years for fixed bearing versus 9.7 + 4.5 years for mobile bearing).t®

In contrast to this, other studies have reported superior revision rates for fixed bearing
prostheses in comparison to mobile bearing prostheses.”>"* A study by Assal et al. compared
the fixed bearing Salto Talaris and mobile bearing Salto devices and found that the mobile
bearing group had a three-times higher revision rate at 3 years post implantation.’? Likewise, a
systematic review by Roukis et al. of the Salto Talaris and Salto prostheses also reported a
higher revision rate for the mobile bearing than fixed bearing model.”® In terms of studies

including different models of fixed and mobile bearing TARs, a meta-analysis by McKenna et

25



al. found that the survivorship of fixed bearing TARs (95.6%) was better than that of mobile

bearing TARs (89.4%), however this difference did not reach statistical significance.’®

However, other studies for which the primary outcome analysed was clinical performance
found no significant differences between fixed and mobile bearing TARs.”>"8 A prospective
randomised trial by Nunley et al. comparing the fixed bearing Salto Talaris and mobile bearing
STAR prostheses at a minimum follow-up of 2 years reported a higher rate of reoperations for
the mobile bearing device (n =8 (19.5%)) than the fixed bearing device (n =3 (7.0%)), however

there were no significant differences in clinical improvement.”

Queen et al. compared the fixed bearing Salto Talaris with the mobile bearing STAR, and
reported few significant differences in patient-reported outcomes, function and gait
mechanics.”® Gaudot et al. compared paired fixed bearing Salto Talaris and mobile bearing
Salto TAR cases with a mean follow-up of approximately 2 years and found no significant
differences in clinical performance.”” A review by Valderrabano et al. also found no clear

differences in the clinical outcomes of fixed and mobile bearing prostheses.®

Overall, these previously published studies which used revisions or reoperations as a primary
outcome mostly agree that fixed bearing TARs have better outcomes than mobile bearing
TARs. However, due to the majority of the comparative studies including one model of fixed
and mobile bearing prostheses only, it is possible that conclusions given in favour of one
bearing constraint or the other is actually related to specific TAR models instead. There is
therefore scope for more research to be carried out into comparatively analysing fixed and
mobile bearing prostheses of different designs. In particular, explant analysis studies including
both fixed and mobile bearing prostheses are limited with only one meeting this criteria having

been published to date.™®
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Study TARS Follow-up Outcomes Findings
Valderrabano Fixed: Agility, No clear
(2012) TPR, TNK differences
(review)’® Mobile: BP,
STAR, AES,
Hintegra,
Mobility, BOX
Nunley (2019)°  Fixed: Salto Minimum 2 Reoperations Reoperations
Talaris (n =43)  years (mean (primary); lyst  higher for
Mobile: STAR 4.5, range 2-6)  formation, tibial mobile than
(n=41) and talar fixed bearing,
subsidence but no
(secondary) significant
differences in
clinical
improvement
Assal (2021)">  Fixed: Salto 3 years Time to revision Revision rate 3x
Talaris (n = (primary); higher for
131) reoperation mobile bearing
Mobile: Salto (n frequency, at 3 years
=171) cause, and type
(secondary)
Queen (2014)®  Fixed: Salto 2 years Ankle kinetics ~ No significant
Talaris (n = 41) and kinematics  differences
Mobile: STAR (primary);
(n=49) patient-reported
and functional
outcomes
(secondary)
Gaudot (2014)"7  Fixed: Salto Fixed mean 24  AOFASscore  No clear

Talaris (n = 33)

Mobile: Salto (n mean 23

=33) months

months, mobile

and radiographs

differences in
clinical

performance
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Study TARS Follow-up Outcomes Findings
Roukis (2015) Fixed: Salto Weighted mean  Revisions Revision more
(systematic Talaris (5 55.2 months common in
review)’? studies, n = (Salto studies), mobile (5.2%)
212) 34.9 months than fixed
Mobile: Salto (8 (Salto Talaris bearing (2.6%)
studies, n = studies)
1209)
McKenna Fixed: Salto Revisions Survivorship
(2020) (meta- Talaris, InBone better in fixed
analysis)’™ Mobile: STAR, (95.6%) than
Hintegra, mobile bearing
Mobility, Salto (89.4%),p =
(total n = 1963) 0.213
Currier (2019) Fixed: 6 Median time in Loosening more
(explant Agility, 14 vivo 4.5 years common in
analysis)®® InBone, 2 (range 0.6-17.6) fixed (n = 18)
INFINITY, 11 than mobile (n
Salto Talaris, 1 = 14) and after a
TM (n =34) shorter duration
Mobile: 35 (3.2 £ 2.1 years
STAR, 1BP (n versus (9.7 +
= 36) 4.5 years)

Table 2.3. Summary of published studies comparing outcomes of fixed and mobile bearing
TARs. Blank cells indicate that the information was unknown.

2.3.4. Biomaterials

Materials used in TARs need to have sufficient mechanical properties as well as being

biocompatible in order to perform in a potentially corrosive environment and under demanding

cyclic loads.?® Biomaterials used in TARs will ideally have a similar stiffness (i.e., elastic

modulus) to that of bone, have a high resistance to corrosion, and be bioactive in order to

achieve osseointegration for fixation where necessary.?
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The most common bearing combination used in contemporary TARs consists of a CoCr alloy
talar component articulating against an ultra-high molecular weight polyethylene (UHMWPE)
insert.2® The tibial component, which the PE insert may or may not be fixed to depending on

the bearing constraint, is typically CoCr or Ti alloy.

Table 2.4 gives the mechanical properties of different biomaterials commonly used in TARS,
as well as for bone. The elastic modulus of Ti is closer to bone than that of CoCr, therefore
theoretically reducing the effects of stress shielding, wherein bone density is reduced as a result

of an implant removing the typical stress from the bone.

Material Ultimate tensile Yield strength Elastic modulus
strength (MPa) (MPa) (GPa)

Bone 90-140 - 10-40

CoCr 600-1795 170-750 200-230

Ti 960-970 850-900 110

UHMWPE 57 22 0.5

Table 2.4. Properties of different biomaterials used in TARs compared to bone.Z

The metal talar component is usually manufactured from CoCr alloy via either cast or wrought
forming (ASTM F75 or ASTM F1537, respectively), and the metal tibial component may be
either CoCr alloy also or Ti alloy, again formed by either cast or wrought methods (ASTM
F1108 or ASTM F136, respectively). Both F75 and F1537 CoCr alloys have previously been

shown to have similar microstructures and microhardness.”®

CoCr is used in most orthopaedic implants due to its desirable mechanical properties — such as
strength — paired with biocompatibility.?®> CoCr is known to be a harder but less corrosion
resistant material than Ti. It has also been previously demonstrated by Moharrami et al. that in
vivo oxidation of Ti alloy can have a significant effect on its mechanical surface properties
such that its hardness increases, whereas CoCr alloy was found to maintain at a constant

hardness.&

Highly polished titanium nitride (TiN) ceramic coatings have been introduced with the aim of
improving the wear performance of the metal component surfaces by increasing the hardness

of the material.?® The distinctive gold colour is given by the application of a thin film of TiN
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onto the Ti (Ti6AI4V) base via physical vapour deposition (PVD).? These coatings may result
in an increased resistance to damage from third body particles.?® However, a high level of PE
wear has been reported clinically with these thin TiN layers.? Experimentally, a higher surface
roughness has been shown with TiN coatings in comparison to CoCr bearing surfaces; a factor

which has been correlated with increased levels of PE wear.®

UHMWPE has long been used in joint replacements and remains the material of choice for
TAR bearings due to its desirable properties of biocompatibility, strength and wear
resistance.®! Design features such as insert thickness and conformity can influence the level
of stress transmitted, and in turn the performance of the UHMWPE.? In particular, the
method of sterilisation can have a significant effect on the properties of the UHMWPE in the
long-term.?® Until about two decades ago, the standard sterilisation process for almost all
UHMWPE components was gamma irradiation in air.%* However, this method has been
associated with oxidation of the UHMWPE which can often result in delamination and failure
due to fatigue.? In all currently-used TARs, the UHMWPE insert is sterilised in an inert
atmosphere instead to reduce the risk of oxidation occuring.?®

Osteolysis due to PE wear debris has been frequently associated with failure of MoP implants.?
The introduced of highly cross-linked UHMWPE (HXLPE) was made with the aim of reducing
the amount of wear produced.?® Most commonly, cross-linking is achieved through irradiation
of the UHMWPE. This process produced free radicals, some of which create covalent bonds
between chains (i.e., cross-links) by joining together.82 As the dosage of gamma irradiation
increases, so too does the degree of cross-linking.2® With high degrees of cross-linking comes
increased resistance to wear; however there is also an associated compromise in mechanical

properties including reduced fatigue resistance and toughness.??

Simulator studies by Bischoff et al. and Schipper et al., each for 5 million cycles (MC), have
both reported a significant reduction in wear rate for HXLPE compared to conventional
UHMWPE inserts in TAR.% 84 Additionally, the study by Schipper et al. also demonstrated
that significantly fewer wear particles were released by the HXLPE inserts.®*

Implant fixation may be achieved by one of two methods: bone cement or osseointegration.
The latter is promoted through the use of porous coatings on the non-articulating surfaces of
the metallic components. Whilst cement has proven long-term success in hip and knee
replacements, it has been identified as a source of failure in TARs.?%8 Currently, all the TAR

brands recorded by the NJR are (CE marked as) uncemented implants. However, cement is still
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used by surgeons in some instances (4.1% of primary procedures, with a further 2.3% being
unconfirmed cases), for example where the bone stock is poor.® It should be noted that whilst
the use of cement for fixation has largely stopped outside of the US, it remains that all Food
and Drug Administration (FDA) approved TARs are indicated for cemented use only.?

Non-articulating surface coatings with a high porosity and roughness are utilised to promote
fixation through osseointegration at the bone-implant interface.?® Ti and HA are the most
commonly used materials for these coatings, with plasma spraying a commonly used technique

to create porous coatings onto the bulk material.

Ti theoretically has the advantage over CoCr alloy of having more similar mechanical
properties to that of bone, therefore reducing the risk of stress shielding and subsequent
osteolysis occuring.?® By utilising a Ti coating with a graduation of porosity, this advantage

can be further maximised through reducing the elastic modulus.?

For HA coatings, plasma spray is also the typical method of application. However, Bonit’s
technique, a method of electrochemical deposition, is an alternative that is also used.?® There
are proposed benefits of this alternative technique of applying HA. Thinner layers of coating
are allowed by electrochemical deposition compared to plasma spraying (15 um versus 50 um).
This decreased coating thickness may reduce the risk of delamination of the coating by
decreasing the stresses acting at the HA-implant interface.® Additionally, a thinner HA layer
also enables the porosity provided by the roughened surface beneath the coating — which is

beneficial to promoting bony ingrowth — to be better preserved.?

Whilst experimentally, HA coating via both plasma spraying and electrochemical deposition
has shown to improve bone-implant fixation, evidence from clinical studies is not so
supportive.®® 8 |t has been suggested that HA coating may result in more periprosthetic bone
cysts.38 The AES prosthesis previously had a HA coating, however in 2004 it was replaced
with the porous coating of Ti along with HA, a change with resulted in increased incidence of
osteolysis.® In a series of 130 AES TARs, Koivu et al. found the risk of osteolysis to be over
3 times higher for implants with the Ti-HA coating compared to the HA coating.®* Furthermore,

the osteolysis cases observed were more severe after the design change.®*

Whilst some contemporary TARSs have single coatings of either Ti or HA, the most commonly
utilised porous coating is a double coating of plasma sprayed Ti and HA. Some designs, for
example Mobility and BOX, use sintered Ti beads on the non-articulating surfaces. Again, the

aim of this coating is to promote osseointegration.
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Finally, trabecular metal is an alternative fixation surface. Trabecular metal is a tantalum metal
composite that is plasma sprayed onto the bulk material to form a porous structure, similar to
that of cancellous bone. Currently, the Trabecular Metal TAR (Zimmer) is the only ankle

prosthesis on the market to utilise this and its effectiveness is yet to be defined.?®

2.3.5. Biotribology
Tribology may be defined as the study of “interacting surfaces in relative motion and
specifically refers to the friction, wear, and lubrication of the articulation”.?® The term

biotribology refers to tribology in the context of biological systems.5®

In the ankle, a synovial joint, two bony components slide relative to each other, allowing
articulation of the joint.3! This is enabled by the articulating surfaces of the bone being coated
with articular cartilage (Figure 2.11).3! In ankle joint replacements, the primary articulation is
that of the MoP bearing, comprised of the bearing surfaces of the metal talar component and
PE insert.

. Articular cartilage
Synovial
fluid

Capsule

Figure 2.11. Schematic diagram of a synovial joint showing the key tribologically relevant
features. Image from Hutchings.3!
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An estimated 13-17% of TAR failures are tribological-related (i.e., due to wear or breakage of
the implant).?® In addition, aseptic loosening, to which implant wear may be linked, is

associated with a further approximately 19-38% of TAR failures.?®

Wear can be defined as “the removal of material from solid surfaces as a result of mechanical
action”, as per Rabinowicz.*® The wear of a joint replacement is often used as an indication of

its performance, with prostheses aiming to produce minimal amounts of wear.

Three laws of wear exist, which directly relate wear to load, sliding distance and hardness.
Specifically, the laws state that wear volume is proportional to load and sliding distance, and
inversely proportional to the hardness of the softer surface. These laws can be summed up by
the Archard wear equation, where V is the volumetric wear, L is the normal load, S is the sliding

distance, H is the hardness of the softer surface and K is the dimensionless wear coefficient:

__KLS

 H
Equation 1

The quantity K/H can be defined as the specific wear rate, denoted by the symbol k, and
representing “the volume of material removed by wear per unit distance slid per unit normal

load on the contact”.* Hence, the Archard wear equation may also be expressed as:
V = kLS
Equation 2

From this, it can be seen that, under boundary lubrication, the volumetric wear is directly
proportional to the sliding distance. This explains tribologically why the prostheses of more

active patients will generally produce greater wear.

During the normal day-to-day use of a prosthesis, wear debris is inevitably generated from the
bearing surfaces.®* In initially well-fixed MoP prostheses, the majority of generated wear
particles are expected to be accounted for by wear of the PE component, as a result of

articulation against the harder metal component.®2

Wear can also occur from contact between non-bearing surfaces due to micromotion, for
example backside wear of PE inserts, as well as metal wear debris from damage of metallic
components, cement particles in cemented implants, or from the porous coating of the non-

articulating surfaces of metallic components in uncemented implants.®* 9% Wear particles
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from any of these sources may incite a foreign body reaction, osteolysis, which can limit the

lifespan of the implant by causing aseptic loosening.

The mechanisms of wear most commonly acting on TARs are adhesion, abrasion, and fatigue.?®

Adhesive (sliding) wear refers to material transfer between two surfaces in relative motion.®°
The Archard wear equation provides the theory of this.3! Abrasive wear describes the removal
of material due to hard particles, and is often categorised as either two-body or three-body
abrasive wear accordingly.® Wear due to fatigue occurs as a result of cyclic stress.®® There are
also other possible wear mechanisms, for example corrosion; a process in which there is a
dominating chemical reaction such as oxidative wear.?® The different mechanisms may also
occur concurrently or sequentially.® For example, wear particles generated due to adhesive
wear may then cause abrasive wear by acting as third bodies.® Typically, the majority of the
particulate wear debris generated in a normally functioning implant is accounted for by
adhesion and abrasion, which often occur together.?® The patient biomechanics, along with the
geometry of the implant, can influence the high cyclic loads which implant materials

experience, and which is associated with wear due to fatigue.?®

Wear due to abrasion can present as damage such as scratching and burnishing, whereas
cracking and delamination can indicate fatigue damage.*® 8 Various factors can influence the
severity of wear. These may be linked to the implant, for example manufacturing and
sterilisation methods, the surgeon, for example alignment, and the patient, for example activity

level.

There are limited published wear simulator studies for TAR, with less than ten full articles
published to date.?® This is largely due to the recent reclassification of TAR as a Class |11 device
in Europe from a lower Class Il device, and the associated higher requirements for in vitro
testing prior to market approval. The international standard for TAR wear testing (1SO
22622:2019)% is a relatively recent introduction (compared to the equivalent ISO standard for
hip replacements which has been in circulation for over two decades),% and to date no studies

using this standard have been published.?®

In synovial joints such as the ankle, synovial fluid —a natural lubricant — is retained in a capsule
surrounding the joint.®* There are three distinct lubrication regimes: boundary lubrication,
fluid-film lubrication, and mixed lubrication (Figure 2.12). With boundary lubrication, there is
significant contact between the asperities, which leads to high friction and wear.®® For fluid-

film lubrication, the two surfaces are completely separated, leading to low friction and minimal
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wear.®® Elastohydrodynamic (EHL) and hydrodynamic (HD) are both fluid-film lubrication
regimes. The difference is that a high degree of geometric conformity is required between the
two bearing surfaces for HD lubrication, whereas EHL occurs when there is a rolling motion
with a low degree of conformity at the contact area. Mixed lubrication involves a mixture of
the characteristics of the boundary and fluid-film regimes.®® To minimise wear, the fluid-film
lubrication is the ideal regime.®® Typically, however, joint replacements consisting of hard-on-
soft bearings, such as MoP, operate under boundary side of the mixed lubrication regime, with
substantial contact between asperities.®!

_ Solid Surfaces Boundary film

Boundary lubrication

Fluid-film lubrication

Mixed lubrication

VTV N

Figure 2.12. Schematic of the different lubrication regimes. Figure adapted from Jin et

al 89

The Stribeck curve (Figure 2.13) correlates the friction coefficient with a dimensionless
constant Sommerfeld number (z). The Sommerfeld number combines the variables of the

lubricant viscosity (1), the bearing surfaces entraining velocity (u), and the load (W):



Equation 3

In simple terms, friction can be considered as resistance to motion.% Low friction is desirable
to decrease the likelihood of damage to the PE, with the subsequent release of wear particles.®’
However, very little research on friction of TARSs has been conducted to date.?

Friction
coefficient

A

Fluid-film

Boundary :

>
Viscosity x speed
Load

Figure 2.13. Stribeck curve with lubrication regimes. Image adapted from Ingram.® Notes:
EHL, elastohydrodynamic; HD, hydrodynamic.

The lubrication regime is given by the A ratio, a measure of the thickness of the lubricant film
in relation to the composite roughness of the two bearing surfaces. Equation 4 defines this
relationship, where h,,;,, is the minimum film thickness and R,; and R, are the roughness of

the two surfaces.

hmin
A R + R

Equation 4
A higher A ratio indicates a greater separation between the bearing surfaces. A < 1 corresponds
to boundary lubrication, 1 < A < 3 to mixed lubrication, and A > 3 to fluid-film lubrication.
Since Equation 4 demonstrates that A is inversely proportional to R, it therefore follows that

in order to bring the bearing towards the ideal fluid-film lubrication regime, a low surface
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roughness is desirable. Smooth surfaces are also required to optimise material properties and

decrease the friction, as well as being correlated with reduced PE wear in TARs.?®

2.4. Mechanisms of Total Ankle Replacement Failure

As the number of TARs being performed increases, inevitably so too does the number of
failures. Various factors can contribute TAR failure, and these may act in isolation or in
combination. Broadly, these causes can be grouped into three categories: patient factors,
surgical factors, and implant factors. Examples of patient-related factors include obesity and
activity level. Surgical-related factors include the learning curve of the surgeon and implant

positioning. Implant-related factors include implant design and material choice.

Twelve main indications, which are not mutually exclusive, for revision following a primary
ankle replacement are listed by the NJR.® In order of most to least reported, these were: aseptic
loosening, infection, lysis, pain, malalignment, wear of polyethylene component, stiffness,
other, soft tissue impingement, component migration/dissociation, implant fracture, and
meniscal insert dislocation.® Aseptic loosening and lysis can be categorised as affecting either
the tibial component only, the talar component only, or both; likewise with implant fracture

with the additional option of affecting the PE component only.®

The various complications that can occur following TAR vary in severity. A classification
system was proposed by Glazebrook et al. based on the likelihood of a given complication
following TAR to cause failure (Table 2.5).%° The proposed system classified complications as
either low grade (very unlikely to cause failure), medium grade (leading to failure in < 50% of

cases), or high grade (leading to failure in > 50% of cases).%

Low grade Medium grade High grade
Intra-operative bone fracture Technical error Deep infection
Wound healing problems Subsidence Aseptic loosening

Postoperative bone fracture  Implant failure

Table 2.5. Classification system proposed by Glazebrook et al. for complications following
TAR with grades corresponding to likelihood of causing failure.*®
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2.4.1. Patient factors

The extent to which patient-related factors contribute to the outcomes of TAR is unclear from
the existing literature, although there are potential contraindications (currently undecided) for
TAR including younger age (<50 years) and obesity of the patient.?

However, previous studies have investigated the influence of the patient-specific factors of
age,® sex,!%! obesity,'%? diabetes,!®® and anxiety and depression'® on outcomes following
TAR, with no significantly increased complication rates reported for these patients. A set of
factors relating to the patient to indicate that TAR should not be performed has therefore not
yet been determined. However patient selection may impact the success of TAR. This decision
will typically fall to the individual surgeon and patient in each case.

Lifestyle factors such as activity level are also likely to affect the performance of TAR, as more
active patients will place higher demands on their prosthesis. This increased demand is often
linked to younger patients who are generally more active.

Acrthritis of the ankle, both posttraumatic and inflammatory, tends to occur in younger patients
than that of degenerative hip or knee OA.2® With younger patients, it may become necessary
for a reoperation — either in the form of a revision of the implant or a conversion to arthrodesis

— to be performed, due to the required implant lifespan likely being longer.?®

The NJR reports that younger patients were more likely to need a revision, as well as a higher
long-term (12-year) revision rate for females than males (10.17% versus 9.19% respectively,
compared to 9.58% for all patients) (Figure 2.14).6 Whilst patient sex is not thought to be a
factor significantly influencing TAR survival,?® a possible explanation may be offered by a
reduced bone density which is typically associated with females,’®® and which has been
associated with risk of periprosthetic fracture following TAR.1%
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Figure 2.14. Plot of revision rates over time since primary implantation by patient sex and
age using data from the NJR 2023 Annual Report.®

2.4.2. Surgical factors

Surgical factors refer to those related to the surgeon, that is the learning curve of the surgeon,

and surgical technique, including implant positioning.

There is a learning curve associated with performing TAR procedures, meaning surgeon
experience plays an important role in the success of TAR?% 197 As the experience of the surgeon
increases, a decrease in reoperations and complications is seen, reflecting the improvement in
results and implant survivorship.?®

In terms of surgical technique, the initial positioning of the implant can also play a role in the
success of TARs. Component malpositioning or malalignment (Figure 2.15) is said to be the
most common problem faced during TAR surgery.?® Implant malpositioning resulting in a gap
between the implant and the bone has been found, via finite element modelling, to result in a
substantial increase in micromotion.'® As excessive initial micromotion of the implant has
been linked to aseptic loosening — the most commonly attributed reason for TAR failure —
malpositioning is therefore a cause for concern.'® Furthermore, malalignment can also elevate
PE wear, leading to fracture of the PE insert.?
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Figure 2.15. X-ray image of TAR showing talar component malalignment. Image from
Thermann.1%®

Subsidence, defined as a change of > 5° in the position of either the tibial or talar component,
is another common problem following TAR; more frequently affecting the talar component
(Figure 2.16).1%° It occurs as a consequence of the initial stabilisation of the component failing
due to inadequate bony ingrowth or support of the component.t!! A correlation between talar
component subsidence and periprosthetic osteolysis following TAR has also been reported by
Kihara et al. 11?

Figure 2.16. X-ray images post-TAR. (A) Talar subsidence, indicated by a change in angle >
5¢. (B) Corrected tibial-talar angle following revision. Image adapted from Kim et al.**3
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2.4.3. Device fixation and stress shielding

Four phases which make up the lifetime of a joint replacement (Figure 2.17) are defined by
Karachalios.!* Firstly, the early stable phase during which the initial implant fixation occurs.
Then, the rest of the implant’s lifespan consists of a potential early unstable phase, in which
the implant fails due to surgical technique error, before a late unstable phase, where the implant
fails due to the fixation being lost, or a late stable phase, where the implant fixation is

maintained.!*

Early stable Late stable
. phase phase
Implantation - =
*~..Early unstable “~..Late unstable
phase phase
Implant
failure

Figure 2.17. The four phases making up the lifetime of a total joint replacement. 114

As the TARs currently in use in the UK are CE marked as uncemented implants, porous
coatings are used to promote fixation via osseointegration. In addition, different TAR designs
utilise a variety of different features for fixation, including long tibial stems, screws, and small
bars (Figure 2.18). Each have proposed benefits and concerns (Table 2.6), meaning that there

is not yet an optimised solution for fixation.*

Figure 2.18. Various fixation fixtures of explanted TAR metal components. Top row: tibial
component fixation surfaces of (left to right) Salto Talaris, STAR, Zenith, and Cadence
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prostheses. Bottom row: talar component fixation surfaces of (left to right) INFINITY, BOX,
Salto Talaris, and Mobility prostheses.

Fixation fixture Proposed benefits Concerns

Tibial stems Improved stability Stress shielding

Screws Early fixation Implant loosening

Bars Greater stress distributed to  Increased contact stress due
the bone to decreased contact area

Table 2.6. Proposed benefits and concerns of different fixation features.*

Whilst porous coatings are commonly used in contemporary TARs, results from a study by
Togher et al. suggested that TAR tibial components with a fully porous coated stem were
associated with an increased risk of stress shielding compared to those with a smooth stem.*®
Stress shielding is a phenomenon which can cause bone resorption due to typical stresses being
removed from the bone by the implant (because of the difference in mechanical properties of
the two).1%® This can be described by Wolff’s Law, which states that bone remodels (i.e., its
density increases or decreases) in response to the stress placed on it.}!” Stress shielding may

result in aseptic loosening, therefore increasing the risk of failure occurring.*

2.4.4. Polyethylene failure

Whilst cross-linking of UHMWPE to form HXLPE has been shown to reduce wear rates, which
in turn may reduce the likelihood of failure due to PE wear debris, the irradiation sterilisation
process (via electron beam or gamma irradiation) may also result in decreased mechanical
properties which could lead to PE fracture or delamination.™® Alternative sterilisation methods
such as gas-plasma and ethylene oxide (EtO) have been used, however whilst these techniques
do not result in the same risks of oxidation, they also do not result in the enhanced mechanical

properties that come with cross-linking.8

A retrieval study by Currier et al. found that the oxidation rate for non-gamma (EtO or gas
plasma) sterilised TAR PE inserts to be significantly lower than for gamma sterilised inserts.%®
A correlation between the oxidation measured and the presence of clinical fatigue features (i.e.,

delamination and/or cracking of the PE) was found.™
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The process of irradiation involves the generation of free radicals which are introduced into the
structure of the PE and either cross-link the PE (Figure 2.19) or react with available oxygen to
initiate oxidation of the PE.'® Oxidation has been shown to reduce the mechanical properties
of PE to an extent such that fatigue or fracture of the component can occur, and thus is an

undesirable outcome which may cause the implant to fail early.®

Free radicals —. Cross I|nk—>

Figure 2.19. Cross-linking of PE by free radicals.

Oxidation can occur both pre- and post-implantation. Whilst barrier packaging to prevent
oxygen from entering, along with sterilisation being performed in an inert environment (e.g.,
gamma vacuum foil (GVF) packaging of Mobility and nitrogen sterilisation under vacuum of
STAR) has largely addressed oxidative degeneration pre-implantation, oxidation once the joint

replacement has been implanted remains a concern.? 23

As well as oxidative degeneration potentially causing the PE insert to fracture, other factors
may also contribute to failure via this mechanism. In March 2021, a safety alert issued by the
FDA for the STAR prosthesis, the second most frequently implanted TAR in the UK in 2020,
highlighted concerns over risk of the PE insert breaking. **® As well as the thickness of the PE
likely playing a role, with thinner (defined in this case as 6 mm or less) inserts reported to be
more prone to fracture, younger patients aged less than 55 years (and so presumed to be leading
a more active lifestyle), as well as those with OA were thought to be more susceptible to
fracture of the UHMWPE component.!18
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2.4.5. Response to wear debris
In vivo, debris from TARs may be released from the metal or polymeric components, the porous
coatings, or cement particles in those where it has been used; all of which have the potential to

cause adverse responses.

This adverse response to wear debris, osteolysis, is an immune response resulting in
periprosthetic bone resorption (Figure 2.20).% Aseptic loosening — the most common reason
for TAR revision — may occur secondary to osteolysis.®* Whilst osteolysis is most frequently
attributed to PE particles, other particulate debris such as metal and HA may also cause this

adverse inflammatory response.®*: 3

Figure 2.20. Severe osteolysis following TAR with periprosthetic bone resorption of the tibial
component. Image taken from Ali et al.**°

Micromotion (submillimetre movements between the implant and bone) is another possible
source of osteolysis. Moreover, the subsequent periprosthetic bone resorption results in further
micromotion, meaning a continuous cycle of stimulated osteolysis is generated.%® By
minimising the difference in the elastic modulus of the implant and bone, micromotion may be

reduced.®® Additionally, HA coatings may also decrease the risk of micromotion occurring.5

44



Whilst MoP prostheses produce considerably less metal wear debris than metal-on-metal
(MoM) implants, for which adverse inflammatory responses to the generated metal particles is
a known problem, it is not altogether eliminated. A THR study by Matharu et al. using NJR
data found that 7.5% of the revision surgeries performed due to ARMD were for non-MoM
hips.1® Metal wear has also been reported in TKRs and TARs, with Schipper et al. having found
metal implant-derived particles in 87% of 57 TAR osteolysis cases histologically analysed, and
Kretzer et al. having reported about 12% of wear by weight from a TKR simulator test to be
metallic.!” ¥ Furthermore, following TKR, blood cobalt (Co) levels have been found to be
significantly elevated 1 year post surgery in comparison to measurements taken
preoperatively.?® These findings collectively demonstrate that metal debris may not be an

insubstantial issue in MoP joint replacements.

Metal debris, in particular CoCr, is a known source of problems following joint replacement.
The adverse effects of CoCr metal debris following MoM hip replacement are well documented
in the literature.'?% 121 Additionally, adverse inflammatory responses following TAR have also
been shown to be incited by Ti particles.5!

ARMD is a general term'? which encompasses more specific responses such as aseptic
lymphocyte-dominated vasculitis-associated lesions (ALVAL), a concept first described by
Willert et al.*?2 ALVAL is a form of ARMD that presents as a hypersensitivity response and is

associated with localised bone and tissue destruction.

It has been shown that individual genetics can impact a patient’s susceptibility to having an
inflammatory response to metal debris, meaning adverse reaction can be caused by relatively
low blood Co concentrations in some patients.*® Despite this, CoCr alloy components are used

in most total joint replacements.*®

A direct link between ALVAL infiltrate (i.e., CoCr sensitivity) and pain reported by patients

with TKRs has also been shown.?2312

Unexplained pain is known to be common following TKR, affecting between 5-30% of
patients.'?6128 Pain following TAR may also be a problem, with a reported up to two thirds of
patients experiencing residual pain.'?® Whilst pain may be due to other causes such as
malalignment of components or infection, in other cases the pain can be unexplained.'?® The

NJR reports unexplained pain as an indication for TAR revision in 10.6% of cases.®
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2.5. Explant Analysis Methods

Various established techniques for explant analysis have previously been used in published
studies. Relevant methods include damage scoring, characterisation of surface profilometry,
and wear measurement. Explant analysis can provide valuable information on the in vivo

performance of a device.

2.5.1. Semi-quantitative damage scoring
The published literature on orthopaedic retrieval studies contains several different semi-
quantitative damage scoring techniques. They are similar, however, in that they are derived

from the seminal Hood scoring method.

In 1983, Hood et al. published a semi-quantitative method of assessing the damage of retrieved
knee PE inserts, known now as Hood scoring.®*® In this method, the components were
partitioned into sections for analysis (Figure 2.21), with each graded on a scale from 0 to 3,
with 0 corresponding to no damage, 1 to 0% > 10%, 2 to 10% > 50%, and 3 to > 50% of the
area covered by the respective damage mode. However, the grade given using Hood’s scoring
system also combined the severity of the damage, meaning a section with severe damage but
covering a small amount of area could be given the same score as a section with moderate

damage covering a larger area.

ANTERIOR SUPERIOR

POSTERIOR INFERIOR

Figure 2.21. The partitioning of knee tibial insert and patellar components for the Hood

scoring system. Image from Hood et al.**

46



Wasielewksi et al. built on Hood’s method in their 1994 publication, which assigned separate
scores for area and severity; the product of which gave an overall damage feature score
(DFS).*®! The area score (AS) assigned was based on the Hood’s original grading system of 0
to 3, and the severity score (SS) was also scored on a scale of 0 to 3, with 0 corresponding to
no damage, 1 to mild damage (i.e., just visible), 2 to moderate damage, and 3 to severe damage

(i.e., gross material loss). This method became known as the Hood/Wasielewksi method.

Following on from this, Brandt et al. published a modified version of this semi-quantitative
scoring method in 2012, with the DFS again calculated from the product of the AS and SS.**?
In this method, however, the AS was graded on a scale from 0 to 10, with O corresponding to
0% of area covered by the respective damage feature, 1 to 0% > 10%, 2 to 10% > 20%, and so
on until a score of 10 corresponding to 90% > 100% coverage. The SS was graded on a scale
from 0 to 1, with 0 corresponding to no damage, 0.33 to mild damage (i.e., just visible), 0.66

to moderate damage, and 1 to severe damage.

More recently, in a 2020 paper by Ho et al., semi-quantitative damage scoring was applied to
ankles. Ho et al. utilised a technique derived from Hood scoring to assess the damage of TAR
PE inserts.!®® The PE inserts were analysed in quadrants (Figure 2.22), and scored each on a
scale of 0 to 4, with 0 corresponding to 0% of the area covered by the respective damage
feature, 1 to 0% > 25%, 2 to 25% to 50%, 3 to 50% > 75%, and 4 to 75% > 100%.

Anterior

—

Posterior

Figure 2.22. Quadrants for analysis of TAR PE inserts. Image from Ho et al.!33
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Table 2.7 summarises and compares the different semi-quantitative scoring methods described
in this section. All four of the methods were originally applied to PE inserts from ether knee or

ankle replacements.

Of the four methods described, two (Hood/Wasielewski and Brandt) incorporate both area
covered and severity of the damage independently into the damage feature score. Both had four
options for scoring the severity, however the method by Brandt et al. included substantially
more options for scoring the area affected (11 versus 4). Brandt et al. compared their modified
method to the Hood/Wasielewski method and found that a better representation of the PE
surface damage appeared to be given by their modified method. The damage scoring method
employed by Brandt et al. therefore may be the most appropriate to use in order to produce the

most complete damage scores.

Method Damage feature Area score (AS) Severity score (SS)
score (DFS)

Hood?3° DFS = AS 0-3 Incorporated into AS
(0, <10%, 10-50%,  score
>50%)

Hood/Wasielewski'3! DFS = AS x SS 0-3 0-3
(0, <10%, 10-50%, (0,1, 2,3)
>50%)

Brandt!3? DFS = AS x SS 0-10 0-1
(0, <10%, 10-20%, (0, 0.33, 0.66, 1)
etc.)

Ho33 DFS = AS 0-4 Not accounted for

(0, <25%, 25-50%,
50-75%, >100%)

Table 2.7. Summary of the different semi-quantitative scoring methods.

Seven modes of UHMWPE surface damage were identified by Hood: scratching, pitting,
abrasion, burnishing, delamination, embedded debris (such as poly(methyl methacrylate)
(PMMA)), and surface deformation.*® Hood defined these damage modes as per the following
descriptions. Scratching is a form of abrasive wear characterised by indented markings
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typically observed in an anteroposterior direction in worn areas.*® These typical characteristics
of scratches are useful in differentiating those which have occurred in vivo with those which
have been caused by component removal (i.e., surgical retrieval damage).’®® Pitting is
described as small depressions in the articulating surface.'*® Abrasion refers to a mechanism of
wear in which hard particles displace or remove material from a surface with a ploughing
motion.3! In these areas, the PE appears “shredded or tufted” **° Areas affected by burnishing
appear highly polished with this damage corresponding to the mode of adhesive wear (which
is related to sliding wear).3! 13° Delamination is characterised by the removal of PE sheets.!*®
Embedded debris can be recognised by the difference in colour and/or texture to that of the
UHMWPE.*¥ Initially, Hood limited this mode of damage to include PMMA debris only (i.e.,
particles from the PMMA bone cement), however other particles for example from the metallic
components could also become embedded within the UHMWPE. This debris can cause third
body wear. Finally, surface deformation describes a permanent (i.e., irreversible) change in the
component surface.'® It may also be referred to as plastic deformation. In contrast to the other
damage modes defined, surface deformation does not necessarily correspond to wear as

material is not removed.

2.5.2. Surface profilometry
Surface profilometry may be measured on lines (i.e., 2D), or areas (i.e., 3D). Areal profiles
may provide additional, more relevant, information since real surfaces contact over areas rather

than lines.3!

The parameters traditionally used to describe the profile of a 2D surface (i.e., a line profile)
such as average surface roughness, root mean square roughness, skewness, and kurtosis are

typically denoted by R,, R, Rsk, Ryy fC., respectively. For areal (3D) profiles, equivalent

functions have been defined in the form of S, S,, Sek, Sk etc.®

Whilst surface roughness measurement can be evaluated in both the microscale and nano- to
atomic-scale, the former is sufficient for the majority of manufacturing and engineering
surfaces.'3* Broadly, microscopic surface roughness measurement methods can be categorised
as either contacting or non-contacting.®* In retrieval analysis of orthopaedic implants, two
common surface profilometry methods are using a mechanical stylus (contacting) and using an

optical profilometer (non-contacting).
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Mechanical stylus techniques involve taking at trace along a surface. There are potential
disadvantages associated with mechanical styles techniques. Firstly, there is the possibility of
damaging the surface if the load applied by the stylus cause the stresses to exceed the hardness
of the material being analysed.!3* Secondly, the measured profile may be distorted to some

degree due to the shape of the finite size of the stylus (Figure 2.23).1%

Tracing stylus tip

+—— Traced profile

—
i W
'f\

Original profile

Figure 2.23. Exaggerated distorted measured surface profile using a contacting stylus. Image
from Bhushan.!3

Optical profilometers use scanning white light interferometry to measure and image
surfaces.'® As this is a non-contacting method, the surface being analysed is not damaged.

Additionally, this technique provides more information by measuring 3D areal surfaces.

2.5.3. Wear measurement
With wear often being used as an indicator of the performance of a joint replacement, wear

measurement is an important part of explant analysis.

Gravimetric testing is a standardised method of wear volume quantification.*®® It can be
considered as the ‘gold standard’ for wear measurement and as such, is widely used as a
benchmark within the analysis of joint replacements. This technique involves comparing the
weight of the explanted (i.e., worn) component to that of an unused (i.e., unworn) one of the
same design. The difference in mass can be converted to volume by knowing the density of the
material of the component being examined using the following equation, where V' is volume,

m is mass, and p is density:
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m
V=—
p

Equation 5
Whilst gravimetric measurement is useful for some applications, for example in vitro testing
or validation of a new quantification methodology, it is not usually best suited to explant
analysis due to the nature of requiring an unworn component matching the retrieved one, which

generally is not practical. Additionally, the manufacturing tolerances on PE components can

be relatively wide, meaning an unworn component may not precisely match a retrieved one.’

A coordinate measuring machine (CMM) methodology has previously been established for
explanted hip and knee prostheses.*3¥14° This volumetric wear analysis has been proved to be
a reproducible method of producing results within a margin of accuracy that is clinically
relevant.'®® The CMM technique uses a ruby probe to take scans of the geometry of the
component surface being analysed and compares this to an ideal unworn surface. The
volumetric wear loss that the retrieved component experienced in vivo can then be calculated,

along with a geometrical wear map to illustrate the locations where wear occurred.

Whilst volumetric wear has been quantified for explanted hip and knee replacement
components (specifically, hip heads, cups, trunnions, and tapers, and knee PE inserts), no
similar technique has been established yet for use with explained ankle prostheses. To the best
of the authors knowledge, no ex vivo wear rates for TARs have been reported in the existing
literature. Instead, to date, TAR wear rates have come from a limited number of published in
vitro simulator studies. Wear rates reported by these studies range from 1.2 + 0.6 t0 19.6 + 12.8
mm3/MC (i.e., approximately 1.2 to 19.6 mm3/year, on the basis that 1 MC equates to
approximately 1 year in vivo).!®® Table 2.8 summarises these previous TAR simulator studies
and gives their reported wear rates. The wide range of wear rates reported may at least in part
be accounted for by the varying simulator test conditions employed. As well as the models of
TAR differing, it should be noted that the inputs, such as range of motion, load applied,
lubricant used, and number of cycles tested, vary between studies. For example, Affatato et al.
used a considerably lower peak axial load of 1.6 kN (approximately half the 5x body weight
peak load used by the majority of the other studies).?® 14! Additionally, the use of deionised
water by Affatato et al. as a lubricant (rather than bovine serum) could affect the resulting wear
rates due to being a poor representation of the in vivo lubrication.?®: 14! Taken together, these
varying conditions means that direct comparisons between the reported results by these studies

is not possible. Furthermore, the wear rates produced by these simulations may not accurately
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represent the conditions experienced by TARs in vivo, and therefore there is a need for ex-vivo

data to corroborate these.

Study TAR design Number of cycles Wear rate
(MC) (mm3/MC)
Affatato et al. BOX 2 19.6 +12.8
(2007)141
Bell and Fisher” Buechel-Pappas 5 10.7 +11.8
(2007)%42 Mobility 5 3.3£04
Bell and Fisher™ Buechel-Pappas 5 16.4+17.4
(2007)142 Moblity 5 10.4 +14.7
Bischoff et al. Zimmer Trabecular 5 74+13%
(2014)% Metal (CPE)
Zimmer Trabecular 5 1.9+0.3
Metal (HXLPE)
Smyth et al. Zenith 12 1.2+0.6
(2017)143

Table 2.8. Reported wear rates from published TAR simulator studies. Notes: MC, million
cycles; CPE, conventional UHMWPE; *, without antero-posterior motion; 7, with antero-
posterior motion; #, mg/MC.

Another previous study has measured the linear wear of retrieved TAR PE inserts. Affatato et
al. used a CMM methodology to measure the linear penetration on the PE inserts of 3 retrieved
BOX prostheses, as well as on 4 PE inserts of the same design following 2 MC on a joint
simulator.}** An average linear penetration of 0.058 mm was reported for both the retrieved

inserts and those which had undergone simulator testing.'*

2.6. Retrieval Studies
Outcomes following TAR are not as successful as other lower limb total joint replacements; a
fact which can be in part attributed to the relatively poor understanding of their failure

mechanisms. Retrieval studies are necessary to advance knowledge of the in vivo performance
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of joint replacements. Explant analysis studies focus on analysis of the retrieved device,
whereas histological studies look at the periprosthetic tissue. Both can provide useful insights
regarding the implant-related reasons for failure. By understanding these reasons, TAR

outcomes can be aimed to be improved by informing future design as well as clinical decisions.

2.6.1. Explant analysis studies

Explant analysis may be regarded as the truest method of researching how joint replacements
perform because it analyses devices that have actually been used in vivo, covering the various
‘normal’ and adverse conditions that a prosthesis has experienced. It is a useful way of
analysing the in vivo performance of a device as well as for validating results from in vitro

studies, as done by Affatato et al.**

Despite its importance, however, retrieval analysis for TARs is limited, and the previous
studies which have been carried out have primarily focused on analysis of the PE inserts,
specifically surface damage mode analysis. These previous TAR explant analysis studies are

summarised in Table 2.9.

Study TARs analysed Explant analysis performed

Vaupel” (2009)145 10 fixed bearing (Agility) - PE  Damage mode analysis (PE
inserts, tibial and talar bearing surface, tibial, and talar)
components

Greenwald” 35 mobile bearing (STAR) — Damage mode analysis (PE insert

(2010)%46 PE inserts bearing and backside surface)

Ho" (2021)133 14 fixed bearing (12 InBone, 2 Damage mode analysis (PE insert
INFINITY) — PE inserts bearing surface)

Currier” (2018)% 34 fixed bearing (6 Agility, 14  Wear and fatigue damage

InBone, 2 INFINITY, 11 Salto
Talaris, 1 TM), and 36 mobile
bearing (35 STAR, 1 BP) - PE

inserts focused

analysis (PE insert bearing
surfaces); rated for fixation
(metal components) and

oxidation (PE insert)
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Study TARs analysed Explant analysis performed
Cottrino™ (2016)%* 6 mobile bearing (AES) - PE  Microstructural and tomographic

inserts, tibial and talar analysis
components

Affatato* (2009)!4 3 mobile bearing (BOX) —-PE ~ SEM, CMM, and micro-Raman
inserts spectroscopy (compared with

simulator results)

Table 2.9. Summary of previous TAR retrieval studies. Notes: *, US; 7, France; 7, Italy.

From the previously published studies, burnishing, scratching, pitting, and abrasion were the
most commonly identified damage features on the PE inserts.!> 133 145 146 Fracture of the PE
was also seen.'™ 146 Additionally, the findings from Vaupel et al. indicated that edge loading is
experienced by the PE insert in vivo, resulting in PE wear due to greater contact stresses at the
area of articulation.'® Findings of non-uniform distribution of damage were also reported by
Ho et al., with the PE inserts analysed exhibiting a greater concentration on the posterior
aspects of the components, and resulting corresponding higher stresses in this area potentially

contributing to the prosthesis failure.3

The analysis by Currier et al. comprises the largest published TAR explant analysis study to
date, to the best of the author’s knowledge. Within this study, retrieved PE inserts were
analysed for four damage modes, with abrasion and burnishing used as indicators for wear, and
cracking and delamination used to evaluate fatigue damage.'® Loosening was found to be a
more frequently experienced issue in fixed bearing devices compared to mobile bearing
devices, and also after a shorter time in vivo.'® A higher rate of oxidation was associated with
PE inserts which had been gamma sterilised compared to those which were sterilised by other
methods (gas plasma or EtO).r® Furthermore, of the PE inserts analysed for oxidation via
Fourier transform infrared spectroscopy (FTIR), 20% had fractured in vivo, of which all were
gamma sterilised. A correlation between clinical fatigue damage of the PE inserts (indicated
by delamination and/or cracking) and oxidation was also found.'® It should be noted that the
same implants analysed in a separate later study by Ho et al. were also part of this larger cohort

of samples analysed by Currier et al.®®

The AES implants included in the study by Cottrino et al. were designs with the double layer

Ti-HA coating.®* As has been previously described in other studies of AES implants, the issue
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of coating particle release was identified.®* These particles were thought to migrate in between
the MoP bearing, accelerating wear of the device and therefore the potential for osteolysis to

occur.%

To the best of the author’s knowledge, none of the published explant analysis studies have
included analysis of all four articulating surfaces of the TAR components (PE insert bearing
and backside surfaces, tibial component inferior surface, and talar component bearing surface).
In particular, limited research has been carried out on retrieved metal (tibial and talar)
components, in terms of both their articulating and non-articulating surfaces, meaning there is

scope for further analysis in this area.

2.6.2. Histological studies
Some histological studies in which the periprosthetic tissue surrounding TAR is analysed have
also previously been published. A summary of the different types of particles identified in each

is given in Table 2.10.

Study author TARs analysed Particles identified
Koivu (2009)%* 130 AES Ti, CoCr, Al, Mo
Dalat (2013)47 22 AES PE, metal

van Wijngaarden (2015)!#® 1 AES, 6 Buechel-Pappas, 1  PE, metal
Salto, 13 CCI Evolution

Schipper (2017)'8 48 Agility, 4 INBONE, 1 PE, metal
INBONE II, 2 Salto Talaris,
2 STAR

Stratton-Powell (2023)149 13 AES, 1 Rebalance, 1 UHMWPE, CaP, CoCr,
Buechel-Pappas CPTi, Ti, SS

Table 2.10. Summary of previous TAR histological studies. Notes: Ti, titanium; CoCr, cobalt-
chromium; Al, aluminium; Mo, molybdenum; PE, polyethylene; CaP, calcium phosphate;
CPTi, commercially pure titanium; SS, stainless steel.

Histological studies in the literature have primarily been of the Agility and AES prostheses,

both of which are no longer in use. These previous studies have reported the presence of metal

55



particles, along with PE particles, in the periprosthetic tissue of between 60% and 90% of

osteolytic samples,18 61 147-149

The histological studies by both Koivu et al. and Dalat et al. examined differences between the
AES prosthesis before and after the porous coating changed from HA only to a Ti-HA double
layer.5! 147 Koivu et al. found that the incidence of osteolysis was 3 times higher for the Ti-HA
coated implants.®! Dalat et al. suggested that delamination of the Ti-HA coating may be
induced due to fretting during the process of osseointegration.'*’ It should be noted, however,
that metal particles were also identified in the periprosthetic tissue of all of the HA coated

group.*¥

All of the histological studies included in Table 2.10 were analysing TARs which had failed
due to osteolysis. Whilst the phenomenon of osteolysis following TAR is not yet fully
understood, the published studies agree that implant-derived wear particles — along with other
factors — are likely to play a substantial role.!8 14714 Al studies identified both PE and metal
(including CoCr and Ti) particles in the osteolytic samples, as well as other particles of CaP
being commonly identified by Stratton-Powell et al.}*® These findings demonstrate that a
complex environment exists around TARS, consisting of a range of implant-derived particulate
debris which may all have the potential to cause an osteolytic response.

For well-functioning TARs, the size and concentration of PE wear particles found in the
synovial fluid were found to be similar to those from TKRs.*® However, the shape differed,
with particles generated by TARs significantly rounder.t*® As both the morphology and amount
of wear particles is known to affect the biological reaction incited by them, it may be that the
response associated with TAR is not necessarily the same as that for other joint replacements,

and as such, further ankle-specific research is warranted.

2.7. Summary

This review of the existing literature regarding the failure of TARs highlights the limited
studies published, particularly explant analysis studies. This research gap may contribute to the
lack of knowledge on the mechanisms of failures of TARSs, which in turn may play a role in

the unsatisfactory failure rates of TARs in comparison to other total joint replacements.

Aseptic loosening is known to be the most common reason for failure following TAR, however

its causes are not fully understood. While the literature indicates that wear is believed to play
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a key role, there are several types of implant-derived debris that could contribute to this type
of failure, and the type(s) primarily responsible is unknown. This is in part due to the lack of
quantification of wear from TARs to date. To the best of the author’s knowledge, no previously
published studies have measured the amount of volumetric wear produced by explanted TAR

components.

For those explant analysis studies that have been published, there has been a focus on the PE
component. Analysis of retrieved metal components — along with PE inserts — has the potential

to provide further information on damage mechanisms of TARs.

One of the major themes that emerges from the literature is the discussion of fixed versus
mobile bearing TARs, for which no conclusive answer has been determined as of yet. Through
analysing the influence of design features including bearing constraint of different

contemporary TARs, future design may be informed with the aim improve patient outcomes.
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Chapter 3. Materials and Methods

The methods used to carry out the present research are described in this chapter. This covers
an initial analysis to identify the damage modes present on the explanted components and also
the ensuing explant analysis techniques informed by these findings and forming the main

section of this work.

This chapter consists of several major sections. Firstly, the details of the explants included in
this study are specified, along with corresponding clinical details where possible. The methods
relating to the initial component surface damage mode analysis are then given. Next, the main
explant analysis methods are detailed. Within this, several techniques are covered, which fall
within the broader themes of semi-quantitative damage assessment, surface profilometry,
material characterisation, and volumetric wear quantification. Finally, the statistical methods

used for analysis of the data obtained from these methods described are outlined.

3.1. Explant Details

Twenty-eight explanted TARs were included in the present study. Here, TAR refers to the
component explanted during revision surgery for each prosthesis. In the majority of cases
within this study, this included retrieval of all three components (tibial component, talar
component, and PE insert). However, in some instances, one or more of these components were
not explanted. Specifically, this was the case for 6 of the explanted devices: 1 without PE insert,
1 without tibial component, 1 without talar component, and 3 without tibial and talar

components.

Within TAR explant analysis studies, a common limitation is the lack of availability of
explanted devices. This was also the case in the present study; whilst a range of TAR models
were available, the numbers of each were limited somewhat. This may be attributed to the fact
that in the UK, physical analysis of used medical devices such as joint replacements is not
mandated.®! Additionally, ethical approval, especially where patient data is concerned, can be
a lengthy process. Therefore, explant analysis is not a routinely performed service and as such
will not be considered for many TARs which are revised. Nevertheless, explant analysis can
provide valuable insights and so has worthwhile benefits even considering the difficulties of

obtaining explants for analysis.
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3.1.1. Inclusion criteria

The explanted TARs included were revised for any reason (i.e., there was no exclusion criteria
regarding the cause of failure). Likewise, there was no specific exclusion criteria limiting the
model or bearing constraint of TARs. Also included were TARs where only one or two
components were retrieved. The reasoning behind these criteria was to maximise the number
of explants which could be analysed, and so which data could be collected from, thereby

strengthening any conclusions found.

The study included contemporary TARs, defined here as third-generation or fourth-generation
implants. While the majority of the TARs included are currently in use, this study was not
limited to just those that were; hence the Mobility and BOX prostheses, which were voluntarily
withdrawn in 2014 and 2020, respectively, were also included.®? This was again so that the
number of explants analysed could be maximised, given that these models made up over a third
of the TARs available for this study. It was also reasoned that findings relating to these
particular prostheses may not be implant specific, particularly given the similar design features
to other TARs.

3.1.2. Explant preparation
Prior to the study commencing, ethical approval was obtained for the explant analysis from the
County Durham and Tees Valley 2 Ethics Committee, IRAS 14119.

The explant details such as model and bearing constraint were catalogued, along with any
available corresponding clinical details such as reason for revision. Patient-identifiable data
such as name and date of birth were not recorded for use in this study in order to ensure patient
anonymity. The explants were anonymised in the catalogue by assigning each explant a code
in the format ANKXX.

The explant components were disinfected using a KEN 1Q4 Medical Washer-Disinfector. All
components (polymeric and metallic) underwent a cold wash cycle, and an additional thermal
cycle was carried out for the metallic components. The thermal cycle was not carried out for
the PE inserts due to the possibility of the high temperatures causing damage to the
components. Prior to analysis, the component surfaces were also cleaned with acetone and lint-

free cloth to ensure any remaining debris was removed.
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All of the analysis techniques which were performed on the explants within this study were

non-destructive.

3.1.3. Explant details

The cohort of 28 explanted TARs was comprised of 9 different models: INFINITY, Cadence,
Salto Talaris, Salto, Mobility, STAR, Hintegra, BOX, and Zenith. To the best of the authors
knowledge, all of these models except the Mobility and BOX are currently in use. Three of the
prosthesis designs were fixed bearing, and 6 were mobile bearing. The details of these are given
in Figure 3.1.

INFINITY (4)

Fixed bearing (7) Cadence (1)

Salto Talaris (2)

Explanted TARs (28) Salto (1)

Mobility (10)

STAR (3)

Mobile bearing (21) ]

Hintegra (3)
BOX (3)

Zenith (1)

Figure 3.1. Numbers of the explanted TARs included.

From the 28 TARs included, 27 PE inserts, 24 tibial components and 24 talar components were

present.

A comprehensive overview of the catalogued details is given in Table 3.1, including
information on the explant as well as clinical details such as implantation side, implantation

duration and patient sex where this was available.
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Also included in Table 3.1 is the PE insert thickness. The value given by the manufacturer on
the component was used where this was visible. For components where this value was either
not present or not visible due to wear, the thickness of the PE insert was measured manually,
taking the midpoint of the side of the component as the reference point. This was the case for
ANKS8, ANK9, ANK13, ANK16, ANK20, ANK22, ANK24, ANK25, ANK26 and ANK28.

Code Prosthesis Components Insert Implantation Patient Time in
present thickness side sex Vivo
(mm)
ANK1 Hintegra No tibial or 6 Male
talar
ANK2  Salto Talaris No talar 8 Male
ANK3 Mobility 7 Right Male
ANK4 Mobility No tibial 11 Left Male
ANK5  Mobility 5
ANK6  Hintegra 7 Left Male
ANKY7 Salto Talaris 8 Right
ANK8  BOX 5
ANKO9 INFINITY 8 Male 4 years
ANK10 INFINITY 8 Left Male
ANK11 Salto 4 Right
ANK12  Mobility 5 Right Female
ANK13 STAR 6
ANK14  Mobility 5
ANK15 Mobility 7
ANK16 BOX 4 Left
ANK17 STAR No PE insert Right
ANK18  Mobility 5
ANK19  Mobility 5
ANK20 INFINITY 6 Female
ANK21  Mobility No tibial or 7
talar
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Code Prosthesis Components Insert Implantation Patient Time in

present thickness side sex Vivo
(mm)

ANK22 BOX 6 Male

ANK23  Mobility 5 Male Approx.
12 years

ANK24 STAR 6 Right Male

ANK25 Cadence 7 Left Male

ANK26  Zenith 5 Female

ANK27  Hintegra 5 Left

ANK28 INFINITY No tibial or 6

talar

Table 3.1. Catalogue of TAR components included. 4 blank entry in the ‘components present’
column indicates that all three components were present. A blank entry in the ‘implantation
side’, ‘patient sex’, or time in Vivo’ columns indicates that this information was unknown.

Figure 3.2 shows the component surfaces (tibial component articulating (inferior) and non-
articulating surfaces, PE insert backside and bearing surfaces, and talar component bearing and
non-articulating surfaces) of the different designs of TARs analysed. Enlarged versions of these
images are also included as a supplementary (Appendix B).
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Figure 3.2. Macroscopic images of explanted components of the different TAR models.

According to available manufacturer information, 5 of the 24 tibial components were composed
of Ti alloy (including 1 coated with a TiN ceramic layer), and the remining 19 were composed
of CoCr alloy. Of the 24 talar components, just 1 was composed of Ti alloy (also with a TiN

ceramic layer coating), and the other 23 were composed of CoCr alloy.

The majority of the metal components were manufactured from CoCr alloy (Co28Cr6Mo) as
per ASTM 75, referring to forming by casting method, with Ti alloy (Ti6Al4V) formed by
wrought method as per ASTM F136 also known to be used (Table 3.2). All of the talar
component articulating surfaces have a polished finish, as well as all of the tibial component
articulating surfaces except that of the INFINITY prostheses.

A variety of different porous coatings were utilised by the included explants: Ti only, HA only,
double coated Ti and HA, and double coated HA and calcium phosphate (CaP). Two of the
models (Mobility and BOX) had beaded non-articulating surfaces.
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Prosthesis

Tibial component

Talar component

Non-articulating

alloy alloy surfaces coating

INFINITY Ti CoCr Ti plasma spray

Cadence Ti CoCr Ti plasma spray
ASTM F136 ASTM F75

Salto Talaris CoCr CoCr Ti plasma spray
ASTM F75 ASTM F75

Salto CoCr CoCr Ti plasma spray
ASTM F75 ASTM F75

Mobility CoCr CoCr Ti sintered beads

(Porocoat; DePuy)

STAR CoCr CoCr Double coated Ti
ASTM F75 ASTM F75 plasma spray and HA

Hintegra CoCr CoCr Double coated Ti
ASTM F75 ASTM F75 plasma spray and HA

BOX CoCr CoCr HA plasma sprayed
ASTM F75 ASTM F75 beads

Zenith Ti coated with TiN Ti coated with TiN Double coated Ti

plasma spray and CaP
(BONIT; DOT)

Table 3.2. Details of the total ankle replacement designs included. Notes: Ti, titanium; CoCr,
cobalt-chromium; HA, hydroxyapatite; CaP, calcium phosphate.

Two of the TARs had been affixed using cement, with one BOX prosthesis having cement
visible on the non-articulating surfaces of both the tibial and talar components, and one
Mobility prosthesis having cement visible on the talar component, with the tibial component

not having been received. The remaining 22 tibial and 23 talar components were uncemented,

meaning fixation was achieved using bony ingrowth only.

In terms of the PE insert, this component was manufactured from UHMWPE, and all would
have been sterilised in an inert environment. Table 3.3 gives additional properties, where the
information was available, of the PE inserts of the different TAR models analysed in the present

study. One of the included designs (Cadence) had a HXLPE insert, with the other designs all

being conventional UHMWPE.
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Prosthesis

Insert

thickness

UHMWPE
type

Manufacturing
method

Sterilisation
method

INFINITY

Cadence

Salto Talaris/
Salto

Mobility

STAR

Hintegra
BOX

4-8 mm

6-10 mm

5-8 mm

Cross-linked
GUR1020

Type B 4150HP

resin

1050 powder

PUR 1020

Compression

moulded

Moulded

Machined from

extruded bar

Moulded
Machined from

pressed sheets

EtO
Cross-linked via
gamma
irradiation
followed by
annealing
Gamma
irradiation
under vacuum
with double-
peel package
Gamma
irradiation in
nitrogen with
gamma vacuum
foil (GVF)
barrier
packaging
Gamma
irradiation in
nitrogen-

vacuum

Gamma
irradiation in

nitrogen

Zenith Minimum 5 mm GUR 1050

Table 3.3. PE insert properties of the different TAR inserts analysed. Blank cells indicate that
the information could not be found.
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3.1.4. Clinical details

Where possible, clinical details including implantation duration (calculated from implantation
and explantation dates), implantation side, and reason for revision as indicated by the surgeon
were recorded (Table 3.4). However, this data was not available for the majority of the included

explants.
Patient sex Implantation Implantation side Reason for
duration revision
Male (11) 4 years (1) Right (6) Pain and cysts
Female (3) Approximately 12 Left (6) (tibial and talus)
Unknown years (1) Unknown (16) 1)
(14) Unknown (26) Unknown (27)

Table 3.4. Clinical details corresponding to the retrieved TARs.

3.2.  Surface Damage Mode Analysis

3.2.1. Articulating surfaces

An initial damage mode analysis was performed on the four articulating surfaces of the
explanted TAR components: PE insert bearing surface, PE insert backside surface, tibial
component inferior surface, and talar component bearing surface. This initial analysis was
carried out in order to identify the damage modes present on these components. The results

from this would then partly inform the future analyses to be performed.

The 28 PE insert bearing surfaces and backside surfaces, 24 tibial component inferior surfaces
and 24 talar component bearing surfaces were visually inspected using light microscopy with
30x magnification as well as macroscopically for the following common damage modes:
pitting, scratching, embedded debris, burnishing, abrasion, delamination, striations, and surface
deformation.*® 152 These damage modes are defined in Table 3.5. For this initial analysis, both
the polymeric and metal surfaces were analysed for all damage modes; which damage modes
were identified on each would then inform those included in the subsequent semi-quantitative

damage assessment (section 3.3) of these surfaces.
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Any other additional damage to the components such as that resulting from direct metal-on-
metal contact or breaking of the PE insert was also recorded. Surgical retrieval damage —

determined as deep grooves or markings not coinciding with areas of wear — was excluded.**

Damage mode Description Depiction

Machining marks Indicative of unworn
(i.e., as manufactured)

surface

Pitting Small depressions,
most likely due to 3"
body particles. 3% 133

Scratching Indented lines,
typically found in

worn areas. 30

Embedded debris Third body particles
embedded into the

surface.1®

Striations Oriented smooth peaks
and valleys, typically
observed on the PE

bearing surface.'®*

Burnishing Characterised by a
polished surface and
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Damage mode Description Depiction

absence of machining
marks_lBO, 133
Abrasion PE is tufted or
shredded in
appearance.t®
Delamination Removal of large

sheets of PE.130

Surface deformation Permanent (i.e.,

plastic) deformation of

surface.1®

Table 3.5. Definitions of common damage modes along with microscopic depictions where
relevant.

3.2.2. Non-articulating surfaces

The non-articulating surfaces of the 24 tibial and 24 talar components were macroscopically
visually inspected for changes to their coatings. The different types of non-articulating surface
coatings utilised by the tibial and talar components are given in Figure 3.3. Specifically,

changes in terms of coating loss and/or changes in reflectivity were analysed.

HA

Ti beads Ti Ti+HA Ti+ CaP

Number of components
= [ (= [ =
[hS] iy [=)] [eo] o N B [=)] [e0]

o

M Tibial mTalar

Figure 3.3. Number of tibial and talar components with different coating types.
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3.3.  Semi-Quantitative Damage Assessment

The results from the initial surface damage mode analysis in terms of the damage modes
identified on each of the component articulating surfaces, polymeric and metallic, was then
used to inform the following assessment of the surface damage using a semi-quantitative
scoring method.

The component articulating surfaces were analysed using light microscopy with 30x
magnification as well as macroscopically. Each surface was divided into quadrants. Since the
implantation side was not known for the majority of the explanted prostheses, the quadrants
were labelled as 1 to 4 rather than as anteromedial, anterolateral, posteromedial and
posterolateral. However, the results were later analysed in terms of anterior and posterior

aspects, as well as medial and lateral aspects where the implantation side was known.

The scoring method derived by Brandt et al. from the original Hood scoring system was
followed for the semi-quantitative assessment of the component surfaces.'* For each damage
mode in each quadrant, a damage feature score (DFS) was calculated as the product of the area
score (AS) and severity score (SS). The AS was graded on a scale of 0 to 10, giving 11
possibilities for the scoring which corresponded to the percentage of area covered by the
respective damage mode (Table 3.6). The SS was graded on a scale of 0 to 1, giving 4
possibilities for the scoring which corresponded to the severity of the damage (i.e., how visible
it was) (Table 3.7).

Area score (AS) % of area covered
0

0-10

10-20

20-30

30-40

40 - 50

50 - 60

60 - 70

70 - 80

o N oo o1 A W N B, O
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9 80 - 90
10 90 - 100

Table 3.6. Percentage of area covered by the respective damage mode and corresponding AS.

Severity score (SS) Severity of damage
0 None

0.33 Mild

0.66 Moderate

1 Severe

Table 3.7. Severity of the respective damage mode and corresponding SS.

The component damage score (CDS) was given by the following equation:

Equation 6

Where the DFS, given by (AS x SS) represents the score for each damage mode denoted by i,
where i ranges from 1 to n, with n being the total number of damage modes. The overall CDS

was then calculated as the sum of these scores for each quadrant, ;.

Due to the nature of the SS being to 2 decimal places, the calculated CDS was also to 2 decimal
places.

3.3.1. PE insert bearing damage scoring

For the assessment of the damage modes of the PE insert bearing surface, the component was
divided into 4 quadrants (Figure 3.4). The anterior aspect was made up of quadrants 1 and 2,
and the posterior aspect was made up of quadrants 3 and 4.
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Figure 3.4. Quadrants (1-4) PE insert bearing surface divided into for semi-quantitative
damage assessment.

The PE insert bearing surfaces were analysed for the following 7 damage features: pitting,
scratching, embedded debris, burnishing, abrasion, delamination, and striations.

Taking into account the 7 damage features, the maximum CDS a PE insert bearing surface
could get was therefore 280 (i.e., (10 x 1) x 7 x 4).

3.3.2. PE insert backside damage scoring
As for the bearing surface, the backside surface of the PE insert was divided into 4 quadrants
for the assessment of the damage modes (Figure 3.5). Again, the anterior aspect was made up

of quadrants 1 and 2, and the posterior aspect was made up of quadrants 3 and 4.

Figure 3.5. Quadrants (1-4) PE insert backside surface divided into for semi-quantitative
damage assessment.
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The PE insert backside surfaces were analysed for the following 7 damage features: pitting,

scratching, embedded debris, burnishing, abrasion, delamination, and striations.

Taking into account the 7 damage features, the maximum CDS a PE insert backside surface
could get was therefore 280 (i.e., (10 x 1) x 7 x 4).

3.3.3. Tibial component damage scoring

For the damage mode assessment of the tibial component inferior surfaces, the component was
divided into 4 quadrants (Figure 3.6). Quadrants 1 and 2 made up the anterior aspect, while
quadrants 3 and 4 made up of the posterior aspect.

Figure 3.6. Quadrants (1-4) tibial component inferior surface divided into for semi-
quantitative damage assessment.

The tibial component inferior surfaces were analysed for the following 3 damage features:

pitting, scratching, and abrasion.

Taking into account the 3 damage features, the maximum CDS a tibial component inferior

surface could get was therefore 120 (i.e., (10 x 1) x 3 x 4).
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3.3.4. Talar component damage scoring

The talar component bearing surface was also divided into 4 quadrants for the analysis of the
damage modes (Figure 3.7). The anterior aspect comprised of quadrants 1 and 2, and the
posterior aspect comprised of quadrants 3 and 4.

1 2
o e
[

3 4

Figure 3.7. Quadrants (1-4) talar component bearing surface divided into for semi-
quantitative damage assessment.

The talar component bearing surfaces were analysed for the following 3 damage features:

pitting, scratching, and abrasion.

Taking into account the 3 damage features, the maximum CDS a talar component bearing

surface could get was therefore 120 (i.e., (10 x 1) x 3 x 4).

3.4. Surface Profilometry

Surface profilometry was performed on the articulating surfaces of the metal components (i.e.,
the tibial component inferior surfaces and the talar component bearing surfaces). This was
performed in order to investigate whether the roughness may affect bearing wear, and also to
provide further analysis into the unexpectedly high prevalence of metallic pitting identified in
terms of related changes to the surface profile. Therefore, this surface profilometry was limited
to the articulating surfaces of the metal components only. A NewView 5000 non-contact 3D
profilometer (Figure 3.8) with a vertical resolution of 0.1 nm was used to take the surface
roughness measurements.*> An objective lens of 10x magnification with a 2x zoom was used,

giving a measurement surface area of 317 x 238 pm.
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Figure 3.8. Diagram of NewView 5000 non-contact 3D surface profiler.1%

The surface roughness parameters of average surface roughness (Sa), root mean square

roughness (Sq), peak to valley height (S;), maximum peak height (Sp), maximum valley depth

(Sv), skewness (Ssk), and kurtosis (Sku) and were measured. These parameters are defined in

Table 3.8.

Parameter

Definition

Depiction

Mean surface
roughness, Sa

Root mean
square
roughness, Sq

Average deviation of the surface
height from the mean

Root mean square of the deviation
of the surface height from the

mean
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Parameter Definition Depiction

Peak to valley Height between the lowest and
height, S; highest points of the areal surface

Maximum peak  Height of the highest point of the

height, Sp areal surface

Maximum Height of the lowest point of the

valley depth, Sy areal surface

Skewness, Ssk Gives an asymmetry measure by
indicating the predominance of
peaks (Ssk > 0) or valleys (Ssk< 0)

making up the surface in terms of

number or severity

Kurtosis, Sku Indicates the presence of
exceptionally high peaks or deep
valleys (Sku> 3) or lack thereof

(Sku < 3) comprising the surface

Table 3.8. Definitions of the surface roughness parameters measured. Images adapted from
Zygo.157

3.4.1. Tibial component

Measurements were taken on both worn and unworn areas of the inferior surface. For the 13
tibial components on which pitting was identified prior via light microscopy these worn and
unworn areas corresponded to pitted and unpitted areas, respectively. Five measurements were
taken at each area, with the mean value used in subsequent analyses.
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3.4.2. Talar component

As with the tibial components, measurements were taken on both worn and unworn areas of
the bearing surface. For the 23 talar components on which pitting was identified previously,
these worn and unworn areas corresponded to pitted and unpitted areas, respectively. Again, 5

measurements were taken at each area, with the mean of these used in following analyses.

3.5. Material Characterisation
Material characterisation analysis, in terms of determining the elemental composition, was

performed on the metallic components as well as the identified embedded debris in PE inserts.

3.5.1. Elemental composition of metal components

An X-ray fluorescence (XRF) analyser (NITON XL3t GOLDD+, Thermo Fisher Scientific,
Massachusetts, USA) was used to determine the percentage elemental composition of the metal
tibial and talar components. Ten-second XRF scans were carried out. Each component was
measured 3 times, and the resulting compositions for each identified element averaged.

3.5.2. Elemental composition of embedded debris

SEM-EDX analysis was performed on the embedded debris identified in the PE inserts. The
purpose of this was to determine the composition of the embedded debris identified in 5 of the
PE inserts (5 bearing surfaces and 4 backside surfaces).

The majority of the SEM-EDX analysis was performed using a TM3030 SEM/EDX (Hitachi
High-Technologies Corporation, Tokyo, Japan) at 15 keV. The PE inserts were mounted onto
a platform using double-sided carbon tape. The height of the platform was then adjusted so that
the component surface was within the working distance of the SEM (approximately 1 mm)
before being put inside the SEM for analysis. The remainder of the SEM-EDX analysis was
performed by the Advanced Chemical and Materials Analysis (ACMA) service at Newcastle

University.
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3.6. PE Insert Form Analysis

The bearing surface volumetric wear loss and backside surface planicity of the PE inserts was
quantified through CMM analysis. CMM analysis measures the changes in geometry of a
surface. It therefore does not distinguish between wear (i.e., material removal) and/or
deformation.®®® Throughout this thesis, the term ‘wear’ is used to describe any geometrical
changes at the PE insert bearing surface, and the term ‘planicity’ is used to refer to changes to
the backside geometry. Planicity may be defined as the difference between the minimum and
maximum linear deviations, excluding those determined to be due to surgical retrieval
damage.**® This terminology follows that used in a previously published study by Bhalekar et
al. in which CMM analysis was performed on the bearing and backside surfaces of PE

components from knee replacements. >

Previously, CMMs have successfully been used to measure the wear volume loss from
explanted MoP total hip*®® 13 and knee!* replacements. However, to the best of the author’s
knowledge, to date no published studies have quantified the volumetric wear loss from TAR
components. A similar methodology as previously described for hip and knee explants,
consisting of CMM scanning using a custom MCOSMOS (Mitutoyo, Kanagawa, Japan)
programme in combination with a custom Python (Python Software Foundation, Delaware,
USA) programme, was used to measure the wear volumes from explanted TAR PE insert
bearing surfaces. CMM analysis has also previously been established as a technique to quantify
and map the backside planicity of PE inserts from knee prostheses. The same method was

followed for this aspect of the present study.*®

3.6.1. PE insert bearing surface volumetric wear validation
To validate the CMM methodology, the calculated wear volumes were compared against those

given by gravimetric testing for various stages of wear.

Two previously unused INFINITY TAR PE (UHMWPE) inserts were used for the validation:
one of size 5 and height 6 mm (Figure 3.9), and one of size 3 and height 6 mm (Figure 3.10).

The same validation method was repeated on each of these PE inserts.
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Figure 3.9. Pristine INFINITY PE insert (size 5, height 6mm) prior to starting validation.
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Figure 3.10. Pristine INFINITY PE insert (size 3, height 6mm) prior to starting validation.

Material was removed from the PE insert bearing surface in increments to simulate in vivo
wear. This was achieved using a drill driver (DeWalt, Maryland, US) with a sanding
attachment. The component surface was then cleaned with acetone and lint-free cloth to ensure
the removal of all debris prior to measurement. There were 4 wear stages, with material being
removed from a new quadrant at each stage (Figure 3.11). Additionally, these measurements
were also taken on the unworn component prior to any material being removed. At each wear

stage, wear volume measurements were taken via both gravimetric testing and CMM scanning.
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Figure 3.11. Quadrants the PE insert bearing surface was sectioned into.

Gravimetric testing is a standardised method of wear volume quantification.*® The technique
involves measuring the component mass before and after wear has occurred. The volume loss
can then be calculated from the difference using the following equation, where V' is volume, m
is mass, and p is density:
o m
p
Equation 7
Gravimetric measurements were taken using an analytical balance (Fisherbrand, Thermo
Fisher Scientific, Massachusetts, USA) with a sensitivity of 0.1 mg. Following measurement,
the measured gravimetric values were converted into volumes using Equation 5. For this

conversion, a standard UHMWPE density of 0.945 g/cm3 was used.'®® Five gravimetric

measurements were taken at each wear stage, and the mean wear volume calculated.

A STRATO-Apex 574 CMM (Mitutoyo, Kanagawa, Japan) with a 5 mm diameter ruby probe
was used to take contour scans of the PE bearing surface to determine volumetric material loss.
A calibration programme was run on the CMM each time it was turned on, prior to beginning
scans. Figure 3.12 shows the setup of a PE insert during CMM scanning. The component was
held by a clamp which was in turn secured in a jig. Plasticine was also used to ensure the jig

did not move from the CMM platform.
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Figure 3.12. Setup of a pristine INFINITY PE inert during CMM scanning.

The protocol that was followed for the CMM scanning of the PE insert bearing surfaces is
given in Appendix C. The parameters of point pitch (the distance between 2 points) and contour
spacing (the distance between 2 traces) were input as 0.1 mm and 0.25 mm, respectively. Figure
3.13 defines these parameters. These parameter inputs comply with 1SO 14242-2:2016 for THR
wear measurement methods which states that the ‘mesh spacing’ (i.e., the point pitch and
contour spacing) should be a minimum of 1 mm.®° The ‘manual position of datum’ option was
also selected, meaning the location of the component was given by manually positioning the

probe directly above the centre of the component using the joystick on the motion controller.

80



\ Point pitch
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Figure 3.13. Schematic depicting the CMM programme inputs of point pitch and contour
spacing.

The CMM uses a custom programme in MCOSMOS to scan the component surface and
compare the geometry to an ideal unworn surface in order to calculate the volumetric material
loss. The results from the scan are output in the format of an ASC file which can then be
analysed in a custom Python programme to generate the value of the wear volume as well as
producing a visual representation of the location and severity of the material loss in the form f
a geometrical wear map. For each stage of wear, the absolute error (i.e., the difference between

the wear volumes measured by the CMM and gravimetric testing) was calculated.

This method was adapted from a previously validated method for the PE components of knee
replacements.® The CMM programme used an XY reference plane for the coordinate data of
the PE insert bearing surface. This surface was established from measurement of the central
areas of the backside surface of the component. Sequential linear contour traces were then
taken on the component bearing surface, as depicted in Figure 3.13.

The 3D coordinate data obtained from the CMM scans were imported into a custom Python
programme, and the data for each condyle interpolated onto a grid. For each condyle, a matrix
of surface curvatures was then calculated. An established deep learning model was used to
detect the bearing surface boundary, as needed for surface reconstruction. A similar model was

also used to identify bearing surface wear regions. This worked by passing each condyle’s
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surface curvatures through a series of image filters, with the result being highlighted regions
where the curvatures deviated from the original geometry of the surface, representative of the
wear region boundaries. The volume under both the unworn and worn surfaces was calculated,
and the volumetric wear value represented by the difference between the two. At each point on
the bearing surface, linear wear was given by the difference in the Z-axis values for the worn
surface and the approximated unworn surface. These linear wear values were then used to
construct a visualisation of the depth and location of wear present on each condyle of the

bearing surface in the form of a wear map.2°8

A limitation of this methodology to note is its reliance on unworn regions being present on the
bearing surface. However, PE inserts with gross wear of the bearing surface were excluded for
CMM bearing surface analysis, as noted in the following section. Additionally, this is the first
time that this method of CMM analysis has been applied to TAR components, with the method
being adapted from that which has previously been used for analysis of knee replacement
components. An implication of this adaptation is that it is the TAR PE insert bearing surface is
analysed in terms of two condyles, as this is the norm for the PE component of TKRs. This is
also the case for the majority of the TAR models included, however the design of the Hintegra
prosthesis differs in that there are no condyles as such, rather the bearing surface is one
continuous curve. Whilst the method was considered to be appropriate to adapt for analysis of
the ankle components, it is important to bear in mind this adaptation — along with other
limitations such as the lack of relevant TAR-specific wear literature with which to compare

results — when interpretating the data and to contextualise the results.

3.6.2. PE insert bearing surface volumetric wear measurement
The method for CMM analysis performed to determine the volumetric wear loss from the PE
insert bearing surfaces follows that described for the validation in the previous section (3.6.1),

with a STRATO-Apex 574 CMM with a 5 mm ruby stylus used to scan the surface geometries.

CMM analysis was achievable for the bearing surfaces of 18 of the 27 PE inserts included.

Reasons for exclusion are given in Table 3.9.
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Reason CMM analysis not achievable Components excluded (n = 9)

Too worn Mobility (2)

PE insert in pieces Hintegra (1)

Crack on PE insert Salto Talaris (1)
Damaged PE insert Mobility (1)

Backside surface not flat” BOX (3), Cadence (1)

Table 3.9. Reasons for exclusion from TAR PE insert bearing surface CMM analysis. Notes: ",
the geometries of the backside of these PE inserts made the CMM analysis unachievable due
to the points taken on this surface by the probe. The backside surfaces of the BOX prostheses
were concave, and the raised section of the Cadence backside surface prevented analysis.

3.6.3. PE insert backside surface planicity measurement

The method used to analyse the geometries of the PE insert backside surfaces also used a
STRATO-Apex 574 CMM with a5 mm ruby stylus. The protocol for the backside CMM scans
is given in Appendix D. The parameters of point pitch and contour spacing, as previously
defined, were input as 0.1 mm and 0.5 mm, respectively. These again comply with the
minimum mesh spacing defined in 1SO 14242-2:2016.%%° For these backside surface CMM
scans, custom MCOSMOS and Python programmes were used to compare the actual surface
geometry to that of an ideal unworn surface. Results were then output in the form of a
geometrical surface map indicating areas of material removed and areas of material added (i.e.,
deviations extending superiorly in an anatomical sense), as well as a planicity value which was
calculated from the difference between the minimum and maximum linear deviations. A greater
planicity is therefore indicative of greater deformation or wear of the surface.'®® In knees, it
has previously been reported that an increased backside planicity of the PE component may be
associated with increased rates of aseptic loosening.*! Limited research has been carried out
on the changes TAR PE insert backside surfaces undergo in vivo, therefore this analysis has
the potential to provide further insights into this area.

The method of measuring planicity followed that previously used by Bhalekar et al. for the
backside surfaces of knee PE components.®®® This method involves the CMM probe taking
points to establish an ‘XY plane’ from which Z deviations were referenced, determined by the
sequential linear contour traces performed. Spurious data points originating from scanned areas
of deformation due to retrieval damage were removed by plotting the Z deviations following
interpretation of the output cartesian coordinates using a bespoke programme. An XY plane

where Z = 0 (i.e., no linear deviations) represented the ideal unworn surface from which
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planicity was referenced. For this reason, only TARs with a flat PE insert backside surface
were included in this analysis. For the TARs included in the present study, all mobile bearing
designs had a PE insert with a backside surface intended to be flat with the exception of the
BOX prosthesis. Therefore, this method of planicity analysis was suitable for the majority of
the TARs within the present study. Overall, CMM analysis was achievable for the backside

surfaces of 13 of the 27 PE inserts included. Reasons for exclusion are given in Table 3.10.

Reason CMM analysis not achievable Components excluded (n = 15)

No PE insert STAR (1)

Fixed bearing INFINITY (4), Cadence (1), Salto Talaris (2)
Backside not flat” BOX (3)

In pieces Hintegra (1)

Part broken off Mobility (3)

Table 3.10. Reasons for exclusion from TAR PE insert backside surface CMM analysis. Notes:
*, the backside surfaces of the BOX prostheses were concave, meaning analysis of the surface
deviation was not possible.

3.7.  Statistical Methods
The statistical software programme Minitab (Minitab Inc., Pennsylvania State University,

USA) was used to perform the statistical analyses.

To determine whether there was a statistically significant difference between proportions, a 2-
proportion test was performed. A Ryan-Joiner test was performed to test the data for normality.
For non-parametric data, a Mann-Whitney U test with a 95% confidence level was performed
to determine whether statistical significance was reached. For parametric data, a 2 sample t-
test was used instead. Reported p-values were adjusted for ties, and all p-values are given to 3
decimal places, with those less than 0.001 reported as p<0.001. Statistical significance was
defined as p<0.05. For correlation analyses, Pearson correlation was used, with the r value
interpreted with positive and negative values corresponding to the positive and negative
correlations respectively, and using the following values as a guide: no correlation (r = 0); weak
correlation (0.25 < r < 0.5); moderate correlation (0.5 < r < 0.75); strong correlation (0.75 <r
<1).
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Chapter 4. Results

In this chapter, the original research results obtained during this explant analysis study — using
the methods described in the previous chapter — are presented. These results are grouped into
six main sections: surface damage mode analysis, semi-quantitative damage assessment,
surface profilometry, material characterisation, PE insert form analysis, and correlation
analyses. Firstly, the surface damage modes present are identified, followed by a semi-
quantitative assessment of the component damage. The findings from the surface profilometry
analysis of the metal components and the material characterisation in terms of both metal
components and embedded debris are then given. Next, the results from the form analysis of
the PE inserts, covering the validation and quantification of bearing volumetric wear as well as
measurement of backside planicity is covered. Then, correlation analyses are presented to
identify potential factors influencing damage of TARs. Finally, a summary of the damage

mechanisms identified on each explanted TAR is provided.

4.1.  Surface Damage Mode Analysis

An initial visual (macro- and microscopic) analysis of the explanted TAR component surfaces
was performed in order to determine the damage features present. The articulating surfaces (PE
insert bearing and backside surfaces, tibial component inferior surface, and talar component
bearing surface) were analysed for common damage modes as described in the previous chapter
(Section 3.2.1). The non-articulating surfaces of the tibial and talar components were also
analysed for any visible changes to the porous coatings covering these surfaces. This analysis
was performed in order to characterise coating changes and therefore was distinct from a bone
ingrowth study. If bone coverage was identified which extended over the full surface, then no

change to the porous coating would be assumed.

4.1.1. Articulating surfaces

The most commonly observed wear features from the microscopic damage mode analysis,
across all surfaces, metallic and polymeric, were pitting and scratching (Figure 4.1). Burnishing
was also frequently observed on the PE insert surfaces. Delamination and striations were

identified on the bearing surfaces of PE inserts only, whereas surface deformation was
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identified on the backside surfaces of PE inserts only. Embedded debris, abrasion, surface
deformation, and delamination were the least frequently seen damage modes, with them being

identified overall on 9, 8, 4, and 2 surfaces, respectively.

In particular, the high proportion of metallic components exhibiting pitting and scratching
damage was unexpected given that this would not be typical for a well-functioning MoP

bearing.®*
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Figure 4.1. Number of each component articulating surfaces exhibiting the different damage
modes.

The results were also stratified by bearing type to show the percentage of fixed and mobile
bearing component surfaces showing each damage mode (Figure 4.2). From this visual
representation, some differences can be seen. A higher proportion of mobile bearing than fixed
bearing PE insert backside surfaces exhibited burnishing, and a higher proportion of mobile
bearing than fixed bearing talar component bearing surfaces exhibited scratching. Conversely,
burnishing and striations were both identified on a higher proportion of fixed bearing than
mobile bearing PE insert bearing surfaces. However, none of these differences reached

statistical significance (defined as p < 0.05) when using a 2 proportions test.
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Figure 4.2. Percentage of fixed and mobile bearing components surfaces exhibiting each
damage mode.

4.1.2. Non-articulating surfaces

Visual macro- and microscopic inspection of the non-articulating surfaces of the metal
components revealed changes in terms of coating loss and/or changes in reflectivity in 20
(83%) of the 24 tibial components and 18 (75%) of the 24 talar components analysed (Figure
4.3).

The overall proportion of metal (tibial and talar) components with coating changes was 79%.
In terms of the different types of coatings utilised on the non-articulating surfaces of the
analysed metal tibial and talar components, those with Ti beads had the highest proportion with
changes (coating loss/changes in reflectivity), and those with a double coating of Ti-CaP the
lowest. Figure 4.4 shows the percentage of each different coating type which exhibited
changes, with this ranging from 50% to 94%.
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Figure 4.3. Changes in the coating of a STAR tibial component non-articulating surface.
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Figure 4.4. Number of metal (tibial and talar) component non-articulating surfaces with each
coating type exhibiting changes.

Changes to the coating in terms of coating loss and/or changes in reflectivity was observed on
the non-articulating surfaces of at least one of the metal components of all of the TARs which
had tibial pitting and on all except two of those which had talar pitting and/or talar sliding plane
scratching. In these two cases, the tibial component of one was not present and so the porous
coating was not able to be analysed, and the other exhibited evidence of direct MoM contact
occurring, along with a severely damaged PE insert (having broken into two pieces). These
findings therefore suggest that loss of coating may be a primary cause of the metal component
damage observed by acting as third body debris (i.e., causing damage through the mechanism
of third body wear) at the articulations.
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Two of the TARs had been fixed using cement, with one BOX prosthesis having cement visible
on the non-articulating surfaces of both the tibial and talar components, and one Mobility
having cement visible on the talar component, with the tibial component not received (Figure
4.5). The remaining 23 tibial and 22 talar components were uncemented, meaning fixation was
achieved using bony ingrowth only. Here it should be noted that the Mobility prosthesis is
intended to be an uncemented device,'®? as are all of the currently implanted TARs for use in
the UK.

Figure 4.5. Explanted cemented Mobility talar component.

4.1.3. Talar sliding plane scratching

Scratching on the sliding plane (i.e., linear scratches in the direction of the antero-posterior
movement allowed at the ankle during the motions of plantarflexion and dorsiflexion), as
shown in Figure 4.6, was observed macroscopically on 19 (79%) of the 24 metal talar
components analysed.
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Figure 4.6. Macroscopic image showing severe scratching on the sliding plane of an
explanted mobile bearing Hintegra talar component bearing surface. This form of damage
was clearly visible to the naked eye.

Table 4.1 breaks down these results by model of TAR. Three (60%) of the 5 fixed bearing talar
components exhibited the macroscopic sliding plane scratching, compared to 16 (84%) of the
19 mobile bearing talar components. The sliding plane scratching indicates the presence of hard
third body particles, as this kind of damage would not be expected to be seen during normal

articulation of the metal talar component and PE insert bearing surface.

Talar component N N with sliding plane

scratching (%)

INFINITY 3 3 (100%)
Cadence 1 0 (0%)
Salto Talaris 1 0 (0%)
Salto 1 1 (100%)
Mobility 9 9 (100%)
STAR 3 1 (33%)
Hintegra 2 2 (100%)
BOX 3 2 (67%)
Zenith 1 1 (100%)

Table 4.1. Number of each model of TAR with talar component sliding plane scratching.
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4.1.4. Metallic pitting and abrasive changes

Light microscopy revealed the presence of pitting on the majority of the metal component
articulating surfaces. Pitting was identified on the articulating surfaces of 13 (54%) of the 24
tibial components and on 23 (96%) of the 24 talar components (Figure 4.7A and Figure 4.7B,
respectively). Pitting was defined as small indentations, indicative of material loss, most likely
to have occurred in vivo. The pits had dimensions of approximately 90 um (length) x 40 um
(width) x 3 um (depth). The pitted tibial components were all manufactured from CoCr alloy,
with 63% exhibiting this pitting. None of the Ti alloy tibial components exhibited pitting,
however abrasive changes were identified on one (Figure 4.7C).

1 mm x 30.0

Figure 4.7. Microscopic images of pitting and abrasive changes. (A) pitting on a CoCr alloy
tibial component. (B) pitting on a CoCr alloy talar component. (C) abrasive changes on a Ti
alloy tibial component. (D) as manufactured surface of a CoCr alloy tibial component. (A)
Salto Talaris. (B) Salto Talaris. (C) INFINITY. (D) STAR.

The results broken down by TAR model are given in Table 4.2. Fifty per cent of fixed and 56%
of mobile bearing tibial components exhibited pitting. One hundred per cent of fixed and 95%
of mobile bearing talar components exhibited pitting. The size of the pits was visually similar
for the different models of TARs analysed. Additionally, the small numbers of most of the
different models included means that it is difficult to make conclusions on any specific model.
However, the semi-quantitative damage scoring assessment (section 4.2) incorporated both
severity (i.e., visibility of the damage) and the area covered (i.e., the amount of damage). There
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were some differences seen between the average pitting damage score for fixed and mobile
bearing metallic components. For tibial components, the pitting damage scores were greater on
average for fixed bearing compared to mobile bearing components, while the opposite was true
for talar components. In both of these cases, the difference seen in the scores was primarily

accounted for by the average area scores, rather than the average severity scores for pitting.

Tibial components Talar components

Prosthesis N N with pitting N N with pitting

(total n = 24) (total n = 13) (total n = 24) (total n = 23)

INFINITY 3 1 3 3
Cadence 1 0 1 1
Salto Talaris 2 2 1 1
Salto 1 1 1 1
Mobility 8 4 9 9
STAR 3 3 3 3
Hintegra 2 1 2 2
BOX 3 1 3 2
Zenith 1 0 1 1

Table 4.2. Number of tibial and talar components with pitting.

4.1.5. Embedded debris

Embedded debris was identified via light microscopy in the PE inserts of 5 TARs (19%), 4 of
which had embedded debris on both the bearing and backside surfaces, and 1 of which had
embedded debris on the bearing surface only (Figure 4.8).

The shiny silver appearance of the embedded debris indicated that it was likely to be metallic;

SEM-EDX analysis was subsequently carried out in order to confirm this (Section 4.4.2).

92



Salto Talaris Mobility Hintegra Hintegra INFINITY

Bearing
surfaces

Backside :
2
surfaces ! T LY

Figure 4.8. Microscopic images of embedded debris (indicated by red ellipses) on PE insert
bearing and backside surfaces.

4.1.6. Special cases

Macroscopic analysis of the PE inserts revealed severe damage in 6 of the 27 components (1
insert had broken in half, 1 had a crack in the bearing surface, and 4 had part broken off) (Figure
4.9). However, it was not conclusively known whether this identified damage of these
components occurred in vivo or during surgical retrieval of the device.
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Figure 4.9. Macroscopic images of the severely damaged PE inserts. (A-D) with part broken
off. (E) broken into two pieces (F) with a crack in the bearing surface.

Four other PE inserts exhibited surface deformation (i.e., permanent changes due to plastic
deformation) of the backside surface upon macroscopic inspection of the components. Table
4.3 states the affected quadrants for each of these PE insert backside surfaces where surface
deformation was identified. Due to the implantation side being unknown for all four of these
prostheses, the quadrants affected could not be described in terms of medial and lateral aspects.
Surface deformation was more commonly seen on the anterior aspect (i.e., quadrants 1 and 2)
than posterior aspect (i.e., quadrants 3 and 4) of these PE insert backsides, based on this small

sample size of components.

PE insert Implantation side Quadrants affected
ANK1 (Hintegra) Unknown 1,2,3,4

ANK?2 (Salto Talaris) Unknown 1,2

ANK23 (Mobility) Unknown 1,3

ANKZ26 (Zenith) Unknown 2

Table 4.3. PE insert backside surface quadrants affected by surface deformation. Quadrants 1
and 2 correspond to the anterior aspect, and quadrants 3 and 4 corresponding to the posterior
aspect.
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Evidence of direct MoM contact occurring between the metal tibial and talar components was
identified in four of the TARs (Table 4.4). Of these four devices, all were mobile bearing
devices, though one did not have a PE insert present. Unsurprisingly, the corresponding PE
inserts for the other three devices all had signs of severe damage, with the PE insert either being

broken into two pieces (in one case) or have part broken off (in two cases).

Prosthesis Bearing constraint Notes

ANKG6 (Hintegra) Mobile PE insert broken into
two pieces

ANKL17 (STAR) Mobile No PE insert present

ANK22 (BOX) Mobile PE insert with part
broken off

ANK?23 (Mobility) Mobile PE insert with part
broken off

Approx. 12 years

implantation time

Table 4.4. TARs with damage identified indicative of direct metal-on-metal contact having
occurred.

In the case of the Hintegra prosthesis (ANKG®6), the PE insert was broken into two pieces upon
receipt. Whilst it was not explicitly known whether this damage occurred during surgical
retrieval of the device or in vivo, the damage observed on the metal components suggests that
the PE insert fractured in vivo, leading to direct MoM contact between the tibial and talar

components, as shown by Figure 4.10.
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Figure 4.10. Macroscopic images of Hintegra tibial and talar components (ANK®6). The
corresponding PE insert was broken into two pieces. Red ellipses indicate areas of material
removal most likely due to direct metal-on-metal contact occurring as a result of fracture of

the PE insert.

The PE insert of the STAR prosthesis (ANK17) was not received with the explanted device,
and therefore it is not known whether the component was damaged. The damage identified on
the tibial and talar components, however, is indicative of direct contact between the two metal

components occurring (Figure 4.11).

Figure 4.11. Macroscopic images of STAR tibial and talar components (ANK17). The
corresponding PE insert was not received with this explanted TAR. Red ellipses indicate
areas of material removal most likely due to direct metal-on-metal contact occurring.
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The BOX prosthesis (ANK22) had a PE insert which was severely damaged in that part of the
component was broken off. Damage to the tibial and talar components was identified which

could be due to direct MoM contact occurring between these two components (Figure 4.12).

% 0\

Figure 4.12. Macroscopic images of BOX tibial and talar components (ANK22). The
corresponding PE insert had part broken off. Red ellipses indicate areas of material removal
most likely due to direct metal-on-metal contact occurring.

Lastly, the Mobility prosthesis (ANK23) also had a severely damaged PE insert in that part of
it was broken off. Damage was identified on the metal tibial and talar component surfaces
which was indicative of direct MoM contact between the two components having occurred in

vivo (Figure 4.13).
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Figure 4.13. Macroscopic images of Mobility tibial and talar components (ANK23). The
corresponding PE insert had part broken off. Red ellipses indicate areas of material removal
most likely due to direct metal-on-metal contact occurring.

4.2.  Semi-Quantitative Damage Assessment

Here the results of the semi-quantitative damage assessment of the articulating surfaces of the
components are given in terms of component damage scores (CDS) (a sum of the damage
feature scores (DFS) for each damage feature and for quadrant, where the DFS is the product
of the area score (AS) and severity score (SS) for that particular damage feature).

4.2.1. Damage feature scores

The average DFS per quadrant for each of the damage features analysed for the different
component surfaces are given in Table 4.5. Across these, scratching on the talar components
had the highest average quadrant DFS, followed by burnishing on the PE insert backside
surfaces, pitting on the PE insert bearing surfaces, and scratching on the PE insert backside

surfaces.
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PE bearing PE backside Tibial Talar

Pitting 3.53 3.30 1.38 2.50
Scratching 1.72 3.46 1.85 5.04
Abrasion 0.17 0.45 0.55 0.12
Embedded debris  0.27 0.14 - -
Burnishing 3.13 4.54 - -
Delamination 0.06 0.00 - -
Striations 2.24 0.00 - -

Table 4.5. DFS per quadrant for each damage feature on each component surface. Maximum
for each individual DFS is 10.

For the PE insert bearing surfaces, the average DFS for the whole surface (i.e., the sum of the
DFS from each of the four quadrants) was greatest for pitting, followed by burnishing,

scratching, and striations (Figure 4.14).
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Figure 4.14. Box and whisker plot of the sum (from each quadrant) of different DFS for PE
insert bearing surfaces.
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For the PE insert backside surfaces, the average DFS summed from the four quadrants was

highest for burnishing, followed by scratching and pitting (Figure 4.15).
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Figure 4.15. Box and whisker plot of the sum (from each quadrant) of different DFS for PE
insert backside surfaces.

For the tibial component inferior surfaces, the average DFS summed across the four quadrants
was greatest for scratching, followed by pitting (Figure 4.16).
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Figure 4.16. Box and whisker plot of the sum (from each quadrant) of different DFS for tibial
component inferior surfaces.
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Similarly, for the talar component bearing surfaces, the average DFS summed across the four

quadrants was again greatest for scratching, followed by pitting (Figure 4.17).
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Figure 4.17. Box and whisker plot of the sum (from each quadrant) of different DFS for talar

4.2.2.

component bearing surfaces.

Component damage scores

The average CDS for each of the analysed surfaces (PE insert bearing surface, PE insert

backside surface, tibial component inferior surface, and talar component bearing surface) are

given in Table 4.6.

Component surface

CDS

PE bearing (n = 27)
PE backside (n = 27)
Tibial (n = 24)

Talar (n = 24)

44.46 % 33.92 (max. 280)
47.55 + 29.23 (max. 280)
15.00 + 15.46 (max. 120)
30.63 + 15.37 (max. 120)

Table 4.6. Average (mean £ SD) CDS for the different component surfaces analysed.

There was no significant difference (p = 0.775) found between the average CDS of the backside

surfaces of the PE inserts and the bearing surfaces of the PE inserts (Figure 4.18).
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Figure 4.18. Box and whisker plot comparing the distribution of CDS for PE insert bearing
surfaces and PE insert backside surfaces. The maximum CDS for each surface was 280.

When comparing the articulating surfaces of the tibial components and talar components, both
of which had the same damage modes analysed and so the same maximum possible CDS, the
CDS was significantly higher on average for the talar component bearing surfaces compared

to the tibial component inferior surfaces (p = 0.001), as illustrated by Figure 4.19.
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Figure 4.19. Box and whisker plot comparing the distribution of CDS for tibial component
inferior surfaces and talar component bearing surfaces. The maximum CDS for each surface
was 120.

The relationship between the PE insert backside surface CDS and tibial component inferior
surface CDS of the TARs is plotted in Figure 4.20. No correlation between the two variables

was found (Pearson correlation, r = -0.004).
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Figure 4.20. Scatter plot with linear trendline correlating PE insert backside surface CDS
with tibial component inferior surface CDS.
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Figure 4.21 plots the relationship between the PE insert bearing surface CDS and talar
component bearing surface CDS of the TARs. No correlation was found between the two

variables (Pearson correlation, r = 0.057).
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Figure 4.21. Scatter plot with linear trendline correlating PE insert bearing surface CDS
with talar component bearing surface CDS.

The relationship between the PE insert bearing surface CDS and PE insert backside surface
CDS of the TARs is plotted in Figure 4.22. No correlation between the two variables was found

(Pearson correlation, r = 0.018).

104



140

120 @
2 100
(@) ® ® PY
g 80 . ° o
wv
v
S 609 e ™
o o
A L PRI @ enen
“ 40 8
° °® ®
20 ° o o o
° ° ™
0e
0 20 40 60 80 100 120

PE bearing CDS

Figure 4.22. Scatter plot with linear trendline correlating PE insert bearing surface CDS
with PE insert backside surface CDS.

Figure 4.23 plots the relationship between the tibial component inferior surface CDS and talar
component bearing surface CDS of the TARs. A weak positive correlation was found
between the two variables (Pearson correlation, r = 0.238).
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Figure 4.23. Scatter plot with linear trendline correlating tibial component inferior surface
CDS with talar component bearing surface CDS.
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4.2.3. Distribution of component damage

Table 4.7 gives the CDS for the anterior and posterior aspects (i.e., the sum of the DFS from
quadrants 1 and 2 or quadrants 3 and 4, respectively) of each component surface. No clear
pattern emerged in terms of damage being greater on either the anterior or the posterior aspects.

Surface Anterior Posterior P-value
PE bearing 22.28 +17.02 22.17 £16.92 0.958
PE backside 23.39+15.31 24.16 + 14.26 0.897
Tibial 7.61+7.45 7.48 £8.22 0.885
Talar 1594 £ 7.31 14.68 + 8.48 0.509

Table 4.7. CDS of each component surface for medial and lateral aspects. The anterior aspect
CDS is the sum of the DFS from quadrants 1 and 2, and the posterior aspect CDS is the sum
of the DFS from quadrants 3 and 4.

There average CDS was similar for the anterior aspects and posterior aspect of the bearing

surfaces of the PE inserts (Figure 4.24), with no significant difference (p = 0.958).
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Figure 4.24. Box and whisker plot of damage scores for anterior and posterior aspects of PE
insert bearing surfaces. Anterior damage score given by the sum of DFS from quadrants 1
and 2, and posterior damage score given by sum of DFS from quadrants 3 and 4.
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The average CDS was also similar for the posterior aspects and anterior aspects of the backside

surfaces of the PE inserts (Figure 4.25), with no significant difference (p = 0.897).
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Figure 4.25. Box and whisker plot of damage scores for anterior and posterior aspects of PE
insert backside surfaces. Anterior damage score given by the sum of DFS from quadrants 1
and 2, and posterior damage score given by sum of DFS from quadrants 3 and 4.

For the inferior surfaces of the tibial components, the average CDS was again similar for the

anterior aspects and posterior aspects (Figure 4.26), with no significant difference (p = 0.885).
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Figure 4.26. Box and whisker plot of damage scores for anterior and posterior aspects of
tibial component inferior surfaces. Anterior damage score given by the sum of DFS from
quadrants 1 and 2, and posterior damage score given by sum of DFS from quadrants 3 and 4.

There was also no significant difference (p = 0.509) between the average CDS for anterior

aspects and posterior aspects of the bearing surfaces of the talar components (Figure 4.27).
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Figure 4.27. Box and whisker plot of damage scores for anterior and posterior aspects of
talar component bearing surfaces. Anterior damage score given by the sum of DFS from
quadrants 1 and 2, and posterior damage score given by sum of DFS from quadrants 3 and 4.
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For the components where implantation side was known (11 PE inserts, 10 tibial components,
and 11 talar components), the average CDS for the medial and lateral aspects, along with their
corresponding p-values, are compared in Table 4.8. As with the anterior and posterior aspects,
no clear pattern was seen in terms of damage being greater on either the medial or the lateral

aspects.
Surface Medial Lateral P-value
PE bearing 11.49+8.14 11.25+7.71 0.895
PE backside 12.99 + 6.05 13.43 +5.02 0.948
Tibial 472 +4.34 490 + 4.45 1.000

Talar 7.79+4.32 7.75+4.29 0.931

Table 4.8. CDS of each component surface (where the implantation side was known) for medial
and lateral aspects. The medial and lateral CDS are the sum of the DFS from quadrants 1 and
3 or quadrants 2 and 4, depending on the implantation side.

For the bearing surfaces of the PE inserts, the average CDS was similar on the medial aspects
and lateral aspects (Figure 4.28), with no significant difference (p = 0.895).
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Figure 4.28. Box and whisker plot showing damage scores for medial and lateral aspects of
PE insert bearing surfaces.
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For the backside surfaces of the PE inserts, the average CDS was similar on the lateral

aspects and the medial aspects (Figure 4.29), with no significant difference (p = 0.948).
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Figure 4.29. Box and whisker plot showing damage scores for medial and lateral aspects of
PE insert backside surfaces.

For the inferior surfaces of the tibial components, the CDS was also similar on the lateral

aspects and the medial aspects (Figure 4.30), with no significant difference (p = 1.000).
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Figure 4.30. Box and whisker plot showing damage scores for medial and lateral aspects of
tibial component inferior surfaces.

For the bearing surfaces of the talar components, the CDS was again similar on average on the

medial aspects and the lateral aspects (Figure 4.31), with no significant difference (p = 0.931).
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Figure 4.31. Box and whisker plot showing damage scores for medial and lateral aspects of
talar component bearing surfaces.
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4.2.4. Influence of bearing constraint

The differences between the average CDS for fixed and mobile bearing prostheses are given
for each component surface in Table 4.9. A notable difference was seen in the CDS on PE
insert backside surfaces, with this being significantly higher on those from mobile bearing

prostheses compared to those from fixed bearing prostheses.

Surface Fixed Mobile P-value
PE bearing 49.38 £ 24.32 42.73 £ 37.09 0.677
PE backside 18.79 £ 10.65 57.62 + 26.78 0.002
Tibial 17.38 £18.93 14.33 £ 14.69 0.973
Talar 21.92 + 8.58 32.92 +16.10 0.135

Table 4.9. Average (mean + SD) CDS of each component surface for fixed and mobile bearing
TARs.

For the bearing surfaces of the PE inserts, the CDS was higher on average on those from fixed
bearing TARs compared to mobile bearing TARs (Figure 4.32). However, this difference did

not reach statistical significance (0.677).
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Figure 4.32. Box and whisker plot showing the distribution of CDS for PE insert bearing
surfaces from fixed bearing and mobile bearing TARs.
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For the backside surfaces of the PE inserts, the CDS was significantly higher (p = 0.002) on

average on those from mobile bearing TARs compared to those from fixed bearing TARs

(Figure 4.33).
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Figure 4.33. Box and whisker plot showing the distribution of CDS for PE insert backside
surfaces from fixed bearing and mobile bearing TARs.

For the inferior surfaces of the tibial components, the CDS was higher on average on those
from fixed bearing TARs compared to those from mobile TARs (Figure 4.34). However, this

difference was not statistically significant (p = 0.973)
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Figure 4.34. Box and whisker plot showing the distribution of CDS for tibial component
inferior surfaces from fixed bearing and mobile bearing TARs.

For the bearing surfaces of the talar components, the CDS was higher on average on those from
mobile bearing TARs compared to those from fixed bearing TARs (Figure 4.35). However,

this difference also did not reach statistical significance (p = 0.135).
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Figure 4.35. Box and whisker plot showing the distribution of CDS for talar component
bearing surfaces from fixed bearing and mobile bearing TARs.
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4.2.5. Influence of tibial component alloy

The average CDS for tibial component inferior surfaces and PE insert backside surfaces
corresponding to different alloy tibial components (CoCr or Ti) are given in Table 4.10. For
the purpose of this analysis only, the tibial component which had a TiN coating (n = 1) was
excluded. Both the tibial component inferior surfaces and the PE insert backside surfaces had
a higher CDS on average on those corresponding to CoCr alloy compared to Ti alloy tibial

components, with the difference seen in the PE insert backside surface CDS being statistically

significant.
Surface CoCr Ti P-value
Tibial 16.17 + 15.74 13.75 + 16.13 0.598
PE backside 50.95 + 24.41 18.72 +12.31 0.021

Table 4.10. Average (mean + SD) CDS for tibial component inferior surfaces and PE insert
backside surfaces corresponding to CoCr alloy and Ti alloy tibial components. The tibial
component with a TiN coating (n = 1) was excluded from this analysis.

The CoCr alloy tibial components had a higher CDS on average compared to Ti alloy tibial
components (Figure 4.36), though this difference did not reach statistical significance (p =
0.598).
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Figure 4.36. Box and whisker plot showing the distribution of CDS for tibial component
inferior surfaces from tibial components manufactured from CoCr alloy, Ti alloy, and with a
TiN coating.

The backside surfaces of the PE inserts corresponding to CoCr alloy tibial components also
had a higher CDS on average compared to those corresponding to Ti alloy tibial components

(Figure 4.37), with this difference reaching statistical significance (p = 0.021).
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Figure 4.37. Box and whisker plot showing the distribution of CDS for PE insert backside
surfaces corresponding to tibial components manufactured from CoCr alloy, Ti alloy, and
with a TiN coating.
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4.3. Surface Profilometry

Non-contacting 3D profilometry was performed on the ‘unworn’ and worn areas of the
articulating surfaces of the metal tibial and talar components. For those which exhibited pitting,
measurements were taken on both unpitted and pitted areas in order to compare the topography.
As defined in the previous chapter (Section 3.4), the following parameters were measured: S,,
Sa, Sz, Sp, Sv, Ssk, and Sku.

4.3.1. Tibial component

Representative surface topography images showing the oblique plots and intensity maps for
both unworn and worn (pitted) areas of a tibial component articulating surface are shown in
Figure 4.38. For each component area analysed, 5 measurements were taken, all of which were

included in the statistical analyses.

Oblique Plot 43 2zygo Intensity Map

Z430 Intensity Map

Figure 4.38. Surface profilometry images of unpitted and pitted areas of a Mobility tibial
component inferior surface.

The results of the measured surface roughness parameters of the ‘unworn’ areas (i.e., areas
without identified damage) of the different tibial component articulating surfaces are given in

Table 4.11. For the parameter of S specifically, the various measured values from unworn
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areas of the different TAR models are plotted in Figure 4.39. The fixed bearing designs
(INFINITY, Cadence, and Salto Talaris) recorded significantly higher measured Sa values on
these unworn areas of tibial component articulating surfaces than the mobile bearing designs
(Salto, Mobility, STAR, Hintegra, BOX, and Zenith) (0.253 £ 0.116 pum versus 0.016 + 0.009
pum, respectively) (p < 0.001) (Figure 4.40).

Tibial Sa(Um) Sq(um) Sz (um)  Sp(um) Sv(um)  Ssk Sku
component
INFINITY 0360+ 0456+ 3.668+- 1881+ -1.787+ 0.135+ 3.206z%
(n=3) 0.015 0.016 0.201 0.152 0.098 0.148 0.119
Cadence 0.161+ 0204 2401+ 0903+ -1498%x -0483+ 3.781%
(n=1) 0.004 0.004 0.160 0.117 0.138 0.078 0.138
Salto 0.140+ 0.175x 1552+ 0766+ -0.786x -0.385+ 3.180=
Talaris 0.067 0.083 0.617 0.245 0.387 0.065 0.030
(n=2)
Salto 0.023+ 0.032+ 0.759+ 0400+ -0.359+ 1.678+ 10.996 +
(n=1) 0.000 0.000 0.019 0.003 0.017 0.034 0.366
Mobility 0.009+ 0.013x 0551+ 0204+ -0.349x -1.328+ 202.078
(n=10) 0.004 0.005 0.122 0.118 0.138 4,131 *
319.827
STAR 0.017+ 0.021x 0669+ 0357+ -0312%x 0.399%x 26.959
(n=3) 0.006 0.008 0.115 0.090 0.082 0.818 31.140
Hintegra 0.017+ 0.032x 0942+ 0523+ -0385x 5086 75902=
(n=2) 0.007 0.014 0.129 0.184 0.117 1.362 46.016
BOX 0.025+ 0.037x 0825+ 0399+ -0425%x -0.449+ 15394+
(n=3) 0.007 0.012 0.107 0.085 0.088 0.964 8.517
Zenith 0.032+ 0.058x 2543+ 1.022+ -1521+ 1801 103.470
(n=1) 0.001 0.002 1.115 0.102 1.214 2.500 +
107.604

Table 4.11. Measured surface roughness parameter values for unworn areas of tibial
components. Values given as mean + SD. Notes: Sa, average surface roughness; Sq, root mean
square roughness; S;, peak to valley height; Sp, maximum peak height; Sy, maximum valley
depth; Ss, skewness; Sk, kurtosis.
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Figure 4.39. Box and whisker plot of the measured average surface roughness (Sa) values
from unworn areas of the articulating surfaces of different tibial components.
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Figure 4.40. Box and whisker plot of the measured average surface roughness (Sa) values
from unworn areas of the articulating surfaces of fixed and mobile bearing tibial
components.

There were significant differences between the measured S values from unworn areas of tibial
component articulating surfaces of different alloys (Figure 4.41). The average surface
roughness of Ti alloy tibial components (INFINITY and Cadence) (0.310 = 0.090 um) was
significantly higher than that of CoCr alloy tibial components (Salto Talaris, Salto, Mobility,
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STAR, Hintegra, and BOX) (0.028 + 0.044 um) (p < 0.001). The average surface roughness of
the Ti alloy tibial components was also significantly higher than that of the tibial components
coated with TiN (Zenith) (0.032 + 0.001 pum) (p = 0.001). Finally, the average surface
roughness of the TiN coated tibial components was significantly higher than that of the CoCr
alloy tibial components (p = 0.004). It should be noted that both Ti alloy tibial components

were of fixed bearing constraint.

The INFINITY prosthesis in particular had a visibly rougher surface finish of the tibial
component inferior surface compared to the those of the other TAR models analysed. This is
evident throughout the surface profilometry results presented within this section. Whilst
manufacturing information regarding surface finishing treatment is not readily accessible,
typically mobile bearing tibial components will have a highly polished articulating surface
finish, while those of fixed bearing constraint may not. This is because the mobile bearing tibial
components are needed to be smooth to act as an articulating surface, whereas this is not a

requirement for fixed bearing tibial components.
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Figure 4.41. Box and whisker plot of the measured average surface roughness (Sa) values
from unworn areas of the articulating surfaces of tibial components, separated by alloy.

For the articulating surfaces of the tibial components on which pitting was identified

specifically, the measured average surface roughness (Sa) and maximum valley depth (Sv)
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values were both statistically significantly higher (p < 0.05) for pitted areas than unpitted areas
(Table 4.12).

Tibial N with Unpitted Pitted P-value Unpitted Pitted P-

component pitting  Sa(um)  Sa (um) Sv(um) Sy (um) value

Salto 2 0.140 + 0.248 + <0.001 -0.786 £ -5.399 + <0.001

Talaris 0.067 0.031 0.387 0.403

Salto 1 0.023 + 0.059 + 0.012 -0.359 + -2.262 =+ <0.001
0.000 0.001 0.017 0.010

Mobility 4 0.011 + 0.058 = <0.001 -0.423 £ -3.068 + <0.001
0.004 0.016 0.133 1.222

STAR 3 0.017 + 0.083 + <0.001 -0.312 = -2.677 £+ <0.001
0.006 0.054 0.082 0.286

Hintegra 1 0.011 + 0.028 = 0.012 -0473 + -2.384 £ <0.001
0.000 0.000 0.037 0.020

BOX 1 0.032 + 0.072 + <0.001 -0.538 = -2.938 + <0.001
0.001 0.002 0.030 0.010

Table 4.12. Average surface roughness (Sa) and maximum valley depth (Sv) values for different
tibial component articulating surfaces with pitting. Values given as mean £ SD.

The tibial component articulating surfaces measured average surface roughness (Sa) values
were higher on worn areas than unworn areas on all models of TAR (Table 4.13). These

differences were statistically significant (p < 0.05) for all models except Zenith.

Tibial component Unworn Sa (um) Worn Sa (um) P-value
INFINITY (n=3) 0.360 + 0.015 0.479+0.114 <0.001
Cadence (n=1) 0.161 + 0.004 0.249 = 0.002 <0.001
Salto Talaris (n = 2) 0.140 £ 0.067 0.248 £0.031 <0.001
Salto (n =1) 0.023 = 0.000 0.059 + 0.001 0.012

Mobility (n = 10) 0.009 + 0.004 0.039 + 0.022 <0.001
STAR (n=3) 0.017 £ 0.006 0.083 + 0.054 <0.001
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Hintegra (n = 2)
BOX (n=3)
Zenith (n=1)

0.017 = 0.007
0.025 + 0.007
0.032 +0.001

0.053 +0.027
0.063 +0.013
0.036 + 0.007

<0.001
<0.001
0.296

Table 4.13. Average surface roughness (Sa) values for unworn and worn areas of different
tibial component articulating surfaces. Values given as mean = SD.

The measured root mean square roughness (Sq) values for the tibial component articulating
surfaces were also higher in worn areas compared to unworn areas for all of the TAR models
(Table 4.14). Again, these differences were statistically significant (p < 0.05) for all models

except Zenith.

Tibial component Unworn Sq (um) Worn Sq (1um) P-value
INFINITY (n=3) 0.456 + 0.016 0.725+0.321 <0.001
Cadence (n=1) 0.204 + 0.004 0.315 +0.003 0.012

Salto Talaris (n = 2) 0.175 +0.083 0.381 +0.040 <0.001
Salto (n=1) 0.032 +0.000 0.128 + 0.001 <0.001
Mobility (n = 10) 0.013 £ 0.005 0.103 £ 0.097 <0.001
STAR (n =3) 0.021 + 0.008 0.136 + 0.049 <0.001
Hintegra (n = 2) 0.032 £ 0.014 0.120 + 0.006 <0.001
BOX (n=3) 0.037 £0.012 0.148 £ 0.049 <0.001
Zenith (n=1) 0.058 + 0.002 0.062 + 0.010 0.452

Table 4.14. Root mean square roughness (Sq) values for unworn and worn areas of different
tibial component articulating surfaces. Values given as mean * SD.

The measured peak to valley height (S;) values were higher for worn areas than unworn areas
of the tibial component articulating surfaces for all models of TAR except Zenith, for which

the opposite was true (Table 4.15). These differences were statistically significant (p < 0.05)

for all models except INFINITY.
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Tibial component Unworn Sz (um) Worn Sz (um) P-value
INFINITY (n=3) 3.668 + 0.201 5.313+2.370 0.089
Cadence (n=1) 2.401 £0.160 2.934 £ 0.320 0.012
Salto Talaris (n = 2) 1.552 £ 0.617 6.711 + 0.564 <0.001
Salto (n=1) 0.759 +0.019 3.035 £ 0.092 0.012
Mobility (n = 10) 0.551 £ 0.122 3.471 +3.782 <0.001
STAR (n =3) 0.669 + 0.115 3.669 + 0.320 <0.001
Hintegra (n = 2) 0.942 +0.129 2.368 £ 0.734 <0.001
BOX (n=3) 0.825 £ 0.107 3.572+1.624 <0.001
Zenith (n=1) 2543 +1.115 1.871 £0.140 0.037

Table 4.15. Peak to valley height (S;) values for unworn and worn areas of different tibial
component articulating surfaces. Values given as mean + SD.

The measured maximum peak height (Sp) was once again higher on worn than unworn areas
of tibial component articulating surfaces for all TAR models except Zenith, which had a greater
unworn Sp (Table 4.16). These differences were statistically significant (p < 0.05) for all models
except INFINITY.

Tibial component Unworn Sp (1um) Worn Sp (um) P-value
INFINITY (n=3) 1.881 +0.152 1.912 £ 0.313 0.678
Cadence (n=1) 0.903 £ 0.117 1.224 +0.104 0.003
Salto Talaris (n = 2) 0.766 + 0.245 1.312 £ 0.203 <0.001
Salto (n=1) 0.400 + 0.003 0.773 £ 0.083 0.012
Mobility (n = 10) 0.204 £0.118 1.343 £ 3.065 <0.001
STAR (n=3) 0.357 £ 0.090 0.992 + 0.224 <0.001
Hintegra (n = 2) 0.523 +0.184 0.744 +0.170 0.014
BOX (n=3) 0.399 +0.085 1.378 £ 1.075 <0.001
Zenith (n=1) 1.022 £ 0.102 0.633+0.121 0.012

Table 4.16. Maximum peak height (Sp) values for unworn and worn areas of different tibial

component articulating surfaces. Values given as mean + SD.
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For all TAR models except Zenith the maximum valley depth (Sv) was greater on worn areas
than unworn areas (Table 4.17). The differences observed were statistically significant (p <

0.05) in the cases of 6 of the designs, and not in the other 3.

Tibial component Unworn Sy (um) Worn Sy (um) P-value
INFINITY (n=3) -1.787 £ 0.098 -3.399 + 2.084 0.081

Cadence (n=1) -1.498 £ 0.138 -1.710 £ 0.238 0.144

Salto Talaris (n = 2) -0.786 £ 0.387 -5.399 + 0.403 <0.001
Salto (n=1) -0.359 + 0.017 -2.262 £ 0.010 <0.001
Mobility (n = 10) -0.349 +0.138 -2.129 £ 1.340 <0.001
STAR (n=3) -0.312 £ 0.082 -2.677 +0.286 <0.001
Hintegra (n = 2) -0.385 £ 0.117 -1.623 + 0.803 <0.001
BOX (n=23) -0.425 £+ 0.088 -2.195 + 0.564 <0.001
Zenith (n=1) -1.521 +1.214 -1.238 + 0.027 0.144

Table 4.17. Maximum valley depth (Sv) values for unworn and worn areas of different tibial
component articulating surfaces. Values given as mean + SD.

The measured skewness was more negative (indicative of a predominance of valleys, in terms
of more severe valleys or a great number of valleys, rather than peaks) on the worn areas than
unworn areas of the tibial component articulating surfaces for all TAR models except Zenith
(Table 4.18). The differences were also statistically significant (p < 0.05) for all models except
Zenith.
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Tibial component Unworn Ssk Worn Ssk P-value
INFINITY (n=3) 0.135+0.148 -1.266 + 1.636 0.009
Cadence (n=1) -0.483 £ 0.078 -0.691 + -0.024 0.005
Salto Talaris (n = 2) -0.385 £ 0.065 -4.112 + 1.066 <0.001
Salto (n=1) 1.678 £ 0.034 -7.966 + 0.157 0.012
Mobility (n = 10) -1.328 +4.131 -5.384 + 7.306 <0.001
STAR (n =3) 0.399 +£ 0.818 -4.403 £ 2.011 <0.001
Hintegra (n = 2) 5.086 + 1.362 -5.933 £ 6.865 <0.001
BOX (n=3) -0.449 + 0.964 -4.604 + 2.403 <0.001
Zenith (n=1) 1.801 + 2.500 -1.877 £ 1.802 0.060

Table 4.18. Skewness (Ssk) values for unworn and worn areas of different tibial component
articulating surfaces. Values given as mean £ SD.

The measured kurtosis (Sku) of the tibial component articulating surfaces was higher on worn
areas than unworn areas for all TAR models except Cadence and Zenith (Table 4.19). The

differences were statistically significant (p < 0.05) in 5 cases, and not for the other 4 models.

Tibial component Unworn Sku Worn Sku P-value
INFINITY (n=3) 3.206 £ 0.119 7.815 + 7.095 0.678
Cadence (n=1) 3.781+£0.138 3.682 + 0.059 0.201
Salto Talaris (n = 2) 3.180 + 0.030 45.422 +22.771 <0.001
Salto (n=1) 10.996 + 0.366 99.817 + 3.063 0.012
Mobility (n = 10) 202.078 £ 319.827 225.993 + 596.463 0.266
STAR (n=3) 26.959 + 31.140 91.595 + 70.302 0.001
Hintegra (n = 2) 75.902 + 46.016 87.998 + 85.491 1.000
BOX (n=3) 15.394 + 8.517 51.880 + 23.017 <0.001
Zenith (n=1) 103.470 + 107.604 31.012 + 10.826 0.012

Table 4.19. Kurtosis (Sks) values for unworn and worn areas of different tibial component
articulating surfaces. Values given as mean + SD.
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The differences between the measured surface roughness parameters on fixed and mobile
bearing TARs for both unworn and worn areas of the tibial component articulating surfaces are

given in Table 4.20.

The parameters of S, Sq, Sz, Sp, and Sy measured on unworn areas were all significantly (p <
0.05) higher on fixed bearing than mobile bearing tibial components. The Ssk was also more
negative on fixed bearing than mobile bearing components, however this difference did not
reach statistical significance (p = 0.088). Conversely, the Sky was significantly (p < 0.05) higher

on mobile bearing than fixed bearing tibial components.

For worn areas, the measured Sa, Sq, Sz, Sp, and Sy were again all significantly (p < 0.05) higher
on fixed bearing than mobile bearing tibial components. The Sk, was also again significantly
(p < 0.05) higher on mobile bearing than fixed bearing components. The difference in S, on
the other hand, was reversed compared to what it was for unworn areas, with significantly (p <
0.05) more negative values measured on worn areas of mobile bearing than fixed bearing tibial

components.
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Unworn Unworn P-value Worn Worn P-value

fixed mobile fixed mobile
(n=16) (n=18) (n=16) (n=18)

Sa (um) 0.253 + 0.016 + <0.001 0.364 + 0.053 + <0.001
0.116 0.009 0.143 0.032

Sq (Um) 0.321 + 0.024 + <0.001 0.542 + 0.117 + <0.001
0.146 0.015 0.292 0.073

Sz (um) 2.751 + 0.782 + <0.001 5.382 + 3.285 % <0.001
1.045 0.521 2.114 2.649

Sp (Um) 1.346 + 0.354 + <0.001 1.597 + 1.152 + <0.001
0.574 0.226 0.406 2.093

Sv (um) -1.405 + -0.425 + <0.001 -3.784 + -2.133 <0.001
0.512 0.389 1.968 1.020

Sek -0.141 + 0.160 = 0.088 -2.119 + -5.100 + <0.001
0.305 3.503 1.934 5.579

Sku 3.293 111.664 + <0.001 19.662+ 141400+ 0.006
0.243 229.965 23.036 404.464

Table 4.20. Comparison of the measured surface roughness parameters for unworn and worn
areas of fixed and mobile bearing tibial component articulating surfaces. Values given as mean
+ SD.

The differences between both unpitted and pitted the S, and Sy values for fixed and mobile
bearing tibial component articulating surfaces on which pitting was identified are given in
Table 4.21. The average measured values for unpitted S,, pitted Sa, unpitted Sy, and pitted Sy
were all greater on fixed bearing than mobile bearing tibial components, with all of these

differences being statistically significant (p < 0.05).
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Tibial component Fixed (n=6) Mobile (n = 18) P-value

N with pitting 2 10 -
Unpitted Sa (um) 0.140 + 0.067 0.016 £ 0.008 <0.001
Pitted Sa (um) 0.248 £ 0.031 0.064 £ 0.035 <0.001
Unpitted Sy (um) -0.786 + 0.387 -0.400 £ 0.119 0.002
Pitted Sy (um) -5.399 £+ 0.403 -2.789 + 0.828 <0.001

Table 4.21. Average surface roughness (Sa) and maximum valley depth (Sv) values for fixed
and mobile bearing tibial component articulating surfaces with pitting. Values given as mean
+ SD.

The variation in measured Sa and Sy values on both unworn and worn areas of tibial component
articulating surfaces for different component alloys are given in Figure 4.42 and Figure 4.43,

respectively.

For both unworn and worn areas, Ti alloy components had the highest Sa (0.310 = 0.090 um
and 0.422 + 0.141 um, respectively) compared to CoCr alloy components (0.028 £ 0.044 um
and 0.074 = 0.068 um, respectively) and TiN coated components (0.032 + 0.000 um and 0.035
+ 0.007 um, respectively) (mean = SD).

The Ti alloy components also had the greatest average Sy for both unworn and worn areas (-
1.714 + 0.166 pum and -2.977 £ 1.943 um, respectively) compared to CoCr alloy components
(-0.406 + 0.210 pm and -2.524 + 1.393 pum, respectively) and TiN coated components (-1.521
+1.215 and -1.238 + 0.027 pum, respectively) (mean = SD).
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Figure 4.42. Box and whisker plot of unworn and worn average surface roughness (Sa)
values of the articulating surfaces of different alloy tibial components.
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Figure 4.43. Box and whisker plot of unworn and worn maximum valley depth (Sy) values of
the articulating surfaces of different alloy tibial components.

4.3.2. Talar component

Representative surface topography images showing the oblique plots and intensity maps for
both unworn and worn (pitted) areas of a talar component articulating surface are shown in
Figure 4.44. As with the tibial component, 5 measurements were taken for each analysed area
of the component, all of which were included in subsequent statistical analyses.
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Figure 4.44. Surface profilometry images of unpitted and pitted areas of a Mobility talar
component bearing surface.

The average values of the surface roughness parameters measured on ‘unworn’ areas (i.e., areas
without identified damage) of the different talar component articulating surfaces are given in
Table 4.22. For the parameter of Sa specifically, the various measured values from unworn
areas of the different TAR models are plotted in Figure 4.45.

The talar components corresponding to mobile bearing TARs (Salto, Mobility, STAR,
Hintegra, BOX, and Zenith) recorded significantly higher Sa values than those corresponding
to fixed bearing TARs (INFINITY, Cadence, and Salto Talaris) (0.057 £ 0.031 pm versus 0.029
+ 0.025 pm, respectively (mean £ SD)) (p < 0.001) (Figure 4.46).
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Talar Sa(um) Sq(um) Sz(um)  Sp(um)  Sv(um)  Ssk Sku
component

INFINITY 0.020x 0026+ 0581+ 0220+ -0362x -0431+ 20.173%
(n=3) 0.007 0.009 0.101 0.082 0.036 0.921 22.964
Cadence 0.009+ 0012+ 0606+ 0270+ -0336x -2570+ 67.999=
(n=1) 0.000 0.000 0.006 0.006 0.011 0.395 5.024
Salto 0.076+ 0101+ 1608+ 0461+ -1146x -0.366+ 5.892+
Talaris 0.001 0.002 0.040 0.036 0.024 0.051 0.561
(n=1)

Salto 0.078+ 0.107x 1360+ 0685+ -0.676x -0.492+ 5.804=
(n=1) 0.002 0.002 0.062 0.064 0.027 0.120 0.248
Mobility 0.034+ 0047+ 0690+ 0285+ -0406x -0.088+ 11.746=
(n=9) 0.013 0.022 0.273 0.165 0.218 1.032 13.069
STAR 0.065+ 0082+ 0805+ 0419+ -0386zx -0.074+ 3.328%
(n=3) 0.023 0.028 0.113 0.051 0.105 0.383 0.524
Hintegra 0.113+ 0142+ 0918+ 0491+ -0427%x -0.004+ 3.203%
(n=2) 0.031 0.042 0.354 0.175 0.179 0.358 0.449
BOX 0.077+ 0099+ 0866+ 0393+ -0474x 0.016x 3525+
(n=3) 0.014 0.017 0.190 0.109 0.110 0.381 0.968
Zenith 0.045+ 0079+ 2530+ 0993+ -1537x 0.302x 24.269*
(n=1) 0.000 0.000 0.282 0.139 0.186 0.491 2.460

Table 4.22. Measured surface roughness parameter values for unworn areas of tibial
components. Values given as mean + SD. Notes: S,, average surface roughness; Sq, root mean
square roughness; S;, peak to valley height; Sp, maximum peak height; Sy, maximum valley
depth; Ssk, skewness; Sku, kurtosis.
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Figure 4.45. Box and whisker plot of the measured average surface roughness (Sa) values
from unworn areas of the articulating surfaces of different talar components.
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Figure 4.46. Box and whisker plot of the measured average surface roughness (Sa) values
from unworn areas of the articulating surfaces of talar components from fixed and mobile
TARs.

There was no significant difference between the measured S, values from unworn areas of talar
component articulating surfaces of different alloys (Figure 4.47). The average surface
roughness of CoCr alloy talar components (all TAR models except Zenith) (0.051 + 0.033 pm)
was higher than that of talar components coated with TiN (Zenith) (0.045 £ 0.000 pm),
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however this difference did not reach statistical significance (p = 0.885), and the number of

components composed of CoCr alloy (n = 23) vastly exceeded those coated with TiN (n = 1).

0.1
0.08

0.06

0.04

Average surface roughness (um)

0.02

B CocCr(n=23) [ TiN (n=1)

Figure 4.47. Box and whisker plot of the measured average surface roughness (Sa) values
from unworn areas of the articulating surfaces of talar components, separated by alloy.

As with the tibial components, for the articulating surfaces of talar components on which pitting
was identified, the measured average surface roughness (Sa) and maximum valley depth (Sv)
values were significantly (p < 0.05) higher on pitted areas compared to unpitted areas for all
designs of TAR analysed (Table 4.23).
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Talar N with Unpitted Pitted P-value Unpitted Pitted P-value

component pitting  Sa(um)  Sa (um) Sv(um) Sy (um)

INFINITY 3 0.020 + 0.106 + <0.001 -0.362 + -2.822 + <0.001
0.007 0.058 0.036 0.593

Cadence 1 0.009 + 0.074 = 0.012 -0.336 + -2.850 + 0.012
0.000 0.008 0.011 0.040

Salto 1 0.076 + 0.379 % 0.012 -1.146 + -4.123 + 0.012

Talaris 0.001 0.006 0.024 0.382

Salto 1 0.077 + 0.167 = 0.012 -0.683 + -2,509 + 0.012
0002 0.001 0.027 0.419

Mobility 9 0.034 + 0.08 + <0.001 -0.406 * -2.262 + <0.001
0.013 0.023 0.218 0.784

STAR 3 0.065 + 0.152 + <0.001 -0.386 + -2.654 + <0.001
0.023 0.015 0.105 0.288

Hintegra 2 0.113 *= 0.162 + 0.036 -0.427 + -2.239 £+ <0.001
0.031 0.060 0.179 0.522

BOX 2 0.086 + 0.282 + <0.001 -0.509 + -4201 + <0.001
0.006 0.026 0.120 0.775

Zenith 1 0.045 + 0.080 * 0.012 -1.537 + -2.441 + 0.012
0.000 0.001 0.186 0.234

Table 4.23. Average surface roughness (Sa) and maximum valley depth (Sv) values from
unpitted and pitted areas of different talar component articulating surfaces with pitting. Values
given as mean * SD.

The average surface roughness (Sa) values measured were higher on worn areas than unworn
areas on all models of talar component articulating surfaces (Table 4.24). These differences

were statistically significant (p<0.05) for all models except Hintegra.
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Talar component Unworn Sa (um) Worn Sa (pm) P-value
INFINITY (n=3) 0.020 = 0.007 0.106 + 0.058 <0.001
Cadence (n=1) 0.009 + 0.000 0.074 £ 0.008 <0.001
Salto Talaris (n = 1) 0.076 + 0.001 0.379 + 0.006 0.012
Salto (n=1) 0.078 + 0.002 0.167 + 0.001 0.012
Mobility (n = 9) 0.034 +0.013 0.085 + 0.023 <0.001
STAR (n=3) 0.065 + 0.023 0.152 £ 0.015 <0.001
Hintegra (n = 2) 0.113 +0.031 0.162 + 0.060 0.064
BOX (n=23) 0.077 £ 0.014 0.232 £ 0.075 <0.001
Zenith (n=1) 0.045 + 0.000 0.080 + 0.001 <0.001

Table 4.24. Average surface roughness (Sa) values for unworn and worn areas of different talar
component articulating surfaces. Values given as mean + SD.

The root mean square roughness (Sq) was also greater on worn than unworn areas for all models
of talar component articulating surfaces (Table 4.25). This difference was statistically

significant (p < 0.05) for all models except Hintegra.

Talar component Unworn Sq (um) Worn Sq (1um) P-value
INFINITY (n=3) 0.026 + 0.009 0.189 + 0.051 <0.001
Cadence (n=1) 0.012 +0.000 0.119 +0.003 <0.001
Salto Talaris (n = 1) 0.101 £ 0.002 0.488 + 0.009 <0.001
Salto (n=1) 0.107 £ 0.002 0.239 + 0.002 <0.001
Mobility (n = 9) 0.047 £0.022 0.164 +0.046 <0.001
STAR (n=3) 0.082 +0.028 0.220 £ 0.035 <0.001
Hintegra (n = 2) 0.142 + 0.042 0.225 + 0.057 0.064

BOX (n=3) 0.099 £+ 0.017 0.399 £ 0.151 <0.001
Zenith (n=1) 0.079 £ 0.000 0.114 +0.001 <0.001

Table 4.25. Root mean square roughness (Sq) values for unworn and worn areas of different
talar component articulating surfaces. Values given as mean = SD.

The peak to valley height (S;) was significantly (p < 0.05) higher on worn areas compared to

unworn areas of all models of talar component articulating surfaces (Table 4.26).
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Talar component Unworn Sz (um) Worn S; (um) P-value
INFINITY (n=3) 0.581 +£0.101 3.343 £ 0.547 <0.001
Cadence (n=1) 0.606 + 0.006 3.245 £ 0.087 0.012
Salto Talaris (n = 1) 1.608 + 0.040 5.143 £ 0.381 0.012
Salto (n =1) 1.360 + 0.062 3.078 £ 0.436 0.012
Mobility (n = 9) 0.690 £ 0.273 3.109 £ 0.917 <0.001
STAR (n=3) 0.805+0.113 3.688 £ 0.759 <0.001
Hintegra (n = 2) 0.918 + 0.354 3.572+£0.071 <0.001
BOX (n=3) 0.866 + 0.190 5.464 + 2.040 <0.001
Zenith (n=1) 2.530 £ 0.282 3.112 £ 0.250 0.011

Table 4.26. Peak to valley height (S;) values for unworn and worn areas of different talar
component articulating surfaces. Values given as mean * SD.

The measured maximum peak height (Sp) was greater on worn than unworn areas of the talar
component articulating surfaces for all models of TAR except Salto and Zenith (Table 4.27).

These differences were statistically significant (p < 0.05) for all models except Salto.

Talar component Unworn Sp (Um) Worn Sp (Um) P-value
INFINITY (n=3) 0.220 £ 0.082 0.521 £ 0.184 <0.001
Cadence (n=1) 0.270 + 0.006 0.398 + 0.095 0.040

Salto Talaris (n =1) 0.461 £ 0.036 1.020 £ 0.011 <0.001
Salto (n=1) 0.685 + 0.064 0.619 + 0.049 0.109

Mobility (n =9) 0.285 + 0.165 0.847 £ 0.530 <0.001
STAR (n =3) 0.419 + 0.051 1.034 + 0.546 <0.001
Hintegra (n = 2) 0.491 £0.175 1.334 £ 0.475 <0.001
BOX (n=3) 0.393 £0.109 2.008 £ 1.269 <0.001
Zenith (n=1) 0.993 +0.139 0.671 +£0.032 0.012

Table 4.27. Maximum peak height (Sp) values for unworn and worn areas of different talar

component articulating surfaces. Values given as mean * SD.



The measured maximum valley depth (Sv) was significantly (p < 0.05) greater for worn areas

compared to unworn areas of all models of talar component articulating surfaces (Table 4.28).

Talar component Unworn Sy (um) Worn Sy (um) P-value
INFINITY (n=3) -0.362 + 0.036 -2.822 +0.593 <0.001
Cadence (n=1) -0.336 £ 0.011 -2.850 £ 0.040 <0.001
Salto Talaris (n = 1) -1.146 £ 0.024 -4.123 £ 0.382 0.012

Salto (n=1) -0.676 + 0.027 -2.459 + 0.419 0.012

Mobility (n = 9) -0.406 + 0.218 -2.262 +0.784 <0.001
STAR (n=3) -0.386 + 0.105 -2.654 + 0.288 <0.001
Hintegra (n = 2) -0.427 £0.179 -2.239 £ 0.475 <0.001
BOX (n=3) -0.474 £ 0.110 -3.456 + 1.255 <0.001
Zenith (n=1) -1.537 £ 0.186 -2.441 +0.234 0.012

Table 4.28. Maximum valley depth (Sy) values for unworn and worn areas of different talar
component articulating surfaces. Values given as mean * SD.

The skewness was more negative — indicating a greater number and/or severity of valleys rather
than peaks — on worn areas than unworn areas for all models of talar component articulating
surfaces (Table 4.29). These differences were statistically significant (p < 0.05) for all TAR

models except Hintegra.
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Talar component Unworn Ssk Worn Ssk P-value
INFINITY (n=3) -0.431 £ 0.921 -6.047 £ 3.412 <0.001
Cadence (n=1) -2.570 £ 0.395 -6.391 + 0.758 <0.001
Salto Talaris (n = 1) -0.366 + 0.051 -1.190 + 0.020 0.012
Salto (n=1) -0.492 £ 0.120 -2.561 + 0.543 0.012
Mobility (n =9) -0.088 + 1.032 -5.007 + 2.560 <0.001
STAR (n =3) -0.074 £ 0.383 -2.183 £ 0.741 <0.001
Hintegra (n = 2) -0.004 + 0.358 -1.337 + 1.937 1.000
BOX (n=3) 0.016 £ 0.381 -2.771 +0.848 <0.001
Zenith (n=1) 0.302 + 0.491 -0.913 £ 0.425 0.012

Table 4.29. Skewness (Ssk) values for unworn and worn areas of different tibial component
articulating surfaces. Values given as mean £ SD.

The measured kurtosis (Sk) of the talar component articulating surfaces was higher on worn
areas than unworn areas for all TAR models except Salto Talaris (Table 4.30). The differences

were statistically significant (p < 0.05) for all models except Salto Talaris and Zenith.

Talar component Unworn Sku Worn Sku P-value
INFINITY (n=23) 20.173 £ 22.964 71.158 + 43.453 <0.001
Cadence (n=1) 67.999 + 5.024 111.996 + 16.646 0.005
Salto Talaris (n =1) 5.892 + 0.561 5.811 +0.224 0.676
Salto (n = 1) 5.804 + 0.248 15.540 + 7.650 0.012
Mobility (n=9) 11.746 + 13.069 55.892 + 45.394 <0.001
STAR (n=3) 3.328 £ 0.524 16.160 + 7.021 <0.001
Hintegra (n = 2) 3.203 + 0.449 21.090 + 15.289 < 0.001
BOX (n = 3) 3.525 + 0.968 19.215 + 9.233 < 0.001
Zenith (n=1) 24.269 *+ 2.460 25.618 £ 7.337 0.403

Table 4.30. Kurtosis (Sks) values for unworn and worn areas of different tibial component
articulating surfaces. Values given as mean + SD.



Table 4.31 gives a comparison of the measured surface roughness parameters of both unworn
and worn areas for talar component articulating surfaces corresponding to fixed and mobile
bearing TARs.

For unworn areas, talar components from mobile bearing prostheses had a higher Sa, Sq, Sz,
and Sp compared to those from fixed bearing prostheses, with all of these differences except
for S; reaching statistical significance (p < 0.05). On the other hand, components corresponding
to fixed bearing prostheses had a higher Sy and Sk, as well as a more negative Ssk, compared
to those from mobile bearing prostheses, with these differences being statistically significant

(p < 0.05) in the cases of Sk, and Ssk, but not for Sy.

For worn areas, talar components from fixed bearing prostheses had a higher Sa, Sq, Sz, Sv, and
Sku, as well as a more negative Ssk, compared to those from mobile bearing prostheses. These
differences were statistically significant (p < 0.05) in the cases of Sy, Sku, and Ssk. Components
corresponding to mobile bearing prostheses had a significantly (p < 0.05) higher S, compared

to those from fixed bearing prostheses.
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Unworn Unworn P-value Worn Worn P-value

fixed (n = mobile (n fixed (n = mobile (n
5) =19) 5) =19)

Sa (um) 0.029 + 0.057 + <0.001 0.154 + 0.131 + 0.434
0.025 0.031 0.124 0.067

Sq (Um) 0.038 = 0.075 % <0.001 0.235+ 0.218 + 0.719
0.033 0.039 0.138 0.110

Sz (um) 0.791 + 0.892 + 0.116 3.684 + 3.620 + 0.647
0.424 0.483 0.870 1.345

Sp (UmM) 0.278 £ 0.403 + 0.013 0.596 + 1.090 £ <0.001
0.115 0.222 0.265 0.792

Sv (um) -0.513 £ -0.489 0.235 -3.088 = -2.530 + 0.001
0.324 0.310 0.714 0.868

Sek -0.846 + -0.061 + 0.004 -5.144 + -3.478 + 0.040
1.138 0.764 3.313 2.446

Sku 26.882+  8.566 0.004 66.256 + 36.447+ <0.001
28.000 10.501 48.576 36.883

Table 4.31. Comparison of the measured surface roughness parameters for unworn and worn
areas of talar component articulating surfaces corresponding to fixed and mobile bearing
TARs.

Table 4.32 shows the differences between talar component articulating surfaces corresponding
to fixed and mobile bearing TARs in terms of the measured Sa and Sy values for both unpitted
and pitted areas. Talar components corresponding to fixed bearing prostheses had higher pitted
Sa values as well as both unpitted and pitted Sy values compared to those from mobile bearing
prostheses. However, only the difference between the pitted Sy values reached statistical
significance (p < 0.05). The unpitted Sa values, on the other hand, were significantly (p < 0.05)
higher on talar components corresponding to mobile bearing TARs compared to those from

fixed bearing prostheses.
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Talar component Fixed (n = 5) Mobile (n =19) P-value

N with pitting 5 18 -
Unpitted Sa (um) 0.029 £ 0.025 0.057 £ 0.032 <0.001
Pitted Sa (um) 0.154 £ 0.124 0.131 +0.069 0.436
Unpitted Sy (um) -0.513 £ 0.324 -0.494 + 0.318 0.246
Pitted Sy (um) -3.088 £ 0.714 -2.561 + 0.882 0.001

Table 4.32. Average surface roughness (Sa) and maximum valley depth (Sv) values for talar
component articulating surfaces with pitting corresponding to fixed and mobile bearing TARs.
Values given as mean + SD.

The variation in measured Sa and Sy values on both unworn and worn areas of talar component
articulating surfaces for the different component alloys are given in Figure 4.48 and Figure

4.49, respectively.

For both unworn and worn areas, CoCr alloy components had the higher S, (0.051 + 0.033 um
and 0.138 £ 0.083 um, respectively) compared to TiN coated components (0.045 £+ 0.000 pum
and 0.080 + 0.001 um, respectively) (mean £ SD).

The CoCr alloy components also had the higher Sy for worn areas (-2.655 + 0.883 pm)
compared to the TiN coated components (-2.441 £ 0.234 um) (mean = SD). However, for
unworn areas, CoCr components had a lower Sy (CoCr -0.449 + 0.225 um) compared to TiN

coated components (-1.537 £ 0.186 pm) (mean + SD).
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Figure 4.48. Box and whisker plot of unworn and worn average surface roughness (Sa)
values of the articulating surfaces of different alloy talar components.
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Figure 4.49. Box and whisker plot of unworn and worn maximum valley depth (Sy) values of
the articulating surfaces of different alloy talar components.

4.4. Material Characterisation
Elemental composition analysis was performed to characterise the alloys used for the metal
components as well as to determine the materials comprising the embedded debris identified.
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4.4.1. Elemental composition of metal components

The results of the XRF elemental composition analysis for the metal tibial and talar components
are given in Table 4.33 and Table 4.34, respectively. The results are given in terms of mean
percentage compositions for the main elements present (i.e., excluding trace elements). The
component alloys (i.e., CoCr or Ti) identified by the XRF elemental composition analysis

match those stated by the manufacturer, as provided in the previous Chapter (Section 3.1.3).

A small amount of Ti was unexpectedly identified in the CoCr alloy tibial and talar components
of the BOX prosthesis as well as the CoCr alloy talar component of the Mobility prosthesis.
The Ti was identified in all of the BOX tibial and talar components analysed. Since BOX is the
only prosthesis included to not have a coating on the non-articulating surfaces containing Ti, it
was presumed to be part of the component composition. Ti was identified in 1 of the Mobility
talar components analysed, suggesting that metal debris may have been released from the Ti

coating and embedded into the talar component in this case.
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% elemental composition (mean x SD)

Tibial Co Cr Mo Mn Fe Ti Al \Y
component

INFINITY 001+ 021+ 8991+ 569+ 418+
(n=3) 0.00 0.01 0.08 0.02 0.06
Cadence 0.19 89.95 4.19
(n=1)

Salto 63.00 £ 29.89+ 6.19+ 048+ 039+

Talaris 0.45 0.13 0.06 0.03 0.19

(n=2)

Salto 63.35 29.67 6.11 0.47 0.31

(n=1)

Mobility 63.99 + 29.02+ 6.02+ 034+ 0.50z%

(n=7) 0.10 0.03 0.02 0.01 0.06

STAR 61.79 + 31.05+ 6.08+ 062+ 039%

(n=3) 0.04 0.06 0.03 0.06 0.05

Hintegra 63.16 29.96 6.01 0.43 0.39

(n=1)

BOX 64.79 £ 29.06+ 519+ 061+ 016+ 010+

(n=3) 0.10 0.06 0.05 0.01 0.01 0.04

Zenith 0.01 0.09 90.69 5.74 3.46
(n=1)

Table 4.33. Tibial component XRF elemental composition showing the main elements present
: cobalt (Co), chromium (Cr), molybdenum (Mo), manganese (Mn), iron (Fe), titanium (Ti),
aluminium (Al), vanadium (V). Blank cells indicate that the element was not present.
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% elemental composition (mean £ SD)

Talar
component
INFINITY
(n=3)
Cadence
(n=1)
Salto
Talaris
(n=1)
Salto
(n=1)
Mobility
(n=8)
STAR
(n=3)
Hintegra
(n=2)
BOX
(n=3)
Zenith

(n=1)

Co

64.80 =

0.21

64.84

62.23

63.22

63.93 +

0.15

61.74

0.19

63.54 +

0.16

64.54 +

0.18

Cr

28.47 *

0.05

28.60

29.70

29.73

29.05

0.07

30.78 =

0.32

29.57

0.02

28.96

0.07

Mo

5.47 +

0.08

5.40

6.18

6.22

6.04 +

0.05

6.33 +

0.11

6.02 +

0.11

5.33

0.10

Mn

0.84 +

0.03

0.85

0.46

0.42

0.36 +

0.04

0.63

0.04

039+

0.01

0.70 £

0.07

Fe

029+

0.23

0.25

0.34

0.34

047+

0.11

041+

0.10

042+

0.06

019+

0.03

0.08

Ti Al \Y

0.02 +

0.04

0.14 +

0.03

90.67 572 3.52

Table 4.34. Talar component XRF elemental composition showing the main elements present
: cobalt (Co), chromium (Cr), molybdenum (Mo), manganese (Mn), iron (Fe), titanium (Ti),
aluminium (Al), vanadium (V). Blank cells indicate that the element was not present.
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4.4.2. Elemental composition of embedded debris

SEM-EDX analysis confirmed that the embedded debris identified on the 5 PE inserts (4
backside surfaces and 5 bearing surfaces) was metallic (Table 4.35). Specifically, the presence
of Ti (Figure 4.50) or Co and Cr (Figure 4.51) was confirmed for the embedded debris of each

surface.

All of the elements identified within the PE insert embedded debris (Ti, Co, Cr, Mo) are likely
to have originated from the implant. The coatings of non-articulating surfaces for all of the
devices which had embedded debris identified in the PE inserts contained Ti, and all the
corresponding tibial and talar components were manufactured from CoCr(Mo) alloy, with the
exception of the Ti alloy INFINITY tibial component (which was not in contact with the PE
insert bearing surface on which Ti debris was identified in this case). It is therefore likely that
the Ti embedded debris identified in these PE inserts originated from the porous coatings of

these prostheses.

PE insert Bearing surface Backside surface
embedded debris embedded debris

Salto Talaris (ANK2) Ti, Co, Cr Ti

Mobility (ANK3) Co, Cr Co, Cr, Mo

Hintegra — in pieces (ANK6) Co, Cr, Mo Co, Cr

Hintegra (ANK27) Ti Ti

INFINITY (ANK10) Ti -

Table 4.35. The elements identified in the embedded debris of the PE inserts.
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MAG: 1500x HV: 15kV_WD: 10.3mm
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Figure 4.50. SEM-EDX analysis of INFINITY (ANK10) TAR PE insert backside surface
embedded debris.

NEXUS Newcastie University_6814
MAG: 600x HV: 15KV WD: 11.5mm

NEXUS Newcastle University_6814
MAG: 600x HV: 15kV_WD: 11.5mm

Figure 4.51. SEM-EDX analysis of Hintegra (ANK6) TAR PE insert bearing surface
embedded debris.
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4.5. PE Insert Form Analysis

The quantification of volumetric wear from the PE insert bearing surfaces of the explanted
TARs was performed using a CMM. In order to validate this method, the calculated wear
volumes were compared to those obtained via gravimetric measurement. Additionally, the
geometries of the PE insert backside surfaces were analysed in terms of planicity, also using a
CMM.

4.5.1. Validation of PE insert bearing wear measurement

The validation process for the CMM wear volume measurement technique involved manual
removal of material from the two previously unused PE insert bearing surfaces (one INFINITY
size 5 and one INFINITY size 3). The stages of simulated wear as a result of incremental
removal of material from the bearing surfaces of the two pristine PE inserts, along with wear
maps produced by CMM analysis, are shown by Figure 4.52 and Figure 4.53 (validation round
1) and Figure 4.55 and Figure 4.54 (validation round 2), respectively.

D
Figure 4.52. Stages of increasing wear of the size 5 PE insert bearing surface. Material was
manually removed from a new quadrant at each wear stage (A-D).
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Figure 4.53. Linear wear maps (scale -0.5 mm to 0.5 mm) from CMM analysis of the size 5
PE insert bearing surface. (A) unworn. (B-D) wear stages 1-4.

D
Figure 4.54. Stages of increasing wear of the size 3 PE insert bearing surface. Material was
manually removed from a new quadrant at each wear stage (A-D).
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Figure 4.55. Linear wear maps (scale -0.5 mm to 0.5 mm) from CMM analysis of the size 3
PE insert bearing surface. (A-D) wear stages 1-4.

The CMM and gravimetrically calculated wear volumes for each stage of wear with the first of
the PE inserts (size 5) are given in Table 4.36, along with the absolute errors (i.e., the difference
between the value obtained from the CMM analysis and that obtained from gravimetric
measurement). The corresponding percentage errors (calculated by dividing the absolute error
by the gravimetrically calculated wear volume (i.e., the ‘true’ value)) increased with each wear
stage: 7.33% for wear stage 1, 9.82% for wear stage 2, 40.49% for wear stage 3, and 49.09%
for wear stage 4. A steep increase in the absolute errors was seen after the second wear stage,
which could be due to the way the material was removed meaning the CMM probe could not
properly trace these worn areas. A plot illustrating the differences between the wear volumes
given by gravimetric analysis and CMM analysis for this PE insert bearing surface is given by
Figure 4.56.
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Wear stage Gravimetric wear CMM wear Absolute

volume (mms3) volume (mm3) error (mms)
Unworn - 1.33 1.33
Worn 1 17.60 16.31 1.29
Worn 2 32.06 35.20 3.15
Worn 3 86.96 51.75 35.21
Worn 4 120.73 61.47 59.26

Table 4.36. Results from validation of CMM PE insert bearing surface wear volume
quantification compared against gravimetric testing, using an INFINITY size 5 PE insert.
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Figure 4.56. Plot of the volumetric wear loss calculated by gravimetric measurement and
CMM analysis for the size 5 PE insert bearing surface.

The wear volumes calculated from CMM analysis and gravimetric measurement, along with

the absolute error, for the second of the PE inserts (size 3) is given in Table 4.37.

The difference in the wear volumes given by gravimetric analysis and CMM analysis for this
second PE insert bearing surface is shown by Figure 4.57. As with the first round of validation,
the corresponding percentage errors again increased with the wear stages: 35.57%, 43.10%,
55.35%, and 56.14%. These larger percentage errors however reflect the smaller amount of
volumetric wear being measured in this second validation round. Although the difference was
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not as extreme as that seen in the previous round of validation, the gravimetrically and CMM

measured wear volumes did diverge as the wear stages increased again.

Wear stage Gravimetric wear CMM wear Absolute
volume (mms3) volume (mm3) error (mms)

Worn 1 4.62 2.98 1.65

Worn 2 10.19 5.80 4.39

Worn 3 16.21 7.24 8.97

Worn 4 19.63 8.56 11.08

Table 4.37. Results from validation of CMM PE insert bearing surface wear volume
quantification compared against gravimetric testing, using an INFINITY size 3 PE insert.
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Figure 4.57. Plot of the volumetric wear loss calculated by gravimetric measurement and
CMM analysis for the size 3 PE insert bearing surface.

4.5.2. PE insert bearing surface volumetric wear measurement

Of the 27 explanted PE inserts that were available for analysis, CMM analysis of the bearing
surfaces was achievable for 18. Table 4.38 gives the measured wear volumes for these PE insert
bearing surfaces in terms of volumetric material loss from the left and right condyles and the

total, along with details of the implants.
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The implantation duration was only known for 1 TAR (ANK2); a fixed bearing Salto Talaris
device. The total wear volume for the PE insert bearing surface of this prosthesis was measured
as 4.29 mm? (1.65 mm? from the left condyle and 2.64 mm?® from the right condyle, with
implantation side unknown). Based on a known implantation duration of 48 months (i.e., 4
years), the total volumetric wear rate for this PE insert bearing surface was calculated as 1.07

mm?3/year (0.41 mm?®/year from one condyle and 0.66 mm?®/year from the other).

As well as determining the volumetric wear loss from the component surfaces, the CMM
analysis also produced a visual representation of the wear in the form of geometrical wear
maps. These wear maps show the linear wear across the analysed surface, from which the
severity of the wear at different areas can be identified. The PE insert bearing surfaces on which
CMM analysis was performed included 7 different designs of TARs, 2 of which were fixed
bearing and 5 of which were mobile bearing. The wear maps for each of the designs are given
in the following figures: INFINITY (Figure 4.58), Salto Talaris/Salto (Figure 4.59), Mobility
(Figure 4.60), STAR (Figure 4.61), Hintegra (Figure 4.62), and Zenith (Figure 4.63).
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Code Prosthesis Bearing Side Time  Left Right Total

invivo volume volume volume

(mm3)  (mm%)  (mm?)
ANK1 Hintegra Mobile 1.22 1.08 2.30
ANK2 Salto Talaris  Fixed 4 years 1.65 2.64 4.29
ANK3 Mobility Mobile  Right 0.93 0.09 1.02
ANKA4 Mobility Mobile  Left 0.14 0.39 0.53
ANK9 INFINITY Fixed 0.74 3.59 4.33
ANK10 INFINITY Fixed Left 1.52 1.69 3.21
ANK11 Salto Mobile  Right 2.76 4.22 6.98
ANK12 Mobility Mobile  Right 0.65 0.21 0.86
ANK13  STAR Mobile 0.29 0.32 0.61
ANK14 Mobility Mobile 0.91 0.26 1.17
ANK15 Mobility Mobile 0.16 0.24 0.40
ANK18 Mobility Mobile 0.27 0.52 0.79
ANK19 Mobility Mobile 0.03 0.05 0.08
ANK20 INFINITY Fixed 0.16 0.40 0.56
ANK?24 STAR Mobile  Right 0.23 0.11 0.34
ANK26  Zenith Mobile 0.49 0.33 0.82
ANK27 Hintegra Mobile  Left 0.25 1.29 1.54
ANK28 INFINITY Fixed 0.26 0.29 0.55

Table 4.38. Measured PE insert bearing surface obtained via CMM analysis. A blank cell in
the ‘side’ or ‘time in vivo’ column indicates that the implantation side or implantation duration
was unknown, respectively.
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Figure 4.58. Linear wear maps (scale -0.5 mm to 0.5 mm) from CMM analysis of the fixed
bearing INFINITY TAR PE insert bearing surfaces. Red indicates material removed and blue
indicates material added.
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Figure 4.59. Linear wear maps (scale -0.5 mm to 0.5 mm) from CMM analysis of the fixed
bearing Salto Talaris (ANK2) and mobile bearing Salto (ANK11) TAR PE insert bearing
surfaces. Red indicates material removed and blue indicates material added.
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Figure 4.60. Linear wear maps (scale -0.5 mm to 0.5 mm) from CMM analysis of the mobile
bearing Mobility TAR PE insert bearing surfaces. Red indicates material removed and blue
indicates material added.
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Figure 4.61. Linear wear maps (scale -0.5 mm to 0.5 mm) from CMM analysis of the mobile
bearing STAR TAR PE insert bearing surfaces. Red indicates material removed and blue
indicates material added.
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Figure 4.62. Linear wear maps (scale -0.5 mm to 0.5 mm) from CMM analysis of the mobile
bearing Hintegra TAR PE insert bearing surfaces. Red indicates material removed and blue
indicates material added.
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ANK26

Figure 4.63. Linear wear map (scale -0.5 mm to 0.5 mm) from CMM analysis of the mobile
bearing Zenith TAR PE insert bearing surface. Red indicates material removed and blue
indicates material added.

For the 18 PE insert bearing surfaces for which CMM analysis was achievable, the total volume
of material loss (i.e., the sum of the wear volumes from the medial and lateral condyles) ranged
from 0.08 mm3 to 6.98 mm3. The average total wear across all the component bearing surfaces

analysed was 1.69 mm?3 + 1.86 mm3 (mean + SD).

Figure 4.64 shows the variation in measured total wear volumes from the PE insert bearing
surfaces of different TARs designs. The highest wear volumes were recorded by the Salto and
Salto Talaris prostheses; however, it should be noted that wear rates (i.e., the average volume

of wear loss per year) could not be calculated due to implantation durations being unknown.
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Figure 4.64. Box and whisker plot of the PE insert bearing surface total wear volumes
measured from each of the TAR designs.

The variation in the measured wear volumes from the fixed and mobile bearing PE insert
bearing surfaces is shown in Figure 4.65. The average total wear volume from the fixed bearing
prostheses was higher than that for the mobile bearing prosthesis (2.59 mm?3 £ 1.91 mm3 versus
1.34 mm3 £ 1.79 mm3 (mean + SD)), though this difference was not statistically significant (p

= 0.533). Again, it is also important to note that these values are reported in terms of wear

i
B

B INFINITY (n=4)
B salto Talaris (n=1)
M salto (n=1)

Bl Mobility (n=7)

B STAR (n=2)

M Hintegra (n=2)

B Zenith (n=1)

volumes rather than wear rates due to implantation durations being unknown.
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Figure 4.65. Box and whisker plot of the PE insert bearing surface total wear volumes
measured from fixed and mobile bearing TARs.

The implantation side was known for 7 of the prostheses on which CMM analysis was
performed, 1 of which was a fixed bearing design and 6 of which were mobile bearing designs.
The measured wear volumes for the lateral and medial aspects of these PE insert bearing
surfaces are given in Table 4.39. Also given is the asymmetry ratio, which represents the ratio
between the higher and lower of the wear volumes of the two aspects. The lateral aspect had
greater wear than the medial aspect for all except one of the PE insert bearing surfaces for
which implantation side was known, and the average wear volume for the lateral aspects was
higher than for the medial aspects (1.13 mm?3 + 0.88 mm? versus 0.93 mm3 + 1.54 mm3 (mean
+ SD)), however this difference did not reach statistical significance (p = 0.160). The calculated
asymmetry ratios ranged from 1.11 to 10.33, with an average of 3.73 + 3.20 (mean + SD),
meaning that on average, across these 7 components, one side of the bearing surface generated

over 3 times more volumetric wear than the other side.
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Prosthesis Implantation Lateral volume Medial volume Asymmetry

side (mm3) (mm3) ratio”
ANK10 Left 1.69 1.52 1.11
(INFINITY) (lat > med)
ANK11 Right 2.76 4.22 1.53
(Salto) (med > lat)
ANK3 Right 0.93 0.09 10.33
(Mobility) (lat > med)
ANK4 Left 0.39 0.14 2.79
(Mobility) (lat > med)
ANK12 Right 0.65 0.21 3.10
(Mobility) (lat > med)
ANK24 Right 0.23 0.11 2.09
(STAR) (lat > med)
ANK27 Left 1.29 0.25 5.16
(Hintegra) (lat > med)

Table 4.39. Lateral and medial aspect TAR wear volume results from CMM scanning of the
PE insert bearing surfaces for those which implantation side was known. Notes: *, asymmetry
ratio calculated as higher/lower.

4.5.3. PE insert backside surface planicity measurement

CMM analysis of the backside surfaces was achievable for 13 of the explanted PE inserts. The
measured planicities for the backside surfaces of these PE inserts are given in Table 4.40. The
implantation duration was not known for any of the PE inserts for which CMM analysis of the

backside surfaces was achievable.

Geometrical surface maps providing a visual representation of the deformation were also
produced along with calculated planicity values. The linear deformation across the analysed
surface is shown by these wear maps. The PE inserts on which CMM analysis was performed
on the backside surfaces included 5 mobile bearing designs of TAR, the mapped geometries of
which are given in the following figures: Salto (Figure 4.66), Mobility (Figure 4.67), STAR
(Figure 4.68), Hintegra (Figure 4.69), and Zenith (Figure 4.70).

161



Code Prosthesis Planicity (um)

ANK1 Hintegra 916.2
ANK3 Mobility 90.8
ANK4 Mobility 47.2
ANK11 Salto 81.8
ANK12 Mobility 197.8
ANK13 STAR 180.9
ANK14 Mobility 73.5
ANK18 Mobility 220.8
ANK19 Mobility 111.1
ANK21 Mobility 126.9
ANK24 STAR 113.3
ANK26 Zenith 196.5
ANK?27 Hintegra 87.8

Table 4.40. Measured planicity of PE insert backside surfaces obtained via CMM analysis. All
are mobile bearing designs.

ANK11

Figure 4.66. Backside geometry (scale -0.2 mm to 0.2 mm) from CMM analysis of the Salto
PE insert backside surface. Red indicates material removed and blue indicates material
added (i.e., deviations extending superiorly in an anatomical sense).
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Figure 4.67. Backside geometries (scale -0.2 mm to 0.2 mm) from CMM analysis of the
Mobility PE insert backside surfaces. Red indicates material removed and blue indicates
material added (i.e., deviations extending superiorly in an anatomical sense).
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Figure 4.68. Backside geometries (scale -0.2 mm to 0.2 mm) from CMM analysis of the STAR
PE insert backside surfaces. Red indicates material removed and blue indicates material
added (i.e., deviations extending superiorly in an anatomical sense).
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Figure 4.69. Backside geometries (scale -0.2 mm to 0.2 mm) from CMM analysis of the
Hintegra PE insert backside surfaces. Red indicates material removed and blue indicates
material added (i.e., deviations extending superiorly in an anatomical sense).
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Figure 4.70. Backside geometry (scale -0.2 mm to 0.2 mm) from CMM analysis of the Zenith
PE insert backside surface. Red indicates material removed and blue indicates material
added (i.e., deviations extending superiorly in an anatomical sense).

The measured planicity of the backside surfaces of the PE inserts ranged from 47.2 to 916.2
pm (average 188.0 £ 225.6 um). It should be noted that two of the PE insert backside surfaces
for which CMM analysis was performed were identified as exhibiting surface deformation of
the backside surface upon visual analysis as previously described in this chapter (section 4.1.6):
ANK1 (Hintegra) and ANK26 (Zenith). Both recorded high planicity values of 916.2 pm and
196.5 pm, respectively. The former value in particular was substantially higher than any of the
other measured planicites. It therefore follows that the Hintegra PE inserts recorded the highest

backside planicities on average (Figure 4.71).
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Figure 4.71. Box and whisker plot showing the variation in backside planicities for different
TAR designs.

No correlation between the backside surface planicity and the bearing surface wear volume

was found (r = 0.083, Pearson correlation) (Figure 4.72).
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Figure 4.72. Scatter plot with linear trend line correlating backside planicity and bearing
wear volume of PE inserts.
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4.6.  Correlation Analyses

In this section, selected results previously reported in this chapter are correlated in order to
identify potential relationships between TAR characteristics and component damage. In this
way, potential factors (patient or implant related) influencing the damage experienced by TARS

may be identified.

4.6.1. Patient factors

In terms of patient factors, most of the clinical data was unknown for this cohort of explanted
TARs, therefore limiting the analysis that could be performed. However, patient sex was
known for 14 of the analysed TARs; 11 corresponded to male patients and 3 corresponded to
female patients. The total wear volumes (i.e., the sum of medial and lateral aspects) are given

in Table 4.41 for these devices.

Male (n =11) Female (n = 3)

Prosthesis Bearing wear Prosthesis Bearing wear
(mm?) (mm?)

ANK1 2.30 ANK12 0.86

ANK2 4.29 ANK20 0.56

ANK3 1.02 ANK26 0.82

ANK4 0.53

ANKG6 -

ANK9 4.33

ANK10 3.21

ANK22 -

ANK23 -

ANK24 0.34

ANK25 -

Table 4.41. Bearing surface wear volumes of the PE inserts from TARs for which the
corresponding patient sex was known. Notes: *, average given in terms of mean + SD.

The average wear volume measured from the bearing surface of the PE inserts from TARs

corresponding to male patients was higher than that for female patients (2.29 + 1.71 mm3 versus
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0.75 £ 0.16 mm3), however this difference did not reach statistical significance (p = 0.362)
(Figure 4.73).
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Figure 4.73. Box and whisker plot showing variation in total wear volumes measured from
the bearing surfaces of PE inserts corresponding to TARs from male and female patients.

The CDS, as reported in section 4.2. of this chapter, were also analysed in terms of potential
influence of patient sex. Table 4.42 gives the average CDS of the different component surfaces
analysed during the semi-quantitative damage scoring for those with a known corresponding
patient sex (14 PE inserts, 12 tibial components, and 12 talar components). The CDS for PE
insert bearing surfaces (Figure 4.74), PE insert backside surfaces (Figure 4.75), and tibial
component inferior surfaces (Figure 4.76) was higher on average for those which corresponded
to male patients compared to female patients. The CDS for talar component bearing surfaces
(Figure 4.77), on the other hand, was higher on average for those which corresponded to female
patients compared to male patients. However, none of these differences reached statistical
significance.
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Surface Male Female P-value
PE bearing 65.50 + 27.18 19.40 + 23.21 0.062
PE backside 48.13 £ 25.91 46.84 + 36.07 0.755
Tibial 21.36 £17.55 5.02+5.74 0.063
Talar 26.66 + 8.44 31.80 + 15.99 0.460

Table 4.42. Average (mean + SD) CDS of the different component surfaces analysed for male

and female patients.
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Figure 4.74. Box and whisker plot showing the distribution of CDS for PE insert bearing
surfaces corresponding to male and female patients.
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Figure 4.75. Box and whisker plot showing the distribution of CDS for PE insert backside
surfaces corresponding to male and female patients.
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Figure 4.76. Box and whisker plot showing the distribution of CDS for tibial component
inferior surfaces corresponding to male and female patients.
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Figure 4.77. Box and whisker plot showing the distribution of CDS for talar component
bearing surfaces corresponding to male and female patients.

4.6.2. Implant factors

Factors relating to the design of the implant were also correlated with results from different
damage analyses of the explanted TARs. Namely, the implant factors of PE insert cross-
linking, tibial component alloy, the surface roughness of the tibial and talar components, and
the thickness of the PE insert were correlated with damage to the PE insert in terms of wear
and CDS. These correlation analyses were including components only where both variables

being analysed were known.

Only one of the PE inserts within the cohort of explanted TARs was manufactured from
HXLPE (Cadence), with the others all being manufactured from conventional UHMWPE.
CMM analysis was not achievable for the HXLPE insert meaning wear volume and planicity

for this component could not be quantified.

A comparison of the CDS for both the bearing and backside surfaces of the conventional
UHMWRPE inserts and the HXLPE insert are shown by Figure 4.78 and Figure 4.79,
respectively. For the PE insert bearing surfaces, the CDS for the HXLPE component (42.90)
was similar to the average of that for the conventional UHMWPE components (44.52 + 34.59).
For the PE insert backside surfaces, the CDS for the HXLPE component (27.96) was at the
lower end of the interquartile range of that for the conventional UHMWPE components
(average 48.30 + 29.54).
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Figure 4.78. Box and whisker plot of PE bearing surface CDS for conventional UHMWPE
(CPE) inserts and highly cross-linked UHMWPE (HXLPE) inserts.
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Figure 4.79. Box and whisker plot of PE backside surface CDS for conventional UHMWPE
(CPE) inserts and highly cross-linked UHMWPE (HXLPE) inserts.

All of the PE inserts for which CMM analysis of the backside surface was achievable had a
CoCr alloy corresponding tibial component, with the exception of one which had a TiN coated
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corresponding tibial component. Therefore, no correlation analysis was performed for the

variables of PE insert backside planicity and tibial component alloy.

The CDS of the backside surfaces of the PE inserts for different tibial component alloys are
plotted in Figure 4.80. The average CDS for the PE insert backside surfaces corresponding to
CoCr alloy tibial components was significantly higher than those corresponding to Ti alloy
tibial components (50.95 + 24.41 versus 18.72 + 12.31, p = 0.021).
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Figure 4.80. Box and whisker plot showing distribution of PE insert backside surface CDS
for different tibial component alloys.

Figure 4.81 correlates the unworn S, of the tibial component articulating surface with the CDS
of the PE insert backside surface. A moderate negative relationship was identified between the
two variables, indicating that as the average surface roughness of the tibial component
increases, the damage identified on the PE insert backside surface decreases (Pearson

correlation, r = -0.453).
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Figure 4.81. Scatter plot with linear trendline correlating mean unworn tibial component
average surface roughness (Sa) with CDS of the PE insert backside surfaces.

The mean unworn talar component bearing surface average surface roughness (Sa) is
plotted against the measured volumetric wear loss from the corresponding PE insert bearing
surface in Figure 4.82. A weak positive correlation was seen between these two variables
(Pearson correlation, r = 0.249).
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Figure 4.82. Scatter plot with linear trendline correlating mean unworn talar component
average surface roughness (Sa) with the total PE insert bearing surface wear volume.
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Figure 4.83 plots the mean unworn talar component bearing surface average surface roughness
(Sa) against the CDS of the corresponding PE insert bearing surface. No correlation was found

between these two variables (Pearson correlation, r = 0.152).
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Figure 4.83. Scatter plot with linear trendline correlating mean unworn talar component
average surface roughness (Sa) with the CDS of the PE insert bearing surfaces.

Figure 4.84 plots the thickness of the PE insert against the measured volumetric wear loss from
the bearing surface of the PE insert. No correlation was found between these two variables

(Pearson correlation, r = -0.054).

175



8.00

7.00 ®

6.00

5.00

4.00

3.00

2.00

Total bearing wear volume (mm3)

1.00 ° ®
®

0.00
Insert thickness (mm)

Figure 4.84. Scatter plot with linear trendline correlating the PE insert thickness with the
corresponding PE insert bearing surface total wear volume.

The PE insert thickness is plotted against the corresponding CDS for the bearing surfaces of
the PE inserts in Figure 4.85. No correlation was found between these two variables (Pearson

correlation, r = 0.018).
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Figure 4.85. Scatter plot with linear trendline correlating the PE insert thickness with the
corresponding CDS of the PE insert bearing surface.
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Figure 4.86 plots the PE insert thickness against the corresponding planicity value of the PE
insert backside surface. No correlation was found between these two variables (Pearson

correlation, r = -0.086).
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Figure 4.86. Scatter plot with linear trendline correlating the PE insert thickness with the
corresponding planicity of the PE insert backside surface.

The thickness of the PE insert is plotted against the corresponding CDS for the backside
surfaces of the PE inserts in Figure 4.87. Again, no correlation was found between these two

variables (Pearson correlation, r = 0.106).
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Figure 4.87. Scatter plot with linear trendline correlating the PE insert thickness with the
corresponding CDS of the PE insert backside surface.

4.7. Summary

An overview of the damage mechanisms identified in each explanted TAR is given in Table
4.43. This summarises the main features relating to the high proportion of metallic pitting and
talar sliding plane scratching damage identified.

Of the TARs with talar components exhibiting sliding plane scratching, indicative of the
presence of hard third body particles at the bearing, all but two also exhibited coating loss from
the corresponding tibial and/or talar components. For the two cases which didn’t, one
(Mobility) prosthesis had cement present on the talar component, with the tibial component not
received. The other (Hintegra) had evidence of direct MoM contact occurring between the
metal tibial and talar components, along with a PE insert which was broken into two pieces and
which had high amounts of embedded debris, identified as containing CoCr. Similarly, for the
TARs with metallic pitting of the tibial and/or talar component articulating surfaces, coating
loss was also identified on one or more of the metal components for all except the same two

prostheses.
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Prosthesis Tibial Talar Talar Cement Coating  Additional
pitting pitting  scratching present loss damage

INFINITY Y Y Y Y
INFINITY Y Y Y Y
INFINITY Y Y Y
INFINITY

Cadence

*

<

\'2l
Y§

Salto Talaris

Salto Talaris
Salto
Mobility
Mobility -
Mobility
Mobility Y
Mobility
Mobility Y
Mobility
Mobility
Mobility
Mobility
STAR
STAR
STAR
Hintegra

< < < <
< < < < <

Y§

<

Y§

< < < < < << << <
< < < < < < < < <
< < < < < <

Y18

\'Z:

< < <
< < < <
< < < <

Yt
Y118

Y*

Hintegra
Hintegra
BOX
BOX
BOX Y Y
Zenith Y Y Y

< < <
< < < <

_<
< < < <

Y18

Table 4.43. Overview of the damage mechanism identified in each of the explanted TARs.
Notes: Y, damage identified; -, corresponding component not present; *, Ti embedded debris;
7. Co and Cr embedded debris; #, metal-on-metal contact; 8, severely damaged PE insert.
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Chapter 5. Discussion

The aim of this study was to investigate the failure mechanisms of retrieved contemporary
TARs using an explant analysis approach. Thus, the specified objectives of the research were
to characterise type, extent, and severity of damage modes present on the explanted
components, to evaluate changes to the surface topography, to quantify volumetric wear loss,
to correlate tribological changes with implant characteristics, and finally to determine likely

failure mechanisms of TARs based on the analysed damage.

Several key limitations and debates, which the research contained within this thesis also sought

to address, were identified within the existing literature in chapter 2.

In this chapter, the results of the study in relation to this aim are summarised and analysed for
connections. These findings are then discussed in the context of the published literature. The

limitations of the study are also considered.

5.1.  Damage Mechanisms Identified

Damage to all of the components — PE insert, tibial component, and talar component — was
observed in the cohort of TARs included in this explant analysis study. Whilst some degree of
wear damage is to be expected — particularly to the PE bearing surface — from normal day-to-
day use of a prosthesis, the metal damage identified was unexpected, both in terms of frequency
and severity. Explant analysis studies of TARs are limited, and whilst metal damage has
previously been reported, the majority of explant analysis studies within the existing literature
have focused on surface damage to the PE component. The present study therefore sought to
analyse explanted metal components also, both in terms of the damage identified and the
surface topography. Another major finding of the study was that of coating loss occurring
frequently on the non-articulating surfaces of the metal components. Combined, these findings

form the basis of a proposal of a new failure mechanism of contemporary TARs.

5.1.1. Tribological changes
According to the calculated component damage scores, which took into account both the area
covered and the severity of the different surface damage modes, as scored via semi-quantitative

analysis, scratching of the talar components accounted for the greatest scoring damage,
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followed by burnishing of the PE insert backside surfaces, pitting of the PE insert bearing

surfaces, and scratching of the PE insert backside surfaces.

The component damage scores for the talar components were higher on average than those for
the tibial components (considering the same three damage modes of pitting, scratching, and
abrasion). However, a weak positive correlation between the component damage scores for
these two components was also identified, meaning that as the damage on the talar component
increased, the damage on the corresponding tibial component also increased. No patterns were
found regarding the distribution of damage to any of the articulating surfaces of the components
in terms of differences between anterior and posterior aspects and between medial and lateral

aspects.

In well-functioning TARs, the PE insert separates the two metal components, thereby
preventing any direct metal-on-metal contact from occurring. However, in situations where the
PE insert fractures or migrates, this can mean that direct unintended contact between the metal
tibial and talar components is able to occur. Evidence of this unintended direct metal-on-metal
contact was seen in four cases within the cohort of explanted TARs from the present study. For
one of these cases, the PE insert was not present with the explanted TAR; however, for the
other three, the corresponding PE inserts all had severe damage, with one being broken into
two pieces, and two having part broken off. These findings indicate that gross damage to the
PE insert in the form of fracture or loss of part of the component may be cause the damage seen

as a result of unintended direct metal-on-metal contact between the tibial and talar components.

As well as the three PE inserts which corresponded to TARs with evidence of direct metal-on-
metal contact having occurred, an additional two PE inserts also had severe damage in the form
of part of the component being broken off. Previously, the FDA has issued a safety
communication regarding a “higher than expected risk” for fracture of the PE insert of the
STAR prosthesis.™® In particular, it was noted that thinner PE inserts (defined in this case as 6
mm) were more likely to fracture.!*® Of the PE inserts included in the present study, 63% had
a thickness of 6 mm or less (Figure 5.1). Overall, the thicknesses of the PE inserts ranged from
4 t0o 11 mm (mean and median 6 mm). Of the 5 PE inserts which exhibited severe damage in
the form of either fracture into two pieces or part broken off, 3 (60%) had a thickness of 6 mm
or less (5, 5, and 6 mm) and 2 (40%) had a thickness of greater than 6 mm (7 and 7 mm).
Overall, the proportion of PE inserts with a thickness of over 6 mm and those with a thickness

of 6 mm or less which were intact (i.e., had not fractured or had part broken off) was similar
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(80% versus 82%, respectively). This indicates that the thickness of the PE insert is probably

not a primary factor influencing its likelihood of fracturing in vivo.

Of the 3 STAR TARs included in the present study, one did not have a PE insert present, and
the other two had PE inserts with a thickness of 6 mm. Neither of these PE inserts were severely
damaged in terms of PE insert fracture upon retrieval. However, it should be noted that clinical
details such as implantation duration and reason for retrieval, as well as patient characteristics
such as activity level and indication for primary TAR being unknown, as well as the small
sample size of this design included in this study means that these results do not necessarily

contradict those informing the previous safety notice.
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Figure 5.1. Graph showing the thicknesses of the PE inserts.

Historically, PE components have been considered to be the ‘weak link’ in MoP joints, with
failures frequently being attributed to wear of this component. However, explant studies of
MoP hip, knee, and ankle replacements have shown that metallic wear is also generated, to a
not-insignificant extent.1®18 20 Analysis of all explanted components and consideration of all
sources of wear debris is therefore important in order to try to understand the failure

mechanisms at play.

In terms of the surface topography of the articulating surfaces of the metal components, in

general, the measured surface roughness parameters of Sa, Sq, Sz, Sp, Sv, and Sk all showed an
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increase, and Ssk more negative, on worn areas compared to unwon areas of both tibial and talar
components, with this difference being significant for the majority of the TAR designs. For the
tibial components, exceptions to this were only seen with the Zenith prosthesis (recording a
more negative Ssk and a lower Sy on the worn surface area compared to the unworn), and the
Cadence prosthesis (also recording a lower Sk, on the worn surface area compared to unworn).
For both of these components, just one of the respective designs were analysed, meaning that
these were perhaps outlier cases. Likewise, for the talar components, exceptions were only seen
in cases where n = 1. The Zenith and Salto prostheses recorded a lower S, on the worn surface
areas compared to the unworn, and the Salto Talaris recorded a lower Sk, on the worn surface

area compared to the unworn.

The frequency of which damage to the metallic components was identified in this cohort of
explanted TARs was unexpected. Specifically, damage to the articulating surfaces of the metal
components in terms of pitting and talar sliding plane scratching, as well as changes to the
coatings present on the non-articulating surfaces was observed on a high proportion of these
components. In particular, the damage to the articulating surfaces of the metal tibial and talar
components was unexpected given that this would not be typical for a well-functioning MoP

(hard-on-soft) bearing.

5.1.2. Metal debris release

The embedded debris identified in the bearing and backside surfaces of the PE inserts was
confirmed as being metallic via SEM-EDX analysis. Specifically, Ti, Co, and Cr was identified
in the embedded debris. All of the PE inserts for which embedded debris was identified had a
coating on the non-articulating surfaces of the corresponding metal components containing Ti,
and all had tibial and talar components composed of CoCr alloy with the exception of the
INFINTY prosthesis, which had a Ti alloy tibial component. However, for the PE insert
corresponding to this INFINITY TAR, embedded debris was identified on the bearing surface
(in contact with the CoCr talar component) only. With this in mind, all of PE insert surfaces in
which embedded debris was identified were in contact with CoCr alloy surfaces (PE insert
bearing surfaces in contact with talar component bearing surfaces, and PE insert backside
surfaces in contact with tibial component inferior surfaces). Therefore, the Ti embedded debris
identified on the PE insert component surfaces was presumably from the Ti-containing porous

coatings, and the CoCr embedded debris was presumably originating from the articulating

183



surfaces of the CoCr metal components. The findings of both loss of coatings and pitting of the

metallic components frequently seen from this cohort of explanted TARS supports this theory.

Of the 5 PE inserts for which embedded debris was identified (5 bearing surfaces and 4
backside surfaces), Ti was identified in 2, CoCr(Mo) was identified in 2, and 1 had both Ti and
CoCr. This therefore shows that both sources of metal particulate debris release — via loss of

non-articulating surfaces coating and pitting of articulating surfaces — can act concurrently.

The TARs which had embedded debris in the PE inserts included two Hintegra prostheses.
Despite being of the same design, different embedded debris was determined to be present in
each, with CoCr identified in one and Ti in the other. The Hintegra prosthesis with the CoCr
embedded debris displayed signs of unintended direct metal-on-metal contact having occurred
in vivo between the articulating surfaces of the tibial and talar components, which likely caused
the CoCr debris release and the resulting embedded debris. The Hintegra prosthesis with the
Ti embedded debris, on the other hand, had evidence of coating loss; therefore, the Ti
embedded debris most likely originated from the Ti-containing porous coating. The differences
in the PE inserts and embedded debris of these two Hintegra prostheses is illustrated by Figure
5.2.

Figure 5.2. Comparison of the two Hintegra PE inserts with metallic embedded debris,
showing macroscopic images of the PE insert bearing and backside surfaces and microscopic
images of corresponding embedded metallic debris. (A) ANK6 with CoCr embedded debris.
(B) ANK27 with Ti embedded debris.

184



Embedded metallic debris in the PE inserts of explanted TARs has also previously been
reported by Vaupel et al.1*®, in fixed bearing Agility prostheses, and a small amount in
INFINITY and INBONE prostheses — both also fixed bearing designs — by Ho et al.13 Stratton-
Powell et al.1*° also reported CoCr and Ti wear particles, amongst others, surrounding failed
AES TARs. These findings from the existing literature support those from the present study;
together, the issue of various metal debris being released seems to be a widespread one,

affecting different designs of TARs.

In addition to the metallic embedded debris identified in the PE inserts, Ti was also identified
in 7 of the explanted metal components (all 3 BOX tibial and talar components, and 1 of the
Mobility talar components). Given that the BOX prosthesis is the only TAR within this study
to have a porous coating which does not contain Ti (being HA beads), the identified Ti was
presumed to be part of the component composition in these cases. For the Mobility talar
component, however, the presence of Ti suggests that metal particulate debris may have been

released from the Ti beaded coating and become embedded into the component in this case.

Additionally, a large proportion (79%) of the talar components analysed were found to have
macroscopically visible linear scratches on the sliding plane. For a normal MoP bearing, with
a harder metal surface articulating against a softer PE surface, this kind of gross abrasive
damage to the metal component would not be expected.®* It is therefore indicative of the
presence of hard third body particles at the bearing in vivo (Figure 5.3). Similar findings have
previously been reported by Cottrino et al. on 6 AES CoCr talar component bearing surfaces,
in which severe scratching was also observed on the sliding planes.®* In this case, the authors
attributed the damage as being due to hard foreign particles originating from removal of the
Ti-HA coating of the metal components.®* This was also determined to likely be the origin of
hard third body particles causing scratching at the bearing in the present study, as almost all of
the TARs for which talar sliding plane scratching was identified also exhibited coating loss
from the non-articulating surfaces of the corresponding tibial and/or talar components. Whilst
the analysis by Cottrino et al. consisted of one specific design of TAR only which did not
feature in the present study, the similar findings shared extends the issue of coating removal

and subsequent damage via third body debris to various designs of contemporary TARs.
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Figure 5.3. Schematic illustration of third body particles at the bearing. Third body particles
(represented by the black shapes) present at the MoP bearing comprised of the PE insert
(top) and talar component (bottom).

Pitting, indicative of localised material loss having occurred in vivo (Figure 5.4), was identified
visually on the majority of the articulating surfaces of the metal components (54% of tibial
components and 96% of talar components). The presence of these pits —which had dimensions
of approximately 90 um (length) x 40 um (width) x 3 um (depth) (Figure 5.5) — was confirmed
via surface profilometry, which showed that for all models of tibial and talar components on
which pitting had been identified prior, both the measured average surface roughness and
maximum valley depth values were significantly higher on pitted areas compared to unpitted

areas.

—v—

Figure 5.4. Schematic illustration of unpitted and pitted surfaces. (A) an unpitted surface. (B)
a pit (i.e., localised removal of material) on a surface.
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Figure 5.5. Zygo intensity map of BOX talar component bearing surface showing the
approximate dimensions of a typical identified pit. Length 90 um, width 40 um, depth 3 pm.

The proportion of tibial and talar components with pitting was similar regardless of bearing
type, fixed or mobile, suggesting that bearing constraint is not a factor affecting the likelihood
of pitting of the metallic articulating surfaces occurring. The component alloy, on the other
hand, may be an influencing factor. While the vast majority of talar components are
manufactured from CoCr alloy, with all but one of those included in the present study being
so, the tibial components are typically manufactured from either CoCr or Ti alloy. For the tibial
components specifically, pitting was observed on those that were CoCr alloy only, with 63%
of the CoCr alloy tibial components exhibiting pitting; none of the Ti alloy tibial components
had pitting damage. It should be noted, however, that the group of CoCr alloy components
analysed was substantially larger than the group of Ti alloy components (19 versus 4, excluding
Ti coated with TiN (n = 1)).

Pitting of metallic TAR components has also previously been reported by Vaupel et al., though
with a lower prevalence.* Of 9 Ti alloy tibial components analysed, scratching was observed
on 7 (78%), and pitting on 1 (11%).14> Of 10 CoCr alloy talar components analysed, scratching
was observed on 6 (60%), and pitting on 6 (60%).2* These findings are similar to those from
the present study in that a greater proportion of talar components exhibited pitting compared

to tibial components. Whilst overall, Vaupel et al. observed pitting of the metallic components
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less frequently than the present study, there are possible explanations for these variations.
Firstly, the different TAR models could play a role, as Vaupel et al. analysed one particular
fixed bearing TAR design (Agility); a no longer used device which did not feature in the present
study. Furthermore, it is possible that the lower proportion of tibial components with pitting
specifically reported by Vaupel et al. may be explained by the composition of the components
being Ti alloy, as the findings from the present study suggest that pitting may be more likely

to occur on CoCr alloy tibial components compared to those of Ti alloy.

Whilst none of the Ti alloy tibial components exhibited pitting, abrasive changes were
identified on the articulating surface of one, from an INFINITY TAR. These abrasive changes
were indicative of micromotion occurring at this interface (i.e., between the backside of the PE
insert and the inferior surface of the tibial component). In fixed bearing TKRs, micromotion
between the PE insert and tibial tray components (both of which are similar in design to that of
TARs), can cause backside wear of the PE insert, which may then go onto cause osteolysis.'®%
184 The surface roughness of the tibial component has been reported to influence the extent of
the PE backside wear.®® This is consistent with the findings from the present study, as the
INFINITY tibial components had the highest measured average surface roughness of those
analysed. Similarly, the changes in reflectivity observed on the majority of the porous coatings
on the non-articulating surfaces of the metal tibial and talar components may also be indicative
of micromotion, though in this case occurring between the bone-implant interface. The
literature reports that bony ingrowth into a porous coating is highly dependent on achieving
sufficient stability such that relative motion between the prosthesis and surrounding bone is
eliminated.’® The identified signs of micromotion occurring here therefore suggests that initial

osteointegration may not have been achieved to a sufficient extent.

Changes to the non-articulating surfaces indicative of coating loss was identified for the vast
majority of the metal tibial and talar components. As well as visual inspection of the non-
articulating surfaces finding the removal of coating, the identification of Ti particles embedded
in the PE inserts also suggests coating removal. This has also previously been shown with AES
TARs. In a study of 6 AES mobile bearing TARs explanted during osteolysis, Cottrino et al.
reported the presence of Ti particles embedded on the talar component bearing surfaces, as well
as in retrieved periprosthetic tissue.®* Since the implant metallic components were both
composed of a CoCr alloy, these Ti particles were assumed to have originated from the coating
(double coated Ti plasma spray and HA).%
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The AES prosthesis previously had a HA coating, however in 2004 it was replaced with the
porous coating of Ti along with HA, a change which resulted in increased incidence of
osteolysis.®! In a series of 130 AES TARs, Koivu et al. found the risk of osteolysis to be over
3 times higher for implants with the Ti-HA coating compared to the HA coating.®:
Furthermore, the osteolysis cases observed were more severe after the design change.®* For
AES implants with Ti-HA coating, SEM-EDX analysis by Koivu et al. revealed Ti and CoCr
particles in periprosthetic tissue samples, with the amount of Ti high compared to that of the
other metals present.®* Although osteolysis following TAR is most commonly attributed to PE
wear debris, studies have indicated that the inflammatory reaction may also be in response to
other particles such as those which are metallic.%® Therefore, the implant-derived Ti particles,
reported previously with the AES prosthesis, may increase the risk of osteolysis occurring due
to the associated inflammatory response to the particles, and therefore may in part explain the

high prevalence of osteolysis following TAR which has been described.® 84

In this cohort of explants, there was no substantial difference between those with a double
coating of Ti and HA compared to those with a single layer HA coating only, in terms of
changes in coating observed or the proportion of talar components with sliding plane
scratching. However, the proportion of tibial and talar components exhibiting pitting was
higher for devices double coated with Ti and HA (80% and 100%, respectively) compared to
those with HA coating only (33% and 67%, respectively). When taking the layers of coating
as a whole, by comparing double coatings of any type with single coatings of any type, no

significant differences were seen between the proportion of each showing coating loss either.

Whilst the AES prosthesis was withdrawn in 2009 following complication rates higher than
expected,® findings of embedded Ti debris from the present study extends the issue of coating
removal, and therefore the potentially increased risk of implant failure due to periprosthetic
bone resorption caused by the immune response to these particles, to various other

contemporary TARS.

The metal components with a coating of Ti beads represented the highest proportion with
changes to the coating, followed by those with a HA only coating, a double coating of Ti and
HA, a Ti only coating, and finally those with a double coating of Ti and CaP represented the
lowest proportion with half exhibiting coating changes. Ti is used in most of the porous
coatings present on the non-bearing surfaces of the TAR metallic components. Apart from the

BOX prosthesis, which has a HA plasma spray coating, all of the other TARs included in the
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present study had a coating containing Ti, whether that be alone as a single coating or as one
layer of a double coating. For the TARs in which embedded metallic debris was identified in
the PE insert, the porous coatings all contained Ti. Like the AES, the Hintegra prosthesis, of
which embedded debris was identified in two, had a double coated Ti plasma spray and HA
coating, both the Salto Talaris and INFINITY implants had a Ti plasma spray coating, and the
Mobility had a coating composed of Ti sintered beads. The different TAR models included
with each of these coating types are given in Table 5.1, and examples pictured in Figure 5.6.
For three of the coating types, only one model of TAR utilised them within this study.

Ti beads HA Ti+ HA Ti Ti + CaP
Mobility BOX Hintegra, STAR INFINITY, Zenith
Cadence, Salto

Talaris, Salto

Table 5.1. The TAR models with each coating type.

Figure 5.6. Examples of the different coating types on explanted talar components. (A) Ti beads
(Mobility). (B) HA (BOX). (C) Ti + HA (STAR). (D) Ti (INFINITY). (E) Ti + CaP (Zenith). A-
B are beaded coatings and C-E are non-beaded coatings.
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The literature on the effect of different types of coatings for TARs is very limited. For hip
replacements, however, beaded coatings have been reported to result in a better
osseointegration and a reduced incidence of osteolysis.®* Analysis of the cohort of explanted
TARs within the present study is in agreement with this. When comparing beaded (Ti or HA)
versus non-beaded coatings, a significant increase was seen in the proportion of metallic
components with signs of coating loss for those with beaded coatings compared to those with

non-beaded coatings.

Of the TARs with talar components exhibiting sliding plane scratching, indicative of the
presence of hard third body particles at the bearing, all but two also exhibited coating loss from
the non-articulating surfaces of the corresponding tibial and/or talar components. For the two
cases which didn’t, one (Hintegra) had evidence of severe direct MoM contact occurring
between the metal tibial and talar components, along with a PE insert which was broken into
two pieces and which had high amounts of embedded debris, identified as containing CoCr.
For this case specifically, analysis suggests that failure was caused by PE insert fracture rather
than the effect of coating loss leading to instability and third body debris damage. The other
(Mobility) prosthesis had cement present on the talar component, with the tibial component not
received and therefore the coating unable to be analysed. Similarly, for all TARs with metallic
pitting of the articulating surfaces of the tibial and/or talar components, coating loss was also
identified on one or more of the metal components except for the same two prostheses. These
findings suggest that damage to the articulating surfaces of the metal components in the form
of pitting and scratching may be caused by particles from the coatings of the non-articulating

surfaces of these components acting as third body debris.

Since only two of the analysed TARs had used cement for fixation, cement particles were not
likely to be a primary source of third body debris causing damage in this cohort of explanted
prostheses. Rather, the findings suggest that particles from the porous coatings — the fixation
method for the uncemented metal components — instead are more likely to be a primary cause
of the observed damage to the articulating surfaces of the components by acting as third body

debris at the articulations.
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5.2. PE Form Analysis

PE wear at the bearing is inevitable from normal use of a MoP prosthesis, with this being the
only ‘intended” mode of wear in a well-functioning device.'®® Despite this, and the fact that PE
wear has historically been associated with osteolysis-related failures, research into the amount
of wear produced remains limited. To the best of the author’s knowledge, no previously
published studies have quantified volumetric wear from explanted TARSs, with wear results
instead coming from a limited number of simulator studies. Within the current study,
volumetric wear was measured from the PE insert, therefore providing insights into the wear
performance of TARs in vivo as well as enabling comparison with reported wear rates from in

vitro studies.

5.2.1. CMM wear analysis

From the CMM analysis of PE insert bearing surfaces, the volumetric wear measured ranged
from 0.08 mm? to 6.98 mm3 (average 1.69 mm3). The amount of material removed during the
first round of the validation process (17.60 mm?) in the first stage alone was therefore a gross
overestimation of the amount of wear actually generated in vivo. Whilst the volumetric wear
values generated from the CMM analysis and gravimetric analysis diverged at higher wear
volumes (particularly beyond the second wear stage), with the corresponding percentage errors
increasing with each wear stage, the margin of accuracy at lower wear volumes (1.29 mm?3 for
the first wear stage) was comparable to the 1 mm?® value which has previously been argued as
being a clinically relevant margin of accuracy for MoP joints.**® For the second round of
validation, lower amounts of material were removed. Again, similar results were found in that
differences between the CMM and gravimetrically measured wear volumes diverged as the
amount of material removed increased. The first wear stage, where 4.62 mm?®of removed (i.e.,
aligned to that which would be realistically expected from the explanted components), the
absolute error from the CMM analysis was 1.64 mm?3; similar to that for the first wear stage of
the first round of validation and also that which has been proposed as being an acceptable

margin of accuracy.

For both rounds of validation, it was thought that the CMM analysis underestimated the amount
of wear due to the probe being unable to fully trace the area of material removed, as the drill
attachment created fairly sharp depressions, with this being particularly pronounced for the

higher areas of wear. Since the values were comparable for amounts of wear which were
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relevant to TAR PE inserts, this CMM method was deemed as being appropriate to use for

quantification of PE volumetric wear from explanted TARs within the present study.

5.2.2. Bearing wear

CMM analysis was achievable for the bearing surfaces of 18 PE inserts. This represents the
largest known cohort of TARs for which volumetric wear has been measured (with the
published simulator studies described in the Literature Review (chapter 2) each including fewer
samples). Relatively low levels of volumetric wear were measured from the bearing surfaces
of the PE inserts (average 1.69 mm3, range 0.08 mm?3 to 6.98 mm3). The wear rates reported by
the previously published TAR simulator studies ranged between 1.2 and 25.8 mm?®/million
cycles, with the majority reporting figures between about 10 and 20 mm®million cycles.
Taking 1 million cycles as equivalent to approximately 1 year in vivo, these values can also be
thought of in terms of mm?3/year.

All except one of the TARs for which implantation side was known had greater volumetric
wear measured on the lateral aspect compared to the medial aspect (Figure 5.7). This pattern
could suggest that load is not distributed evenly across the PE insert. Asymmetric wear was
also commonly seen across the analysed PE insert bearing surfaces, with one condyle having
on average, over three times the amount of wear than the other, with this difference being up

to over ten-fold for the most extreme case seen.
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Figure 5.7. Linear wear map (scale -0.1 mm to 0.1 mm) from CMM analysis of a mobile
bearing left Hintegra (ANK27) TAR PE insert bearing surface. Red indicates material
removed and blue indicates material added.

It was also seen that fixed bearing PE inserts had a greater average wear volume on average
than those of mobile bearing constraint. However, it should also be noted that mobile bearing
TARs will most likely produce greater wear at the PE insert backside surface due to the
articulation at this interface, as also shown by the increased wear-related damage scored on the

backside surfaces of mobile bearing compared to fixed bearing PE inserts.

5.2.3. Backside planicity

CMM analysis was achievable for the backside surfaces of 13 of the PE inserts. Based on the
backside geometry maps, no clear pattern could be identified visually in terms of locations of
surface deviation. However, deviations extending superiorly in anatomical sense (represented
by blue on the geometrical maps) were seen more frequently than areas of material removed
(represented by red on the geometrical maps). These surface deviations are illustrated in Figure
5.8. This finding therefore suggests that it is deformation, rather than wear, that is occurring
more frequently on the backside surfaces of the PE inserts.

194



Figure 5.8. Schematic of a PE insert from a coronal plane view showing exaggerated
backside surface deformation. Material removed (anatomically inferior deviations) in red,
material added (anatomically superior deviations) in blue, and the flat surface in green.

The current literature is limited in terms of form analysis of TAR PE insert backside surfaces,
and therefore there are no known published values specific to ankles with which to compare
those found in the present study. The majority of the planicity values fell between 47.2 um and
220.8 um (with the exception of one Hintegra with a planicity of 916.2 um). These values are
not dissimilar from those which have previously been reported for the backside surfaces of PE
components from knee replacements (averages of between 83 um and 266 um, depending on
design).’®® The PE inserts on which surface deformation had previously been visually

(macroscopically) identified recorded relatively high planicity values, as would be expected.

Normal ranges of planicity/deviations have not been established for TARs, and as such the
implications of such surface changes are not currently understood.'®® The findings from the
present study do however indicate that anatomically superior deviations of the surface are

common on the backside surfaces of various mobile bearing TAR PE inserts.

5.3.  Fixed versus Mobile Bearing

Despite fixed bearing TARs seeing a substantial increase in implantation rates compared to
mobile bearing devices in the UK in recent years, there remains debate regarding the superiority
of either option of bearing constraint within the literature. Theoretical advantages relating to
the wear have been described within the literature for each,'®’ although only one of the limited
published TAR explant analysis studies has compared fixed and mobile bearing designs.® Said
study, by Currier et al., did not compare the damage analysed from the fixed and mobile bearing
TARs, but rather just the frequency of loosening leading to revision occurring. Within the
current explant analysis study, the influence of bearing constraint on the damage observed was
analysed throughout in terms of damage being more likely or more severe on the components

from either fixed bearing or mobile bearing devices.
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5.3.1. Damage modes

The proportion of metallic components on which changes to the non-articulating surfaces
indicative of coating loss was identified was lower for components belonging to fixed bearing
TARs than those belonging to mobile bearing TARs (73% versus 81%, respectively). This
difference was attributed to the talar components; the proportion of fixed and mobile bearing
tibial components with coating loss was the same (83%), whereas the proportion of talar
components with coating loss was 60% for those corresponding to fixed bearing prostheses
compared to 79% for those corresponding to mobile bearing prostheses. It should be noted that
all of the tibial and talar components from fixed bearing TARs had a non-articulating surface
coating of Ti, whereas the those from mobile bearing TARs had a range of different coating
types (including Ti also). However, as the influence of coating type was investigated in the
previous chapter (section 4.1.2), and the proportion of components with a Ti coating exhibiting
changes (69%) was within the range of that for different coating types (50% to 94%), the
difference in the proportion of metal components from fixed and mobile bearing TARs

exhibiting coating loss is therefore not thought to be just down to the coating type.

In general, the proportion of explanted components on which various surface damage modes
were identified was either similar for those from fixed bearing and mobile bearing TARs, or
with the latter exhibiting damage more frequently and/or severely. This was the case for
macroscopically visible sliding plane scratching of the talar component bearing surface,
indicative of the presence of hard third body particles at the bearing; identified in 84% of
components from mobile bearing TARs compared to 60% from fixed bearing TARs. This
difference corresponds with that seen in the proportion of metallic components — specifically
talar components — exhibiting signs of coating loss, with this being more prevalent in those
from mobile bearing TARs. This agrees with other findings of the present study which suggest
that third body particles from the porous coatings have caused damage in vivo by acting as third

body particles.

Similar findings did not extend to the metallic pitting identified, however. Pitting was observed
less frequently on the talar components but more frequently on the tibial components of mobile
bearing TARSs (95% and 56%, respectively) compared to those from fixed bearing TARs (100%

and 50%, respectively). However, both of these differences are marginal, and so these findings
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suggest that bearing constraint is not likely to be a factor influencing the likelihood of metallic

pitting occurring.

Differences in the proportion of backside surfaces of fixed and mobile bearing PE inserts
exhibiting damage in the form of burnishing was observed, with this identified on a higher
proportion of those from mobile bearing TARs. This is as expected, since burnishing represents
a polished effect indicative of repetitive articulation between surfaces, which is allowed to
occur with mobile bearing devices whereas the constrained nature of fixed bearing devices
prevents this. Perhaps surprisingly, the proportion of tibial component inferior surfaces on
which pitting was identified was similar for those from both fixed and mobile bearing TARSs.
Given that the locking mechanism of fixed bearing TARs is designed to prevent motion
occurring at the interface between the tibial component and the PE insert backside surface, it
would follow that less damage would be expected to occur on these surfaces. Scratching on the
bearing surface of talar components was also identified more frequently on those corresponding
to mobile bearing compared to fixed bearing prostheses. On the other hand, a higher proportion
of the bearing surface of PE inserts corresponding to fixed bearing TARs exhibited burnishing
and striations compared to those from mobile bearing TARs. Although the bearing constraint
of a TAR does not directly affect the bearing comprised of the talar component and PE insert
bearing surfaces, these findings indicate that it may have some effect on the damage incurred
at the bearing.

All of the PE inserts which were found to be not intact (i.e., had fractured into pieces or had
part broken off) were of mobile bearing design. Correlating with this, all of the TARs for which
evidence of unintended direct metal-on-metal contact was identified were also of mobile
bearing design. The fact that these gross damage mechanisms were observed on mobile bearing
TARs only is unsurprising given that the unconstrained nature of the designs would suggest
that PE insert migration is more likely to occur than in those where this component is fixed in

place.

The explanted mobile bearing PE inserts were also found to have greater surface damage on
the backside, for which the component damage scores — which account for both the area
covered and the severity of the damage to the component surface — were significantly higher
on mobile compared to fixed bearing components, with this being the only statistically
significant difference between the surface damage scores of components from fixed and mobile

bearing TARs. This difference in the damage to the PE insert backside found was as expected,
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since the nature of mobile bearing PE inserts means that they are unconstrained and so free to
move against the articulating surface of the corresponding tibial component, whereas this level

of movement is not permitted by fixed bearing devices.

The volumetric wear from the bearing surfaces of the PE inserts was higher on average on
those from fixed than mobile bearing TARs, although volumetric wear rates could not be

calculated due to unknown implantation durations.

5.3.2. Surface profilometry

The articulating surfaces of fixed bearing tibial components were rougher than those of mobile
bearing components, for both unworn and worn areas. Specifically, the parameters of Sa, Sq,
Sz, Sp, and Sy were all significantly greater on fixed bearing compared to mobile bearing tibial
components. Sky, on the other hand, was significantly higher on mobile bearing compared to
fixed bearing tibial components, with this again being true for both unworn and worn areas. A
high Sku indicates the presence of exceptionally high peaks or deep valleys comprising the
surface. In this case, it is most likely referring to valleys, as the skewness of pitted areas of
tibial components was significantly more negative for mobile bearing components than for
fixed bearing components. This negative skewness is indicative of a predominance of valleys,
in terms of more severe valleys or a greater number of valleys, rather than peaks. In contrast,
the skewness of unpitted areas of the same components was more negative for fixed bearing
components compared to mobile bearing components. While this difference did not reach
statistical significance, the change seen between the unpitted and pitted measurements suggests
that mobile bearing tibial components may undergo more extreme changes to the surface

topography than fixed bearing tibial components.

For the talar component bearing surfaces, differences between the surface roughness of those
from fixed and mobile bearing TARs were not so clear. The measured values for Sa Sq, and Sp
were all significantly higher on unworn areas of talar components corresponding to mobile
bearing TARs compared to those corresponding to fixed bearing TARS, indicating a greater
roughness for the former. On the other hand, the Sky was significantly higher on unworn areas
of talar components from fixed bearing than mobile bearing TARs, with the former also having
a significantly more negative Ssk; together indicating a predominance of exceptionally deep
valleys. More differences were seen for the worn areas too, as the Sy and Sku was significantly

higher on worn areas of talar components from fixed bearing than mobile bearing TARs, with
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the former also having a significantly more negative Ssk. The Sp, on the other hand, was
significantly higher on worn areas of talar components corresponding to mobile bearing than
fixed bearing TARs. For the talar components with pitting (which was all except one), the
pitted Sv was significantly higher on those from fixed bearing TARs compared to those from
mobile bearing TARsS, indicating that pitting may have been more severe (i.e., deeper) for these
designs. No significant differences were identified in the S, of worn areas of talar components

from fixed and mobile bearing TARs.

It was expected that differences in the surface topography would be seen between tibial
component of different bearing constraints, as mobile bearing devices are designed for
articulation at this interface, whereas fixed bearing devices are not. Furthermore, the fixed
bearing tibial components had more of a range of compositions (two-thirds being Ti alloy and
one-third being CoCr alloy), whereas all but one of the mobile bearing tibial components were
CoCr alloy. The talar components were almost exclusively CoCr alloy, regardless of the
bearing constraint of the TAR. The fact that unworn areas of talar components from mobile
bearing TARs than those from fixed bearing TARs would suggest that the metallic bearing
surface roughness may not be directly correlated with PE bearing wear as previously thought,
as the fixed bearing PE inserts within the present study were found to have higher bearing wear
volumes than their mobile bearing counterparts (although, again, lack of implantation durations

means than wear rates remain unknown).

5.3.3. Summary

As fixed bearing devices are implanted in much higher rates than mobile bearing devices in the
UK (about a four-fold difference), it is important that any influence of bearing constraint on
the performance of TARs is considered.

Overall, mobile bearing TARs were generally associated with greater damage than fixed
bearing TARs in terms of porous coating loss, talar bearing surface sliding plane scratching,
PE insert backside surface damage, and PE insert fracture. However, greater wear volumes
were measured on the bearing surfaces of fixed bearing compared to mobile bearing PE inserts,
although this was relatively low for both. Other damage modes, for example metallic pitting,

was identified on similar proportions of components from both bearing types.

The only published TAR explant analysis studies identified in the Literature Review (chapter
2) to include both fixed and mobile bearing devices was that by Currier et al.® Loosening was
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suggested to be more of an issue in fixed than mobile bearing prostheses in the analysed cohort,
with it occurring more frequently and after a shorter time in vivo. For both bearing constraints,
loosening was primarily attributed to lack of substantial bony ingrowth. This study did not
include any other comparative analysis of damage of fixed versus mobile bearing components,
however. The effect of bearing constraint on damage modes of explanted TARs is therefore a
topic for which the existing literature is limited. The present study did identify some differences
in the damage identified between explanted components of the two bearing types, warranting
further research.

It should also be noted that two-thirds of the fixed bearing tibial components were Ti alloy,
with the remaining one third being CoCr alloy, whereas all but one (94%) of the mobile bearing
tibial components were CoCr alloy. Consideration should therefore be given as to whether
observed differences between TARs of different bearing constraint are actually reflective of

component alloy, or vice versa, or a combination of both factors.

In one of the fixed bearing devices, evidence of micromotion occurring at the interface between
the PE insert backside surface and tibial component inferior surface was identified, indicated
by abrasive changes to the tibial component inferior surface in an arc pattern. This finding
suggests that rotational movement can occur at this interface in fixed bearing devices.
However, substantially greater damage seen on the backside surfaces of PE inserts belonging
to mobile bearing TARs compared to those from fixed bearing TARs indicates that the bearing
constraint does impact the amount of damage incurred by the devices. Additionally, the
evidence of direct contact between the metal tibial and talar components seen in some of the
mobile bearing TARs suggests that the bearings of these designs are more mobile than those
of fixed bearing constraint, in that the component can migrate such that it is no longer
preventing the unintended MoM contact from occurring. Overall, these findings point towards

mobile bearing TARs being more prone to suffering from gross damage to the PE insert.

54. Failure Mechanisms of TARs

Based on the discussion contained within the preceding sections of this chapter, the failure
mechanisms of the contemporary TARs included in this explant analysis study may be
proposed. The identified damage features are discussed in relation to wear modes as defined in
the literature as well as the implications in terms of TAR failure. Various design factors may

also contribute to the failure of TARs, such as material selection and bearing constraint,
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amongst others. By considering these, suggestions for methods to potentially avoid or reduce

the risk of TAR failure can be suggested.

5.4.1. Wear modes

McKellop defines four modes of wear relating to polyethylene components of joint
replacements (Table 5.2), with these four modes referring to the surfaces which are in contact
and so producing the wear.%® Wear mode 1 is an inherent product of the intended use of the
prosthesis from articulation of the two primary (bearing) surfaces. Wear modes 2, 3, and 4, on
the other hand, are unintended and represent a prosthesis which is functioning outside of its
intended use. The aim of the designer and surgeon of a prosthesis is always to minimise wear
mode 1 and avoid completely wear modes 2, 3, and 4. Within the cohort of explanted TARs
analysed in the current study, evidence of all four wear modes having occurred in vivo was
identified.

Wear mode Contacting surfaces Description  Example

1 Primary-on-primary Intended MoP bearing (talar against PE
bearing)

2 Primary-on-secondary Unintended Metal-on-metal (talar against
tibial)

3 Primary-on-primary with  Unintended Third body particles at bearing

third bodies (e.g., from cement, coating etc.)
4 Secondary-on-secondary  Unintended Backside wear (PE backside

against tibial)

Table 5.2. Wear modes of a joint replacement as defined by McKellop.1%

Wear mode 1 — the only intended of McKellop’s defined wear modes — refers to wear from the
bearing. In the case of TARs, this is the MoP bearing comprised of the bearing surfaces of the
metal talar component and the PE insert. In the present study, volumetric wear loss of the PE
insert bearing surfaces was quantified, and the damage modes of pitting, scratching, burnishing,

and striations were also frequently identified on these PE insert bearing surfaces. PE pitting in
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particular has previously been described as a form of fatigue damage°° and is indicative of this

bearing wear mode having occurred in vivo.

The second of the wear modes refers to contact between a primary (bearing) surface and a
secondary (non-bearing) surface. This was evident in the TARSs where it was determined that
unintended direct metal-on-metal (MoM) contact between the tibial and talar components had
occurred in vivo. In the cases of MoM contact identified in the present study, this phenomenon
was associated with severe damage to the PE insert. It may also be caused by migration of the
PE insert, however, such that this component is no longer preventing contact from occurring
between the two metal surfaces. This effect has previously been described in TARs by Stratton-
Powell et al., who reported that just over half of the PE inserts analysed exhibited edge loading
— defined as “a depressed area in the insert surface indicative of articulating with the edge of

the tibial component” — based on visual analysis.*®

Evidence of wear mode 3 — primary-on-primary bearing surfaces with third bodies also present
— having occurred was seen by the talar sliding plane scratching identified in the majority of
the explanted TARs. This damage was indicative of the presence of hard third body particles
at the bearing, determined to most likely have originated from the porous coatings of the metal
components. Further evidence of this wear mode was seen with the embedded metallic debris

which was identified on some PE insert bearing surfaces (as well as backside surfaces).

Finally, the fourth wear mode, referring to wear as a result of contact between two non-bearing
surfaces, was seen at two points of contact: at the bone-implant interface, and at the articulation
comprised of the PE insert backside surface and the tibial component inferior surface.
Particulate coating loss was identified on the non-articulating surfaces of the metal
components, indicative of micromotion at the bone-implant interface. Particulate debris from
the coating may then also migrate to the bearing, therefore causing wear mode 3 to occur
concurrently by acting as third bodies. The identified coating loss suggests instability of the
implant due to insufficient fixation via bony ingrowth at the bone-implant interface, with the
possibility then of device failure with the need for revision due to aseptic loosening. Evidence
of micromotion was also identified at the interface between the tibial component inferior
surface and PE insert backside surface in one (17%) of the fixed bearing TARS, with the
identification of abrasive changes to the tibial component. Again, this may be indicative of
instability of this interface. In mobile bearing TARS, where the PE insert is unconstrained and

so free to articulate against the tibial component, planicity indicating deviation of the backside
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of the PE inserts was quantified. Damage identified on the backside surfaces of PE inserts from
mobile bearing compared to fixed bearing TARs was significantly greater, indicating that, as

expected, wear is increased on this surface in mobile bearing designs.

5.4.2. Adverse response to implant-derived debris

Implant-derived particulate debris is known to cause adverse inflammatory responses in vivo,
causing a reaction which can lead to failure of the implant via osteolysis and aseptic loosening.
Whilst the literature reports osteolysis as having a high prevalence amongst TARs, the
underlying mechanisms are not yet fully understood.®” Multiple factors can contribute to the
development of periprosthetic osteolysis, including body weight, activity level, age, fixation,
and immune response.®” However, osteolysis is known to occur as a result of an immune
response to implant-derived wear debris, hence the term ‘wear-induced osteolysis’.%® Implant-
derived debris may be attributed to a range of sources including the bulk material of the metal
and polyethylene components, and the porous coatings (or cement particles in cemented
devices), all of which may have the potential to cause adverse responses leading to implant

loosening. Figure 5.9 illustrates these possible sources of particulate debris release.
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Figure 5.9. Potential sources of particulate debris release from TARs.

203



Of these potential sources, wear from the PE bearing surface is the only one which is intended,
as bearing wear (i.e., wear mode 1 as defined by McKellop) is an inevitable product of normal
day-to-day use of a prosthesis. It follows, therefore, that the majority of the published literature
on TAR failure has focused on the PE wear. However, as discussed in the previous section,
damage corresponding to all four wear mechanisms was frequently identified in this cohort of
explanted TARs. It is therefore likely that implant-derived debris from a variety of sources may
be surrounding the implant at a given time. Indeed, this has been shown to be the case, with a
study of TAR periprosthetic wear debris by Stratton-Powell et al. reporting that 90% of the
analysed samples contained at least 3 different types of particles from the 6 identified
(UHMWPE, CaP, CoCr alloy, commercially pure Ti, Ti alloy, and SS).**® 1t is therefore
important to consider the potential responses to these different types of debris released in vivo;
namely, from PE wear particles, metal from the tibial and talar components (CoCr and/or Ti),

and coating particles.

Although wear-induced osteolysis has been more frequently attributed to that derived from the
PE component, debris from other sources, for example metal particles, may also incite this
adverse response.®® The osteolytic potential of UHMWPE wear debris from MoP joint
replacements is well documented in the literature; for TARs specifically, Schipper et al. found
that osteolytic areas had an abundance of PE wear particles present.!® However, in a different
TAR study, Koivu et al. did not attribute osteolysis to PE wear particles only, instead
concluding that it may also be caused by HA particles causing third body wear or directly
incited by metal particles.®* Furthermore, Ti particles were reported to enhance the osteolytic
potential of macrophages by stimulating the release of pro-inflammatory mediators of these
cells, even more so than that of PE particles.5!

Metal hypersensitivity —an immune disorder — is also known to be a potential issue in hip and
knee replacements containing CoCr, however the research of this in relation to TARS is
relatively limited.'®® Metal hypersensitivity has been reported to be more prevalent in patients
with total joint replacements than in the general population (10 to 15%).17° Furthermore, this
prevalence was even higher in patients with failed or poorly functioning prostheses (60%)
compared to those with well-functioning prosthesis (25%).17° These figures therefore indicate
that metal hypersensitivity should be a factor for consideration regarding total joint

replacement, whereas it is currently perhaps an under recognised issue.
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For CoCr also, the associated complication of ALVAL may be caused by wear debris of this
nature.'® 120 122 171 Individual variation of HLA genotype has been shown to influence
susceptibility to developing this metal hypersensitivity response, meaning that relatively low
blood Co concentrations (< 2 pg/l) are sufficient to incite an adverse inflammatory response in
some patients.*® This is substantially lower than the MHRA recommended threshold of 7 g/l
as an indicator of an adverse reaction, and furthermore does not account for individual variance
in tolerance.’® It has also been reported that patient sex can influence the likelihood of
developing a metal hypersensitivity response, with females at an apparently greater risk.®

Despite this, CoCr alloy components are used in most TARs, with almost all talar components
in particular being of this composition. Of the TARs included within the present study, only
the Zenith prosthesis did not have any CoCr components. Given that damage to the talar
components in terms of sliding plane scratching as well as pitting indicative of material loss
was identified in the majority of metal components, and that this was found to be more likely
to occur on CoCr than Ti components, CoCr metal debris release is a potentially concerning
issue for contemporary TARSs.

Since the amount of metal debris released was not quantified in the present study, it cannot
conclusively be stated whether there are sufficient amounts to trigger a response. However,
given that relatively low blood Co concentrations have been shown to incite an adverse
response in some patients who are predisposed to a metal hypersensitivity, combined with the
metal debris release originating from multiple sources identified in the present study, it seems
likely that an adverse response could be triggered by this. The high frequency of analysed

TARs exhibiting metal debris release therefore provides a cause for concern.

Unexplained pain is known to be common following TKR, affecting between 5-30% of
patients'?6-128 and a direct association between the presence of ALVAL and patient reported
pain levels has been shown.*?*1?5 Pain following TAR may also be a problem, with a reported
up to two thirds of patients experiencing residual pain.*?® Whilst pain may be due to other
causes such as malalignment of components or infection, in other cases the pain can be
unexplained.?® It is possible that the metal release demonstrated by the present study could be

a potential cause of pain following TAR.
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5.4.3. Influencing factors

Male sex has previously been linked with a greater PE insert backside damage score by Brandt
et al. in TKRs."2 The findings from the present study corroborated with those by Brandt et al.,
as greater damage was generally identified on components corresponding to male compared to
female patients. Specifically, the average wear volume from the bearing surfaces of the PE
inserts, as well as the component damage scores from both the bearing and backside surfaces
of the PE inserts as well as the tibial component inferior surfaces were higher on average on
those from male patients than those from female patients. The component damage scores for
the talar component bearing surfaces, on the other hand, were higher on average on those from
female patients than those from male patients. It should be noted however that none of these
differences reached statistical significance. Brandt et al. explained the influence of patient sex
by linking males with having a higher body mass and activity level than females, therefore
resulting in increased PE wear.'"? As these patient characteristics were not known for the cohort

included in the present study, this conclusion could not be investigated for explanted TARs.

A systematic review and meta-analysis by Arcangelo et al. identified a significant positive
association between the presence of periprosthetic bone cysts (i.e., osteolysis) and TARs which
were mobile bearing, HA coated, non-tibial stemmed, and non-atomically configured.® While
the present study did not have access to reason for revision (i.e., whether osteolysis occurred
or not), a potential influence of these design features can be discussed in terms of wear-related
damage incurred (which potentially may have led to osteolysis). However, it is important to
note that the implantation duration was not known for the majority of the TARs included in the
present study, nor were patient characteristics such as activity level which would likely

influence the degree of wear.”®

As discussed in section 5.3 of this chapter, the explanted mobile bearing TARs analysed did,
in general, exhibit certain damage modes more frequently than their fixed bearing counterparts.
Specifically, this was the case for damage to the PE insert backside surfaces, as well as metallic
components with porous coating loss, and, corresponding with this, talar components with
bearing surface sliding plane scratching. These findings from the present study indicate that
mobile bearing designs may be more susceptible to wear damage than fixed bearing designs,
therefore agreeing with the conclusion by Arcangelo et al. et al. that bearing constraint may be

a factor influencing the clinical performance of TARSs.
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Three of the TAR designs included in the present study had coatings which contained HA: the
BOX prostheses with a HA coating and the Hintegra and STAR prostheses with a double
coating of Ti and HA. Eighty-one percent of the coatings which did not contain HA showed
signs of loss, compared to 75% of those containing HA (83% of HA only and 70% of double
coated Ti and HA). These differences were not significant; rather, in the present study, the main

difference in loss of different coatings was seen with beaded versus non-beaded types.

Within the present study, two of the designs of TARs included had tibial components which
were stemmed: the Mobility and the Zenith (Figure 5.10). Overall, 9 of the analysed tibial
components were stemmed designs, and 15 were non-stemmed designs. The proportion of
either with coating changes was similar (89% and 80%, respectively), therefore stemmed tibial
components were not found to provide superior performance in terms of coating retention in
this cohort of explanted TARs.

Figure 5.10. Macroscopic images of stemmed tibial components. (A) Mobility. (B) Zenith.

The anatomical nature of a TAR typically refers to the talar component; specifically, whether
the geometry of it mimics that of the natural talus or not. Taking the classifications used by
Arcangelo et al., ‘spherical’ talar components were classified as non-anatomical, and those
with a ‘two talar curve radii’ were classified as anatomical (Figure 5.11). Therefore, just two
of the TAR designs included in the present study were non-anatomically configured: the STAR
and the Hintegra. In contrast to the conclusions by Arcéangelo et al., the proportion of non-

anatomical talar components with coating loss in the present study was lower than that for

207



anatomical components (70% versus 82%, respectively). However, it should be noted that both
of the non-anatomically configured TARs analysed had a double coating on Ti and HA, while
the other prostheses had a range of other different coatings. Therefore, it is not clear whether
these findings are related to the non-anatomical configuration or the coating type, or some

combination of both factors.

Figure 5.11. Talar components corresponding to non-anatomical and anatomical TARs. (A)
non-anatomical (STAR, Hintegra). (B) anatomical (INFINITY, Cadence, Salto Talaris/Salto,
BOX, Mobility, Zenith).

The effect of the PE insert thickness on the component performance in terms of volumetric
wear loss and surface damage was investigated. However, no correlation between the PE insert
thickness and measured bearing wear volume or between the insert thickness and the CDS for
either the bearing or backside surfaces was found. The safety notice issued by the FDA
regarding an increased risk of fracture of STAR PE inserts defined thinner (6 mm) inserts as
being more likely to fracture. The present study included analysis of both thinner and thicker
PE inserts, with 63% having a thickness of 6 mm or less (range 4 to 11 mm). The findings from
the current study therefore suggest that thickness of the PE insert does not influence the damage

incurred by the component in terms of wear and surface damage.

The tibial components included in this study were manufactured from alloys of either CoCr or
Ti (with the Zenith prosthesis (n = 1) being Ti alloy coated with a TiN layer). Due to only one
TiN coated prosthesis being in this cohort of explanted TARs, it was excluded from the
statistical analyses performed to identify any potential influence of tibial component alloy on

the performance of TARs. Generally, greater damage was associated with CoCr tibial
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components compared those of Ti. The component damage scores of the backside of PE inserts
in contact with CoCr tibial components was significantly higher on average than those in
contact with Ti tibial components. Similarly, the component damage scores for the tibial
components themselves were higher on average on CoCr than Ti components, although this
difference was not statistically significant. Furthermore, the pitting damage identified on the

tibial components occurred exclusively on those which were CoCr alloy.

The articulating surfaces of Ti tibial components were found to be rougher than those of CoCr
alloy, with this being true for both unworn and worn areas of these components. A higher
surface roughness of the metallic bearing surface has previously been correlated with increased
PE wear.? This was also found to be the case in the present study; a positive correlation, albeit
a weak one, was found between the unworn average surface roughness of the talar component
bearing surface and the volumetric wear loss from the corresponding PE insert bearing surface.
However, the common asymmetric wear seen on the PE insert bearing surfaces, as described
in the previous chapter (section 4.5.2), suggests that metallic bearing surface roughness was
not correlated with PE volumetric wear, as if this was the case then a lower degree of
asymmetry between wear of the two condyles would be expected, as the corresponding surface

roughness would be consistent for the two.

This correlation seen between the talar bearing average surface roughness and the PE insert
bearing volumetric wear did not extend to the CDS of the PE insert bearing surface. However,
the inverse was seen at the tibial-PE backside interface, with a moderate negative correlation
found between the average surface roughness of the tibial component and the CDS of the PE
insert backside surface (i.e., as the average surface roughness of the tibial component increased,
the CDS of the corresponding PE insert backside surface decreased). This can perhaps be
explained by the bearing constraint, as the average surface roughness of unworn areas of tibial
component inferior surfaces was significantly higher on fixed bearing compared to mobile
bearing components, with the latter also exhibiting greater PE insert backside surface wear

damage due to the articulation permitted at this interface.

5.4.4. Methods to avoid failure
By considering the differences observed between pitting of the CoCr and Ti metal components,
the cause of this metallic pitting may potentially be explained. CoCr is known to be a harder

but less corrosion resistant material than Ti. It is therefore possible that along with third body
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particles being present at the bearing, there could be corrosion pitting occurring on the
articulating surfaces of the metal components, which may in part explain the difference in
prevalence of pitting observed on CoCr and Ti components. It has also previously been
demonstrated by Moharrami et al. that in vivo oxidation of Ti alloy can have a significant effect
on its mechanical surface properties such that its hardness increases, whereas CoCr alloy was
found to remain at a constant hardness.?® It is therefore possible that an increase in Ti
component hardness, thereby increasing their resistance to damage from third body particles,
could also go some way to explaining why pitting was observed on tibial components of CoCr

alloy only.

Based on the findings from the present study, Ti alloy rather than CoCr alloy seems to be a
better material choice for tibial components in terms of avoiding pitting damage (and associated

metal debris release).

For the talar components, which are made from CoCr alloy in the vast majority of cases,
alternatives such as a TiN ceramic coating layer — at utilised by the metal components of the
Zenith prosthesis (in this case on a Ti alloy base) — may offer a potential tribological solution
for patients with CoCr hypersensitivity, however further investigation into the clinical
effectiveness of these coatings is still required.’’* Since there was only one Zenith prosthesis
included in the cohort of explanted TARs analysed in the present study, findings regarding

tribological effects could not conclusively made within this thesis.

As all TAR models currently recorded by the NJR are CE marked as uncemented implants, and
indeed the vast majority of TARs implanted are without the use of cement, the type of porous
coating utilised for fixation should also be considered. Coating-derived Ti particles have also
been shown to incite adverse inflammatory responses.®! The identification of embedded Ti
particles, along with the high prevalence of loss of coatings identified — the majority of which
contain Ti — is therefore an issue of potential clinical concern. Coatings of HA only may be an
alternative option. Although the rates of coating loss for those of HA only were comparable
with other coating types in the present study, lower rates of osteolysis have previously been
reported with this coating for TARs.5!

Finally, in terms of the bearing constraint, the present study found that mobile bearing
constraint was generally associated with greater damage in terms of porous coating loss, talar
sliding plane scratching, PE insert backside surface damage, and PE insert fracture. However,

the proportion of metallic components with pitting was similar for those from both fixed and
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mobile bearing TARs, and a greater volumetric wear was measured from fixed bearing
compared to mobile bearing PE insert bearing surfaces. Relatively low amounts of wear were
measured from the PE insert bearing surfaces of both bearing constraints, however. The
findings from the present study therefore indicate that TARs with a fixed bearing constraint
may result in a reduction in some — but not all — of the damage mechanisms identified, although

without associated clinical data, it is difficult to draw any definitive conclusions.

Aseptic loosening is commonly cited as the main reason for revision for TARs. This
phenomenon can occur due to different reasons, including secondary to osteolysis resulting
from an adverse response to particulate debris, or from micromotion between the bone-implant
interface arising from issues with initial implantation or fixation. The present study found
evidence of potential for both of these causes of aseptic loosening to occur. Particulate debris
release from the PE bearing, the metal components, and the porous coatings were all common
findings, the latter of which also indicating possible insufficient fixation. Based on the findings
from the present study, several suggestions may be made. Clinicians should consider genetic
testing of patients prior to TAR implantation as this could provide valuable information
regarding a predisposition to developing a hypersensitivity response. This could then inform
implant and/or procedure selection. For example, a patient with genes indicative of a low
tolerance to Co release may be better off receiving an implant without a CoCr bearing surface,
or even receiving an alternative treatment (e.g., arthrodesis). Manufacturers would also benefit
from considering material selection based on the findings of the present study. Ti alloy tibial
components were found to perform better than CoCr alloy tibial components in terms of
resisting damage including pitting, and therefore may prove to be a better choice. Finally,
current policies surrounding explant analysis should be considered in order to make it a routine
process. The insights to be gained from it have the potential to provide further insights

surrounding optimal implant design and selection, for the ultimate benefit of patients.

5.5. Limitations

A primary limitation of this explant analysis study was the lack of associated clinical data, for
example reason for revision and implantation duration. The latter would have been particularly
useful in allowing the calculation of volumetric wear rates (in terms of mms3/year) to provide

more context to the measured wear volumes.
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It is also acknowledged that the numbers of different designs of TARs included were limited;
this is a common constraint of TAR explant analysis studies. All available explanted TARs
were analysed so as to maximise the cohort of the present study. This however meant that
numbers of different groups varied, for example there were more mobile bearing than fixed
bearing TARs included, and more CoCr alloy than Ti alloy tibial components included. Only
one of the TARs had a HXLPE insert; likewise, only one had TiN coated metallic components.

Therefore, analysis of the effect of these design features was limited.

Some of the prostheses included are no longer implanted (Mobility and BOX). However, the
different available TARs do not vary greatly in design and therefore it was considered to be
appropriate to include them on the basis that any findings would also be applicable to those
currently on the market. Additionally, the time since the TARs which are no longer used were
taken off the market is still within a duration such that they will have remained implanted in
some patients (with use of the Mobility having ceased less than 10 years ago and BOX within

the last 3 years).

The explant analysis performed within this study was limited to non-destructive techniques.
Some of the analysis performed was observational, for example the semi-quantitative surface
damage mode scoring; therefore, there was some degree of inherent uncertainty associated with
it. Finally, the CMM technique for quantification of volumetric wear from the PE inserts was
new (adapted from a previously validated method for knee replacement components), and
CMM analysis was not achievable for some of the explants. This included some for which the
PE insert surface was too damaged. Since these components may also be expected to have
higher wear, it should be acknowledged that the exclusion of these may have skewed the results
towards a lower overall average amount of volumetric wear measured. Additionally, for the
backside surfaces, CMM analysis was only achievable for mobile bearing PE inserts. Whilst it
would be expected that these would have substantially higher amounts of wear and/or damage
compared to their fixed bearing counterparts, based on the visual damage mode analysis of
these components, it is worth noting that this could not be corroborated via mapping of the

surface geometry within the present study.
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Chapter 6. Conclusions

The aim of this research was to investigate the wear-related damage modes and surface changes
occurring in vivo of explanted contemporary TARs in order to better understand their failure
mechanisms. To achieve this, a cohort of explanted contemporary TARSs (n = 28) comprising
a variety of different designs were analysed. The main explant analysis performed included
visual (microscopic and macroscopic) analysis, material characterisation, surface profilometry,
and form analysis (volumetric wear and planicity quantification). All explanted component
surfaces (both articulating and non-articulating) were analysed, and the influence of design

features including bearing constraint were assessed.

6.1. Summary

The initial research question posed was to determine what wear related damage and/or surface
changes occur in vivo which may drive TAR failure. Five objectives were defined (chapter 1)
in order to answer this question, thereby addressing the overall aim of the research. Key

findings from the study relating to each will be considered in turn in the following sub-sections.

6.1.1. Characterisation of damage modes

The first objective was to characterise the modes of damage present on explanted TAR
components in terms of type, extent and severity. Visual (microscopic and macroscopic)
analysis was performed on the surfaces — both articulating and non-articulating — of the
explanted TAR components. Initial analysis identified damage modes present, which then
informed subsequent analysis. Key findings related to the identification of damage modes with
a high prevalence in the cohort of analysed TARs; namely, metallic pitting, talar sliding plane
scratching, and porous coating loss. In terms of characterising the extent and severity of the
identified damage modes, a scoring system was used to perform a semi-quantitative analysis.
This scoring showed that the greatest damage was accounted for by talar scratching, PE insert
backside surface burnishing, PE insert bearing surface pitting, and PE insert backside surface
scratching. A key finding scoring also found that significantly greater damage was present on
the backside surfaces of mobile bearing PE inserts compared to those that were fixed bearing.

An unexpectedly high frequency of damage to the articulating surfaces of the metal
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components — specifically pitting and talar sliding plane scratching, along with porous coating
loss — was observed for the analysed cohort of explanted TARs, suggesting that metal debris
release may be an under-recognised issue. Additionally, gross damage to the PE insert was
seen in a not-insubstantial number of the mobile bearing TARs, with this likely being linked to
component migration and subsequent direct MoM contact of the tibial and talar components,
indicative of unintended operation of the prosthesis. Overall, this study demonstrated that for
the cohort of explanted TARs analysed, various modes of damage to all component surfaces
were frequently identified; suggesting that multiple damage mechanisms may act concurrently
in vivo, and that they likely also exacerbate each other. It is therefore important to consider
these different mechanisms together, rather than in isolation, so as to account for potential

knock-on effects.

6.1.2. Surface topography changes

The second objective was to evaluate the surface topography changes of explanted TAR
components. The surface topography of the articulating surfaces of metal tibial and talar
components was evaluated using non-contacting 3D profilometry. This was performed on both
unworn and worn areas of the component surfaces in order to analyse any potential differences
reflective of changes undergone in vivo. This analysis confirmed the presence of pitting
indicative of localised material loss. A weak correlation between talar bearing surface

roughness and PE insert bearing surface volumetric wear was also found.

6.1.3. Volumetric wear quantification

The following objective was to analyse the form changes of explanted TAR PE components.
This encompassed two parts, both of which were achieved via CMM analysis. Firstly, the
volumetric wear from PE insert bearing surfaces was quantified. Relatively low volumes of
wear were measured, indicating that PE wear may not be the primary cause of failure in TARSs.
An asymmetric pattern of bearing surface volumetric wear was frequently observed, with this
being higher for the lateral aspect than the medial aspect in most cases where the implantation
side was known. A difference was also seen between the bearing surface wear volumes of fixed
bearing and mobile bearing PE inserts, with the former being higher on average. However, due
to a lack of known implantation durations, analysis of this was limited. Secondly, the planicity

— the difference between the minimum and maximum linear deviations — was measured for the
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PE insert backside surfaces. Deviations extending superiorly in an anatomical sense were
frequently seen; more so than deviations indicative of material removed. Deformation, to
varying degrees, of the backside surfaces was therefore found to be a common phenomenon
for the mobile bearing PE inserts analysed. This work adds to the limited literature on explanted

TARs, though further research is needed to fully understand the implications of these findings.

6.1.4. Influence of implant characteristics

The next objective was to correlate in vivo changes of explanted TAR components with implant
characteristics. Several design features of TARs were analysed for a potential influence over
observed in vivo changes to the components. The key findings related to the choice of bearing
constraint (fixed or mobile) and tibial component alloy (CoCr or Ti). Specifically, mobile
bearing TARs were generally associated with greater damage in terms of porous coating loss,
talar bearing surface sliding plane scratching, PE insert backside surface damage, and PE insert
fracture. However, bearing constraint was not found to be a factor affecting the likelihood of
metallic pitting occurring. Rather, tibial component alloy was found to influence this, with
metallic pitting identified on CoCr alloy components only. Furthermore, CoCr tibial
components exhibited greater damage as well as on the corresponding PE insert backside
surface also. These findings indicate that Ti alloy may be a better material choice than CoCr
alloy for tibial components, and that there may also be a slight preference towards mobile over
fixed bearing constraint in terms of reducing some of the damage modes seen in the present
cohort of explanted TARs.

6.1.5. TAR failure mechanisms

The final objective was to determine damage mechanisms likely to cause TAR failure. Based
on the findings of the explant analysis performed on the cohort of TARS in the present study,
it was concluded that metal debris release may be an under recognised issue that likely
contributes to TAR failure. There are various ways in which metal debris release as identified
in the present study can result in TAR failure (i.e., revision surgery being required). An adverse
response may be incited, either directly to the metal particulate debris, or to other implant-
derived debris; the release of which may have been exacerbated by the metal particles. CoCr
and Ti particles were both identified in the embedded debris of PE inserts, each of which has

been shown to cause adverse inflammatory responses that can lead to aseptic loosening of the
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device. It is therefore important to try to minimise the wear particles released from TARS; an
aim which requires understanding of the sources of particulate debris, of which the present

study has identified several.

Evidence of all four wear modes as described by McKellop et al. was seen in the present study,
resulting from articulation of the following surfaces: primary-on-primary, primary-on-
secondary, primary-on-primary with third bodies, and secondary-on-secondary.'®> Most of the
analysed TARs displayed more than one wear mode; together with the variety of modes
identified, this suggests that TARs are vulnerable to multiple mechanisms of wear occurring

concurrently in vivo.

The commonly identified damage modes of metallic pitting and talar bearing surface sliding
plane scratching were both frequently associated with porous coating loss of the metal
components. Together with the identification of Ti from porous coatings in the PE inserts, it
was concluded that coating particles were likely being released and migrating to the bearing,
where they would cause further damage to both the PE and metal components through acting
as third bodies.

In addition to the contribution of metal debris to TAR failure, other wear mechanisms may also
cause failure, either alongside or independently of the metallic damage mechanisms discussed.
The findings of coating loss also indicates that micromotion may be occurring at the bone-
implant interface, which has the potential to cause osteolysis and subsequent aseptic loosening,
a common reason for failure of TARs. Also, the potential impact of PE insert-generated wear
debris and deformation should be considered. It is important that all of these potential
mechanisms are taken into consideration when discussing TAR failure, and that actions taken

to reduce the impact of one don’t then neglect others which may be affected also.

6.2. Implications
Explants represent prostheses which have undergone the truest test through time in vivo;
therefore, analysis of these explanted devices represents a valuable contribution to the body of

knowledge.

To the best of the author’s knowledge, no published studies to date have quantified volumetric
wear from explanted TARs. The method and results described in the present study therefore
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provide a useful starting point which may be used as a comparator against wear volumes given

by simulator studies, as well as any future ex-vivo studies.

This is also, to the best of the author’s knowledge, the first explant analysis study to compare
damage of fixed and mobile bearing TARs. With the increase of fixed bearing devices and
decrease of mobile bearing devices in the UK within the last decade leading to fixed bearing
TARs being implanted at a far greater frequency, it is important to evaluate any differences.
The literature on this topic currently contains mostly clinical follow-up studies; explant
analysis comparing fixed and mobile bearing TARs can supplement this existing research in
order to provide a more comprehensive picture of the effect of bearing constraint on the
performance of TARS.

The findings from this explant analysis study provide conclusions that may inform future
design and selection of TARs. In particular, material choice of the metal tibial component
should be considered, as the present study found Ti alloy components to be more resistant to
some forms of damage including pitting compared to those of CoCr alloy. With pitting being
indicative of material loss, and CoCr known to have the potential to cause issues when released
from implants, this is something that should be taken into account by manufacturers and
surgeons, particularly in cases where the patient is known to be predisposed to metal
hypersensitivity. Linked to this is the benefit that preoperative genetic tests could provide, by
informing surgeons of which patients are likely to react adversely to relatively small amounts

of metal debris release.

6.3. Suggestions for Further Work

The current research has provided a comprehensive analysis of wear-related surface damage
modes of explanted TARs, as well as establishing a methodology for the quantification of PE
volumetric wear. Since no published studies have quantified the volumetric wear from
explanted TARs, there is scope for more studies analysing wear from ex-vivo TARs. It would
also be useful to extend the quantification of volumetric wear to the backside surfaces of the
PE inserts too. Although anatomically superior deviations were identified most frequently from
the CMM analysis of the backside surfaces, the semi-quantitative analysis performed found
damage modes indicative of wear, particularly on the mobile bearing PE insert backside
surfaces. Volumetric wear analysis could therefore be useful in potentially supporting these

findings. The CMM analysis of the backside surfaces could also be applied to PE inserts of
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fixed bearing designs, in order to provide further insights into the effects of bearing constraint
on TARs in vivo. Additionally, it would also be of interest to quantify the amount of volumetric
wear accounted for by different materials, particularly metallic as metal debris release was
commonly identified in the present study.

If the study were to be continued, then it is suggested that the primary focus would be on
quantification of wear debris. Specifically, concentrating on measuring the amount of metal
debris being released, as well as further work on the PE wear from both the bearing and
backside surfaces of the PE insert. This could provide additional information on the main
contributing sources of wear debris and therefore which of these the focus should primarily be

on minimising in order to improve patient outcomes.

A primary limitation of the present study which was identified was the lack of correlated
clinical information, specifically implantation durations and reasons for revision. If future wear
studies of explanted TARs could take into account time in vivo, then wear rates could be
reported, further increasing the applicability of the results to gain insights into the actual wear
performance of contemporary TARs. The knowledge of reasons for revision and linking this
information to damage analysis of explanted TARs would enable future studies to more
conclusively link particular wear modes of TARs with failure mechanisms. For cases such as
where the device was retrieved due to unexplained pain, such analysis may also have the
potential to provide insights into explaining this phenomenon, and thus how to prevent it in the

future.

In general, explant analysis studies of TARs are limited, and further studies would allow the
research within the existing literature to be supported and expanded, especially if such studies

included larger numbers of explanted TARs.
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Haston S, Langton D, Townshend D, Bhalekar R, Joyce T. Metal debris release is commonly
seen from explanted total ankle replacements. Journal of the Mechanical Behavior of
Biomedical Materials. 2023;144:105932.

Abstract

This study aimed to characterise the damage mechanisms present on the metal components
used in various contemporary total ankle replacements. Twenty-seven explanted total ankle
replacements comprising 8 different designs (3 fixed bearing and 5 mobile bearing) were
analysed using various explant analysis techniques. Pitting and scratching were the most
commonly observed wear features. Microscopic analysis revealed metallic pitting on 52% of
tibial components and 95% of talar components. Pitting was identified on more cobalt-
chromium than titanium alloy tibial components (63% versus 0%). Non-contact profilometry
confirmed the presence of pitting, with significant (p < 0.05) differences in the measured
average surface roughness values of pitted and unpitted areas for tibial and talar components.
There was macroscopically visible sliding plane scratching, indicating the presence of hard
third body particles, on 78% of talar components. Changes to the non-articulating surfaces
coatings in terms of coating loss and/or changes in reflectivity was identified visually on 80%
of metal components. Scanning electron microscopy with energy dispersive X-ray
spectroscopy identified metallic embedded debris in 19% of polyethylene inserts. This explant
study demonstrates the release of metal debris from both the metallic tibial and talar
component articulating surfaces and non-articulating surface coatings of various contemporary
total ankle replacements. Metal particulate debris release from total ankle replacements may
be more common than previously recognised. Metal debris should be considered in further

study into the aetiology of failed total ankle arthroplasty.

1. Introduction

Total ankle replacement (TAR) has become an increasingly popular alternative to ankle fusion
in the surgical management of severe ankle arthritis. The benefits of TAR are perceived to be

better gait mechanics and protection of adjacent joints which are put under additional load by
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ankle fusion (Gougoulias et al., 2016). The outcomes of TAR have improved significantly over
the last decade (Undén et al., 2020) but revision rates remain high (Perry et al., 2022) compared
to those for primary total hip replacement and total knee replacement, with considerably higher
long-term revision rates for ankles (9.01% at 10 years, compared with 4.05% and 4.01% for
hips and knees respectively according to data from the National Joint Registry for England,
Wales, Northern Ireland, the Isle of Man and the States of Guernsey (NJR) 2022 Annual
Report) (Reed et al., 2022).

Contemporary TARs are metal-on-polyethylene (MoP) implants, consisting of metal tibial
and talar components, with a polyethylene (PE) (typically ultra-high molecular weight
polyethylene (UHMWPE)) insert in between. The PE insert may be either fixed to the tibial

component (fixed bearing), or unconstrained (mobile bearing).

The metal talar component is usually manufactured from cobalt-chromium (CoCr) alloy via
either cast or wrought forming (ASTM F75 or ASTM F1537, respectively), and the metal tibial
component may be either CoCr alloy also or titanium (Ti) alloy, again formed by either cast or
wrought methods (ASTM F1108 or ASTM F136, respectively). Both F75 and F1537 CoCr
alloys have previously been shown to have similar microstructures and microhardness (Patel
etal., 2012).

The metal components  typically have a porous coating (usually  Ti
and/or hydroxyapatite (HA)) on the non-bearing surface to promote osseointegration at the
bone-implant interface rather than using cement for fixation as previous designs did
(Gougoulias et al., 2016; Malik and Malik, 2015). However, whilst the NJR states that all
brands of TAR recorded by them are (CE marked as) uncemented implants, cement is used by
surgeons in some instances (4.3% of primary procedures), for example where the bone stock
is poor (Reed et al., 2022).

The number of TARs performed is increasing, with 710 primary procedures recorded by the
NJR in 2021 (though the actual number is likely higher due to underreporting), and this increase
has largely been with fixed bearing designs (Reed et al., 2022). This change may be linked with
the introduction of the fixed bearing INFINITY prosthesis (Wright Medical) in 2014; the same
year that the market leader at the time, the mobile bearing Mobility prosthesis (DePuy), was
voluntarily recalled (Reed et al., 2022). The INFINITY prosthesis is now the most commonly
implanted TAR in the UK, used in 65.4% of procedures in 2021, as well as in Australia, New
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Zealand and Norway (Reed et al., 2022; Australian Orthopaedic Association National Joint
Replacement Registry (AOANJRR), 2021; McKie et al., 2022; Furnes et al., 2021).

In vivo, the bearing surface of the PE insert articulates against the bearing surface of the metal
talar component, while the backside surface of the PE insert is in contact with the inferior
surface of the metal tibial component, meaning there is no direct metal-on-metal contact (Fig.
1).

Fig. 1. Sagittal plane view of an explanted Mobility total ankle replacement. Top: metal tibial
component. Middle: PE insert. Bottom: metal talar component.

Explant analysis of TARs is limited, and previous studies have mostly focused on the analysis
of the damage identified on PE inserts (Greenwald and Postal, 2010; Ho et al., 2020; Currier
et al.,, 2019; Affatao et al., 2009). Retrieval studies by Vaupel et al. (2009), on 10 Agility
(DePuy) second-generation fixed bearing TARs, and by Cottrino et al. (2016), on 6 Ankle
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Evolutive System (AES) (Biomet) third-generation mobile bearing TARs, both of which are
no longer in use, have included analysis of the metal tibial and talar components using light
microscopy and scanning electron microscopy (SEM). Histological studies, again primarily of
the Agility and AES implants, have reported the presence of metal particles, along with PE
particles, in the periprosthetic tissue of between 60% and 90% of osteolytic samples (Schipper
et al., 2017; Koivu et al., 2009; Dalat et al., 2013; van Wijngaarden et al., 2015; Stratton-
Powell et al., 2023).

This study aimed to characterise the damage mechanisms present in a cohort of contemporary

TARSs to test the hypothesis that appreciable metal debris is produced from these devices.

2. Materials and methods
2.1. Samples

Third and fourth generation TARs which had been revised for any reason were included. The
samples were retrieved by multiple surgeons at various hospitals. Twenty-seven TARS were
included, comprised of 8 different models (Fig. 2). Three of the prosthesis designs were fixed
bearing, and 5 were mobile bearing. The majority of the components were manufactured
from CoCr alloy (C028Cr6Mo) as per ASTM F75, referring to forming by casting method,
with Ti alloy (Ti6Al4V) formed by wrought method as per ASTM F136 also known to be used
(Table 1).
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Fig. 2. Macroscopic images of explanted TAR components, showing the different surfaces

analysed from the prosthesis models included.

Table 1. Details of the total ankle replacement designs included.

Prosthesis No. Bearing Tibial Talar Non-

(manufacturer) samples type component component articulating
alloy alloy surfaces

coating

INFINITY 4 Fixed Ti CoCr Ti  plasma

(Wright spray

Medical)

Cadence 1 Fixed Ti CoCr Ti  plasma

(Integra) spray
ASTM F136 ASTM F75

Salto  Talaris 2 Fixed  CoCr CoCr Ti  plasma

(Integra) spray

ASTM F75 ASTM F75
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(manufacturer) samples type

Salto (Integra)

Mobility
(DePuy)

1

10

STAR (Stryker) 3

Hintegra
(Integra;
Newdeal)

BOX
(MatOrtho)

Analysis was performed by one author to ensure consistency throughout. Prior to analysis, all
explants were disinfected using a surgical grade washer (1Q4, KEN Hygiene Systems, Broby,

Denmark) and then cleaned with acetone and lint-free cloth to ensure any debris was removed.
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Two of the TARs had been affixed using cement, with one BOX prosthesis having cement
visible on the non-articulating surfaces of both the tibial and talar components, and one
Mobility having cement visible on the talar component, with the tibial component not received.
The remaining 22 tibial and 23 talar components were uncemented, meaning fixation was

achieved using bony ingrowth only.

2.2. Damage mode analysis

Twenty-three tibial component inferior surfaces and 23 talar component bearing surfaces,
along with 26 PE insert bearing and backside surfaces, were visually inspected using a
measuring microscope (Mitutoyo, Kanagawa, Japan) with 30x magnification as well as
macroscopically for the following common damage modes: pitting, scratching, embedded
debris, burnishing, abrasion, delamination, striations, and surface deformation (Vaupel et al.,
2009; Harman et al., 2010). Surgical retrieval damage, determined as being deep grooves not

correlating with worn areas, was excluded.

The non-articulating surfaces of the metal tibial and talar components were also macro- and

microscopically visually inspected for signs of loss of their porous coatings.
2.3. Surface roughness measurement

For the 13 tibial components and 22 talar components on which pitting was identified, surface
roughness measurements were taken using a non-contact 3D profilometer (NewView 5000,
Zygo Corporation, Connecticut, USA). The parameters of average surface roughness (Sa) and
maximum valley depth (Sv) were measured. For both unpitted and pitted areas, identified prior

via light microscopy, 5 measurements were taken.

2.4. SEM-EDX analysis

A SEM with energy dispersive X-ray spectroscopy (EDX) (TM3030, Hitachi High-
Technologies Corporation, Tokyo, Japan) was used to determine the composition of the

embedded debris identified in 5 PE inserts (5 bearing surfaces and 4 backside surfaces).

2.5. Statistical analysis
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Statistical analysis was carried out using statistical software (Minitab, Pennsylvania State
University, USA). A 2-proportion test was performed on the proportions of tibial and talar
components with pitting, analysing bearing type and alloy. For measured average surface
roughness (Sa) and maximum valley depth (Sv) values of the tibial and talar components, a
Ryan-Joiner test was performed to test the data for normality. The data was nonparametric,
therefore a Mann-Whitney U test with a 95% confidence level was performed with reported p-

values adjusted for ties. Statistical significance was defined as p < 0.05.

3. Results
3.1. Damage modes identified
An overview of the damage mechanisms identified in each explant is given in Table 2.

Table 2. Overview of the damage mechanism identified in each of the explanted TARs. Notes:
Y, damage identified; -, corresponding component not present; *, Ti embedded debris; f, Co

and Cr embedded debris; §, metal-on-metal contact; §, damaged PE insert.

Prosthesis Tibial Talar Talar Cement Coating Additional
pitting pitting scratching present loss damage

INFINITY Y Y Y Y

INFINITY Y Y Y Y*

INFINITY Y Y Y

INFINITY - - - - -

Cadence Y Y

Salto Y - - Y YT

Talaris

Salto Y Y Y &

Talaris
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Mobility
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Mobility

Mobility

Mobility
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STAR

STAR

Hintegra

Hintegra

Hintegra

pitting

Y

Y

Y

Y

Y

Talar

pitting

Y

Y

Talar

scratching present

Y

Y

Cement Coating Additional
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Prosthesis Tibial Talar Talar Cement Coating Additional

pitting pitting scratching present loss damage
BOX Y Y Y
BOX Y Y Y
BOX Y Y Y YH

The most commonly observed wear features from the microscopic damage mode analysis,

across all surfaces, metallic and polymeric, were pitting and scratching (Fig. 3).
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Fig. 3. Results of surface damage mode analysis. showing number of each component surfaces

on which each damage mode was present.

3.2. Non-articulating surfaces

Visual inspection — both macro-and microscopic — revealed changes to non-articulating
surfaces in terms of coating loss or changes in reflectivity indicative of this in 20 (87%) of the

23 tibial components and 17 (74%) of the 23 talar components analysed (Fig. 4). For the designs
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which utilise beads on the non-articulating surfaces (Mobility and BOX), bead loss was not

identified. Fig. 5 illustrates the percentage of tibial and talar components with each coating

type which exhibited changes (coating loss/changes in reflectivity), with this ranging from 69%
to 94% (mean 80%).

Fig. 4. Changes in the coating of a STAR tibial component non-articulating surface.
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Fig. 5. Percentage of tibial and talar components with each coating type which exhibited

changes.

Coating loss/changes in reflectivity was identified on the non-articulating surfaces of the metal
components of all of the TARs which had tibial pitting and on all except 2 of those which had
talar pitting and/or talar sliding plane scratching. In these 2 cases, the tibial component of one
was not present and so the porous coating was not able to be analysed, and the other exhibited
evidence of direct metal-on-metal contact occurring, along with a severely damaged PE insert.
These findings therefore suggest that loss of coating may be a major cause of the metal

component damage observed by acting as third body debris at the articulations.

3.3. Talar sliding plane scratching

Scratching on the sliding plane (i.e., linear scratches in the direction of the antero-posterior
movement allowed at the ankle during plantarflexion and dorsiflexion), as shown in Fig. 6, was
observed macroscopically on 18 (78%) of the 23 metal talar components analysed.
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Fig. 6. Macroscopic image showing severe talar component scratching of a Hintegra talar

component bearing surface.

3.4. Pitting and abrasive changes

Light microscopy revealed the presence of pitting on the articulating surfaces of 12 (52%) of
the 23 tibial components and on 22 (95%) of the 23 CoCr alloy talar components (Fig. 7A and
B, respectively). Pitting was defined as small indentations indicative of material loss, most
likely to have occurred in vivo. The pits had dimensions of approximately 90 um (length) x
40 pm (width) x 3 um (depth). The pitted tibial components were all manufactured from CoCr
alloy, with 63% exhibiting this pitting. None of the Ti alloy components exhibited pitting,
however abrasive changes were identified on one (Fig. 7C).
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Fig. 7. Microscopic images of (A) pitting on a CoCr alloy tibial component, (B) pitting on a

CoCr alloy talar component, (C) abrasive changes on a Ti alloy tibial component, and (D) as
manufactured surface of a CoCr alloy tibial component. (A) Salto Talaris. (B) Salto Talaris.
(C) INFINITY. (D) STAR.

3.5. Surface roughness

The results of the surface roughness measurements of the tibial and talar components showing
pitting are given by Table 3 and Table 4. All tibial component models and all talar component
models except Hintegra showed a significant increase between the measured Sa of unpitted and

pitted areas, and all showed a significant increase between the Sv values (p < 0.05).

Table 3. Surface profilometry and p-values for different tibial components showing pitting.

Notes: Sa, average surface roughness; Sv, maximum valley depth; SD, standard deviation.
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Tibial

component

Salto
Talaris

Salto

Mobility

STAR

Hintegra

BOX

No.
samples
with
pitting

Unpitted Sa

(pm)
(mean + SD)

0.133 + 0.002

0.023 + 0.002

0.012 + 0.007

0.022 +0.012

0.010 + 0.001

0.034 +0.001

Pitted Sa

(pm)
(mean = SD)

0.252 £ 0.015

0.152 + 0.001

0.125 +0.093

0.166 + 0.099

0.095 + 0.002

0.147 + 0.003

value

<0.001

0.012

<0.001

<0.001

0.011

0.012

Unpitted Sv

(pm)
(mean + SD)

—0.786 + 0.387

—0.359 + 0.017

—0.423 + 0.133

—0.312 + 0.082

—0.473 + 0.037

—0.538 + 0.030

Pitted Sv (um)

(mean + SD)

—5.399 + 0.403

—2.262 £ 0.010

—3.068 + 1.222

—2.677 + 0.286

—2.384 + 0.020

—2.938 £ 0.010

Table 4. Surface profilometry and p-values for different tibial components showing pitting.

Notes: Sa, average surface roughness; Sv, maximum valley depth; SD, standard deviation.

Talar

component

INFINITY

Cadence

Salto

Talaris

Salto

No.

Unpitted Sa Pitted

samples (um)

with
pitting

3

1

1

1

(mean £ SD)

(nm)
(mean £ SD)

Sa P-

value

0.021 £ 0.007 0.071 +0.027 <0.001

0.027 £ 0.027 0.194 +£0.004 0.011

0.022 +0.005 0.079 +0.003 0.012

0.058 £ 0.002 0.075 +0.004 0.012
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Unpitted Sv Pitted Sv (um)

(pm)
(mean £ SD)

—0.362 + 0.036

(mean £ SD)

—2.822 + 0.593

value

<0.001

0.012

<0.001

<0.001

0.012

0.012

value

<0.001

—.0336 £ 0.011 —2.850 +0.040 0.012

—1.146 + 0.024

—0.676 + 0.027

—4.123 + 0.382

—2.459 + 0.419

0.012

0.012



Talar No. Unpitted Sa Pitted Sa P- Unpitted Sv Pitted Sv (um) P-
component samples (pum) (um) value (um) (mean £ SD) value
with (mean + SD) (mean £ SD) (mean + SD)
pitting
Mobility 9 0.036 £ 0.021 0.124 £0.082 <0.001 —0.385+0.252 —2.262 +0.784 <0.001
STAR 3 0.033+£0.018 0.084 £0.035 <0.001 —0.386 +0.105 —2.654 +0.288 <0.001
Hintegra 2 0.110 £0.096 0.362 £0.254 0.062 —0.427 +0.179 -2.239 +0.522 <0.001
BOX 2 0.029 £0.012 0.061 +£0.025 0.004 -5.09+0.120 -4.201+0.775 <0.001

Representative surface topography images for the tibial and talar components are shown in Fig.

8, Fig. 9, respectively.

Fig. 8. Surface profilometry images of unpitted and pitted areas of a tibial component. (A)

Unpitted and (B) pitted areas of a Mobility tibial component inferior surface.
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Fig. 9. Surface profilometry images of unpitted and pitted areas of a talar component. (A)

Unpitted and (B) pitted areas of a Mobility talar component bearing surface.

3.6. Embedded debris

Embedded debris was identified via light microscopy in the PE inserts of 5 TARs (19%), 4 of
which had embedded debris on both the bearing and backside surfaces, and 1 of which had
embedded debris on the bearing surface only (Fig. 10).
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Salto Talaris

Backside
surfaces T J

Fig. 10. Microscopic images of polyethylene insert embedded debris. The embedded debris

(indicated by red ellipses) on the bearing and/or backside surfaces of 5 PE inserts.

Embedded debris was observed on 5 PE inserts. SEM-EDX analysis confirmed that the
embedded debris identified on these PE inserts was metallic; specifically, the presence of Co

and Cr or Ti was confirmed for each surface (Table 5).

Table 5. The elements identified in the embedded debris of the polyethylene inserts.

PE insert Bearing surface embedded Backside surface embedded
debris debris
Salto Talaris Ti, Co, Cr Ti
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PE insert

Mobility

Hintegra

pieces)

Hintegra

INFINITY

The non-articulating surfaces coating for all of the devices which had embedded debris
identified on the PE inserts contained Ti, and all corresponding tibial and talar components
were manufactured from CoCr alloy, with the exception of the Ti alloy INFINITY tibial
component (which was not in contact with the PE insert bearing surface on which Ti debris

was identified in this case). It is therefore likely that the Ti embedded debris identified

Bearing surface embedded Backside surface embedded

debris

Co, Cr

(in Co, Cr, Mo

Ti

Ti

debris

Co, Cr, Mo

Co, Cr

Ti

originated from the porous coatings of these prostheses.

3.7. Special cases

Macroscopic analysis of the PE inserts revealed severe damage in 6 of the 26 PE inserts
analysed (1 insert had broken in half, 1 had a crack in the bearing surface, and 4 had part broken
off) (Fig. 11). However, it is not known whether the damage of these components occurred in

vivo or during surgical retrieval of the device.
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Fig. 11. Macroscopic images of severely damaged PE inserts. (A) with part broken off), (B) in
pieces, and (C) with a crack in the bearing surface.

Evidence of direct metal-on-metal contact occurring was identified in 4 of the TARs (Fig. 12).
Of these 4 devices, one did not have a PE insert present. The corresponding PE inserts for the
other 3 devices all had signs of severe damage, with the PE insert either being broken into 2

pieces (in one case) or have part broken off (in 2 cases).
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Fig. 12. Hintegra tibial and talar components. The corresponding polyethylene insert was
broken into 2 pieces. Red ellipses indicate areas of material removal most likely due to direct

metal-on-metal contact occurring as a result of fracture of the PE insert.

4. Discussion
4.1. Damage mechanisms identified

Damage to the articulating surfaces of the metal tibial and talar components in the form of
pitting and scratching was commonly seen in this cohort of explanted TARs. Damage to the
talar component was identified particularly frequently, with pitting in 95% and sliding plane
scratching in 78% of the samples analysed. Of those talar components on which sliding plane
scratching, the corresponding PE inserts for all but 4 had pitting on the bearing surface also.
These findings indicate the presence of hard third body particles at the bearing interface, as the
abrasive changes seen with the talar component scratching would not be typical from the
normal articulation between the hard talar component and the PE insert (Cottrino et al., 2016).
Similar findings have previously been reported by Cottrino et al. on 6 AES CoCr talar
component bearing surfaces, in which severe scratching was also observed on the sliding plane,
most likely due to removal of the Ti-HA coating of the metal components, meaning hard

foreign particles were present (Cottrino et al., 2016).
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As the PE insert prevents direct metal-on-metal contact in well-functioning TARs, the
proportion of metallic components on which pitting and scratching was observed was
unexpected. The proportion of tibial and talar components exhibiting pitting was similar
regardless of bearing type, fixed or mobile, suggesting that bearing constraint is not a factor
affecting the likelihood of tibial or talar pitting occurring. The component alloy, on the other
hand, may be an influencing factor, as pitting was observed more frequently on CoCr alloy
(63%) than Ti alloy (0%) tibial components. It should be noted, however, that the group of
CoCr alloy components was substantially larger than the group of Ti alloy components (19

versus 4).

On all components on which pitting was identified, there were statistically significant
(p < 0.05) differences between the measured Sv values of unpitted and pitted areas, therefore

confirming that material loss occurred.

Pitting of metallic TAR components has also previously been reported by Vaupel et al., though
with a lower prevalence. Of 9 Ti alloy tibial components analysed, scratching was observed on
7, pitting on 1, and burnishing on 1 (Vaupel et al., 2009). Of 10 CoCr alloy talar components
analysed, scratching was observed on 6, and pitting on 6 (Vaupel et al., 2009). Whilst Vaupel
et al. observed less frequent metallic pitting, there are possible explanations for these
variations. The difference in TAR models could play a role, as Vaupel et al. analysed one
particular fixed bearing TAR design (Agility) which did not feature in the present study.
Furthermore, it is possible that the lower proportion of tibial components with pitting reported
by Vaupel et al. may be explained by the Ti alloy composition, as the findings from the present

study suggest that pitting may be more likely to occur on CoCr than Ti alloy tibial components.

Ti, Co and Cr were identified in the embedded debris of the PE inserts. All had a coating on
the non-bearing surfaces of the metallic components containing Ti, and all had tibial and talar
components composed of CoCr alloy except for the INFINITY TAR, which had a Ti alloy
tibial component. However, embedded debris was only identified on the bearing surface (in
contact with the CoCr talar component) of this INFINITY PE insert. Therefore, since all the
surfaces in which embedded debris was identified were in contact with CoCr alloy surfaces,
the identified Ti embedded debris on the PE insert bearing surfaces was presumably from the
coatings, and the CoCr debris was presumed to originate from the articulating surfaces of the
metallic components. The finding of tibial and talar pitting is in agreement with this idea and

indicates the release of metal debris from the component surfaces.
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The TARs which had embedded debris in the PE inserts included 2 Hintegra prostheses.
Despite being the same design, different embedded debris was identified for each prosthesis,
with Co and Cr identified in one, and Ti in the other. The former of these devices displayed
signs of direct metal-on-metal contact occurring in vivo, which likely resulted in the CoCr
debris release, whereas the latter exhibited evidence of coating loss, likely being responsible
for the Ti debris. Furthermore, Co and Cr along with Ti were identified in the embedded debris
in the Salto Talaris PE insert bearing surface. Embedded metallic debris in TAR PE inserts has
also previously been reported by Vaupel et al., in fixed bearing Agility TARs, and a small
amount in fixed bearing INFINITY and INBONE (Wright Medical) TARs by Ho et al. (Ho et
al., 2020; Vaupel et al., 2009) Stratton-Powell et al. also reported CoCr and Ti wear particles
surrounding failed AES TARs (Stratton-Powell et al., 2023). These findings indicate that both
sources of metal debris release (pitting of the metallic components and loss of coating) may

occur concurrently in vivo.

4.2. Causes of damage

The identification of Ti particles embedded in the PE insert bearing surfaces suggests the
removal of coating, allowing the particles to act as third body debris. This has previously been
shown with AES TARs. In a study of 6 AES mobile bearing TARs explanted due to osteolysis,
Cottrino et al. reported the presence of Ti particles embedded on the talar component bearing
surfaces, as well as in retrieved periprosthetic tissue (Cottrino et al., 2016). Since
the implant metallic components were both composed of a CoCr alloy, these Ti particles were
assumed to have originated from the coating (double coated Ti plasma spray and HA) (Cottrino
etal., 2016).

The AES prosthesis previously had a HA coating, however in 2004 it was replaced with the
coating of Ti along with HA, a change which resulted in increased incidence of osteolysis
(Koivu et al., 2009). In a series of 130 AES TARs, Koivu et al. found the risk of osteolysis to
be over 3 times higher for implants with the Ti-HA coating compared to the HA coating (Koivu
et al., 2009). Furthermore, the osteolysis cases observed were more severe after the design
change (Koivu et al., 2009). For AES implants with Ti-HA coating, SEM-EDX analysis by
Koivu et al. revealed Ti and CoCr particles in periprosthetic tissue samples, with the amount
of Ti high compared to that of the other metals present (Koivu et al., 2009). Although osteolysis
following TAR is most commonly attributed to PE wear debris, studies have indicated that the
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inflammatory reaction may also be in response to necrotic autologous tissues or metal particles
(Mehta et al., 2021). Therefore, the implant-derived Ti particles, reported previously with the
AES prothesis, may increase the risk of osteolysis occurring due to the associated inflammatory
response to the particles, and therefore may in part explain the high prevalence of osteolysis
following TAR which has been described (Cottrino et al., 2016; Schipper et al., 2017).

In this cohort of explants, there was no substantial differences between those with a double
coating of Ti and HA compared to those with a single layer HA coating only in terms of changes
in coating observed or the proportion of talar components with sliding plane scratching,
however the proportion of tibial and talar components exhibiting pitting was higher for devices
double coated with Ti and HA (80% and 100%, respectively) compared to those with HA
coating only (33% and 67%, respectively).

Whilst the AES was withdrawn in 2009 following complication rates higher than expected (Di
lorio et al., 2017), findings of embedded Ti debris from the present study extends the issue of
coating removal, and therefore the potentially increased risk of implant failure due to
periprosthetic bone resorption caused by the immune response to these particles, to various

other contemporary TARS.

Ti is used in most of the porous coatings for TAR metallic component non-bearing surfaces.
Apart from the BOX prosthesis, which has a HA plasma spray coating, all of the other TARs
included in the present study had a coating containing Ti. For the TARs in which embedded
metallic debris was identified in the PE insert, the porous coatings all contained Ti. Like the
AES, the Hintegra prosthesis, of which embedded debris was identified in 2, had a double
coated Ti plasma spray and HA coating, both the Salto Talaris and INFINITY implants had a
Ti plasma spray coating, and the Mobility had a coating made from Ti sintered beads.

The vast majority of the components were uncemented, therefore, while cement particles are a
possible source of third body debris with the potential to cause surface damage, this was not
found to be a primary cause in this cohort of explants. Rather, metal particulate debris from the
porous coatings on the non-articulating surfaces of the metal components is more likely to be

responsible for the metal damage seen by acting as third body particles.

The abrasive changes identified on the inferior surface of one of the fixed bearing INFINITY
tibial trays is indicative of micromotion occurring at this interface. The observed changes
in reflectivity on the majority of the non-articulating surfaces of the metal components may
also be a result of micromotion, though in this case between the bone-implant interface.
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4.3. Methods to avoid damage

Implant-derived metal debris has the potential to cause adverse inflammatory responses, with
relatively low blood cobalt concentrations being sufficient to incite this in some patients
(Langton et al., 2022). Despite this, CoCr alloy components are used in most TARs. In this
cohort of explanted TARs, pitting indicative of material loss was found to occur more

frequently in CoCr than Ti components.

CoCr is known to be a harder but less corrosion resistant material than Ti. It is therefore
possible that along with third body particles being present in the bearing, there could potentially
be corrosion pitting occurring on the articulating surfaces of the metal components, which may
in part explain the higher prevalence of pitting observed on CoCr alloy compared to Ti alloy

tibial components.

It has also previously been demonstrated by Moharrami et al. that in vivo oxidation of Ti alloy
can have a significant effect on its mechanical surface properties such that its hardness
increases, whereas CoCr alloy was found to remain at a constant hardness (Moharrami et al.,
2013). It is therefore possible that an increase in Ti alloy tibial component hardness could also
go some way to explaining why pitting was observed on fewer of these components compared

to those made of CoCr alloy, by increasing their resistance to damage from third body particles.

These findings suggest that Ti alloy rather than CoCr alloy tibial components may be a better
choice in terms of avoiding pitting damage. For the talar components, alternatives such as
titanium nitride (TiN) ceramic coatings may offer a potentially tribological solution for
patients with CoCr sensitivity, however further investigation into the clinical effectiveness of

these coatings is still required (Pappas et al., 1995).

Coating-derived Ti particles have also been shown to incite adverse inflammatory responses
(Koivu et al., 2009). The identification of embedded Ti particles along with the loss of coatings
identified is therefore another potential issue. Coatings of HA only may be an alternative option

associated with lower rates of osteolysis as previously reported (Koivu et al., 2009).

4.4. Limitations
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The primary limitation of this study was the lack of clinical data available, as the findings of
the explant analysis could not be linked to data such as reason for revision and implantation
duration, which could provide further insights into the clinical performance of TARs related to

metal release.

5. Conclusions

This explant study identified common damage to metal tibial and talar TAR components in the
form of pitting and scratching, along with the presence of third body debris at the bearing, most
likely accounted for by coating particles from the non-articulating surfaces of the metallic
components. These findings demonstrate metal release from contemporary TARS; a

phenomenon which warrants quantification through further research.
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Appendix B. TAR Component Surfaces

Supplementary images showing enlarged versions of the macroscopic images included in
Figure 3.2 are included here.

INFINITY Cadence Salto Talaris

STAR
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Hintegra BOX Zenith
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Appendix C. CMM Bearing Protocol

To scan the bearing surfaces of the TAR PE inserts, the ‘Ankle Front End> MCOSMOS

programme was used, for which the protocol was as follows:

Step 1: Mount the PE insert onto the CMM platform and ensure the exposed surface is

clean

Step 2: Input file name as e.g. ANK1BearingSH

Step 3: Input point pitch variable (distance between points) as 0.1

Step 4: Input contour spacing variable (distance between contour scans) as 0.25
Step 5: Select ‘manual position of datum’

Step 6: Follow prompt to ‘place probe in centre of component’ and lower speed
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Appendix D. CMM Backside Protocol

To scan the backside surfaces of the TAR PE inserts, the ‘UNI DSHAPE ULTIMATE”

MCOSMOS programme was used, for which the protocol was as follows:

Step 1: Mount the PE insert onto the CMM platform and ensure the exposed surface is

clean
Step 2: Input file name as e.g. ANK1BacksideSH
Step 3: Input contour spacing variable (distance between contour scans) as 0.5
Step 4: Input point pitch variable (distance between points) as 0.1
Step 5: Input depth of perimeter scan variable as -1
If probe collides then reduce in -0.5 increments

Step 6: Follow prompt to position probe above the right edge of the component in the
middle
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