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Abstract

Haemophilia is a rare disease that causes musculoskeletal bleeds in up to 80% of patients.
These bleeds cause arthritic changes to the targeted joint; the aim of the research carried out in
this thesis was to investigate the influence of these arthritic changes on the ankle joint. In order
to achieve this, longitudinal morphological analysis and finite element studies were carried out
on a patient cohort with haemarthropathy of the ankle.

Robust, patient specific models were generated in order to carry out novel studies into the
influence of features of subchondral bone cysts, such as size, location and depth; and to develop
a quasi-dynamic method of modelling patient specific haemophilic gait. The results gathered
from these models highlighted the importance of patient specificity in a disease with such
variable joint outcomes.

Despite a small sample size, and informational constraints, the results of the studies undertaken
highlighted structural and functional changes of the haemophilic ankle, and demonstrated
potential relationships between the two. Morphological analysis showed a significant flattening
of the talus in the medial and lateral regions of the haemophilic ankle. Upon investigation of
the link between this morphological variation and consequent joint function, a significant
negative correlation between talar collapse and cartilage contact pressure, and bone stresses
was found in static modelling; and through the gait cycle the regions of high contact forces
related to regions of significant talar collapse.
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CHAPTER 1

INTRODUCTION



CHAPTER 1: INTRODUCTION

1.1 Introduction

Haemophilia is a genetic disorder, caused by a deficiency in coagulation factors; commonly
presenting in the form of recurrent bleeds, eighty percent of which occur in the musculoskeletal
system (Kasper 2008; Rodriguez-Merchan 2010). These bleeds occur most commonly in the
ankle joint (Stephensen et al. 2009). The prevalence of ankle bleeds is a completely different
picture to osteoarthritis (OA), where the prevalence in the ankle (3.4%) (Paget et al. 2021) is
considerably lower than the prevalence in the knee (12.2%) and the hip (7.4%) (Quintana et al.
2008). Around 70-80% of OA in the ankle is post traumatic (Paget et al. 2021), this may be
more directly related to the high tendency for bleeds in the ankles, as these are hypothesised to
relate to high intra-articular stresses (Buckwalter and Saltzman 1999) or trauma.

Treatment for haemophilia can cost upwards of $500,000 per year; around 90% of these costs
are associated with clotting factor replacement (Zhou et al. 2015). This treatment is not a cure,
rather a bleed management strategy, meaning these are lifelong associated costs. Despite
clotting factor replacement, bleeds still occur (Kempton 2021) and initiate consequent joint

damage.

Repeated joint haemorrhages initiate joint degeneration known as haemarthropathy (HA). HA
has commonalities with both rheumatoid- and osteo- arthritis (Blobel et al. 2015; Roosendaal
et al. 1999). It has been seen that there is a progressive nature to HA, with evidence that even
a small number of bleeds can trigger irreversible joint damage (Rodriguez-Merchan 2012).
This is worsened by the loading of the joints when a bleed has occurred (van Meegeren et al.
2013).

Patient specific Finite Element Analysis (FEA) can be used to better understand the influence
of this joint loading, and potential interventions to alleviate this. Previously published models,
on non-haemophilic cohorts, have considered interventions commonly used in patients with
ankle HA, such as arthroplasty, or orthotic design. Implementing such models on the ankles of
people with haemophilia (PwH), would allow for the joint stresses to be considered following

the intervention, without any risk of inducing a joint bleed.



The most commonly known, and widely used tool for assessing haemarthritic changes is the
Haemophilia Joint Health Score (HJHS), which is a clinical measure of joint health and used
to monitor joint changes from paediatrics through to adults. However, the HIJHS is not validated
in adults, only in under 18s (Feldman et al. 2011). Three versions of the HJHS exist, the latest
(version 2.1) assesses swelling (0-3), duration of swelling (0-1), muscle atrophy (0-2), crepitus
on motion (0-2), flexion loss (0-3), extension loss (0-3), joint pain (0-2) and strength (0-4).
This score is used for ankles, knees and elbows, as well as a global gait score (0-4). Each joint
is scored between 0-20, with a higher score indicating worse joint health (Kuijlaars et al. 2020).
The total HIJHS score is from 0 to 124 points, as it is all six joints (two ankles, two knees, two
elbows), plus the global gait score. This scoring system is not sensitive to early stages of HA,
or for detecting structural changes.

A second assessment of joint health is the International Prophylaxis Study Group (IPSG) MRI
scoring system; MRI data is routinely collected in haemophilic patients to assess these
structural changes that HJHS is not sensitive to. Multiple studies have found no correlation
between the two scores, with highly abnormal MRI findings over a wide spectrum of clinical
scores (Manco-Johnson et al. 2007). This finding suggest that imaging abnormalities may have
limited bearing on clinical joint status, which may be driven at least in part by individual pain

perception and functional mobility, rather than a true reflection on joint health.

The biological response of the tissues in the joint space — synovium and cartilage — have been
widely researched with regards to their role in the disease pathogenesis. The wider story
regarding the implications of these changes on joint health is however inconclusive. It is
believed that there are non-haematological factors that also influence the progression towards
HA (McCarthy et al. 2015) due to the fact that treatment of haemophilia has been optimised,
yet the clinical goals of zero bleeds and no consequent joint damage is not being realised.

This unmet clinical need is particularly applicable to the ankle joint, as it is unclear why bleeds
target this specific joint at a higher rate than the knee and elbow. No clear answer can be found
in the haematological aspects of the disease, hence the importance of investigating non-
haematological factors, such as joint stresses. In a survey of clinicians in the haemopbhilia
community, a wide range of potential factors influencing the development of HA in the ankle
were seen. In particular, 94% (29/31) believed the specific foot and ankle biomechanics were
key to the disease progression (McCarthy et al. 2015); this was the greatest consensus on the
perceived importance in the survey. This may be due to the growing appreciation for the fact

that minor alterations to — or imbalances in — biomechanics can predispose the general
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population to injury or joint damage; a phenomenon that is exacerbated in unhealthy tissue
(Millar 2003).

The key features of HA present in various medical imaging modalities; this is taken advantage
of in a clinical setting, where medical imaging is used to diagnose, stage, and track disease
progression. The medical images are not utilised in prognosis, as the disease progression varies
between individuals; clinicians believe there are over 40 non-haematological factors that
influence the musculoskeletal response to intraarticular bleeds (McCarthy et al. 2015). The
non-haematological factor to be investigated in this computational study is the influence of the

morphology on the disease response, through the joint stresses incurred in the ankle.



1.2 Literature Review

1.2.1 Haemophilia

Haemophilia is a sex-linked genetic disorder, resulting in a deficiency of plasma factor
coagulant activity. There are multiple bleeding disorders that fall under the umbrella term
Haemophilia. The incidence of Haemophilia A, caused by factor V111 deficiency, is highest at
approximately one in every 5,000 male births. Haemophilia B is around one quarter of that. It
is estimated that approximately 1.1 million men globally suffer some form of haemophilia
(lorio et al. 2019).

These deficiencies or dysfunctions of clotting factors cause people with haemophilia (PwH) to
suffer internal bleeds, or slow but persistent bleeds if there are lacerations to the skin. Eighty
percent of internal haemorrhages occur in the musculoskeletal system, with the other 20%
taking place in the central nervous system and other organ systems (Kasper 2008; Rodriguez-
Merchan 2010).

Symptoms of haemophilia commonly present in the early years, with joint haemorrhages to the
ankle occurring from as young as 24 months, in line with early ambulation in the child
(Rodriguez-Merchan 2012; Rodriguez-Merchan 2006). Given the young age haemorrhages
initiate in patients, it is often difficult to control the outcome of bleeds. The bleeds are often
unpredictable and recur in short spaces of time (Kasper 2008). The main aim of
musculoskeletal treatments is to slow the progression of HA by protecting the joints from
mechanical stresses. Key ways of achieving this are: weight management (Wong et al. 2011);
orthotics (Brouwer et al. 2014; Kasper 2008); physical therapy (Pulles et al. 2017);
strengthening of supporting muscles, and modification of sporting activities (Seuser et al.
2007); and in some cases joint distraction (van Valburg et al. 1999; Xu, Zhu and Xu 2017).
Treatment for haemophilia comes in the form of clotting factor infusions, and can be either
preventative, or on-demand depending on disease severity. In prophylaxis, a preventative
treatment type, regular infusions aim to achieve zero bleeds. On-demand treatment is used in
less severe haemophilia, and is used following an episode of prolonged bleeding. Neither
treatment is 100% successful at achieving zero bleeds, with musculoskeletal bleeds this can

lead to joint health complications.

1.2.2 Haemophilic Joint Disease
Around 90% of individuals with severe haemophilia, who experience musculoskeletal bleeds,
go on to suffer chronic degenerative changes in at least one major joint by the second or third



decade of life (Rodriguez-Merchan 2010). PwH can have recurrent bleeds in multiple joints;
the joint is defined clinically as a target joint when four or more bleed recurrences affect the
same joint in a six-month time period (Engl, Patrone and Abbuehl 2016; Geraghty 2012).The
annual bleed rate of people with severe haemophilia using on-demand treatment has been
investigated; these bleed rates vary widely from mean values ranging from 9 to 18 (Perrin et
al. 1996; Van Den Berg et al. 2001), to median values as high as 44 bleeds per year (Valentino
et al. 2012).

These bleed rates relate to spontaneous acute haemorrhages; an acute bleed is the most common
bleed type, defined as “bleeds with loss of clinical function, pain and/or swelling requiring
more than one infusion of clotting factor” (Den Uijl et al. 2011), and is most closely associated
with degenerative changes within a joint. However, chronic microbleeds can also occur, and
have been investigated for their detrimental effect. In a previous clinical study (van Meegeren
et al. 2013) joint damage was observed in PwH in the absence of reported acute bleeds. The
reaction to the subclinical bleeds was less than that induced by clinically evident bleeds (where
the total volume of blood the joints were exposed to was similar) there was evidence of
biological reactions in both bleed types (van Meegeren et al. 2013).

Animal models have shown that a single joint haemorrhage can result in lasting adverse
changes in chondrocyte activity and cartilage matrix integrity (Rodriguez-Merchan 2010),
which in turn infers, depending on the mechanism of damage, that it could only take one bleed
to initiate joint degeneration.

Mechanical factors are hypothesised to also be important in the onset of haemarthrosis, due to
the more frequent occurrence of bleeds into the legs than the arms, and the predisposition to
joint bleeds on the dominant side (Madhok, York and Sturrock 1991; Hooiveld et al. 2003).
This has led to investigations regarding the influence of loading after this blood exposure;
where it has been seen that it is blood exposure in combination with loading that results in
progressive degenerative joint damage (Hooiveld et al. 2004; Rodriguez-Merchan 2012). Due
to the implications of these bleeds on cartilage matrix turnover and integrity, and cartilage’s
incapacity for intrinsic repair, the loading of cartilage is therefore key to disease initiation
(Rodriguez-Merchan 2012).

A consensus has not been reached on the order in which HA occurs, though it is understood to
be multifactorial, with changes occurring in the synovium, bone, cartilage, and blood vessels
(Knobe and Berntorp 2011). There is a known biological response of the synovium to the iron

in the blood, which induces an inflammatory response (Gomperts et al. 2017; Knobe and
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Berntorp 2011; Rodriguez-Merchan 2010; Rodriguez-Merchan 2006; Roosendaal and Lafeber
2006). This inflammation has a subsequent implication on the cartilage, due to the increased
pressure within the joint (Gomperts et al. 2017), which has been linked to cartilage loss
(Anderson et al. 2011b). The cartilage degeneration results not only from the synovial
dependent mechanism, but also independent mechanisms — there is a direct, harmful influence
from haemosiderin depositions. Haemosiderin is the iron-storage complex within blood; the
exposure of cartilage to iron not only causes extra-cellular matrix degeneration, but also
apoptosis of the chondrocytes responsible for the matrix synthesis (Pulles et al. 2017). It can
be seen in Figure 1 that the reactions of the synovium, cartilage and bone are all interlinked.
The implication then is that the progression of the arthritic changes will elicit a response in all
components of the joint. Whereas in osteoarthritis (OA), it is the fully eroded cartilage surface,
and supervening secondary osteoarthritic changes (Madhok et al. 1988) where subchondral

bone is exposed, that allow the joint to tend towards sclerosis and collapse.

Synovium
* Inflammation
Hemophilic arthropathy * Hyperplasia
» Neoangiogenesis
» Hyperfibrinolysis
Cartilage degeneration
Meovascularization .
Cartilage
Synovial inflammation
and hyperplasia « ECM degeneration
Osteophytes « Chondrocyte apoptosis
Subchondral cysts
Epiphyseal enlargement
Bone

Osteoporosis
» Osteoporosis

* Cysts formation

» Osteophyte formation

Figure 1 Joint features and their respective haemarthropathy characteristics (adapted from Pulles et al. 2017).
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The pathogenesis of haemophilic joint damage is unclear, and still not fully understood
(Madhok et al. 1988; Roosendaal et al. 1999; Roosendaal and Lafeber 2006). A consensus on
the role of intra-articular bleeds on the propagation of damage has been reached (Roosendaal
et al. 1999), however, the order in which the key degenerative changes occur is uncertain.
Some groups argue that the long-lasting damage to the cartilage is independent of synovial
changes (van Meegeren et al. 2013), with arthritic changes in the absence of inflammatory
changes (Madhok et al. 1988). While others have found evidence that the cartilage changes are
amplified by the inflammatory response of the synovium (Roosendaal et al. 1999). A third
suggestion is that the inflammatory response of synovitis is a key aspect in the onset of HA
(Knobe and Berntorp 2011; Rodriguez-Merchan 2006; Roosendaal and Lafeber 2006).

The combination of characteristics of both rheumatoid- and osteo-arthritis (Roosendaal et al.
1999; Blobel et al. 2015) would uphold the increased rate of degeneration seen with HA in

clinical practice (Jansen et al. 2008).

Haemosiderin depositions are commonly reported in the synovial fluid, however, have also
been found to occur in cartilage (Jansen et al. 2009; Lafeber, Miossec and Valentino 2008;
Valentino and Hakobyan 2006; van Vulpen, Holstein and Martinoli 2018). The deposition of
iron in the synovium is hypothesised to be part of the onset of the cartilage loss and bone
surface erosion also identified in the IPSG MRI scoring system. In haemochromatosis, joint
destruction is caused by iron overload, with a reduced bone quality linked to an increase in
osteoclast activity.

The iron depositions from the blood directly impacts the tissues in the joint space (Pulles et al.
2017), with preclinical studies demonstrating detrimental effects of iron on all components of
the joint (synovial inflammation, chondrocyte death, and impaired osteoblast function) (van
Vulpen, Holstein and Martinoli 2018). In haemophilia, iron depositions in cartilage is believed
to play an important role in direct and continued cartilage toxicity and destruction, which is
likely to be directly linked with the progression to HA (von Drygalski et al. 2019). The
consequent changes to mechanical properties in these tissues, have however, not yet been

ascertained.

The changes that occur at bone level occur due to a disturbed equilibrium in bone resorption
and formation; this leads to a decrease in bone mineral density (BMD) and osteoporosis
(Kempton, Antoniucci and Rodriguez-Merchan 2015; Wallny et al. 2007). This damage is

largely considered to only occur at the late stages of disease progression. However, murine
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studies have demonstrated excessive bone remodelling as early as two weeks after joint bleeds
were induced (Lau et al. 2014; Sgrensen et al. 2016).

The negative biological response in bone would correspond with the osteoporotic bone quality
reported in literature (Kempton, Antoniucci and Rodriguez-Merchan 2015; Kovacs 2008;
Wallny et al. 2007; Goldscheitter et al. 2021). MRI studies have found haemosiderin
depositions present in between the bone and the cartilage (von Drygalski et al. 2019), which
may influence the bone biology as seen in haemochromatosis.

It is still disputed whether the bone changes are directly or indirectly linked to the bleeds; there
are strong similarities between the bone changes in haemophilic arthritis, and other forms of
arthritis. Peak BMD is primarily determined by genetic factors with contributions from general
health, nutrition, physical activity, concurrent illnesses and medication during growth; hence,
it is unsurprising that BMD is less in PwH than in the general population.

It has been shown in accelerometer studies that movement behaviour is altered in PwH
(Timmer et al. 2018). The adaptation appears to relate to the severity of haemophilia, with
adults with severe haemopbhilia taking part in less walking and running activities, while those
with mild or moderate haemophilia adapting their activity to a lesser extent. Therefore, the
decrease in BMD could be linked with this disuse of the joint; fear and/or pain related decline
in physical activity (Gringeri, Ewenstein and Reininger 2014); or avoidance of weight bearing
physical activity during periods of haemorrhage and recovery (Kovacs 2008) as per clinical
guidance.

Alongside the difference in BMD in PwH, it has also been reported that joint inflammation in
the growing years stimulates excess growth at the ends of the long bones, which can lend itself
to limb-length discrepancies, and morphological abnormalities at the ends of bones.

Talar collapse is also seen in approximately half of patients, and has previously been linked to
avascular necrosis (Macnicol and Ludlam 1999), low BMD (Steinhorn and Vahlensieck 2000),
and osteopenia in children with haemophilia (Kovacs 2008). This talar collapse rarely presents
alone, often presenting at the same time as sclerosis and joint space narrowing; the exact
mechanism of collapse are unconfirmed, as they are likely influenced by numerous factors,
which happen concurrently to produce varying outcomes.

These morphological changes to the bone can in turn propagate further cartilage damage
through malalignment, and heightened contact pressures, demonstrating how highly linked the
changes in the three joint components are.
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1.2.2.1 Consequences of Haemophilic Joint Disease

The majority of incidences of haemophilia are present at birth, this causes the affected
individual to suffer recurrent bleeds from a young age, as well as experiencing comorbidities
(Table 1) in the early years. As the mortality rate of haemophilia has decreased in recent years

with improved treatment options, these comorbidities have become increasingly long term.

Table 1 Global Self-Reported Comorbidities from 230 Young Adults (18-30 years of age) with Haemophilia
(Witkop et al. 2015)

Comorbidity Related to haemophilia, %  Unrelated to haemophilia, %  Any, %
Arthritis 40 2 42
Chronic Pain 27 6 33
Viral Infections 21 9 27
Psychological/psychiatric 26 26 43
Cardiovascular conditions 7 15 19
Metabolic conditions 7 13 20

The percentages are all self-reported, so may not accurately represent the true percentages, for
example, the self-reported incidences of arthritis are 40%, while literature quotes around 90%.
Imaging manifestations, especially in the early stages of HA, are not always in line with the
symptoms presented by a patient. Patient joint health scores using the World Federation of
Haemophilia physical examination score have also shown insensitivity to the early stages of
HA (Lambert et al. 2014).

The prevalence of patient reported arthritis increases with age (60% in PwH over 40 years of
age), which demonstrates the progressive problematic nature of this comorbidity. This, along
with pain, was seen to regularly interfere with daily activities in 86% of respondents (Witkop
et al. 2015). Although chronic pain was reported at a much lower rate, these comorbidities

cause PwH to modify (Lobet et al. 2012) or not participate in activities (Timmer et al. 2018).

HA can be extremely debilitating; pain, loss of mobility, deformities, and disuse atrophy of
adjacent muscles regularly coincide with disease progression. The most common deformities
affecting the ankle are: fixed plantar flexion due to degeneration of the anterior part of the
ankle; varus hindfoot due to malalignment of the subtalar joint; and valgus rotations of the
ankle due to differential overgrowth of the distal tibial epiphysis during adolescence

(Rodriguez-Merchan 1996; Rodriguez-Merchan 2006) or progressive arthropathy during
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maturity (Rodriguez-Merchan 2006). These deformities are initially correctable, however,
eventually become fixed. Morphological variations will alter the biomechanics of the ankle,
magnifying the stresses transmitted to the joint. This in turn may be a risk factor for
development and progression of joint disease (TUmer et al. 2016), given compromised tissues

do not respond to forces in the same way healthy tissues do (Millar 2003).

Gait analysis also suggests that PwH adapt their walking strategy in order to alleviate pain
(Lobet et al. 2012), or where range of motion (RoM) is reduced, they may walk slower that
non-diseased peers in order to mediate joint load reduction (Mundermann et al. 2004) and
maintain metabolic power in the normal physiological range (Walters and Mulroy 1999).
This adaptation to activity in PwH, however, could be detrimental due to the relationship
between a sedentary lifestyle and high body mass index (BMI); it has been seen that overweight
and obesity rates within haemophilia are similar to — and in certain subsets even higher than —
those of the general population (Wong et al. 2011). Obesity increases the risk of arthritis and
musculoskeletal pain (Felson et al. 1987; Pottie et al. 2006), and has been linked to impaired
quality of life and premature mortality (Kahan et al. 2017).

As with many diseases, the early identification of joint disease is vital to initiate, or modify,
treatment in order to prevent progressive joint damage. Hence more sensitive and precise
methods are required in order to detect worsening joint disease in the absence of clinical
impairment, and detect more subtle differences in disease pathogenesis, including differences
in outcomes of treatment (Lambert et al. 2014; Lobet et al. 2017).

1.2.2.2 Manifestations in Medical Imaging

Imaging techniques are used to diagnose and stage HA. Both two dimensional (2D), and three
dimensional (3D) methods are used in clinical practice. A combination of X-Ray, Ultrasound,
Magnetic Resonance Imaging (MRI), and Computed Tomography (CT) are used to assess joint
health in PwH. CT is considered the gold standard for imaging dense structures such as bone,
while MRI is more appropriate for soft tissues.

Only MRI can assess all structures of a joint, including cartilage, ligaments, muscle, cortical
and trabecular bone, bone marrow and synovium (Hayashi, Roemer and Guermazi 2016). It is
therefore the most sensitive (Cross, Vaidya and Fotiadis 2013; Den Uijl et al. 2011; Zukotynski
et al. 2007) and complete (Cross, Vaidya and Fotiadis 2013) option for the detection and
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diagnosis of HA. When utilising conventional radiography, or CT, cartilage is not visualised
well; this in turn makes MRI sequences more suitable given the traditional view that articular
cartilage is the central feature of degenerative joint disease, and primary target for intervention
and measurement (Roemer et al. 2014). 3D imaging such as MRI is advantageous over 2D
imaging due to its ability to clearly demonstrate the extent, shape, and exact location of features
in any slice (Cohen et al. 2015). When considering the complex anatomy of the ankle — where
there is a significant amount of structural overlap — this means that manifestations can be

associated with a specific morphological feature.

The IPSG have created an MRI assessment scale using the six main imaging manifestations of
HA. The scale is based on the predicted pathogenesis of HA starting with synovial changes,
then progressing to cartilage and bone changes. The MRI scale was introduced in order to
improve early diagnosis in both haemophilia A and haemophilia B (Lundin et al. 2012), as the
joint changes are similar in their clinical presentation and image findings (Jaganathan,
Gamanagatti and Goyal 2011).

The changes within the bone are categorised as surface erosion, or subchondral bone cysts in
that order; however, it is still much debated in which order these bone manifestations occur
(Jelbert, Vaidya and Fotiadis 2009). Subchondral bone cysts (SBCs) and haemophilic
pseudotumours are varieties of bone tumours that occur as complications of haemophilia.
Pseudotumours are rare, occurring in less than 2% of individuals with haemophilia A or B
(Purkait et al. 2014). SBCs are a much more common presentation. In adults, both types of
tumour occur most commonly in the pelvis and long bones of the lower extremities, whereas
the hands and feet are more often affected in children (Geyskens et al. 2004; Mittal et al. 2011;
Purkait et al. 2014).
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Table 2 The compatible scales for progressive and additive MRI assessments of haemophilic arthropathy, where
additive score is calculated from all imaging manifestations present in joint (Lundin et al. 2012)

Progressive Additive

Scale Scale

Effusion / Haemarthrosis
Small @
Moderate (2)
Large 3
Synovial Hypertrophy
Small 4) 1)
Moderate (5) (2
Large (6) 3)
Haemosiderin 1)
Small 4)
Moderate (5)
Large (6)
Changes of subchondral bone or joint margins
Any surface erosion (7) 1)
Any surface erosion in at least two bones 1)
Half or more of the articular surface eroded in at least one bone (8) 1)
Half or more of the articular surface eroded in at least two bones 1)
At least one subchondral cyst (7) 1)
More than one subchondral cyst (8) 1)
Subchondral cysts in at least two bones 1)
Multiple subchondral cysts in each of at least two bones 1)
Cartilage Loss
Any loss of joint cartilage height 9) 1)
Any loss of joint cartilage height in at least two bones 1)
Any loss of joint cartilage height involving more than one-third

> . 1)
of the joint surface in at least one bone
Any loss of joint cartilage height involving more than one-third (1)
of the joint surface in at least two bones
Full-thickness loss of joint cartilage in at least some area in at
least one bone (10) (1)
Full-thickness loss of joint cartilage in at least some area in at (1)
least two bones
Full-thickness loss of joint cartilage involves at least one-third
of the joint surface in at least one bone (1)
Full-thickness loss of joint cartilage involves at least one-third (1)

of the joint surface in at least two bones

The correlation between MRI scores and lifetime number of bleeds is weak (Den Uijl et al.
2011; Manco-Johnson et al. 2007). High MRI scores have been associated with joints with no
clinically evident bleeds, while other joints with more than 10 clinically evident bleeds have
not shown any signs of joint damage (Manco-Johnson et al. 2007). These findings do not

devalue the use of MRI scoring, but show the variability in joint degeneration between patients,
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and supports the hypothesis that joint damage can be initiated without clinically evident bleeds

(van Meegeren et al. 2013).

When considering the correlation between joint scoring systems (HJHS and IPSG MRI scores)
and relaxation times is strongly negative (von Drygalski et al. 2019); whereas, in non-
haemophilic populations, elevated T2 signal intensity has been considered to represent
irreversible damage to the extracellular matrix — meaning there would be a positive correlation
between T2 relaxation and joint status (Mosher and Dardzinski 2004). These results contradict
one another; this may be due to the iron accumulations found in cartilage, which would
decrease the T2 relaxation time. These findings suggest it is reasonable to assume that
haemarthritic cartilage would not behave in the same way as osteoarthritic cartilage, as this
iron loading would likely have some impact on behaviour. To date there is no knowledge about
the extent of iron accumulation in cartilage of haemophilic joints in relation to joint status,
function or dynamics of joint deterioration (von Drygalski et al. 2019). It is likely that the
biological response to iron deposited in cartilage, similar to the synovium, will play an
important role in the direct and continued toxicity, and consequent progression to HA;
however, in order to relate this information to the disease stage, additional imaging sequences
— where iron deposits in cartilage can be visualised — and a clear relationship between the T2

signal intensity and cartilage property would need to be identified.

1.2.3 Anatomy and Function of the Ankle

The ankle is prone to the complications of HA due to its complexities. The rearfoot is made up
of two joints, the talocrural joint and the subtalar joint. These joints consist of four main bones
(Figure 2). The articulating surfaces of the tibia, fibula, talus and calcaneus all influence the
RoM in dorsiflexion/plantarflexion, pronation/supination, and inversion/eversion (Figure 3)
(O'brien and Freund 2002), as well as the distribution of forces from the body onto the ground.
When ‘the Ankle’ is referred to throughout this thesis, it is discussing the talocrural joint, which

is also known as the ‘True Ankle Joint’.
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Figure 2 Labelled diagram of the bones in the right foot, including joint names (Servier Medical Art) adapted

The bones of the foot assume adult shape by the age of 6-8 (Jaffe and Laitman 1982), with little
morphological variation in the talus from the age of three (Nakai et al. 2000). Male bone
maturity in the foot, including the calcaneus but not the rest of the ankle, was found to occur
around 12.5 years (Whitaker et al. 2002). However, it has previously been seen that the
calcaneus is commonly the last to be fully formed (Donatelli 1996). Ossification of the bones
in the rearfoot — i.e. the ankle — reaches completion around the age of 20 in males; however,
the tibia, fibula and talus all tend to be fully formed between the age of 17 and 18 (Donatelli
1996).

. ' .
abduction adduction

plantar
flexion

\V/

dorsiflexion

inversion

eversion
Figure 3 Motions of the foot and ankle(Cazacu and Doroftei 2015) (adapted)
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Normal geometry of the articulating surfaces is important to the maintenance of joint health,
and consequent normal biomechanics. Abnormalities in the joint congruity — such as
malalignment, arthrodesis, or tilting — may alter the gait and hence the forces being transmitted
through the foot and ankle.

The surfaces of the articulating geometries of the ankle have a thin layer (~1-2mm) of articular
cartilage coating them (Saltzman et al. 2005; Sugimoto et al. 2005), and the entire structure is
encapsulated by a fibrous capsule, which is attached just beyond the articular margins except
anteriorly and inferiorly, where it attaches to the neck of the talus (O'brien and Freund 2002).
Within the joint space is the synovial fluid, which lubricates the joint in order to eliminate
frictional forces. The principal function of articular cartilage is to provide a smooth, lubricated
surface for articulation and to facilitate the transmission of loads with a low frictional
coefficient (Fox, Bedi and Rodeo 2009).

Cartilage is a resilient structure that is both strong and flexible (Lees and Partington 2016).
Healthy cartilage demonstrates little to no evidence of damage or degenerative change — with
a unique ability to withstand high cyclic loads — however, when damaged, cartilage has limited
capacity for intrinsic healing and repair (Buckwalter and Mankin 1998; Robinson and Keith
2015) because it is devoid of blood vessels, lymphatics, and nerves; and is subject to a harsh
biochemical environment (Fox, Bedi and Rodeo 2009). Once articular cartilage is damaged,
full recovery of its structure, function, and biomechanical properties is unlikely and is usually
a step toward progression to osteoarthritis (Buckwalter and Mankin 1998; Robinson and Keith
2015).

Adult articular cartilage has both a fluid and a solid phase; possesses different mechanical
properties depending on the direction; and the stress-strain relationship of cartilage is
dependent on the strain rate or changes if either stress or strain is kept constant. These
mechanical properties allow cartilage to protect the bone it surrounds, however also enable
damage to the cartilage when abnormal biomechanical forces are applied. These forces can
arise from a multitude of issues which place abnormal stresses on the articular surface

(Merkely, Ackermann and Lattermann 2018).

There are differences in tissue characteristics between juvenile and adult joints. These
differences lead to an altered susceptibility to injury with age. Articular cartilage is particularly

susceptible to injury in adolescents; the immature tissues of the ankle are susceptible to
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additional mechanism of injury, including: axial loading, rotational torques, and angular stress
(Outerbridge, Trepman and Micheli 2002).

The subtalar joint and talocrural joint (Figure 2) work in unison to provide the required
conformity of the whole joint. Because of the concurrent function of two complex anatomies,
the ankle is the most frequently injured weight-bearing joint (Robinson and Keith 2015).
Efficient repetitive transfer of forces in a cyclical manner reduces the likelihood of joint
damage. To allow for this, the ankle joint does not simply act as a hinge, nor is its primary axis
fixed, but changes direction and position throughout the range of ankle motion (Robinson and
Keith 2015), behaving predominantly as a rolling joint.

The rearfoot takes the greatest proportion of the force due to bodyweight during neutral ground
standing, to the extent that forefoot and midfoot forces have been deemed negligible in Finite
Element Models (Cheung and Zhang 2005; Taha et al. 2016). The main function of the forefoot
is for balance purposes, with force transmission carried out by the bones and soft tissues of the

foot and ankle.

1.2.4 Computational Methods
Computational methods can be used to analyse complex systems, predicted numerically using
mathematical models. They allow for predictions of the behaviour of a system under varying

conditions, and can be used where experimental methods are not viable.

1.2.4.1 Shape Analysis

The study of anatomical shape has become a central focus of medical image analysis.
Morphological analysis has been developed to describe variations in the bones. Image
measurements, and statistical shape models (SSM) have both been used for the purpose of
assessing shape differences between healthy subjects, and in comparison with those affected
by a specific disease. Given the importance of normal morphology on joint biomechanics,
understanding of morphological differences can provide clinical insights, ultimately improving
diagnostics and treatment (Zhang and Golland 2016).

Statistical shape models have been used to characterise shape variation in the cervical spine
(Bredbenner et al. 2014), lumbar spine (Hollenbeck et al. 2018), knee (Bowes et al. 2015;
Clouthier et al. 2019; Haverkamp et al. 2011), pelvis (Meller and Kalender 2004), femur
(Doherty et al. 2008; Bryan et al. 2010; Nicolella and Bredbenner 2012; Sarkalkan, Weinans
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and Zadpoor 2014), scapula (Casier et al. 2018), sacrum (Wagner et al. 2014), and ankle
(Tamer et al. 2016; Lenz et al. 2021; Melinska et al. 2017). Given its statistical aspects, a large
number of specimen is required to derive such models.

Morphological analysis has also been widely used to assess the ankle, with both 2D (Fessy,
Carret and Bejui 1997; Stagni et al. 2005; Kwon et al. 2014) and 3D (Hayes, Tochigi and
Saltzman 2006; Kuo et al. 2014; Claassen et al. 2019; Liu et al. 2020) analysis carried out to
assess the differences based on age, sex, ethnicity and body composition.

Previously, the morphological changes in the hip have been linked to finite element model
outputs (Sarkalkan, Weinans and Zadpoor 2014), where the distributions of stresses and strains

have been investigated in both physiological and pathological conditions.

1.2.4.2 Finite Element Modelling

Finite Element Analysis (FEA) is a numerical technique, used to solve problems described by
partial differential equations. Finite Element Modelling (FEM) has numerous applications
within engineering, including but not limited to structural analysis. This has been taken
advantage of in orthopaedic biomechanics since 1972, when the concept was introduced by
Brekelmans et al. (Huiskes and Chao 1983). The 1983 review by Huiskes and Chao discussed
the early applications of this computational technique, which have only grown more advanced
with the capabilities of technology.

FEM intends to discretise the structure into small elements with simple shapes. This
discretisation process creates a mesh, with integration points where the numerical analysis is
carried out. When meshing a three-dimensional model, there are two main types of elements:
tetrahedral elements (4 faces, 4 vertices) and hexahedral elements (6 faces, 8 vertices) (Midas
NFX). Hexahedral meshes have been seen to give better results when compared to tetrahedral
meshes and are hence preferred (Ruffoni and van Lenthe 2017), however most complex
geometries cannot be automatically meshed with hexahedral elements. The mesh used is a key
consideration in the accuracy of model outputs.

Mathematical modelling that existed prior to FEA, was not suitable for the highly irregular
properties of bone. Theoretical results for stresses and strains in orthopaedics would vary
greatly from the experimental; whereas, more recent FEA results closely resemble the in vivo
or in vitro results. Despite this improvement, the potential for errors is still large, due to the
complexity of FEA and the uncertainties associated to models. Generating appropriate results

requires every effort to be made to simulate the subject to a suitable degree of accuracy,
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especially in clinical applications (Morales-Orcajo, Bayod and Barbosa de Las Casas 2016).
The validity of a model is of equal importance; where the precision can be assessed relatively
easily, validation of a model can be challenging or sometimes impossible (Ruffoni and van
Lenthe 2017).

Verification is the process of determining that a model implementation accurately represents
the conceptual description and solution to the model (Anderson, Ellis and Weiss 2007). While
validation is the process of determining the degree to which a model is an accurate
representation of the real world from the perspective of the intended use of the model (Schwer
2007). Both verification and validation are required as a model can be verified yet not produce
results meaningful to the real world. Validation models are required to ensure the observation
IS representative of the problem being modelled. Assessing model results against the gold
standard experimental technique is the preferred validation method, however this is not always
possible. Hence two approaches can be taken to validate a model: either experimental
validation or model-to-model validation (Niu et al. 2013). Experimental validation can also

apply to validating a model using previously published data (Ramlee, Kadir and Harun 2013).

MRI or CT have been used separately and in combination to produce the geometry in patient-
specific FE models. Medical findings from MRI and CT have regularly been contrasted;
however, how the outputs of these models differ does not appear to have been investigated in
literature. Given bone is more appropriately modelled by CT, and cartilage by MRI; due to
them being the respective gold standards for obtaining geometry, it would be expected the
outputs of models generated from the two would not be the same.

The accuracy of patient specific geometry is influenced by the images used; the slice thickness,
slice gap, and voxel size all influence the model geometry. The values for these that may be
clinically acceptable for diagnosis, prognosis and follow up, may not be appropriate for 3D

modelling techniques.

Patient specific FE models, refer not only to this specific geometry, but also material properties,
and loading conditions of individual patients used in simulations (Poelert et al. 2012). The
loading conditions in FEA should reflect what is being simulated; in orthopaedic modelling
this can vary greatly in complexity, as there are numerous anatomical features that could be
included in the analysis. Simulations can also be quasi-static, or dynamic, to represent the joint

in a range of scenarios. Geometrical accuracy aids the correct transfer of loads within an FE
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model, and enhances FE model outputs, especially when the motion of the joint is the concern
of the simulation (Chawla, Mukherjee and Sharma 2005).

The material properties should reflect tissue properties as accurately as possible. Bone is
regularly modelled as isotropic and homogenous (Niu et al. 2013; Ramlee, Kadir and Harun
2013) when it is known that bone has two differing structures, cortical and trabecular, which
both have different mechanical properties. The trabecular tissue, found in both the distal tibia
and the entire talus, is porous in nature, with a plate and rod structure. This structure means
that assuming isotropic behaviour is a simplification.

The elastic modulus for cortical tissue range from 14.3-21.1 GPa, and trabecular tissue range
between 1-20 GPa (Gonzalez-Carbonell et al. 2015). Not only does the cortical bone layer have
very different properties to the trabecular bone, but the distribution of these material properties
is also not homogenous (Poelert et al. 2012). To best represent this, material properties
calibrated from the Hounsfield Units from CT scans have been used (Helgason et al. 2008;
Taddei et al. 2006; Zannoni, Mantovani and Viceconti 1999).

Tissue properties are seen to have considerable variability based on sex, ethnicity,
degeneration, measurer and experimental conditions (Li et al. 2007; Niu et al. 2013). Hence, it
is likely that no current experimental value correctly represents the haemophilic cohort.
Literature regularly cites data collected from cadaveric cohorts, from donors who may not be
age matched with juvenile PwH. Cohorts also regularly represent both sexes, however, with
variability in tissue properties based on this, male tissue properties would be more appropriate
in HA. The changes in tissue properties with disease progression will also be impactful
(Morales-Orcajo, Bayod and Barbosa de Las Casas 2016). Therefore, a patient specific model
would require the material properties to account for the exact stage of the disease. This may
not be feasible, hence knowledge of how material properties impact model outputs is necessary
to justify any simplifications solicited.

These factors, in combination with the complexities due to the nature of bones structure, cause

difficulties in appropriate representation in finite element models.

Tissue composition changes between joints, which reflects in the mechanical properties; hence
data collected from other joints in the human body, or collected from other species would be
less appropriate than ankle data. 7.3 GPa is the most commonly used elastic modulus for
homogenous bone in foot and ankle FEA (Antunes et al. 2011; Cheung and Nigg 2008; Hsu et
al. 2008; Nakamura, Crowninshield and Cooper 1981; Wang et al. 2018; Ozen, Sayman and

Havitcioglu 2013). When the cortical and trabecular bone are modelled separately, a range of
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values have been used. These have been calculated from density values (Bouguecha et al. 2011,
Mondal and Ghosh 2019a; Mondal and Ghosh 2019b; Sopher et al. 2017), or based off
experimental data (Miller et al. 2004; Bing et al. 2021). Using a homogenous elastic modulus
of 7.3 GPa (Cheung and Zhang 2005), and Poisson’s Ratio of 0.3 would be assuming that the
characteristics of the bone being modelled are the same as that in the literature. Model outputs
are highly sensitive to the input properties (Poelert et al. 2012).

Cartilage is a complex biological material to model, as it can experience nonlinear behaviour;
including hyper-elasticity (large deformations) and viscoelasticity (time dependent nature).
When modelling joints on the macroscale, the cartilage properties are regularly simplified to
isotropic linear elastic materials due to their relatively low computational cost. Under short
term or instantaneous loading, this simplification has been deemed to give appropriate results
based on the idea that under short term loading the fluid does not have the chance to flow in
the cartilage (Clift 1992). This simplification has primarily been carried out on whole joint
models, where the focus of the outputs is not within the cartilage, as it has been seen that models
do not lose accuracy due to the influence of cartilage on the outputs being negligible compared
to other tissues (Morales-Orcajo, Bayod and Barbosa de Las Casas 2016).

It is known, however, that cartilage undergoes large deformations, has a non-linear stress strain
definition in compression (Oloyede, Flachsmann and Broom 1992), and behaves as an
incompressible elastic solid (Pierce et al. 2009). For these reasons, a hyper-elastic material
model is a more appropriate representation of cartilage properties, without overengineering to
include the anisotropic and biphasic nature of cartilage to these models. It is reported the most
appropriate hyper-elastic model to represent the properties of cartilage is Mooney-Rivlin (Li et
al. 2007; Ramlee, Kadir and Harun 2013).

1.2.4.2.1 Simplifications in Finite Element Modelling

Informational constraints often mean that simplifications are often required for FEM, however,
simplifications may also be required due to computational limitations. This is the case when
modelling complex biological structures; clinical applications of FEM tend to simplify the
‘least important’ element of the model to ensure the computational costs are not too high for
the intended output of the simulation.

It is important not to over simplify a model, or make simplifications to important aspects of a
model. For example, idealised geometries can lead to poor estimations of contact stresses
within a model (Cooper et al. 2018). As there is a relationship between unusual geometry and

abnormal loading patterns (Gregory et al. 2007), which in turn influence contact pressures, and

22



joint stresses (Anderson et al. 2011b; Li et al. 2008) it is important that geometry and loading
conditions are not over-simplified as this could be influential to result outputs. Idealised or
simplified geometries may be a useful tool in verifying material properties used in the final
model; given material properties have a large impact on the FE results (Trabelsi, Milgrom and
Yosibash 2014). There are six main aspects of FEM to ensure accuracy (Behforootan et al.
2017) when modelling the foot for clinical applications: geometry reconstruction, foot function,

material properties, loading conditions, meshing, and validation.

In order to evaluate the influence of each of these simplifications, sensitivity testing is used.
This is a method of ensuring an FE model is robust; assessing the influence of different values
of an independent variable on the model output, this is necessary when there are multiple
independent variables that could impact the output. This is important in FEA where these
independent variables may not be consistent across all models due to the complex nature of
modelling biological tissues.

With time constraints it may not be possible to sensitivity test every element, however
sensitivity testing may in turn reduce computational costs and time to run a simulation, should
simplifications be feasible. Such sensitivity studies have demonstrated the influence of
idealised geometry in orthopaedic simulations (Anderson et al. 2010; Beck et al. 2005; Cooper
et al. 2018), others have shown that the orthotropic nature of bone does not influence models
on the macro scale (Baca et al. 2008; Peng et al. 2006). Therefore idealised material properties

are more justifiable than idealised geometry as a simplification.

Simplifications to the material properties may be required for a number of reasons. There are
multiple tissues found in the joint space, models may opt to neglect or simplify them, should
their computational cost outweigh their benefit to the model. It is recognised that bone is an
orthotropic material; with a specific spatial orientation and an anisotropic mechanical response
(Morales-Orcajo, Bayod and Barbosa de Las Casas 2016). However, this would be
computationally expensive to model in the macroscale. Studies have investigated the influence
of this aspect of the material property (Baca et al. 2008; Peng et al. 2006). Results indicated
that macroscale FE models were not sensitive to the orthotropic nature of bone, and assuming
isotropy to reduce computational costs is justified. Orthotropic modelling significantly
increases the model complexity, as it is necessary to know nine independent elastic constants

and the spatial orientation of the principal axes of orthotropy (Baca et al. 2008).
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Alongside the simplifications to homogenous, isotropic bone properties, articular cartilage is
commonly simplified in FEM. Articular cartilage is a complex element of a joint geometry,
and it is often necessary to simplify it to achieve a model that produces an output. FE models
may simplify the cartilage properties (Cheung et al. 2005; Ramlee, Kadir and Harun 2013; Tao
et al. 2009), model simplified cartilage geometry (Camacho et al. 2002; Mondal and Ghosh
2017; Ramlee, Kadir and Harun 2013), or neglect to include the cartilage completely (laguinto
and Wayne 2010; Qiu et al. 2011).

As the cartilage is not visible in CT, and may be unclear in MRI, it is often generated by
extruding the bone geometry by the average thickness of cartilage for that joint (Camacho et
al. 2002; Mondal and Ghosh 2017; Ramlee, Kadir and Harun 2013). This simplification may
be appropriate when modelling a healthy joint, but would be an oversimplification when
considering arthritic joint changes involving cartilage loss, or cartilage defects. This is due to
the findings when comparing irregular cartilage thickness to smoothed articular cartilage;
where smoothed cartilage surfaces produced underestimations of joint contact pressures and

more evenly distributed patterns of contact (Anderson et al. 2010).

Synovial fluid is largely excluded from orthopaedic FE models, due to the additional model
complexity, which for many applications is unnecessary. There are three other main functions
of the synovial fluid, of these the most important being to reduce friction by lubricating the
joint. This fact means most models replicate these conditions by assuming the contact between
the geometries to be frictionless or with a low friction coefficient.

The influence of including synovial fluid has been demonstrated, with qualitative changes to
stress distribution, and quantitative changes to maximum principal stresses (19.8 Nmm™
reduction) (Hamid et al. 2016). This simulation modelled the synovial fluid as water, where as
it is @ much more viscous, non-Newtonian fluid. Synovial fluid is in fact dilatant, meaning its
viscosity increases with shear force. These properties, Hamid et al. hypothesised, would cause

an even greater reduction in maximum principal stresses.

Alongside simplifications to model geometry and material properties, simplifications to
loading and boundary conditions are often made in orthopaedic FE modelling. This may reflect
unknowns in the exact loading of a joint, or soft tissue constraints; or it may relate to not being
able to represent these highly complex conditions.

Incorrect bony alignment will influence the loading patterns in the joint (Hamid et al. 2016)

therefore it is important to have a correctly aligned joint to apply the loading and boundary

24



conditions to. In later stages of HA the ankle tends to plantar flexion (Rodriguez-Merchan
1996; Rodriguez-Merchan 2006) hence the typically non weight-bearing MR or CT images
may require realignment to represent as best as possible the ankle loaded as in neutral standing.
The method for representing loading conditions will depend on the geometries modelled; soft
tissues, tendons and ligaments are all influential on the force distribution through the foot and
ankle (Camacho et al. 2002; Mondal and Ghosh 2017; Ramlee, Kadir and Harun 2013).
Therefore, it is important that the constraints, when they are removed from FE models due to
their computational cost, reflect how these would cause the joint to behave in the joint.

All models require some form of simplification so that the computational costs do not outweigh
the benefits of the simulation. It is important, however, to consider whether oversimplification
is occurring, which would influence the model results. Verification and validation are key in

assessing this, aiding in appropriate modelling decisions being made.

1.2.4.2.2 Finite Element Modelling in the Foot and Ankle

Utilising FEM in the foot and ankle is relatively complex due to the intricate geometry, and the
complex loading; with muscle force, soft tissues, ligaments and osseous material properties all
impacting the load transfer and stress distributions. Due to this, research modelling the foot
and ankle is relatively sparse compared to other anatomical locations.

There has been an advance in the description of the ankle and hindfoot mechanics both in vivo
and in vitro, yet the development of relevant mathematical models has not corresponded to this,
and many results are still unsatisfactory (Leardini et al. 1999). The complexity of the ankle
anatomy is both a positive and a negative when considering FE modelling; developing a good
finite element model of an ankle joint is both challenging and time consuming (Ramlee, Kadir
and Harun 2013) yet could harbour results that would potentially be impossible to gather by
any other means. Outcomes such as internal stresses and displacements which would be
otherwise impossible to measure in vivo can however be predicted via this technique (Ramlee,
Kadir and Harun 2013).

The isolated forces through the ankle joint are predicted based on the current assumption that
the influence of the forefoot and midfoot on load transfer is negligible in normal locomotion
of a healthy foot-ankle-complex. Despite this, the force through the ankle joint is not the whole
ground reaction force. Assuming neutral bipedal standing, it is cited that the force transmitted

through the Achilles’ tendon is approximately 50% of the force applied on the foot during
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balanced standing (Cheung and Zhang 2005). Those models that incorporate the entire foot and
ankle, including soft tissues, assume the force on the joint interface to be half of the force
exerted by the bodyweight of the subject (Cheung and Zhang 2005; Taha et al. 2016). In their
static simulation, Taha et al. noted that peak plantar pressure occurs in the heel of their whole
foot model, which included all the soft tissues. This observation correlates with the assumption
that the forces distributed in the forefoot may be negligible in the modelling situation of the
ankle joint.

Correctly representing these loading conditions in a joint model, rather than whole foot model,
may require some assumptions to be made. This is due to the 33 joints influencing the
biomechanics of the foot and ankle, and the vast number of articulations distributing forces
(Barton, Lintz and Winson 2011). Modelling the ankle joint alone would influence the model
outcome prior to any other simplifications due to model constraints. The integrity of muscles
and tendons in the ankle model would also impact the load experienced directly by the joint,
which is assumed to be 25% of the total weight in a non-diseased subject (Cheung and Zhang
2005).

There are informational constraints when modelling the foot and ankle; material properties,
even in non-diseased ankle models, are commonly simplified. Bone material properties
(Cheung et al. 2005; Gefen 2001; Tao et al. 2009; Yu et al. 2007; Ozen, Sayman and
Havitcioglu 2013), ligament properties for the 37 ligaments associated with the ankle joint
(Cheung et al. 2005; Dai et al. 2006; Tao et al. 2009), and cartilage material properties (Cheung
et al. 2005; Tao et al. 2009) have all been simplified. In some models cartilage has not even
been included (laquinto and Wayne 2010; Qiu et al. 2011). These informational constraints are
commonly seen in biological modelling, due to the changes in tissue properties with age,
anatomical location, and disease.

Disease complicates FEM material properties further, as different stages of degeneration will
influence these. Changes to the bone in OA include thickening of the subchondral bone plate,
increased stiffness, increased bone mineral density and content, and alterations in the trabecular
structure and size of the bone (Gregory et al. 2007). These will alter both the material

properties, and proliferation of bone.

Ensuring that the FE model is appropriate for the application when developing a foot and ankle
model is key due to the potential clinical application. The model must have an acceptable

degree of accuracy for clinical applications. Simplifications to material properties tend to occur
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when there is a wider scope to the modelling. Previous FEM of the foot and ankle has not,
considered the influence of disease, however focusses more on footwear design (Yu et al.
2007), orthotics (Cheung and Zhang 2005) or orthopaedic implants (Miller et al. 2004; Mondal
and Ghosh 2019a; Mondal and Ghosh 2019b; Sopher et al. 2017; Wang et al. 2018).

The techniques used in these studies are transferrable to a diseased ankle model, as
considerations such as joint alignment and force transfer are applicable in both the foot form
alterations due to orthotics and due to disease. Computational modelling of degenerative
disease progression would be highly susceptible to informational constraints.
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1.3 Aims and Obijectives

From the literature reviewed, it was clear that there were changes to both the structure and the
function of the haemophilic ankle. However, how these related to each other has not yet been
considered. The benefits, and limitations, of computational modelling were also highlighted:;
the aim of this thesis was therefore, to consider both changes to the morphology and joint
stresses in the talocrural joint with progressive haemarthropathy in order to ascertain if there is
a relationship between the two. Understanding how morphology relates to walking range of

motion, as a biomechanical function, is also a key consideration for this investigation.

To achieve this aim, there were multiple objectives:

1) Assess the morphology of the haemophilic talus, and how this differs from non-diseased
tali.

2) Generate static patient specific finite element model of the talocrural joint.

3) Carry out quasi-dynamic modelling using subject specific gait, linking the adapted gait to
the changing morphology within the ankle.

4) Assess haemarthritic specific features such as subchondral bone cysts, to understand their

influence on joint health.

This thesis is divided into seven chapters: Chapter 2 considers the morphological analysis
carried out; Chapter 3 shows the methods developed to create a robust patient specific model
from clinical MRI; and Chapter 4 uses the method developed in Chapter 3 to consider the
patient specific models over time, relating these findings to the subject specific morphology.
Chapters 5 and 6 use a subset of these patient specific models, to first look at the influence of
subchondral bone cysts in the five ankles with these present (Chapter 5), and then understand
the influence of the adapted gait in people with haemophilia (PwH) (Chapter 6). Chapter 7
discusses the relationship between these bodies of work, and the potential future directions for

this research.
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1.4 Patient Data

For this thesis, anonymised patient data for six PwH was collected in line with local ethical
approval (MEEC 18-022 and MEEC 20-008) (Table 3). Patients with chronologically
sequential MRI data (N=5) were identified by clinicians based on the selection criteria of one
or both ankles being target joints of recurrent musculoskeletal bleeds, with no bias to left or
right ankles. MRI data is routinely collected in clinical practice for PwH in Leeds Teaching
Hospitals NHS Trust when there are suspected joint changes, and images are consented for
anonymised use in research. A total of nine ankles were collected as three patients had image

data for both ankles.

Under MEEC 18-022, a total of 39 haemophilic MRI sequences were collected, details of these
can be seen in Table 4. All ankle MRI sequences were collected using the same non-
weightbearing (supine) setup. A naming protocol was set up in order to easily determine the
patient, ankle side, and chronology. Three patients had bilateral presentation, hence this
information was included in the naming protocol, despite it not being considered of importance
in the results. For those models where a subchondral bone cyst (SBC) region was included (as
detailed in Chapter 5), this was noted by adding a C to the end of the name. For example,
Patient 1’s first MRI is named 1R1, as their affected ankle is the right ankle; the corresponding
SBC model is named 1R1C.

Table 3 Information on data gathered for each patient and chapter numbers (Ch #)

Model IR 2R 2L 3R 3L 4L 5R 5L ©6R
Number of MRI 7 3 4 8 7 3 4 2 1
Total timescale (months) 112 28 48 114 90 72 24 6 N/A

MRI included in morphology
statistics (Ch 2)

Subchondral Bone Cysts (Ch5) Y Y Y Y N N N N Y

Biomechanical Data (Ch 6) N N N Y Y Y N N Y

The date of birth and patient weight were included, which allowed patients to be categorised
(paediatric/adolescent/adult), and subject specific loading conditions to be modelled. The

patient group varies widely from 7.5 years to 45 years of age.
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Clinicians shared the closest known patient weight to the date of scan for each MRI sequence.
This was used to estimate patient specific forces for the static loading condition, in Chapter 3,
and quasi-dynamic loading through the gait cycle in Chapter 6. Patient weight is regularly
recorded for factor replacement therapy, as this is done on patient weight, hence it was available

retrospective data.

Table 4 Information on the chronologically sequential MRI data collected from eight of the haemophilic ankles

Number of scans per ankle X =4.67, mode = median =4, Range =2 — 8

Total imaging time frame (months) | X =61.75, median=60 (6-114)

Age at first scan (years) X = 16.6, mode=median=15 (7.5 — 39)
Time between scans (months) X =16.5, mode=6, median=11.5 (4 — 43)
Side of Body Left = 4; Right =4

Frequency of sequence type T1=30, T2=7, STIR=1

MEEC 18-022 also covered MRI data for a sex-matched non-diseased control group. The sex
and MRI data of this control group were collected from a pre-existing research data set (Arnold
et al. 2020).

Biomechanical data was collected as part of an intervention study (LASERHAEM), local ethics
MEEC 20-008 permitted use of this data in this thesis. This data was collected for four of the
nine haemophilic ankles (Table 3). Due to the biomechanical data capture being delayed by
two years (due to the ongoing Covid-19 situation), two ankles had been fused between final
imaging timepoint and the intervention study. A final patient opted out of participating in the
gait study for reasons relating to the Covid-19 pandemic.

Alongside the original patient cohort, in-shoe gait data was also collected for a non-diseased
(not sex matched) control group, and a sixth PwH. The sixth PwH did not have long term image
data to be included in any other aspects of this research, therefore their data was used in Chapter

6 alone, to give a total of four ankles with patient specific gait.
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MORPHOLOGY OF THE
HAEMOPHILIC
TROCHLEAR TALUS
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CHAPTER 2: MORPHOLOGY OF THE
HAEMOPHILIC TROCHLEAR TALUS

2.1 Introduction

The morphology of the healthy talus has previously been studied to investigate the influence
of age, sex, ethnicity and body composition on morphology, with findings that each of these
factors have some influence on talar morphology. This morphological analysis has also been
used clinically to aid the improvement of orthopaedic implants.

Morphological measurements have been carried out on both 2D radiographs (Fessy, Carret and
Bejui 1997; Stagni et al. 2005; Kwon et al. 2014) and 3D CT images (Hayes, Tochigi and
Saltzman 2006; Kuo et al. 2014; Claassen et al. 2019; Liu et al. 2020). CT is considered the
gold standard in morphological measurement due to the improved definition of the bone
boundary. However, these are very rarely collected routinely in clinic due to the radiation
exposure. A key factor of this work therefore was to understand if routinely collected MRI are
an appropriate medium from which to take morphological measurements.

Clinically, a flattening of the haemophilic talus has been observed, and the quantification of
this may aid in understanding the influence of morphological changes on disease progression.
Talar flattening is not one of the six main imaging presentations used to diagnose and stage
HA (Lundin et al. 2012). These imaging presentations also do not directly consider the
clinically observed morphological changes described as angulation (Jelbert, Vaidya and
Fotiadis 2009) or talar tilt; talar tilt is caused by a morphological variation in the tibia, where
relative undergrowth of the lateral side of the tibial epiphysis can lead to a pronated foot
(Hacking and Dixon 2018). These morphological changes, involving the articulating region
between the tibia and the talus have been identified, but not quantified, and it has not been

asserted if these are universal changes across the haemophilic population.

The morphology of the talus varies across the medial-lateral axis of the talus (Figure 4 -
Anterior View), hence it is important to assess the implication of disease across the width of
the talar dome. Non-uniform morphological differences between non-diseased and
haemophilic tali may implicate mechanical factors that influence disease progression.
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Medial Anterior Lateral

Figure 4 3D model of the talus, reconstructed from MRI data. Medial, Anterior and Lateral view labelled (M —
medial, L — lateral, A — anterior, P — posterior).

Both the degree of change, and location of change across the talar dome are unknown. It is also
unknown if either of these are common across the haemophilia population, or if each
haemophilic talus experiences morphological changes differently. If the haemopbhilic talus does
follow a morphological trend as HA progresses, it would suggest that simple measurements
could be made quickly and easily in order to aid in assessing the progression of the joint disease

quantitatively.

The aim of the work presented in this chapter was to ascertain if there is a quantifiable
morphological variation in the haemophilic trochlear talus. In order to carry this out, a
verification study on the use of MR images for morphological measurement was carried out
against CT and radiographic measurements. Morphological measurements taken from MRI of
haemophilic tali, and non-diseased control tali, could then be contrasted to assess their
differences and the changes through time.

2.2 Data Acquisition and Method Development

In order to carry out a morphological analysis, image data had to be acquired for the
haemophilic patient group and non-diseased control group. A total of 47 MRI sequences were
acquired across the two groups. As the morphology differs across the talar width,
measurements were taken for three sagittal projections across the talus: medial, central and
lateral. A total of 141 images were measured — 3x11 control, and 3x36 haemophilic. The

process of slice selection, and measurement were both manual and unblinded.
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2.2.1 Haemophilic Patient Data

For the purpose of adult classification, sequences from patients under the age of 13 have been
excluded from the analysis (Table 3) — allowing all statistics to be classified as adult, for best
comparison with the fully adult non-diseased control group. Due to this, of the 36 MRI
sequences, five were excluded from statistical analysis as they fell under the paediatric

classification.

2.2.2 Non-Diseased Control Group Data

A sex-matched non-diseased control group was gathered from pre-existing MRI data (Arnold
et al. 2020) with consent for use in research, this data was collected at a single time point, so
there was only one MRI per control ankle. All adult male MRI data from the midfoot study
was assessed by a radiologist to confirm it was free of joint disease before being anonymised
for use in this study.

Sex matching was considered a key factor in the control group selection criteria, based on
literature indicating that there is no significant difference in morphology between the right and
left talus (Liu et al. 2020) but sex does influence measurements (Kuo et al. 2014; Liu et al.
2020).

Only MR images were shared, with no additional patient information such as variables that
might influence bone morphology (age, height or weight) available for the 12 non-diseased
male ankles. Only 11 were included in the control group, as one control ankle did not have the

entire talus visible in the sagittal projection.

2.2.3 Image Data

The MRI sequences collected in clinic for the patient group consist of both T1 and T2 weighted
scans, as well as Short Tau Inversion Recovery (STIR) sequences in some instances (Figure
5). It was intended to use T1 weighted sequences for all patient image data due to it more
closely resembling the control group sequence type. However, this was not possible due to the
compromised quality of some sequences. Blurring and motion artefacts were the primary
reasons sequences could not be used.

1R varied most from the desired method, with four T2 weighted sequences and the STIR
sequence used alongside two T1 weighted sequences. 2L and 3R had one and two T2 weighted
sequences respectively, while there was no divergence from the intended sequence type in 2R,
3L, 4L, 5R or 5L.
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Figure 5 Visualisation of differences in MRI sequences on ankles (A) SPACE, (B) T1 weihted, (C) T2 weighted,
(D) STIR

The sequences previously collected for the 11 ankles used in the control group were 3D turbo
spin sequences (SPACE). The T1 and T2 sequences for the control group did not have full
coverage of the talus, hence could not be used.

All sequences had the same in plane resolution (0.5357 mm), however the control group data
was collected for research, and therefore had a smaller slice thickness (0.5 mm) than the clinical

MRI for the haemophilic cohort (~3.3 mm).

2.2.4 Method Development

Given that the main variation in talar morphology was expected to present in the trochlear talus,
where there is articulation with the tibia, this highlighted a region of interest from which to
take the measurements. The three locations across the talus were selected based on being the
most medial, and most lateral slices with articular cartilage present, and the central slice of
talus. For example, if the talus was covered by 11 slices, the central image would be the sixth

slice with talar geometry present.
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Four measurements (Table 5) were taken from each image using ImageJ (1.52v) (Rasband
1997-2018; Schneider, Rasband and Eliceiri 2012). The measurements were selected based off
the ability to verify them against literature. However, it was also important that they may
indicate morphological changes, such as trochlear talar flattening.

Table 5 Measurements taken for each image- medial, central, and lateral measurements were each denoted with
m, c or | —i.e. Lateral Trochlear Tali Length = TaLl

Trochlear Tali Arc Distance between the most anterior (A), posterior (B) and
Length proximal (C) points in the trochlear tali
Height of the trochlear tali, calculated as the distance
between point C and the AB line

Trochlear Tali Di_stanc_e between most a_nterior (A) _and_posterior (B)
TaL points in the trochlear tali. The AB line is the shortest

TaAL

TaH Talar Height

Length ) ) )
g possible distance between these two points
Trochlear Tali ] ) )
TaR Radius Radius of a circle fitted to the talar dome

The measurements taken from each image are depicted and labelled in Figure 6. It can be seen
how these differed slightly across the talus, however, the tools used were consistent across all
sequences. For TaH and TaL, the straight-line tool was used and measurement feature to
determine the length of each of these. To measure the TaR a circle was fitted to the curve of
the talar dome; this did not always fit to the entire talar dome — but was overlaid to be the best
fit — then the radius was measured.

Initially, two approaches were taken to measuring TaAL on the control group images. The first
approach traced a freehand line over the talar arc. However, this was not repeatable, and when
contrasted with the second method consistently overestimated TaAL. The second method
involved using the Bezier Curve tool, where a curve (with multiple sections where required)

was fitted to the talar dome and then measured directly using the measurement tool.
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Figure 6 Sagittal MRI of the talus. Images in rows show 1) medial talus, 2) central talus, and 3) lateral talus. Column A
shows the fitting of the arc to calculate Trochlear Tali Arc Length (TaAL), Trochlear Tali Length (TaL) and Talus Height
(TaH). Column B shows the fitting of a circle to find Trochlear Tali Radius (TaR). Points A, B and C relate to those set

out in Table 5.




2.2.5 Ratios

It is known that age and body composition can have small influences on bone geometries (Kuo
et al. 2014; Liu et al. 2020). Given the large range in age (13-45y0), and mass (45.7-117kg) of
the adult haemophilic group, it was anticipated these may influence the measurements. Height
could also influence body composition and is highly likely to vary amongst the patients.
Ethnicity was another unknown from the patient data which has been seen to influence
measurements (Fessy, Carret and Bejui 1997; Stagni et al. 2005; Hayes, Tochigi and Saltzman
2006; Kuo et al. 2014; Kwon et al. 2014; Claassen et al. 2019; Liu et al. 2020), and would be
relevant due to the global prevalence of haemophilia (Stonebraker et al. 2010).

The MRI data was collected over a number of years for some patients, and given the age ranges,
it was likely that growth would occur. The aim of the ratios generated was to account for the
influences age and body composition may have on adult bone geometries, meaning that the
focus of the results would be on the morphological change of interest. The use of ratios would
also potentially reduce the natural variability across the patient group and non-diseased control
group due to non-disease-related factors such as height, weight, and age, which differ across
the patient group.

Three ratios were developed in order to quantify talar collapse, should it occur in the
haemophilic patient group: TaR:TaAL, TaAL:TaL, and TaL:TaH. These ratios were identified
due to the measurements anticipated changes with talar collapse (Table 6).

Table 6 Ratios and their anticipated changes with talar collapse

Ratio TaR:TaAL TaAL:TaL TaL:TaH
Expected Change With
Collapse T l T
Expected Measurement TaR increase TaAL decrease | TaL unchanged
Behaviour TaAL decrease | TalL unchanged TaH decrease
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Figure 7 Measurements fitted to a 3D reconstruction of two different tali with different degrees of collapse (green
—minimal flattening; red — greater degree of flattening). Showing how the measurements change with a flattened
talus. With increased flattening (red): increased TaR; decreased TalL, TaAL and TaH.

In order to fully understand the morphological changes with haemophilia, it is best to assess
the behaviour of all three ratios. For example, the increase in TaL:TaH was expected to be
driven by a decrease in TaH with disease, while TaAL:TaL was expected to decrease due to
TaAL driving the ratio. With TaR driving TaR:TaAL, all measurements are anticipated to have
some involvement in disease progression; their percentage changes relative to non-diseased

may aid in understanding what this may mean for the diseased morphology of the talar dome.

2.3 Verification Studies
The aim of this work was to verify the use of MRI sequences for morphological measurements,
to gain confidence that this imaging type was appropriate for comparing haemophilic

measurement to a matched control group.

2.3.1 Methods
Given the novel approach to taking morphological measurements of bone from clinical MR
images, verification of the methods was needed to ensure this was appropriate for a comparison

between the haemophilic and non-diseased groups.

2.3.1.1 Verification of taking measurements from MRI

In order to validate the approach taken to the measurements from MRI, the data was compared
to measurements from previous studies carrying out talocrural measurements from radiographs
(Fessy, Carret and Bejui 1997; Stagni et al. 2005; Kwon et al. 2014) or CT images (Kuo et al.

2014; Claassen et al. 2019; Liu et al. 2020). These imaging modes would be deemed more
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appropriate for measurements of the bone due to the clearer definition of bone boundaries.
However, MR imaging is carried out as part of the clinical assessment of haemophilia patients
in the Leeds Teaching Hospitals NHS Trust following incidences such as major bleeds to a
target joint. As this is the imaging modality readily available, the measurements must be

verified against the gold standard imaging technique.

The six previous studies either considered the sexes separately (Claassen et al. 2019; Kuo et
al. 2014; Liu et al. 2020), or together (Fessy, Carret and Bejui 1997; Kwon et al. 2014; Stagni
et al. 2005). Sample sizes range from 36 (Stagni et al. 2005) to 100 (Kwon et al. 2014) ankles.
These were non-diseased cohorts with primary aims mostly considering sex, or population
differences.

The data collected in these studies were used to verify the methods for each of the four
measurements. The difference between the control group measurements and each of the six
studies was assessed using two-tailed Student’s T-Tests (statistical significance set at 0.05).
Where data was reported for the separate sexes, the comparison was made against the male
data. This was done for all available measurements, except TaR results presented in one study
(Claassen et al. 2019) as this did not agree with previous studies. For the studies where
measurements were taken at multiple locations, these were all assessed with respect to the same
locations. However, for the four studies that only reported one mean value for the whole talus,
this was compared directly to the largest of the three values for the control group. This approach
was taken due to the assumption that the measurements from radiographs would be the

maximum, owing to the projection nature of this imaging modality.

2.3.1.2 Error Evaluations (Measurement repeatability and MRI slice location)

In order to check for repeatability of defining the regions to be measured, the measurements
were repeated three times on a subset of MRI sequences at the three locations. This was done
for images from both groups in case differences in the two groups made one more susceptible

to errors. The error was then calculated in these to ensure this would not influence findings.
To assess the measurement variation due to the location of the MRI slice across the width of

the talus, measurements were taken in adjacent slices for one sequence per haemophilic ankle

(N=8). The four measurements were taken on each slice, and the three ratios generated. The
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sequence selected was the first included in the statistics, i.e. the first adult ankle, as it was
unknown if the implication would be different in the paediatric tali.
In order to calculate the percentage error, two adjacent ratios were used in the formula:

— X 100 where R is the more lateral of the two ratios, and Rz is the more medial ratio. All
2

results were rounded to one decimal place for Table 7.

The image selection protocol initially used defined the best slices for measurements to be taken
from based on the assumption that the sequences covered the same portion of the talus. The
medial and lateral images were selected as the first and last images in the sequence with
articular cartilage present; beyond these images, there was either no further talar bone present,
or the talus clearly did not articulate with any other part of the ankle joint, hence would not be
expected to have great morphological changes, should articulation be the driving force of
disease progression as hypothesised. These were similar regions to those selected in previous
studies — as close as possible given slice thickness limitation (Kuo et al. 2014; Claassen et al.
2019). It was found that this slice selection in those medial and lateral regions was not the most
appropriate method due to a number of sequences covering the medial malleolus and the
articular surface of the lateral process of the talus. These marginal slices gave unreasonable
measurements, and ratios that did not follow the trend of adjacent slices due to the change in
talar morphology in these regions. Careful slice selection ensured these regions were excluded
from measurements.

The portion of the MRI sequences that covered the talus ranged from 8 to 11 images. It was
assessed whether the side of the body (left or right), or the number of slices across the talus
influenced the outputs. Whether the ratio changed more between adjacent slices, or the same
location in the MRI sequence for the patient was used to determine how much the change seen

with time might be influenced by slice location across the talus.

2.3.2 Results

2.3.2.1 Verification of taking measurements from MRI

The means and standard deviations reported in literature and calculated from the non-diseased
control can be seen in Figure 8. Five of the studies reported TaH, while only three studies
reported results for each of the other three measurements.

TaR measured in this work showed no statistically significant difference against the

measurements derived from CT or radiograph (p values between 0.06 and 0.88 for location-
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specific comparison (Kuo et al. 2014), and 0.82 for comparison of maximum value (Stagni et
al. 2005)). The difference in central TaR measurement taken by Kuo et al. was close to the
significance threshold (p = 0.06). Kuo et al. carried out their measurements on 3D
reconstructions of the talus, where smoothing may potentially influence their findings.

Mixed outcomes were found for TaH, where the measurement showed no difference to four
values (p values of 0.13 (Liu et al. 2020), 0.33 (Kwon et al. 2014), 0.35 (Fessy, Carret and
Bejui 1997) and 0.82 (Kuo et al. 2014), comparison of the maximum value only) but yielded
statistically significant differences with the fifth, which was much greater than the previous
studies (p = 0.006 (Claassen et al. 2019)).

Significant differences were found for TaL in two of the three studies (p = 0.015 (Stagni et al.
2005) and 0.010 (Liu et al. 2020)), the third showing no difference (p = 0.32 (Fessy, Carret and
Bejui 1997)). The group in this study however was not sex matched with the control group, as
the results reported were for both male and female subjects; while the studies reporting only
male measurements rejected the null hypothesis that the two studies were the same.

TaAL had results both across the talus, and for a maximum values. Both medial TaAL results
showed significant differences (p < 0.001 (Kuo et al. 2014; Claassen et al. 2019)). While the
central TaAL measurements showed no significant difference from the literature (p = 0.39
(Claassen et al. 2019)) and mixed outcomes were obtained for the lateral TaAL measurements
(p=0.15 (Kuo et al. 2014) and p = 0.005 (Claassen et al. 2019)). The maximum value showed
a significant difference (p < 0.001 (Kwon et al. 2014)).
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2.3.2.2 Error Evaluations (Measurement repeatability and MRI slice location)

The TaAL measurements taken using the freehand line tool gave varied, and often large errors
(x =5.95 %, S.D = 8.49, range = 0.46 — 43.76 %) and when contrasted to the Bezier curve tool
were always an overestimation.

Another potential source for error was the selection of locations A and B (Figure 6), as many
of the tali did not have clear landmarks to define these. To asses for this, measurements were
repeated on three separate occasions for the subset of eight sequences. These repeated
measurements were predominantly within a 1% relative difference across the three iterations.

With the largest margin of error between two repeats being 5%.

The percentage difference between ratios measured on adjacent slices gave a range of outcomes
amongst the eight sequences measured (Table 7); the largest difference between adjacent slices
occurred in TaR:TaAL, with values ranging between 1.45% and 103% (X = 15.5%), while
TaL:TaH ranged from 0.5% to 78.4% (X = 12.9%). The percentage differences between
adjacent slices were much smaller in TaAL:TaL, with values ranging from 0.1% to 15% (X =
3.4%).
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Table 7 Error (%) between adjacent ratios across the talus for one MRI sequence per patient

Medial » Lateral
TaR:TaAL | -76 | 79 |-25.0| -1.7 | 119 |-203| 25 | -0.2 | 4.8
1R TaAL:TaL| 33 | -26 | -11 | 27 | -05 | 65 | -1.3 | -06 | 44
TaL:TaH | 79 | 9.0 | 42 | -90 | 31 |-13.7| -70 | 29 | -74
TaR:TaAL | 39.2 | -294 | -5.2 | 14.7 | 156 | -17.1 | -20.5
2R TaAL:TaL | -43 | 7.6 28 | -60 | -11 | 3.2 5.4
TaL:TaH | 17.2 | -19.3 | -3.7 | 33.3 | -12.3| -7.8 | -20.5
TaR:TaAL | -34.3 | -10.5| 4.9 19 |-156| 20 65
2L TaAL:TaL | 9.1 04 | -04 | -20 | 106 | -36 | 0.1
TaL:TaH | -41.1 | -10.3 | 6.3 23 |-251| 9.9 1.5
TaR:TaAL | -101| -39 | -26 | -26 | -03 | -9.2 | 9.7 | -58 | -15
3R TaAL:TaL | 3.1 17 | 41 | -18 | -14 | 51 | 44 | 03 | -0.6
TaL:TaH | -83 |-123 | -7.3 | 84 14 | -88 | 127 | -41 | 2.6
TaR:TaAL | 32.1 | -30.2 | -125| 339 | -81 |-124| -99 | 19.7 | 325 | 1.6
3L TaAL:TaL | 1.8 6.9 2.2 0.6 0.7 | -22 | 19 | -31 | 03 | -6.6
TaL:TaH | -3.2 |-239| -85 | -43 | -05 | 96 | -6.9 | 19 | 134 | 725
TaR:TaAL | -255|-140| 150 |-141| 96 | 50 | -6.1 | -3.6 | 545
4L TaAL:TaL| 36 | 3.7 | -33 | 38 | -20 | 15 10 | 46 | -6.2
TaL:TaH | -326 | -53 | 97 | -86 | -06 | 3.1 | -98 |-114 | 423
TaR:TaAL | -245 | -41 | 6.7 3.2 9.7 | -68 | -9.7 | 91 | 149 | 34.2
5R TaAL:TaL| 150 | 21 | -25 | -13 | -13 | 35 | 53 | -56 | -6.9 | -6.0
TaL:TaH | -43.7| 40 | 68 | -14 | 88 | -75 |-118| 82 | 36.7 | 21.0
TaR:TaAL | 40.8 | -156| 20 | 193 | 45 | -38 | -86 | 45 |-11.2 |103.3
5L TaAL:TaL| -21 | 119 | -08 | -33 | 30 | -05 | -01 | -09 | 20 | -91
TaL:TaH | -25 |-33.7| 127 | 47 | -83 | 34 | -29 | 54 | -3.0 | 784

2.3.3 Discussion

2.3.3.1 Verification of taking measurements from MRI

MRI is not the most appropriate imaging modality for measuring the bone boundaries (Hayashi,

Roemer and Guermazi 2016), however, is the best medium for assessing arthropathic changes

in HA (Lundin et al. 2012) and is the imaging modality of choice in clinical practice. In order

to confirm the capacity of MRI for assessing morphological changes it was verified against CT
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scans and radiographs. Four of the studies reported the measurements for both sexes separately,
allowing for like-for-like comparison with the non-diseased control group (Stagni et al. 2005;
Kuo et al. 2014; Claassen et al. 2019; Liu et al. 2020), the remaining two studies reported their
population as a whole (Fessy, Carret and Bejui 1997; Kwon et al. 2014). Two studies using CT
imaging took measurements across the talus in the sagittal projection, reporting medial, central
and lateral values for all measurements except TaH (Kuo et al. 2014; Claassen et al. 2019).
This method was not possible for the three studies carried out on radiographs, which reported
the mean of the maximum value per measurement (Fessy, Carret and Bejui 1997; Stagni et al.
2005; Kwon et al. 2014). The final study was carried out on 3D models of each talus, generated
from CT images, where the mean values were calculated from the maximum measurement for
each talus (Liu et al. 2020).

Comparisons were made against all available measurements from the six studies in order to
best identify any issues with the software and techniques used for the MRI derived
morphological measurements.

As the difference was assessed for the direct measurements, it was anticipated that different
age ranges and body compositions may impact the verification. Some groups were better
matched (by sex, and method), hence closer equivalence was expected for these. The influence
of ethnicity on talar morphology has been noted (Liu et al. 2020), however, as this was an
unknown for all members of the non-diseased control group, this means it was unknown
whether there were any studies with good like-for-like comparison.

The measurements taken in the previous six studies did not allow for the ratios to be directly
compared to literature. Missing measurements meant that only two of the studies could
generate a ratio for TaL:TaH (Fessy, Carret and Bejui 1997; Liu et al. 2020), one for TaR:TaL
(Stagni et al. 2005), and none for TaAL:TaL due to a lack of TaL measurements in the majority
of studies. It is also not certain that in the radiograph studies the maximum values would have

occurred at the same point on the talus, which would make ratios invalid.

Comparing MRI derived measures against CT and radiograph measures, no differences were
found in the trochlear tali radius values, however, some differences were found in the linear
measures of talus height, trochlear talus arc length and trochlear talus length. This could
potentially relate to linear measurements being prone to a magnification effect, especially in
X-ray derived measures, which will differ across the four studies used for comparison (Stagni
et al. 2005; Kuo et al. 2014; Claassen et al. 2019; Liu et al. 2020).
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Where measurements were reported across the talus, the central measurement was seen to differ
considerably less from the non-diseased control when compared to the medial and lateral
measurements (Claassen et al. 2019), this was confirmed by the significant differences seen in
the medial and lateral measurements, while there was no significance in the central
measurements. Trochlear tali length (TaL) and talus height (TaH) were only reported as
maximum values in literature, hence it is unclear whether this represents a magnification effect,
or due to the location of these maximum values not mapping exactly onto one of the three
locations measured in the non-diseased control group. Kuo et al. (2014) did not report a central
measurement for trochlear tali arc length (TaAL) to confirm whether it is the definition of bone
boundaries in MRI which makes this a more difficult measurement to take, or whether it is the
effect of discrepancies in slice location at the medial and lateral extremes.

These differences could also be explained by the higher sampling frequencies in the CT studies,
as it was seen in the verification across the talus there were sudden changes in the ratios
between adjacent slices at the medial and lateral extremes. This indicated a potential error in
the subjective manner of selecting the slices to capture the data from — where higher sampling
frequencies gave slice thicknesses of 0.625 mm and 1.5 mm for Kuo et al. and Claassen et al.
respectively. For the haemophilic group, the precision of these CT studies could not be
matched, as the slice thickness for each sequence was in the region of 3 mm.

The sensitivity to measurement location, alongside the potential differences that may occur due
to the range of software and methods used for taking the measurements (Mys et al. 2021),
highlight the importance of confirmation against multiple studies with differing approaches to
measurement. A check for this was carried out, to assess the differences between the results
reported in literature. This showed the difference between MRI measurements and CT or
radiographic measurements (x =3.13 mm; 0.17-13.3 mm) were not larger than the difference
between CT and radiographic measurements from the literature (X =4.61 mm; 1.48-9.50 mm).
This information confirmed that measurements can be taken from MRI to evaluate trochlear
talar morphology with the same level of confidence as those taken from CT or radiographs. It
is likely that the difference in some measurements between MRI and CT or radiographs is as
much due to the difference in patient groups as it is in imaging techniques used for the

measurements.
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2.3.3.2 Error Evaluations (Measurement repeatability and MRI slice location)

The measurement repeatability confirmed that the Bezier curve tool was the appropriate tool
to carry out the TaAL measurement, and that as long as care is taken in identifying the trochlear
tali then there should be minimal human error associated with taking the measurements.
However, the literature verification indicated the potential error surrounding the subjective
manner of selecting the slice to capture the data from, which was confirmed in the
measurements across the talus.

It is not possible to avoid these discrepancies in the haemophilic group, due to the imaging
protocol used clinically. The slice thicknesses ranged between 1.5-3.6 mm, with the most
common protocol giving a slice thickness of 3.3 mm. This limits the number of images to
choose from (8 to 11 slices per talus), creating a natural variability. The verification was carried
out on the haemophilic group, rather than non-diseased control due to the larger slice thickness
in the haemophilic group, meaning there was potential for larger discrepancies between
neighbouring slices.

The highest percentage errors appeared to occur in the medial and lateral extremes of the ankles
where the articular surfaces for the medial malleolus and the articular surface of the lateral
process were covered in the sequences. The sequences for 5R and 5L covered these, and saw
the largest percentage changes between the most medial and most lateral slices and their
respective neighbours. Highlighting the need for careful slice selection.

The error evaluations demonstrated there are still some areas of uncertainty in these measures,
with up to 5% human error in landmark selection for carrying out the measurements, and up to
a 103% error in the calculated ratios when considering slice selection. Though the averages
were much lower than this, it could still influence the comparisons between ankles, and
between timepoints, but the methods have been refined where possible to negate these errors.

2.4 Morphology of the Haemophilic Talus

2.4.1 Methods

The comparison between non-diseased and haemophilic ankles can be broken down to three
levels: whole haemophilic average against the non-diseased group average; individual
haemophilic ankle average compared with non-diseased average; and changes within each
individual haemophilic ankle with time.

The measurements taken from the images were collated in Microsoft Excel (Office 365) and
organised into location across the talus, and grouped by individual haemophilic ankles. The
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three ratios were calculated using formulas in excel removing any potential further human
error. These results were used to make the comparisons to answer the question whether the
haemophilic group differed from the non-diseased group, and if this occurred, how they
differed, and whether these followed a trend with time.

To achieve this, statistical testing was carried out on the ratios for the control and patient groups
to assess the significance of the difference between the two groups. 15 patient images were
excluded from the haemophilia statistics (3x 5 MRI sequences), as the patient was still
classified as paediatric for those sequences. As mentioned previously, whether these ratios
should be the same in paediatric population is unknown, hence they have been excluded from
the statistical analysis.

The matched control group was selected to diminish the effect of the body composition factors
attributing to morphological variation, and should be completely negated by the use of ratios

when comparing the two groups.

Statistical analysis was carried out to assess the normality of the data for all measurements and
ratios. It is necessary to know if data is normally distributed when carrying out statistical
analysis, hence, Shapiro-Wilk tests were carried out. Following these, equality of variance
between the non-diseased control and haemophilic groups was assessed using Levene Tests.
The equality of variance between the control group and the haemophilia group were important
in choosing the appropriate T-Test to use, either Student’s T-Tests, or Welch’s T-Tests. These
T-Tests were used to investigate the difference between the two groups (statistical significance
set at 0.05).

The Shapiro-Wilk Test showed that all of the control group measurements and ratios, at all
three locations, were normally distributed. For the haemophilic group, TaAL:TaLc and
TaL:TaHI were not normally distributed.

The Levene test showed that some of the T-Test’s should be carried out assuming unequal
variance (Welch’s T-Tests), as there were significant differences between the variances of the
control and the haemophilic group. These were: TaR:TaALm, TaL:TaHm, TaAL:TalLc and
TalL:TaHc. The remaining five were carried out assuming equal variance between the two
groups (Student’s T-Tests). T-Tests can provide p values for both one- and two-tailed tests,
however, one-tailed tests were carried out as the hypothesis being tested was that the value for

the control group should be greater than the haemophilic group in each instance.
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2.4.2 Results

2.4.2.1 Haemophilic vs. Non-Diseased Ankles

When comparing the haemophilic group to the non-diseased control group, ratios behaved
consistently, with flattening in the medial and lateral trochlear talus: greater values for both
TaR:TaAL and TaL:TaH in the haemophilic group, and TaAL:TaL smaller (Table 8). The
differences between the haemophilic and non-diseased groups were found to be statistically
significant in all ratios in the medial talus, and two of the three ratios in the lateral talus, but

not in the central talus.

Table 8 Control group and haemophilic (adult) group mean values for each ratio at the three locations (m-medial,
c-central, I-lateral), and p-values from T-tests (* indicates significant differences)

TaR:TaAL TaAL:TaL TaL:TaH
m* c I m* c I* m* c I*
Non-diseased | 046 056 059 | 1.21 115 120 | 3.64 421 401
Haemophilia | 0.55 053 061 | 1.14 117 114 | 45 41 475
p-values 0.003 0.22 0.31 |0.001 0.08 0.004|0.002 0.28 0.05

Where the differences were significant between the groups the ratios behaved as expected with
a flattening of the talus. The magnitude of differences however, did vary between the ratios.
Where the greatest differences occurred, in the medial talus, TaR:TaALm increased by 20.7%
and TaL:TaHm increased by 23.5%, while TaAL:TaLm only decreased by 5.9%. The lateral
talus also experienced collapse, with results indicating this is to a lesser degree:
TaR:TaALI=3.4% increase; TaAL:TaLl=5.5% decrease; and TaL:TaHI=18.4% increase. The
smallest relative difference with disease occurred in the central talus, with the direction of these
not indicating collapse: 4.6% decrease in TaR:TaALc. TaAL:TalLc=2.0% increase, and
TaL:TaHc=2.7% decrease with haemophilia.

2.4.2.2 Trends within Haemophilic Ankles

The eight ankles each responded to haemophilia differently, with averages of adult sequences
measurements per ankle (Table 9) being variable between ankles.

Given the data in Table 9 represents a range of timescales, Figure 9-Figure 11 were generated
to show the ratios at each timepoint, at each location across the talus. These results take into
account the period of disease that the MR is captured over — plotted as number of months from

first MRI scan. Paediatric data has been plotted in these figures; it can be seen these results that
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the morphology is less stable in these than in adulthood (4L — all images, 1R — month 39 to
112). There is no clear pattern of morphological response to HA in paediatrics or adolescents,

with responses even differing between paired ankles.

Table 9 Behaviour of the ratios for the 8 haemophilic ankles — Considering the expected differences from the non-
diseased control, those that behaved as anticipated (from Table 6) are highlighted in green. E.g. In the central
images, should the haemophilic ankle behave as anticipated: TaR:TaALc>0.56, TaAL:TalLc<1.15, and
TalL:TaHc>4.21

1R 2R 2L 3R 3L 4L 5R 5L

0.66 0.44 0.6 0.68 0.43 0.64 0.42 0.36

3

TaR:TaAL ¢ 0.57 0.62 0.61 0.54 0.45 0.53 0.46 0.41

0.69 0.55 0.77 0.54 0.55 0.6 0.58 0.45

m| 112 1.13 1.08 1.09 1.2 11 1.2 1.29
TaAL:TaL c 1.13 1.13 1.12 1.16 1.23 1.15 1.23 1.26
| 1.11 1.14 1.05 1.16 1.14 1.2 1.13 1.24
m| 4.74 4.36 5:32 5.79 3.3 5.35 3.47 2.86
TaL:TaH ¢ 4.76 4.35 4.55 4.27 3.24 4.39 3.3 3.08
| 5.52 4.52 6.79 3.98 4.05 3.99 4.35 3.35
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Figure 9 Change in TaR:TaALm and TaR:TaALl with time in months from the first sequence available. The
average trend lines show haemophilic (red dashed) and non-diseased (green dotted) mean values from all eight
ankles. The ratios are split into two categories, paediatric/adolescent (first row — paediatric data has not been
included in reported stats), and adult (second row). Colour-codes relate to the age bracket the patient fell into at
the first MRI sequence: grey/black — paediatric; greens/blues — adolescent; orange —adult. After approx. 40
months 1R moved from adolescent to adult.
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Figure 10 Changes in TaAL:TaLm and TaAL:TaLl with time in months. Details as described in legend of previous
figure.
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Figure 11 Changes in TaL:TaHm and TaL:TaHI with time in months. Details as described in the legend of Figure
9.
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2.4.3 Discussion

The aim of this work was to investigate the influence of HA on talar morphology with disease
progression by considering the differences between haemophilic and non-haemophilic groups,
as well as the progressive nature of morphological changes with time. The ratios generated for
each MRI sequence confirmed there was a non-uniform geometric change to the trochlear talus

with disease; these changes were however non-linear with time in all haemophilic ankles.

2.4.3.1 Haemophilic vs. Non-Diseased Ankles

It was anticipated that haemophilic ratios would differ from the non-diseased, as non-uniform
flattening of the talar dome has been observed clinically in the haemophilic population
(Macnicol and Ludlam 1999; Jelbert, Vaidya and Fotiadis 2009). The behaviour of the four
measurements is important in understanding how the ratios should change with flattening,
however due to the patient range should not be relied upon individually to see differences in
the two groups. Larger values of TaR are expected with a flatter talus, while TaAL and TaH
should decrease. How TaL changes is undetermined, and depends on the mechanism of
morphological changes and whether the collapse causes osteophytes to be included in this
measurement. It is possible that this value could increase, decrease, or remain relatively
unchanged depending on the cause of this morphological change; whether it is a redistribution
of the bone, or a biological attack to remove bone. This is an area for future investigation when

considering bone mechanobiology in the presence of blood.

The behaviour of the measurements is important when considering whether they drive the ratio.
TaR did not behave as hypothesised, as TaR was expected to drive change in TaR:TaAL, the
reliability of using this measurement alone to indicate morphological changes is unclear. Both
values are seen to move in the same direction, giving smaller than anticipated differences with
disease. TaAL tending towards TaL appeared to most reliably demonstrate talar flattening of

the three ratios, however the suggestion remains that the ratios should be used in combination.

The results appear to clearly indicate more highly affected regions of the talus. The non-
uniform morphological change may be partly involved in the angulation phenomenon which
has previously been accounted for by tibial morphology (Hacking and Dixon 2018). However,
as both extremes are seen to be influenced not just the lateral side, this may be an unrelated

morphological variation.
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2.4.3.2 Trends within Haemophilic Ankles

The individual response to the haemophilic changes is also important, with commonalities and
differences key in understanding the manifestation and development of the disease. HA is
progressive and how these ratios changes with time could aid in understanding where in the
staging this morphological change should fit — with rapid early changes leading to a different
conclusion to slow linear progression.

With clear differences between the haemophilic and non-diseased groups in the medial and
lateral regions of the talus, the influence of disease on individual ankles was considered. This
investigation would have been strengthened by the HIHS outcomes, and whether there was any
relationship between this and the individual joint outcomes. It was seen from the individual
ankle’s averages that morphological changes were unique to each ankle. It was also determined
the effect on morphology with time was non-linear, and inconsistent across the eight ankles,
even those in the three patients with bilateral presentation. Progressive flattening of the talar
dome over time was not seen in all eight ankles.

However, it is clear that trochlear talar flattening can easily be quantified from clinical MRI,
and the range in these morphological changes highlight the need to assess each ankle
individually. If these values were being used to assess degree of disease progression,
comparison against mean values of either a non-diseased or haemophilic groups may be

insufficient, and longitudinal assessment of an individual would be preferable.

Changes in morphology were inconsistent across the eight ankles, and not all tended towards
collapse. The same degree of change would not be expected, as the period of disease differs for
each patient range from 6 to 112 months. It would not be representative to normalise the data
with respect to time, as the point at which arthropathic changes occur appear to differ for each
patient, and each target joint is likely to have a different annual bleed rate.

Some care must be taken in considering the progressive changes shown in Figure 9-Figure 11
due to the errors relating to the slice selection; this could translate to slice location when
comparing timepoints in ankles. It cannot be guaranteed that the slices cover the same geometry
in each sequence. These errors could explain some of the non-linear nature of the changes; to
further understand this, measurements for all MRI sequences across the talus could be made

for one ankle —such as 3R —to see if this accounts for the variability in the final four sequences.
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It was not anticipated to see the same changes for all eight ankles due to different timescales
the images were captured over. However, should morphological changes be progressive with
haemophilic arthropathy, the ratios should follow the trends expected when comparing results
to non-diseased ankles. Considering the changes seen in Figure 9-Figure 11 the progressive
nature of the disease is not seen, especially not in the paediatric and adolescent cases. The
results for these age groups are much less stable, with pairs of ankles from the same patient,
hence same body composition, age and ethnicity, showing different trends. These differences
must relate to the haemophilic response within the joint, however cannot be connected to the
annual bleed rate, or HIJHS as this information is not available — though could potentially
explain the instability in joint morphology.

Only the older adult patient experienced a linear flattening with time, at which point it may be
more reasonable that disease management and degenerative change have stabilised. This could
also explain why this patient has only three sets of images over a six year period, as the images
are collected following acute bleeds, conversely, those with greater numbers of bleeds in a

shorter time frame may expect greater instability in response to blood in the joint.

Flattening occurred in some regions of the talus in the majority of the ankles as disease
progressed; while growth or no change occurred in others. The differing response across the
talus, at the same time point, could reflect the mechanism of the morphological change.
Suggesting that there is a redistribution of bone with the morphological change, not just total
bone loss causing uniform talar collapse. This would need to be confirmed in a larger cohort,
however if it is seen in a larger population, would highlight the importance of investigating the

mechanism of morphological change in future work.

2.5 Conclusion

The results presented in this chapter indicate that MRI is an adequate substitute for CT or
radiographs as a medium for morphological measurements when evaluating talar morphology.
The study is limited by being unblinded, meaning it was known both whether the ankle was
from the haemophilic cohort, or the non-diseased cohort, and also which haemophilic ankle
and timepoint was being measured. Although it was not seen, this does create some potential

for bias in the results.
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The results contrast non-diseased ankles, and those with a clinical history of musculoskeletal
bleeds. They highlight there are unique morphological changes in each haemophilic ankles,
and on the whole the haemophilic talus is likely flatter than a sex matched non-diseased talus.
This study indicated that TaAL:TaL best indicated the morphological change in the talus,
however would be best used in combination with TaL:TaH. TaR:TaAL could be used to
support these ratios, however, as TaR did not follow the expected trend it may not be reliable
for all haemophilic tali.

The flattening indicated by these ratios did not appear to progress with time as anticipated, and
in paediatrics and adolescents morphological change is highly unstable. From this it is
concluded it is unreasonable to extrapolate results beyond the time period imaged, or suggest
that these results would be relevant to all haemophilic ankles.

The results imply a flattening of the talus which is non-uniform, with a greater influence of the
disease on the medial and lateral margins of the talus, and insignificant changes in the centre.
This flattening does not progress linearly with the disease — especially in younger patients.
Each ankle has an individual response to disease progression, even in those patients with
bilateral presentation. The unique morphological response to haemophilic arthropathy makes
it impossible to judge a patient’s response and give a prognosis off any of the trends seen in
these results. With additional information such as HJHS for each ankle, a clearer correlation
between the trends in the ratios could potentially be found. This is however unavailable data,
hence, a similar approach will be taken with the outcomes of Finite Element Models in later
chapters. Linking these morphological changes (Figure 9-Figure 11) to the contact pressure
areas from Finite Element Models in Chapter 4 of this thesis will aid in understanding how the

joint congruity changes with morphological changes.
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CHAPTER 3: DEVELOPMENT OF PATIENT
SPECIFIC ANKLE MODELS

3.1 Introduction

The ankle is the most commonly affected joint for musculoskeletal bleeds due to haemophilia;
this is hypothesised to be due to high intra-articular stresses (Buckwalter and Saltzman 1999)
which ankles are susceptible to in everyday activities. These recurrent intra-articular bleeds
have been seen to cause effusion, synovial hypertrophy, haemosiderin depositions, changes to
the subchondral bone/joint margins, and cartilage loss and consequent joint space narrowing
(Lundin et al. 2012). Osteoporosis has also been linked to HA (Kempton, Antoniucci and
Rodriguez-Merchan 2015; Kovacs 2008; Wallny et al. 2007; Bos et al. 2021), and osteophyte
formation is reported to be similar in nature to osteoarthritic changes. Epiphyseal enlargement
has also been noted in PwH when bleeds occur prior to epiphyseal fusion, although the

consequence of this is little understood.

The aim of the model development is to create patient specific models from MR image data, to
include as many disease features as necessary to assess the disease pathogenesis of HA. The
purpose of the models is to analyse the stresses and contact pressures occurring within the ankle
joint. These outputs are of interest due to the evidence of weight bearing influencing disease
progression (Hooiveld et al. 2003), and treatment for HA focussing on decreasing bleed

instances by reducing intra-articular pressures.

Patient specific finite element models exist to varying degrees in the literature, as was described
in Chapter 1. The nature of the morphology and interactions in the ankle joint mean these can
have a range of complexities, prior to taking into account the additional haemophilic
manifestations.

It is vital to show that the methods to build these patient specific models are robust, and do not
influence the outcomes of the investigations. There are three primary methods to demonstrating
a model is robust; verification, validation, and sensitivity studies. These processes are key to
Finite Element (FE) Models producing realistic models, with results meaningful to the real
world, given the sensitivity of Finite Element Analysis (FEA) to modelling inputs.
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In order to develop a robust FE model from clinical MRI, six sensitivity studies were
undertaken, highlighting the key considerations when developing a patient specific ankle
model.

The fact retrospective clinical MRI data is being used, rather than research protocols,
introduces the need to assess whether the models generated are influenced by the variables in
the MRI data. Therefore, six sensitivity studies were carried out on small subsets of MRI data
—ranging between one to three MRI sequences per study — in order to ascertain how these may
influence outcomes of the segmentation specific ankle models.

The Sensitivity to Inhomogeneous Bone (Section 3.4.1), was carried out on three MRI scans
from three different PwH, while the Verification of Image Resolution (Section 3.7) was carried
out on three of the eleven non-diseased control ankles. The remaining studies were carried out
on one ankle at one timepoint, with the Mesh Convergence Study (Section 3.5), Imaging
Direction Verification (Section 3.6), and Talar Cropping Study (Section 3.9) all using one ankle
model, while MRI Sequence Type (Section 3.8) considered both T1 and T2 sequences at the

same timepoint.

3.2 Model Generation

Models were generated from the same MRI sequences used for the morphological
measurements work package in Chapter 2; ensuring that any connections made between
morphology and finite element outputs were not influenced by differing sequence types.
Manual segmentation of the tibia, talus, cartilage components and cysts was carried out in
Simpleware ScanlP (version P-2019, Synopsis Inc., Mountain View, California). Each MRI
sequence was resampled, from the original slice thickness of 3.3 mm. Initially, this step was
not included, however this caused a staircase artefact, which was over-smoothed if additional
iterations of smoothing were carried out to remove this artefact (Figure 12). As neither of these
options are appropriate, each image was resampled to 0.5357 mm slice thicknesses.
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Figure 12 (A) Tibial model following resampling and smoothing, (B) Tibial model, smoothed with no resampling,
(C) MRI with smoothed tibial (cyan) and talar (green) masks overlaid, demonstrating volume loss when resampling
isnt carried out.

Resampling produced multiple copies of each MRI slice; these copies were segmented
simultaneously, reducing variability from manually repeating the same mask on multiple slices.
These masks produced a 3D volume that then need to be processed to produce a smoothed
model (Figure 12A). The postprocessing varied depending on the volume, the Recursive
Gaussian smoothing filter was used for all components; however, greater smoothing was
needed in the tibia and the talus, and additional dilation to increase the cartilage thickness by
one pixel before smoothing. Because smoothing can substantially influence FE-predicted
contact stresses, with up to 30% reduction in peak contact stress (Li et al. 2008) the same
degree of smoothing was used for each model to ensure this was not influencing comparisons
made between models.

Figure 13 shows the model generation processes carried out in ScanlP for the tibia, talus, and
their respective cartilages. In order for these models to not have severe errors within Abaqus
CAE (Abaqus 2017, Dassault Systemes, Vélizy-Villacoublay, FR), it was important to ensure
there were no gaps between the cartilage and bone layers, and no overlap between the tibial
and talar cartilage components where the contact is defined. Cartilage overlap was removed by

carrying out a Boolean subtraction.

Following the segmentation and smoothing processes (A and B in Figure 13) each model was
cropped to a similar tibial length, as some MR images had a much larger field of view and
therefore the tibia was significantly longer. The cropping of both the tibia and talus gave flat
surface onto which the loading and boundary conditions would be applied in Abaqus. The
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decision to crop the talus rather than also investigate the talocalcaneal interaction was made
based on the observation that the primary changes in HA in the ankle is within the talocrural
joint (Pasta et al. 2008). Some tali had to be cropped to a greater degree due to irregular
geometries causing sharp edges or small disconnected regions at the talar head. Due to this, a
sensitivity study is reported in Section 3.9 to confirm this was not influential to results.

In a small number of models, realignment had to be carried out at this stage of the process to
align the bones in a neutral standing position (approx. 90 degree angle between the foot and
the tibia (Stufkens et al. 2011)). This was carried out prior to cropping to achieve these flat
surfaces for the loading in Abaqus, the alignment was manipulated by rotating the tibial
component by specified angles until the joint was in a neutral position. This was only carried

out for models that were in a highly flexed or extended position.

An FE model was generated from the segmentation of the bones and cartilage (Figure 13D).
Information relevant to the Abaqus stage of the process can be set up at this point, including:
mesh generation, material properties, contacts, and node sets. This information is all exported
to Abaqus with the geometry. +FE free meshing was used with multiple values of coarseness
in the tetrahedral mesh — with the tibia having the coarsest mesh, and the talar cartilage the
least coarse. A mesh convergence study was carried out (Section 3.5) to ensure an appropriate
density was being used in the modelling, to strike the balance between computational cost, and
model accuracy.
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Figure 13 Modelling processes within ScanlP (A) segmentation — translucent mask allows underlying MR image to be
seen more clearly (cysts were not included in this model while present in the tibia), (B) Smoothing, (C) Cropping, and (D)
Meshing.
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Placeholders were put in for the material properties of each tissues, for these to later be defined
in Abaqgus. Contact was defined between the two cartilage components, and surfaces defined
for each component. It was ensured that the node sets on the cropped top surface of the tibia,
and the bottom surface of the talus were defined, for the application of the loading and

boundary conditions after the export of the model.

In Abaqus, the material properties, contact properties, loading conditions and boundary
conditions were all defined (Figure 14). Loading was patient specific, and represented patient
bodyweight at neutral still standing. Encastre boundary conditions, which allow no translation
or rotation in any direction were applied to the cropped bottom surface of the talus. This was
applied to each node, and was maintained for the duration of the simulation. In order to initiate
contact, a vertical displacement was applied; this differed depending on the model, ranging
from 1x10~¢mm to 0.5 mm. No other translational or rotational boundary conditions were
applied to the tibia in the contact step. This displacement was then deactivated for when the
load was applied, meaning there were no translational or rotational boundary conditions applied
to the tibia in this step. This vertical load was applied as a force distributed between the nodes

on the top surface of the tibia, and was calculated based on patient mass.

Figure 14 (A) material placeholders: white - bone; fuchsia and cyan - cartilage. (B) loading and boundary
conditions

The properties of the contact defined between the two cartilage components in ScanlP were

edited in Abaqus. Surface to surface discretisation was used with finite sliding, and adjustment
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to remove any possible overclosure between the contact surfaces. The normal and tangential
contact properties were defined for the entire simulation; a coefficient of friction of 0.1 was
intended for use, being on the higher end of the values reported for literature. A full sensitivity
to these properties carried out on 54 of the models is discussed in Chapter 4.

3.3 Outcomes of Interest

Results analysis was carried out separately in each bone and cartilage component. The results
analysed for the sensitivity analysis were contact pressure, and how this contact was
distributed, on the cartilage surface, and Von Mises stress (VMS) in the bone. Peak and mean
values were reported for all outputs, and contact distribution was quantified as a % of cartilage
surface area.

Cartilage contact pressure was selected as the metric of interest due to both qualitative and
quantitative links with arthritic changes in post-traumatic OA (Anderson et al. 2011a;
Anderson et al. 2011b; Li et al. 2008). Qualitatively, the distribution of this is of interest, given
abnormal contact distributions may propagate cartilage destruction; the pressure values can
also be quantified, and related to the destructive nature of overloading cartilage. Both
highlighting potential detriment to joint health.

A similar approach was considered when selecting VMS as an output; localised elevated VMS
values previously being linked to microfractures and subchondral bone cyst (SBC) growth
(Dirr et al. 2004). As SBCs occur in HA, and VMS is not unsuitable due to the homogenous
bone properties, this was selected as the key output of interest. Three other stresses were all
also reported due to their links with disease progression in non-haemophilic joint damage:
Shear stress (Tresca), compressive stress (Minimum Principal Stress), and tensile stress

(Maximum Principal Stress).

3.4 Material Properties

Due to the unknown properties of haemophilic bone, the intention was to use simplified
material properties to represent the bone and the cartilage. This involved modelling the bone
as a homogenous, isotropic material. This is a simplification, as the cortical and trabecular
structures of bone have different mechanical properties due to their structures and organisation
responding to loading.

These simplified properties would not represent the osteoporotic quality of bone caused by
haemarthrosis (Kempton, Antoniucci and Rodriguez-Merchan 2015; Kovacs 2008; Wallny et
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al. 2007), which would likely have a reduced stiffness. This in turn would be reflected in the

stresses experienced in the bone.

In order to assess the sensitivity to these simplified properties, an analysis on the material
properties was carried out. Both the influence of different cartilage properties found in
literature, and the simplification to bone homogeneity were investigated independently. Prior
to implementation on full ankle models, a simplified geometry of two curved components was
used to carry out comparisons of 20 different combinations of materials for the bone and
cartilage based on literature (See Appendix). The ‘bone’ components were partitioned to assign
different materials to the cortical and trabecular regions in four of these tests. The impact of
increasing and reducing the homogenous bone Youngs Modulus was assessed, as 7.3 GPa
frequently used in literature (Ozen, Sayman and Havitcioglu 2013) is likely too high for the
osteoporotic bone reported in haemophilia.

Both homogenous bone properties, and separate properties for cortical and trabecular bone
were considered. As well as both linear elastic and different hyper-elastic models for the
cartilage. There are multiple hyper-elastic material models used to model cartilage; three are
most commonly referenced (Mooney-Rivlin, Neo Hooke and Yeoh), these were all considered
in the sensitivity analysis (see Appendix). It has been shown that the material constants vary
across joints and between individuals, hence the properties tested in the sensitivity analysis
were ascertained from ankle models (Miller et al. 2004; Cheung and Zhang 2005; Butz et al.
2011; Niu et al. 2013; Ramlee, Kadir and Harun 2013; Klekiel and Bedzinski 2015; Ozen,
Sayman and Havitcioglu 2013). The Mooney-Rivlin model is believed to better represent the
nature of cartilage (Li et al. 2007; Ramlee, Kadir and Harun 2013) hence the selection for use
in all 38 models. The properties used were from non-diseased ankle models; as a relationship
between mechanical properties and tissue composition has been seen (Kiviranta et al. 2006),

the values used are unlikely to represent the haemarthritic condition.

This testing allowed for a range of scenarios to be considered, however the simplification to
the geometry influenced the results. Therefore, the separate bone properties for cortical and
trabecular (Miller et al. 2004) were implemented on three full ankle models generated using
the methods described in Section 0. For these three ankle models, the homogenous comparator
was modelled with a Young’s Modulus (E) of 7.3 GPa, of a Poisson’s ratio (v) of 0.3. The

cartilage in both the homogenous and split-bone instances was modelled as a hyper-elastic
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material with Mooney-Rivlin properties with two coefficients defined: Cio= 4.5 MPa and

C01=0.66 MPa. The cartilage was assumed to be completely incompressible (D1 = 0).

3.4.1 Sensitivity to Inhomogeneous Bone

In order to create a split bone model, the cortical bone thickness was measured at five locations
in the tibia, and three in the talus, on the central MRI slice, and averaged. This was repeated
for the three ankle models (Table 10). This measurement process was carried out as the
thickness is seen to vary dependent on the location, however, for the purpose of this study
manual segmentation of the cortical and trabecular bone would have been a highly time
consuming process. Taking cortical bone measurement from MRI is still an estimate, due to
the unclear bone boundary definitions, however, all three were in good agreement with
literature values, and agreed with the finding that the talar cortical bone is thinner than the tibial

cortical layer (Tsegai et al. 2017).

Table 10 Cortical bone thickness for the three ankle models

Cortical Thickness (mm)
Model Number Ankle
Tibia Talus
1 Patient 1, Right 0.6 0.4
2 Patient 3, Left 0.7 0.35
3 Patient 4, Left 0.7 0.35

In order to assure the total bone volume was unchanged, the tibial mask was duplicated in
Simpleware ScanlP (Synopsis, 2019) and the erode feature used to shrink the duplicate mask
by the cortical thickness (Table 10) to create a second trabecular bone mask, which was
deducted from the cortical mask using a Boolean operation. These masks (Figure 15A) were
then used to generate segmentation specific FE models using the method described in Section
0.

The differences between the homogenous and split bone models was assessed for all outputs
of interest in both the bone and cartilage. A 2-sample Kolmogorov-Smirnov test was carried
out (significance level 0.05) to compare the distributions in the contact pressures and bone

stresses between the two models in each ankle.
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Figure 15 Split layered bone model, A) with translucent uniform thickness overlaying MRI image, and B)
reconstructed model with 50% translucency applied to cortical talar layer

3.4.2 Results

The contact pressures and bone stresses were influenced by the splitting of the bone; with both
the distribution in the histogram of values in the contact pressures (Figure 16), and VMS
(Figure 17) influenced by the change in bone properties.

Statistical testing showed that there were significant differences between the layered bone and
homogenous model distribution of results; this was the case for the contact pressure in both the
tibial and talar cartilage (p < 0.0001), and the VMS in both the tibia and talus (p < 0.0001).
The violin plots in Figure 16 show how these distributions varied between cases in both the
tibial and talar cartilage. The violin plots for the VMS can be found in the Appendix, however

less clearly demonstrate the distribution due to the large peak stresses (Table 11).
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Figure 16 Violin plots comparing A) Tibial, and B) Talar cartilage contact pressures (MPa)
distributions in the three ankles in both bone conditions
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Figure 17 Box plots of VMS (MPa) in A) tibia, and B) talus

Table 11 Minimum, maximum and mean VMS (MPa) in both the homogenous and split bone models for the three

ankles
3
split homogenous split homogenous split homogenous
min  6.86E-03  2.11E-03  1.82E-03  1.34E-03  9.02E-04  1.07E-04
Tibia| max 222.711 47.492 20.744 7.351 12.266 9.023
mean 1.077 0.858 0.676 0.226 0.390 0.209
min  7.88E-03 1.01E-04 4.50E-03  1.19E-03  4.01E-03  2.74E-04
Talus| max 17.142 34.396 16.691 6.128 15.177 3.493
mean 0.848 0.373 0.928 0.262 0.568 0.178
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3.4.3 Discussion

The true properties of haemarthritic bone and cartilage are unknown, hence all properties
considered in the sensitivity analysis are likely to be over-simplifications. While the biological
influence of blood on bone and cartilage is understood, the implication of these on the
respective mechanical properties is still unknown. It is likely that the osteoporotic tendencies
in HA would lower the Young’s Modulus of the bone, but whether this occurs, and to what
extent would be patient specific. The presence of haemosiderin depositions in the synovium
would likely change the contact properties between the cartilage layers, and have unknown
implication on the mechanical properties of cartilage.

The properties considered in the cartilage were all taken from literature reporting on healthy
ankle cartilage, while arthritic properties would better suit the model application. Given these
are not widely available, and would again differ in HA, this was taken as a limitation of the
model. In order to represent the arthritic condition, a higher coefficient of friction was used to
define the interaction between the two cartilage components.

Sensitivity studies are key in understanding how these simplifications to the materials used
influence model outputs. The assumption of homogeneity is seen to influence the results, with
significant differences in the distribution of the data, between the layered and homogenous
bone models for both bone and cartilage results in all three ankles. The difference in peak bone
outputs was especially clear in the comparison for model 1, this almost five-fold increase in
peak stress is most likely due to an oddly shaped element in the mesh between the cortical bone
and cystic regions.

Peak values are highly sensitive to the mesh used, not just the material differences, hence the
difference in the peaks was anticipated as the thin layer of cortical bone would influence the
meshes in each comparison. However, the mean values should be less sensitive to this, and
therefore the differences seen should be driven by the differing bone properties. These means
were seen to increase in the bone stresses in the layered bone models, while there were minimal
differences in the cartilage contact pressures (Table 11). We cannot take the values from these
models to be the exact values experienced by each patient, however, trends in how these change
with time or under haemarthritic conditions can still be considered as this variable is maintained
throughout all models.

The data from this sensitivity analysis led to the conclusion that it is unlikely to be possible to
experimentally validate any bone stresses experienced within the ankle joint using simplified
bone material properties. However, these properties are an appropriate substitute when

considering the influence on cartilage health.
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3.5 Mesh Convergence Study

The second sensitivity study was a mesh convergence study, which considered the meshing
strategy, and mesh refinement for one model, at three coefficients of friction (0.5, 0.1 and
frictionless). Multiple contact properties were assessed to ensure the results were relevant to
more than one modelling strategy.

An appropriate relationship between the edge lengths in the cartilage and in the bone
components was sought (Table 12). It was anticipated that large jumps in element edge lengths
between parts in the models could cause some issues with convergence due to oddly shaped

elements at the boundaries.

Table 12 Mesh convergence tests to find appropriate ratio between mesh sizes for cartilage and bone

Test Number | Mesh Measurements | Edge length ratio | Number of Elements
Cartilage Bone
1 1 mm 2 mm 1:2 121,235
2 1 mm 3 mm 1:3 97,409
3 0.5 mm 2 mm 1:4 408,360
4 0.25mm | 2mm 1:8 1,880,393
5 2 mm 2 mm 11 66,572
6 0.5 mm 3 mm 1:6 384,333
7 0.25mm | 1mm 1:4 2,108,772
8 0.5 mm 1 mm 1:2 632,646
9 1 mm 1 mm 1:1 358,781

Once the appropriate edge length ratios was found, this was converted to coarseness values to
generate the first mesh. The coarseness values can be seen in Table 13, and the ratio between
these was kept in line in all bar Testl coarse. The start point (Test 1) was both increased and
decreased in density, however, meshes finer than 40% of the coarseness values (Testl_0.4)
were too computationally expensive to simulate. Both linear (C3D4) and quadratic (C3D10H)
elements were considered at three different coefficients of friction, however none of the linear
meshes converged before Testl 0.4, hence only quadratic mesh results are reported.
Convergence was checked for mean VMS, and mean contact pressures, as these are used

throughout the chronological study in Chapter 4.
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Table 13 Mesh coarseness values sensitivity analysis

Sensitvity Name

Number of Nodes

Number of Elements

Linear Quadratic
Testl coarse 8,602 56,563 34,212
Testl 1.25 12,526 83,188 50,909
Testl 1.2 13,162 87,603 53,729
Testl 16,309 109,587 67,965
Testl 0.9 17,849 120,173 74,718
Testl 0.8 21,572 146,098 91,531
Testl 0.7 25,946 176,390 111,120
Testl 0.6 33,623 230,477 146,981
Testl_0.5 42,575 292,534 187,091
Testl 0.4 63,397 440,466 285,167
Testl 0.2 205,468 1,469,664 986,954
Testl 0.1 481,587 3,503,891 2,400,697
Testl 0 5,916,400 | 46,914,774 36,825,177
3.5.1 Results

The edge length study showed that the difference between the bone components and cartilage

components should be less than 1 mm. Test 3 and Test 4, which had finer cartilage meshes

produced no better results than Test 1. The least appropriate tests were those with differences

over 2 mm between the cartliage mesh edge length, and bone mesh edge length (Test 2 and

Test 6); confirming that large jJumps in edge length should be avoided.

Using this information the edge lengths from Test 1 were then used to carry out the convergence

seen in Figure 18 to Figure 20. The percentage error between the selected mesh density

(Testl_0.7) and the finest mesh (Testl _0.4) was calculated for each output for the coefficients
of friction (cf): 0.5 and 0.1. The largest error was in the tibial VMS (7% for both cf), the talar
VMS had a 4% error for both (cf), while all contact pressures were within 2% (range: 0.02%

to 1.6%).
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Figure 18 Mesh convergence for highest coefficient of friction (0.5); VMS (MPa) in the tibia and talus, and
contact pressure (MPa) in the tibial and talar cartilage (quadratic, C3D10H elements)
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Figure 19 Mesh convergence for most frequently used coefficient of friction (0.1); VMS (MPa) in the tibia and
talus, and contact pressure (MPa) in the tibial and talar cartilage (quadratic, C3D10H elements)

The frictionless contact (Figure 20) was less reliable in the mesh convergence, and did not

allow for errors to be calculated, as the model only completed 83% of the load step for the
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finest mesh (Testl_0.4), likely due to the high peak contact pressure that the frictionless model
was tending towards. However, this was not of concern due to the frictionless contact not being

used in the chronological analysis considered in Chapter 4.
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Figure 20 Mesh convergence for frictionless contact; VMS (MPa) in the tibia and talus, and contact pressure
(MPa) in the tibial and talar cartilage (quadratic, C3D10H elements)

3.5.2 Discussion

Mesh convergence is a key aspect of FEM, as results can be highly dependent on mesh quality.
The density and shape of the elements both play a role in model outputs, as does the order of
the mesh, which dictates the number of nodes per element.

Meshes should converge for all outputs of interest, in all regions of interest, hence checks were
also carried out for compressive, tensile and shear stress in the tibia and talus. Contact
properties are a key consideration, hence showing the mesh is converged for the coefficients
of friction used in the chronological study is important. This mesh convergence confirmed the
assumption that contact pressures may be more highly influenced by coefficient of friction,
hence will be used as the output of interest in the coefficient of friction sensitivity analysis
(Chapter 4).

The mean values were used, as peak stresses tend to relate to oddly shaped elements, or stress
concentrations can occur around fixed nodes, that are not representative of true stresses

experienced in the joint. The fixation and loading of nodes is important to the correct
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displacements of the structure during loading; without fixation, the model would move
infinitely through space rather than converging. However, these unrealistic peak stresses should
be ignored as they are likely a side-effect of the boundary conditions applied.

It was found, when assessing the meshing strategy, that the different versions of ScanlP (2018
and 2019) produced different meshes. Therefore it was ensured all models were meshed using
the 2019 version of ScanlP, as this was the version the convergence study meshes were
generated in.

The coarseness values determined by the mesh sensitivity were then applied to the 38 models
used to investigate the disease presentations. It was ensured these mesh densities maintained
the same maximum edge length value as the converged mesh. Convergence appeared to begin
just before 200,000 nodes (Testl_0.7), therefore, the edge length values were extracted from
this mesh. Although edge lengths could be shorted than this, this increased the computational
expense unnecessarily. These edge lengths gave residual errors up to 7% in the tibial von mises
stress, however, these related to differences of only 8Pa which is relatively small when

considering its influence on the comparison between models.
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3.6 Imaging Direction Verification

In the standard clinical assessment of the ankle joint within Leeds Teaching Hospitals NHS
Trust, three imaging directions are collected: Sagittal, Coronal and Axial. The sagittal
projection is recommended in literature to best capture the morphology of the talus when using
2D MRI. It was also the projection utilised for the morphological measurements as it best
demonstrated talar collapse. However, a simple sensitivity study was carried out to demonstrate
the suitability of this projection.

3.6.1 Methods

Utilising the segmentation methods described in Section 0, including isotropic resampling, one
MRI sequence was used to generate 3D models for the three different imaging directions.
Segmentation was only carried out for the tibia and talus, as the cartilage components were not
clearly visible in the axial projection. The difference in the three volumes, and the
morphological features of the talus were assessed. As no cartilage could be segmented in the
axial view, it was not possible to carry out any finite element analysis verification, however,
the clear differences between the imaging directions meant that only a qualitative assessment

was needed to support the use of the sagittal projection.

3.6.2 Results

The features of both bones were influenced by the imaging direction, the lack of cartilage
definition in the axial view made it the least appropriate for finite element modelling of the
ankle. The cartilage definition was less clear in the coronal projection, compared to the sagittal
projection, making it more challenging to capture accurate cartilage geometry in the coronal
view.

Although there were some volumetric differences (Table 14), the morphology is where the
influence was more clear. Some differences were seen in the tibia (Figure 21), however the
greatest variation was found in the talus (Figure 22). The talus generated in the axial view did
not demonstrate the classic saddle shape, with the slice thickness clearly causing this feature to
be missed. It was seen in the coronal view that additional bony features were captured in the

posterior talus (bottom central model, Figure 22).
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Table 14 Volumes (mm?®) of tibia and talus from the three different fields of view

Axial Coronal Sagittal

Tibia | 51,673 59,124 56,567
Talus | 26,711 27,485 30,265

Figure 21 Tibia and Talus models built from (A) axial slices, (B) coronal slices, and (C) sagittal slices - no
resampling, all to same degree of smoothing (anterio-medial view)

o SN,

A B C

Figure 22 Views of the talus generated from (A) axial, (B) coronal, and (C) sagittal projections. Same degree
of smoothing on all models. Bottom row: corontal segmentation (B) shown from posterior view; axial (A) and
sagittal (C) sgementations shown from anterior view
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3.6.3 Discussion

The MRI sequences collected clinically are clinical 2D sequences, which differ from 3D
sequences preferred for research and modelling purposes. The segmentation of these 2D slices
would differ depending on the imaging direction they are taken from, while in 3D they should
generate the same volume. For this reason, it was assessed how these volumes from 2D
differed, and which was the least, and most appropriate for generating the ankle joint
geometries.

The least appropriate imaging direction for generating a model of the talus is the axial view, as
the classic saddle shape to the trochlear talus is missing, and the articular cartilage of the
talocrural joint was missing. The coronal view more clearly showed the geometry of the
articulating surfaces, however, there were additional bony features on the talus, which were
potentially segmentations of surrounding soft tissues. Therefore, the sagittal view was selected,
as it most clearly showed the geometry across the talus, and allowed for clear definition of the
articular cartilage, where the surrounding soft tissue was more clearly defined and therefore

not misinterpreted as bone.
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3.7 Verification of Image Resolution

The clinical MRI used for this study is a relatively low resolution when compared with those
previously used to build finite element models; the purpose of this sub study was to investigate
the impact of using these lower resolution images on the morphology and consequent FEA
outputs. This was possible, given that higher resolution MRI, collected for clinical research

were available from the control group (Chapter 2).

3.7.1 Methods

MRI data for three non-diseased control was processed in ScanlIP, with two models created for
each control ankle: original slice thickness (0.5 mm), and resampled slice thickness
(0.5357 mm). In order to create the resampled slice thickness, the original high resolution
images were down sampled to the most common slice thickness found in the clinical MRI
(3.3 mm), then resampled to the same resolution used for the patient specific ankle models
(0.5357 mm). These two sets of images were segmented, giving two models per ankle with the
difference between these models being their slice resolution. These models were compared for

their geometry and volumetric differences, and consequent finite element model outputs.

3.7.2 Results

There were small volumetric differences between the two image resolutions in both bone and
cartilage components (Table 15); though the morphological differences were more important
(Figure 23). The differences between the original and resampled morphology had a consequent
influence on the cartilage contact pressures (Table 16), and VMS (Table 17). The resampling
has a different influence on the three models, however, error in the peak values had the greatest

variation.

Table 15 Volumes (mm?3) of the original slice thickness and resampled models for all bone and cartilage
components

Control 1 Control 7 Control 11

original resampled | original resampled | original resampled

Tibia 55,783 55,204 61,999 60,338 53,339 52,894
Talus 35,893 33,886 48,016 46,552 40,704 39,477
Tibial Cartilage | 1,174 1,315 1,214 1,489 933 1,182
Talar Cartilage | 1,249 1,344 1,576 1,685 1,496 1,266
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Original

Resampled

Figure 23 Morphological differences (highlighted with arrows) between the original and resampled tali,

showing smoothing of some morphological features in the resampled talus - Control 11

Table 16 Error (%) for the cartilage contact pressure outputs between the resampled and original slice resolution

in the three control models

Table 17 Error (%) for the VMS outputs in the bone between the resampled and original slice resolution in the

Control1 | Control 7 | Control 11
Tibial Peak 24.4 20.5 15.1
Cartilage Mean 0.94 55 23.6
Talar Peak 12.2 3.1 42.9
Cartilage Mean 2.7 3.9 28.4

three control models

Control 1 | Control 7 | Control 11
Peak 12.6 41.8 33.2
Tibia
Mean 2.1 2.8 1.8
Peak 33.7 4.4 53.1
Talus
Mean 11.3 7.9 22.0

80




CPRESS

+1.002e+00
+9.185e-01
+8.350e-01
+7.515e-01
+6.680e-01
+5.845e-01
+5.010e-01
+4.175e-01
+3.340e-01
+2.505e-01
+1.670e-01
+8.350e-02
+0.000e+00

Figure 24 Tibial cartilage contact pressure distribution in original (left) and resampled (right) for control 1
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Figure 25 Tibial cartilage contact pressure distribution in original (left) and resampled (right) for control 7
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Figure 26 Tibial cartilage contact pressure distribution in original (left) and resampled (right) for control 11
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Figure 27 Talar cartilage contact pressure distribution in original (left) and resampled (right) for control 1
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Figure 28 Talar cartilage contact pressure distribution in original (left) and resampled (right) for control 7
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Figure 29 Talar cartilage contact pressure distribution in original (left) and resampled (right) for control 11
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3.7.3 Discussion

The resampling of the higher resolution models showed that the slice resolution influences the
geometry created, as the larger slice thicknesses resampled will create several repeats of the
same slice. This helps with the smoothing processes, however has the same missing portions
of geometry as the 3.3 mm slice thickness.

This difference was especially obvious in the cartilage of control 1 and control 11, though could
also be seen in the bone geometry in smoothing out small additional bony features. As these
were less prevalent in the articulating surfaces of the bone than the cartilage, the focus of the
qualitative impact was on the cartilage.

The peaks in contact pressures influenced the mean values, therefore it was considered how
this was represented in the contact distribution. The contact distribution was largely similar; it
could be seen that the resampling smoothed over areas causing the peaks in contact pressure.
Where the peak contact pressure was higher in the resampled case (control 7), this appeared to
relate to small stress concentrations, as there were larger areas of higher contact pressures in

the original case.

These findings show there will be some inaccuracies in the geometry of both the bone and the
cartilage, however this is a limitation of using clinical MRI to build finite element models. This
does not have a large impact on the numerical results though, so it should be taken that the
resampled models give appropriate enough results for us to consider in the analysis. More
importantly, the resampled models do still represent the segmentation specific geometry for
patient differences to be noted. Each resampled geometry, and its consequent contact
distribution, most closely resembles its original counterpart rather than either of the other
controls, however some accuracy in the representation of the geometry is lost.
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3.8 MRI Sequence Type

In different MRI sequence types, the bone and soft tissues present differently. For the purpose
of this study, it was attempted to maintain the use of one sequence type (T1), however, this was
not possible in some cases due to movement artefacts within images. Hence 7 models (out of
a total 38) were generated using T2 scans. In order to understand the difference in modelling
outcomes this may cause, one model was generated from both the T1 and T2 scans at the same
timepoint and contrasted to ensure the sequence type used did not influence the FE model

outputs.

3.8.1 Methods

The 3D volumes from T1 and T2 were both generated for one ankle at one timepoint (3L7);
this was selected due to having clear MRI for both sequence types. The volumes for the bones
and cartilage were measured in ScanlP, and the same degree of cropping applied to both
models. Segmentation specific meshes were then generated and exported to Abaqus, where the
same neutral standing loading scenario was applied to both models. The FE outputs in both the
bone and cartilage were considered to determine how this may impact the results of the models

that could not be generated from T1 images.

3.8.2 Results

The volumes from the two MRI sequences had some differences, with the closest volumes
between the two sequence types found in the talus (Table 18). Despite the cartilage generated
from the T1 images having the lower total volume, both the tibial and talar cartilage generated
from T2 had holes in it (Figure 30) caused by cartilage not being clearly present on the MRI.
This in turn would have some influence on the contact pressures and distributions (Table 19).

Table 18 Volumes (mm?) from the segmentations from T1 and T2

Tl T2 % difference
Tibia 54,751 51,646 5.7
Talus 33,321 33,757 1.3
Tibial Cartilage 999 1,182 18.3
Talar Cartilage 973 1,148 18.0
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Table 19 Peak and Mean Results (MPa) comparing the T1 and T2 results for 3L7

Mean % Peak %
Tl T2 |differencel T1 T2 (difference

Cartilage Contact | Tibial | 0.4257  0.3900 8.4 1.102  3.249 | 183.6
Pressure Talar | 0.4602  0.3995 13.2 1.992  3.202 60.7

Tibia | 0.2258  0.2581 14.3 7.351 6.231 15.2
Talus | 0.2616  0.2529 3.3 6.128  3.116 49.2

Von Mises Stress

A
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Figure 30 Contact Pressure (MPa) Distribution in A) Tibial Cartilage, B) Talar Cartilage for T1 (left) and T2 (right)
weighted models

3.8.3 Discussion

In T1 and T2 imaging, the signal intensity of soft tissues and bone vary. T1 weighted images
are best for visualising morphology and surfaces of bone, while T2 weighted images are better
for differentiating between soft tissue properties.
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In T1 images there are lower signal intensities for cartilage, hence it may not be clear where
there are missing cartilage regions, while in T2 the slightly higher signal intensity would make
this differentiation easier.

For this reason, it is possible that the cartilage modelled using the T1 sequences may be overly
simplified; however, as the morphology of the bone is a key disease feature in consideration in
this work, it was deemed more appropriate to try and maintain the T1 imaging type.

The holes in the articular cartilage of the T2 weighted model increases the localised contact
pressures, and influences the contact distribution. However, the average contact pressures were
actually reduced in this T2 model due to the volume of the cartilage being increased in this
model. This highlights the importance of having correct cartilage thickness, and including
cartilage defects in models where they are present, as both of these are influential on the
outcomes of the peak and mean contact pressures. In the longitudinal study presented in
Chapter 4, all cartilage is segmentation specific; therefore, any morphological features such as

holes or thickness irregularities were maintained whether modelled from T1 or T2 MRI.

Peak values should not be the sole consideration when drawing conclusions from studies such
as this, as these values closely relate to the meshing of the model. Hence, the comparisons
between the means in the contact pressures and bone stresses are of more interest. The increased
cartilage volumes caused a subsequent reduction in average contact pressures; a decrease in
bone stresses was also seen with the increased tibial volume in T1. The volumes in the talus
were very similar between the two models, on the whole, this gave very similar mean stresses
for the outputs of interest with the exception of the tensile stress. The average tensile stress was

4 times higher in the model generated from T1 than that of the model generated from T2.

The fact that both T1 and T2 are both used in the 38 models is not of concern, as their influence
on the results is minimal compared to other variables, however it should be taken as a limitation
that the two sequence types are better for representing bone and cartilage respectively. Both
bone and cartilage geometry are of interest in HA, hence it would be preferred to use imaging
that clearly defines both. A combination of the gold standard for modelling of bone would be
use of CT imaging, with T2 imaging for cartilage, as a method to mediate this. However, this
study shows the results from the two MRI sequence types are equivalent enough for the purpose

of these comparisons.
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3.9 Talar Cropping

The focus of the patient specific modelling is on the interaction between the tibia and the talus,
and does not relate to the subtalar geometry. As part of this, the talus in each model was cropped
to create a regular surface for the boundary constraints. This fixation against all displacement
and rotation represents the constraints due to the surrounding soft tissue and bone geometries.
Within the 38 models, differing degrees of talar cropping were required due to the differing
geometries in the talar head and neck. Sharp edges or disconnected regions of bone occurred
in some models when a consistent degree of cropping was used. Sharp edges caused odd shaped
elements, which in turn can cause excessive stresses, especially in regions where the boundary
conditions are applied, as these fixation points can cause unrealistic peak stresses.

Due to these limitations, the degree of cropping ranged from 40 to 70 pixels across the 38
models. As large volumes of talus are being cropped in this range, a sensitivity analysis was
run to ensure the model results were not highly influenced by the degree of dropping. If there
was a relationship between the degree of cropping and the model outputs, comparisons could
then only be made between models with the same degree of talar cropping.

3.9.1 Methods

One ankle model was used to carry out the sensitivity analysis. The sensitivity analysis was
only carried out on the talus, as the tibial cropping was much less variable within the 38 models.
The talus was modelled uncropped (Figure 31A), following this four models were generated
from cropping ten pixel increments up to the 40 pixel baseline used in the bulk of the modelling.
This was carried out to understand what the influence might have been if less cropping was
carried out. Then a further seven models were generated from cropping in five pixel increments
up to 75 pixels (Figure 31B). This was done to go beyond the 70 pixels used as the most
cropping within the patient specific ankle models, but was the limit before the crop would have
reached the articulating regions.
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Figure 31 Ankle model used to carry out cropping study A) uncropped, and B) with the greatest degree of cropping
applied

For each crop, the flat bottom surface of the talus was used for the boundary conditions. On
the one uncropped model, a set was generated for the bottom surface of the talus for the

Encastre boundary condition to be applied to (Figure 32).

Figure 32 Encastre boundary condition on uncropped talus

Contact pressures, area in contact, and all bone stresses were considered in the sensitivity study.
Although it was hypothesised the influence would be focussed on the talus, as this was the
region the changes were occurring, the changes to both bones were considered. The peak and
mean stresses were calculated from all nodes during the cropping study, including those where
boundary conditions were applied. This would give the worst case scenario, as peaks caused
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by localised stresses at boundary conditions were included. These regions were not included in
the outputs considered in the longitudinal study, but they were potentially an important
consideration in this study, with peaks due to odd shaped elements at the crop being a factor of

interest.

3.9.2 Results

These degrees of cropping gave talar volumes ranging from 32,831 mm?® uncropped, to
6,597 mm? with the greatest degree of cropping; this gave a difference of 26,234 mm? between
the first and last of the twelve models. However, this 75 pixel crop was one of two models that
did not converge. The other, 40 pixels, means there is a 15 pixel jump in the results in Figure
33 to Figure 35.
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Figure 33 Peak (left) and mean (right) bone stresses (MPa) with cropping in the A) tibia, and B) talus

The mean bone stresses, which should be less influenced by the mesh applied, showed the talus
was more strongly influenced by the tibia as was expected. The percentage error between the

70 pixel crop and the uncropped was within 3.5% for all mean outputs in the tibia, while the

89



talus was higher at up to 57% error in the compressive stress. The difference between the

amounts of cropping (45 to 70 pixels) used within the patient specific model was less than 10%
for all outputs.
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Figure 34 Changes in peak and mean contact pressure (MPa) in the tibial (left) and talar (right) cartilage with
talar cropping
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Figure 35 Area in contact (%) in the tibial and talar cartilage with talar cropping

The error in the peak talar contact pressure was high (20%), while lower errors (6%) were
found in the tibial contact pressures. The mean contact pressures however were not influenced
by the degree of cropping, with both experiencing less than 1% error. The contact areas were
also unchanged with cropping (less than 2% error in both).

3.9.3 Discussion

Ensuring the decision to crop the talus was not influential to the results was a key sensitivity
study for this model. It was anticipated that the area of higher stresses would be in the
articulating regions, hence if cropping was applied that the mean stresses would increase.
There was a large volumetric difference in the talus between the uncropped and most cropped
models; the results of this sensitivity study did not show the extreme response to this difference
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in volume due to cropping that was anticipated. It agreed with the hypothesis to a small degree,
as the mean stress in the talus did slightly increase with each crop in the 45 to 70 pixel range.
However, the results also showed this range was the most appropriate for talar cropping, with
large peaks seen for the 10 to 30 pixel crops in the talus. However, the peak and mean stresses
returned to around the same value as the uncropped model beyond the 40 pixel crop. This
confirmed the need to avoid sharp geometries, which were seen in the 20 pixel crop, justifying
the choice to use a range of crops rather than just one for all 38 models.

It is however important to not crop beyond the upper bound used in this study, as this would
reach the articulating region. As these models will also be used in quasi-dynamic models
(Chapter 6), it is important to not reach the articulating cartilage, as this would impede data
collection through the gait cycle.

As with the majority of the sensitivity analyses, this study has shown the peak values should
not be taken at face value for the 38 models as they are more highly sensitive to the conditions
being modelled. It is reasonable to suggest the combination of model simplifications would
mean this model would not be validated against real world values, but gives a reasonable
comparison between the models within the study.

3.10 Conclusion

This work has highlighted some of the limitations of models generated from clinical MRI; there
are morphological uncertainties in the 3D volumes due to the slice thickness, which cannot be
fully compensated for in the resampling of images. There is also an informational constraint
on bone properties. These uncertainties would benefit from higher resolution CT imaging, to
enable the use of greyscale based material properties, the gold standard imaging modality to
generate orthopaedic finite element models. The sensitivity to inhomogeneous bone
highlighted the homogenous bone properties adopted may cause an underestimation of both
cartilage and bone outputs.

Despite this finding, and the informational constraints, these sensitivity studies show the patient
specific ankle models generated from MRI can be used for inter-subject comparisons. The
sensitivity studies and verifications have investigated the assumptions that have not been
consistent across the 38 ankle models. It highlights there are still sources of uncertainty,
especially when comparing models generated from T1 with those generated from T2, however
these are in small percentages. In general, the sensitivity studies reflect differences to the

magnitude of Pa, while inter-subject differences can be in the order of MPa. Care should be
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taken when comparing stress distributions between models, however, this could be a valuable
tool for considering the same geometry under different conditions.

The development of this modelling protocol for a patient specific ankle model now allows the
haemophilic ankles to be compared and contrasted over the duration of the imaging; this will
give potential insight into the disease progression with time. These models do not give
validated quantifiable results, however do describe changes and trends with the haemophilic
condition. Giving information that did not previously exist. Additional information would be
required to validate these models, ensuring the methods give meaningful real world results.
This has previous been carried out for CT based models of the ankle joint (Anderson et al.
2007). There would be two potential routes to validate models built from MRI; an experimental
validation utilising models built from MRI of cadaveric ankles, or a verification against
previously validated methods, where MRI could be verified against CT. The latter was planned
for inclusion in this thesis, however the ability to acquire clinical imaging of cadaveric ankles
was impacted by the Covid-19 situation. These limitations to this modelling are acknowledged,
however, do not devalue the additional information haemophilic ankle models can provide
without these methods. This is especially valuable as a basis understanding changes in the joint

due to haemarthritic manifestations such as subchondral bone cysts and altered gait.
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CHAPTER 4

CHRONOLOGICAL STUDY
USING PATIENT SPECIFIC
ANKLE MODELS



CHAPTER 4: CHRONOLOGICAL STUDY USING
PATIENT SPECIFIC ANKLE MODELS

4.1 Introduction

Given the progressive, life-long, nature of this disease, with end stage arthritis as early as the
third decade of life (Rodriguez-Merchan 2010), it is important to consider this through a
chronologically sequential analysis of joint health. As the talar morphology was assessed in
this way, it would be possible to link these FE outputs to the morphological changes with time.
The combination of these two methods would help better understand the role of the morphology

in the progression of the arthropathy.

MRI is routinely collected in the clinical care of PwH. It was shown in Chapter 3 that a robust
FE model can be built from these clinical MRI. There were some limitations to the models due
to informational constraints, however, they allow for qualitative and quantitative analysis of
the internal stresses of the ankle joint. Quantifications have not been validated, hence cannot
be taken as the true stresses experienced within the joints, but the modelling approach allows
comparisons between models and patients to be made. Concentrating on these differences still
improves understanding of the arthropathic changes with time.

The same MRI sequences as used in Chapter 2 (Table 3) were used to build subject specific
models, utilising the method developed in Chapter 3, where the geometry and loading
conditions are specific to each timepoint. These models were utilised in two studies in this
chapter: the first was a sensitivity study carried out on all models investigating the influence of
coefficient of friction; the second was a longitudinal analysis, which was undertaken with the
aim of further understanding the role that disease progression plays in cartilage contact
mechanics and bone stresses. As part of this longitudinal analysis, the outputs of these models
can be contrasted with the findings of Chapter 2, to provide valuable insight into the role

morphological changes could play in disease progression.

4.2 Methods
The processes developed in Chapter 3 were used to generate a total of 38 initial models from
these ankles. Each model included patient specific geometry of the tibia, talus, tibial cartilage

and talar cartilage.
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Based on the method developed, all models were generated from the sagittal projection.
However, as not all T1 sequences were appropriate, due to motion artefacts, and given the
results of the sensitivity analysis on sequence type in Chapter 3, it was acceptable to build 30
of the models from T1 sequences, and the remaining eight from T2 (1R1, 1R3, 1R4, 1R7, 2L 2,
3R1, 3R3) or Short Tau Inversion Recovery (STIR) (1R5). These three sequence types are all
appropriate for the purpose of model generation. Despite STIR being a variation of a T1
sequence, the fat suppression means it more closely resembles a T2 image. It was not possible
to carry out a verification of the use of STIR in the same way as it was for T1 and T2 in Chapter
3, however, this resemblance means it is likely that the same findings stand: it may impact

volume, but not results.

4.2.1 Material properties

For the purpose of the chronological study, the assumption of homogenous, linear elastic bone
was maintained. The Young’s Modulus (E) was simplified to 7.3 GPa based on healthy ankle
literature (Cheung and Zhang 2005), and assigned a Poisson’s ratio (v) of 0.3. The cartilage
was modelled as a hyper-elastic material with Mooney-Rivlin model with two coefficients
defined: C10=4.5 MPa and C1=0.66 MPa. The cartilage was assumed to be completely

incompressible, meaning there is no volumetric change in the simulation.

4.2.2 Loading Conditions

The mass of PwH is regularly recorded, as their factor replacement is based on their mass.
Therefore it was known at each imaging instance, allowing for patient specific loading for the
time of imaging; for two MRI sequences weight was not measured on the day of imaging,
therefore, estimations were made from the closest known weight measurement.

Based off previous FE assumptions, it was taken to be that each ankle joint takes 25% of the

total bodyweight in neutral bipedal standing (Cheung and Zhang 2005). Using F = % gave

the total forces in Table 20.
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Table 20 Patient Weight and Total Force for all models

Model Number ~ Weight (kg)  Total Force (N)

1R1 92 225.63
1R2 99 242.80
1R3 and 1R4 102 250.16
1R5 and 1R6 114 279.59
1R7 117 286.94
2L1 52 127.53
2L2 54 132.44
2R1 and 2L3 59.6 146.17
2R2 63.6 155.98
2R3 and 2L4 80.5 197.43
3R1 24.1 59.11
3R2 and 3L1 29.3 71.86
3R3 and 3L2 48 117.72
3R4 and 3L3 60 147.15
3R5 and 3L4 68 166.77
3R6 and 3L5 65.5 160.64
3R7 and 3L6 65 159.41
3R8 72 176.58
3L7 75 183.94
411 70 170.45
412 70.5 172.9
4L3 68.6 168.24
5R1 and 5L1 47.5 112.08
5R2 and 5L2 50.5 123.85
5R3 52 127.53
5R4 61 149.60
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4.2.3 Longitudinal Study Outputs

The outputs in bone and cartilage were considered over the duration of imaging to see how
these varied with time; VMS is reported for the bone, and contact pressure reported for the
cartilage. The mean values were reported, as stress concentrations due to irregularities in the
mesh may cause the peaks which do not reflect the true condition of the joint.

In order to ascertain if there was a relationship between the longitudinal outputs and the
morphological measurements in Chapter 2; TaAL:TaL was used as this most reliably
represented the flattening of the talus. Pearson’s correlation was calculated to a significance of
0.05 for both the bone and cartilage outputs. As the measurements were taken at three locations
across the talus, the correlation was calculated for each of these three relationships, giving a

total of 12 correlations: three tibial, three talar, and six in total for the two cartilage components.

4.2.4 Coefficient of Friction Study

Based on FEA literature, it was intended to use a coefficient of friction of 0.1 for all models in
the longitudinal study. This coefficient of friction is an assumption, and would vary depending
on disease progression, hence the uncertainty around this value needed to be assessed.

The sensitivity studies carried out in Chapter 3 were carried out on a small sample of ankles,
and, when considering the influence of coefficient of friction, it was seen there were large
differences between models. For this reason, the original 36 models were simulated through
the different coefficients of friction. This was carried out prior to the final mesh refinement,
however, using the edge length ratio from the first step in the mesh convergence.

Eight different simulations were run for each model using different coefficient of friction
values (0.5 to frictionless). This range of values represent those used in literature for both
healthy and diseased cartilage models. The consideration of coefficient of friction was an
important feature due to this being unknown for HA, and is likely to vary with disease
progression. Current findings from a pin-on-plate study suggest coefficients of friction in the
range of 0.01 to 0.05 (Sharrock et al. 2022), hence multiple evaluations within this range.
However, this was expanded upon to cover the ranges reported in FEA of healthy cartilage (0.1
to frictionless) plus additional higher coefficients of friction which would imply a greater
surface roughness in diseased cartilage.

The cartilage contact pressure was considered as the output of interest, following the finding

that this was the more sensitive to the frictional properties in the mesh sensitivity analysis in
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Chapter 3. The peak tibial and talar cartilage pressures were measured for each model at each

coefficient of friction.

4.2.4.1 Results

With a decrease in coefficient of friction, there tended to be an increase in peak contact
pressures. The magnitude of this difference depended on the model. For example large
increases with coefficients of friction lower than 0.1 were seen in 1R3 (Figure 36), 2R1 and
2R3 (Figure 37), while 1R6 (Figure 36) demonstrated no real change. Peak contact pressures
even decreased in some models (2L4) as coefficients of friction were decreased. For the
majority of models, minimal difference were seen between coefficients of friction of 0.1 and
0.5, those that differed from this are highlighted in red on Figure 36 and Figure 38. Results for

tibial cartilage can be seen in the appendix.

—=-1R1
—8-1R2
—-1R3

1R4
——1R5
——1R6

1R7

Contact Pressure (MPa)

0O 005 01 015 0.2 025 03 035 04 045 0.5
Coefficient of Friction

Figure 36 changes in talar cartilage Contact Pressure for Ankle 1R with increasing coefficient of friction
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While a small number of models, such as 2L4 and 3R4, required the highest coefficient of
friction value of 0.5 in order for the simulation to complete; these are highlighted in orange on
Figure 37 and Figure 38.
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4.2.4.2 Discussion

The results of the coefficient of friction assessment suggests that the models in the
chronological study may be an underestimation should the coefficient of friction of
haemarthritic cartilage be in the range of 0.01 to 0.05 as currently suggested (Sharrock et al.
2022). The synovium was not included in these models, and instead was represented through
the frictional properties. The higher end of the range of coefficients of friction reported in
literature (0.1) was used for the chronological assessment, as synovial hypertrophy has
hypothesised to increase this value. It has been seen that the synovium contributes to the stress
distribution, and reduction of stresses in the ankle models (Hamid et al. 2016), hence, should
this have been included the behaviour of the model may have differed.

A coefficient of friction of 0.1 is deemed to be an appropriate representation of arthritic
cartilage interactions in FEA; a small number of the models in the chronological study did not
converge at that coefficient of friction, and required the highest value of 0.5 in order for the
simulation to complete. However, the findings of the coefficient of friction study suggest this
is not an issue, with only four of the 54 models having any significant change between 0.1 and
0.5 coefficients of friction.
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The sensitivity to coefficient of friction was assessed before the MRI sequences used to build
3R8, and 5R4 were gathered. However, the conclusions were strong enough to warrant not

running these additional models at different coefficients of friction.

4.3 Longitudinal Study Outputs

The 38 ankle models allowed for longitudinal assessment of the eight ankles, which could be
linked to the morphological analysis in Chapter 2, without considering the influence of any
additional disease presentations.

Two of the 38 models (3R1 and 3R5) did not converge to 100% of the load step following the
mesh convergence, and were therefore excluded from the chronological assessment. 3R5 was
one of the models in the coefficient of friction study that did not simulated at any coefficient
of friction below 0.5. 3R1 however converged at all cf in the coefficient of friction study, yet
only achieved 68% of the load step in the longitudinal assessment model; the errors occurred
due to a small area of high localised stresses — the impingement this appeared to relate to could
not be counteracted without other errors occurring in the model.

Figure 42 and Figure 43 show the variability in VMS over time. The key is the same as that
used in Chapter 2, with the colours representing age at first scan. The change in stresses in the
bones with time is unique to each ankle, and did not appear to relate to the age categorisation.
There were significant negative correlations between the mean VMS in the tibia and the medial
(r =-0.341; p = 0.042) and central (r = -0.537; p = 0.001) TaAL:TaL measurements taken in
Chapter 2. The correlation with the lateral measurements was non-significant (r = -0.299; p =
0.076).

The correlation between the mean VMS in the talus and the TaAL:TaL measurements taken in
Chapter 2 was significantly negative for the central measurements (r = -0.437; p = 0.008), but
non-significant for both the medial (r = -0.219; p = 0.198) and lateral (r = -0.157; p = 0.362)

measurements.
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Figure 42 Change in mean VMS in the Tibia with time for each ankle
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Figure 43 Change in mean VMS in the Talus with time for each ankle

There were significant negative correlations between the mean contact pressure in the tibial
cartilage and the medial (r = -0.413; p = 0.012) and central (r = -0.432; p = 0.009) TaAL:TaL
measurements taken in Chapter 2. The correlation with the lateral measurements was non-
significant (r = -0.150; p = 0.381). The same relationships were seen in the talar cartilage: r =
-0.397; p = 0.017; r = -0.384; p = 0.021; and r = -0.118; p = 0.493 for the medial, central and

lateral measurements respectively.

103



This demonstrated some relationship between local morphology and global cartilage contact
pressures; the same assessment was not made for the area in contact, as the morphological
analysis was in specific regions of the talus, it would only be relevant if the assessment was in
these three regions. The contact distributions can be seen in Table 32 and Table 33 in the
Appendix.

Figure 44 to Figure 45 show the mean contact pressure in the tibial and talar cartilage with
time, with the same trends appearing to occur in both cartilage components, with differing
magnitudes. Figure 97 and Figure 98 in the appendix show these results against the TaAL:TaL

results across the talus.
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Figure 44 Change in mean Cartilage Contact Pressure in the Tibial Cartilage with time for each ankle
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Figure 45 Change in mean Cartilage Contact Pressure in the Talar Cartilage with time for each ankle
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4.4 Discussion

Despite the efforts to develop a robust methodology in Chapter 3, there were two results
missing from the longitudinal analysis in this chapter ankle. In spite of these missing results,
the processes followed allowed for the comparison of the remaining 36 models for inter- and
intra- subject comparisons over time. These models also form a basis for the models used in
Chapter 5 and Chapter 6, where further haemarthritic manifestations have been considered.
These models show variable change with time. The difference between these models being the
morphology and the weight of the patient. The differences are also seen in those paired due to
bilateral presentation (Patient 2, 3 and 5), where weight is no longer a factor.

The sensitivity tests carried out in both Chapter 3, and the coefficient of friction study in this
chapter, show that the inter-subject comparisons should not be influenced by these variables.
There will be some relative error (<7%) due to differing mesh qualities depending on the
morphology, though this is a much lower magnitude than the relative differences between
models. It was also shown that the variables such as coefficient of friction, and degree of talar

cropping should not create the variability seen in Figure 42 to Figure 45.

When considering the changes in VMS and contact pressures with time independently, it
appears that there is no clear progressive change. However, when taking the morphology into
account there was an apparent link between the flatness of the talus and both the bone and
cartilage outputs. It was hypothesised that the talar collapse would have an implication on the
contact distribution, with changes to the geometries of the articulating surfaces. However, how
this might reflect in the magnitude of the contact pressures was unclear.

The influence on the magnitude of these contact pressures was of interest, as it is anticipated
that elevated localised contact stresses initiate a biological response that leads to cartilage
degeneration (Anderson et al. 2011b), hence an understanding of these with time, and talar
morphology is of interest.

Both the morphological changes, and finite element outputs, were non-linear in their changes
with time with some significant negative correlations between outputs and talar flattening. As
the same MRI were used to generate these models as were used for the measurements, it was
considered reasonable to directly ascertain a relationship. However, there was a complexity
with contrasting 2D measurements at multiple locations across the joint, with the mean of the
entire 3D model output. Therefore, the relationship was considered at the three regions across

the talus.
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It was of interest that different correlations were found in the medial and lateral regions, as they
largely experienced the same morphological changes in each ankle. TaAL:TaL, which was
used for the correlation in this chapter, was significantly flattened in both the medial and lateral
regions of the talus, but not in the central talus. Whereas, the correlation between TaAL:TaL
and the FE outputs was more repeatably significant in the central results.

On the whole, the results suggest that the talar collapse measured from TaAL:TaL, which was
deemed the most reliable in Chapter 2, increase both the contact pressure and VMS experienced
across the ankle joint. In turn, this suggests the talar collapse does not compensate for joint
pressures, and is not a biological response intended to improve joint health. However, these
conclusions are being drawn from a set of models where 19 are simplified to exclude
subchondral bone cysts, hence further work is required to fully understand the true progressive
changes to joint stresses and contact pressures.

4.5 Conclusion

These models are the first to longitudinally assess haemarthritic ankles, investigating the
potential link between morphological changes in the haemophilic ankle and joint damage. It
was shown that the changes in joint stresses and contact pressures are highly variable with time,
and a potential link between the morphology and joint stresses in HA was ascertained. The
negative correlation between joint stresses and contact pressures and talar collapse indicate the
collapse of the talus in HA may be detrimental to joint health, should this be linked to the onset
of further joint bleeds, and cartilage and bone damage.

However, these models do not include potentially influential haemarthritic features; for better
understanding of this progressive nature, additional haemarthritic features should be

considered in the models.
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CHAPTER 5: FINITE ELEMENT ANALYSIS OF
SUBCHONDRAL BONE CYSTS

5.1 Introduction

Due to the commonalities with HA, many of the disease presentations discussed in Chapter 1
occur in one or both of osteo- and rheumatoid arthritis; these, however, might have a differing
effect in HA due to the presence of blood in the joint. These presentations can occur
concurrently or alone (Lundin et al. 2012), complicating their individual influence on joint
health. Without extensive experimental testing on the influence of the presence of blood on all
components of the joint, or their intersectional impact on biomechanical properties, it is not yet
possible to accurately represent haemophilic tissues in FE models.

However, some haemophilic presentations can be considered without the need for this
additional information; one such presentation is SBCs. SBCs are fluid-filled space found within

the bone, these can range in size and shape, and can clearly be visualised in MR Images due to

their contrast with the surrounding bone (Figure 46).
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Figure 46 Subchondral bone cyst highlighted on T1 weighted MRI sequence (left) and T2 weighted MRI sequence
(right)

The contrast is due to the fluid present in the SBCs, which, in T1 imaging causes low signal
intensity and presents as shadows within the bone, while in T2 the high signal intensity fluid

causes presents as bright spots. They have been noted to have a wall like structure around the
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fluid filled space (Woods 1961), these two regions can be represented with different material
properties in FE analysis (Anwar et al. 2020).

In adults, SBCs occur most commonly in the pelvis and long bones of the lower extremities,
whereas the hands and feet are more often affected in children (Geyskens et al. 2004; Mittal et
al. 2011; Purkait et al. 2014).

The aim of this chapter was to consider SBCs as a key disease feature, to understand their
potential influence on joint health in HA. This was possible to undertake in this patient cohort,
as four the ankles had one or more MRI sequences with SBCs present in one or more bone of
the tibiotalar joint. A total of 18 MRI sequences had cystic tissue; each SBC varied in shape
and volume, as well as depth, and the bone(s) they presented in. This gave four variables to
consider when studying the SBCs, where the influence of each was considered individually as
a sub-study in this chapter. These were each considered as patient specific measures, with an
additional parametric study into cyst depth. Throughout the chapter it is noted whether each
SBC occurs in the tibia or the talus, this variable is referred to as cyst ‘location’. These
variables, and their influence on the FE metrics, may guide to the influence of SBCs on joint
health in HA.

5.2 Methods

The prevalence of SBCs within the haemophilic group made computational analysis of their
influence possible to investigate. Four ankles had SBCs present in one or more bone, at a
minimum of two time points. The shape, volume, depth, and location of the SBCs all varied,
allowing for a number of factors to be assessed in the study. Figure 47 demonstrates how each
of the MRI sequences (N=18) were utilised to create patient specific models to investigate the
influence of volume and location of SBCs on the ankle joint. One of these MRI sequences was

also used to generate 6 new models, which were used to understand the influence of cyst depth.
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4 Ankles with SBCs Patient specific models
1R: 7 MRI sequences
2R: 2 MRI sequences — 18 models de facto SBCs
2L: 4 MRI sequences 18 models intact bone
3R: 5 MRI sequences 1

l Volume and location study

6 new models (from one
MRI sequence: 1R7)

!

Cyst depth study

Figure 47 Models generated from images, and the studies carried out from these

5.2.1 Addition of Subchondral Bone Cysts

In order to investigate the influence of SBCs, two cyst conditions were modelled: cysts defined
as intact bone (as described in Chapter 3), and as de facto cystic tissue.

To create the 18 models including the cystic tissue, segmentations of the bones and cartilage
were copied from the original models generated for Chapter 4. The SBCs were created from
the underlying MRI sequences using Simpleware-ScanlP P-2019.09 (Synopsis). The cystic
masses were segmented using a thresholding feature to only capture cystic regions. Depending
on the model, either T1 or T2 weighted MRI sequences (Figure 46) were used, the value of this
threshold varied depending on this. This cystic segmentation was then subtracted from the
surrounding bone segmentation using a Boolean operation.

Segmentation specific FE meshes were then generated using the same method described in
Chapter 3, with the relevant additional properties for the cyst. This process allowed for the like-
for-like models (e.g. 1R1 and 1R1C) to only differ in the cyst conditions.

5.2.2 Finite Element Analysis

The segmentation specific meshes for the cystic tissue condition were imported into Abaqus.
The same neutral still standing loads were applied as the intact bone model, in the manner
described in previous chapters. The boundary conditions, contact properties and element types

all remained the same for a like for like comparison between the 18 instances.
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The same degree of cropping was applied to the SBC model as its respective intact bone model,
so that this was not a variable in the comparison.

The sensitivity analysis regarding the frictional properties of cartilage, was carried out as
described in Chapter four on the SBC models, to ensure the outcomes were not different with
the addition of SBCs to the model. The results of this analysis can be found in the Appendix.
The outputs of the Finite Element Analysis were both qualitative and quantitative; the peak and
mean values for contact pressure and VMS were of interest. VMS stress was chosen as the
stress output of choice due to it being a potential indicator of stress fractures, which have
previously been linked to SBCs (Diirr et al. 2004). These allowed for the localised and wider
influence of cysts to be evaluated. Qualitative analysis of the contact pressure was also

conducted to evaluate the pressure distribution between the two cystic conditions.

5.2.3 Material Properties

The bone and cartilage material properties were maintained from Chapter 4 — where the bone
was simplified to be homogenous (E= 7.3 GPa, v= 0.3), and the cartilage was modelled as an
incompressible Mooney-Rivlin material (coefficients: Cio= 4.5 MPa, Co1=0.66 MPa). These
were maintained so that the main sensitivity test was the cystic properties. With little known
about the composition of the fluid in a SBC, the consequent mechanical properties are also
unknown. Computational modelling of SBCs that has previously been carried out have no
experimental values associated with the material properties, with the justification that it is
appropriate to model these with a Youngs’ modulus that is negligible compared to the
surrounding tissues (Frazer, Santschi and Fischer 2017; McErlain et al. 2011); or with a bulk
modulus equivalent to water (Norton, Santschi and Fischer 2022).

With this assumption in mind, and separate values not being considered for the lumen and cyst
wall, the cystic tissue was modelled with a Youngs’ modulus of 1 MPa (value approximated
as 10 times greater than the lumen Youngs’ modulus, but 1/10" of the cyst wall Young’s’
modulus) (Sarrafpour et al. 2019), and a Poisson’s Ratio of 0.49.

5.2.3.1 SBC Property Sensitivity Study

Given the values from literature for SBC properties are not derived from mechanical data, and
involve large assumptions about the behaviour of the SBCs, a sensitivity analysis (Table 21)
was carried out to investigate the influence of the Youngs’ modulus and Poisson’s Ratio on the

VVMS, contact pressure, and area in contact. One-Sample T-Tests were carried out to see how
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the result from the material properties used across the de facto cystic models varied from the
averages across all sensitivity tests. This sensitivity study was carried out on one model, with
cystic volumes present in the tibia. A Bonferroni correction of 14 was applied, giving an
adjusted significance of 0.0036.

Table 21 Sensitivity Analysis Parameters for cyst material properties (ordered by increasing equivalent bulk
modulus)

Youngs’ Modulus (MPa) Poisson’s Ratio Bulk modulus (MPa)

1 0.45 3.3

1 0.49 16.7

1 0.499 166.7
1.32 0.499 220
132 0.45 440

1 0.4999 1,666.7
13.2 0.499 2,200
132 0.49 2,200
660 0.45 2200
200 0.49 3,333.3
1000 0.45 3,333.3
660 0.49 11,000
132 0.499 22,000

5.2.4 Subchondral Bone Cyst VVolume

SBC volumes were assessed in Simpleware-ScanlP P-2019.09 (Synopsis). The total volume,
and where relevant, the individual tibial and talar cyst volumes were recorded. There were 14
tibial cystic volumes, and 10 talar cyst volumes (Figure 53).

The individual cyst volumes were further broken down into volume fraction of the surrounding

cyst volume

bone component using % 100 for the tibial and talar cysts separately (Table 22).

bone volume

The volume fraction was calculated, as it was possible the significance of cyst volume may
relate more closely to this, due to differing bone volumes due to patient growth with time. Bone
volume changes were expected due to the age of the patient group at the time of cyst
development (12 — 17 years). The least bone volume change may be expected in 1R, which
was adolescent and matured to adulthood around 40 months, so it was not expected there would

be much growth in this time. However 2R and 2L were adolescent for the duration so may
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experience some growth, and the greatest bone volume changes were expected in 3R as the

patient was paediatric.

5.2.5 Cyst Depth Study

Due to the nature of the image based models, the three main variables of the cysts: volume;
shape; and location were taken into consideration concurrently. Hence, a consequent study was
carried out on one ankle model (1R7) to alter the depth of the same volume and shaped cyst.
The maximum recorded depth was 3.9mm (X = 0.55 mm, S = 0.90 mm), with the tibial cysts
tending to be closer to the surface (x= 0.29 mm, S = 0.24 mm) than those in the talus
(x=0.89mm, S = 1.29 mm). Only one cyst depth was above the 3 mm depth, hence this was
used as the upper limit in the cyst depth investigation.

To increase the distance between the cysts and the bone-cartilage boundary, translations of
+0.5 mm, +1 mm, +1.5 mm, +2 mm, +2.5 mm and +3 mm along the vertical axis of the tibia
were all applied to copies of the cyst segmentation in ScanlP and subtracted, using a Boolean
operation from copies of the tibia model. Figure 48 shows the resultant seven models (A-G) on
the same sagittal slice, where A is the baseline image based segmentation, and B-G are the
translations ranging from 0.5 to 3mm in 0.5mm increments. This tibial cyst model was used

for a greater range of offsets, as the talar cyst models would not have allowed for this range.

Figure 48 Translation of cyst segmentation on the same MRI slice. A) baseline segmentation from image; B)
+0.5mm from baseline; C)+1mm from baseline; D) +1.5mm from baseline; E) +2mm from baseline; F) +2.5mm
from baseline; G) +3mm from baseline.
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The change in peak and mean values for both VMS and contact pressure were contrasted in the
models, and the qualitative changes in contact pressure also assessed, as to whether the cyst

depth may indicate why the qualitative change in the original models differed.

5.2.6 Statistical Testing

Statistical testing was carried out using IBM SPSS Statistic (version 25) to 1) calculate the
significance of the differences between the two cystic conditions; 2) calculate the correlation
between cyst volume and outputs; 3) calculate the correlation between cyst depth and outputs.
All eighteen models were included in the statistics, including the one paediatric model (3R3).
To calculate the significance of the differences between the two cystic conditions, non-
parametric testing was used. This testing type was used as Shapiro Wilks testing showed most
of the data was not normally distributed (only mean compressive stress in the intact bone group,
and peak tensile stress in the cystic group were normally distributed). The alphas value was
adjusted using a Bonferroni correction, to give a significance level of 0.0083 for the bone
outputs, and 0.025 for the cartilage outputs.

For the correlations — relating to volume, location, and depth — Spearman’s rank was used over
Pearson’s correlation, due to the graphs not clearly showing linearity. In the volume study, all
18 model’s outputs were contrasted against their respective total volumes, then the 14 tibial
volume fractions were checked against all outputs for the models with tibial cysts, and the 10
talar volume fractions against all outputs for the models with talar cysts. The significance of
the correlation was set to 0.05. A similar approach was taken in the cyst location study, with
the correlations assessed between the percentage differences between the two cyst conditions
and the cyst location for both bones. These statistical tests, in all four instances, were carried

out on both the peak and mean outputs.

5.3 Results

Both qualitative and quantitative results were gathered from the eighteen models. The
following sections cover the main comparisons of interest; 1) between the two cystic
conditions: intact bone, and cystic tissue; 2) changes against cystic volume, and cystic volume
fraction; 3) relationship with cyst location; and 4) the effect of depth as an independent variable,

in order to ascertain if depth alone had any significant impact on outputs.
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5.3.1 SBC Property Sensitivity Study

The one-Sample T-Tests showed that some outputs were more sensitive to the SBC property
than others. Significant differences (p < 0.0001) were found for the peak contact pressures
(Figure 49A), while the differences were non-significant for mean contact pressures (p = 0.215
and 0.152 in the tibial and talar cartilage respectively) (Figure 49B). There were significant
differences in the contact area (p < 0.0001), but when evaluating the percentage error for the

contact areas, this was only 2.3% in the tibial contact area, and 1.8% in the talar cartilage.
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Figure 49 Sensitivity Study results for A) peak contact pressure, B) mean contact pressure, and C) % area in
contact against bulk modulus

The stress outputs in the bone (Figure 50) were much more sensitive to the properties of the
cyst, with significant differences in both peak (p < 0.0001) and mean (p < 0.001) stresses in the
tibia and talus; with percentage errors in the bone outputs ranging from 2.99% to 29.14%. The

localised effect was seen with these errors being greater in the tibia, where the SBC volume

was present.
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Figure 50 Sensitivity Study results for A) peak, and B) mean VVMS against bulk modulus

5.3.2 Intact Bone vs Cystic Tissue

The non-parametric testing used to assess whether the difference between the outputs in the
intact bone, and cystic tissue groups was significant. The differences between the mean contact
pressures in the cartilage were not significant in either the tibial or talar cartilage (p = 0.349),
the differences between the peak contact pressures was significant (p = 0.0004) in the tibial
cartilage, but not in the talar cartilage (p = 0.170). In both the tibia and talus, all mean and peak
outputs were significantly different between the two cystic conditions (p = 0.0002 to 0.001);
however, the sensitivity study (Section 5.3.1) highlighted the bone outputs are highly sensitive
to the SBC properties used in the model. For this reason, the significance of the differences in
bone outputs may relate to the de facto cystic property used in this study. This finding was not
the case for the cartilage properties, therefore the differences between the intact bone and cystic

tissue were only considered in the cartilage.

As the differences in the mean contact pressure were not significantly different between the de
facto and intact groups, it was assessed if there was a redistribution effect (Figure 52). A non-
parametric test was also used to assess whether there was a more localised effect. This was
done by assessing the significance of the difference in the mean tibial cartilage contact pressure
in the 14 models with tibial cysts (p = 0.300), and the significance of the difference in the mean
talar cartilage contact pressure in the 10 models with talar cysts (p = 0.374). These were
repeated for the peak values, where the tibial values were no longer significant due to the

Bonferroni correction (p = 0.048), and the talar values were again insignificant (p = 0.953).
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Figure 52 Redistribution of pressure in A) Tibial, and B) Talar cartilage for model 1R2 (see appendix for all
ankles redistributions). Location of peak contact pressure circled for each cartilage component under the two
conditions

Despite there not being significant differences between the mean outputs in both the tibial and
talar cartilage, Figure 52 demonstrates a redistribution of pressure in both. This redistribution
occurred in both cartilage components despite there only being tibial SBCs in 1R. The areas

where pressure are reduced appear to align with one another.

5.3.3 Subchondral Bone Cyst VVolumes
It can be seen in Figure 53 that Ankle 1 only had tibial cysts; 2R developed a small volume of
tibial cyst after 28 months, while in 2L and 3R the cyst growth both propagated from the tibia.
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Figure 53 Subchondral bone cyst volumes for tibial cysts (left) and talar cysts (right).

Both the total cyst volume of Figure 54 and the cyst volume factions (Table 22) were used in

the correlations between cyst volume and stress outputs in Section 5.3.4.
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Figure 54 Total subchondral bone cyst volume against time for four ankles.

Table 22 Cyst Volume Fraction for each time point (left to right with disease progression)

Cyst Volume (% surrounding bone)

1R Tibia 1.84 1.43 471 494 5.23 3.69 6.34
Tibia 8.59 1.16
2R
Talus 0.86
- Tibia 2.97 7.51 10.53
Talus 0.80 22.03 18.39 13.59
3R Tibia 1.14 2.12
Talus 0.49 8.37 16.63 10.78 10.59
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5.3.4 Cyst Volume Study

No correlation with the total cyst volume was found for the peak and mean contact pressures
in the tibial cartilage (rs = 0.084 and 0.053 respectively). The same was found for the peak and
mean contact pressures in the talar cartilage (rs = 0.057 and 0.024 respectively).

Unlike in the results of the addition of SBCs, the influence of the de facto material properties
are not the driving factor in the relationships between SBC properties and bone outputs.
Therefore, bone outputs can be considered in the volume, location and depth studies. The
correlation between SBC volume and the bone outputs were much more strongly positive. All
outputs in the talus were significant, while in the tibia the mean values had significant positive

correlations, and the peak values had positive, but non-significant correlations (Table 23).

Table 23 Spearman's correlation (rs) for total cyst volume against peak and mean stress outputs in the tibia and
talus. Significant correlations marked with *

Von Mises Stress Shear Stress Compressive Stress | Tensile Stress

Peak Mean Peak Mean Peak Mean Peak Mean

Tibia 0.233 0.639" | 0.356 0.635 0.395 0.585" 0.187 0.701"
Talus | 0.798"  0.744" | 0.794" 0.744" | 0.767" 0.732" 0.705" 0.651"

5.3.4.1 Tibial Cartilage

The peak and mean contact pressure showed positive but non-significant correlations with the
talar cyst volume (rs= 0.406 and 0.430 respectively). The same contact pressure values showed
negative but non-significant correlations with the tibial cyst volumes (rs = -0.257 and -0.138

respectively).
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Figure 55 Peak contact pressure in tibial cartilage against tibial cyst volume fraction (left) and talar cyst volume
fraction (right)
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Figure 56 Mean contact pressure in tibial cartilage against tibial cysts volume fraction (left) and talar cyst volume
fraction (right)

5.3.4.2 Talar Cartilage

Similar correlations to the tibial cartilage were seen, the peak and mean contact pressure again
showing positive but non-significant correlations with the talar cyst volume (rs = 0.394 for
both). The same contact pressure values showed negative but non-significant correlations with

the tibial cyst volumes (rs = -0.108 and -0.143 respectively).
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Figure 57 Peak contact pressure in talar cartilage against tibial cysts volume fraction (left) and talar cyst volume
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Figure 58 Mean contact pressure in talar cartilage against tibial cysts volume fraction (left) and talar cyst volume
fraction (right)
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5.3.4.3 Tibia

When considering the cyst volume fractions, rather than total cyst volume, both the peak and
mean values were reduced to non-significant correlations. All were positive, except the
correlation between the peak tensile stress and the tibial cyst volume fraction. These
correlations all showed a less strong relationship than with the total cyst volume shown in Table
23.

Table 24 Tibia results for Spearman's correlation (rs) correlations for stress outputs against tibial cyst volume
fractions (vol%) and talar cyst vol%. Significant correlations marked with *

Von Mises Shear Stress Compressive Tensile Stress

Stress Stress
Peak Mean Peak Mean Peak Mean Peak Mean

Tibial Cystvol% | 0.002 0.530 | 0.099 0.516 | 0.169 0.437 | -0.240 0.516
Talar Cystvol% | 0.491 0.600 | 0.491 0.600| 0552 0.539 | 0.309 0.479
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Figure 59 Peak VMS in the tibia against tibial cysts volume fraction (left) and talar cyst volume fraction (right)
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Figure 60 Mean VMS in the tibia against tibial cysts volume fraction (left) and talar cyst volume fraction (right)
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5.3.4.4 Talus

The correlations for the peak and mean values between the talar outputs and the tibial cyst

volume fraction are all positive but non-significant. The relationship between the outputs and

the talar cyst volume fractions were all significant positive correlations.

Table 25 Talus results for Spearman’s (rs) correlations for stress outputs against tibial cyst volume fraction (vol%)
and talar cyst vol%. Significant correlations marked with *

Von Mises Compressive Tensile
Shear Stress
Stress Stress Stress
Peak Mean | Peak Mean Peak Mean Peak Mean
Tibial Cystvol% | 0.336 0.327 | 0.301 0.327 0.319 0.284 | 0.415 0.495
Talar Cyst vol% | 0.745* 0.745* | 0.782" 0.745" | 0.709" 0.770° | 0.673" 0.685
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Figure 61 Peak VMS in the talus against tibial cysts volume fraction (left) and talar cyst volume fraction (right)
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Figure 62 Mean VMS in the talus against tibial cysts volume fraction (left) and talar cyst volume fraction (right)
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5.3.5 Influence of SBC Location

One model with tibial cyst only (583mm?), a model with talar cyst only (896mm?), and a model
with cysts in both (460 mm? total — 386 mm?3tibial cyst, 74 mm?3 talar cyst) were contrasted for
the peak tibial and talar changes.

Percentage changes for both the peak and mean values in the tibial and talar stresses quantified
the difference between the three cyst locations. From previous results, the greatest changes
were expected to be localised to the bone the cyst was located in. The greatest change (706%)
in peak tibial stresses occurred in the model with cysts in both bones, the increase caused by
tibial cysts alone was still high (566%), while talar cysts caused a much smaller increase (6%).
Peak talar stresses did not follow exactly the same trend; in the model with talar cysts alone,
the percentage change was the greatest (759%), while in the model with cysts in both bones
the talar stresses increased by 132%, in the tibial cyst model the increase was the smallest
(10%). The change in the model with cysts in both bones likely reflects the small cyst volume
(74 mm?d) in the talus, however can be seen that an amplification is caused by cysts in both
bones.

The mean values followed the same trends on the whole, with significantly reduced percentage
change values. Mean tibial stresses increased by 240%, 0.16% and 90% respectively with the
tibial cysts, talar cyst, and cysts in both bones. While the mean talar stress decreased by 1%
with the tibial cysts, the mean talar stresses increased by 99% with the talar cysts, and 10%
when cysts were present in both bones.

5.3.6 Cyst Depth Study

The correlation between the measured minimum SBC depths and the model outputs were
calculated, and showed insignificant weak negative correlations between the talar cyst depths
and the peak and mean contact pressures in both cartilage components (-0.217 to -0.280). The
correlation between the talar cyst depths and the VMS in both bones was also insignificant; the
peak and mean tibial stresses had no correlation (0.056 and -0.093 respectively) while the peak
and mean talar stresses were weakly negative (-0.354 and -0.391 respectively). There were
insignificant positive correlations with the peak and mean contact pressures in both cartilage
components (0.235 to 0.471). Considering the VMS and how these correlate with the tibial cyst
depths, the peak and mean VMS in the talus were insignificant and negative (-0.203 and -0.380
respectively); in the tibia the peak VMS had no correlation (0.055), and the mean VMS was
positive, but again insignificant (0.382).
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In models where the SBC depth was varied parametrically, the peak contact pressure was seen
to vary with the cyst offset to a greater degree in the talar cartilage, however, the mean value
was minimally effected in both. The addition of cysts on the whole does not significantly
influence the mean values, therefore the influence on redistribution was also investigated
qualitatively (Figure 65 and Figure 66).

When varying the depth of the cyst, the +0.5mm offset only converged to 65% of the loading
step, from this it gave a peak output in the tibia of 26.7MPa, and in the talus of 5.7MPa. Should
it be assumed these were increasing linearly with the load, these would be expected to be
approximately 41MPa, and 8.8MPa respectively, which fall within the expected range for this
study (Figure 63).
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Figure 63 Peak (left) and mean (right) VMS for both the tibia and talus with varying cyst depth

The cartilage pressure values calculated from the 65% convergence also fell within the
predicted range, with 3.8MPa calculated in the tibial cartilage at 100% and 4.9MPa in the talar
cartilage (Figure 64).
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Figure 64 Peak (left) and mean (right) contact pressure for both the tibial cartilage and talar cartilage with
varying cyst depth

125



Spearman’s correlation (rs) demonstrated significant correlations between SBC depth and the

tibial outputs (Table 26), which was anticipated based on previous findings, due to the fact this

was carried out on an ankle with only tibial cysts.

Table 26 Spearman's correlation (rs) values for the cyst depth study, assessing for correlation between cyst depth
and peak and mean outputs. Significant values marked with *

Tibial Cartilage
Contact Pressure

Peak Mean

Talar Cartilage
Contact Pressure

Peak Mean

Tibia
Von Mises Stress

Peak Mean

Talus

Von Mises Stress

Peak Mean

Is

-0.943"  0.429

-0.086  -0.290

126

-0.200 -17

-0.029  -0.058



CPRESS
+6.220e+00
+5.701e+00
+5.183e4+00
+4.665e+00
+4.1462+00
+3.628e4+00
+3.110=+00
+2.592e400
+2.073e+00
+1.555e+00
+1.037e400
+5.183e-01
+0.000e+00

Figure 65 Contact Pressure in the tibial cartilage in A) 1R7C with no offset; C) +1mm offset; D) +1.5mm offset; E)
+2mm offset; F) +2.5mm offset; G) +3mm offset.

CPRESS
+5.402e4+00
+4.952e+00
+4.502e+00
+4.052e+00
+3.601e+00
+3.151e+00
+2.701e+00
+2.251e400
+1.801=+00
+1.351e+00
+9.004e-01
+4.502e-01
+0.000e+00

Figure 66 Contact Pressure in the talar cartilage in A) 1R7C with no offset; C) +1mm offset; D) +1.5mm offset;
E) +2mm offset; F) +2.5mm offset; G) +3mm offset
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5.4 Discussion

The use of MRI data in people with haemophilia to diagnose and stage haemarthritic changes
makes it the perfect tool to quantify the implications of the main presentations. The nature of
the patient specific models generated in Chapter 4 included any geometric changes to the bone
or cartilage with the image specific segmentations produced. The imaging presentations of
haemophilia made it possible to carry out the study in this Chapter, where the influence of
SBCs on joint health are considered in depth.

Despite the prevalence in osteoarthritis (Audrey, Abd Razak and Andrew 2014; Buckland
2010), rheumatoid arthritis (Rennell et al. 1977), and HA (Lundin et al. 2012), very few studies
have been carried out surrounding the impact of SBCs. Those that have been carried out contain
large simplifications to the study. The representation of SBCs in FE analysis varies in literature,
with 2D (Dirr et al. 2004) and 3D (Anwar et al. 2020; Frazer, Santschi and Fischer 2017)
analysis carried out. The material used to represent the fluid that fills the space has not yet been
characterised, however its elastic properties are assumed to be significantly smaller than the
surrounding bone (Frazer, Santschi and Fischer 2017). Other representations have split the cyst
into a cyst wall and cyst lumen, where the lumen is assumed to behave as a hydrogel with a
Youngs’ Modulus of 0.1 MPa (Sarrafpour et al. 2019). These previous SBC studies have not
indicated if or how the presence of blood — should it enter the SBCs — would affect the
mechanical properties due to the focus of the research being on OA (Anwar et al. 2020; Durr
et al. 2004), oral cysts (Sarrafpour et al. 2019), or equine studies (Frazer, Santschi and Fischer
2017).

Previous studies have all involved the simplification of the geometry as well as the properties
of the cyst. The geometry in these previous studies has been simplified to a sphere (3D) or
circle (2D). These would be appropriate in a number of cases, as it is found that approximately
half of all SBCs are spherical, while the remainder are classified as irregular in shape (Reilingh
et al. 2013). However, upon observing the 18 MRIs with SBCs in this study, all were irregular.
The simplification to spherical therefore is not justifiable in image-based modelling given the
ability to segment the cystic regions from the MRI sequences, enabling patient specific cysts
to be included in the model. Patient specific cysts can also be modelled using CT, however the
contrast in Hounsfield Units in CT is not as strong as between signal intensities in either MRI
sequence used. The nature of the clinical MRIs, with slice thicknesses of approximately 3mm,
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means that some assumptions are being made surrounding the shape and volume, however this

method is still an improvement on simplifications to spherical cystic bodies.

The first consideration was the difference in the model outputs contrasted between the two
conditions, this allowed the general implication of SBCs on joint health to be understood before
investigating whether there was an important relationship with factors such as volume,
location, or depth. These comparisons were carried out in both the cartilage and bone
components.

Cartilage results highlighted there was not a large influence on the magnitude of cartilage
pressure with the presence of SBCs, but there is a redistribution effect seen the majority of
cartilage components (further examples in the appendix). The nature of some previous studies
have not allowed the effect on cartilage to be considered. The 2D (Diirr et al. 2004) and dental
(Sarrafpour et al. 2019) studies did not have the articular cartilage to consider; the equine study
could have been used for a comparison, however the redistribution of stress was not evaluated
(Frazer, Santschi and Fischer 2017). The one study that did consider the redistribution did so
in the shear stress of the articular cartilage in the knee, finding increased values in close
proximity to the SBC, and significant increases in the mean values with the inclusion of larger
cyst volumes or multiple smaller cysts (Anwar et al. 2020). This did not agree with the findings
in the four ankles in this study, each seeing reduced pressures in the area surrounding the SBCs.
Cartilage loss tends to occur in areas of higher pressure, with increased wear seen in weight-
bearing areas of a joint. Significantly increased contact pressures with SBC inclusion would
have been of concern, given the irreversible nature of damage with disease tissue. However, in
these haemophilic cases there were no significant increases in pressures, thus, it is not possible
to discern if the presence of SBCs can be directly linked with cartilage degeneration as was
concluded in the knee OA study (Anwar et al. 2020). Further investigation would be needed to
understand how the redistribution of pressure may impact cartilage health.

In patients with osteochondral lesions, elevated cartilage pressures have been linked to pain,
whether this connection could be made in haemophilia would depend on the availability of
clinically reported pain; these scores could then also be correlated to the peak and mean contact

pressures to assess if there is a relationship with SBC presence, volume, depth or location.

The stresses experienced in the bone would be of interest due to the relationship between the
mechanical stresses and the microscopic morphology of bone (Martin and Burr 1989), where

bone remodelling is triggered by increased stresses and strains within the bone. In healthy bone,
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this remodelling either sustains the mechanical properties or increases bone strength. In
diseased bone such as that in haemopbhilic joint disease these stresses are likely to cause an
imbalance in the bone remodelling and reduced bone quality due to the increased osteoclast
activity and impaired osteoblast function.

As the sensitivity study showed that the bone outputs were highly sensitive to the material
properties assigned to the SBC, the true values for bone stresses cannot be ascertained without
use of characterised material properties. However, the relationship with the characteristics of
the SBCs, such as volume and location may still be relevant, as the correlation was calculated
using the same arbitrary values for all SBCs.

Previous studies have found a tendency to elevated stresses in the bone adjacent to the SBCs
(Anwar et al. 2020; McErlain et al. 2011). Largely, these studies have just considered VMS
values (Anwar et al. 2020; McErlain et al. 2011) due to the hypothesis that they can be an
indicator of stress fractures (Durr et al. 2004). Some took into consideration the same stress
outputs as this thesis: compressive, tensile, shear and Von Mises (Frazer, Santschi and Fischer
2017); the results were mixed, with the responses to their three cyst conditions different in each
output. They considered percentage change in the peak outputs between normal and the cystic
conditions; with results suggesting some correlation between SBC volume and outputs,
however the nature of this relationship differed for each of the four stress outputs.

In the bone outputs, it was seen there was significant differences between the de facto and intact
bone outputs; these increases in both peak and mean bone stresses appeared to relate to relate,
initially, to cyst volume. For example, in Ankle 2R, there was only a relatively small talar cyst
volume compared to the tibial cyst volume, which was reflected in the talar bone outputs.
However, as the tibial cyst volume fraction decreased, the difference between the two
conditions in 2R3 (relative to 2R2) increased. This appeared to be confirmed in both 2L and
3R by qualitative assessment of the results, hence the quantitative investigation into whether

the presence of SBCs in bone bones amplifies the effect.

5.4.1 Impact of SBC Volume

As there were a wide range of SBC volumes within the 18 MRI sequences, and when first
comparing the de facto and intact models there appeared to be a relationship between the SBC
volume and the stress outputs, the correlation was assessed. In the previous studies, where
volume was an independent variable, it was seen to correlate (Anwar et al. 2020; Frazer,

Santschi and Fischer 2017). However, in this study, due to the patient specific nature of the
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segmentations it was not a completely independent variable. Maintaining the patient specific
shape of the cyst was key to understanding the influence of the disease however; therefore, it
is a known confounding factor that shape, depth and volume will all vary when the correlation
is only being calculated for volume.

With the surrounding bone volumes also changing in this study, which was not the case for the
correlations made in the previous studies, this was accounted for by also considering bone

volume fractions for both the bone and cartilage outputs.

5.4.1.1 Changes in Cartilage Contact Pressure

A strong correlation between cartilage contact pressure and SBC volume was not expected,
given the non-significant difference between the models with and without cystic tissue. The
total SBC volume in each model, gave the weakest correlation with the peak and mean contact
pressures in both cartilage components (0.024 to 0.084). This opposes the findings in the knee
study (Anwar et al. 2020) . Better understanding of the relationship between SBC volume and
contact pressure could be gained by treating the SBC volume as an independent variable, as
has been varied out in studies considering bone stresses. However, this is more complex when
considering irregular shape cysts, as volume directly influences the shape of the SBC if using
a dilating or extruding method to shrink or grow the SBC.

To further the understanding of the contact redistribution, a qualitative analysis could be
correlated to the SBC volume. This however, would be complex due to SBCs being present in
both bones in 10 of the 18 models, as it was seen that the redistribution occurred in both
cartilage components when the SBC was only present in one bone. The volume may also not
be the best variable to use for this, as some SBCs had larger areas close to the bone cartilage
interface, while others projected deeper into the bone. Therefore it may be area of the SBC
closest to the cartilage that is more directly linked to the changes in contact pressure.
Knowledge of whether there was a relationship with either area or volume, alongside the impact
of irregular contact areas on cartilage health would aid in answering whether a direct link could

be made in haemarthritic ankles between the SBCs and cartilage degeneration.

5.4.1.2 Changes in Bone Stresses
Despite not being able to consider the difference between the cystic and non-cystic conditions,
it was of interest whether any of the outputs were influenced by the total cyst volume, or the

volume fraction within the bone. The previous SBC studies have not calculated correlations

131



between SBC volume and outputs, however, from the results of studies considering multiple
cyst conditions it appeared there was a relationship between volume and the magnitude of stress
values (Anwar et al. 2020; Frazer, Santschi and Fischer 2017). This relationship was confirmed
for the ankle models using Spearman’s correlation, where a significant positive correlation was
seen between the total cyst volume and the mean stresses in both bones, and the peak stresses
in the talus. While there was only a weak positive correlation with the peak tibial stresses.
Pearson’s correlation was also carried out to assess for linearity of the correlation, the stronger
correlation values for this test suggests the relationship may be linear.

With this strong indication that there was a relationship between SBC volume and stress values,
it was then investigated how the cyst volume fraction might be. Somewhat against the
hypothesis, this gave weaker correlations for most outputs, with only significant positive
correlations for the relationship between talar cyst volume fractions and the peak and mean
talar outputs. However, the amplified stress values when cysts are present in both bones, may
explain this finding, as the total volume takes into consideration both cyst volumes, while the
volume fraction doesn’t take this into account, and the relationship may be stronger when
considering these. This would strengthen the argument that total volume is important when
considering bone stresses, but the presence of cysts in both bone is increasingly detrimental to
bone health.

5.4.2 Impact of SBC Location

As the SBC volume alone could not account for the differences between the outcomes in the
18 SBC models, the impact of the location was then considered. This had previously been
unaccounted for in literature, however, given the range of locations in the haemarthritic ankle,

it was a logical consideration.

5.4.2.1 Changes in Cartilage Contact Pressure

The relationship between contact pressure and any SBC variable has thus far been insignificant;
therefore, it was unsurprising that the relationship between volume fractions and contact
pressure, used to assess the impact of SBC location, also gave insignificant correlations. They
were however a mix of positive and negative correlations depending on the bone the bone the
SBCs were located in. Talar cyst volumes showed weak, but positive, correlations (0.394 to
0.430) for peak and mean values in both cartilage components, while tibial cyst volumes had

weak negative correlations (-0.108 to -0.337) for the mean and peak values in both the tibial
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and talar cartilage. These should not be taken at face value to look for trends, however, given
the number of joints that had both tibial and talar cysts. So instead of suggesting that tibial cysts
relieve cartilage contact pressures, their effect may not be as dominant due to their smaller bone

volume fractions.

5.4.2.2 Changes in Bone Stresses

The multiple cyst conditions investigated in previous studies (Anwar et al. 2020; Frazer,
Santschi and Fischer 2017) did not consider differing cyst locations; however, the presence of
SBCs in either the tibia, talus, or both bones in the 18 image based models, makes them of
interest in this study. The cyst location was defined by which of the bones the SBCs were
present in; it was of interest as to if this related to the degree of influence. It was expected that
there would be a localised effect, as was witnessed in previous studies (Anwar et al. 2020;
McErlain et al. 2011), however the wider effect on the joint is unknown.

The direct impact of SBC location is difficult to determine exactly, however, those models with
cysts in both bone compartments appeared to have larger stress values when comparing with
similar volumes in just one bone. This was identified by comparing the cysts with intact bone
to see the difference between the two scenarios. This was done for VMS, as the four outputs in
this study followed the same trends on the whole — unlike those of Frazer et al. (2017). Initially
the peak values were investigated, however, it is likely the peak values are influenced by the
mesh generated when the cyst was added, and may be linked more to the geometry, hence the
comparison was also made for the mean values.

From the elevation levels seen in the three models in Section 5.3.5. it can be seen the largest
implications are localised to the bone the SBCs are in confirming the findings of previous
studies regarding elevated localised pressures; however, the presence of cysts in both bone
compartments is likely the most detrimental to joint health — even when there is only a small
cystic volume in the second bone. The correlation between cyst volumes and percentage
changes were assessed, and were largely positive, which agreed with the amplified effect seen
with greater cystic volumes in both bones; for example one joint had a total cyst volume of
3,870 mm? (tibial cyst: 998 mm?; talar cyst: 2,873 mm?), where the increase in stresses were
vastly increased. The peak stresses in the tibia and talus increased by 1718% and 3552%
respectively, while the mean stresses also increased by 372% in the tibia, and 437% in the talus.
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The elevated stresses in both components of the bone is likely to explain how the SBCs
propagate from one bone to another, should the elevated VMS be linked to stress fractures in
bone, which were seen to cause SBC formation (Drr et al. 2004). However, more than this, it
is likely to explain why there is reduced bone quality surrounding SBCs, as has been seen
through clinical imaging. These elevated localised bone stresses causing damage to bone with
disrupted remodelling. What remains to be understood is what happens to this bone in the
situations where the SBCs repair and shrink, as is seen in some of these cases, but also within

the wider haemarthritic community.

5.4.3 Influence of Cyst Depth

As with differing locations, depth has also not been considered as an independent variable in
previous studies. Unlike cyst volume, this study allowed it to be considered as a true
independent variable, to ascertain how this may explain potential differences between the
outcomes of the 18 models. The SBC depth was seen to vary for each model, including the
different cysts within each model. Cystic regions were either fully embedded within the bone
or touching the surface of the bone. 24 cyst depths were measured to calculate the average
depths; 18 of those 24 measurements were less than 0.5mm from the bone cartilage boundary.
Before assessing the cyst depth using the offset study, the correlation between the minimum
depths and the contact pressure and VMS was calculated. There were no significant
correlations between cyst depth and outputs in either bone or cartilage. As these results were
potentially biased by the factors such as shape and volume, or whether there were SBCs present
in both bones, it was decided that carrying out a cyst offset study may better answer whether
there was a relationship between cyst depths and outputs. One model, where all other factors
were consistent, except cyst depth, would best isolate this as a factor. A model with just tibial
cysts (1R7) was selected, however repeating this test with an ankle with only talar cysts would
help ascertain if the negative correlation seen previously is driven by the range of cyst volumes.
The findings in this cyst offset study confirm the importance of depth, highlighting the potential
amplified effect of SBCs closer to the bone cartilage boundary. This would need confirming in
a talar study of a similar nature, but if the relationship is as seen in the tibial offset study, all
results imply that larger cystic volumes close to the talar surface would be the greatest risk to
joint health. This knowledge is of importance given the proximity of most SBCs to the bone

cartilage boundary, with very few lying more than 0.5mm from the cartilage.
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5.4.4 Effect of Arthritic Stage

The four ankles containing SBCs are each at a different arthritic stage, due to both disease
timelines and patient ages (12 to 26 years). It has been reported that the effect of the blood on
the articulation can be specific to the maturity of the joint. With mature joints particularly
influenced in the cartilage components, while immature joints may see greater changes in the
bone especially linked with hypertrophy of the epiphyseal growth plates and significant
structural deficiencies (Rodriguez-Merchan 1996). Due to the fact the patient group with SBCs
have not yet reached bone maturity (between the age of 17 and 18 for the tibiotalar joint
(Donatelli 1996)), or only reach bone maturity over the course of imaging, it was important to
consider the implication in both bone and cartilage. However, bone is especially of interest
given the fact that bone biology is heightened before bone maturity. This is potentially the
reason that SBCs are more commonly found in paediatric and juvenile patients, and may mean

there is an increased response to stresses induced by cysts in these joints.

5.4.5 Simplifications to the Haemophilic Model

It is acknowledged that the models discussed in this Chapter are not without their limitations,
however, even with these simplifications we are given new important information regarding
the implications of SBCs on haemophilic joint health. They do however not yet provide the
independent influence of volume and shape, as was given in the parametric test carried out for
depth; as volume and shape cannot be independent of one another in segmentation specific
SBCs. The application of the method described in this chapter to larger sample sizes however,
the significance of these relationships may be more reliably ascertained.

These models do not claim to answer questions surrounding all six of the presentations of
haemophilic joint disease, as so little is still known about the relationship between tissue health
and features such as effusion, synovial hypertrophy and haemosiderin depositions; therefore
these were not included. Therefore the models reflect osteoarthritic conditions more closely,
and do not take into consideration the inflammatory effects of the rheumatic presentations
within HA. SBCs are presentations in both late stage osteo- and rheumatoid- arthritis, however
have only been considered in FE models with relation to osteoarthritis, hence how these may
be translated into a rheumatic model is also unexplored. The previous osteoarthritic FE models
also contain simplifications, as the materials are selected based on the cysts behaving as a

mechanical void, rather than reflecting true known material properties of cystic tissue. Though,
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this would also likely change should blood enter the cystic regions and a biological reaction

between the iron occur here in the same way it does in the cartilage and synovium.

The sensitivity study into SBC properties has shown how influential these properties are, hence
the importance in fully characterising these materials for any application; with, or without the
presence of blood if the implication of SBCs on bone health is being considered. The SBC
properties are not the only simplification when it comes to tissue properties; the bone quality
in PwH is known to be compromised due to a disturbed equilibrium in bone resorption and
formation — with increased osteoclast activity and impaired osteoblast function. A direct
relationship between factor VIII deficiency and augmented bone resorption has also been
demonstrated in a murine model (Rodriguez-Merchan and Valentino 2019). Bone changes are
considered to only occur in later stages of the disease pathogenesis, as it is still largely unknown
how the joint damage proliferates to the bone, with dispute whether it is a direct or indirect
effect of the bleeds. Excessive bone remodelling was witnessed within two weeks of the
induced joint bleeds in animal studies (Lau et al. 2014; Sgrensen et al. 2016), indicating some
form of direct effect. Disease presentations that may not be directly linked to bleeds include
the low bone mineral density found in people with haemophilia. This may more closely relate
to a decline in physical activity or joint loading which relates to pain or fear (Gringeri,
Ewenstein and Reininger 2014) or the offloading of the joint in acute bleeds or recovery periods
(Kovacs 2008).

Previous studies have related altered bone mineral density to the presence of SBCs (Burnett et
al. 2019), which supports the idea of the increased bone stresses disrupting the turnover matrix
and reducing the quality of the bone. How this would then factor back into the model to create
a more accurate representation of the bone immediately surrounding the SBC would be an
interesting factor to take into account; unfortunately, there is not the appropriate imaging to
look at surrounding bone quality and to properly reflect the different bone properties. However,
the elevated localised bone pressures are still hypothesised to be disruptive to this turnover

matrix.

Simplifications to material properties were already made in Chapter 4, without taking into
account the above details relating to deterioration of bone health with disease progression —
and how this would influence the material properties used in a model. It is acknowledged these
simplifications could alter the outputs of models, especially in the localised region where SBCs

have their highest influence on bone stresses. Cortical and trabecular bone have different
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properties, as discussed in Chapter 3, however, there has not yet been a published investigation
into the mechanical properties of bone in haemophilia. As such, there is not sufficient
information to capture the bone quality accurately in FE models. Therefore the assumption is
that the localised, and global effect on bone stresses would reflect the change in mechanical
properties with HA. There would also likely be a range of material properties across each ankle,
these would vary with the patient’s disease progression, and hence it would be necessary to

have CT as well as MRI in order to accurately represent this.

5.5 Conclusion

This study has shown that there are multiple factors in SBCs that can influence the surrounding
joint health. Any amount of cystic volume elevates the stresses in the surrounding bone, which,
in an already diseased joint could be detrimental to joint health and link with the osteoporotic
quality bone seen in PwH. The volume, depth and location of these cysts all then factor in when
considering the degree of detriment due to the relationships with each individually.
Intersectional behaviour of these could only worsen the outcome on the surrounding joint. For
example, large, shallow SBCs in both bones are likely to cause the highest bone stresses, and
hence joint damage.

The findings in this chapter highlight it is necessary that SBCs are included in subject specific
finite element models using contact pressure, and pressure distributions as a joint health metric
due to their redistribution effect. As there are potential relationships with all factors such as
size, shape and depth, it is best practice to ensure these are segmentation specific SBCs.

The relationship between the presence of SBCs and cartilage health is still unclear; it does not
appear to be a direct relationship, however, the redistribution of pressure with no significant
changes in contact pressure values is an interesting outcome, and how this pressure distribution
in the cartilage would link to cartilage health would be an interesting piece of future work.
This study has shown the importance of including SBCs in models where they exist to
understand to the truest extent possible the influence of disease on the whole joint, as it was

not just a localised effect.
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CHAPTER 6: FINITE ELEMENT ANALYSIS OF
GAIT IN THE HAEMOPHILIC ANKLE MODEL

6.1 Introduction

The stance phase of the gait cycle is divided into five main points: heel strike, flat foot, mid
stance, heel off and toe off. These points are key to the efficient transfer of energy between the
ground and the limb to progress gait. In non-diseased gait, as stance phase progresses, different
muscles are activated, with an activation of the dorsi flexor muscles after heel strike, as the gait
progresses to mid stance this deactivates and is replaced by an activation of the plantar flexor

muscles until toe off (Lee, Lee and Kim 2019).

Figure 67 Foot position at heel strike, mid stance and toe off (right leg)

This gait has been seen to be altered in PwH (Lobet et al. 2013; Soucie et al. 2004), however
the cause of this adaptation is still undetermined. Both morphological (Jelbert, Vaidya and
Fotiadis 2009; Macnicol and Ludlam 1999) and pain related (Lobet et al. 2012) adaptations
have previously been suggested.

Previous Finite Element models of the lower limb have incorporated musculoskeletal
modelling data before; from individual bones (Altai et al. 2021; Seo et al. 2014), to joint level
models (Anderson et al. 2006; Li et al. 2008; Park et al. 2019). A whole foot model (Akrami
et al. 2018) has also incorporated gait; this model included soft tissues, to assess the impact on

contact pressure in the soft tissues of the lower surface of the foot through the gait cycle.

Encorporating patient specific gait into the finite element models could help in understanding

the cause of the adapted gait in PwH. Mechanical stress has previously been linked to pain in
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orthopaedics (Buckwalter et al. 2013), and in haemophilia has been associated with the onset
of joint bleeds (Buckwalter and Saltzman 1999). In order to assess the altered gait in PwH, two
studies were carried out on these quasi-dynamic models; the first considered the arbitrary
reduction in range of motion, the second utilised patient specific gait inputs. The aim of these
studies was to ascertain if the adapted gait in PwH is a physical limtation, or an adaptation, by
assessing if there is a potential link between the morphology (findings from Chapter 2), the

patient specific gait adaptations, and the FE model outputs.

6.2 Methods
To assess the altered gait of PwH, two different comparisons were considered (Figure 68): 1)
an arbitrary reduction in range of motion; and 2) patient specific gait. Both of these studies

allowed for a contrast with non-diseased gait results.

Patient specific models
(N=4)

' |

Reduction in RoM
3R8, 3L7,4L3, 6R1
(N =16)

!

2R3, 3R7, 3L7, 4L3, 5R3, 5L2

Method Development —

Figure 68 Study design for two gait studies, including models used to generate each

The method development (Section 6.2.1) was carried out with the intention of both studies
being carried out on all eight haemophilic ankles. However, between the collection of the most
recent MRI sequences, and the gait data capture two of the patient cohort had undergone ankle
arthrodesis. The reduction of range of motion study was carried out before the patient gait data
was captured, however it was known that gait data would not be available for ankle 1R or 2L
as these had undergone arthrodesis — hence these not being modelled in either study.

Arthrodesis is a standard surgical management of end-stage HA; although known to improve
joint pain related to HA, it decreases functional mobility and has been associated with
secondary hindfoot arthritis as well as subtalar degeneration (Sackstein, Cooper and Kessler
2021). For these reasons, it was decided that the biomechanical data of the patient with a

bilateral presentation, with one fused joint, may be influenced by the fusion and not an
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appropriate indicator of true joint function, hence gait data was not collected for 2R. This is of

most importance when considering if the function is related to a morphological limitation.

In studies that have considered barefoot and in-shoe gait in the same group (Keenan et al. 2011,
Zhang, Paquette and Zhang 2013) there have been mixed results on the influence of footwear.
The two control groups used in this FEA were different cohorts; the in-shoe, and barefoot
control groups were both collected for previous studies, meaning the influence of the shoe
choice in haemophilic gait data capture could not be ascertained. In-shoe data capture is
important in haemophilia, as in local clinical practice, PwH are not recommended to walk
barefoot. Barefoot walking has been linked to joint bleeds, hence, collecting data barefoot
would be unethical due to this increased risk.

For this reason, it is important to have an in-shoe control group to understand the influence of
HA on the joint kinematics. The control group consisted of 36 healthy adult males, who
underwent screening prior to inclusion in the study; gait was collected for the left ankle of each
participant, and the results were provided for this study as an average of that non-diseased
cohort. The gait data for the PwH was originally collected as part of an intervention study
(LASERHAEM), investigating the difference between conventional sports shoes and an
adapted shoe, to understand if this would reduce the risk of bleeds. The data provided was for
the same conventional sports shoe for all participants.

In both the non-diseased control cohort, and patient cohort, each participant carried out self-
selected walking speed trials up and down a 12 meter platform (Wilkins 2021), these were
repeated until there were five successful trials for postprocessing.

As is standard for in-shoe gait data collection the shoes had holes cut into them so that the
biomechanical marker clusters would attach to the skin. The model used for this biomechanical
analysis was a single segment model, where the foot is treated as a single rigid segment. This
is standard in data collection for ankle biomechanics, however, does limit the knowledge at
which joint in the ankle the motion is occurring. For the purpose of these finite element models,
it is assumed that all plantar-/dorsi-flexion is occurring at the tibiotalar joint.

The kinematic model is built with the assumption of healthy muscles, as EMG data was not
collected during gait, and has not been reported for a haemophilia cohort. The assumption of
healthy muscles is known to be incorrect and is a limitation of the models developed, however,

the impact will vary depending on the patient and the degree of joint disease.
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6.2.1 Method development

In order to carry out the two different comparisons (Figure 68), a method was developed to
generate an arbitrary simplified gait. This allowed for troubleshooting the applications of
complex boundary conditions. The models were generated following the protocol developed
in Chapter 3, with one additional step to offset the tibial components from the talar components
by 1 mm. This was carried out in ScanlP before the smoothing processes. Without this
additional offset the cartilage smoothness was not appropriate for the motion required in these
quasi-dynamic models.

These models have been coined quasi-dynamic, as they run through the multiple points of
stance phase in one simulation, rather than multiple static models per ankle, meaning any
influence of the relative motion between the points in stance phase is accounted for. This is not
a dynamic model as it does not take into account inertia. The movement is defined through a
series of rotations and loads to rotate and align the tibia at each point in stance phase based on
plantar-/dorsi-flexion angles. Each point in stance phase required a movement step and a

loading step to be separately defined using a combination of loading and boundary conditions.

Despite the smoothing carried out to improve cartilage motion, it was also necessary to offload
the model after the load was applied and before moving to the next point in the gait cycle. This
was trialled using two methods in the method development. Loading and offloading in one
step, using an amplitude cycling from 0 to 1 to 0 magnitude of the load; and using separate
steps for the load and offload, was attempted. This method using separate steps showed more

reliable results, hence, for consistency across all models this was used for the main gait studies.

An appropriate coordinate system was required to allow for the conditions in each of these
steps to be set up (Figure 69); this coordinate system was defined with the z axis acting
vertically through the tibia at the start point of the simulation. The coordinate system was
located at the approximate centre of rotation of the tibiotalar joint, and was used to define a
reference point for the application of loads and boundary conditions (Figure 69).

The centre of rotation of the talus moves throughout the gait cycle, however, this was simplified
to remaining in one point, approximately located where the sinus tarsi would be, for the purpose
of this simulation. The sinus tarsi is the approximate location of the centre of rotation of the
tibiotalar joint (Baxter et al. 2012). As this coordinate system was used to define the rotation,
it was aligned so that the rotation would be correctly defined. For each model the x axis was

set up across the width of the talus, and the z directly up through the tibia.
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Figure 69 General view (left) and frontal projection (right) with coordinate system and reference point (RP) shown

The reference point at the centre of rotation was kinematically coupled with the top surface of
the tibia (Figure 70). This coupling means that any load or boundary condition applied to this
reference point was propagated to that top node set, this represents a similar loading condition

to the static models, but mitigates the additional modelling complexities the rotation may cause.

Figure 70 Kinematic coupling between reference point and top surface of tibia

The reference point was utilised for the rotations and loads, examples of the boundary
conditions applied to this point in the rotation and loading steps are seen in Table 27, where A
is an arbitrary displacement to initiate contact. This is required, because of the offset applied

to these models.
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The joint angle, 0, varied depending on the gait data inputted, and was defined around the x-
axis, as this was the axis of rotation defined by the coordinate system to represent
plantar/dorsiflexion. This motion is where the reduction is thought to occur in HA (Soucie et
al. 2004).

Table 27 Example boundary and loading condition for the rotation and loading steps, where A is displacement to
make contact 0 is joint angle, in radians, and F is force calculated based on patient weight. Loads in tibial axis
direction follow the nodal rotation from rotation step

st Displacement Rotation Load in the tibial axis direction
ep

X y z X y z X y z
rotation 0 0 -A 0 0 0 free  free free
load and Fixed at current load =0to F

0 0 free . free  free
offload position Offload =Fto 0

Where the rotation was fixed at current position in the loading step, this ensured that no
additional rotation was allowed in the loading step, but that it did not return to the original
position. A similarly important consideration was that the loads and boundary conditions
follow the nodal rotation, so when the tibia has moved to the new position, the loads are applied

based on these new positions.

6.2.2 Reduction of Range of Motion

Varying degrees of loss of range of motion (RoM) have been cited in literature, with up to 80%
reductions seen (Gamble et al. 1991). To investigate this, the first study used maximum plantar-
and dorsi-flexion from non-diseased barefoot gait data, and applied two reductions in RoM:
50% and 80% to represent the extremes of RoM reduction in haemophilia. Both maximums
were around 14 degrees, giving reduced values of 7 degrees and 2.8 degrees for comparison.
The simulations were also run through midstance, however as it was unclear if this was
impacted by the altered haemophilic gait, this was kept the same for the three RoMs.

The ground reaction force (GRF) was not used from the non-diseased barefoot biomechanical
data, instead the loads applied at the three points were simplified to be kept the same percentage
patient bodyweight as the static analysis developed in Chapter 3. This was carried out to ensure

this analysis was considering the RoM as an independent variable.
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The aim of this RoM reduction study was to determine if there were changes in the contact
pressures with reduced RoM that might suggest it is a pain relief mechanism, hence the forces
being maintained for the three points.

The six ankles were simulated through the three points, giving 18 RoM reduction comparisons.
The peak and mean contact stresses were extracted for the tibial and talar cartilage components
separately, and the percentage area in contact was also calculated for the two cartilage surfaces
separately.

No statistical analysis was carried out on this data, as it was primarily intended for proof of
concept that different gait inputs would influence contact area and contact pressures. The
changes in contact areas and pressures were calculated between the non-diseased and the 80%
reduced RoM, with checks that the 50% reduced RoM fit within the expected trend. One ankle
did not simulate at the non-diseased RoM, hence was excluded from the values reported in the

results section.

6.2.3 Haemophilic gait

Patient specific gait data was collected for two of the five PwH, covering three of the
anticipated five ankles. Static modelling included eight ankles, however three were excluded
due to ankle arthrodesis between final MR sequence collection and biomechanical data capture.
The final two ankles were not collected due to the patient opting out of research data capture
during the Covid-19 pandemic. One additional patient had gait data collected, and appropriate
MR images; hence, were included in this study. Therefore, gait data was available for four
haemophilic ankles from three PwH, and an average calculated from a non-diseased control
group (Figure 71).

The models used in the reduction of range of motion study were repurposed with the patient
specific gait data. To give a non-diseased control, one MRI sequence from the control group in
Chapter 2 was segmented and built following the protocol in Chapter 3, with the additional
offset for smoothing. Due to the cohorts of the two control groups differing, this control gait

data was not specific to the ankle in the control MRI.

145



----- Control —3R 3L 4L ——6R

=
[¥a]

=
o

(¥ ]

i
o

L}
=
wu

Plantar-/Dorsi-flexion Angle (deg)
N &

]
(o)
i

=
o)

0.8

0.6

0.4

Ground Reaction Force (N/kg)
o

o

0 50 100
% of Stance

Figure 71 Gait data collected in shoe from haemophilic ankles, and control group average

The ground reaction forces in Figure 71 were used to calculate the load applied to the ankle
model in the loading step for each point in the gait cycle. Each model was simulated through
the patient specific gait, with joint angles and GRF used to simulate patient specific RoM and
loading conditions. The bodyweight of each patient at the time of imaging was used in the

calculation of the loads in Table 28.
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Table 28 Load (N) applied to gait model for each haemophilic ankle, calculated from GRF

Heel Strike | Flat Foot | Mid Stance | Heel Off | Toe off
Control 79.27 678.70 510.32 837.83 | 30.05
3R 73.77 598.12 465.81 813.26 | 37.68
3L 53.44 658.54 460.76 938.08 | 28.19
4L 125.68 720.54 441.98 705.20 | 22.23
6R 117.60 806.02 740.24 946.00 | 28.44

The control gait data was used on both the control ankle model, and the four haemophilic ankle
models. Where the haemophilic ankle models were simulated through the control gait, the

loading conditions reflected the control GRF, corrected for patient bodyweight.

The focus of the results in the gait analysis both in the method development and the reduction
of RoM studies was on the cartilage contact pressures. For the paired tests in the patient specific
gait models, the influence on VMS in the bones was also considered.

Kolmogorov-Smirnov tests were used as non-parametric paired samples tests, to compare each
ankle run through non-diseased gait and patient specific gait (3R, 3L and 4L). This test type
was used due to the volumes of data extracted for the bone VMS and cartilage contact pressures
not being normally distributed. These paired tests were carried out at flat foot, mid stance, and
heel off due to these being deemed the most clinically relevant.

Intra-subject analysis was carried out qualitatively, assessing how the contact pressures and
areas changed through stance phase progression. The inter-subject analysis followed a similar
methodology, to assess the influence of the joint angles and loading conditions at each stage of

stance phase.

6.3 Results
6.3.1 Method Development

As well as the loading using an amplitude being unreliable in some models, it gave different
results from loading and offloading in two separate steps (Figure 72 to Figure 78). With the
magnitude of the contact pressures differing throughout stance phase; regions in black are

above the values in the scale.
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Figure 72 Cartilage Contact Pressure (MPa) distribution before load is applied at maximum dorsiflexion. A) Load
and Offload in separate time steps, and B) Ramping load in one time step

CPRESS

+1.061e+01
+9.723e+00
+8.839e+00
+7.955e+00
+7.071e+00
+6.187e+00
+5.304e+00
+4.420e+00
+3.536e+00
+2.652e+00
+1.768e+00
+8.83%e-01
+0.000e+00

Figure 73 Cartilage Contact Pressure (MPa) distribution at maximum dorsiflexion. A) Load and Offload in
separate time steps, and B) Ramping load in one time step
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Figure 74 Cartilage Contact Pressure (MPa) distribution after maximum dorsiflexion offload. A) Load and
Offload in separate time steps, and B) Ramping load in one time step
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Figure 75 Cartilage Contact Pressure (MPa) distribution before load is applied at mid stance. A) Load and
Offload in separate time steps, and B) Ramping load in one time step
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Figure 76 Cartilage Contact Pressure (MPa) distribution at mid stance. A) Load and Offload in separate time
steps, and B) Ramping load in one time step
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Figure 77 Cartilage Contact Pressure (MPa) distribution after mid stance offload. A) Load and Offload in
separate time steps, and B) Ramping load in one time step
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Figure 78 Cartilage Contact Pressure (MPa) distribution before load is applied at maximum plantarflexion.
A) Load and Offload in separate time steps, and B) Ramping load in one time step

These differences highlighted that the loading was not being accurately applied using the
ramping load in one timestep. The contact pressures were increased with the ramping load, and
continued to increase beyond the point in the timestep the maximum load was defined to occur
in the model setup. As well as this, the offload (Figure 74 and Figure 77) was clearly not

behaving as anticipated; therefore, separate steps were used for the consequent studies.

6.3.2 Reduction of Range of Motion

The changes in contact pressures and contact areas were recorded for the individual models
between the non-diseased and 80% reduced RoM. Table 29 shows the changes calculated as
percentage decrease in contact pressure, and increase in contact area, as these were the
anticipated changes with reduced RoM; results that did not behave as anticipated are in red.
The same trends were seen between the non-diseased and 50% reduced RoM results, but to a
smaller magnitude. The similarities between the 50% and 80% reductions in RoM can be seen
in Figure 79 and Figure 80, where the redistribution of stresses is seen.
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Table 29 percentage decreases in contact pressure (peak and mean), and increases in contact area between non-
diseased gait and 80% reduced RoM. Including averages calculated for each output. Those that did not behave
as expected are highlighted in red

Tibial Cartilage Talar Cartilage
- Peak Mean Area Peak Mean Area
k=) 2R 65.09 124.80 217.02 131.73 190.04 148.35
3 3R -15.34 -12.96 -8.50 -0.84 12.47 -10.05
'E 3L 215.39  308.60 236.15 188.74 198.26 288.77
8 4L 45.98 92.49 117.75 183.34 72.82 58.53
5R -49.13 -44.15 -40.54 -46.09 -38.81 -51.47
Average  52.40 93.75 104.37 91.38 86.96 86.83
Tibial Cartilage Talar Cartilage
= Peak Mean Area Peak Mean Area
5> 2R 27.12 105.71 68.32 13.41 62.67 131.82
% 3R 18.72 76.69 81.73 15.12 117.36 67.49
8 3L 67.58 84.21 172.26 84.23 90.13 212.79
c_% 4L 137.45  135.92 137.96 92.13 133.76 160.32
a 5R -29.72 -39.55 -35.27 -41.59 -44.63 -44.42
Average  44.23 72.60 85.00 32.66 71.86 105.60

The changes were highly variable between individuals despite the same reductions being
applied, and the same loads being used for each ankle. As well as the large changes in contact
pressures and areas, there were interesting changes in locations of the areas in contact in both
dorsiflexion (Figure 79), and maximum plantarflexion (Figure 80). These changes is contact

distribution may explain why some ankles oppose the anticipated trends.
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Figure 79 Change in contact distribution at maximum dorsiflexion between (A) non-diseased, (B) 50% reduced
RoM and (C) 80% reduced RoM
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Figure 80 Change in contact distribution at maximum plantarflexion between (A) non-diseased, (B) 50% reduced
RoM and (C) 80% reduced RoM

6.3.3 Haemophilic gait

The patient specific gait data, shared for use in these studies, showed that the ankle RoM in
this patient cohort does not see the same reductions as cited in literature. Table 30 shows the
joint angles used as the input data for each patient at the five points in the gait cycle modelled.
Each ankle had a slightly adapted walking strategy, however the differences are variable at
each point in the gait cycle, with the suggestion that some patients may tend more towards
plantarflexion (3L), and others to dorsiflexion (6R).

Table 30 Joint Angles (degrees) at each point simulated in the gait cycle

Heel Strike  Flat Foot Mid Stance  Heel Off Toe Off

Control 0.216 -8.229 3.442 8.975 -16.790
3R 0.658 -5.471 5.602 8.959 -14.370
3L -3.218 -12.604 1.432 8.579 -24.443
4L 0.246 -8.352 5.960 10.000 -11.044
6R 6.681 -4.923 4.790 10.547  -18.344

The paired non-parametric tests showed that there were significant, not systematic, differences
between the control gait and patient specific gait in all talar cartilage contact pressures
(p < 0.005) and eight of the nine tibial cartilage contact pressures; there was no significant
difference between the tibial cartilage outputs at midstance in 3R (p = 0.193). The bone results
were a little more variable, with significant differences in VMS in seven of the nine tibias, and
only two of the tali; the tibial stress in 4L was not significantly different at midstance or when
plantarflexed (p = 1); the talar stress in 3R at dorsiflexion, and all three points of gait in 3L and

4L, were not significantly different (p = 1).
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These statistically significant differences in contact pressures depending on gait input data
confirmed that this is a valuable output to consider when comparing the patient specific gait.
While the non-significant data in the bone stresses may infer these bone outputs are less
influenced by the input data. The comparisons between the five models at each point in the gait
cycle was a qualitative analysis rather than any further statistical analysis (Figure 81 to Figure
86). 6R did not complete the rotation required to simulate heel off, therefore could not be
compared at that point.

The contact distribution was assessed as the ankles progressed through gait (Figure 81), and at
each point in the gait cycle with respect to the other ankles (Figure 82 to Figure 86). This
comparison at each point in the gait cycle was of interest, due to some ankles having similar
joint angles, therefore, any large differences in distribution in these ankles may highlight a
relationship with morphology.
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Figure 81 Change in contact distribution between (A) Heel Strike, (B) Flat Foot, (C) Mid Stance, (D) Heel Off
and (E) Toe Off in 4L
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Figure 83 Contact distribution at Flat Foot in (A) Control, (B) 3R, (C) 3L, (D) 4L, and (E) 6R
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Figure 85 Contact distribution at Heel Off in (A) Control, (B) 3R, (C) 3L, and (D) 4L
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Figure 86 Contact distribution at Toe Off in (A) Control, (B) 3R, (C) 3L, (D) 4L, and (E) 6R
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6.4 Discussion

The gait analysis carried out on the patient cohort was delayed almost two years due to the
Covid-19 pandemic, meaning there were large increments of time between the imaging date
and the biomechanical data capture for some patients. This, in turn, makes it more difficult to
ascertain a relationship between gait adaptation and joint morphology, as there may have been
further morphological changes since the last MRI sequence used to build the model.

Despite this, it was demonstrated that biomechanical data can be successfully incorporated into
finite element models, to understand the implication of adapted haemophilic gait on the
cartilage contact pressure. It was shown in the paired statistical analysis, comparing
haemophilic gait and control gait in the same ankle model, that the model inputs were more
likely to give statistically significant outputs in the cartilage contact pressures (p < 0.005 in 17
of the 18 tests) than bone VMS (p = 1 in 9 of the 18 tests).

6.4.1 Reduction of Range of Motion

The arbitrary reductions in range of motion showed that the decreased RoM tended to decrease
the peak and mean contact stresses in both cartilage components, while the area in contact
increased. These findings supported the idea that the decreased RoM might be an adaptation
strategy to relieve pain.

One ankle opposed these findings in all outputs, and a second ankle opposed them at
dorsiflexion. These unexpected findings may relate to the different pressure distributions that
were seen with the reduced RoMs. With the 50% reduction completely different areas of the
cartilage were in contact at both dorsi- and plantar-flexion.

With this small sample size, it was not possible to determine if the difference in these two
ankles was morphological, as there were not enough other points of comparison, however the
findings did show that different joint angles had a large influence on all aspects of contact.
The redistribution of contact pressure due to the presence of SBCs in models was shown in
Chapter 5. Two of the five ankles in the reduction of RoM study had SBCs present in the MRI
sequence; both of which had both tibial and talar SBCs in the MRI sequence used for the gait
model. Of these, one (3R) opposed the trend in dorsiflexion, while the other (2R) followed the
trend in both dorsi- and plantar-flexion. The difference between these ankles was the volume
of cystic tissue, which was much larger in 3R; however, due to the comparison only being
possible between two ankles, it was not possible to ascertain a relationship between SBC

volume and the RoM reduction finding.
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6.4.2 Haemophilic gait

In the reduction of RoM study, the GRF was kept constant throughout the gait cycle, just to
consider the changes due to decreased joint angles. In reality, both the joint angle and GRF
change throughout gait. It was seen that the GRF was as variable between ankles as the joint
angle, and the two did not directly correlate. Three of the haemopbhilic ankles had higher GRF
than the control at flat foot, of these, two were also higher at heel off. Should the haemophilic
gait be an adaptation to relieve pain, it would be expected that PwH would adapt their walking
strategy to decrease GRF. The flattened GRF curve in 6R could not be fully understood due to
the simulation at heel off not completing the rotation step. This appeared to be due to an area
of high stress as the joint reached around 70% of the rotation, which occurred regardless of the

efforts to counteract this.

At flat foot, mid stance, and heel off, there were at least two models with similar joint angles,
where the influence of morphology could be investigated. At flat foot, the control joint angle
was 0.123 degrees less than ankle 4L ; despite these similar inputs (with force input difference
less than 50N), there were large differences in contact distribution. The same was seen at
midstance when comparing 3R and 4L, where the joint angle was 0.358 degrees greater, and
force 20N less, in 4L. At heel off, the control could be compared with both 3R and 3L; the
differences in inputs were largest between 3L and control. The joint angle was reduced by
0.396 degrees in the haemophilic ankle, however this ankle also had a 100N greater force. This
was reflected in higher contact pressures, however the contact distributions in both varied
greatly. The results highlighted the role that both joint forces and joint angles play in the
changing pressure distributions, but also suggest that there are morphological reasons for these

changes in distribution.

Interestingly, as stance phase progressed, the contact pressures appeared to move in a medial-
lateral direction, rather than the areas of high pressure being in the anterior/posterior regions
of the cartilage. This finding could relate to the morphological findings that the flattening of
the haemophilic talus tends to occur in these regions. If areas of high stress are regularly
occurring in these regions it may initiate the tendency to collapse.

Conversely, these regions may be experiencing these higher pressures due to the morphological

change that has already occurred, as it was seen that talar flattening increased contact pressures
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in the static models. Although this would not directly support the limitation theory, but would
increase confidence in the finding in the static models that there is a link between structure and
joint outcomes in the ankle.

The limitation theory of adapted gait was based off osteophyte formation at the anterior
tibiotalar articulation restricting the relative motion between the two (Bauer, Breda and Hardy
2010; Vaseenon and Amendola 2012). However, that is not seen in this particular cohort, as
none of the ankles have significantly reduced RoM.

The small sample size limited what was possible to do with demonstrating a relationship
between morphology and gait outputs, however, the work done in developing a novel method
to implement patient specific gait into finite element models has shown with the right sample

size it would be possible to develop a deeper understanding of their relationship.

6.4.3 Limitations

There are some limitations to the MSK model used, that lead to assumptions in this FE
modelling method. The model assumes normal muscle forces, while in PwH these muscles may
be atrophied due to disuse. Despite this, the influence of joint angles could still be investigated.
The single segment foot model does however, limits the information regarding the movement
of individual bony segments. The use of this model was validated by Richard Wilkins for the
original thesis data was captured for (Wilkins 2021). The single segment foot model meant that
the FE models assume all plantar-/ dorsi-flexion is occurring in the tibiotalar joint, which is not
representative of the true motions of the ankle, and may mean there is some overestimation of
joint angles. R Wilkins’ (2021) methods also mean there is no barefoot data to ascertain the
influence of the conventional sports shoe design of choice on gait in the non-diseased cohort.
The analysis is also limited by the postprocessed data provided. There will be intra-subject
variability in both the joint angles and ground reaction forces in the five trials per patient due
to the self-selected nature of the walking trials, which would be reflected in the average input
data used for the models. This data was not provided for all participants, so the influence cannot
be commented on, however is available in the appendix for one ankle (Figure 100). This data
showed the plantar-/ dorsi-flexion was greater in one trial than the remainder of the trials, which
has the potential to skew the average. This average could be especially influential in the non-
diseased cohort, where the mean is from 180 walking trials (36 patients, each with 5

repetitions), inter-subject variability in the control group could influence the average, and
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misrepresent the non-diseased control gait profile. The original study cited the control sample

size was selected to mitigate for this, with 80% confidence in the mean (Wilkins 2021).

6.5 Conclusion

This small sample size does not fully answer the question as to whether the adapted gait in
haemophilia is a limitation or adaptation, as the two studies have shown both could feasibly be
related. The arbitrary reductions in RoM demonstrated that contact pressures were decreased
with a restricted RoM, supporting the adaptation hypothesis. While the patient specific quasi-
dynamic models have shown there is a feasible connection between structure and function.
This was not the anticipated restriction due to osteophyte formation; however, a potential link

between increased contact pressures and regions of the talus that tend towards collapse in HA.
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CHAPTER 7: DISCUSSION AND CONCLUSION

7.1  Summary

Findings in this thesis demonstrate there are possible links between the changes in structure
and function of the haemophilic ankle, which have potential implications on joint health. The
investigations included a morphological analysis, which was uniquely used in conjunction with
a longitudinal finite element analysis to assess the impact of the altered talar morphology on
joint health over time. These models were then used to assess features of haemarthropathy
(HA) such as altered biomechanics and subchondral bone cysts (SBCs), in the aid of further
understanding the implication of these features on ankle health in PwH.

The results gathered throughout this thesis highlight the importance of patient specificity in a
disease with such variable joint outcomes. Based on these findings, the recommendation is for
models to include patient specific geometry and loading conditions as a minimum for
understanding consequent joint health. Where disease features such as SBCs exist these must
also be included. The models presented in this thesis could further be improved by patient
specific material properties, and where data is available this should also be included to provide
better insight into bone health.

7.2 Implications of Morphology on Ankle Biomechanics

The morphological changes investigated in Chapter 2 demonstrated there was a flattening to
the haemophilic talus; talar flattening has been witnessed in other diseases, such as clubfoot,
where the implication on patient reported outcome (PROs), joint congruency, and gait have all
been considered. The flattening of the talus has been seen to alter the plantar-/dorsiflexion
during the stance phase of gait, as well as significantly reduce static range of motion (RoM)
(Bach et al. 2002; Kolb et al. 2017; Shivers et al. 2020). Static RoM, also known as passive
RoM, is tested by the physical manipulation of the joint, where the dynamic motion does not
influence the motion. The reduced ankle plantar flexion during gait appears to reduce the push-
off strength of the ankle, resulting in poorer energy economy (Huang et al. 2015), this increased
energy expenditure could negatively feedback into disease progression if patients consequently
decreased physical activity (Timmer et al. 2018) which could lead to atrophy of the supporting
musculature. Some groups have linked these factors to joint incongruity (Shivers et al. 2020).
In longitudinal assessment in clubfoot, these changes have been less predictive of PROs such

as pain and disability.

162



For this reason, it was anticipated there would be a link between the morphological changes
and biomechanics in the haemophilic gait. The altered gait mechanics (Chapter 6) did not see
the extreme reductions of RoM reported in literature; however, the small cohort did allow for
some assessment of structure and function.

The morphological measurements of the four haemophilic ankles (3R, 3L, 4L and 6R) were
assessed to determine if a link could be drawn between the flatness of the talus, and the change
from non-diseased RoM. This was of interest as each of these ankles had a unique
morphological response to haemophilic arthropathy; how this influenced biomechanics, and
consequent mechanical stresses, was of interest. It was shown in both the morphological
analysis (Chapter 2) and chronological FE study (Chapter 4) that extrapolating data within this
group was not a reliable method of predicting joint outcomes in the haemophilic group as
changes were highly non-linear. Therefore, linking structure and function at individual
timepoints may be a better way of expanding knowledge on this subject area.

The neutral standing simulations somewhat showed a relationship between the morphology
and magnitude of mechanical stresses, however, did not highlight a significance of the collapse
in the medial and lateral regions of the talus. Whereas the patient specific gait models showed
there could be a relationship between the morphology and areas of increased stress. As both
the morphological changes, and patient gait are unique to each haemophilic ankle, it is likely
that the joint health is influenced by both; the degree of which the structure or function
dominates this is still unknown, and may be subject specific. Therefore, the analysis cannot yet
go as far as to show if the relationship is cause or effect, or both. However, it highlights that
there is a relationship between the two warranting further investigation, using higher volumes

of patient data, including gait data at multiple timepoints.

7.3 Influence of Subchondral Bone Cysts on Joint Health

The finding that the bone outputs were highly influenced by the properties used to represent
the SBCs (Chapter 5) meant the relationships discerned between SBCs and bone health could
not be deemed significant. However, localised elevated bone stresses have previously been
reported in literature (Durr et al. 2004; McErlain et al. 2011), and a relationship between SBC
presence and altered bone mineral density found (Burnett et al. 2019).

The inclusion of segmentation specific SBCs in models assessing joint health is clearly
necessary due to the volume, location and shape all influencing model outputs. Previous studies

treating size as an independent variable have demonstrated that larger SBCs are more
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detrimental to joint health (McErlain et al. 2011; Frazer, Santschi and Fischer 2017), while the
FE models in Chapter 5 only assessed depth as an independent variable, with volume, shape
and location, all changing between the 18 models. SBC depth had significant correlations to
bone and cartilage outputs, highlighting the detriment of SBCs closer to the bone surface in the

articulating region.

When considering the relationship between SBCs and cartilage health, the complexity lies in
the requirement for mechanical loading for cartilage maintenance. Significant changes in
cartilage loading can instigate cartilage degeneration (Brand 2005; Andriacchi et al. 2004);
with abnormal mechanical forces seen to trigger post traumatic cartilage loss through both
reduced cartilage thickness (Van Rossom et al. 2017) and stiffness (Carter et al. 2004). The
cartilage thickness could not be quantified in this study due to the resolution of the clinical
MRI used; the full thickness of cartilage in the ankle is approximately 1-2 mm (Saltzman et al.
2005; Sugimoto et al. 2005), therefore changes could be potentially misrepresented when the
pixel size is between one quarter to a half of this full thickness, meaning true changes in
cartilage thickness may not be accurately represented.

Shape and volume were influential on the contact stresses as the change in contact distribution
occurred directly above or below cystic regions, with larger redistribution for larger cysts.
Although the statistical analysis showed this was not significant; this is thought to be due to 10
of the 18 models have SBCs present in both bones.

Elevated cartilage pressures are usually associated with cartilage degeneration (Anderson et al.
2011b), they have been related to pathological changes at the articular surface found in both
human OA and experimental models of joint instability (Li et al. 2008; Anderson et al. 20113;
Anderson et al. 2011b; Buckwalter et al. 2013). The non-significant increases in contact
pressure when SBCs are present could lead to the conclusion that there is no direct link between
SBCs and cartilage degeneration. However, the redistribution of the pressure may have its own
detrimental effect, given offloaded regions above and below the location of the SBCs may not
have the natural maintenance effect of normal contact pressures.

Within haemophilia, SBCs have the potential to cause damage beyond these degenerative
changes, due to the association between elevated stresses and the onset of a joint bleed
(Buckwalter and Saltzman 1999). The data from these 18 models does not suggest a direct
relationship with either bleed rate or patient reported pain, should these be directly linked with
elevated joint stresses. However, could be indirectly linked given the potential for augmented

joint health decline, which would in turn elevate patient reported pain.
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7.4 Relationship between Altered Biomechanics and Joint Health

In order to fully understand the association between joint health and the altered gait in PwH,
more patient information, such as joint health scores, would be required. However, it is seen
that both the altered joint angles and ground reaction forces influence the joint contact
pressures. When contrasting the stresses experienced by the four ankles simulated through
patient specific gait with control gait, the magnitudes varied within the gait cycle; the contact
pressure values were much greater at heel off, where the round reaction forces were the highest,
which was reflected in the model loading conditions; this trend was also seen at flat foot and
mid stance, which had higher input loads than heel strike and toe off.

When comparing the four ankles, 6R had the highest input value at flat foot, which was
reflected in the contact pressure outputs. However, 3R and 4L also had high output values
throughout gait, with much lower forces applied to the model.

The joint angle appeared to have an inverse relationship with contact stresses at flat foot, with
greater plantarflexion having the lowest contact pressures, while the greater dorsiflexion at mid
stance increased the contact pressures. At heel off, where the foot is at maximum dorsiflexion,
there was no apparent relationship with the joint angle. The clinical significance of these
findings could not be ascertained due to the small sample size available.

The patient specific gait models showed that joints tended to experience high contact pressures
moving in a medial-lateral direction, rather than anterior-posterior. This irregular movement of
contact could therefore initiate cartilage degeneration through similar mechanisms to the SBCs
(Talbott et al. 2022) or incongruent joints (Li et al. 2008). For this reason, it is hypothesised
that the altered gait of the haemophilic patients is linked to the morphological changes the talus
experiences, with collapse seen in the medial/lateral regions when contrasted with a healthy
control group.

There was not a significant difference in Von Mises stresses (VMS) in the bone, therefore this
is potentially a secondary change due to cartilage deterioration in these regions. However, this
data is not yet complete enough to draw a definite conclusion. It also could not yet be
ascertained if this is a cause and effect relationship, as the change in biomechanics over time,
and consequent influence on joint stresses, could not be assessed in the same way the

morphology was.

165



7.5 Limitations

The studies carried out in order to draw these conclusions are not without their limitations;
these predominantly relate to informational constraints and small sample sizes. The nature of
haemophilia as a rare disease means there are relatively low patient numbers within a given
haemophilia centre, with approximately 8000 PwH across 56 centres in the UK. This study had
access to one haemophilia centre, and included all ankles that met the inclusion criteria or two
or more MRI (N=9). The nature of this being patient data also meant only select information
was consented for research, and patients could opt out at any time. Due to the Covid-19
pandemic situation one patient opted out of participating in the biomechanical study. A further
two were no longer eligible by the time gait data could be captured as they had undergone ankle
arthrodesis.

The limited sample size predominantly impacted the methods used for the morphology study
in Chapter 2; the method developed to assess the talar flattening only considered 2D
morphological measurements, while a 3D analysis would be more detailed. However, 3D
analysis such as statistical shape modelling (SSM) require much larger sample sizes (N > 50)
(Mei et al. 2008). This 3D analysis would be able to answer more clearly if there is a
redistribution effect as the talus collapses.

Nevertheless, the aim was to make the method relatively quick and easy to repeat for clinical
use, which was possible using the 2D method on opensource software.

The sample size also impacted the conclusions that could be drawn from the quasi-dynamic
models in Chapter 6. The static finite element models of Chapter 3 to 5 were less influenced
by this, but highly influenced by the informational constraints. The quality of clinical MRI is
appropriate for diagnostics and disease monitoring, however, is low resolution when
comparing to those used for finite element modelling research. It was shown in Chapter 3 that
the image resolution can impact the volumes and shapes generated of the bones and cartilages;
this is likely to mean the shapes and volumes of the SBCs in Chapter 5 are also not reflections
of the true geometry. With slice thicknesses of around 3mm in these MRI scans, with some
gaps between slices, there will be missing information in both the morphology and the finite
element models. However, the segmentation specific models of SBCs are still less of a
simplification that previous studies assuming spherical SBC geometry (Anwar et al. 2020; Durr
et al. 2004; Frazer, Santschi and Fischer 2017; Sarrafpour et al. 2019).

There is also limited information on the properties of bone and cartilage in PwH; there is an

improved understanding of the theory behind the disease pathogenesis, however, the
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consequent properties of the bone, cartilage and SBC fluid still have not been characterised.
The influence of joint disease on material properties is likely to get progressively worse, hence
would differ in each of the models, especially in those with SBCs (Burnett et al. 2019). Without
CT imaging to register patient specific bone properties to each model, it cannot be estimated
what the individual properties of the 37 ankle models are. Therefore, simplified properties were
used, assuming all ankles have the same bone properties regardless of the disease progression.
The quasi-dynamic models were limited by the assumption of healthy muscle function, this
would have differed for each patient and the degree of influence on the model outcomes is
unknown. In order to overcome this, myography would need to be carried out alongside

biomechanical analysis for each individual ankle.

7.6 Future work

The work done in Chapters 2 to 6, and the corresponding limitations, leave areas for future
work beyond the scope of this thesis. Expanding this work beyond a small sample size and
collecting additional data, such as joint scores, would enable this work to progress towards

answering clinical questions.

7.6.1 Morphological Analysis

It was shown in Chapter 2 that the flattening of the talus can be quantified in the haemophilic
population, however this is by no means the end of the morphological analysis needed for this
group. The small sample size meant that SSM was not viable. Exploring larger sample sizes
would be pertinent in making this 2D analysis more robust, and in undertaking a 3D analysis.
Linking the morphological changes to clinical measures, such as treatment type, or HIHS
should also be carried out to help clarify the relationship with overall disease progression, as
this remained unclear within the small patient sample. Literature suggests weak correlations
between HJHS and imaging findings (von Drygalski et al. 2019). However these studies have
previously been in relation to soft tissue changes, hence an investigation into the relationship
between the morphological quantification and clinical scores would be important novel
information, and may feed into the understanding of functional outcomes such as gait

adaptations.

167



7.6.2 Patient Specific Finite Element Model Generation

The sensitivity analysis used demonstrated the modelling decisions made generated a robust
model, however, there were clear limitations to these before this analysis could be transferred
to clinical use. Combining the use of CT and MRI data would allow for the most accurate
representation of both bone and cartilage; with more clearly defined bone boundaries, and bone
properties ascertainable from CT, while MRI allows for the individual cartilage components to
be defined. This is particularly important in HA, where the disease is highly influential on
cartilage health (Lundin et al. 2012).

Either patient specific bone properties, or a clearer understanding of the general effect of
haemophilia on the mechanical properties of cortical and trabecular bone would improve the
outcomes of these models; enabling meaningful data to be ascertained from the bone as well
as the cartilage. Similar information on haemarthritic cartilage would also be valuable,
especially relating to different amounts of blood exposure, to use different values for patients
with different levels of HA.

These more accurate bone and cartilage properties, relevant to the disease stage, would provide
additional information on how the diseased bone responds to forces and improve the
understanding of how this may relate to the progressive nature of the disease. This work would
involve large amounts of experimental testing, and is much more valuable information now

that robust models have been generated in which to implement it.

In order for these models to be used in clinical practice, they would also require validation
(Viceconti et al. 2005); this would need to be a validation of the modelling process, rather than
of a haemophilic ankle, given the nature of the experimental testing required for validation.
Validation of FE models gives confidence in the robustness, as a validated model shows that
the simulation represents what is happening in the physical model.

There would be two methods of carrying out this validation that can be considered in future
work: 1) experimental validation, representing a mechanical test in the FE simulation and
contrasting the results; or 2) validation against pre-existing data in the literature. Experimental
validation of a patient specific ankle model has previously been reported in the literature
(Anderson et al. 2007); results from this validation could be contrasted with a model generated
using the model generation developed in Chapter 3, and simulated using the loading conditions
in literature. Should the results be comparable, it would increase confidence in the model. The

previous validation however was generated from CT data, therefore a comparison between
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MRI and CT segmentations may also be required to show what may cause any discrepancies
between the validated model and that generated from clinical MRI.

The latter of these two options is obviously not the preferred, as it would not be comparing the
same ankle joint, and therefore contact distributions are likely to differ. However, this would

add confidence in the orders of magnitude of results.

7.6.3 Subchondral Bone Cyst Analysis

In order to further the SBC analysis, the shapes of the SBCs should be treated as independent
variables. Volume has been investigated as an independent variable in literature (Anwar et al.
2020; McErlain et al. 2011; Frazer, Santschi and Fischer 2017), however, the distribution of
that volume is highly variable between the ankle models and has not yet been considered.

A study into these distributions may show a clearer relationship with volume in these irregular
shaped SBCs, as the literature considered only regular shapes changing volume. How the cystic
region is distributed may be influential; with SBCs with larger surface area close to
cartilage/bone interface potentially behaving differently to SBCs that penetrate deep into the
bone. A better understanding of the distribution of volume and shapes could be gained from
higher resolution MR images. Acquiring some high resolution MRI of ankles with SBCs,
would allow for a general idea of the range of distributions that may be seen in both the tibia
and the talus; these distributions, would be scaled to give the same total volume, and modelled
in the same ankle geometry, therefore treating shape as an independent variable.

The SBC study was limited by the sensitivity of models to the cystic properties; in order to be
able to thoroughly understand the quantitative impact of SBCs, they must be properly
characterised, including the influence of blood or haemosiderin on these properties.

The influence of SBCs was also only assessed at neutral standing; to fully understand the
contact redistributions and their influence on cartilage health a similar analysis should be
considered at multiple points through stance phase. For the models that had SBCs present, these
were included in the quasi-dynamic models (Chapter 6), however there was no comparison of

the two cystic conditions as was carried out in Chapter 5.

7.6.4 Biomechanical Analysis
In order to extend the understanding of the link between structure and function in the
haemophilic ankle, with the overarching aim to ascertain which of structure or function drives

the relationship, the biomechanical analysis should be carried out on a much larger cohort. The
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MRI and biomechanical data should also be collected as close together as possible, as the
biomechanical analysis is currently limited by large lead times between MRI data collection
and gait analysis.

Extending this work will help in understanding whether the gait in haemophilic arthropathy is
a functional adaptation, due to the altered morphology, or if the morphology changes due to
regions of high stress due to gait adaptations. Both pathways appeared feasible in the present
small sample size; hence, gathering morphology and biomechanical data on a larger range of
PwH is key to this. To take this assessment further, these individuals could be monitored over
time to see how their gait adapts, in a similar way to the chronological static analysis. However,
this would involve much more patient involvement as this is not routinely collected clinical
data, and it is not reported in literature what sort of time frame this gait adaptation is expected

to occur over.

7.7 Conclusion

The generation of patient specific finite element models of the haemophilic ankle has improved
understanding of the HA features and their influence on bone stresses and cartilage contact
pressures. The models have demonstrated the benefit of including disease manifestations such
as SBCs, and highlighted possible routes of assessing the link between structure and function
in haemarthritic ankles. The method developed has enabled robust static and quasi-dynamic
models of the haemophilic ankle to be built; following appropriate experimental validation,
these could be used with confidence in clinical applications surrounding the influence of HA
on the ankle.
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9 Appendix

9.3 Chapter 3: Method Development

9.3.1 Materials Sensitivity

Table 31 Material properties from sensitivity studies carried out on simplified model

ngﬁlceal Traé)grc]lélar Cartilage Reference
Linear Elastic Hyper-elastic
E 14 E v Cot Cwo Cao
(GPa) (GPa) E (GPa) v (MPa) | (MPa) | (MPa)
(Ozen, Sayman
7.3 0.3 7.3 0.3 0.01 0.3 and Havitcioglu
2013)
14 0.3 14 0.3 0.01 0.3
3 0.3 3 0.3 0.01 0.3
0.6 0.3 0.6 0.3 0.01 0.3
7.3 0.3 7.3 0.3 0.01 0.49
(Ramlee, Kadir
7.3 0.3 7.3 0.3 0.41 4.1 and Harun
2013)
(Klekiel and
7.3 0.3 7.3 0.3 0.66 4.5 Bedzifiski 2015)
(Butz et al.
7.3 0.3 7.3 0.3 1.25 2.25 2011)
(Butz et al.
7.3 0.3 7.3 0.3 30 2011)
7.3 0.3 7.3 0.3 1.25
7.3 0.3 7.3 0.3 0.66 0.25
7.3 0.3 7.3 0.3 3
7.3 0.3 7.3 0.3 1.3 4.5
7.3 0.3 7.3 0.3 4
7.3 0.3 7.3 0.3 0.66 9
(Cheung and
7.3 0.3 7.3 0.3 4.5 4.5 Zhang 2005)
(Miller et al.
17 0.3 0.6 0.3 4.5 4.5 2004)
17 0.3 0.6 0.3 0.01 0.49
219 | 0.3 0.6 0.3 4.5 4.5 (Niu et al. 2013)
29 0.3 0.6 0.3 4.5 4.5 (Niu et al. 2013)
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Figure 87 Geometry used for material sensitivity study before application to whole ankle model
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9.4 Chapter 4: Chronological Study

9.4.1 Coefficient of Friction Study — No SBCs

Highlight in red (as defined in Chapter 4) shows models where there was a significant
difference between 0.1 and 0.5 coefficients of friction. Orange highlights, also defined in

Chapter 4, show models that only simulated at coefficient of friction: 0.5.
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Figure 88 changes in tibial contact pressure (MPa) in Ankle 1R with increasing coefficient of friction
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Figure 89 changes in tibial contact pressure (MPa) in Ankle 2R and 2L with increasing coefficient of friction
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Figure 90 changes in tibial contact pressure (MPa) in Ankle 3R with increasing coefficient of friction
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9.4.2 Coefficient of Friction Study — SBC models
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increasing coefficient of friction
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9.4.3 Longitudinal Study Outputs
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Figure 97 Mean contact pressure (MPa) in the tibial cartilage plotted against morphological measurements
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9.5 Chapter 5: Subchondral Bone Cysts

Table 32 SBC volumes, and respective tibial cartilage contact pressure redistributions

Model| Cyst Volume
(mmd) No Cysts Cysts
Total|Tibia|Talus
CPRESS
+4.2532+00
+3.8992+00
+3.5442+00
N N +3.1908+00
0 0 +2.835e+00
1R1 o o +2.4812+00
< < +2.127e+00
~ ~ +1.7722+00
©o ©o +1.4182+00
+1.0632+00
+7.089e-01
+3.544e-01
+0.0002+00
CPRESS
+1.612e+00
+1.478e+00
+1.343e+00
o) o) +1,209e+00
— — +1.075e+00
1R2 — — +9.403e-01
o o +8.060e-01
+6.717e-01
o o +5.373e-01
+4.030e-01
+2.687e-01
+1.343e-01
+0.000e +00
CPRESS
+8.528e+00
+7.818e+00
+7.1072+00
~ ~ +6.3962+00
o o +5.686e+00
1R3 o o +4.975e+00
S 135240100
+3. +
S S +2.8432+00
+2.1322+00
+1.421e+00
+7.107e-01
+0.0002+00
CPRESS
+2.6662+00
+2.443e+00
+2.221e+00
— — +1.999e+00
™ ™ +1.777e+00
1R4 < | < +1.555e+00
o o +1.333e+00
N N +1.111e+00
+8.885e-01
+6.5642-01
+4.4432-01
+2.221e-01
+0.0002+00
CPRESS
+2.0162+00
+1.848e+00
+1.680e+00
o o +1.5122+00
< < +1.3442+00
1R5 o | o +1.176e+00
NI NI +1.0082+00
+8.3992-01
S| +6.7192-01
+5.039e-01
+3.359e-01
+1.680e-01
+0.000e+00
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1R6

1444.09

1444.09

CPRESS

+2.955e+00
+2.7092+00
+2.463e+00
+2.217e+00
+1.970e+00
+1.724e+00
+1.478e+00
+1.231e400

+9.851e-01
+7.388e-01
+4.926e-01
+2.463e-01
+0.000e+00

1R7

2492.789

2492.79

+6.495e-01
+4.871e-01
+3.247e-01
+1.624e-01

+1.948e4-00
+1.7862+400
+1.624=2400
+1.461e4-00
+1.29924-00
+1.137e400
+9.742e-01

+8.118e-01

+0.000=2+400

2R2

1968.732

1968.73

CPRESS

+1.775e+00
+1.627e+00
+1.480e+00
+1.332e+00
+1.184e+00
+1.036e+00
+8.877e-01
+7.398e-01
+5.918e-01
+4.43%-01
+2.95%-01
+1.480e-01
+0.000e+00

onBERRERES

2R3

460.099

386.077

74.022

CPRESS

+1.720e+01
+1.576e+01
+1.433e+01
+1.290e+401
+1.147e+401
+1.003e+401
+8.599e+400
+7.166e+400
+5.733e+00
+4.299e+400
+2.866e+00
+1.433e+400
+0.000e+00

el RRRRRRS

2L1

109.936

109.936

CPRESS
+6.576e-01
+6.028e-01
+5.480e-01
+4.932e-01
+4.384e-01
+3.836e-01
+3.288e-01
+2.740e-01
+2.192e-01
+1.644e-01
+1.096e-01
+5.480e-02
+0.000e+00

o REENEEEEY
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2L.2

3870.79

997.661

2873.13

CPRESS

+3.681e+00
+3.3742+400
+3.068e+00
+2.761e+00
+2.454e+00
+2.147e+00
+1.841e+00
+1.534e+00
+1.22724-00
+9.203e-01

+6.135e-01

+3.068e-01

+0.000e+00

o NNENENES

213

4613.25

2095.34

2517.92

CPRESS
+1.594e+400
+1.461e+00
+1.328e+00
+1.195e+400
+1.0632+00
+9.297e-01
+7.969e-01
+6.641e-01
+5.313e-01
+3.984e-01
+2.656e-01
+1.328e-01
+0.0002+00

oahREREREER

2L4

5088.35

2988.97

2099.38

CPRESS
+3.73%2+00
+3.42724+00
+3.116e+00
+2.8042+00
+2.493e+00
+2.181e+00
+1.86%9e+00
+1.558e+00
+1.246e+00
+9.347e-01
+6.231e-01
+3.116e-01
+0.000e+00

W

3R3

62.08

62.084

CPRESS
+6.541e-01
+5.996e-01
+5.451e-01
+4.906e-01
+4.361e-01
+3.816e-01
+3.271e-01
+2.725e-01
+2.180e-01
+1.635e-01
+1.090e-01
+5.451e-02
+0.000e+00

nlREREREE

3R4

896.20

896.2

CFRESS
+3.018e+00
+2.767e+00
+2.515e+00
+2.264e+00
+2.012e+00
+1.761e+00
+1.5092400
+1.258e400
+1.0062+00
+7.546e-01
+5.030e-01
+2.515e-01
+0.000e+00

oanREREREER
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CPRESS
+7.8522+00
+7.1972+00
+6.5432+00

— — +5.8892+00

< < +5.2342+00

3R5 o o +4.580e+00
+3.9262+00

et =t +3.272e+00
+2.6172+00

+1.9632+00

+1.3092+00

+6.543e-01

+0.0002+00

CPRESS
+1.215e+00
+1.1142+00
+1.012e+00

g | +9.111e-01
+8.099e-01

3R6 = 2'_’ < +7.087e-01
+6.074e-01

9 Q I +5.062e-01
+4.050e-01

+3.0372-01

+2.025e-01

+1.012e-01

+0.000e+00

CPRESS
+2.558e+00
+2.3452+00
+2.132+400

S |0 @ +1.9182400
) - +1.7052+00
3R7 0 : N +1.492e 400
+1.279 400
Q N\ < +1.066e+00
+8.526e-01
+6.395e-01
+4.263e-01
+2.132e-01
+0.000e+00
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Table 33 SBC volumes, and respective talar cartilage contact pressure redistributions

Model| Cyst Volume
(mmd) No Cysts Cysts
Total|Tibia|Talus

CPRESS
+4.8312+00
+4,428e+00
+4.0262+00
o~ o~ +3.6232+00
o) o) +3.221e+00
1R1 oS |9 +2.8182400
<t <t +2.4162+00
~ ~ +2.0132+00
ce} oo} +1.6102+00
+1.2082+00
+8.052e-01
+4,026e-01
+0.000e+00

CPRESS
+2.0032+00
+1.836e+00
18650100
+1. a4
ot pt +1.3352+00
1R2 — — +1.168e+00
™ I) +1,001e+00
fo'e] o'} +8.345e-01
Tel Te) +6.676e-01
+5.007e-01
+3.338e-01
+1,669e-01
+0.000e+00

CPRESS
+9.559e+00
+8.763e+00
+7.966e+00
~ ~ +7.170e+00
o o +6.373e+00
1R3 o o) +5.576e+00
Q 9 +4,780e+00
+3.983e+00
S| +3.186e+00
+2.3902+00
+1.5932+00
+7.9662-01
+0.000e+00

CPRESS
+2.5842+00
+2.3692+00
+2.154e+00
— - +1.9382+00
Q2 11 568e 100
- +1. e+
1R4 = = +1.292e+00
< < +1.0772+00
~ ~N +8.6142-01
+6.461e-01
+4.3072-01
+2.1542-01
+0.0002+00

CPRESS
+1.7482+00
+1.6022+00
+1.4562+00
o o +1.311e+00
< < +1.1652+00
1R5 o o +1.019e 400
SN 15 501
+7.282e-
S S +5.826e-01
+4.36%e-01
+2.913e-01
+1.456e-01
+0.000e+00
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1R6

1444.09

1444.09

CPRESS
+3.423e+00
+3.138e+00
+2.853e+00
+2.5672400
+2.282e+00
+1.997e+00
+1.712e+00
+1.426e+00
+1.141e400
+8.558e-01
+5.705e-01
+2.853e-01
+0.000e+4-00

g NNEERRER

1R7

2492.789

2492.79

CPRESS
+2.381e+00
+2.182e+00
+1.984e+00
+1.786e+00
+1.587e+00
+1.389e+00
+1.190e+4-00
+9.920e-01
+7.936e-01
+5.952e-01
+3.968e-01
+1.984e-01
+0.000e+00

ouBNEENNRER

2R2

1968.732

1968.73

CPRESS

+2.6022+400
+2.385e+00
+2.168e+00
+1.951e+400
+1.734e+400
+1.518e4-00
+1.301e+00
+1.084e+400
+8.672e-01
+6.504e-01
+4.336e-01
+2.168e-01
+0.000e+00

anlEERRREE

2R3

460.099

386.077

74.022

CPRESS

+1.75% 401
+1.612e401
+1.466e+01
+1.319e+401
+1.173e+01
+1.026e+01
+8.795e+00
+7.330e+00
+5.864e+00
+4.398e+00
+2.932e400
+1.466e+00
+0.000e+00

e NENEEEE

2L1

109.936

109.936

CPRESS
+6.434e-01
+5.898e-01
+5.362e-01
+4.825e-01
+4.289%e-01
+3.753e-01
+3.217e-01
+2.681e-01
+2.145e-01
+1.608e-01
+1.072e-01
+5.362e-02
+0.000e+00

R NNEREEES
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2.2

3870.79

997.661

2873.13

CPRESS
+6.1562+400
+5.6432+00
+5.130e+00
+4.6172+00
+4.1042+4-00
+3.591e+400
+3.078e+00
+2.565e+00
+2.0522+400
+1.539e+400
+1.026e+00
+5.130e-01
+0.0002+4-00

apnNRERNEEE

2L3

4613.25

2095.34

2517.92

CPRESS
+1.772e+00
+1.624e+00
+1.476e+00
+1.329e+00
+1.181e+00
+1.033e+00
+8.858e-01
+7.382e-01
+5.905e-01
+4.429%-01
+2.953e-01
+1.476e-01
+0.000e+00

ognNENNNEES

2L4

5088.35

2988.97

2099.38

CPRESS

+3.680e+00
+3.374e+00
+3.067e+00
+2.760e+00
+2.454e+400
+2.147e+00
+1.840e+00
+1.534e+00
+1.227e+400
+9.201e-01

+6.134e-01

+3.067e-01

+0.000e+00

apaINENENES

3R3

62.08

62.084

CPRESS

+7.854e-01
+7.200e-01
+6.545e-01
+5.891e-01
+5.236e-01
+4.582e-01
+3.927e-01
+3.273e-01
+2.618e-01
+1.964e-01
+1.309e-01
+6.545e-02
+0.000e+00

onlEERRREE

3R4

896.20

896.2

CPRESS
+3.803e+00
+3.486e+00
+3.1692400
+2.852e+00
+2.535e+00
+2.218e+00
+1.9012400
+1.585e400
+1.268e+00
+9.507e-01
+6.338e-01
+3.169e-01
+0.000e+00

- pnREREEREE
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CPRESS
+9.003e+00
+8.253e+00
+7.503e+00

— — +6.752e+00
< < +6.002e+00
3R5 ol N +5.252e+00
9 ] +4.502e+00
+3.7512+00
— — +3.001e+00
+2.251e+00
+1.501e+00
+7.5032-01
+0.000e-+00
CPRESS
+1.621e+00
+1.486e+00
+1.351e+00
Q| |e +1.216e+00
+1.081e+00
3R6 - | @ | o +9.458e-01
SIS 19 +8.107e-01
+6.756e-01
N YN +5.405-01
+4.053e-01
+2.702e-01
+1.351e-01
+0.0002-+00
CPRESS
+2.541e+00
+2.3292+00
+2.1172+00
S |e @ +1.906e+00
) - +1.694e+00
3R7 o | +1.4822+00
< |- | +1.270e+00
Q N et +1.059e+00
+8.470e-01
+6.352e-01
+4.235e-01
+2.117e-01
+0.000e+00
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9.6 Chapter 6: Biomechanical Analysis

CPRESS

+1.000e+01
+9.167e+00
+8.333e+00
+7.500e+00
+6.667e+00
+5.833e+00
+5.000e+00
+4.167e+00
+3.333e+00
+2.500e+00
+1.667e+00
+8.333e-01

+0.000e+00

g P e

Figure 99 Change in contact distribution between (A) Heel Strike, (B) Flat Foot, (C) Mid Stance, (D) Heel Off
and (E) Toe Off in non-diseased control ankle model
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Figure 100 Individual gait data trials for ankle 4L, with grand mean used as input data (green markers)
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