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Abstract

The Achilles tendon is the largest tendon in the human body and correspondingly
it transmits large forces during everyday activities. Such frequent loading makes it
prone to injury. Achilles tendinopathy is the most common injury of the Achilles tendon
with two-thirds of cases being midportion Achilles tendinopathy. Midportion Achilles
tendinopathy is a debilitating condition for both athletes and people with a sedentary
lifestyle. People affected with midportion Achilles tendinopathy often significantly
reduce their activity level, in some cases even quitting physical exercise completely.

This has a negative effect on their overall health.

The exact mechanism of midportion Achilles tendinopathy is not clear. Two
mechanical hypotheses have been proposed: differential loading within the Achilles
tendon and interaction of the plantaris tendon. The first objective of this thesis was to
clarify the role of these two hypotheses. The potential for differential loading within
the Achilles tendon was analysed using musculoskeletal modelling, while the
interaction of the plantaris tendon was investigated by categorizing the plantaris tendon

geometry using MRI and ultrasound.

The differential loading within the Achilles tendon was modelled by including the
Achilles tendon fibre bundle rotation in the musculoskeletal modelling. It was observed
that the medial gastrocnemius force increased as the degree of rotation of the fibre
bundle increased. As the medial gastrocnemius fibre accounts for the lateral aspect of
the Achilles tendon, such increased load could also increase the risk of midportion
Achilles tendinopathy. The process of predicting the muscle forces, using constrained
optimization, was further analysed and a novel presentation of ‘Lagrange Vector’ was

proposed to facilitate the understanding of the model prediction process.



The plantaris tendon geometry was also investigated by analysing MRI scans in a
case-control study. The plantaris tendon geometry was associated with plantaris-
involved midportion Achilles tendinopathy. The odds ratio of the plantaris directly

inserting into the Achilles tendon was significantly higher in the symptomatic group.

Rehabilitation is one of the first lines of treatment for midportion Achilles
tendinopathy. Such rehabilitation induces tendon healing by loading the tendon in a
controlled manner. However, the relationship between external loading and Achilles
tendon force during different rehabilitation activities is not clear. Thus, the second

objective was to analyse the Achilles tendon force during rehabilitation.

It was observed that the force exerted on the Achilles tendon was not associated
with the direction (eccentric or concentric) but strongly correlated with the maximum
dorsiflexion angle reached during the exercises. As the ankle dorsiflexed, the Achilles
tendon force increased. These findings could be used to estimate the tendon loading

during rehabilitation and modify the current rehabilitation to improve clinical results.

This thesis investigates the Achilles tendon and midportion Achilles tendinopathy.
For the two mechanical hypotheses, the role of plantaris tendon in midportion Achilles
tendinopathy was further clarified, but the intra-tendon loading simulated cannot be
validated as the tendon force measurement in vivo was infeasible. For the rehabilitation,
the role of dorsiflexion angle during the rehabilitation was identified and a regression

equation that clarifies the role of external loading and dorsiflexion angle was proposed.

Future work including a prospective study comparing the plantaris tendon
geometry for patients diagnosed with midportion Achilles tendinopathy and a
prospective study comparing the effectiveness of the modified Achilles tendon

rehabilitation regimen is now required.
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Chapter 1

Introduction

1.1 Motivation

Midportion Achilles tendinopathy is a debilitating condition, in which patients may
experience pain with every step. This causes great discomfort during daily activities. It
has been estimated that long-distance runners have a lifetime risk of developing
midportion Achilles tendinopathy of 50% (Kujala et al., 2005). However, the precise
mechanism is not fully understood. In this thesis, the mechanical hypotheses of the
initiation of the midportion Achilles tendinopathy —plantaris tendon involvement and
the differential loading within the Achilles tendon— are examined with medical imaging
and musculoskeletal modelling. The hypotheses are 1) the anatomical variation of the
plantaris tendon can be associated the occurrence of plantaris tendon involvement and
i1) the differential loading within the Achilles tendon will be affected by the rotation of

the fibre structure. This is followed by an investigation into the biomechanics of two
16



common Achilles tendon rehabilitation protocols: the eccentric loading exercise and
the heavy slow resistance exercise. Musculoskeletal modelling was used to estimate the
forces transmitted by the Achilles tendon during rehabilitation activities. The findings
in this thesis can bridge the gap between the biomechanical aspects of midportion

Achilles tendinopathy and provide insights into rehabilitation regimens.

1.2  Aims

The aims of this thesis are to examine the possible mechanisms in the development
of midportion Achilles tendinopathy and to investigate the relationship between the
external load and force through the Achilles tendon during rehabilitation exercises. To
achieve these aims, musculoskeletal modelling and medical imaging, MRI and
ultrasound, are used. The musculoskeletal model allows personalised quantification of
the forces created by the muscles that insert on the Achilles tendon, while MRI and
ultrasound enable anatomical variance to be captured. The ultimate goal is to apply

these methods and results to improve patient treatment and preventive measures.

1.3  Thesis structure

Chapter 2 provides a literature review of the relevant topics, including the
anatomical background and terminology, hypotheses and supporting evidence, and

rehabilitation regimens. This chapter also reviews the current clinical views regarding

17



midportion Achilles tendinopathy and the methodology behind musculoskeletal

modelling.

Chapter 3 investigates the first hypothesis for the development of midportion
Achilles tendinopathy —involvement of the plantaris tendon. The high anatomical
variation of the plantaris tendon has not been investigated in vivo previously. A heathy
cohort of 34 volunteers recruited from a university environment was investigated. MRI
and ultrasound were used to evaluate and classify the various geometries. Multiple
static MRIs were taken at a range of ankle joint angles to visualize the plantaris tendon’s

relationship with the Achilles tendon.

Chapter 4 applies the categorization of the plantaris tendon that was developed in
Chapter 3 to a cohort of 36 plantaris tendons from 29 individuals who had received a
clinical diagnosis of midportion Achilles tendinopathy with plantaris tendon
involvement. Their anonymised MRI and ultrasound scans were retrospectively
collected from the Fortius Clinic. A chi-squared test was used to identify the proportion
difference between two groups. By comparing the difference in the prevalence of
plantaris tendon types, the correlation between plantaris type and midportion Achilles

tendinopathy can be further clarified.

Chapter 5 examines the second hypothesis of midportion Achilles tendinopathy —
differential loading within the tendon. This is achieved by modelling the different
degrees of rotation of the fibre bundles within the Achilles tendon. By modelling
different tendon insertions, the effect of the differential loading within the tendon can

be analyzed.

Chapter 6 compares the load of the Achilles tendon in two different rehabilitation
regimens: eccentric load training and heavy slow resistance training. Musculoskeletal

modelling and a subject-specific modelling based on moment arm were used to analyse
18



the effectiveness of loading the Achilles tendon during the different protocols. These

findings can be used to further optimise the rehabilitation protocol.

Chapter 7 provides a summary of all the findings and an integrated discussion of the
potential mechanism of midportion Achilles tendinopathy development. It also
discusses the contribution of this thesis to the current knowledge of midportion Achilles

tendinopathy, the limitations of the work, and future research directions.

In Appendix A, a further investigation of the optimization process that is used in the
musculoskeletal model is shown. This provides a mathematical perspective on how
muscle forces are distributed within the model, which is fundamental to determining
the muscle activation patterns. This analysis also provides insights into the modelling

of muscle coordination and co-contraction.
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Chapter 2

Literature review

The Achilles tendon, also termed the calcaneal tendon, is the thickest tendon in the
human body. It is named after the legendary warrior, Achilleas, from Greek mythology.
When Achilleas was a baby, his mother Thetis dipped Achilleas, head down, into the
River Styx. The magical river water offered invulnerability to the baby Achilleas,
except on his heel, which was held by his mother, and thus become his only weakness.
Achilleas grew up to be a famous warrior and survived many great battles. However,
the weakness on his heel eventually caused his death, when it was punctured by a

poisoned arrow during the Trojan War (Walton, 2003).

The Greek myth of the Achilles tendon is justified by its powerful biomechanical
role in human movement. The cyclic stretch and relaxation of the Achilles tendon drives
human locomotion. From routine daily activities to artistic dancing to vigorous
competitive sports, all these fantastic activities cannot be achieved without a healthy,

competent Achilles tendon. Although the Achilles is the largest tendon, it’s one of the
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most frequently injured tendons in the human body. Injury of the tendon body is broadly

termed Achilles tendinopathy.

This chapter provides an overview of the functional anatomy and biomechanics of
the Achilles tendon, including the ankle joint and the muscles connected to the tendon.
This is followed by an introduction to the pathological condition termed Achilles
tendinopathy, and two biomechanical hypotheses for its predisposition. Two
rehabilitation exercise protocols are then introduced and the mechanisms by which

these exercises rehabilitate the Achilles tendon are discussed.

There are many unknowns in the relationship between Achilles tendon force and
injury because the muscle/tendon forces are difficult to measure in vivo. Therefore, the
methods for investigating the force through the Achilles tendon and Achilles
tendinopathy in the literature are reviewed and the logic for the choice of methods in

this thesis is discussed.
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2.1  Anatomy

In order to understand the biomechanics of the Achilles tendon, the anatomy of the
foot and ankle must first be reviewed. The foot and ankle are naturally designed to
provide the human with a stable and adaptable interface between the body and the
external environment. This is achieved by a flexible joint motion during initial contact
with the surroundings, maintaining the stability of the superincumbent bony structure
of the lower limb whilst transmitting the body weight, and finally becoming rigid. From
20% to 70% of the stance phase, the stiffness of ankle joint increased from 1.5 to 6.5
Nm/rad/kg (Rouse et al., 2014), before pushing off and propelling the body forward.
This cannot be achieved without proper coordination of the associated muscles (Nordin

and Frankel, 2012; Zelik and Honert, 2018).

2.1.1 Bones and joints in the foot and ankle

The human foot is composed of 28 bones (including sesamoids) and 31 articulating
surfaces. It is separated into forefoot, midfoot and hindfoot. The dome-shaped talus acts

as the major articulating interface between the foot and shank. (Figure 2.1)
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Figure 2.1 — (a) The bones and (b) the major joints (green lines) of the foot.

The transverse tarsal joint and tarsometatarsal joint separate the forefoot, midfoot
and hindfoot. Reproduced and modified with permission from BioDigital Human

(https://www.biodigital.com/).

Most of the foot range of motion is provided by the combination of the ankle joint

and the subtalar joint. The ankle joint is defined as the joint complex between the distal

tibia, distal fibula, and the dome of the talus (Drake, 2015), and it is also called the

‘talocrural articulation’, which means the ‘joint between talus and leg’.

The ankle joint motions and degrees of freedom are shown in Figure 2.2. The

motions of the ankle are commonly defined based on a Cartesian coordinate frame on

the shank. However, the functional joint axes are slightly oblique to the long axis of

tibia (Figure 2.3). The ankle joint provides the primary axis for dorsiflexion and

plantarflexion. The range of motion of the ankle joint varies between people. Clinical

measurement using goniometry results in a normal range of motion of 10° to 20° for

dorsiflexion and 40° to 55° of plantarflexion (Nordin and Frankel, 2012).
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Eversion/inversion

Figure 2.2 — The motion and axes of an ankle.

Reproduced with permission from Nordin and Frankel (2012).

(b)

Figure 2.3 — Functional axis of the ankle joint. The axis has a mean deviation
of 6° posterolaterally and 10° inferiorly from the anatomical coordinate frame

(Nordin and Frankel, 2001).

Reproduced and modified with permission from BioDigital Human

(https://www.biodigital.com/).

The subtalar joint is defined by the articulation between the talus and calcaneus. The

joint axis is set at an oblique angle to the anatomical axis and provides 20° of inversion
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and 10° of eversion. Although the subtalar joint provides a small amount of motion for
plantarflexion and dorsiflexion, it is not considered clinically meaningful and is often
neglected (Nordin and Frankel, 2012). When motion about the ankle joint and subtalar
joint axes were analysed using dynamic MRI, it was found that nearly all the motion

can be attributed to the ankle with extreme consistency across people (Sheehan, 2010).

2.1.2 Triceps surae

The cardinal human plantarflexors are collectively called triceps surae, which means
‘the three muscles of the leg’. They are composed of three muscles: the medial head of
the gastrocnemius (also termed ‘gastrocnemius medialis’), the lateral head of the
gastrocnemius (‘gastrocnemius lateralis’) and the soleus muscle. The gastrocnemius is
a biarticular muscle with its medial head attached to the posterior aspect of the medial
femoral condyle and its lateral head to the posterior aspect of the lateral femoral
condyle, while the soleus is a monoarticular muscle with a broad inverted U-shaped
origin along the soleal line on the tibia and proximal posterior fibula (Figure 2.4). The
muscle fibres of gastrocnemius fuse distally and form the gastrocnemius aponeurosis
and then converge with the soleus fibre underneath to form the Achilles tendon, which

inserts onto the posterior superior end of the calcaneus (Drake, 2015).
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Figure 2.4 — Illustration of the triceps surae muscle.

Triceps surae is innervated by the tibial nerve, which originates from the S1 nerve
root. This shared innervation underlies the functional similarity between gastrocnemius
and soleus. During a normal gait cycle, they are estimated to generate together 90% of
the torque for plantarflexion and the activation periods are primarily overlapping
(Nordin and Frankel, 2012). However, there are still some functional differences in the
triceps surae. For complicated activities, the function of gastrocnemius largely depends
on the knee joint angle. As a biarticular muscle, the contribution to ankle torque greatly
decreases when the knee joint is flexed (Cresswell et al., 1995). Another difference is
in the muscle fibre type. Half of the muscle fibres in gastrocnemius are fast twitch fibres
and thus it is characterized by fast force-generating capacity but short endurance. In
contrast, soleus is made up of 70% slow twitch fibres, which contract slowly but can

provide a stable force over a long period of time (Edgerton et al., 1975).
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Because of its endurance, the soleus muscle is regarded as an evolutionary landmark
for bipedalism (Hanna and Schmitt, 2011). The soleus muscle provides one of the main
forces to support and propel the human body during the stance phase (Hamner et al.,

2010). With soleus, humans can stand and perform most activities in the upright posture,

2.1.3 The plantaris muscle and plantaris tendon

The plantaris muscle has a short spindle-shaped muscle belly, but a long tendon. The
muscle belly length is 5-10 cm, but the tendon length is approximately 30 cm (Spina,
2007). It originates from the supracondylar line of the femur and travels between the
gastrocnemius and soleus muscles (Figure 2.5). The plantaris muscle belly is small
(mass: 12 g, physiological cross-sectional area: 2.4 cm?) (Klein Horsman et al., 2007)
and can only provide a weak force. Therefore, it has been generally considered vestigial
(Spina, 2007), yet it is of interest due to its bi-articular nature and the high variation in

insertion locations.
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Figure 2.5 — Illustration of the plantaris tendon

Using cadaveric specimens, plantaris has been categorized by several authors into
between three and nine different types, with an absence rate of between 0% and 20%
(Daseler and Anson, 1943; Dos Santos et al., 2009; Joshi et al., 2014; Spang et al., 2016;

van Sterkenburg et al., 2011a) (Figure 2.6).

The great anatomical variation in plantaris means that there could potentially be
differences in muscle path and moment arm; however, when this is considered in
combination with its very small volume, it is possible that the biomechanical

importance of the plantaris muscle could also be insignificant.
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Figure 2.6 — The plantaris tendon insertion categorised into nine different
types.

Reproduced with permission from van Sterkenburg et al. (2011).

However, despite its small size, the plantaris muscle could play another important

role in human mobility. A high density of muscle spindles, structures that function as

sensors for muscle tension, has been observed in the plantaris (Peck et al., 1984; Spina,

2007). This implies that the plantaris potentially acts as a sensor for human posture,

which is also termed proprioception. This hypothesis could explain its unique shape.

With a short compliant muscle belly and a long stiff tendon, the force sensing process

can be more efficient when compared to a long muscle belly and short tendon structure.

As the muscle lengthens and shortens, the force will stretch the compliant muscle more

than the stiff tendon; the small muscle belly design may increase its sensitivity in

detecting small changes in force (Peck et al., 1984).
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2.1.4 Achilles tendon

The Achilles tendon is the largest tendon in the human body, measuring
approximately 15 cm in length. The Achilles tendon originates from the aponeurosis
formed by the gastrocnemius and soleus and inserts into the calcaneus with a crescent-
shaped insertion (Figure 2.7). The Achilles tendon is composed of multiple fascicles,
which are made up of bundles of collagen fibres. These fibre bundles are derived from
the muscle fibres of gastrocnemius and soleus. These fibre bundles twist as they

descend to the insertion like a biological spring (Cavagna et al., 1977).

Figure 2.7 — Achilles tendon insertion. The Achilles tendon (red triangle)

attaches to the posterior aspect of the calcaneus with a crescent-shaped
insertion. (a) Horizontal section of calcaneal bone. (b) MRI axial view of the

right foot.

(a) Reproduced and modified with permission from Lohrer et al. (2008).

A similar rotational tendon structure has been found in many mammals. Parsons et

al. (1894) reported a similar rotational tendon structure in the Achilles tendon of
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beavers, kangaroos, rodents, and dogs (Figure 2.8). In a horse tendon study by Birch et
al. (2007), the Achilles tendon equivalent, superficial digital flexor tendon, transmits a
large force during running and was categorized as a ‘functional tendon’. To the contrary,
thin tendons made up of parallel fibres, such as the common digital extensor tendon,
were categorized as ‘positional tendons’. As the name suggests, positional tendons
maintain joint position and hence are not exposed to large forces during motion, while
the functional tendons are often connected to strong muscles and drive a certain activity.
The Young’s modulus of functional tendons is lower than that of positional tendons
(Birch, 2007). Such compliance has been described as a biological spring in reference
to the factor that elastic energy may be stored when stretching the tendon. Such energy
will be released when the tendon is relaxed, reducing the energy consumption of the
muscles. However, due to their compliant nature and frequent force transmission, a
large strain of the tendon is seen in functional tendons and they are therefore prone to
injury (Birch, 2007).0n the other hand, Ker et al. (2002) categorize tendons as over-
strong and low safety-factor tendons based on the force that the tendon normally sees
in vivo. Some tendons have a high safety factor, ranging from 8 to 15, and normally
have lower ‘stress-in-life’. To the contrary, other tendons, especially those found in the
ankle, have low safety factors. When two types of tendon were loaded with same stress,
the tendons with a lower safety factor showed higher fatigue lifetime. It was suggested
that these low safety factor tendons are evolved to sustain larger forces. However, when
the two tendons were loaded with the normal forces they sustain in vivo, their fatigue
lifetime is the same. Such a finding suggests that the tendons have evolved to match

their mechanical purpose. (Gosline et al., 2002)

Both fatigue and tendon material property have been suggested to be associated with

the risk of tendon injury (Neviaser et al., 2012). The works from Birch et al. (2007) and
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Ker et al. (2002) presented different information about tendon structure and property,
which is likely due to the difference in tendon samples. More studies are needed to
clarify the relationship among different tendon mechanical properties of different types,

tendon structures and risk of injury.

Figure 2.8 — The Achilles tendon rotational structure of the beaver.

Reproduced with permission from Parsons (1894).

Unlike most tendons in the human body, which are covered by a synovial sheath, the
Achilles tendon is covered by a double-layered ‘paratenon’. This is a connective tissue
richly vascularized to provide blood supply to the tendon and facilitate gliding. As the
tendon body is not innervated, injury of the fibres within the Achilles tendon should not
cause pain. It has been suggested that the neovascularization and innervation around
the paratenon are the cause of pain sensation in the injury of the Achilles tendon (van

Sterkenburg et al., 2011a).
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2.2 Midportion Achilles tendinopathy

The term ‘Achilles tendinopathy’ was proposed by Maffulli et al. (1998) to describe
the combination of clinical symptoms including pain, swelling and impaired
performance. In the past, it was thought that inflammatory cells infiltrated into the
injured tissue, causing subsequent swelling and pain. Therefore, many similar terms
were used to name the pain around the Achilles tendon, such as ‘paratendinitis’,
‘peritendinitis’, ‘tenosynovitis’ and ‘tendinitis’ (Khan et al., 1996), which literally

defined this disease entity as an inflammatory process.

However, later pathological evidence indicated that only minimal inflammatory cell
infiltration was presented in the injured tendon (Astrom and Rausing, 1995; Khan et
al., 1996; Nirschl and Pettrone, 1979; Uhthoff and Sano, 1997). Therefore, Achilles
tendinopathy is a process of tendon degeneration, a process characterized by
disorganized healing response, possibly after overuse (Maffulli et al., 2004). The
painful Achilles tendon comes from a complicated degeneration process, including
tendon fibre disarrangement in the tendon body (Cook et al., 2002; Fredberg and
Stengaard-Pedersen, 2008; Khan et al., 1996), neovascularization (de Vos et al., 2007,
Peers et al., 2003; Reiter et al., 2004; van Sterkenburg et al., 2010; Zanetti et al., 2003)
and neoinnervation to the paratenon (Bjur et al., 2005) that causes pain and swelling
sensation. In other words, the injury is a ‘tendinosis’ instead of ‘tendinitis’, as the
degeneration plays a major role most of the time. Interestingly, such degeneration often
precedes clinical symptoms and is not necessarily symptomatic (Kannus and Jozsa,

1991).
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Achilles tendinopathy is categorized into insertional Achilles tendinopathy and
midportion Achilles tendinopathy based on the location of the symptoms (Almekinders
and Temple, 1998). Insertional Achilles tendinopathy occurs at the insertion site on the
calcaneus, while midportion Achilles tendinopathy occurs at 2-7 cm above the insertion
site. (Abramowitch et al., 2010; Li and Hua, 2016) This categorization also implies its
different histopathology. Ossification of the tendon enthesis and bone spurs are often
noticed in patients with insertional Achilles tendinopathy (Den Hartog, 2009), while
tendinosis and degeneration are associated with midportion Achilles tendinopathy (van

Dijk et al., 2011).

2.2.1 Epidemiology and clinical symptoms

Among all the activities associated with midportion Achilles tendinopathy, middle-
and long-distance running have the greatest risk. The annual incidence for high-level
club runners is 7-10% (Jarvinen et al., 2005), and professional long-distance runners
have a lifetime risk of 52% (Kujala et al., 2005). Five percents of athletes with an
occurrence will face a premature career termination (Kujala et al., 2005). In the general
population, it is estimated to affect 2.35 per 1000 people (de Jonge et al., 2011).
However, the incidence of Achilles tendinopathy is rising as many people engage in

recreational and competitive sports (Selvanetti et al., 1997b).

Patients with midportion Achilles tendinopathy present with pain and stiffness at 2-
7 cm above the calcaneus (van Sterkenburg and van Dijk, 2011). Some patients report
these symptoms after their training regimen increases. The pain typically worsens as
the activity increases and will be relieved after resting. A thickened Achilles tendon at
the level 4-7 cm above the insertion site can often be found under ultrasound in chronic

midportion Achilles tendinopathy.
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Many risk factors have been identified to be associated with Achilles tendon
problems: engaging in stop-and-go sports such as basketball and football, a sudden
increase of training intensity and duration, male gender, obesity, increasing age and
poor running mechanics (Holmes and Lin, 2006). Poor running mechanics include: over
and under pronation of the foot, excessive supination, flat foot, high foot arch, leg
length discrepancy, foot malalignment and inadequate dorsiflexion (Jarvinen et al.,
2001). An observational study on UK elite athletes over a 4 year period found that 22%
of all sprinters and 18% of all endurance runners developed an Achilles tendinopathy
(Pollock et al., 2016). In bend sprinters, the condition was more common on the right

side, with 80% of cases occurring in the right leg.

These risk factors and observations suggest that the biomechanics of the foot and
ankle play a major role in predisposing Achilles tendinopathy. Therefore, one
hypothesis about the aetiology of Achilles tendinopathy is associated with the adjacent
plantaris tendon (Alfredson, 2011). This is based on the clinical observation of some
midportion Achilles tendinopathy patients presenting with a focal medial side pain at
the level of 4-8 cm above the insertion site. This is the very level where the plantaris
tendon may contact the Achilles tendon. Friction or compression between these two
tendons has been suggested as a cause for midportion Achilles tendinopathy (Alfredson,
2011; Calder etal., 2016; Masci et al., 2016; Spang et al., 2016). However, confirmation
bias could exist in these case series studies. The most effective way to avoid
confirmation bias is a blinded study, but it is not always possible in clinical research.
Alternatively, confirmation bias could be mitigated by a prospective study that includes
all patients with the diagnosis of Achilles tendinopathy rated by multiple independent
specialists. Thus, the symptoms and association with the plantaris tendon could be

further clarified.
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Another hypothesis regarding the pathophysiology of mid-portion Achilles
tendinopathy is based on the inadequate force distribution within the tendon during
activity (Arndt et al., 1998b; Kader et al., 2002). As the Achilles tendon sustains
different individual muscle forces from the gastrocnemius and soleus, a non-uniform
stress may occur within the tendon, causing microtrauma between the fibrils (Kader et
al., 2002; Selvanetti et al., 1997a). Degeneration of the tendon could occur if the
microtrauma accumulation is faster than repair (Arndt et al., 1998a; Kader et al., 2002;
Toumi et al., 2016). Such differential stress could be supported by the observation of
the differential intra-tendon displacement.(Finni et al., 2018; Franz et al., 2015; Slane

and Thelen, 2014)

2.2.2 Mechanical hypothesis I: Plantaris involvement

Involvement of the plantaris tendon has been identified in some midportion Achilles
tendinopathy patients, and it could be associated with the pain experienced on the
medial aspect of the leg. The anatomical adjacency of the tendon has been suggested to
be one important factor that could lead to the shear and compression of the Achilles

tendon (Alfredson, 2011).

During surgery for Achilles tendinopathy, the plantaris tendon was found to be in
close contact with the Achilles tendon in 80% of patients. Some plantaris tendons were
even invaginated into the Achilles tendon (Alfredson, 2011). In some of these patients,
ultrasound tissue characterization recognized a fibre disarrangement of the Achilles
tendon localized to the side where it contacts the plantaris tendon. After the plantaris
tendon was removed, the clinical symptoms improved, as did the Achilles tendon fibre

arrangement (Calder et al., 2016; Masci et al., 2015, 2016). Plantaris tendon removal

36



can be done with a minimally invasive procedure and it has become a popular treatment
choice for athletes, as it greatly reduces the return-to-sports time from 18 months to 10

weeks (Alfredson, 2011; Calder et al., 2015; Calder et al., 2016; Masci et al., 2015).

Besides the clinical observations, this hypothesis is also supported by other
biomechanical evidence. From a cadaveric study, it is reported that 10.3% of plantaris
tendons cannot freely glide relative to the Achilles tendon (van Sterkenburg and van
Dijk, 2011). In these cases, the plantaris tendon either inserts directly onto the Achilles
tendon or is tethered to the Achilles tendon by a retinaculum-like tissue structure, which
prohibits free sliding between the two tendons (van Sterkenburg and van Dijk, 2011).
Mechanical testing has shown that the parallel-fibred plantaris tendon is five times
stiffer and seven times higher ultimate strength than the rotational-fibred Achilles
tendon(Lintz et al., 2011). The stiffness represents the tendon elongation in response to
the external loading, and the ultimate stength represents the maximum loading before

the tendon breaks.

Cadaveric loading simulations have shown that the differential displacement
between the Achilles and plantaris tendons is dependent on the plantaris tendon
insertion, and that compression between tendons is more likely to occur at extreme
plantarflexion, especially in hindfoot valgus compared with a neutral position (Stephen
etal., 2018). As the magnitude of compression during simulations is significantly lower
than the ultimate strength of the Achilles tendon (0.2-0.4 MPa vs. 72 MPa), the

difference in stiffness between the two tendons is likely to be the main factor.
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2.2.3 Mechanical hypothesis II: Differential stress within the tendon

The Achilles tendon experiences large forces during everyday activities. In vivo
measurement using a buckle transducer attached to the tendon reported a peak force of
2233 N during a squat jump, 1895 N in a countermovement jump, 3786 N in hopping
(Fukashiro et al., 1995), 9000 N in running (Komi, 1990), 661N in cycling at 90rpm
(Gregor et al., 1987) and 2600 N in slow walking (Komi et al., 1992). It is very likely
that muscle fibres derived from the gastrocnemius and soleus might contribute
differently to the Achilles tendon force. The gastrocnemius is a bi-articular muscle, so
the muscle force is dependent on the knee flexion angle. In knee flexion, the
gastrocnemius is slackened and contributes less to the Achilles tendon force. In addition,
the ratio of the physiological cross-sectional area (PCSA) of the gastrocnemius medialis,
gastrocnemius lateralis and soleus are 4:2:15, which suggests that soleus has larger
force generating capacity than gastrocnemius (Klein Horsman et al., 2007). The PCSA
was calculated as muscle volume divided by muscle fibre length, and it has been shown

to be correlated to the maximum muscle force capacity (Bodine et al., 1982).

In addition, as mentioned earlier in this Chapter, the Achilles tendon fibre bundles
have a rotational structure. At the origin of the Achilles tendon, where the soleus fibres
confluence with the gastrocnemius aponeurosis, the soleus fibres comprise the deep
layer of the Achilles tendon, the gastrocnemius medialis fibres comprise the superficial
medial aspect, and the gastrocnemius lateralis fibres comprise the superficial lateral
aspect. As the tendon descends to its insertion, the fibre bundles of the gastrocnemius
and soleus rotate, and the degree of rotation varies among the population (Ballal et al.,
2014; Cummins et al., 1946; Edama et al., 2015; Szaro et al., 2009; van Gils et al.,

1996) (Figure 2.9).
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Figure 2.9 — The rotational structure of the Achilles tendon presented in the

literature.

The Achilles insertion has been separated schematically into (a) gastrocnemius (G)
and soleus (S), and (b) medial (MG), lateral gastrocnemius (LG), and soleus (S). (c)
The tendon fibre pathways have been identified. Reproduced and modified with
permission from (a) Cummins et al (1946), (b) Edama et al (2015) and (c) Szaro et
al (2009).

The loading conditions and the rotational structure likely cause differential loading
within the Achilles tendon. This theory is supported by the non-uniform displacement
of the tendon fibres observed using B-mode ultrasound and ultrasound elastography. In
B-mode ultrasound, the differential displacement has been identified from the
aponeurosis of the medial gastrocnemius and soleus muscles (Bojsen-Moller et al.,
2004; Maganaris et al., 2004). In ultrasound elastography, the superficial layer of the
Achilles tendon has been shown to have smaller displacements than the deep layer of

the tendon during walking and larger differential displacement was observed as walking
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speed increased (Franz et al., 2015; Slane and Thelen, 2015). These observations
suggested the existence of non-uniform stress within the tendon, which could cause
friction and shear between fibrils and lead to microtrauma. Once the accumulation of
microtrauma is such that the rate of repair will not be sufficient to overtake that of

damage, degeneration of the Achilles tendon occurs (Kader et al., 2002).

This rotational structure of the Achilles tendon has been modelled with finite
element analysis. The observed non-uniform displacement was reduced by 85% if the
differential muscle force was eliminated, and reduced by 35% if the rotational structure
was eliminated (Handsfield et al., 2017). This study from the literature only modelled

one rotational variant (Figure 2.9b).

2.3 Rehabilitation of midportion Achilles tendinopathy

Rehabilitation exercises are the first line treatment for chronic midportion Achilles
tendinopathy. The protocol typically involves concentric and/or eccentric exercises.
Concentric exercises involve shortening of muscles while resisting a load, while

eccentric exercises lengthen muscles while resisting a load.

Two major protocols for midportion Achilles tendon rehabilitation are used
clinically: eccentric loading training and heavy-slow resistance training. Alfredson et
al. (1998) introduced the eccentric loading protocol. This protocol includes eccentric
standing heel drop exercises with a knee flexed and a knee extended position. It has
been widely adopted as the mainstream treatment for midportion Achilles tendinopathy

over the past decade.
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The heavy slow resistance training was developed for rehabilitation in patellar
tendinopathy and was found to yield superior results over traditional eccentric loading
regimens (Kongsgaard et al., 2009). The approach was then adjusted for midportion
Achilles tendon rehabilitation. One randomised controlled trial compared the effects of
traditional eccentric loading training and heavy slow resistance training and found no
significant differences in improvement of symptoms at 52 weeks follow-up, but the
overall training time for the heavy slow resistance group was only one third of that of

the eccentric loading group (Beyer et al., 2015).

It is not fully understood which of the loading or the training frequency contributes
more to the tendon repair. It is worth noting that not all Achilles tendinopathy patients
are responsive to the protocol; one study reported that up to 45% of patients did not

improve after 12 weeks of eccentric loading rehabilitation (Sayana and Maffulli, 2007).

There are a lot of question marks in the rehabilitation of midportion Achilles
tendinopathy. Does the magnitude of load matter more than the frequency of training?
If a patient does not improve, is it because of a failure of the regimen or a misdiagnosis

of the patient? Or should we stratify patients and offer personalized protocols?

The following sections will introduce the tendon healing mechanism and provide the

details of eccentric loading and heavy slow resistance rehabilitation.

2.3.1 Tendon healing mechanism and tendon adaptation

The natural tendon healing process after injury includes three stages: inflammation,
matrix production and remodelling (Sandrey, 2003; Sharma and Maffulli, 2005). The
inflammation stage typically lasts for a week after injury. In this stage inflammatory
cells, including neutrophils, monophils and macrophages, infiltrate into the local tissue

and neovascularization is observed. In the next stage, fibroblasts are activated and start
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to produce extracellular matrix proteins, such as collagen fibres. This process takes a
further three weeks. During the final remodelling and maturation process, the
synthesized fibrins are remodelled into an organized structure through a scar formation.
The cell density and vascularity decrease as a tendon heals. The overall healing process

can take from 6 to12 months (Sandrey, 2003; Sharma and Maffulli, 2005).

There is still controversy regarding the existence of remodelling of the Achilles
tendon. Thorpe et al. (2010) quantified the racemization of the aspartic acid between
injury-prone tendons and rarely-injured tendons to estimate the half-life of the
collagenous and non-collagenous components within the tendons. The injury-prone
tendons showed a significantly higher half-life for collagen, a lower non-collagen half-
life, and fewer collage-degradation markers, than rarely-injured tendons. This
suggested partially degraded proteins could accumulate in injury-prone tendons and
could lead to decreased mechanical integrity (Thorpe et al., 2010). On the contrary,
Heinemeier et al. (2013) quantified the '*C level within the Achilles tendon core and
found the '*C level in the Achilles tendon was remained from decades before being
sampled. This suggests that the Achilles tendon core tissue is formed by the age of 17

years and does not renew.

The mechanical environment will also affect the healing of a tendon (Galloway et
al., 2013; Heinemeier and Kjaer, 2011; Kjaer, 2004; Lavagnino and Arnoczky, 2005;
Wang, 2006). Changes in tendon material properties (Arampatzis et al., 2007b;
Kongsgaard et al., 2007; Kubo et al., 2002; Reeves et al., 2003) and morphology, such
as cross-sectional area (Arampatzis et al., 2010; Bohm et al., 2014; Seynnes et al.,
2009), are seen because of increasing collagen synthesis following a period of enhanced
mechanical loading. This adaptive process of a tendon in response to applied loading is

termed tendon adaptation.
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The aim of tendon rehabilitation is to initiate the correct tendon adaption process
with controlled loading. Remodelling and re-maturing are involved in this process to
re-align the pathological fibres, increase the stiffness, and reduce the thickness of the

Achilles tendon (Arampatzis et al., 2007a; Arampatzis et al., 2010).

2.3.2 Rehabilitation protocol I: Eccentric loading training

The rehabilitation protocol includes 3 sets of 15 repetitions of a heel-drop exercise
on the edge of a stair with both a straight and flexed knee (Alfredson et al., 1998)(Figure
2.10). The exercise is performed twice a day, 7 days a week, for 12 consecutive weeks.
The load can be gradually added using a backpack as the training proceeds. The patient
should feel discomfort, but not disabling pain, during the training process. For each
repetition, the eccentric loading phase should last three seconds. Between each set, there

should be a two minute rest period.

The eccentric loading training is a high-frequency exercise. With the
recommendations above, the training sessions come to 308 minutes every week. The
benefits of this regimen are that no additional equipment is required, and the exercise

can be done at home. Only a simple step and a backpack for extra loading are required.
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Figure 2.10 — The eccentric loading training for midportion Achilles

tendinopathy.

Reproduced with permission from Alfredson et al. (1998).

2.3.3 Rehabilitation protocol II: Heavy slow resistance training

The heavy slow resistance regimen was adapted from the training regimen for patella
tendinopathy (Gaida and Cook, 2011; Kongsgaard et al., 2009; Kongsgaard et al., 2010).
The training requires a rather high load and is only be feasible with gym equipment
(Figure 2.11). The load required is 65-85% of the maximum weight that can be lifted
once with good technique, also known as the repetition maximum (RM). It is worth
noting that it is difficult to determine one RM, especially in patients. Therefore, the RM
is usually estimated clinically, using the assumption that the load that can be lifted 8
times is equal to 80% of the RM (Brzycki, 1998). In this rehabilitation protocol, in the
first week, the patients are instructed to perform 15RM gradually stepping up to 6RM,

which correspond to 65% and 85% of the maximum weight they can carry, respectively.
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In the clinical setting, the maximum weight each patient can perform will also be

affected by the severity of the tendinopathy and the strength of the patient.

The regimen is performed three times per week with resistance equipment, including
three exercises: heel rise and drop with a seated calf raise machine, heel rise and drop
in a leg press machine, and heel rise and drop bearing a barbell on the shoulders.
Patients were asked to perform three exercises with the loading shown in Table 2.1. A
2-minute rest between each set and a S5-minute rest between each exercise is

recommended.
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=% B

Figure 2.11 — The heavy slow resistance training includes three exercises:
seated calf-raise, ankle push in a leg press machine and standing heel rise

bearing a barbell.

Reproduced with permission from Beyer et al. (2015).

Week No. Sets Reps/Loads
Week1 3 sets I15RM
Week 2 to 3 4 sets 12 RM
Week 4 to 5 4 sets 10 RM
Week 6 to 8 4 sets 8 RM
Week 9 to 12 4 sets 6 RM

Table 2.1 — Heavy slow resistance protocol suggested by Beyer et al. (2015)

Repetition maximum (RM) refers to the maximum loading that the patients can

perform smoothly.

The heavy slow resistance training is more time efficient than eccentric loading, with
only 107 minutes required per week, but the one-year outcome is not significantly
different from that of the traditional eccentric loading regimen (Beyer et al., 2015). The

heavy slow resistance regimen requires access to resistance equipment and instructions
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from a physiotherapist, and therefore it is arguably more suitable for athletes than the

general population.

2.4  Biomechanical methodologies for investigating Achilles

tendon and midportion Achilles tendinopathy

Although non-invasive in vivo measurement of muscle and tendon force is not
feasible, the biomechanics of midportion Achilles tendinopathy can be investigated in
different ways. This section will review the methodologies used in the literature to
investigate midportion Achilles tendinopathy. As the tendon consistently experiences a
cyclic force, the tendon mechanical properties such as stiffness, Young’s modulus, and
hysteresis can be measured using cadaveric specimens (Guney et al., 2015; Lintz et al.,
2011; Wren et al., 2003; Wren et al., 2001). Mechanical loading rigs have also been

designed and employed to simulate dynamic conditions (Stephen et al., 2018).

For in vivo evaluation, ‘buckle’ transducers have been used to measure the Achilles
tendon force. Unsurprisingly, due to the invasiveness of the procedure, it is not a
commonly employed approach. Non-invasive measures, such as dynamometers and
force platforms, have been applied to measure the joint torque and external forces that
enable a simple mechanical quantification of the tendon force. However, because of the
agonist and antagonist muscle activity, the measured force and torque are the

summation of the effects of all muscles crossing the joint.

Clinically available imaging modalities, such as ultrasound and MRI, have been used

to assess tendon fibre displacement, tendon morphology, and pathological features.
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Ultrasound allows dynamic testing in vivo, while MRI provides excellent static three-

dimensional (3D) information.

Computer modelling techniques also play a role in estimating the forces of muscles
and tendons. Finite element modelling can be used to simulate the tendon compression
and shear force under different loading conditions and with different tendon
morphology, while musculoskeletal modelling can quantify the muscle and tendon

forces for different participants in vivo.

2.4.1 Mechanical testing with cadaveric specimens

The mechanical properties of tendons can be tested with a tensile test, where the
tendons are stretched until they break and the force applied and the elongation history
are recorded (Butler et al., 1978; Winter, 2009). A typical force-elongation curve for
tendons includes 4 distinctive regions: 1) Region I (‘toe region’): the wavy collage fibre
within the tendon is straightened by the non-damaging loading, but not stretched. i1)
Region II (‘linear region’): the loading stretches the aligned fibres and the tendon fibre
is not broken by the loading. iii) Region III (‘plateau region’): the fibres started to break.
The tendon still elongates, but the loading reaches a plateau. iv) Region IV: complete
failure of the collagen fibres, the external loading drops (Winter, 2009). Mechanical
properties such as stiffness, elastic modulus, stress at failure, and strain at failure can
be calculated from the force-elongation curve. When a tendon is stretched, it does not
behave purely elastically (Cohen et al., 1976; Hooley et al., 1980). The strain and stress
seen by the tendon are also time-dependent. Such behaviour can be tested by applying
a constant force on the tendon and measuring the strain over time (creep), maintaining
constant elongation while measuring the change in force (stress-relaxation), and

measuring stress and strain under cyclic loading and unloading (hysteresis).
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The source of a tendon, preparation of the specimen, and the experimental protocol
could largely affect the results of these tests. The preservation of the tendon could affect
the properties of the tendons (Matthews and Ellis, 1968; Smith et al., 1996). To
represent the tendon condition in vivo, fresh-frozen tendons are preferred over
embalmed ones (Verstraete et al., 2015). In a tensile test, the specimens are trimmed
into a dumbbell shape to ensure maximum stress occurs in the centre region. However,
in tendons, such a process may damage the integrity of the collagen fibres and affect
the results. The clamping of the specimen is may also damage the tendon fibres (Ker,
1992). Before testing, the tendon should be ‘conditioned’ by several stretch-recoil
cycles to obtain stable measurement. This is due to the physical properties of the tendon

that are associated with creep behaviour (Maganaris et al., 2008).

Besides mechanical properties, the Achilles and plantaris tendons have also been
tested with mechanical loading rigs to simulate ankle motion (Stephen et al., 2018). In
the study by Stephen et al. (2018), the Achilles and plantaris tendons were loaded with
a fixed force. A differential motion of the tendons was identified when the plantaris
tendon had a separate insertion anterior to the Achilles tendon, but not when the tendon
inserted medially to the Achilles tendon. The compression between the tendons was the

largest when the ankle was in maximum plantarflexion.

The Achilles and plantaris tendons have also been tested with mechanical loading
rigs to simulate ankle motion (Stephen et al., 2018). In the study by Stephen et al.
(2018), the Achilles and plantaris tendons were loaded with a fixed force. A differential
motion of the tendons was identified when the plantaris tendon had a separate insertion
anterior to the Achilles tendon, but not when the tendon inserted medially to the
Achilles tendon. The compression between the tendons was the largest when the ankle

was in maximum plantarflexion.
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2.4.2 Mechanical testing in vivo

Force sensing platforms and dynamometers can be used to measure the torque and
force exerted during activities in vivo. These have often been used in combination with
optical motion capture systems, which provide real-time 3D coordinates representing
the kinematics of body segments. Such combinations can reliably calculate the joint
torque in vivo. Medical imaging techniques, such as ultrasound, are incorporated to
obtain the displacement of the muscle-tendon junction (Bohm et al., 2014; Lichtwark

and Wilson, 2005; Rees et al., 2008).

Measurement in vivo has the advantage of testing in a physiological environment,
but there are still some problems. Tendons derived from more than one muscle are
likely to have non-homogenous stress across the tendon and intra-tendon shearing could
exist (Bojsen-Moller et al., 2004; Maganaris et al., 2006). In addition, friction and heat
loss between surfaces will be included in hysteresis. Finally, the force exerted in vivo
may not exceed the toe region of the tendon. Therefore, care must be taken when

comparing the values from in vitro and in vivo measurements (Maganaris et al., 2008).

2.4.3 Medical imaging

MRI and ultrasound have been standard clinical evaluation tools for midportion
Achilles tendon injury. MRI provides excellent static 3D information for evaluating
tendon cross-sectional area, morphology, tendon volume, and pathological features
(Bohm et al., 2014; Gardin et al., 2006; Iwanuma et al., 2011; Khan et al., 2003; Syha
et al.,, 2015). The MRI sequence will affect the resonance intensity obtained.
Fundamentally, the T1-weighted sequence is widely used to study anatomical structure,

while T2-weighted image sequence has been used to highlight the water content of
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tissue that gives information on inflammation. Proton-density image sequence has been
used to evaluation joint geometry. Therefore, selecting an appropriate sequence is key

to successful MRI studies.

Ultrasound is also regarded as a primary imaging modality for diagnosing Achilles
tendon injury (Kader et al., 2002). Besides the plain B-mode ultrasound, colour Doppler
ultrasound can be used to evaluate the vascularity of the tendon, which provides
important information about the tendon injury. For biomechanical research, ultrasound
allows dynamic testing and can be combined with advanced ultrasound techniques such
as ultrasound elastography. As mentioned in Section 2.2.2, plain B-mode ultrasound
has been used evaluate tendon displacement and moment arm (Arampatzis et al., 2007a;
Arampatzis et al., 2007b; Arampatzis et al., 2008; Arampatzis et al., 2010; Bohm et al.,
2014). More recently, ultrasound elastography has been developed to measure the intra-
tendinous fibre non-uniform displacement during walking (Chernak and Thelen, 2012;
Chernak Slane and Thelen, 2014; Slane and Thelen, 2014, 2015). Ultrasound
shearwave elastography enables the estimation of tissue stiffness and has been used to
measure the stiffness of healthy and pathological Achilles tendons. Pathological
tendons could be more compliant than healthy tendons (Arda et al., 2011; Chen et al.,
2013). However, due to the high stiffness and anisotropy of tendon tissue, the
measurement of Young’s modulus for Achilles tendon using shear wave elastography

may be inaccurate (DeWall et al., 2014).

2.4.4 Electromyography

Electromyography (EMG) is a technique to record the collective myoelectric activity
of muscle fibre membranes, which can be measured by attaching electrodes to the skin’s

surface (also termed ‘surface EMG’) or by inserting needle electrodes into the muscles
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(also termed ‘fine-wire EMG’). Surface EMG can only be used for muscles lying
directly under the skin’s surface, while the activity of deep muscles can only be

measured by fine-wire EMG.

EMG does not directly quantify the Achilles tendon force, but it reveals the
activation level of muscles. In musculoskeletal modelling (described in Chapter 2.4.5),

EMG has been widely used to validate muscle activation levels predicted by models.

One of the major disadvantages of EMG is inter-subject comparison. As an electrode
is only able to sense the activity of a small portion of the muscle fibres, the comparison
of raw EMG signals between muscles is inappropriate. One feasible way to compare
EMG data across muscles and subjects is normalizing the raw signal to a reference
value, which is typically obtained from a motion that fully activates the target muscle
(Burden, 2010; Mathiassen et al., 1995). A common consensus for the normalization is
that the activity should be repeatable, can be performed manually, and can produce a

maximum activation of the muscle of interest.

It is generally accepted that surface EMG signals have some correlation to the
muscle force; however, it is not clear whether the relationship is linear, curvilinear, or
non-linear (Bilodeau et al., 2003; Gregor et al., 2002; Herzog et al., 1998; Karlsson and
Gerdle, 2001; Lawrence and De Luca, 1983; Madeleine et al., 2001; Moritani and
Muro, 1987; Onishi et al., 2000). The correlation may be affected by the processing

technique, examined muscle, and the performed exercise.

2.4.5 Computational modelling

There are two major modelling methods for studying midportion Achilles
tendinopathy: finite element modelling and musculoskeletal modelling. Finite element
models have been based upon 3D models segmented from MRI (Handsfield et al., 2017)
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and have been used to estimate displacement, stresses, and strains within the tendon.
Finite element models provide an understanding of how the load is transmitted within
the geometry of the structure, resulting in stresses and strains. The results are highly
dependent on the boundary conditions (constraints and loads) as well as the material

models used within the analysis.

Musculoskeletal modelling has also been used to study the Achilles tendon and
midportion Achilles tendinopathy. Musculoskeletal modelling can be divided into two
categories: forward dynamic models and inverse dynamic models. Forward dynamic
models require prior knowledge of the muscle excitation (could be obtained from EMG)
or joint torques to calculate a motion pattern. This could be useful for surgical planning
and outcome prediction. However, an accurate measurement of muscle excitation and
torque can be challenging, thus limiting the clinical use of forward dynamic models
(Erdemir et al., 2007). On the other hand, inverse dynamics models have been
frequently used for muscle force estimation. With kinematic marker data collected by
an optical motion capture system, joint kinetic data can be calculated under the
assumption of modelling the human as a chain of rigid body segments. The muscle
forces are then decided using an optimization process. Inverse dynamic models provide
a descriptive, rather than predictive, understanding of muscle forces (Erdemir et al.,

2007).

There are many software packages available for musculoskeletal modelling. Three
software packages are introduced here: AnyBody, OpenSim, and FreeBody. They can
all perform biomechanical analysis using motion capture data with a predefined
anatomical model or a custom-made model. Each software package contains predefined
models. These software packages have similar workflows but different predefined

anatomical model settings. In general, the model is scaled to the observed kinematic
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data, and then the joint torque is calculated from inverse dynamic analysis; finally, a

static optimization is used to calculate the muscle and joint reaction forces.

AnyBody is the most sophisticated commercial software package on the market. The
AnyBody model contains models of different anatomical regions, such as the lower
limb, shoulder, arm, lumbar spine, and a full body model. It analyses the human body
as a series of rigid bodies and allows multibody analysis. The lower limb model
contains 169 muscles and has 6 degrees of freedom (Carbone et al., 2015; De Pieri et
al., 2018). The Anybody model uses inverse dynamics and an optimization method to
solve muscle redundancy. AnyBody offers nine scaling methods (Benoit et al., 2015);
the most advanced one takes into account the participant’s fat percentage. The
AnyBody also supports the input of STL files. With this feature, the environment can

be simulated as well.

OpenSim is a freely available software package with a large associated community.
Inverse and forward dynamics can be implemented in OpenSim. It also provides built-
in algorithms (Residual Reduction Analysis) (Anderson et al., 2006) to minimize the
kinematic errors and Computed Muscle Control (Thelen and Anderson, 2006) to drive
the model to track the desired kinematics. OpenSim also includes the muscle dynamics,
taking into consideration the force-velocity and force-length relationships between the
muscle and the tendon, which is modelled as a spring (Millard et al., 2013). The most
recently used model includes 80 muscles and 20 degrees of freedom for the lower body.
The muscle force prediction was also achieved by inverse dynamics and static

optimization.

The FreeBody model is a freely available software package developed by a research
group at Imperial College (Cleather and Bull, 2015). It is a lower limb model containing

a single right leg with 163 muscle elements 22 degrees of freedom. FreeBody has
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several associated anatomical datasets that are accompanied by MRI images of the
participant. This allows the visualization and manipulation of the anatomical model

(Ding et al., 2016).

Previous musculoskeletal models of the Achilles tendon based on inverse dynamics
have investigated Achilles tendon loading during eccentric exercise. The peak
plantarflexion moment was reduced when the exercise was performed with the knee
flexed compared with knee extended, and this reduced moment resulted in reduced
Achilles tendon loading during knee-flexed eccentric exercise (Weinert-Aplin, 2014).
Besides rehabilitation, the effect of intra-tendinous strain was also simulated with
musculoskeletal modelling. The introduction of a coupled insertion site for
gastrocnemius and soleus will result in decreased peak muscle forces (Franz and
Thelen, 2016). The outputs of musculoskeletal modelling are frequently used as
boundary conditions for finite element modelling. Using finite element analysis, it was
found that the von Mises stress is the largest at the midportion (4.6-7.9 cm) and insertion
site of the Achilles tendon. This stress was sensitive to tendon geometry (Hansen et al.,
2017; Toumi et al., 2016). This modelling result also strengthens the mechanical

hypothesis for midportion Achilles tendinopathy.
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2.5 Mechanical properties of the Achilles tendon in vitro

and in vivo

2.5.1 In vitro measurement of mechanical properties of the Achilles

tendon and plantaris tendon

Large variation is seen in the mechanical properties of the Achilles tendon. In tensile
tests, the Achilles tendon has been shown to have a Young’s modulus of 819 + 208
MPa, with an ultimate strength of 79 &+ 22 MPa (Wren et al., 2003; Wren et al., 2001).
The Achilles tendon exhibits significant viscoelastic properties, meaning that the
loading history will affect the strain response of the tendon. When tested using the same
loading protocol, the plantaris tendon demonstrates three times higher stiffness (5.7 vs.
1.7 N/mm) and seven times higher stress at failure (1.4 vs. 0.2 N/mm?) (Lintz et al.,

2011).

The value of stress at failure for Achilles tendon is much lower than the value
reported by Wren et al. (2003) due to the specimen preparation, whereas the tendons
from Lintz et al. were trimmed to standardized size. Such preparation is likely to destroy

the integrity of the tendon fibre and result in lower stress at failure.

2.5.2 In vivo measurement of mechanical properties of the Achilles

tendon

The result of the in vivo measurement also varied. The elastric modulus was
meausred between 300 and 1400 MPa. The Achilles tendon was reported to experience
stress and strain of 20-42 MPa and 5-8% (Arampatzis et al., 2005; Hansen et al., 2003;

Kubo et al., 2000; Maganaris and Paul, 2002; Magnusson et al., 2001; Muramatsu et
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al., 2001). Besides the variations in mechanical property in each individual Achilles
tendon, the difference in each protocol and activies performed is also likely to affect

the value reported. (Maganaris et al., 2008).

Any pathology of the tendon is likely to affect the mechanical properties. The
Achilles tendon patients showed larger strains compare to the healthy controls (Child
et al., 2010). To quantify the effect of rehabilitation on the tendon, Bohm et al. (2014)
used a dynamometer and optical motion capture system in combination to quantify the
torque about the ankle. This was then used in combination with the moment arm with
respect to the ankle centre of rotation, measured with ultrasound, to calculate the force
of the Achilles tendon. With the tendon cross-sectional area measured in MRI and the
antagonistic muscle force estimated using normalized electromyography, the Achilles
tendon Young’s modulus in vivo was 870 + 200 MPa. Furthermore, a significant
increase in tendon stiffness and Young’s modulus was found after rehabilitation. Long
strain duration training was more effective in increasing tendon stiffness than high

strain rate training (Bohm et al., 2014).

2.6 Summary

Midportion Achilles tendinopathy is a painful condition and rehabilitation exercises
can sometimes prove ineffective. One possible reason is that the exact aetiology of the
condition is not fully understood. It is also possible that the cause is multi-factorial or

the categorisation of ‘midportion Achilles tendinopathy’ should be further divided.

There are two major hypotheses regarding the aetiology of midportion Achilles

tendinopathy: (i) intra-tendon differential loading and (i1) plantaris involvement. The
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differential loading may result from uneven pulling from the triceps surae. However, it
is not understood how the rotational fibre structure potentially affects the loading within

the tendon.

The second hypothesis suggests that the plantaris tendon could be involved. It is
proposed that because some types of plantaris tendon are tethered to the Achilles tendon,
the anatomical adjacency and possible compression and friction between the two
tendons may cause pathology. MRI and ultrasound of the plantaris and Achilles tendons

may further elucidate the relationship between the two.

From the observation of injury prevalence and patient groups, it is likely that
midportion Achilles tendinopathy has a biomechanical basis. However, it is difficult to
investigate the mechanical effect in vivo. Musculoskeletal modelling provides an
alternative approach to investigate the biomechanics of midportion Achilles
tendinopathy by estimating the muscle forces during activity. The predicted values can

then be correlated with EMG recorded during the same activity.

This chapter reviewed the fundamental aspects of midportion Achilles tendinopathy,
from the biomechanics of normal anatomy to pathology and rehabilitation. As a first
step, the anatomical variation of the plantaris tendon could be a starting point to
understand the normal anatomical variation and it is also related to the mechanism of
the tendon injury. Therefore, the following chapter will analyse the plantaris tendon

geometry in healthy people.
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Chapter 3

Plantaris tendon geometry in vivo

Chapter 2 showed the potential role of the plantaris tendon in developing midportion
Achilles tendinopathy, therefore, in this chapter, the plantaris tendon geometry is
investigated. Plantaris is a small muscle with high anatomical variation. Clinically,
plantaris tendon involvement has been observed in patients with midportion Achilles
tendinopathy. However, it is not fully understood how the risk of developing this
pathology could be related to the different anatomical variants. In addition, due to the
small size of the plantaris tendon, most plantaris tendon variations categorised in the
literature are based on cadaveric dissection, restricting translation to a clinical setting.
The aim of this study was to provide a clinical categorization and visualization of the
plantaris tendon variation in vivo that could then be used for evaluating the potential

risk of plantaris tendon involvement.
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3.1 Introduction

Midportion Achilles tendinopathy is one of the most common foot and ankle sports
injuries. Observational studies indicate that athletes involved in mid- to long-distance
running or jumping have a high risk of Achilles tendinopathy (Pollock et al., 2016).
Although the precise mechanism of midportion Achilles tendinopathy development is
still elusive, the plantaris tendon has been suggested to be an important contributing
factor (Alfredson, 2011, 2017; Bedi et al., 2016; Calder et al., 2015; Calder et al., 2016;
Cook and Purdam, 2012; Cook and Purdam, 2014; Masci et al., 2015, 2016; Olewnik
et al., 2017; Smith et al., 2017; Spang et al., 2016; van Sterkenburg et al., 2011a; van

Sterkenburg et al., 2011b; van Sterkenburg and van Dijk, 2011).

As reviewed in Chapter 2, several biomechanical observations support the
hypothesis of plantaris tendon involvement in the development of midportion Achilles
tendinopathy. In mechanical testing of plantaris and Achilles tendons from fresh frozen
cadaveric specimens, the plantaris tendon was found to have a higher stiffness than the
Achilles tendon (Lintz et al., 2011). Furthermore, there is evidence of differential
movement and compression between the plantaris and Achilles tendon during ankle
motion (Smith et al., 2017; Stephen et al., 2018). Also, a local retinaculum-like structure
has been reported following an anatomical dissection of plantaris tendon. This structure
restricts the free gliding between the plantaris and Achilles tendons, which could lead

to higher friction between them (van Sterkenburg et al., 2011a).

Clinical studies have also provided some evidence about plantaris involvement in
Achilles tendinopathy. In 80% of surgery for Achilles tendinopathy, the plantaris

tendon was found to be invaginated in the Achilles tendon (Alfredson, 2011). In patients
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that are recalcitrant to conservative treatment, removal of the plantaris tendon resulted
in good reduction in symptoms and high rates of return to play (Calder et al., 2015;
Calder et al., 2016; Masci et al., 2015; Pearce et al., 2012; van Sterkenburg et al.,

2011b).

As discussed in Chapter 2, the anatomical position of the plantaris tendon insertion
has significant variation and has been categorized by dissection into up to 9 distinct
types (Daseler and Anson, 1943; Joshi et al., 2014; van Sterkenburg et al., 2011a). Such
a complex classification may not be clinically applicable, because imaging cannot
distinguish different tissue to this extent. As dissection often affects local tissue
integrity, the dynamics between the plantaris and Achilles tendons cannot be fully
reconstructed. In addition, the pathophysiological role of each individual type has not

been elucidated.

The morphology of the plantaris tendon and its relationship to the Achilles tendon
may be clinically important, as it may stratify patient treatment (Alfredson, 2017).
Although several studies have reported a thickened plantaris tendon before or during
surgery for midportion Achilles tendinopathy, clinical evaluation is still very
challenging, as there is still no consensus as to whether MRI or ultrasound is more
sensitive in identifying the plantaris tendon and its anatomical relationship to the

Achilles tendon.

The aim of this study was to investigate plantaris tendon geometry in vivo using two
routine imaging examination modalities: MRI and ultrasound. To understand the
change of distance between different types of plantaris tendon and Achilles tendon
during activity, the complete range of ankle motion was examined. The hypothesis was

that the changing pattern of the distances differs with different types of plantaris tendon.
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Clarifying this relationship could facilitate the understanding the plantaris motion and

its potential role in midportion Achilles tendinopathy.

3.2 Method

3.2.1 Participants

Thirty-four healthy participants (19 male, 15 female) were included in this study
(Table 3.1). The exclusion criteria included previous lower limb surgery, recent lower
limb injury, a history of Achilles tendinopathy and any medical history that would
preclude MRI examination. These participants were recruited from a university
population under the ethical approved of the local research ethics committee (Imperial
Research Ethics Committee reference: 161C3385, Appendix B). All participants gave

written informed consent.
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No. Gender Age (years) Weight (kg) Height (m)
S01 male 25 96 1.88
S02 female 36 73 1.60
S03 female 27 55 1.65
S04 male 28 73 1.78
S05 male 27 65 1.78
S06 male 26 96 1.85
S07 male 29 80 1.78
S08 male 36 80 1.90
S09 female 30 50 1.64
S10 male 26 67 1.80
S11 male 28 75 1.76
S12 male 31 61 1.62
S13 male 26 75 1.70
S14 female 32 53 1.60
S15 female 32 86 1.77
S16 male 28 63 1.73
S17 female 29 58 1.67
S18 male 33 72 1.70
S19 female 27 63 1.67
S20 male 32 95 1.92
S21 female 28 45 1.60
S22 male 30 85 1.75
S23 male 31 62 1.73
S24 female 28 51 1.53
S25 female 25 63 1.73
S26 female 25 65 1.69
S27 female 25 75 1.75
S28 female 22 65 1.63
S29 male 27 58 1.78
S30 male 32 82 1.70
S31 female 38 53 1.65
S32 male 24 65 1.67
S33 female 27 53 1.60
S34 male 28 63 1.70
Mean + Std. 28.8+£3.7 68.4 +13.7 1.72£0.09

Table 3.1 — Participants’ anthropometric data
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3.2.2 MRI protocol

The MRI examination was performed with a 3T MAGNETOM Spectra (Siemens,
Munich, Germany). To acquire fine resolution and contrast between the plantaris
tendon and surrounding soft tissues, many protocols were tried during pilot testing. A
T1-weighted protocol with isometric voxels (0.61 X 0.61 X 0.61mm) was initially
tested in the pilot study. Isometric voxels are usually preferred if segmentation of the
MRI will be performed. Unfortunately, this would have made the scanning protocol too

long for each participant.

Instead, a proton density sequence with a voxel size of 0.44 X 0.44 X 1 mm was
chosen to balance the scanning time and identification of the plantaris tendon. The
protocol was chosen after discussing with a medical physicist and performing a series
experimental scanning to ensure the quality of the image and shorten the scanning time.
Although T1 has been the standard sequence for anatomy, it took more than 7 minutes
to perform each scan in our pilot testing, whereas the sequence chosen for this study
only took about 4 minutes. We had a restricted timeframe that was available to image
the joint in different angles, both due to the ability of the participants to remain still,
and availability of the equipment. The 1mm slice thickness is one-third of the thickness
acquired using standard clinical protocols. The scanning sequence was characterized
by a TR 0f 4220 ms, a TE of 23 ms, flip angle of 150°, matrix size of 320 x 260, a field

of view of 140 x 140 mm, and a 30% distance factor.

The participants were scanned in the supine position. The right ankle was scanned
with axial slices at six fixed angles across the full range of motion to obtain the
geometry of the tendons (Figure 3.1). Six fixed-angled wedges were used to hold the
ankle at 45°, 30° and 15° of plantarflexion, neutral and 10° and 20° of dorsiflexion.

Commercially available foot insole orthotics (Express Orthotics, Foot Science
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International, Christchurch, New Zealand) were attached to the wedge surface as the
interface between the foot and wedge to ensure straight alignment. A hook and loop

fastener was used to strap the forefoot to the wedge.

Figure 3.1 — The wedge and coil setting for MRI scanning.

The movement requirement meant that the regular ankle coil could not be used.
Therefore, a four-channel small-sized flex coil (4-channel Flex Coil, Siemens, Munich,
Germany) was wrapped around the Achilles tendon from the posterior side. The
selection of the coil was based on the number of channels and the area of the coil. There
are six-channel commercial coils available, but they are larger in size. This would have
resulted in a larger area of coverage but a smaller magnetic field intensity within the
covered space. Therefore, it was decided to reduce the coverage space but increase the
magnetic field intensity on the hindfoot, where midportion Achilles tendinopathy

occurs. Hence, the four-channel flex coil was chosen.
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3.2.3 Ultrasonography protocol

To confirm the plantaris tendon geometry, B-mode ultrasound (EPIQ 5G, Philips,
Eindhoven, The Netherlands) was performed on a subset of 20 participants (3
participants from Type 1 and all the subject from the other Types), which included those
for whom the plantaris tendon could not be identified on the MRI scan or those with
atypical geometry, defined as the geometry other than medial insertion. The insertion

pattern will be discussed in detail in Chapter 3.2.5.

The participants were scanned in a prone position. Only the right plantaris tendon
geometry was examined. The ultrasound was performed by a single sports medicine
consultant, who was trained in musculoskeletal ultrasound and regularly runs a
musculoskeletal ultrasound clinic. The examiner was blind to the MRI results and the

participants were allocated in random order to the examination session.

Plantaris tendon existence and geometry were confirmed by tracing the plantaris
tendon alongside the medial aspect of the gastrocnemius aponeurosis and Achilles

tendon down to the insertion.

3.2.4 Image segmentation protocol

Manual MRI segmentation of the Achilles tendon, plantaris tendon, calcaneus and
distal tibia and fibula were performed for each participant, at each joint angle and then
reconstructed to form 3D models using the Mimics Innovation software package (v.19,
Materialise, Belgium). To compare the Achilles tendon and plantaris tendon geometries
across the range of motion, the 3D models constructed at different ankle joint angles
were registered to the tibia and calcaneus, respectively, using the 3-Matic Research
software package (v.12, Materialise, Belgium) and MATLAB (2017a, MathWorks,

Massachusetts, USA).
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The Achilles tendon was segmented along with the gastrocnemius aponeurosis,
which can be identified as a hypo-resonant crescent-shaped area posterior to the
gastrocnemius. The plantaris tendon was traced from the medial side of the
gastrocnemius aponeurosis to the insertion. For some plantaris tendon geometries, the
tendon formed a separated hypo-resonant area, apart from the gastrocnemius
aponeurosis, and could be distinguished from the Achilles tendon. The segmentation of

bone in MRI included the hypo-resonant cortex and the hyper-resonant marrow.

3.2.5 Plantaris tendon categorization

The plantaris tendon geometries were categorized into five groups (Types 1 to 5).
This classification was modified from the groups proposed by Daseler and Anson
(Daseler and Anson, 1943). In this study, we aimed to distinguish the tendon geometry
using both MRI and ultrasound, which could be less sensitive. The categorization from
Daseler and Anson classifies the tendon based on the insertion site of the plantaris,

which could be objectively seen in the MRI.

Type 1 plantaris tendons inserted onto the calcaneus medial to the Achilles tendon.
Type 2 included tendons inserting 0.5-2.5 cm anterior to the Achilles tendon on the
calcaneus and other tendons fanning into a thin structure or discontinuing. Type 3
tendons travelled from the medial to the dorsal aspect of the Achilles tendon. Type 4
tendons directly inserted into the medial border of the Achilles tendon at 1-16 cm above
the calcaneus. Type 5 represented tendons that were not identifiable using either MRI

or ultrasound.

To compare the prevalence of plantaris tendon types with those defined in the
literature, the nine categorizations reported by van Sterkenburg et al. (2011) were

down-categorized to five types: ‘medial onto calcaneus’, 'medial, fan-shaped onto
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calcaneus’, and ‘medial with thin slips onto calcaneus’ were categorized as Type 1; thus
Type 1 tendons were present in  48.7% of their observed population. ‘Anteromedial
onto calcaneus’, ’anteromedial, fan-shaped onto calcaneus’, and ‘anterior onto
calcaneus’ were categorized as Type 2 and accounted for 34.7% of their observed
population. ‘Posteromedial, fan-shaped onto calcaneus’ was categorized as Type 3 and
accounted for 15%. ‘Medial onto the Achilles tendon’ was categorized as Type 4 and
accounted for 2.8%. The identification of plantaris tendon by van Sterkenburg et al.

(2011) was 100%; therefore, the prevalence for Type 5 tendon was 0% (Figure 3.2).
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Figure 3.2 — Down-categorization of the classification system proposed by van
Sterkenberg et al. (2011).

Reproduced and modified with permission from van Sterkenberg et al. (2011).

The gap size between the Achilles tendon and Type 1 plantaris tendon is quantified

by summing up the minimal distance between the Achilles and plantaris tendons in each

slice, multiplied by slice thickness. As the gap size is different in each individual, to

compare the gap size change across people, the gap size at maximum dorsiflexion was

set as reference point and the change in gap size with respect to maximum dorsiflexion

was reported. The calculation of minimal distance in each slice was calculated in

Matlab (2017a, MathWorks, Massachusetts, USA). Such a gap size analysis is not

applicable to Types 2, 3, 4, 5. In Type 2 tendons, some tendon fanned into thin slices

or inserted into local tissues. Types 3, 4, and 5 were either in close contact with the

Achilles tendon or were non-identifiable.
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3.2.6 Statistical analysis

Descriptive measures were used to describe the proportion of different types of
plantaris tendon. A post hoc power analysis based on a chi-square test was performed
to confirm statistical power. A chi-square test was used to differentiate the distribution
between the percentages of different categories. The statistical analysis was performed

in SPSS (v.25, SPSS Inc., Chicago, IL).

3.3 Results

The prevalence rates of the population in this study in comparison with those from
the literature are summarized in Table 3.2. The geometries are illustrated in Figure 3.3.
The percentage of each category in this study is not statistically different (Chi-square
test, likelihood ratio: 0.11) with the percentages reported in the literature. A post-hoc
power analysis revealed that on the basis of group proportion, this study had statistical
power of 0.8 to identify an effect size of middle to large distance between the group

(d=0.47) (Cohen, 1992).
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This study | Daseler and Joshi et al. van Sterkenburg
Percentage | Anson (Joshi et al., et al.
[95% (Daseler and 2014) (van Sterkenburg
confidence | Anson, 1943) etal., 2011a)
interval]
(161 specimens) | (84 specimens) (107 specimens)
(34 people)
Type 1 50.0% 45.6% 40.5% 48.7%
[33.2-
66.8%]
(17/34)
Type 2 23.5% 29.8% 40.5% 34.7%
[9.2-37.8%]
(8/34)
Type 3 5.9% 14.2% 0%* 15%
[0-13.8%]
(2/34)
Type 4 2.9% 4.3% 9.5% 2.8%
[0-
8%](1/34)
Type 5 17.6% 6.67% 9.5% 0%
[4.8-30.4%]
(6/34)

Table 3.2 — The plantaris tendon incidence of each type, compared with those

from the literature.

*: Plantaris tendon with posterior insertion was not reported in this study.
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Figure 3.3 — The types of plantaris tendon geometry and their presentation
in MRI and ultrasound (US).

The Achilles tendon (pink) and plantaris tendon were segmented from MRI. The

contours of the Achilles (pink dotted line) and plantaris (red dotted line) were
marked on the MRI and US.
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The Type 1 plantaris tendon, travelling medially to the Achilles tendon, was the most
common geometry. Twelve out of seventeen Type 1 tendons were separated from the
Achilles tendon with a gap up to 2 mm wide. The location of this gap was between 6.5
+9.9 mm and 89.3 + 15.2 mm (mean + standard deviation) measured from the Achilles
tendon insertion. However, the other five had a plantaris tendon that travelled close to

the Achilles tendon (Figure 3.4).
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Figure 3.4 — The variation within Type 1 plantaris tendons, illustrated by

images of participants S26 and S20. Some Type 1 geometries have a gap (*¥)

between the Achilles and Plantaris tendons.

Different interactions between the Achilles tendon and the plantaris tendon were
noticed in Type 1 tendons. From dorsiflexion to plantarflexion, the gap between the
Achilles and plantaris tendons increased for some participants while it decreased for
others. The gap was filled by the Kager's fat pad (Figure 3.5). Although the compression

force could not be measured using imaging, such changes in gap size indicate the
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compression during plantarflexion and dorsiflexion. The change in gap size from
dorsiflexion to plantarflexion of all 17 Type 1 tendons is shown. Three tendons have
increased gap size, nine are fluctuating around the reference line (20°), and five have

decreased gap size.

Figure 3.5 — Different gap changes from dorsiflexion (-) to plantarflexion (+).

The top row represents cases where the gap decreases from dorsiflexion to
plantarflexion, while the bottom row represents the opposite. The gap was filled by

Kager’s fat pad (yellow).
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Figure 3.6 - Change of the gap size from dorsiflexion to plantarflexion in Type

1 tendons

In two of the Type 1 tendons, a segment was observed to be attached to the Achilles
tendon throughout the range of motion. This segment remained the same length and
was measured as 28.0 = 0.5 mm and 20.4 + 1.8 mm in these two tendons. The plantaris
and Achilles tendons of these two participants were registered to the calcaneus and
distal tibia to visualize the tendon movement. This segment moved with respect to the
tibia but remained in the same position with respect to the two tendons, suggesting that

this segment was an adhesion between the tendons (Figure 3.6).
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Dorsiflexion 20° Neutral Plantarflexion 45°

Figure 3.7 — The attached segment (arrow) between the Achilles tendon and

plantaris tendon for participant S04.

Type 2 tendons tended to travel further from the Achilles tendon than Type 1 tendons,
with the Kager's fat pad separating the two tendons. Type 2 tendons had a variety of
insertions, three out of eight inserted anteriorly/medial-anteriorly to the Achilles tendon,
while the others became a thin tissue that was not traceable on either MRI or ultrasound
(Figure 3.7). Furthermore, from dorsiflexion to plantarflexion, the plantaris was
separated from the Achilles tendon (Figure 3.8). Therefore, compression between the

Achilles and plantaris tendons was unlikely to occur.
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Figure 3.8 — Fanning Type 2 plantaris tendon becoming untraceable.
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Figure 3.9 — The Type 2 plantaris tendon and Achilles tendon of

representative participant S05 during motion.

Type 3 tendons stayed close to the Achilles tendon and inserted posteriorly to the
Achilles tendon. This close relationship with the Achilles tendon made it non-
identifiable from the MRI but it could be identified using ultrasound. In this study, only

two Type 3 tendons were identified solely using ultrasound (Figure 3.3).

One Type 4 tendon was recognized, which travelled medially to the Achilles tendon

before merging with it at 1.5 cm above the Achilles tendon insertion (Figure 3.3).

Using MRI, the plantaris tendon was not identifiable in seven participants. In two of
the seven, the plantaris tendon was subsequently identified in the ultrasound scan,
inserting posteriorly to the Achilles tendon. The others were non-identifiable in the

ultrasound images.
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3.4 Discussion

This is the first study to investigate plantaris tendon geometry in vivo across a range
of ankle motion. The key findings of this study include: (i) adhesions may be present
between the plantaris and Achilles tendons in asymptomatic people; (ii) Type 2 tendons
have no contact with the Achilles tendon throughout ankle range of motion;

(ii1) ultrasound is more sensitive than MRI in identifying Type 3 plantaris tendons.

The plantaris and Achilles tendon geometries were modelled across the ankle joint
range of motion, simulating the motion during running. The reconstructed 3D models
allowed the visualization and comparison of tendon geometries between different joint
angles. Type 2 tendons consistently remained separated from the Achilles tendon, from
dorsiflexion to plantarflexion. The space between the tendons was filled by the Kager's
fat pad (Figure 3.5). This finding suggests that athletes with a Type 2 tendon could have
a lower risk of plantaris-related midportion Achilles tendinopathy. This is in contrast
with Type 1, 3 and 4 tendons, which are positioned more closely to the Achilles tendon.
Furthermore, the adhesive segment identified in two cases of Type 1 geometry would
ensure the tethering of the two tendons, making compression and friction occur at the
same location. Athletes with this morphology may be at risk of developing plantaris-

related midportion Achilles tendinopathy.

The use of MRI and ultrasound to compare geometries of the plantaris tendon
between individuals has enabled the identification of those individuals who may be at
risk of developing plantaris-related Achilles tendinopathy. Type 3 tendons were not
identified in any of the MRI series across the full range of motion, but by using

ultrasound a clear border to the Achilles tendon could be easily identified. Admittedly,
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a criticism of this study is that the sensitivity of ultrasound in identifying such a small
tendon may be affected by the operator’s skill. Therefore, cross-comparison between

imaging techniques is suggested to achieve accurate identification.

3.4.1 Plantaris tendon geometry

In the literature, the plantaris tendon insertion has previously been differentiated into
nine groups and identification has been achieved in 100% of cases (van Sterkenburg et
al., 2011a). Such detailed classification can only be achieved by cadaveric dissection.
The identification rate of the plantaris tendon tends to be higher by dissection than by
medical imaging (Spang et al., 2016). Also, the clinical importance of nine different

categories of plantaris tendon has not been explored.

A spectrum of proximity to the Achilles tendon was observed within Type 1 tendons.
Five of them had a gap of less than 2 mm and the remainder were greater. Once a minor
injury of the tendon occurs, a swollen Achilles tendon could encourage contact between

the two tendons and propagate the tendinopathic process (Figure 3.4).

The compression between the Achilles and plantaris tendons has been measured in
cadaveric studies. However, the results were diverse. Smith et al. (2017) measured an
increasing plantaris compression when the ankle was in dorsiflexion, while the
experiment of Stephen et al. (2017) showed an increased compression force in
plantarflexion. Differences in the experimental setting, specimen integrity and loading
conditions could lead to such different findings, but so could anatomical variability. In
the study presented here, the imaging protocol controlled these factors and observed
both situations (Figure 3.5), suggesting that it is an anatomical effect. Although the

compression force was not quantified, it could be estimated using other techniques,
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such as finite element analysis using the deformation and geometry of Kager’s fat pad

as an input.

Type 2 plantaris tendons theoretically reduce the risk of any mechanical
compression or friction (Figure 3.8). Therefore, stratifying treatment based on
morphology could be used to develop targeted rehabilitation protocols and imaging-
guided interventions, such as a personalized rehabilitation regimen and local injection
to mitigate the irritation between the two tendons. Patients with midportion Achilles
tendinopathy should be evaluated for plantaris involvement before treatment and
rehabilitation. It is reasonable that patients with Types 1, 3, and 4 plantaris tendons
adopt different rehabilitation strategies, such as isometric exercise, to avoid plantaris

interaction caused by extreme joint ranges of motion (Rio et al., 2016).

3.4.2 The attachment between the Achilles and plantaris tendons

In the literature, tissue connections between the Achilles and plantaris tendons have
been identified in cadaveric studies. A retinacular-like structure tethering the plantaris
and Achilles tendons has been found to restrict the gliding between the two tendons
(van Sterkenburg et al., 2011a). However, this structure has never been reported in vivo.
In another study, a fibro-fatty tissue was identified between the Achilles and plantaris
and was associated with neo-innervation (Smith et al., 2017; Spang et al., 2015), which
could cause pain. This fibrofatty tissue deforms to various degrees during motion. In
two Type 1 tendons in this study, a fixed length of plantaris was attached to the Achilles
tendon throughout the range of motion, where the plantaris was separated from the
proximal Achilles tendon, attached to the Achilles tendon at approximately 5 cm above
the insertion, and then re-separated from the Achilles at 2 cm, before inserting onto the

calcaneus, medial to the Achilles tendon (Figure 3.6). This ‘split-attach-re-split-insert’
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pattern is different from other Type 1 geometries. When the segmented plantaris and
Achilles tendon geometries from different joint angles were registered to the tibia, this
attached segment was fixed relative to the tendons but moved with respect to the tibia
(Figure 3.6). This suggests that the attachment stayed between the tendons and was not
connected to any bony structure. This attachment meant that contact between the two

tendons was maintained and this could lead to shear force at the attachment site.

Evidence has been found in previous investigations that pathological changes in the
tendon precede clinical symptoms (Emerson et al., 2010; Haims et al., 2000; Kannus
and Jozsa, 1991; Khan et al., 2003). Adhesions are also indicative of tendon pathology
(van Sterkenburg et al., 2011a). It has been reported that 22% of elite sprinters could
develop plantaris-related midportion Achilles tendinopathy (Pollock et al., 2016). The
method developed in this study can be used to identify the geometry predisposing
midportion Achilles tendinopathy, allowing early detection of tendon injury and

preventing further deterioration.

3.4.3 The absence rate of plantaris

The proportions of each geometry were similar to those found in previous studies
(Table 3.2); however, the absence rate was higher when compared to cadaveric studies.
This trend is also seen in the literature. The absence rates based on medical imaging
tended to be higher compared to cadaveric dissection (Aragao et al., 2010; Delgado et
al., 2002; Freeman et al., 2008; Haims et al., 2000; Harvey et al., 1983; Jackson et al.,
2014; Jakubietz et al., 2011; Jianmongkol et al., 2002; Kose et al., 2014; LaPrade et al.,
2007; Mackay and McCulloch, 1990; Moss, 1988; Nayak et al., 2010; Saxena and
Bareither, 2000; Schlicht and Morrison, 1992; Sharma et al., 2015; Vanderhooft, 1996;

Wehbe, 1992; Wening et al., 1996; White, 1960). Only two studies used MRI to identify
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the existence of plantaris and they reported absence rates of 14.8% (Kose et al., 2014)
and 37.2% (Saxena and Bareither, 2000). Absence rates are not the only difference, as
the relative prevalence of each type of plantaris tendon indicates that Type 2 and Type
3 tendons are possibly missed when using both MRI and ultrasound, as the prevalence
of these types is lower in this study than in the dissection literature (Table 3.2). This is
reasonable because the plantaris tendon is thin in Type 2, and the tendon lies on the
Achilles for the whole pathway in Type 3. Those tendon geometries that are thin or
closely attached to the Achilles tendon make the identification from MRI and

ultrasound difficult.

3.4.4 Limitation

The major limitation of this study is that only healthy volunteers were included. In
addition, it is impossible to validate the results of tendon categorisation. One feasible
way to validate this result is to perform the same scanning protocol on cadaveric
specimens and dissect them. An attempt was made to integrate geometry identification
using both MRI and ultrasound. Such cross comparisons help to improve the sensitivity
of plantaris tendon identification and to identify the gap between MRI and ultrasound
interpretation. In addition, all of the MRIs were conducted using a single imaging
protocol. It is possible that Type 3 tendons could be identified with another MRI
protocol. Although the MRI slice thickness of this study was 1 mm, which is thinner
than the thickness of the clinical routine (3 mm), thinner slices would likely result in

better models for geometry categorization.
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3.5 Conclusion

Differences in plantaris tendon geometry may generate variable interactions with the
Achilles tendon. The adhesion of Type 1 tendons was identified and appeared to tether
the tendons. This could cause mechanical interaction between the Achilles and plantaris
tendons and may be relevant to the development of mid-portion Achilles tendinopathy.
Type 2 tendons have a lower risk of compression and friction against the Achilles
tendon because the plantaris tendons are separate from the Achilles throughout the
range of motion, although the effect of the fat pad should be further explored. Type 3
plantaris tendons could be missed from MRI alone and therefore cross-comparison with
ultrasound is recommended. The categorization of the plantaris tendon geometry
proposed in this study can be implemented in a clinical setting and could lead to

personalized treatment strategies or preventive measures.

Patients with plantaris-involved midportion Achilles tendon pain were not included
in this study. To date, there is no evidence suggesting a particular plantaris tendon
geometry would lead to midportion Achilles tendinopathy. One approach is to
categorize plantaris tendon geometry in a patient cohort and compare the prevalence of

the plantaris tendon types. This will be investigated in the next chapter.
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Chapter 4
Plantaris tendon geometry in patients with plantaris-

involved midportion Achilles tendinopathy

The last chapter laid the groundwork for identification of the plantaris tendon using
MRI and ultrasound. In healthy subjects, five different plantaris tendon geometries were
identified and compared with results from cadaveric dissections in the literature. From
multiple static scans, the geometries were visualised during movement. In this chapter,
plantaris tendon geometry will be evaluated in individuals diagnosed with midportion
Achilles tendinopathy with plantaris tendon involvement in order to develop
hypotheses regarding anatomical and biomechanical effects implicated with

tendinopathy, such as the involvement of compression and friction.
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4.1 Introduction

The plantaris tendon has been observed to be associated with midportion Achilles
tendinopathy, where, in surgery for midportion Achilles tendinopathy, the stiff plantaris
tendon is frequently observed to cause an indentation on the soft, swollen Achilles
(Alfredson, 2011). It is possible that compression and friction between these tendons
could cause local injury to the Achilles tendon. Clinically, the removal of the plantaris
tendon can shorten the time of return to sport when compared to traditional open
debridement surgery (Bohu et al., 2009; Calder et al., 2015; Calder et al., 2016), and

improve Achilles tendon healing (Masci et al., 2015).

As there is high anatomical variability, the risk of plantaris tendon involvement in
midportion Achilles tendinopathy may be a function of this varying anatomy and so the
effect may vary between different types of tendon geometry. Mechanical simulations
using cadaveric specimens have demonstrated that if the plantaris tendon inserts on the
calcaneus anteriorly (Type 2) or medially (Type 1) to the Achilles tendon, it could have
larger differential displacements along the tendon pathway than one that inserts directly
onto the Achilles tendon (Stephen et al., 2018). This increased axial differential motion
could result in a predisposition to midportion Achilles tendinopathy with plantaris
tendon involvement. However, as shown in Chapter 3, some Type 1 and Type 2 tendons
do not contact the Achilles tendon throughout the range of motion at the level of 4-8
cm above insertion, which is the region where midportion Achilles tendinopathy often
occurs. This absence of contact would suggest lower (or absent) compression and
friction between the two tendons. Therefore, to reconcile these contradictory

observations, it would be beneficial to investigate the geometry of the plantaris tendon
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in midportion Achilles tendinopathy patients where there has been a diagnosis of

plantaris tendon involvement.

Although it has been reported during surgery for midportion Achilles tendinopathy
that the plantaris tendon was invaginated or adherent to the Achilles tendon (Alfredson,
2011; Calder et al., 2015; Masci et al., 2016), fine categorization of the plantaris tendon
geometry in midportion Achilles tendinopathy patients has not been reported previously.
Therefore, it is not understood if there is a correlation between plantaris tendon
geometry and midportion Achilles tendinopathy. Considering the high anatomical
variation of the plantaris tendon, categorizing the plantaris tendon geometry in patients

could help to clarify the mechanism of plantaris tendon involvement.

The aim of this study was to apply the categorization system proposed in Chapter 3
to the plantaris tendon in a cohort of those diagnosed with plantaris-tendon involved
midportion Achilles tendinopathy. The hypothesis is that the distribution over different
types (excluding Type 5) in patients with plantaris-involved midportion Achilles
tendinopathy will be different than the healthy groups. Only patients with plantaris-
involvement are included, as the focus of this work is on the role of plantaris in
midportion tendinopathy. This retrospective observation could further elucidate the role

of the plantaris tendon in the development of midportion Achilles tendinopathy.
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4.2  Methods

4.2.1 Participants

A retrospective data analysis of the medical imaging database of the Fortius Clinic
taken between December 2015 and June 2018 was conducted. The anonymized MRI
and ultrasound images of patients diagnosed with midportion Achilles tendinopathy
with plantaris tendon involvement were analysed. Diagnostic criteria included: 1)
clinical symptoms of medial-based Achilles tendon swelling/pain/flickering sensation,
i1) plantaris identified on MRI or ultrasound with focal inflammatory response around
this region, iii) relevant clinical history, such as recent changing of activity level
(distance, speed, duration), footwear, or surface the patient exercises on. Only
patients with both MRI and ultrasound scan records were included. A total of 36 MRIs
(left: 20, right: 14) and ultrasound images and reports from 29 patients were collected.
The study was approved by the local medical ethics committee (Appendix B). The
control group was a healthy control cohort (n=34, 19 male, 15 female, age: 28.8 + 3.7

years) collected from university environment.

4.2.2 Image segmentation and categorization

To obtain accurate geometry, only MRI scans that were obtained using an imaging
sequence of T1 weighted or proton-density weighted axial views were included, as
these sequences are used routinely for evaluating anatomical structures of the
musculoskeletal system (Shapiro et al., 2012). To compare with the geometry reported
in Chapter 3, the Achilles tendon and plantaris tendons from the tendinopathic patient

were segmented. The segmentation protocol and categorization criteria were described
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in Chapter 3. Due to the retrospective nature of this study, the scans were performed in

slice thicknesses of 3, 3.5, or 4 mm with various pixel sizes.

4.2.3 Statistical analysis

The incidences of different types of plantaris tendon geometry were compared with
the incidence from the healthy cohort reported in Chapter 3. Some patients had bilateral
tendinopathy, but different geometry was presented in each leg, so each plantaris tendon
was reported independently. A chi-squared analysis was used to analyse the frequency
difference with a post-hoc analysis of adjusted residuals, and the p-value was adjusted
using Bonferroni correction and the significance level after correction was 0.05. Due to
the small number (<5) of tendons in some types, the p-value of the likelihood ratio was
reported, rather than the p-value of the Pearson’s chi-squared test. With the sample
number, the post hoc statistical power analysis showed power of 0.8 to detect middle

to large distances (d = 0.46) (Cohen et al., 1976).

The statistics were processed with SPSS software (v.25, SPSS Inc., Chicago, IL).

4.3  Results

The incidence of each type of plantaris tendon geometry in the tendinopathy and
healthy groups are summarized in Figure 4.1. A representative segmented model of
each plantaris tendon type, with corresponding MRI and ultrasound images, are shown

in Figure 4.2.

90



100%

Il Healthy
___ITendinopathy

80% |

17
18 .
40%
8 11
20% | 5
2 > 1
0% ! L [
1 2 3

Plantaris type

Incidence (%)

~

Figure 4.1 — Frequency of plantaris tendon anatomical variants (number of

tendons) for the tendinopathy group and a healthy control group.

The incidences of Type 4 were significantly different between the healthy and
tendinopathy cohorts *: adjusted p < 0.05

91



Type 4

Type 3

Type 2

Type 1

w —
2 : z
=

Figure 4.2 — Representative segmented models and corresponding ultrasound

(US) images and MRI sections of the plantaris tendon geometry from a group
of 36 tendons in 33 patients with plantaris tendon involved midportion Achilles

tendinopathy.

The identification numbers of the participants are shown in the black boxes. The
Achilles tendon is encircled by the pink dotted line, while the plantaris tendon is
encircled by the red dotted line. The inflammation area is marked by the white

arrowhead.
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There was a significant difference between the healthy and tendinopathy groups in
plantaris geometry distribution (p = 0.001, likelihood ratio of chi-squared test). Post-
hoc analysis showed significant differences in the incidence of Type 4 and 5 tendons

after Bonferroni correction (adj. p = 0.015 and 0.03, respectively).

In Type 1 tendons, the interaction between the Achilles and plantaris tendons was
not consistent. Contact between the tendons occurred at different positions on the
plantaris tendon (Figure 4.3), and the centre of inflammation was measured as 62.9 +

14.7 mm (n=18) above the Achilles tendon insertion.

P02

(a)

Figure 4.3 — Representative Type 1 plantaris tendon geometry variants from a
group of 18 tendons in 17 patients with plantaris-involved midportion Achilles

tendinopathy.

The identification numbers of the participants are shown in the black boxes. The
representative locations of inflammation and contact between the Achilles and
plantaris tendon are indicated by the double-headed arrows. (a) The plantaris
inflammation and contact occur at the level of gastrocnemius aponeurosis expansion,
and then no contact was observed until insertion. (b) The plantaris inflammation and
contact only occur at the midportion, and then no contact was observed until
insertion. (c¢) The inflammation and contact were observed from midportion to

insertion.
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In the five Type 2 plantaris tendons, all tendons inserted close (1.83 £ 1.15 mm) to
the anterior surface of the Achilles tendon (Figure 4.4). However, tendinopathy was
noticed in Type 2 tendons even when the only contact was with the distal gastrocnemius
aponeurosis (Figure 4.4c), or there was no contact with the Achilles tendon (Figure

4.4a).

P11 P14 ' P15

(a) (c)

{b)

Figure 4.4 — Representative Type 2 plantaris tendon geometry variants from a
group of 5 tendons in 4 patients with plantaris-involved midportion Achilles

tendinopathy.

The identification numbers of the participants are shown in the black boxes. (a) No
contact of the plantaris tendon with the Achilles tendon. (b) Plantaris tendon travels
closely anterior to the Achilles tendon. (¢) Thickened plantaris tendon seen at the

level where no contact occurred with the plantaris tendon.

Only two Type 3 tendons were observed, and increased inflammation could be seen
in these on the dorsal-medial surfaces in ultrasound (Figure 4.2). In Type 4 tendons,
often only a small segment in the MRI could be identified due to the close relationship
of the plantaris with the Achilles, while in the ultrasound the plantaris tendon could
often be seen running closely by the Achilles tendon and eventually merging with it

(Figure 4.5).
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(a)

Figure 4.5 — Representative Type 4 plantaris tendon geometry in a group of 11

tendons in 9 patients with plantaris-invelved midportion Achilles tendinopathy

Plantaris tendons insert directly to the Achilles tendon and only a small segment can

be identified before inserting to the Achilles tendon.

4.4 Discussion

This is the first study to categorize plantaris tendon geometry in patients with
plantaris-involved midportion Achilles tendinopathy. Although different hypotheses
about the mechanical role of the plantaris tendon in midportion Achilles tendinopathy
have been proposed (Alfredson, 2011; Calder et al., 2016; Masci et al., 2015; Stephen
et al., 2018; van Sterkenburg et al., 2011a), the validation of these hypotheses is
challenging due to the difficulties inherent in identifying the tendon and the infeasibility
of in vivo compression or shear force measurement. This study attempts to clarify the
role of the plantaris tendon in midportion Achilles tendinopathy by categorizing the
tendon geometry using routine imaging techniques for plantaris tendon evaluation,

aiming to maintain clinical utility.
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The key finding of this study is the significantly greater incidence of plantaris
tendons inserting directly into the Achilles tendon (Type 4) in the tendinopathy cohort,
while the incidences of other types were not different from the healthy cohort. In
addition, a variety of the plantaris tendon geometries observed within the tendinopathy

group are presented in this study.

It is not understood as to whether the plantaris tendon was a primary cause of the
midportion Achilles tendinopathy or it is just an innocent tendon being compressed by
the swollen Achilles tendon. From the differences observed between the distributions
in plantaris tendon type between the tendinopathy and healthy cohorts, it may be that

both scenarios may be occur.

As Types 1, 2, and 3 showed no difference in the prevalence compared to the
normal population, it is possible that the plantaris tendon involvement is irrelevant to
the geometry of the plantaris. Therefore, the high incidence of Type 1 tendons is likely
due to its high incidence in the general population as Type 1 tendons account for 50%
of the population in the healthy cohort. To the contrary, Type 4 tendons may initiate
midportion Achilles tendinopathy due to the close contact and merging of the two
tendons. In the mechanical simulation reported by Stephen et al. (2018), this type of
geometry has a minimal differential axial displacement between the Achilles and
plantaris tendons during motion. From the results of the simulation and the incidence
in the tendinopathy group, it is possible the effect of direct insertion to the Achilles

outweighs the effect of differential axial movement or strain of the tendons.

A smaller proportion of Type 2 tendons were observed to have fewer contacts with
the Achilles tendon during motion than the other types, as shown in Chapter 3, but they
still were implicated in some of the pathological cases, even if no contact was observed

in the static MRI. There are several possible explanations for this observation. First, it

96



is possible that the compression could be propagated through the fat pad between the
tendons. It has been shown that when the plantaris is involved in midportion Achilles
tendinopathy, the Kager's fat pad that is localized around the tendons also showed an
increased inflammatory response (Calder et al., 2016). Secondly, it is possible that the
tendon-to-tendon contact occurs during exercise, where there is valgus hindfoot motion.
In Chapter 3, the ankle was scanned in a neutral position without varus/valgus, and only
dorsiflexion and plantarflexion were investigated. In mechanical simulations described
in the literature, the compression force between the Achilles and plantaris tendon

increased when the hindfoot was placed in a valgus position (Stephen et al., 2018).

Two Type 3 tendons were identified in this study but only in the ultrasound. As
discussed in Chapter 3, the evaluation of plantaris tendon geometry using the MRI alone

could introduce false negatives in this category.

The main limitation of this study is its retrospective nature. The selection bias over
the patient population was acknowledged by the authors. As only people who had MRI
scans were included, it is possible that patients with only mild symptoms that did not
require an MRI were not included. However, in clinical practice, the examination
modality selected for a patient depends largely on the preference and speciality training
of the clinician. For this study, it was necessary to include patients with both MRI and
ultrasound imaging. Analysing plantaris tendon geometry solely based upon ultrasound
reports would increase the operator-dependency and subjectivity and decrease the
repeatability of the study. Secondly, patients were included if they had a diagnosis of
midportion Achilles tendinopathy with plantaris tendon involvement. The existence of
the plantaris tendon on either MRI or ultrasound is necessary to achieve this diagnosis.
This could also mean that patients with a plantaris tendon that was non-identifiable on

ultrasound and MRI were not included because they were not be diagnosed with
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plantaris tendon involvement. This is a limitation not just in this study, but also reflects
the detection limit of the current imaging examination modalities. Finally, due to
variation in the clinical routine, the sequence parameters of the scans varied. This is a
common issue in retrospective studies involving quantification of signals, such as
volume or signal intensity. This problem was mitigated by the fact that this study only

involved tendon categorization based on the insertion location.

4.5 Conclusion

The categorization of the plantaris tendon in patients with plantaris-involved
midportion Achilles tendinopathy could help to clarify the injury mechanism of the
tendons. The population with Type 4 tendons was higher in the affected cohort, while
the incidence of Types 1, 2 and 3 did not differ. The mechanism of tendinopathy could
be multifactorial, as tendinopathy was also observed at levels where no contact between
the tendons occurred. More prospective studies are needed to clarify the potential

interaction between the tendons.

In this chapter, the hypothesis regarding the link between plantaris tendon and
midportion Achilles tendinopathy was analysed. The differences in the distribution of
plantaris tendon geometry type between tendinopathy and healthy cohorts showed that
the plantaris tendon plays an important role in midportion Achilles tendinopathy. In the

next chapter, the focus will be brought to the differential loading of the Achilles tendon.
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Chapter 5
Effect of the twisted fibre structure of the Achilles

tendon on loading

This chapter investigates the mechanical hypothesis that the twisted fibre structure
of the Achilles tendon causes differential loading within the tendon itself. This was
identified in Chapter 2 and is addressed in this chapter using subject-specific
musculoskeletal modelling. The selection of different Achilles tendon variants is based
on cadaveric studies from the literature and lower limb MRI scans. In order to properly
model the insertion of twisted fibres, a semi-automated algorithm is implemented to
divide the segmented Achilles tendon area. The results are then compared with
commonly used approaches of modelling the Achilles tendon insertion. Finally, this is

discussed in the context of the mechanical hypothesis.
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5.1 Introduction

As described in Chapter 2, the fibre bundles that make up the Achilles tendon have
a twisted structure. The twist originates from the origin of the Achilles tendon, where
the gastrocnemius aponeurosis and soleus fibres converge. At the insertion, the soleus
fibres are often reported to be on the medial side, while the gastrocnemius lateralis
fibres are on the lateral side. The fibre configuration at the insertion has been reported

to have many different patterns.

Cummins et al. (1946) reported the tendon fibre configuration in 100 specimens and
first reported a degree of fibre rotation in the population. In their study, the rotation was
categorized according to the fibre composition at the posterior aspect of the Achilles
tendon at the level of 1cm above insertion. The least rotation was defined as the
proportion of soleus fibres being less than a third, moderate rotation was defined as the
proportion of soleus fibres on the posterior aspect being approximately one half, while
extreme rotation was defined as the proportion being more than two thirds (Figure 5.1).

The prevalence rate of these three types was 52%, 35%, and 13%, respectively.
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Figure 5.1 — Categorisation of Achilles tendon fibre rotation into (a) least, (b)

moderate, and (c) extreme rotation.

Reproduced with permission of Cummins et al. (1946).

Many years later, Szaro et al. (2009) reported a more complex configuration as a
result of dissecting 20 specimens (Figure 5.2). The configuration pattern of
gastrocnemius fibres was described as resembling the Eiffel Tower and ‘sitting like a
rider on a horse’ (Szaro et al., 2009). In this study, the gastrocnemius fibres were further

separated into gastrocnemius medialis and lateralis.
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Figure 5.2 — Achilles tendon fibre configuration reported by Szaro et al.
(2009).

1: medial segment of medial gastrocnemius muscle fibres, 2: lateral segment of the
medial gastrocnemius muscle fibres, 3: lateral gastrocnemius muscle fibre, 4: soleus
muscle fibres, A: anterior side, P: posterior side, M: medial side, L: lateral side.

Reproduced with permission of Szaro et al. (2009).

Edama et al. (2015) further identified the fibre bundle paths for each muscle in the
Achilles tendon. In his dissection of 110 legs, the muscle fibre bundles from
gastrocnemius lateralis, medialis and soleus were separated, and the insertion of each
fibre bundle was identified (Figure 5.3). A similar prevalence rate was reported for least

(50%), moderate (43%) and extreme (7%) rotations (Edama et al., 2015).
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Type I <Leasl> Type I <Moderate> Typelll <Extreme=>

Figure 5.3 - Achilles tendon fibre configurations reported by Edama et al.
(2015). Reproduced with permission of Edama et al. (2015).

The rotation of Achilles tendon in (a) dissection (b) schematic illustration. Fibre
bundles from the lateral gastrocnemius (LG), medial gastrocnemius (MG) and soleus

(Sol) converge with varied degrees of rotation in the Achilles tendon

As described in Chapter 2, the Achilles tendon transmits a significant force to drive
locomotion. From a mechanical perspective, different degrees of rotation will affect the
moment arm of each muscle about the joint centre of rotation. Furthermore, in lower
limb musculoskeletal modelling, when the Achilles tendon insertion has been modelled
as a single point (Figure 5.4). It has been identified as the parameter that has the largest
effect on the resultant muscle forces (Carbone et al., 2012), which suggest that changing
the insertion site of the Achilles tendon will affect the overall muscle force prediction
the most. The effect of changing Achilles tendon insertion is three times larger than the
effect of changing the second most sensitive element, gluteus medius anterior (Carbone
et al., 2012). The sensitivity analysis was done by perturbation of the insertions and
origins of all the muscles in the lower limb model with the aim to identify the key
element that will affect the force prediction the most. The Achilles tendon insertion was

perturbed as a whole in their study. This finding makes physiological sense, as triceps
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surae has large force-generating capacity and is the prime mover in the walking

movement.

“cmY

Figure 5.4 — Perturbation of the Achilles tendon insertion modelled as a single

point.

Perturbation in each direction (X-axis — pointing forward, Y-axis — pointing upward,
Z-axis — pointing laterally) changes the overall muscle force prediction of the model.

Reproduced with permission of Carbone et al. (2012).

As discussed in Chapter 2, the rotational structure of the fibre bundles could be
associated with midportion Achilles tendinopathy, as the twisting fibres bundles could
affect the intra-tendinous differential displacement and cause microtrauma (Edama et
al., 2015; Kader et al., 2002; Lersch et al., 2012; Toumi et al., 2016). To understand the
aetiology of midportion Achilles tendinopathy, it is critical to analyse the loading
conditions of every muscle contributing to the Achilles tendon and having a model

that could represent the actual geometry of the Achilles tendon insertion.
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To analyse the rotational effect on each of the muscles of the Achilles tendon, the
methodology of musculoskeletal modelling was chosen as it allows the simulation of
different insertional types. The rotation of the fibre would likely alter the moment arm
of the gastrocnemius and soleus and therefore could be associated with differential
loading in these muscles, possibly leading to midportion Achilles tendinopathy. This
rotational feature has not previously been considered in lower limb musculoskeletal
modelling. Specifically, the insertion site of the Achilles tendon is often modelled as a
single insertion at the centroid (Anderson and Pandy, 1999; Carbone et al., 2015;
Carbone et al., 2012) or bilateral insertions, on the medial and lateral border of the

Achilles tendon (Ding et al., 2016; Klein Horsman et al., 2007).

The aim of this study is to investigate the effect of these Achilles tendon rotational
variants in musculoskeletal modelling, with the goal of bridging the gap between
cadaveric findings and modelled anatomical muscle parameters. It is hypothesised that
different degrees of rotation (least, moderate, and extreme rotation, as described in
Edama et al. (2014)) will result in different peak force magnitudes within the triceps
surae and different force distributions with different Achilles tendon insertion patterns,
which could enable improved understanding of the role of the Achilles tendon rotational

structure in midportion Achilles tendinopathy.
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5.2 Methods

5.2.1 Anatomical datasets

Subject-specific anatomical parameters of nine persons from an open-source
anatomical musculoskeletal model dataset were used (Ding et al., 2018). This dataset
includes the 3D coordinates of muscle lines of action, bony landmarks, via points and
wrapping objects for the right leg. These parameters were obtained from manual

segmentation of lower limb MRI scans.

The muscles are split into 163 muscle elements based on a template from the
literature (Klein Horsman et al., 2007). In this muscle architecture, the Achilles tendon
is composed of six muscle elements for soleus, one for gastrocnemius medialis, and one
for gastrocnemius lateralis. Each muscle element has its own muscle line of action and

maximum muscle force. The activations of each element are independent.

5.2.2 Rotational tendon fibre structure

In the original dataset, the Achilles tendon insertion was presented as two points on
the medial and lateral tips of the tendon, where gastrocnemius medialis and the medial
soleus insert on the medial side, and where gastrocnemius lateralis and the lateral soleus
insert on the lateral side. This approach to modelling the insertion represents a parallel

fibre pattern that maximises the inversion/eversion moment arm.

To decide the insertion for the other anatomical variants, the MRI of each subject
was analysed. The Achilles tendon was identified and segmented at 1 cm above the
insertion on the calcaneus using Mimics (v.19 Materialise, Leuven, Belgium).

According to the illustrations presented in the literature, this segmented cross-sectional
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area was divided into eight different subareas using MATLAB (The Mathworks Inc.,
Natick, MA). Each subject was modelled with three types of anatomical insertion (least,
moderate and extreme rotation reported in Edama et al. (2014)), representing different
degrees of rotation. The centroid of each subarea was projected onto the calcaneal
surface. These projected points were assigned as the insertions for corresponding
muscle elements (Figure 5.5) as it was not possible to distinguish between these
insertions at the calcaneal level on the MRI scans. Besides the anatomical insertions,
common modelling insertions were also calculated. The centroid of the Achilles tendon
cross-sectional area was also projected to the calcaneus and used for the single insertion

modelling (Figure 5.5, M2).

For ease of communication, in this thesis, the anatomical insertional variants of ‘least
rotation’, ‘moderate rotation’, and ‘extreme rotation’ are named Al, A2, and A3,
respectively, while the single and bilateral modelling insertions are named M1 and M2,

respectively (Table 5.1).

Least rotation Moderate rotation Extreme rotation Bilateral insertion Single insertion
(A1) (A2) (A3) (M1) (M2)

.C)-

MGe LG® @ & SOL (from medial to lateral) P

Figure 5.5 — Representation of different degrees of rotation of the Achilles

tendon insertion in a musculoskeletal model.

LG: gastrocnemius lateralis, MG: gastrocnemius medialis, GAS: overall
gastrocnemius, SOL: soleus, ACH: Achilles tendon. A: anterior, P: posterior, M:

medial, L: lateral.
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Nomenclature Insertion type description

Al Least rotation of the fibre bundles.

A2 Moderate rotation of the fibre bundles.

A3 Extreme rotation of the fibre bundles.

Ml Bilateral insertion points on the centroid of medial and lateral halves

of the Achilles tendon insertion.

M2 A single insertion point at the centroid of the Achilles tendon

insertion.

Table 5.1 — The nomenclature of the insertional types.

5.2.3 Kinematic marker datasets

The kinematic and kinetic data of each subject during level walking were available
from a previous study (Ding et al., 2018) along with the anatomical dataset. The
kinematic and kinetic data were recorded by a ten-camera optical motion capture
system (Vicon Motion Systems, Oxford, UK) at 100 Hz and a force plate platform

(Kistler Instrument Corp., Winterthur, Switzerland) at 1000Hz.

A randomly selected single walking trial of each subject was analysed. The force
plate and marker data were processed with a 4th degree Butterworth low pass filter with

a cut off frequency of 4 Hz (Winter, 2009) to remove unwanted high-frequency noise.
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The force plate data were downsampled by a ratio of 10:1 to synchronize with the

kinematic marker data.

5.2.4 Musculoskeletal model

The maximum muscle forces were calculated by multiplying the PCSAs by a
constant value representing maximum muscle stress. The PCSA of each muscle was
decided according to a regression equation based on the height and weight of the
participant on which the model was based, to account for possible muscle capacity
variation of each individual (Handsfield et al., 2014). The maximum muscle stress was
61 N/cm2 (Wickiewicz et al., 1983). The maximum muscle stress will directly affect
the maximum capacity of all muscles. In literature, there has been a huge variation
about the maximum muscle stress, ranging from 11 N/cm2 (Fukunaga et al., 1996) to
137 N/ecm2 (Pruim et al., 1980). A muscle stress of 61 N/cm2 was used extensively in
lower limb modelling to provide enough strength to the muscles in the lower limb

(Anderson and Pandy, 1999).

The muscle-tendon unit was modelled as a simple line of action; the force-length
and force-velocity characteristics were not modelled. The maximum force of each
muscle equals the muscle PCSA (scaled from height and weight according to the

Handsfield et al. (2014)) multiplied by the maximum muscle stress.

The FreeBody musculoskeletal model (Cleather and Bull, 2015) was used to analyse
the effect of employing anatomical and commonly used simplifications of the Achilles
tendon insertion. The FreeBody model calculates muscle forces by inverse dynamics
and constrained optimization. As described in Chapter 2, the model first calculates the
joint torques and the intersegmental forces using inverse dynamics. As the muscles

crossing the same joint can have overlapping functions, the muscle forces required to
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achieve a certain joint torque and intersegmental force are an underdetermined system.
Thus, the constrained optimization serves to solve the underdetermined muscle forces
by minimizing a predefined objective function. For gait analysis, the objective function

is defined as Equation 5.1, as proposed by Crowninshield et al.

z : \3
F(x) = (%) s i=1,..,163 Equation 5.1
i

where
X; represents the muscle force to be solved;
fi represents the maximum muscle force of the muscle;

The power of three was chosen to be in line with the objective function used in
Carbone et al. (2012). In the literature, powers from 2 to 5 and to infinity (min/max)
have been used. Such objective functions could slightly change the co-activation of the
muscles, but the peak force should remain the same (Rasmussen et al., 2001). To date,
there has not been consensus as to which objective function best represents the actual

control strategy of human motion.

As there were no elements representing tendons or ligaments in the model, the
Achilles tendon force was represented by the summation of soleus, gastrocnemius

medialis, and gastrocnemius lateralis muscle forces.
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5.2.5 Statistical analysis

The triceps surae muscle forces during gait were investigated. All forces were
normalized to the participant’s body weight. The median muscle forces and
interquartile range (IQR) are presented, as the data were not normally distributed. The
peak forces were compared using non-parametric Friedman’s test followed by a post
hoc analysis with Bonferroni correction for multiple comparisons. The similarity
between the muscle force patterns was compared using the coefficient of multiple
correlations (CMC) (Ferrari et al., 2010; Garofalo et al., 2009; Kadaba et al., 1989).

The criteria for assessment of the coefficient of multiple correlations are specified

below:
CMC<0.65 poor
0.65<CMC<0.75 moderate
0.75<CMC<0.85 good
0.85<CMC<0.95 very good
0.95<CMC<1 excellent
5.3 Results

Gait cycles were analysed from heel strike to heel strike. The median timing of the
toe-off event occurred at 61.3% (IQR: 61.0-62.6%) of the cycle. The median and IQR
of the triceps surae muscle forces are shown in Figure 5.6. A boxplot showing the

distribution of peak forces for the different insertional types is presented in Figure 5.7.
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Figure 5.6 — The median and interquartile range of the triceps surae muscle

forces and the Achilles tendon force (n=9)

LG: gastrocnemius lateralis, MG: gastrocnemius medialis, GAS: total gastrocnemius
(the sum of LG and MG), SOL: soleus, ACH: Achilles tendon (the sum of GAS and
SOL). The toe-off event is marked by the grey vertical line. Al: least rotation of the
fibre bundles. A2: moderate rotation of the fibre bundles. A3: extreme rotation of
the fibre bundles. M1: bilateral insertion points on the medial and lateral aspects of
the Achilles tendon insertion. M2: a single insertion point at the centroid of the

Achilles tendon insertion.
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Figure 5.7 — Box plots of the peak forces of medial gastrocnemius, lateral
gastrocnemius, overall gastrocnemius, soleus and Achilles tendon force (n=9)

for different insertion types.

LG: gastrocnemius lateralis, MG: gastrocnemius medialis, GAS: total gastrocnemius
(the sum of LG and MG), SOL: soleus, ACH: Achilles tendon (the sum of GAS and
SOL). Al: the least rotation fibre bundle pattern. A2: the moderate rotation fibre
bundle pattern. A3: the extreme rotation fibre bundle pattern. M 1: bilateral insertion
points on the medial and lateral aspects of the Achilles tendon insertion. M2: a single
insertion point at the centroid of the Achilles tendon insertion. The toe-off event is
marked by the grey vertical line. * represents a comparison with a statistically

significant difference (adj. p<0.05).

The peak forces of LG were higher in M1 than Al and A3, and the peak force of
MG was lower in M1 than A1, A2 and A3. No statistically significant differences were
observed at the peak of the total gastrocnemius force. In summary, the force distribution

differed only between anatomical rotational variants and the simplified model insertion,

MI.

A significant increase in the soleus peak force was observed in M2 compared to A2,

A3 and M1. This increase was observed to occur before the toe-off event and seemed
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to result in a sharing of the force from MG (Figure 5.6). For the peak Achilles tendon
forces, the only differences were a lower force for M1 compared with that for A1 and
M2. No significant differences in these forces were noted between other insertion types

(Figure 5.7).

The muscle force pattern similarities are shown in Table 5.2. Excellent similarities
were noticed in the Achilles tendon force, good to excellent similarities were seen in
overall gastrocnemius force. For the soleus, there was a good similarity between A2

and A3, the remainder showed moderate to poor similarity.
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Lateral head of gastrocnemius

Al A2 A3 Ml
A2 0.8189 - - -
A3 0.4733 0.5467 - -
Ml 0.7978 0.8178 0.4633 --

M 0.7656 0.4122 0.8211

|

Medial head of gastrocnemius
Al A2 A3 M1

A2 - - -
A3 0.7756 - -

Soleus
Al A2 A3 M1
A2 0.5744 -- - -
A3 0.6778 - -
Ml 0.4911 0.4267 0.4778 --
M2 0.7400 0.2878 0.3911 0.6111
Achilles tendon

Table 5.2 — The coefficient of multiple correlations of the activation pattern

during a gait cycle (n=9) between different insertional variants.

For Achilles tendon forces in all insertional types, excellent similarities (CMC >

0.95) were noted.
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5.4 Discussion

This is the first study to include the rotational fibre bundle structure of the Achilles
tendon in musculoskeletal modelling. Since the Achilles tendon insertion is the most
sensitive parameter in overall muscle prediction, the inclusion of appropriate anatomy
is important to achieve accurate muscle force prediction. The anatomical variants (A1,
A2, and A3) showed different force distribution patterns in LG and MG compared with
modelled insertions (M1, M2). However, the overall Achilles tendon forces remained

the same.

5.4.1 Rotational insertions vs. simplified insertions

In the peak Achilles tendon force, there were no differences between M2 and other
anatomical variants, but M1 had a lower peak force than Al. This suggests that a
simplified, single insertion on the calcaneus for triceps surae could achieve the same
results as the anatomical insertions, but a bilateral insertion will result in a lower
predicted Achilles tendon force. This was expected, as a bilateral insertion will have an
increased moment arm for inversion and eversion. This demonstrates that the use of a
single insertion point is appropriate (particularly for overall tendon force), as has been
done in previously published musculoskeletal models (Carbone et al., 2012). However,
using a single insertion will lead to a higher calculated soleus force than that obtained

from the anatomical variants.

The muscle activation patterns of soleus and gastrocnemius for rotational insertions
(A1, A2, A3) were consistent with the normalized electromyography reported in the
literature (Huang and Ferris, 2012; Pourmoghaddam et al., 2016) (Figure 5.8). Asin a

normal gait cycle, the MG activates more than LG (Huang and Ferris, 2012). The
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comparison also showed a higher activation in the LG, whereas it showed a lower

activation in the soleus.
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Figure 5.8 — The median muscle activation (n = 9) of the different insertional
variants of the Achilles tendon compared with normalized EMG from the

literature.

The medial and lateral gastrocnemius EMG signal during walking at 1.0m/s,
normalized by walking 1.6m/s (Huang and Ferris, 2012), and the soleus EMG
signal during walking at 1.1 m/s, normalized by 3.3 m/s (Pourmoghaddam et al.,

2016).

In addition, the peak force magnitude of the Achilles tendon during gait has been
measured in vivo using a buckle transducer as 2600 N (Komi et al., 1992), while the
model calculated a median peak force of 2720 N (total range: 1848 - 3596 N) in this
study. Furthermore, several studies have reported the use of ultrasound elastography to
evaluate the differential displacement and elongation between superficial and deep
fibres of the Achilles tendon, in which the superficial tendon fibres showed 16%-29%
greater peak elongation than the deep tendon fibres. As the superficial fibres derive
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from MG and deep fibres from soleus (Edama et al., 2015; Szaro et al., 2009), an

increased MG force could increase the elongation of the superficial part of the tendon.

From the muscle force predictions, across different rotations for each subject, similar
patterns of overall gastrocnemius and Achilles tendon force were observed. The model
seems to predict the Achilles and overall gastrocnemius force, and then distribute the
force among triceps surae. The soleus plays the role of making up the difference
between the Achilles tendon force and the gastrocnemius; therefore, low activation and

hence high variation was observed in the soleus force.

5.4.2 The effect of rotation on modelling output

In the rotational variants, it was observed that the MG force in the midstance phase
of the gait cycle gradually increased as the degree of rotation increased (Figure 5.7).
An increased MG force could increase differential loading within the Achilles tendon.
Such differential loading could potentially increase the risk of microtrauma between

the tendon fibres and lead to midportion Achilles tendinopathy.

After mapping the Achilles fibre components from the literature onto the insertional
areas segmented from MRI scans, it was observed that although the degree of rotation
varied, the centroid of MG remained at a similar location. The LG and soleus insertions

changed to a greater extent (Figure 5.9).
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Least rotation Moderate rotation Extreme rotation
(A1) (A2) (A3)

e N 8 N

Figure 5.9 — The difference between of medial gastrocnemius insertion locations

(triangles) in different Achilles tendon insertion patterns.

In Al, a second peak in the soleus force during the midstance phase was noticed
(Figure 5.6); in A2 and A3, this peak appeared in the MG force. This observed peak in
A1 corresponded to the peak activity in the normalized soleus EMG (Figure 5.8). This
peak in soleus force was contributed by the soleus muscle fibres located at the anterior
aspect of the Achilles tendon insertion. As the degree of rotation increased and the
anterior soleus fibre bundles migrated to the medial side, the activation decreased. As
a result, a very good similarity in soleus force pattern was noted between A2 and A3

(CMC = 0.87), but a poor similarity was noted between Al and A2 (CMC = 0.57).

This work investigated changes in the moment arm as a result of different degrees
of rotation. Although the location of the joint centre is also another potentially
important factor, this study sought to control this factor. In the anatomical datasets of
the FreeBody model, the ankle joint centre is predefined based on the midpoint of the
medial and lateral malleoli. Changing the ankle joint centre would not only change the
moment arm in the optimization process but also change the joint torque estimation in

the inverse dynamics analysis.
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There are several limitations to this study. First, the muscles presented in the
FreeBody model are simply muscle lines of action and activation does not take into
account the velocity and lengthening/shortening status of the muscle. As the motions
performed did not involve significant flexion/extension of the joint, and the muscles do
not become lengthened/shortened too much to compromise the force-generating
capacity, this limitation is mitigated. Second, there is no information regarding the
actual rotational geometry of the Achilles tendons of these subjects, as it is not possible
to detect the rotation pattern in vivo through imaging or other methods. Therefore,
although this study identifies the effect of anatomical variants, it does not provide a
means to relate this to an individual’s own anatomy. Finally, the possible differences in
tendon mechanical properties caused by the rotation were not considered in this model.
In other musculoskeletal models that include the elastic properties of the tendon, the
force prediction of the muscle could be affected. However, as tendons are not modelled
in FreeBody, the possible change in tendon property caused by the different degrees of

tendon rotation will not affect the muscle force predictions in this study.

5.5 Conclusion

The introduction of rotational variants of the Achilles tendon changed the force
distribution within triceps surae, but the overall Achilles tendon force was not changed.
Modelling the Achilles tendon with a single insertion is justified only when targeting
the overall Achilles tendon force, as higher soleus peak force and lower MG forces

were observed, compared with more anatomical geometries.
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As the degree of rotation increases, the MG force increases. The differential loading
within in the Achilles tendon could be affected by the rotational fibre structure and

could increase the risk of microtrauma and lead to midportion Achilles tendinopathy.

In this chapter, differences in the force distribution between MG, LG and soleus
were observed. The model tends to activate LG more than soleus during a gait cycle. In
the model, soleus is a stronger muscle than gastrocnemius as the PCSA of soleus is six
times greater. Therefore, it seems counter-intuitive that a muscle with a smaller cross-
sectional area will be activated more than a significantly stronger muscle. It is worth
exploring, therefore how the model is distributing the force and how it optimizes the

muscle forces. These points are addressed in the subsequent chapter.
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Chapter 6
A biomechanical comparison of rehabilitation
protocols for midportion Achilles tendinopathy:

eccentric loading and heavy slow resistance training

The last two chapters addressed the quantification of Achilles tendon forces using
musculoskeletal modelling. This chapter pulls together the prior work in the thesis to
quantify Achilles tendon forces during two standard rehabilitation exercises for
Achilles tendinopathy. As described in Chapter 2, there are two protocols that are
commonly used for midportion Achilles tendinopathy: eccentric loading and heavy
slow resistance training. In this chapter, the forces experienced by the Achilles tendon
during these rehabilitation exercises will be calculated. This could facilitate a better
understanding of the mechanism of tendon healing and propose improvements in the

rehabilitation protocol.
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6.1 Introduction

As discussed in Chapter 2, the Achilles tendon is frequently affected by tendinopathy.
It has been reported that it accounts for 50% of Achilles tendon disorders and, amongst

these, two-thirds are midportion Achilles tendinopathy (Jarvinen et al., 2001).

Rehabilitation exercises have played an important role in the treatment of midportion
Achilles tendinopathy. Over recent decades, the eccentric loading protocol proposed by
Alfredson et al. (1998) has become the mainstream choice for rehabilitation. The
protocol emphasizes applying loading to the Achilles tendon at a controlled speed using
an eccentric (heel drop) motion. The rationale for eccentric exercise is that the tendon
may be loaded to a greater extent during eccentric motion, as compared to concentric
motion, and thus the activity could stretch the tendon more. As described in Chapter 2,
stretching or loading within the tendon could be a stimulus for tendon healing. However,
a study that used ultrasound and motion capture to estimate Achilles tendon moment
arm and quantified loading of the Achilles tendon during eccentric and concentric
motions showed that there is no significant difference in the force-displacement
behaviour of the tendon between the concentric and eccentric phases of motion
(Chaudhry et al., 2015). Despite a clinical randomized control study showing better
outcomes for eccentric than concentric rehabilitation (Mafi et al., 2001), systemic
reviews conclude there is no convincing mechanical evidence to support the eccentric

component (Malliaras et al., 2013).

Recently, a heavy slow resistance protocol for Achilles tendinopathy has been
proposed, based on a similar protocol for patellar tendinopathy (Beyer et al., 2015;

Kongsgaard et al., 2009). A randomized controlled trial comparing heavy slow
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resistance training to traditional eccentric loading in patients with midportion Achilles
tendinopathy reported only a borderline more favourable outcome at 12 weeks (p =
0.052) and no difference at 52 weeks for the heavy slow resistance group, but that time
taken for these participants to perform this protocol was one-third of the time taken for

the eccentric loading protocol (Beyer et al., 2015).

However, the biomechanical mechanisms that achieve such efficient training have
not been elucidated. It is also still not clear whether the eccentric or concentric protocol

1s more effective for Achilles tendon rehabilitation.

The modelling techniques described in the previous chapters can be used to quantify
Achilles tendon loading. We hypothesized Achilles tendon force will be the same in
eccentric and concentric phase. The aim of this study was to quantify the change of the
Achilles tendon force in response to the external loading and different postures in the
two commonly used rehabilitation activities. Through the analysis of the tendon force,
the mechanism of the tendon loading, and efficiency of the heavy slow resistance
protocol can be further understood. This can be used to further optimize rehabilitation
protocols to increase the loading of the Achilles tendon during the rehabilitation

exercises.

6.2 Methods

6.2.1 Participants

Eighteen healthy volunteers (11 male, 7 female, age: 29.6 + 3.8 years) from the

imaging study presented in Chapter 3 were recruited. Participants were included if they
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had no recent lower limb musculoskeletal injury or any other physical condition that
would prevent them from performing the rehabilitation exercises. This study was
approved by the Imperial College Research Ethics Committee (181C4371, Appendix

B).

6.2.2 Experimental protocol

Participants were instructed to perform the exercises for both the eccentric loading
protocol and the heavy slow resistance protocol, as described in Chapter 2. For the
eccentric program, heel drop was performed both with knees flexed and knees straight.
For the heavy slow resistance protocol (Figure 2.11), only the seated calf-raise and
standing heel rise with the knee extended, as described in Chapter 2, were performed.
The ankle push-off activity in a seated leg press machine with the knees extended was
not performed, as the required knee and ankle angles were the same as those for the
standing heel rise with knee extended activity. Participants were instructed to perform
the exercises in both standing and seated positions with the toes of the right leg on the
edge of a step and the heel unsupported. Participants were then instructed to perform
three seconds of heel rise, from maximum dorsiflexion to maximum plantarflexion,
followed by three seconds of heel drop, back to maximum dorsiflexion. Timings for

each cycle were read out to the participants during the experiment.

As described in Chapter 2, the standard eccentric loading exercise uses a backpack
for patients to apply extra loading at home, whereas the heavy slow resistance training
requires gym equipment. In the original protocol, the patients are instructed to perform
the activity to complete the exercise with tolerable pain. Therefore, each patient is likely
to carry a different load according to their strength and severity of the tendinopathy.

However, this study sought to quantify the loading of the Achilles tendon under
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different loading conditions and rehabilitation postures. Therefore, the external loading
applied was scaled to patient body weight. To control the loading conditions, a
commercially available Smith machine (Marcy, Pomona, CA, U.S.) was used (Figure
6.1). This machine allows the same loading direction and the same range of motion as
the standing heel rise with knee extended to be applied. A sponge cushion was wrapped
in the centre of the bar to ensure a comfortable contact. To standardize the bar position
between participants in the heavy slow resistance exercise, in the standing position, the
bar was held on the shoulders with two hands and the bar was aligned vertically with
respect to the posterior edge of the right heel. In the seated position, the bar was aligned
with the right big toe, whilst the knee was in a flexed position, enabling the bar to rest

on the thigh (Figure 6.1)

Figure 6.1 — The (a) standing heel rise and (b) seated calf-raising performed

with a Smith machine.

For the eccentric loading exercise, only one loading condition was tested. The

participants were asked to lift a bar (8 kg) without added weight and perform the heel
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rise and heel drop exercise. No additional loading was added, because some participants
could not lift any additional weight during the knee bent heel rise and drop exercise in
the pilot study. For the heavy slow resistance, four loading conditions were performed:
with no extra mass, with a bar (8 kg, or approximately 8%-16% body weight, BW)
without additional added weight, with 25% BW including the bar, and with 50% BW
including the bar. Three cycles were performed for each loading condition. A resting
period of 2 minutes was administered between each loading condition. The

combinations of the loading condition and posture are summarized in Table 6.1.
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Order | Loading condition

1. HSR -- Standing knee straight heel rise and drop with additional 25% BW (x 3
reps)

2 HSR -- Standing knee straight heel rise and drop with additional 50% BW (x 3
reps)

3 HSR & ECC -- Standing knee straight heel rise and drop with a bar of 79 N (x 3
reps)

4 HSR -- Standing knee straight heel rise and drop without bar (x 3 reps)

5 ECC -- Standing knee bent heel rise and drop with a bar of 79 N (x 3 reps)

6 HSR -- Seated calf-raise and drop with additional 25% BW (x 3 reps)

7 HSR -- Seated calf-raise and drop with additional 50% BW (x 3 reps)

8 HSR -- Seated calf-raise and drop with a bar of 79 N (x 3 reps)

9 HSR -- Seated calf-raise and drop without bar (x 3 reps)

Table 6.1 — The loading condition and the activity performed

Activities are listed in the order in which they were performed. Each loading
condition was separated by a rest period of 2 minutes. HSR: the activity belongs to
the heavy slow resistance protocol. ECC: the activity belongs to the eccentric loading

protocol.

The order of the activities was the same for every participant. No randomization of
the protocol was performed in this study as the pilot testing found that some participants

were not able to perform the standing 50% BW when it was performed at the end of the
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series of trials. Therefore, the trials with standing knee straight heel rise and drop with

additional 25% BW and 50% BW were performed first.

6.2.3 Kinematic and Kinetic data collection

Twenty-three reflective markers were attached to the skin of each participant to
enable the measurement of lower limb kinematics. The markers and their locations
are shown in Figure 7.2. The marker positions were measured with a 10-camera
optical motion capture system (Vicon Motion Systems, Oxford, UK). An additional

two markers were attached to the ends of the bar to measure the bar displacement.

Marker
2" metatarsal head
Posterior calcaneus
Fifth metatarsal tuberosity
Additional foot markers
Lateral malleolus apex
Medial malleolus apex
Calf segment marker cluster
Lateral femoral epicondyle
Medial femoral epicondyle
Thigh segment marker cluster
Left anterior superior iliac spine
Left posterior superior iliac spine
13 | Right anterior superior iliac spine
14 | Right posterior superior iliac spine
15 Pelvis segment marker cluster

mlaalele|~No|a|s|win=

Figure 6.2 — (a) Anterior and (b) posterior views of the twenty-three reflective
markers used in the trial, consisting of 12 single markers and 9 clusters, each

of three markers

Two force platforms (Kistler Instrument Corp., Winterthur, Switzerland) were
used to quantify the forces between the participants and their surroundings. One
was placed on the ground to measure the ground reaction force and the other was

placed on an adjustable chair to record the force on the seat. A step of dimensions
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91 mm x 410 mm x 57 mm (1 x w x h) was attached to the middle of the force plate
on the ground. Participants were asked to perform heel rise and drop with only the

forefoot on the step to mimic the motion performed during rehabilitation (Figure

7.1).

The kinematic marker data were collected at 120 Hz and the ground reaction
forces at 2160 Hz. The recorded ground reaction forces were filtered through a 4"
degree Butterworth low pass filter with a cut-off frequency of 4 Hz (Winter, 2009)

followed by a down-sampling to 120 Hz.

6.2.4 Musculoskeletal modelling

The FreeBody model, described in Chapter 5, was used to calculate the torque
around the joints and the muscle forces during the motion. Within FreeBody, the joint
torque was calculated based on inverse dynamics with the mass, centre of mass, and
inertial parameters of the body segments derived from published anthropometric

data (de Leva, 1996).

To allow subject-specific representations of muscle capacity, physiological cross-
sectional areas of the muscles were estimated based on regression equations of muscle
volume in the literature (Handsfield et al., 2014; Ward et al., 2009). This was
achieved by estimating the overall lower limb muscle volume using the participant’s
height and weight, and then dividing the total muscle volume based on the proportions
reported by Handsfield et al. (2014). Each individual muscle volume was then divided
by the muscle fibre length reported by Ward et al. (2009) to obtain the physiological
cross-sectional area. In this way, the maximum force capacities of each participant were

different.
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There are nine sets of muscle lines of action, segmented from nine different
individuals, in the anatomical dataset that is associated with FreeBody. For each
participant, the muscle lines were chosen based on the dataset with the same gender and
closest body mass. This was found in a previous study to be the scaling that most
accurately quantifies ankle joint forces (Ding et al., 2018). The Achilles tendon
insertion was modelled with the least rotation, as it accounts for 50% of the population
and, as shown in Chapter 3, use of this model did not result in any difference in the total
Achilles tendon force when compared with the force predicted using the other

anatomical insertions.

6.2.5 Achilles tendon force estimation

The muscle force calculation based on the optimization process will account for the
co-activation of multiple muscles to achieve a motion. However, it is difficult to
validate the level of co-activation. The co-activation presented in the model might be
‘mathematical’ but not physiological. An alternative way to estimate the Achilles
tendon force is to estimate the tendon moment arm based on ultrasound (Manal et al.,
2013), MRI (Maganaris et al., 1998), or bony landmarks, and then the tendon force can
be calculated by dividing the ankle torque by the estimated moment arm. This assumes
the Achilles tendon provides all the torque for ankle motion and that the ankle joint has
only one degree of freedom and, as such, accounts for zero co-activation. However, as
described in Chapter 2, the Achilles tendon force was estimated to provide 90% of ankle
plantarflexion torque. Therefore, such a simplified model can still be used to estimate

the Achilles tendon force.

In this study, the tendon force was quantified using both methods. After the joint

torque was calculated using inverse dynamics, the Achilles tendon force was calculated
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using constrained optimization, as introduced in Chapters 5 and 6 (termed ‘FreeBody
model’) and using subject-specific moment arms obtained from MRI (termed ‘subject-

specific MRI model’).

In this study, the subject-specific moment arms were obtained from the static MRI
scans acquired as described in Chapter 3 in which the ankle joint was scanned at 20°
and 10° in dorsiflexion, 0°, 15°, 30°, and 45° in plantarflexion. In each joint position
for each participant, a sphere was fitted to the talar dome using Mimics Innovation Suite
(v.19, Materialise, Belgium). The centre of the sphere was defined as the centre of
rotation of the joint (Figure 7.3). The Achilles tendon in each joint position was
segmented and the line of action was determined by the centerline of the tendon, as

calculated in MATLAB (2017a, MathWorks, Massachusetts, USA) (Figure 7.3).

Therefore, two modelling methods were performed in this study. Due to the
infeasibility of validating the Achilles tendon force in vivo, there was no means to
determine which modelling method was better or more accurate. These two modelling
methods each have their own weaknesses. However, we could gain more confidence in
the results if the two models showed the same trend in the Achilles tendon force pattern

during the rehabilitation activity tested.
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Figure 6.3 — Determination of a subject-specific ankle centre of rotation of the

ankle, and Achilles tendon line of action and moment arm.

(a) The segmented tibia and fibula end and talus. (b) The sphere fit to the talar dome,
the centre of the sphere is the estimated centre of rotation (red dot). (c) Lateral view
of the Achilles tendon and force vector (black arrow) and effective moment arm
(dotted line). (d) The posterior view of the Achilles tendon force vector (black

arrow).

If the motion performed during the exercise went beyond the range of motion of the
MRI scans (20° dorsiflexion through 45° plantarflexion), the moment arm was linearly
extrapolated from those in 10° and 20° dorsiflexion. Such extrapolation was based on
the relationship between forefoot and hindfoot motion during dorsiflexion. The forefoot
can bear a larger range of motion than the hind foot, but the movement of the two

are proportional (Gatt et al., 2011).

133



6.2.6 Statistical analysis

The moment arm of the Achilles tendon calculated from MRI was compared with
the moment arm estimated by the model using a Wilcoxon rank sum test, as
participants’ range of motion varied. In order to compare ankle torque and the Achilles
tendon force across participants, the calculated torque and force were normalized by
the participant’s BW. The normalized torque during the motion in concentric (heel rise)
and eccentric (heel drop) phases were compared using Wilcoxon signed ranked tests
for paired data and the p-value was adjusted using Bonferroni correction with

significant level defined as p < 0.05.

To assess possible predictors of normalized peak Achilles tendon force, stepwise
multivariate regression analyses were carried out with five parameters, including
external loading condition, weight, height, sex, and peak dorsiflexion angle. As the
protocols were performed in standing and seated postures and the tendon forces were
estimated using moment arms determined from MRI and musculoskeletal modelling,
there were four regression models. The rate ratio, 95% confidence interval, and p-values
of the significant predictors were reported. Computations were carried out using IBM

SPSS software (v23.0, IBM Corp., Armonk, New York).
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6.3 Results

6.3.1 The ankle torque and the Achilles tendon moment arm

estimated during ECC and HSR

The normalized ankle torque over the joint range of motion during ECC and HSR
are presented in Figure 6.4. The knee bent activity in ECC had the largest dorsiflexion
angle amongst all the activities. In all the activities, the ankle torque increased with
dorsiflexion. The peak ankle torque during knee straight and knee bent in ECC and
eccentric and concentric phase in HSR are presented in Table 2.1. The concentric ankle
torques were larger than eccentric in standing with additional 50% BW and 25% BW

and in seated with 50% BW, 25% BW and the 8 kg bar.
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Figure 6.4 - Normalized ankle torque (mean + one standard deviation) for 18

i

participants over the range of motion for eccentric loading (ECC) and heavy

slow resistance (HSR).

As participants had different ranges of motion, only the joint angle ranges that were

achieved by more than half of the participants are shown.
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ECC

Peak normalized ankle Knee straight Knee bent
torque (N-m/kg)

0.171+0.012 0.164 +0.013
HSR
Peak normalized ankle Concentric Eccentric
torque (N-m/kg)
Standing + 50% BW 0.230+£0.016 0.226 £0.015*
Standing + 25% BW 0.196 + 0.015 0.191 £0.014*
Standing + 8kg bar 0.175+0.010 0.171+£0.012
Standing 0.155+0.013 0.153+0.012
Seated + 50% BW 0.087 £+ 0.009 0.077 £ 0.009**
Seated + 25% BW 0.053 £0.007 0.046 + 0.008**
Seated + 8kg bar 0.034 + 0.004 0.029 + 0.005**
Seated 0.016 + 0.004 0.017 £ 0.005

Table 6.2 — The peak normalized torque in eccentric loading (ECC) and heavy

slow resistance exercise (HSR). *: p<0.05, **: p<0.01, Wilcoxon signed rank

test with Bonferroni correction.
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The Achilles tendon moment arm estimated from the FreeBody model and the

subject-specific MRI are shown in Figure 6.5. The Achilles tendon moment arm

measured from subject specific MRI scans was significantly larger than the moment

arm predicted by the FreeBody model.
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e S,

Figure 6.5 - The Achilles tendon moment arm (mean =+ one standard deviation)
from the scaled model and subject-specific MRI scans of 18 participants over a

range of joint angles.

As participants had different ranges of motion, only the joint angles that were
achieved by more than half of the participants are shown. For dorsiflexion angles of
less than -20° obtained using MRI, the moment arms were extrapolated based upon
the points at -10° and -20° (black dotted line). Statistical comparisons were
performed using the Wilcoxon rank sum test. *: p-value<0.05, between MRI
moment arm and modelled moment arm in the seated position. *: p-value<0.05,

between MRI moment arm and modelled moment arm in the standing position.
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6.3.2 Achilles tendon force estimation from FreeBody model

The Achilles tendon forces over the ankle joint range of motion predicted by the
FreeBody model are shown in Figure 6.6. The predicted Achilles tendon force increased
as the ankle dorsiflexed. The peak Achilles tendon force seen in ECC and HSR were
shown in Table 6.3. For ECC, the peak Achilles tendon force in knee bent is larger than
knee straight. The were no significant differences in concentric force and eccentric in
all exercises in HSR, except the Achilles tendon force in concentric is larger than

eccentric in seated with bar.

(ECC) Standing(knee straight)+Bar
(ECC) Standing(knee bent)+Bar
#— (HSR) Standing+50%BW
(HSR) Standing+25%BW
+— (HSR) Standing+Bar
——— (HSR) Standing
(HSR) Seated+50%BW
(HSR) Seated+25%BW
*— (HSR) Seated+Bar
(HSR) Seated

= =n
0 =

Normalized Achilles fendon force (BW)

= M W b 1 @ =~ 0 O

-30 -2 10 D 10 20 R0 40 50
Ankle angle (*) %

Figure 6.6 - Achilles tendon force (mean + one standard deviation) over ankle
joint range of motion estimated by FreeBody for 18 participants, during the
eccentric loading (ECC) and heavy slow resistance protocol (HSR) for different

external loading conditions
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ECC

Peak Achilles force (BW)

Knee straight

Knee bent

5.548 £ 1.586 7.678 + 3.083**
HSR
Peak Achilles force (BW) Concentric Eccentric
Standing + 50%BW 7.721 +£2.603 7.878 +£2.504
Standing + 25%BW 6.276 + 1.832 6.486 = 1.904
Standing + 8kg bar 5.503 + 1.808 5.548 £ 1.586
Standing 5.650 +2.082 5.855+2.116
Seated + 50%BW 3.916 +1.499 3.694£1.930
Seated + 25%BW 2.475+1.283 2.175+1.190
Seated + 8kg bar 1.526 £ 0.717 1.365 + 0.860*
Seated 0.687 + 0.407 0.746 + 0.460

Table 6.3 - The peak Achilles tendon force predicted by FreeBody in eccentric

loading (ECC) and heavy slow resistance (HSR) exercise. *: p<0.05, **:

p<0.01, Wilcoxon signed rank test, with Bonferroni correction.
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6.3.3 Achilles tendon force estimation from the subject-specific MRI

model

The Achilles tendon force predicted by subject-specific MRI model is shown in
Figure 6.7. The same trend was found in the Achilles tendon force pattern. The
maximum force predicted by the subject-specific MRI is shown in Table 6.4. The
Achilles tendon force in the concentric phase is larger than eccentric phase in the seated

position with external loading.

&

(ECC) Standing(knee straight)+Bar
(ECC) Standing(knee bent)+Bar
'3 (HSR) Standing+50%BW
(HSR) Standing+25%BW
—#—— (HSR) Standing+Bar
- )

)

)

)

)

o

Normalized Achilles tendon force (BW)
: e *
/ \

(HSR) Standing

(HSR) Seated+50%BW
£ (HSR) Seated+25%BW
+— (HSR) Seated+Bar
(HSR) Seated

/

-
T
1
|
|
|
|
b
|

80 20 -10 0 10 20 80 40 50
Anlda angla () %

Figure 6.7 - Achilles tendon force (mean + one standard deviation) over ankle
joint range of motion estimated by subject-specific MRI model for 18
participants, during the eccentric loading (ECC) and heavy slow resistance

protocol (HSR) for different external loading conditions.
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ECC

Peak Achilles force (BW)

Knee straight

Knee bent

3.775+0.573 4378 +£1.158*
HSR
Peak Achilles force (BW) Concentric Eccentric
Standing + 50%BW 5.053+0.829 5.118+1.032
Standing + 25%BW 4320+ 0.786 4.338+0.910
Standing + 8kg bar 3.794 £ 0.544 3.775+0.573
Standing 3.557 £ 0.662 3.607+0.711
Seated + 50%BW 2.288 £ 0.635 2.041 £ 0.633**
Seated + 25%BW 1.388 £0.423 1.213 £ 0.455%*
Seated + 8kg bar 0.892 +0.283 0.753 £ 0.288**
Seated 0.408 £ 0.173 0.430+0.176

Table 6.4 - The peak Achilles tendon force predicted by subject-specific MRI

model in eccentric loading (ECC) and heavy slow resistance (HSR) exercise.

*: p<0.05, **: p<0.01, Wilcoxon signed rank test, with Bonferroni correction.
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6.3.4 Multivariate analysis

A multivariate analysis of the normalized peak Achilles tendon force is shown in
Table. The external loading and peak dorsiflexion angles were significant predictors of
normalized peak Achilles tendon force during the heavy slow resistance cycle. The rate
ratios for external loading were similar in standing and seated conditions, while the rate
ratio for the peak dorsiflexion angle increased 50% in FreeBody model and 100% in

simplified model in the standing position (Table 6.5).
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Multivariate regression analysis of normalized peak Achilles tendon force

Seated (FreeBody) Adj. R% 0.687
Predictor Rate ratio Lower Upper p-value
Loading (N/BW) ! 5.783 4.497 7.069 <0.001
Peak angle (°) 2 -0.10 -0.129 -0.07 <0.001
Seated (MRI) Adj. R?%: 0.843
Predictor Rate ratio Lower Upper p-value
Loading (N/BW) 3.394 2.98 3.808 <0.001
Peak angle (°) -0.034 -0.043 -0.024 <0.001
Standing (FreeBody) Adj. R% 0.555
Predictor Rate ratio Lower Upper p-value
Body mass (kg) -0.960 -0.128 -0.061 <0.001
Loading (N/BW) 5.553 3.446 7.660 <0.001
Peak angle (°) -0.155 -0.222 -0.088 <0.001
Female sex -1.112 -1.935 -0.290 <0.01
Standing (MRI) Adj. R% 0.617
Predictor Rate ratio Lower Upper p-value
Loading (N/BW) 3.353 2.725 4.342 <0.001
Peak angle (°) 0.072 0.047 0.098 <0.001
Body mass (kg) -0.021 -0.033 -0.008 <0.01

Table 6.5 — Multivariate regression analysis of the normalized peak Achilles

tendon force during standing and seated motions in the heavy slow resistance

protocol.

!'the additional loading applied; ? the peak dorsiflexion achieved during the motion




6.4 Discussion

This study compared the magnitude of the Achilles tendon force during different
rehabilitation exercises, to clarify the role of eccentric exercise compared with
concentric exercise and to identify the significant factors that affect the peak force seen
by the tendon. The key findings in this study include: (i) The Achilles tendon force is
greater in dorsiflexion than in plantarflexion (ii) the peak Achilles tendon force in
eccentric is not greater than concentric phase (ii1) the range of motion of the ankle can

be a critical predictive factor of normalized peak Achilles tendon force during motion.

The loading of the Achilles tendon could be an important factor affecting the
effectiveness of rehabilitation. However, due to the infeasibility of direct force
measurement in vivo, a musculoskeletal model was used to estimate the ankle torque,
and then the tendon force was estimated using FreeBody and a simplified model with
subject-specific Achilles moment arm. This parallel estimation of the force was to
compare the predictions from the two models. The two modelling results showed
similar trends but different magnitudes in the Achilles tendon force during the range of
motion. Due to the infeasibility to measure the actual Achilles tendon force, it is
challenging to determine which modelling method is better. Both methods were used
in motion analysis and the relative trend is the same. The FreeBody model consistently
predicted a significantly larger peak force than the simplified model did. This is likely
due to the coactivation of other muscles and smaller moment arms estimated with the
FreeBody in dorsiflexion angles. Since validation against the actual Achilles tendon
force is impossible, the comparison here quantified the possible difference using

different methodology.
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6.4.1 Achilles tendon moment arm at extreme dorsiflexion

As the maximum tendon forces occurred during dorsiflexion, the estimation of the
tendon moment arm during extreme dorsiflexion positions is critical. The dorsiflexion
angle quantified in the motion analysis lab was higher than that obtained while the foot
was in the MRI scanner. This was likely due to external loading that further pushed the

ankle into extreme ranges of motion, beyond the range that can be captured during MRI.

In this study, the MRI moment arm in dorsiflexion was extrapolated based on the
relative forefoot and hindfoot kinematics reported in the literature (Gatt et al., 2011).
The weakness of such extrapolation is acknowledged. In this study, the foot
kinematics were evaluated as a combination of the forefoot and hindfoot motion.
Therefore, the ankle joint angle measured was the angle between the calf and the whole
foot. This joint angle is consistent with joint angles performed in the MRI. Gatt et al.
(2011) investigated the kinematics of the forefoot and hindfoot during dorsiflexion
using a motion capture system and revealed that the forefoot has a significantly larger
range of motion than the hind foot. However, the forefoot and hindfoot motion were
reported to be proportionate to one another. Therefore, for ankle angles beyond 20°
dorsiflexion, the hind foot, where the Achilles tendon inserts, was assumed to keep
rotating. Such extrapolation matched the trend of moment arms estimated by the model

in extreme dorsiflexion (Figure 7.4).

More studies are needed to investigate the moment arm of the Achilles tendon at
extreme dorsiflexion angles. As loading tendon within an MRI scanner can be
challenging, ultrasound measurement techniques could be an alternative method to

measure the moment arm in such extreme joint angles (Chaudhry et al., 2015).
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6.4.2 Eccentric loading protocol vs. heavy slow resistance protocol

From the normalized peak Achilles tendon forces observed in this study, there was
no evidence to show that eccentric motion could cause larger Achilles tendon loading
under the same external loading conditions. Even in the seated calf-raising motion,
larger tendon forces were seen in the concentric phase rather than the eccentric phase.
In the literature, no difference was found in the estimated tendon force between
concentric and eccentric exercise with the standing knee straight in a study with seven
participants with the moment arm quantified using ultrasound (Rees et al., 2008). In
the study in this chapter, different loading conditions and two rehabilitation exercises

were tested and were shown to have the same result.

Besides the direction of motion, variation in ankle joint range of motion between
different protocols was observed. The largest ankle dorsiflexion angle was seen in the
standing knee bent and seated exercises. In the literature, the effectiveness of the knee
bent activity largely focused on the differential activation patterns between the
gastrocnemius and soleus (Alfredson et al., 1998). This could result in a different intra-
tendon force distribution as the soleus becomes highly activated. However, in this study,
large dorsiflexion angles were also observed in knee bent and seated positions. The
moment arm change in such joint angles could cause a decisive effect on the overall
normalized peak Achilles tendon force. Thus, the ankle dorsiflexion angle could be
another important factor in the peak loading of the Achilles tendon and should be
included when comparing rehabilitation protocols. From the regression analysis, the
joint angle significantly predicts the normalized peak Achilles tendon forces. In the
standing position, for each 5° increase in the peak dorsiflexion, peak tendon force

increased by 35% BW (simplified model) to 75%BW (FreeBody model).

147



The external loading also significantly predicted the peak tendon force. Each
additional BW loading could increase the tendon force by 3.3 N/BW to 5.5 N/BW.
Therefore, the external loading applied during the rehabilitation process could be a
determining factor for the success of rehabilitation. This could be one of the strengths
of heavy slow resistance training, as gym equipment was used to apply the loads. In
such a scenario, the loading can be adjusted to maximize the lifting capacity in standing
and seated postures. In the knee bent protocol in this study, only 8 kg (a bar without
added weight) was applied, as most participants found it difficult to do the activity when
they were loaded more heavily. However, with the knee straight motion, all participants
could lift an additional 50% BW. This could be one of the reasons why eccentric loading
is less efficient than heavy slow resistance training, as most patients use one backpack
to apply the loading at home and are not able to reach the appropriate loading for each

posture.

In the regression analysis, the adjusted R? values were lower in the standing than
seated position (Table 6.5). This was possibly because exercises were more unstable in
the standing than in the seated posture. This suggests that the kinematic differences
from the relatively unstable standing posture could also affect the peak Achilles tendon
force. Due to the larger variation of peak force predicted by the FreeBody model, the
corresponding adjusted R? were smaller; such variation is likely due to the anatomical

variations of the muscle line datasets.

In both standing and seated postures, the Achilles tendon forces increased as the
ankle dorsiflexed. Therefore, it is possible to increase the efficiency of the loading
protocol by performing the motion from mid-range to dorsiflexion only, with emphasis

on the extreme dorsiflexion angles, as this is the range in which the Achilles tendon
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experiences peak loading. Further prospective studies on a patient group are needed to

clarify the effect of the loading condition on tendon healing.

In this study, the order selected for the activities may have affected the results of the
trials. To avoid the effect of fatigue on performance, the trials including heavy weight
lifting were performed first and resting sessions were administered between activities.
All the participants were able to finish the experiment smoothly. However, this
pragmatic approach may have resulted in a bias and an alternative approach would have
been to randomize the order and conduct the experiment across multiple sessions or

days.

It is worth noting that the optimization algorithm used only optimizes the muscle
force distribution to accomplish a certain motion. This is not related to whether the
motion itself is perfectly stable/optimized. The optimization technique is used
minimized the muscle activation to some extent to achieve the motion recorded.
Physiologically, it is very possible the muscles does not follow an ‘optimized’ force-
sharing strategy. Currently, the only way to validate the model prediction is to compare
with the predicted joint force to outputs from instrumented implants. The model used

in this study, FreeBody, has been validated against these types of data (Ding et al.2016)

A major limitation of this study was the lack of a tendinopathy patient population.
The kinematics might change when asked to perform the exercise with tolerable pain
in the Achilles tendon. The findings herein are based on the mechanical performance
of the Achilles tendon, assuming tendon healing is stimulated by loading the tendon.
Secondly, as subject-specific lower limb MRI anatomy was not used to define muscle
lines of action and insertion, the actual muscle lines of action used were scaled from a
previously obtained dataset. It is possible that the change in the lines of action could

affect the Achilles tendon force prediction. This issue was mitigated by adopting the
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regression equation proposed by Ding et al. to select a dataset with the same gender and

closest weight (Ding et al., 2018).

6.5 Conclusion

During eccentric loading and heavy slow resistance rehabilitation, the Achilles
tendon force and ankle joint torque increased as the ankle dorsiflexed. The peak force
in the eccentric phase was not larger than that in the concentric phase in all the protocols.
The major factors affecting peak Achilles tendon loading were external loading and
peak dorsiflexion angle. This suggests that the standing knee bent position is the most
effective way to load the Achilles tendon. Based on the observations of this study, the
current protocols could be modified by performing mid-range to dorsiflexion motion
only with an emphasis on reaching the extreme dorsiflexion angles. This study supports
the clinical observation that concentric exercise protocols are as effective as eccentric
exercise protocols but have the advantage of being more time-efficient. More studies
are required to clarify the change in the moment arm in maximum dorsiflexion and

investigate its effectiveness in a tendinopathy population.
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Chapter 7

Summary, discussion, and future work

7.1  Summary

The plantaris tendon could play an important role in the development and
progression of midportion Achilles tendinopathy. The static MRI series collected as
part of this work enabled evaluation of the motion of the Achilles and plantaris tendons.
Interestingly, plantaris tendons categorized as the same type could have different
interactions with the Achilles tendon. This finding clarified the discrepancies reported
in the cadaveric mechanical simulations discussed in Chapter 3 (Smith et al., 2017;
Stephen et al., 2018). In addition, the potential for an attachment between the Achilles
and plantaris tendons was identified. This is the first time such an adhesion has been
reported with an imaging study. In addition to tendon interaction, it was discovered that

Type 3 plantaris tendons cannot be identified by MRI alone. This is important for
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clinical evaluation of patients being investigated for plantaris-related Achilles

tendinopathy.

Although the connection between the anatomical findings described above and the
development of demonstrable clinical symptoms remains unclear, this study is an
important step in establishing the methodology to enable tendon geometry to be

confidently investigated in patients.

From the observation of the plantaris geometry in tendinopathy patients, Type 4
tendons are more likely to be present than in a healthy population. This proves the
hypothesis that tendon geometry plays an important role in plantaris-related Achilles
tendinopathy. The fact that tendons of other types were also present in the tendinopathy
group suggests that there might be other factors causing the plantaris tendon

involvement.

Musculoskeletal models were used to investigate the forces on the Achilles tendon
during motion, with a focus on the effect of the rotational structure of the tendon.
Although no difference in the overall Achilles tendon force was found in the rotational
variants, the distributions between the forces of the muscles that attach to the Achilles
tendon varied. Among the rotational variants, the medial gastrocnemius muscle force
increased as the tendon fibre bundle rotated. As the lateral Achilles tendon fibres were
derived mainly from the medial gastrocnemius in this anatomical variant, the increasing
force suggests that the lateral tendon fascicles could be more prone to injury with

tendon fibre bundle rotation.

Finally, the musculoskeletal model was used to analyse the effectiveness eccentric
loading and heavy slow resistance protocols. Although the experimental protocol did
not load the Achilles tendon to the maximum capacity of each participant, the effect of

different parameters can be analysed. The importance of the ankle flexion angle was
152



highlighted. As the ankle range of motion varied between different loading protocols,
the peak force seen in the Achilles tendon was also affected. Therefore, there is
potential that rehabilitation protocols could be further optimized by performing ankle
flexion between neutral and dorsiflexion only. Performing the rehabilitation exercises
in such a range of motion could maximize the tendon loading without inducing contact

and possible compression and / or friction between the Achilles and plantaris tendons.

7.2  Discussion

7.2.1 Mechanism of midportion Achilles tendinopathy

A fundamental question raised within this thesis is, ‘What is midportion Achilles
tendinopathy?’ The answer is that it is a large group of injuries that includes patients
presenting with medial, central, and lateral tendon pain in the midportion (4-7 cm) of
the tendon(van Dijk et al., 2011). It was not clear whether patients who present with

different sites of pain have developed tendinopathy by the same mechanism.

Modelling of the Achilles tendon fibre structure indicates that the tendon force
during in the lateral aspect of the Achilles tendon, which is primarily composed of fibres
derived from the medial gastrocnemius, is likely to sustain larger forces as the tendon
fibre bundle rotates. With increased forces seen during walking, it is possible that this
portion of the tendon is prone to injury. This finding supports the mechanical theory of
differential loading within the tendon and links with clinical studies identifying this as

frequently the primary location of the injury.

153



It was not possible to detect the degree of rotation of the Achilles tendon fibre
bundles and measure the individual muscle forces in vivo. Therefore, validation of the
findings from the computational model is challenging. However, the results from the
model indicated that one possible effect of this large medial gastrocnemius force is
patients presenting with lateral-sided Achilles tendinopathy. More studies are needed
to test this hypothesis. To clarify the relationship between medial gastrocnemius force
and lateral Achilles tendinopathy it may be possible to investigate the proportion of
each muscular component in the triceps surae in both healthy participants and patients
with lateral Achilles tendinopathy. If the hypothesis is valid, it may be found that the
medial gastrocnemius makes up a higher percentage of the triceps surae than the lateral

gastrocnemius in Achilles tendinopathy patients.

Patients with plantaris tendon involvement frequently exhibit symptoms on the
medial side of the Achilles tendon. This condition could be explained by the anatomical
proximity between the Achilles and plantaris tendons. However, from the work
presented here, it is not clear whether the plantaris tendon involvement is a primary

injury or secondary to the midportion Achilles tendinopathy.

If it 1s the primary injury, it is possible that compression and / or friction between
the plantaris and Achilles tendons causes midportion Achilles tendon injury. If it is
secondary to midportion Achilles tendinopathy, the plantaris tendon is involved
because the Achilles tendon was injured, causing it to swell, thereby making it touch
the plantaris tendon. In both scenarios, the clinical symptoms could deteriorate as

plantaris tendon involvement increases.

Observations from the healthy and tendinopathy groups suggest it is possible that
the distribution between the various plantaris tendon types within the patient group is

the result of both primary and secondary causes. A plantaris tendon involvement in
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Achilles tendinopathy occurred in all types of geometry and the percentages of Types
1, 2, and 3 in patients were no different to those in the healthy cohort. It is possible that

this indicates that the pathology originates from an Achilles tendon injury.

The large proportion of Type 4 tendons suggests the mechanism of injury of this
group is different from that of the other plantaris types. Anatomical proximity can only
explain part of the reason why more Type 4 tendons are likely to be involved. Type 3
plantaris tendons also have a close relationship to the Achilles tendon, but the
prevalence of this type did not increase significantly in the tendinopathy group. This
suggests that it is the effect of the direct insertion of Type 4 tendons, not anatomical

adjacency, that is an important cause of plantaris involvement.

The plantaris tendon studies in Chapter 3 and 4 contributed to the understanding of
the role of the plantaris tendon in the development of midportion Achilles tendinopathy.
The plantaris categorization system can be used to evaluate the risk of plantaris tendon
involvement. The plantaris tendon studies also facilitated the clinical evaluation of the
plantaris tendon, determining that an ultrasound can be more sensitive than MRI in

identifying Type 3 tendons.

Based on the findings presented in this thesis, it is possible that midportion Achilles
tendinopathy can be divided into several subcategories due to different causes, such as
plantaris-induced tendinopathy and medial gastrocnemius-related tendinopathy. A
personalized treatment based on the individual cause of injury could improve the
effectiveness of rehabilitation. This thesis has shown that the Achilles tendon force
decreased from dorsiflexion to plantarflexion, while the contact between the two
tendons increased as the patient moved towards plantarflexion. This suggests that
patients with plantaris tendon involvement should reduce the plantarflexion angle

during rehabilitation exercises, if contact between tendons is pathological. For patients
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with Type 4 tendons, the traditional regimen, targeting the Achilles tendon, could have
limited success, as the plantaris tendon geometry may the root cause. Therefore,
removal of plantaris tendon could be recommended as is commonly practiced (Calder
et al., 2015; Masci et al., 2015). For patients presenting with lateral-sided symptoms,
training with a bent-knee heel drop or seated calf-raise exercise could not only stimulate
the healing of the Achilles tendon but also strengthen the soleus muscle that shares the
loading with the medial gastrocnemius. More studies, including patient trials, are

needed to test the effectiveness of the personalized treatment proposed above.

7.2.2 Limitations

Only healthy participants were included in the sequential static MRI study and so
there is no evidence that plantaris attachment will lead to an Achilles tendon injury.
However, with the close contact between the Achilles and plantaris tendons throughout
the range of motion, it is theoretically possible that these tendons bear a higher risk to
be involved in midportion Achilles tendinopathy. Considering the low incidence rate of
such attachments in the healthy population (2/34), performing a prospective cohort
study would be challenging. In addition, shear and compression force was not directly
measured in different plantaris types during motion, as in vivo measurement was not

feasible. This is key to the understanding of the interaction between the two tendons.

There were 34 healthy volunteers in this sequential static MRI study. The anatomical
investigation of plantaris type normally requires larger sample number. However, our
study attempts to investigate the capacity of clinical imaging tools. The increased cost

with methodology will inevitably decrease the sample size.
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The selection bias in the tendinopathy plantaris tendon study is acknowledged. In
this study, only patients with plantaris tendon involvement with both MRI and
ultrasound scans were included. This study analysed plantaris geometry as an exposure
to the plantaris involvement, so a causal relationship would not be able to be derived.
A prospective study with all midportion Achilles tendinopathy patients could alleviate

this problem.

For the musculoskeletal models used in Chapters Sand 6, it is important to note that
the FreeBody model is composed of only muscle lines of action. There are no ‘tendons’
in the model. The tendon forces estimated in this thesis were the summation of the
triceps surae muscles and did not account for the tendon static length, stiffness, or
viscoelastic properties. However, as only the tendon force was considered in this study,
such simplifications are still representative of the force calculation. In addition, as
addressed in Chapter 5, direction validation of muscle forces is challenging. It is also
worth noting that lower limb musculoskeletal models’ force predictions are particularly
sensitive to the location of the ankle joint centre. The ankle joint centre is empirically
determined as the midpoint of the medial and lateral malleoli. However, due to the
complicated ankle joint complex and soft tissue motion, the ankle joint centre could be

mobile, in reality.

The modified rehabilitation motion proposed for Achilles tendinopathy was based
on the hypothesis that tendon healing can be stimulated by loading the tendon in a
controlled manner. The modified protocol could optimize the effectiveness of loading

the Achilles tendon during motion.
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7.3  Future work

To examine the plantaris tendon geometry, as described in the last section, a
prospective study including MRI and ultrasound on all patients diagnosed with
midportion Achilles tendinopathy, ideally from multiple clinicians, could better clarify
the role of the plantaris tendon. This could also examine the inter-observer reliability
of the categorization system. Including patients diagnosed of midportion Achilles
tendinopathy, but no plantaris tendon involvement, could also facilitate understanding

of role of the plantaris tendon.

Determining plantaris tendon geometry in the clinical environment may be improved
by using ultrasound since this may more accurately differentiate closely adjacent tendon
structures. Ultrasound could also be used to investigate the rotational fibre structure of
the Achilles tendon. Cadaveric dissections with pre-dissection ultrasound scans could
be used to establish the correlation between the Achilles tendon fibre bundle and
ultrasound images. The results could be used as a parameter to improve the

musculoskeletal modelling of triceps surae.

Finally, a prospective randomized controlled trial could clarify the role of
mechanical loading on the Achilles tendon healing. By comparing the effectiveness of
a modified protocol to original protocols in a patient group, the correlation between
tendon loading and healing can be further revealed. Incorporating ultrasound to
measure the change of tendon thickness may also enable comparison of the

effectiveness of the loading protocol.
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7.4  Conclusion

The cause of midportion Achilles tendinopathy appears multifactorial. From a
biomechanical perspective, plantaris tendon involvement and intra-tendon differential
loading could lead to the presentation of different symptoms. Thus, dividing midportion
Achilles tendinopathy into sub-groups could be helpful to improve rehabilitation
protocols. Current rehabilitation protocols could be further modified to increase their
effectiveness. More studies are required to understand the pathophysiology of non-
insertional Achilles tendinopathy and investigate the effect of potential modifications

to rehabilitation protocols.
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Appendix A
The role of Lagrange multipliers in lower limb

musculoskeletal modelling

In chapter 5, the study produced results that showed that there is a significant effect
on muscle force distribution in the Achilles tendon with different anatomical variants.
The study utilised a musculoskeletal model and this chapter focuses on the optimization
process that decides this distribution in such models. This chapter explores the
underlying mathematics of the theorem of constrained optimisation and investigates its
effect on muscle force distribution. This is a technical and numerical investigation of
the solution predicted by the musculoskeletal model used in this thesis in order to

provide further insights into muscle coordination.
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A.1 Introduction

Musculoskeletal models have been used to estimate the muscle and joint forces that
occur during human movement. Such estimations are based on a combination of inverse
dynamics and a constrained optimization process. The intersegmental forces and
moments about each joint are calculated as the first step to represent the overall action
of all the muscles crossing a joint. However, as the biomechanical function of these
muscles often overlaps this forms an indeterminate system, which is termed muscle

redundancy.

An optimization process can be applied to solve this problem. In musculoskeletal
models, predefined anatomical parameters obtained from MRI and cadaveric dissection
are often used to construct a model of the muscle pathways and a constrained
optimization technique is applied to calculate the muscle forces during a motion. This
process requires the explicit specification of an objective function. During the
optimization process, the objective function is maximized or minimized whilst
satisfying the kinetic constraints of movement and the degrees of freedom of the joints.
Such an optimization process only considers the kinematic constraint of a single frame;

and it is therefore also termed static optimization (Tsirakos et al., 1997).

The theory of constrained optimization was predominantly developed by the French
mathematician, Joseph-Louis Lagrange. He introduced the concept of Lagrange
multipliers to find optimal solutions under certain predefined constraints. In a
musculoskeletal model, the Lagrange multipliers play a very powerful role because they
directly affect the calculated muscle forces. However, there are few publications that

discuss the meaning of Lagrange multipliers in these models, or explore their utility in
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the physical interpretation of muscle force redundancy (Raikova and Prilutsky, 2001).
Ait-Haddou et al. (2004) analysed the force distribution and the Lagrange multipliers
and aims to facilitate the understanding of the Lagrange multipliers generated during
the constrained optimization process (Ait-Haddou et al., 2004). They introduced a
hyperplane that could differentiate the active and passive muscles. However, the idea

of hyperplane is not easy to interpret geometrically.

The investigation of the multipliers themselves could provide insight into the muscle
force distribution required to achieve a movement. The aim of this chapter was to clarify
the physiological meaning of the Lagrange multiplier in the context of this thesis.
Therefore, lower limb modelling of the gait cycle was analysed, with a focus on the

contribution of muscles associated with Achilles tendon function.

A.2 Methods

A.2.1 Anatomical parameters and kinematic data

Nine previously-created subject-specific anatomical datasets containing the muscle
paths of each participant, as described in Chapter 5, were used. The rotational Achilles
tendon structure discussed in Chapter 5 was modelled as a single insertion. This enabled
the results to be compared to those in the literature from other musculoskeletal models.
The calculation of the location of the single insertion was discussed in Chapter 5. The

same subject-specific gait data introduced in Chapter 5 was also used.

A.2.2 Musculoskeletal model
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The FreeBody model (Cleather and Bull, 2015), which was described in Chapter 5,
was used to perform the optimization process and generate the Lagrange multipliers. In
the FreeBody model, every joint has six degrees of freedom and the force and moment
equilibrium of all axes are considered in the static optimization process. This results in
a total of 22 degrees of freedom in the model and therefore a total of 22 kinetic
constraints were defined in each frame. These constraints included the force
equilibrium for the foot, shank, thigh, and patella in x, y, and z-directions and moment
equilibrium for the foot, shank and thigh about the x, y, and z-axes. The moment
equilibrium of the patella was simplified to the sagittal plane only (Cleather and Bull,
2015). To solve the constrained optimization, 22 Lagrange multipliers were assigned
for the equality constraints and another 179 multipliers for inequality constraints, due
to x, being non-negative. Such inequality constraints fulfilled the Kuhn-Tucker

condition (Kuhn and Tucker, 2014) and could be simplified as Equation 7.1 and

Equation 7.2,
XV L, ) =0,  i=12,..179 Equation 7.1
i L(xd) =0, j=12,.,22 Equation 7.2
where
LGN = FGI + ) AKi(0) Equation 7.3
j
FGO= D Ga/f)* . i=1,..163 Equation 7.4
i

F(x): the objective function;

x;: the magnitude of the nth muscle force;
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A;: the J™ Lagrange multiplier;
f;: the maximal muscle force of the i muscle;

K;(x) represents the j™ kinematic equality constraint, which is equivalent to the ;1

row in Equation 6.5.

The Lagrange multipliers of each kinetic constraint are summarized in Table 6.1.
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Lagrange L .
multiplier Kinetic constraints
A Foot anterior/posterior force equilibrium
Ay Foot superior/inferior force equilibrium
A3 Foot medial/lateral force equilibrium
Ay Shank anterior/posterior force equilibrium
As Shank superior/inferior force equilibrium
A Shank medial/lateral force equilibrium
Ay Thigh anterior/posterior force equilibrium
Ag Thigh superior/inferior force equilibrium
Ay Thigh medial/lateral force equilibrium
Ao Patella anterior/posterior force equilibrium
A1 Patella superior/inferior force equilibrium
A1z Patella medial/lateral force equilibrium
A3 Foot moment equilibrium in medial/lateral rotation
Aa Foot moment equilibrium in internal/external rotation
Ais Foot moment equilibrium in plantarflexion/dorsiflexion
A6 Shank moment equilibrium in adduction/abduction
A7 Shank moment equilibrium in internal/external rotation
Aig Shank moment equilibrium in flexion/extension
Ao Thigh moment equilibrium in adduction/abduction
Az Thigh moment equilibrium in internal/external rotation
A1 Thigh moment equilibrium in flexion/extension
Az Patellar tendon and quadriceps tendon force ratio

Table 7.1 — The Lagrange multipliers in the FreeBody model and

corresponding Kinetic constraints.

The constraints are defined in a reference coordinate system based on the
participant’s pelvic anatomical landmarks, where the x-axis points forward, the y-axis
upward, and z-axis laterally to the right. This reference system does not represent the
functional axes of each joint, but by aligning it with each participant’s global coordinate
frame, it mitigates the complexity of the discussion of the Lagrange multipliers across

multiple segments. The equations of kinetic constraint were specified as Equation 6.5,
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where
p™: the muscle line of action for the m™ muscle of n” kinetic constraint equation;
q™: the effective moment arm of the m™ muscle of n” kinetic constraint equation;
X, : the force magnitude of the nth muscle;
k,,: the time derivatives of the linear momentum plus external force;

[,,: the time derivatives of the angular momentum plus external torque.

As described in Chapter 5, 163 muscles are considered in the model. Another 15
joint contact force vectors and one patella tendon force are considered to formulate the
equations of motion (Table 6.2). Therefore a total of 179 forces are calculated, with 163

muscle activations being specified in the objective function.
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Joint contact forces in FreeBody

Ankle joint contact forces in x-, y- and z-axes

Medical knee joint contact forces in x-, y-, and z-axes

Lateral knee joint contact forces in x-, y-, and z-axes

Patella femoral joint contact force in in x-, y-, and z-axes

Hip joint contact forces in x-, y-, and z-axes

Table 7.2 — The 15 joint contact forces in the FreeBody model

The calculation of muscle forces is achieved with constrained optimization. The
objective function was the summation of the muscle activations cubed
(Crowninshield and Brand, 1981). The constrained optimization algorithm in
MATLAB (The Mathworks Inc., Natick, MA) was used to iteratively approach the
optimal solution. In each frame, the Lagrange multipliers were returned if an optimal
solution was found to satisfy the kinetic constraints. The optimal solution of the
previous frame was used as the initial estimate for the algorithm to solve the next frame.
Nine different initial values (0, 5, 10, 50, 100, 500, 1000) were set as an initial estimate

of x to solve the first frame, to avoid obtaining a local minimum.

From Equation 6.1 and Equation 6.2, the optimal muscle force can be calculated by

Equation 6.6

73 . . . . . .
Xj = \/;\[_O\lpll + 2205 + -+ AiaPip + A3y + o+ A2203) Equation 7.6
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Equation 6.6 shows the optimal force can solely depend on the Lagrange multiplier
and the components of the muscle lines of action and moment arm. This allows further

simplification by grouping Lagrange Multipliers into 3D vectors as in Equation 6.7,

, 3
Xj = %‘\/—(z V,, - PL + z U, - Q) Equation 7.7
m n

where

V., : the 3D vector made by Lagrange multipliers for force equilibrium of the m™

segment;

U, : the 3D vector made by Lagrange multipliers for moment equilibrium of the n't

segment;
P} :the 3D vector of the ith muscle line of action to the mth segment;

QL :the 3D vector of the ith muscle effective moment arm to the nth segment.

Vi, and U, represent the grouping of Lagrange Multipliers and can be understood
as 3D vectors. For ease of communication, V,, and U, aretermed ‘Lagrange Vectors’
in this study. The optimal force prediction is decided based on the summation of dot
products of the Lagrange Vector and the vector representing the corresponding muscle
line of action or moment arm. The muscle will be activated if x; is a real number in

the optimal solution.
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The multipliers of each frame were analysed. The distribution of the multipliers and

norm of Lagrange Vectors were characterized using median and interquartile range

(IQR).

A.3 Results

In a gait cycle, defined as being from heel strike to heel strike, the Lagrange
multipliers changed smoothly and reached their extremum at the middle of the cycle
(med: 49.5%, IQR: 47.5%-52%). The toe-off event happened at 62.2% of a gait cycle
(IQR: 61.0%-62.8%). Two representative median multipliers (A, and A;3) in a gait

cycle are shown in Figure 6.1.
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Figure 7.1 — The median trajectory of two Lagrange multipliers during a

walking trial (n =9)

A, represents the Lagrange multiplier for thigh force equilibrium in the
anterior/posterior axis, which remained closed to zero during the whole walking trial.
A13 represents the Lagrange multiplier for foot moment equilibrium in the

anterior/posterior axis.

The extrema of all Lagrange multipliers and Lagrange Vectors, median and IQR are
presented in Table 6.2. The multipliers of the thigh force equilibrium (A;,Ag, and Ag)
remained almost zero, while the multiplier of the foot moment equilibrium (A;3) was
the largest. The same pattern was seen in Lagrange Vectors. The largest norm was seen
in the Lagrange Vector for foot moment equilibrium, while the smallest for hip force
equilibrium. The extremums of the norms of the Lagrange Vectors are presented in
Figure 6.2. The Lagrange Vectors summarize the magnitude of three components and
provide a spatial understanding (Figure 6.3) of the Lagrange multipliers and their

relationship with the muscle activations.
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Lagrange Median [IQR] Lagrange ) dian norm [IQR]
multiplier Vector

A 0.173 [0.063-0.303]

Ay 0.065 [0.032-0.154] 4 0.23210.130-0.614]
A3 0.134[0.112-0.512]

Ay 0.134 [0.055-0.220]

As 0.044 [0.022-0.061] v, 0.157 [0.075-0.277]
Ag 0.070 [0.048-0.173]

A, 7e-7 [6e-7 to 9e-7]

Ag 9e-7 [8e-7 to 9e-7] Vs le-6 [1.1e-6-1.2e-6]
g 9¢-7 [8e-7 to 1e-6]

Mo 0.133 [0.054-0.248]

M1 0.033 [0.017-0.043] A 0.155 [0.075-0.296]
A2 0.072 [0.050-0.169]

A3 1.763 [0.930-4.854]

Ma 1.090 [0.576-3.084] U, 2.078 [1.249-5.652]
AMs 0.668 [0.076-1.304]

Me 0.160 [0.128-0.388]

A7 0.100 [0.063-0.432] U, 0.220[0.148-0.918]
Mg 0.072 [0.041-0.366]

Ao 0.168 [0.104-0.379]

Ao 0.092 [0.062-0.446] Us 0.369 [0.175-1.406]
Aoq 0.316 [0.127-0.651]

Aoy 0.002 [0.002-0.009] U, 0.002 [0.002-0.009]

Table 7.3 — The median and IQR of extrema of Lagrange multipliers and

Lagrange vectors.
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Figure 7.2 — The median trajectory of the norms of all the Lagrange Vectors

for all nine participants.

The physical meaning of the Lagrange Vectors V; and U; are described in Table
6.1. The largest norm was seen inU;, which represents the Lagrange Vector of foot

moment equilibrium.
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Figure 7.3 — The anterior and medial projection of the Lagrange Vector.

The hip force Vector is marked as * because it is too small.
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A.4 Discussion

This study investigated the effect of the Lagrange multipliers in a 3D space and
proposed a novel ‘Lagrange Vector’. Few studies in the literature have mentioned the
role of Lagrange multipliers in musculoskeletal modelling (Moissenet et al., 2014;
Raikova and Prilutsky, 2001; Zeighami et al., 2018) and their potential importance has
been neglected. This representation enables improved understanding of the spatial

interaction of muscle force optimization.

A.4.1 The magnitude of Lagrange multipliers

Lagrange multipliers influence the muscle force optimization. As shown in Equation
6.6, the multipliers can be seen as a weighting factor for each anatomical parameter (i.e.
muscle lines of action and muscle effective moment arm) used for muscle force
prediction. The multipliers for thigh force equilibrium remained close to zero
throughout the gait cycle. Therefore, the muscle lines of action applied to the thigh
segment had a minimal effect on the prediction of the muscle forces. This observation
supports the simplified inverted pendulum model of gait, in which no active work is
needed to support the centre of mass during single support phase (Kuo, 2007; Kuo et

al., 2005).

The largest multipliers were observed for ankle moment equilibrium. This suggests
that the prediction of muscle forces will be greatly affected if the muscle moment arm
of the foot is changed. This is intuitively reasonable, as the ankle provides a large torque
to propel the body forward. In fact, previously the Achilles tendon insertion was

identified as the most sensitive parameter to the overall muscle force prediction in lower
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limb musculoskeletal modelling (Carbone et al., 2012). A large foot multiplier, but
relatively small shank and thigh multipliers, identified in this study further explain why
perturbation of the origins of muscles connected to the Achilles tendon will not affect
the overall force output as much as a perturbation of the Achilles tendon insertion. As
the insertion changes, large foot multipliers will amplify the difference in muscle lines
of action and moment arms in the foot, while small shank multipliers will not amplify
the changes to such an extent and therefore only have a minor effect on the resultant

muscle forces.

Large inter-participant IQRs for the extrema were noticed. This variation could come
from both anatomical variance and the kinematic differences between different subjects
when walking. However, the small magnitude of hip force multipliers and large foot
moment multipliers were consistent across all participants. This suggests that the model
is taking a similar force prediction strategy for muscles that connect to the hip and ankle

despite all the existing variation.

The optimization used an objective function that sought to minimise the summation
of muscle activation to the power of three, which is the most commonly used
objective function in lower limb musculoskeletal modelling (Erdemir et al., 2007).
In the literature, the power of the cost function has varied between two and five,
but this has been shown to result in only small differences in the resultant forces
(Crowninshield and Brand, 1981). Future work could include investigating the

interaction between Lagrange multipliers and objective functions.

The static optimization method has been used in lower limb musculoskeletal
modelling for more than three decades. However, the value of Lagrange multipliers has
not been discussed previously. One possible reason is that the objective function used

often lack physiological meaning. Such objective functions act as a surrogate to be
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minimized, but the final value of the objective function is not of interest, as it does not
directly represent physiological parameters, such as energy or stability. This contrasts
with the application of Lagrange multipliers in other fields, such as for minimizing a
budget or maximizing profit, where the magnitude of the multiplier can be used as a
guide to improve the optimal result (Intriligator, 2002). This study showed that
Lagrange multipliers could provide insight into human motion, explain model

behaviour, and potentially be used to craft an alternative objective function.

A.4.2 Lagrange Vector

The concept of a Lagrange Vector was proposed, which can simplify the force
distribution formula (Equation 6.7) and provide a graphical understanding of the

multipliers.

The Lagrange Vector can be interpreted in different ways. To begin with, the
transformation matrix between different coordinate frames can be applied to the
Lagrange Vector. The precise weight of the vector in each direction of a segmental
coordinate frame can be identified. This helps to explain the model sensitivity with
respect to different functional axes. The norm of the Lagrange Vector can also be used
as an indicator of the sensitivity to overall force prediction of each segment. If a
particular Lagrange Vector has a large norm, the muscles inserting to or originating
from the corresponding segment will have a large effect on the predicted force for those
muscles. Furthermore, Lagrange Vectors provide a geometric explanation of the
optimization results. As shown in Figure 6.4, the activation of a muscle is dependent
on four components: the dot products of the muscle line of action and the moment arm
with respect to the proximal and distal segments. If these four components sum to be

positive, the muscle will be activated. If the summation is negative, the muscle will not
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be activated. Thus, the summation further quantifies ‘how far’ a muscle is from being
activated. This information is valuable when analysing the digitized muscle lines of
action, which have been reported to have an error of up 5 mm during the digitization

process (Klein Horsman et al., 2007). The Lagrange Vector provides a guide to correct

this error.
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Figure 7.4 — The illustration of a spatial understanding of the Lagrange

Vector.
The red arrows represent the Lagrange Vectors. The thick solid arrows represent the
muscle line of action. The dashed arrows represent the muscle moment arms. The

blue dot represents the instantaneous centre of rotation.

The Lagrange Vector also provides insight into muscle coordination and co-
activation. As the Lagrange Vectors are shared by all the muscles, the norm of the
vector can be understood as the co-activation level of the muscles that insert to and
originate from the same segment. For example, the tibialis anterior, peroneus longus
and soleus muscles originate from the shank and insert to the foot in the model.

Anatomically they are innervated by the deep peroneal nerve, superficial peroneus

196



nerve, and tibial nerve, respectively, and these three nerves share a common origin, the
sciatic nerve. The force calculation of these three muscles is decided by their own
muscle lines of action, moment arms, and the four shared Lagrange Vectors, which are

decisive as to whether a muscle is in favour of being activated (Table 6.5).

Prone to deactivate VA
V, and activate V

LV ‘__

Prone to activate V, and
deactivate Vj

Vp

Figure 7.5 — The orientation of the Lagrange Vector (LV) is decisive as to

muscle activation.

There are several limitations to this study. First, FreeBody is a segment-based model
built on digitized anatomical parameters. This digitization process could introduce error
and has been shown to overestimate the muscle and joint contact forces (Fregly et al.,
2012; Gerus et al., 2013; Moissenet et al., 2014). Thus, the Lagrange Vector and
multipliers also will have been overestimated. Therefore, this study focused on the
relationship between Lagrange Vectors as a representation of the model behaviour, such
as why some muscles tend to be activated but some are not, instead of comparing the

actual values of the vector components. Second, the joints are simulated as floating
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joints which are freely movable in six degrees of freedom. Constraining a joint will
reduce the dimension of the Lagrange Vector. However, the norm of a reduced two-
dimensional or one-dimensional vector is still representative of the activation level and
the weighting factor for muscle force prediction. Finally, only level walking gait trials
were analysed and only one musculoskeletal model was used to perform this
experiment. Gait is a well-understood activity of human motion and has been modelled
by other research groups. A different Lagrange Vector pattern is expected for other
activities. A similar analysis could be carried out with other models, as long as the

constrained optimization technique is used.

There are still many unknowns in the interaction between the Lagrange Vectors,
kinematics, anatomical parameters, and objective functions. Further investigation is
required to clarify these relationships. From a modelling perspective, as all the muscles
on the same segments share the same sets of Lagrange Vector, it can provide insight
into the coordination of muscles or even inform an understanding of high-level control

strategy.

A.5 Conclusion

The analysis of the Lagrange multipliers that results from the optimisation process
in musculoskeletal modelling is useful to improve understanding of the model
behaviour in distributing muscle forces. The Lagrange Vector is a representation that
groups the multipliers and provides a geometric interpretation. In human gait modelling,

a large norm in the Lagrange Vector for foot moment equilibrium and a small norm for
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thigh force equilibrium were observed. The analysis of the Lagrange Vector can
quantify the activation and deactivation tendency of muscles. The Lagrange Vectors for
a given segment are shared by all muscles that originate from or insert on that segment
and can be understood as a high-level estimation of muscle coordination and co-

activation factor.

Chapters 5 and 6 covered the fundamental characteristics of lower limb
musculoskeletal modelling, such as the insertion of Achilles tendon and the importance
of the foot moment in the prediction of muscle forces. In the next chapter, we will use

the model to analyse rehabilitation exercises.
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